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Abstract

Tests performed with a mercury-electron-bombardment ion engine system are
discussed in this paper. The total assembly is composed of four 2.5-kW thrustors,
individual isolated feed systems, and two 200-lb capacity propellant tankage
systems. The thrustors, nominally 20 cm in diam, utilize a reverse-feed propellant
introduction method, electromagnets, and oxide cathodes. The propellant tankage
uses a neoprene bladder expulsion method pressurized by Freon. Preliminary
tests showed that all components operated satisfactorily and a system power-to-
thrust ratio of about 120 kW/Ib was achieved at about 3500 s, specific impulse.
These experiments show that with modest optimization, a basic propulsion system
design will be available for advanced system development.
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Experimental Studies with a Mercury

Bombardment Thrustor System

1. Introduction

Interplanetary missions using solar-powered electric
propulsion have been under investigation (Refs. 1-3) for
the past three years. These investigations have shown
that, if the existing electric propulsion component tech-
nology were applied, missions with improvements -over
chemical propulsion systems could be accomplished. Al-
though the eomponent technology appears to be suffi-
ciently developed for spacecraft application, the existence
of a system technology remains to be demonstrated.

The electric propulsion system is composed of the
power subsystem and the thrust subsystem. The former
is presently being developed under contract (Ref. 4); the
latter is the subject of .this report.

Consideration of spacecraft propulsion system func-
tional requirements has identified the following elements
of the thrust subsystem (Ref. 5): (1) thrustors, (2) pro-
pellant tankage, (3) power conditioning and controls,
(4) load matching and switching, and (5) thrust-vector
position control. A relatively well-developed technology
exists for the first three elements, but the remaining two
are essentially undeveloped. In order to demonstrate the
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capabilities of electric propulsion realistically, the major
subsystems must be developed and tested in a system
configuration.

Propulsion system weight, efficiency, and reliability
requirements are highly mission dependent (Refs. 1-3).
However, conservative estimates of these requirements
can be established (Ref. 5) based on the most stringent
conditions. The estimates of Ref. 5 will be used as per-
formance goals for the propulsion system development
program. These goals are: (1) a propulsion system weight
(exclusive of solar panels) of 20 Ib/kW of electric power
from the solar panels at 1 AU, (2) a total efficiency (thrust
power to solar panel power) of 60% or a power-to-thrust
ratio of 127 kW/Ib at 3500 s true specific impulse, and
(3) a total system reliability of at least 95% for a 10,000-h
life.

The power conditioning and load matching systems can
only be specified after a firm design has been established
for the thrustor and propellant tankage systems. There-
fore, the first steps in a propulsion system technology
program are: build the thrustor and tankage systems;
develop power and control requirements. Since the mis-
sion profiles so far considered require the thrustor system



to operate over some power range, both the thrustor’s
performance at its nominal design point, and its off-design
capabilities are needed.

This paper presents the initial results of an experimental
program to produce an integrated propulsion system, but
deals primarily with the thrustor and propellant tankage.
The assembly, consisting of an array of four thrustors
and two propellant tanks, will be initially used to estab-
lish reasonable thrustor and tankage designs. The
off-design capabilities will then be tested to provide in-
formation for power matching and to develop power con-
ditioning and control requirements.

The present study concerns both the design philosophy
and the hardware. Previous investigations at NASA-Lewis
(Refs. 6-8) have covered the problems associated with
clustering, but did not include many of the problems
related to spacecraft, such as thrustor packaging and
multiple isolated propellant systems. The present study
answers some of these questions, provides a good starting
point for the complete propulsion system design, and
describes the first ten runs of the system.

II. Thrustor and Propellant Tankage
Systems Design

A. Design Criteria

In order to design and build a propulsion system repre-
sentative of solar electric propulsion technology, and yet
avoid the lure of searching for higher performance
through extensive research, design criteria and constraints
were established. These were selected largely by resource
limitations and the present state of the art. It was imme-
diately recognized that any system built using present
technology would probably be substantially out of date
within a few years (i.e., the time required for its design
and testing). Therefore, the basic guidelines for the inves-
tigation described in this paper were: (1) to establish a
system design containing the basic elements presently
thought to be required for a spacecraft application, and
(2) to operate this system in a mode duplicating that re-
quired by a solar electric spacecraft. More detailed cri-
teria follow directly from these guidelines.

A number of the constraints placed on the present
thrustor and propellant tankage subsystems designs were
based on recent mission studies. These studies of several
missions with different flight times, power levels, and
spacecraft sizes, were used to establish system require-
ments common to a number of possible missions. The flight

times expected for the missions of current interest vary
widely (Refs. 1, 2). However, thrusting times appear to
be similar and are on the order of one year. Thus, a
representative operating time of 10,000 h was established
for the present study. Power levels from 5 to 20 kW are
of interest for near-future missions with existing Atlas-
Centaur or Titan III launch vehicles (Refs. 1-3). Power
levels to 70 kW would be of interest for Saturn-class
vehicles. Since most interest centers on possible early ap- |,
plications with available boosters, a power level of 10 kW
was chosen for the system. Test facility constraints as
well as resource limitations also set 10 kW as an upper
limit.

A major factor in choosing a propulsion system con-
cept is reliability. Extensive studies of reliability indicate
that a modular approach in all components is desirable
(Refs. 1, 2). This approach is particularly important for
solar electric systems because the available solar power
changes throughout the mission. This requires the thrustor
system to operate over a wide power range. Individual
thrustors, however, operate efficiently only over a narrow
power range off the design point (+20%). The modular
system allows thrustors to be shut off or started as re-
quired, to utilize full solar power and still operate effi-
ciently. The spare thrustors and their support systems,
either at the beginning or the end of the flight, are then
available to replace systems that possibly failed.

An individual thrustor power level of 2.5 kW was
selected for this work. This level was chosen because of
its applicability to missions currently being investigated
(Refs. 9, 10). Four 2.5-kW thrustors also represent a rea-
sonable demonstration of the modular design approach.
Current detailed mission analyses (Refs. 9, 10) indicate
that the specific impulse range of interest is between 2,500
and 4,000 s. Although higher I,’s can generally be
achieved with thrustors designed for low I, the reverse
is not true. Thus, a portion of the present work is devoted
to electrode design for the low I, range. As noted pre-
viously, the primary purpose of the present solar electric
program is to integrate the various subsystems into a
working propulsion system. The initial design perform-
ance goal for these systems was optimistically set at a
power-to-thrust ratio of 130 kW/Ib at an I, of 3500 s.

In addition to performance and reliability, system
weight is of great importance. As indicated previously, a
goal of 20 Ib/kW has been established for the demon-
stration propulsion system. Of this, a maximum of
10 1b/kW is estimated for the power conditioning and
load matching systems. The weight goal of the present
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system, including thrustor and propellant tankage sub-
systems, wiring, and structure, is 10 Ib/kW. The wiring
and structure are expected to be representative of those
required in the final propulsion system. In this case the
“structure” will be replaced by the thrust-vector tracking
system.

With the foregoing design criteria in mind, the basic
Jthrustor and propellant tankage system was selected to
have the form shown schematically in Fig. 1. As shown
in Fig. 1, two propellant tankage assemblies were selected.
This was done to simplify packaging and reduce pro-
“pellant handling and assembly for laboratory tests. The
propellant tanks feed a manifold common to the four
thrustors. Individual vaporizers feed the vaporized pro-
pellant through isolators used to electrically isolate the
thrustor and propellant systems. A “reverse feed” type
propellant supply system (Ref. 11), in which propellant
enters from the side and is directed rearward, is also
shown. Ion-beam neutralizers are included for individual
engines, although it may be possible to reduce this num-
ber. A more detailed description of the present component
and system design is given in the next sections.

B. Component Design

The component design was guided principally by two
factors: (1) flexibility, and (2) use of current state-of-the-
art technology. This required that a number of choices
be made in order to use the immediately available tech-
nology and eliminate time-consuming development. These

PROPELLANT THRUSTOR !
TANKAGE ——#»te— SUB-
SUBSYSTEM SYSTEMS

PRESSURE
TRANSDUCER

NEUTRALIZER

GROUND
SCREEN

LATCHING
VALVES

FREON
PRESSURIZATION

ISOLATOR

VAPORIZER

Fig. 1. Clustered ion engine system,
schematic diagram
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choices centered on the following areas: (1) magnets,
(2) cathodes, and (3) neutralizers.

Both electromagnet and permanent-magnet thrustors
have been tested extensively (Refs. 12, 13). Electromag-
nets have the advantages of adjustability and complete
shutoff. They have the disadvantage of requiring a power
supply. Permanent magnets eliminate the need for a
power supply, but reduce thrustor control and cannot be
shut off. Magnetic-field interactions with spacecraft mea-
surements may dictate the use of electromagnets. Electro-
magnets were chosen in the present work to allow
performance mapping and optimization and to avoid the
spacecraft interaction problem. Permanent magnets could
be substituted later by eliminating the magnet circuit of
the power conditioning system, whereas the reverse situ-
ation is not true.

Cathode development has also continued for several
years. The hollow cathode being developed for SERT 11,
appears to hold the greatest lifetime possibilities (Ref. 4).
The major difficulty in using this cathode is in off-design
operation, since a critically controlled mercury flow is
required for operation. If operated with a separate mer-
cury supply system, the hollow cathode should prove
quite useful. However, this cathode is presently unavail-
able in the size required for a 2.5-kW thrustor. An oxide
cathode of the Hughes spiral type (Ref. 2) has been
adopted in this work, pending the development of the
hollow cathode.

The Electro-Optical Systems cesium-plasma bridge
neutralizer (Ref. 14) was selected because of its avail-
ability. The mercury-plasma bridge neutralizer (Ref. 15)
should work equally well, but was not immediately avail-
able at the time. Using the previous design criteria and
characteristics, the details of the present design will now
be outlined.

C. Thrustor Subsystem

The thrustor used in this investigation is shown in
Fig. 2. The power level of 2.5-kW total was determined,
as indicated previously, by the choice of a four-module,
10-kW array. A nominal 20-cm-diam thrustor was selected
by extrapolation from smaller thrustors and previous
20-cm thrustor tests at NASA-Lewis (Ref. 8). At a specific
impulse of about 3500 s, a mass-utilization efficiency of
85%, and a power efficiency of 70%, a beam current of
approximately 1 A is required. These conditions, together
with the requirement of an accel-decel ratio of about 2
for good beam focusing, indicate that spacing of 0.060



Fig. 2. The 20-cm ion engine thrustor

to 0.070 in. is required between the screen grid and the
accel grid.

The grid-aperture diameter of 0.187 in. was chosen ini-
tially. A total of 1385 apertures were used, giving an open
area of 245 cm?, or about 75% open area. Thus, for a beam
current of 1 A, the average current density is about
4 mA /cm?. Grids with smaller apertures will be investi-
gated, but are not included in this report. The screen
grids were chamfered conventionally on the plasma side.
All grids were nominally 0.100 in. thick and were fabri-
cated from molybdenum (TZM).

The accel-grid support structure (Fig. 2) used standard
alumina insulators mounted to small brackets attached
to the housing. Grid alignment and positioning was ac-
complished with this system through two locking nuts
on each support. Prerun screen-accel aperture alignment
and grid-spacing tolerances of +0.001 in. were obtained
with this method.

The thrustor had a length-to-diam ratio of unity, based
on anode diam and all metallic parts were stainless steel.
The 0.030-in.-thick housing was supported by internal
rings screwed in place. Six insulators, similar to the grid-
support insulators, were used to mount the 8-in.-diam,
4-in.-long anode. The mounting position was 0.37 in. from
the screen grid and 0.25 in. from the housing.

In the basic design, propellant enters the thrustor ap-
proximately 2.5 in. from the screen grid. The feed line

is attached to the housing but passes through the anode.
Propellant is distributed from a slot and is directed gen-
erally toward the cathode. A distribution manifold was
not used because of pressure requirements of the isolator.
Tests with propellant injected through the rear of the
engine are discussed in a later section.

1. Isolator. Electrical isolation of the thrustor and pro-
pellant tankage systems is an important part of the pres-‘
ent system concept. Isolation allows a common propellant
system to be used without the problem of electrically
coupled thrustors. The isolator was designed to operate *
below 0.3 torr/cm based on the mercury Paschen curve
(Ref. 16). Flowrate calculations (Ref. 17) indicated that
a pressure of about 0.05 torr would exist in the isolator
for a flowrate of 10 g/h, using the 2.5-cm-diam feed-line
configuration shown in Fig. 2. Thus, an isolator 5 cm
long, 2.5 cm in diam, was established to maintain a break-
down voltage of at least 5 kV. Boron nitride was used
for initial isolator tests because of fabrication ease and
previous successful operation. Because of its strength and
brazing advantages, Lucalox (high density alumina) will
be used after the isolator design has been verified. Split
ring clamps, fitting against flanges machined on the iso-
lator, were used for mounting. A flat 20-mesh screen was
used to provide a plasma boundary at the thrustor end
of the isolator.

2. Vaporizer. Vaporization of the liquid mercury was
accomplished by means of a heated, porous tungsten disk.
It is desirable to maintain the liquid-vapor interface at
the upstream vaporizer surface to maintain liquid control
and vaporization stability (Ref. 18). Tungsten was chosen,
rather than stainless steel, because mercury was previ-
ously found to wet stainless after several hundred hours
of operation. In order to maintain flexibility in the vapor-
izer design, the tungsten disk was electron-beam-welded
to a removable molybdenum assembly. The tungsten disk
was 0.5 in. in diam and 0.060 in. thick. An average pore
size of 8 u (2 to 24 ) and a density of 70% of theoretical
was chosen (Philips Metalonics, Mod. A). This choice was
based on calculations using an empirical formula for flow
through porous beds (Ref. 19). These calculations did not
predict the correct flowrate variation with temperature
compared to calibrations, but did predict the correct order
of magnitude at reasonable temperatures.

A belljar calibration of four vaporizer assemblies
showed the flowrate vs temperature curves to be self-
consistent and to have variations of less than 10%. How-
ever, tests with the cluster proved this calibration to be
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too low, resulting in an uncertainty in mass utilization
efficiency. Because of this uncertainty and the importance
of accurate mass utilization efficiency measurements in
evaluating total efficiency, an externally controlled mer-
cury supply system was established. The mercury was
fed to the vaporizers from standard 1-ml pipettes from
which an accurate measurement of the mercury level
could be obtained. With this method, flowrate measure-
ments accurate to about +1% could be obtained in a
period of 30 min. The measurements were found to de-
pend on the elimination of all air bubbles in the feed
lines. Several tests were performed to show repeatability
and the lack of liquid level change when the pipettes
were pressurized to about 5 psig. The vaporizers were
calibrated as a function of temperature in this way during
operation. This calibration is of importance only for lab-
oratory operation, since the presently proposed control
system will control the vaporizer from the beam current.
Additional bell-jar tests showed that a pressure difference
across the tungsten disk of 50 psi was required to force
liquid through the disk. This value set the upper limit
of pressurization in the propellant tankage system.

3. Neutralizer. To simplify testing, neutralizers were
not installed during the preliminary tests. These have
been provided for in the system design and will be used
in later tests.

D. Propellant Tankage Subsystem

Propellant requirements were determined from the
previous design criteria. Since a changing power level
is expected for a solar-powered flight, the propellant flow-
rate required will also change. It was estimated that only
about one half the propellant needed for a constant-
power, 10-kW, 10,000-h mission would be required for
a typical solar electric mission. Thus, two tanks with 200-1b
capacity each were selected. A positive expulsion-type
tank design was developed utilizing a hemispherical neo-
prene bladder. The pressurization system was formed by
attaching a small reservoir of liquid Freon 113 on the
gas side of the bladder. The mercury side of each tank
was connected to a common manifold through valves.
A neoprene bladder was used to satisfy compatibility
requirements with mercury and Freon 113. Tests were
performed to verify mercury compatibility by submerging
stretched neoprene samples in a pan of mercury for
2800 h. Results of this test are shown in Table 1. No
sample failures occurred and after initial stretching no
further change in elongation occurred during the test
period.
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Table 1. Neoprene compatibility tests

Initial elongation, % Per t elongation, %
Sample (based on 2.00 in.) after 2800 h
1 13 5
2 27
3 51 14

To check the permeability of neoprene to Freon 113, a
rough test was performed. A 0.060-in.-thick neoprene
sheet was clamped to a 3-in.-diam hemisphere. A 1-ml
pipette was filled with Freon and attached to the hemi-
sphere. At room temperature the Freon evaporated slowly
from the pipette to establish an equilibrium partial pres-
sure in the hemisphere. After about 800 h the Freon had
evaporated from the pipette, although the hemisphere
was pressurized, as indicated by an outward deflection
of the neoprene sheet. A halogen detector was used to
test for leakage, but no Freon was detected. The hemi-
sphere was still pressurized after about 4000 h, indicat-
ing that the Freon-neoprene combination is suitable.

The propellant tankage design used in this work is
shown in Fig. 3. The 0.060-in.-thick bladder forms an
O-ring seal between the hemispheres and has 0.030-in.
ridges on the mercury side to avoid trapping liquid
against the tank. The hemispheres are clamped together
at the present time to allow easy disassembly in checking
the design. However, in the lightweight stainless-steel ver-
sion successfully fabricated, the hemispheres were joined
by electron-beam welding. In addition, a tankage assem-
bly has been fabricated from 6A1-4V titanium. Tank wall
thicknesses of 0.040 in. were used in the present study.

Fig. 3. Zero-gravity propellant tankage subsystem



The Freon-pressurization system is composed of a 2-in.-
diam, 5-in.? cylinder connected to a small check valve.
Upon assembly, the ball of the check valve is depressed,
allowing the Freon to flow to the propellant tank. The
Freon storage will be made integral with the propellant
tank, once the liquid Freon requirement is confirmed.
The pressure supplied by the Freon 113 depends on the
tankage temperature. It is expected that a spacecraft
utilizing electric propulsion would have some form of
thermal control. Thus, a system capable of working
within reasonable temperature limits will be satisfactory.
The present system will perform adequately between 60°
and 180°F. The lower temperature represents the pres-
sure required to exceed the vapor pressure of mercury at
the vaporizer (about 5 psia), while the higher tempera-
ture corresponds to the pressure limit of the vaporizer
(50 psia) to retain liquid.

Pressure transducers were included on both Freon and
mercury halves of the propellant tank. One of these will
be eliminated, since the tankage operation has been
tested and the bladder was found to exhibit no restrain-
ing force. Thus, in laboratory tests, the only pressure
difference observed between the gas and the mercury is
due to the mercury head. Latching solenoid valves, re-
quiring power only during open or close operations, had
been purchased but were not available for initial tests.
Instead, bellows-sealed hand valves were used. Since
much of the present work was to prove out initial designs
and concepts, components have not been designed for
minimum weight. A detailed weight breakdown of the
thrustor and propellant tankage systems will be presented
with the system description.

E. System Design

The major features of the assembly and the compact
thrustor packaging are visible (Figs. 4a and b). All feed
lines pass between the thrustors. The smallest thrustor-
to-thrustor spacing (0.25 in.) occurs between isolator
flanges and a vertically adjacent thrustor. The unheated
isolators were all relatively near the thrustors and thus
received radiative heating, as well as heating from the
vaporizer. A feed-line heater was installed between the
isolator and thrustor, but proved to be unnecessary dur-
ing operation. Thrustors were mounted from four sup-
ports using standard alumina insulators. Flatness across
thrustors vertically and horizontally, measured without
accel grids, was found to be within 0.020 in. without
shimming. Standard connectors were used for power and
instrumentation wiring. Boron nitride inserts were used in

Fig. 4. Thrustor assembly, (a) front view;
(b) rear view

connectors mounted to the thrustors. The use of connec-
tors allowed easy thrustor mounting and removal.

The mounting structure was substantially overdesigned
to avoid immediate problems with this component. In
addition, the structure will probably be entirely changed
for integration with the thrust-vector position control sys-
tem and extensive design was not warranted. Provisions
were made for mounting the 200-1b propellant tanks sim-
ply for laboratory use.

The weight breakdown for the assembled system, shown
in Figs. 4a and b, is listed by components in Table 2.
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Table 2. Present cluster weight breakdown

Component Weight, Ib
Thrustor 12 (each)
{Includes: Feed system to vaporizer, cathode,
connector halves, molybdenum grids and
neutralizer)
Tota! (4 thrustors) 48
Propellant tankage 14 (each)
{Includes: 9-in.-diam tank, pressurization
system, transducers, valve and feed lines})
Total {2 tankages) 28
Wiring (to vacuum chamber) 4
Structure 30
Total assembly 110

Table 3. Future cluster weight breakdown

Component Weight, |b

Thrustor 9 {each)
Total (4 thrustors) 36

Propellant tankage (welded titanium construction) 7 (each)
Total (2 tankages) 14
Wiring 4
Structure 20
Total assembly 74

Estimates for a system designed for lighter weight, but
with the same basic design, are given in Table 3. Since
the power level is 10 kW, these weights represent 11
and 7.4 Ib/kW, respectively. The reduction of about one
third to achieve the lighter design appears quite rea-
sonable.

lll. System Operation

Preliminary tests of the system were conducted to
evaluate component designs and study possible integra-
tion problems. Thrustor studies were conducted in the
work reported here, and led to substantial improvements
over the original design. All tests were performed in a
3-ft X 7-ft vacuum chamber at pressures below 10-3 torr.
No major difficulty was encountered in single thrustor
operation, although chamber cooling was inadequate and
full power operation of two or more thrustors was not
accomplished. Sputtering was not serious, since long-
duration tests were not conducted.

Each of the propellant tanks was filled with approxi-
mately 150 Ib of mercury. Only a small fraction of this
will be used during preliminary testing, but this moderate
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filling tested the tankage systems, as well as the filling
and handling systems and the structure. No basic design
problems, such as leaks, loss of pressurization, or failures
were encountered. However, a minor difficulty of tank-
age heating by radiation occurred. This problem was

Table 4. Typical initial thrustor operating conditions®

Data points
Parameters
1 2 3 4 5
Screen grid voltage, 1.40 1.50 1.40 1.50 1.50
kv
Beam current, mA 560 710 655 700 780
Accelerator grid 1.20 1.70 1.50 2.10 2.10
voltage, k¥
Accelerator current, 8.9 5.00 7.6 7.50 8.2
mA
Discharge current, A 12.0 14.5 11.8 12.0 14.0
Discharge voltage, V 32.0 36.5 35.0 35.5 35.5
Cathode current, A 28.0 37.0 35.5 36.5 36.5
Cathode voltage, V 3.15 4.55 4.10 4.10 410
Magnet current, A 10.0 120 12.0 1.8 12.5
Magnet voltage, V 7.0 8.8 8.8 8.5 9.5
Manifold power, W 4.0 4.0 — — —
Vaporizer power, W 3.6 3.6 3.6 3.8 3.8
Propellant flowrate 6.5 6.5 6.5 8.5 8.5
- g/h
Discharge, eV/ion 686 746 630 608 637
Power efficiency, % 57.8 56.3 57.2 59.8 . 59.5
Propellant utilization 64.5 82.0 75.5 61.7 68.8
eff., %
True specific 2420 3170 2830 2385 2660
impulse, s
Test conditions
Thrustor no. 2 2 2 2 2
Run no. 02 02 02 02 02
Date 7/19/67 |7/19/67 17/19/67 |7/20/67 |7/20/67
Scan no. 1 3 5 3 4
Cathode no. 06 06 06 06 06
Cathode condition” — — — — —
Length-to-diam ratio .1.0 1.0 1.0 1.0 1.0
Magnet configuration® — —_ — - —
Cathode pole piece — — — — —
diam, in.
Cathode pole piece —_ —_ —_ —_ —
length, in.
Screen grid thickness, | 0.100 0.100 0.100 0.100 0.100
in,
Grid spacing, in. 0.060 0.060 0.060 0.060 0.060

2Data represents typical points taken from values plotted in Fig. 5.
PCoated with R-500 barium carbonate.

< Originel, uniform, no. 14 Cu.




solved by replacing the solid ground shield with screen
to allow radiation to the cold wall.

A. Thrustor Initial Performance

Performance or efficiency is determined entirely by the
thrustor subsystem efficiency. This is because no power
is required for operation of the propellant tankage sub-
system. The total thrustor efficiency (product of power
and propellant utilization efficiencies) obtained during
initial tests with the unmodified thrustor is shown in
Fig. 5. A curve showing SERT II efficiency (Ref. 5) is
plotted (Fig. 5) for reference. A tabulation of typical
operating conditions is shown in Table 4. The table shows
that the discharge, cathode, and magnet powers are the
major thrustor losses. The remainder of the investigation
described in this report was aimed at reducing the largest
loss, discharge power. Methods for reducing the magnet
and cathode powers will be discussed in future reports.

B. Results of Thrustor Modifications

A number of factors, grouped as to major or minor
effect, were found to change thrustor efficiency by chang-
ing the discharge loss. The major factors were (1) cathode
pole piece (a magnetic field shaping iron cylinder),
(2) cathode position in the pole piece, and (3) screen grid
thickness. The minor factors were (1) propellant flowrate,
(2) discharge voltage, (3) total accelerating voltage,
(4) magnetic field strength, (5) propellant introduction *
method, and (6) cathode magnetic field. The effect of
each of these was investigated as a function of mass uti-
lization efficiency and will now be discussed in detail.
It should be noted that the effects of the major factors,
investigated explicitly in this work, were implicit in the
SERT 1II thrustor optimization report (Ref. 20). In addi-
tion, many of the minor factors studied here have been
observed to some degree in many laboratories, but the
explicit effects of these have not been reported.
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The effect of the 3.0-in.-diam cathode pole piece is
illustrated in Fig. 6. As indicated on the figure, pole piece
lengths of 1.0 and 2.0 in. produced similar results. Thrustor
operating conditions are listed in Tables 4 and 5.

Movement of the cathode from the rear of the pole
piece to the front, resulted in the improvement shown in
Fig. 7. Typical data are listed in Tables 5 and 6. The
data of Figs. 6 and 7 were obtained with several pro-
pellant flowrates as indicated in the tables. The influence
of propellant flowrate, as will be discussed later, was
found to significantly shift eV/ion curves and accounts
for the scattered appearance of the data on Figs. 6 and 7.
With the shifts due to propellant flowrate noted, the data
of these figures are relatively consistent.

A further major reduction in the discharge loss was
observed by reducing the screen grid thickness. Curves

for grid thicknesses of 0.100 and 0.052 in. are presented
in Fig. 8. The electromagnet for the engine used in these
tests was designed for lower power (double the original
number of turns) and to simulate a shortened engine
geometry. A comparison of the higher curve of Fig. 8 with
the lower curve of Fig. 7 shows both configurations to
have similar losses at 75%, but with different curve shapes.
The difference between these shapes is not directly appar-
ent, because of the simultaneous length and magnet geom-
etry changes. Data from Fig. 8 are listed in Table 7.

Of the minor factors influencing discharge losses, the
propellant flowrate is probably most important. Its im-
portance results from the requirement of power matching
in a solar electric system which requires thrustor opera-
tion over a 2-to-1 range of flowrates. The changes in dis-
charge losses with changes in propellant flowrate are
illustrated in Fig. 9 and are typical for all configurations
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tested. Operating conditions for some of the data points
are given in Tables 7 and 8. It is apparent from this data
that comparisons of thrustor configuration or comparisons
of operation under different conditions must be performed
at the same flowrate.

Discharge voltage was found to influence the discharge
loss as shown in Fig. 10. The four voltages produced a
consistent trend in which low voltages resulted in lower
eV/ion for low mass-utilization efficiency, but produced
higher losses at high utilization. The curves cross at ap-
proximately 88% utilization, indicating little effect of arc
voltage at this point. An additional indication of con-
sistency is that the 32-V curve was obtained during an-
other run at a slightly lower flowrate and was corrected
using the previously determined variation of eV /ion with
flowrate. Data points in Table 9 show effects of discharge
voltage.

The effect of total ion accelerating voltage (V* +|V-|)
on the discharge is illustrated in Fig. 11 for approximately
1 A of beam current at 81% utilization efficiency. Within

10

the range tested, the discharge eV /ion data are correlated
relatively well when plotted against total accelerating
voltage, as opposed to plots using V* or V- alone. This
is a logical result, since the electric field at the plasma
boundary within the thrustor, which affects the shape and
area of this boundary, should vary directly with the total
accel voltage for constant grid spacing. Data points for
these effects are given in Table 10.

The remaining operating parameter, magnetic field
strength (Figs. 12 and 13), also significantly affects the
discharge. In Fig. 12, the plots of eV/ion against utiliza-
tion efficiency show the influence of the magnet in reach-
ing high utilization. Figure 13 shows a plot of discharge
eV/ion against magnet current at a constant utilization
efficiency. Although different thrustors were used to ob-
tain the data in the two figures, the characteristic is simi-
lar. The actual magnetic field strengths have not been
discussed because these are directly related to the magnet
current and would have complicated the previous discus-
sion due to the two-dimensional nature of the field.
Typical data used for these figures are listed in Table 11.
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Table 5. Effects of 1.0- and 2.0-in. cathode pole piece lengths®

Data points
Parameters

6 7 8 9 10 n 12 .13 14 15
Screen grid voltage, kV 1.90 2.25 2.00 2.00 2.35 1.86 1.86 2.00 2.00 1.90
Beam current, mA 720 810 335 390 500 610 710 565 825 950
Accelerator grid voltage, kY 1.80 2.20 2.00 1.60 2.00 1.35 1.35 1.35 1.70 1.90
Accelerator current, mA 6.2 6.3 2.0 1.2 1.2 4.7 4.3 4.5 9.0 12.0
Discharge current, A 12.3 14.0 5.85 6.7 9.0 12.0 15.0 10.4 15.0 15.0
Discharge voltage, ¥V 36.0 36.0 34.0 38.0 39.0 32.0 38.5 32.0 33.5 41.0
Cathode current, A 43.5 43.5 43.0 41.0 45.0 41.0 41.0 35.0 30.0 21.5
Cathode voltage, ¥ 5.8 5.8 57 5.6 6.1 4.95 4.95 4.1 3.65 2.65
Magnet current, A 14.8 14.8 14.9 150 14.8 15.0 15.0 15.0 14.8 15.0
Magnet voltage, ¥ 5.8 5.8 Y 59 5.8 59 5.9 5.9 5.8 5.9
Manifold power, W 17.2 17.2 17.4 17.4 17.4 17.4 17.4 17.4 14.8 14.8
Yaporizer power, W 1.1 1.4 1.0 1.0 1.0 2.6 2.6 2.6 3.8 4.1
Propellant flowrate, g/h 6.75 7.5 4.0 4.1 4.2 5.6 5.6 5.6 8.1 8.6
Discharge, eY/ion 615 622 561 653 703 630 814 588 610 648
Power efficiency, % 62.5 67.2 56.1 56.7 61.5 61.0 59.0 63.1 68.5 69.2
Propellant utilization eff., % 80.0 81.5 66.3 81.5 89.0 81.5 95.0 75.5 76.5 83.0
True specific impulse, s 3580 3870 2965 3650 4310 3520 4100 3260 3420 3710

Test conditions

Thrustor no. 4 4 4 4 4 1 1 1 1 1
Run no. 03 03 03 03 03 03 03 03 03 03
Date 8/30/67 | 8/30/67 | 8/31/67 | 8/31/67 | 8/31/67 | 8/29/67 | 8/29/67 | 8/29/67 | 8/30/67 | 8/30/67
Scan no. 7 i 8 1 2 3 7 8 9 2 3
Cathode no. 08 08 08 08 08 05 05 05 05 05
Cathode condition® — —_ — — —_ — —_ — — —
Length-to-diam ratio 1.0 1.0 1.0 1.0 1.0 1.0 .1.0 1.0 1.0 1.0
Magnet configuration® — — —_ — —_ —_ —_ — —_ —
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.0 2.0 2.0
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070

AData represents typical points taken from values plotted in Fig. 6.
bCoated with R-500 barium carbonate.
¢Uniform, no. 12 Cu.
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Table 6. Effects of moving cathode from rear
of pole piece to front*

Data points
Parameters
16 17 18 19 20
Screen grid voltage, 1.80 1.80 1.90 1.80 1.80 7
kv
Beam current, mA 380 520 635 500 600
Accelerator grid 1.40 1.40 1.60 1.60 1.60
voltage, k¥
Accelerator current, 2.25 2.01 4.78 3.42 6.13
mA
Discharge current, A 4.7 8.9 9.7 8.25 8.05
Discharge voltage, ¥ 30.0 40.0 30.0 30.0 33.0
Cathode current, A 36.0 40.0 30.0 36.5 38.0
Cathode voltage, V 4.0 4.9 3.55 4.32 4.5
Magnet current, A 15.0 14.8 14.9 13.2 14.8
Magnet voltage, V 5.1 53 5.8 51 57
Manifold power, W 26.0 26.0 22.5 22.5 23.4
VYaporizer power, W 3.4 3.4 3.5 27 3.9
Propeliant flowrate, 3.96 3.96 577 4.40 5.80
g/h
Discharge, eV/ion 37 600 458 | 495 442
Power efficiency, % 63.1 60.3 69.5 63.7 65.3
Propellant utilization 72.0 94.0 82.5 85.3 77.6
eff., %
True specific 3060 3990 3600 3620 3300
impulse, s
Test conditions
Thrustor no. 1 1 1 1 1
Run no. 04 04 04 04 04
Date 9/7/67 | 9/7/67 | 9/7/67 | 9/7/67 | 9/8/67
Scan no. 1 4 8 10 1
Cathode no. 05 05 05 05 05
Cathode condition® — — —_ — —_
Length-to-diam ratio 1.0 1.0 1.0 1.0 1.0
Magnet configuration®| — — — — —
Cathode pole piece 3.0 3.0 3.0 3.0 3.0
diam, in.
Cathode pole piece 2.0 20 2.0 2.0 2.0
length, in.
Screen grid thickness,| 0.100 0.100 0.100 0.100 0.100
in.
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070
2Data represents typical points taken from values plotted in Fig. 7.
bCoated with R-500 barium carbonate.
¢ Uniform, no. 12 Cu.
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Table 7. Result of reduced screen grid thickness®

Data points
Parameters
21 22 23 24 25 26 27 28 29 30
Screen grid voltage, kY 2,00 2.00 2.00 2.00 2.00 2.00 2.00 2,00 2.00 2.00
Beam current, mA 540 600 640 685 735 815 720 615 530 830
Accelerator grid voltage, kY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA 5.80 5.70 5.60 5.60 5.60 5.45 6.40 5.95 6.35 5.45
Discharge current, A 6.10 7.00 7.65 8.50 9.60 7.30 5.80 4,55 ‘3.70 7.80
Discharge voltage, V 350 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A® —_— — —_ — —_ 33.5 32.5 320 31.0 34.5
Cathode voltage, V® — — - — —_ 3.9 3.7 3.5 3.4 4.0
Magnet current, A 9.0 9.0 9.0 9.0 9.0 8.0 8.0 8.0 8.0 8.0
Magnet voltage, V 4.7 47 4.7 4.7 4.7 3.7 37 3.6 3.6 3.6
Manifold power, W° —_— —_ —_ —_ — —_ —_ —_ —_ —
Vaporizer power, W® —_ — — — —_ 3.9 3.9 3.9 3.9 3.9
Propellant flowrate, g/h 6.10 6.10 6.10 6.10 6.10 6.70 6.70 6.70 6.70 6.70
Discharge, eV/ion 395 408 418 434 457 313 282 259 245 329
Power efficiency, % — — —_ —_ — 787 79.0 79.0 78.3 78.0
Propellant utilization eff., % 66.5 73.8 78.6 84.2 90.4 0.0 80.0 70.0 60.0 92.3
True specific impulse, s 2975 3300 3520 3765 4040 4030 3580 3135 2690 4135
Test conditions
Thrustor no. 3 3 3 3 3 3 3 3 3 3
Run no. 08 08 08 08 08 10 10 10 10 10
Date 10/17/67 | 10/17/67 { 10/17/67 | 10/17/67 |10/17/67 | 10/17/67 | 10/17/67 | 10/17/67 | 10/17/67 | 10/17/67
Scan no. — — —_ —_ —_ 7 8 10 1 12
Cathode no. 07 07 07 07 07 02 02 02 02 02
Cathode condition® — — — — — — — — —_ —_
Length-to-diam ratio 0.72 0.72 0.72 0.72 072 0.72 0.72 0.72 0.72 0.72
Magnet configuration® —_ —_ —_ —_ —_ —_ —_ — —_ —_
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 2.0 20 2.0 2.0 2.0 20 2.0 2.0 20
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.052 0.052 0.052 0.052 0.052
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.050 0.050 0.050 0.050 0.050

aData represents typical points taken from values plotted in Figs. 8 and 9.

BParameter not recorded.

cParameter not recorded, except at data points 26-30.

dCoated with R-500 barium carbonate, except at data points 26-30, which used a new cathode.

€Double winding, no. 12 Cu.
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Table 8. Result of changes in propellant flowrate?

Data points
Parameters

31 32 33 34 35 36 37 38 39 40
Screen grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 600 575 510 450 385 755 865 960 1,000 640
Accelerator grid voltage, kY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA 275 2.90 3.25 3.50 3.70 8.40 7.80 7.30 7.00 8.30
Discharge current, A 53 475 3.72 3.0 3.35 6.20 7.60 9.20 9.85 5.00
Discharge voltage, V 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A 34,0 33.0 31.0 31.0 30.0 32.0 33.0 33.5 34.0 3'0
Cathode voltage, V 3.9 37 3.4 3.3 3.1 3.6 3.8 4.0 4.1 34
Magnet current, A 9.0 9.0 9.4 9.0 9.0 7.0 7.0 7.0 7.0 7.0
Magnet voltage, V 4.0 4.0 4.2 4.0 4.0 3.3 3.3 3.3 3.4 3.4
Manifold power, W — — —_ —_ —_ —_ — —_ — —_
Vaporizer power, W 3.3 3.3 3.3 3.3 3.3 4.4 4.4 4.4 4.4 4.4
Propellant flowrate, g/h 4.80 4.80 4.80 4.80 4.80 8.00 8.00 8.00 8.00 8.00
Discharge, eV/ion 307 289 255 233 213 287 308 336 345 273
Power efficiency, % 77.6 77 .4 78.1 77.5 771 79.3 79.8 79.0 78.9 79.5
Propellant utilization eff., % 93.8 90.0 80.0 70.0 60.0 70.0 80.0 90.0 92.3 60.0
True specific impulse, s 4200 4030 3580 3135 2685 3135 3580 4030 4135 2885

Test conditions

Thrustor no. 3 3 3 3 3 3 3 3 3 3
Run no. 10 10 10 10 10 10 . 10 10 10 10
Date V1/17/67 {1V/17/67 | \1/17/67 { 11/17/67 | 11/17/67 | 11/17/67 | 11/17/67 | 11/17/67 |11/17/67 | 11/17/67
Scan no. 1 2 3 4 5 13 14 15 16 17
Cathode no. 02 02 02 02 02 02 02 02 02 02
Cathode condition® —_ —_ —_ — — —_ —_ — —_ —_
Length-to-diam ratio 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72
Magnet configuration® —_ —_ — — — — - — — —
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 2.0 20 20 20 2.0 20 20 20 2.0
Screen grid thickness, in. 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052
Grid spacing, in. 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050

2Data represents typical points taken from values plotted in Fig. 9.
bPNew cathode.

cDouble winding, no. 12 Cu.
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Table 8 (contd)

Data points
Parameters
4 42 43 44 45
Screen grid voltage, 2.00 2.00 2.00 2.00 2.00
kY
Beam current, mA 1015 1055 940 820 705
Accelerator grid 2.00 2.00 2.00 2.00 2.00
voltage, kV
Accelerator current, 9.20 9.75 9.60 10.00 10.50
mA
Discharge current, A 10.45 11.20 9.22 7.58 6.15
Discharge voltage, ¥ 35.0 35.0 35.0 35.0 35.0
Cathode current, A 31.0 31.0 29.5 28.0 26.5
Cathode voltage, Y 3.6 3.7 3.4 31 2.9
Magnet current, A 6.5 6.5 6.5 6.5 6.5
Magnet voltage, V 3.2 3.2 3.2 3.2 3.2
Manifold power, W — —_ —_ —_ —
Vaporizer power, W 4.6 4.6 4.6 4.6 4.6
Propellant flowrate, 8.70 8.80 8.80 8.80 8.80
g/h
Discharge, eV/ion 860 372 343 323 305
Power efficiency, % 79.0 79.0 79.5 79.8 79.6
Propellant utilization 87.5 90.0 80.0 70.0 60.0
eff., %
True specific 3915 4030 3580 3135 2685
impulse, s
Test conditions
Thrustor no. 3 3 3 3 3
Run no. 10 10 10 10 10
Date 11/27/6711/27/67 |11/27/67 11/27/67 |11/27/67
Scan no. 1 2 3 4 5
Cathode no. 02 02 02 02 02
Cathode condition® — — — — —
Length-to-diam ratio 0.72 0.72 0.72 0.72 0.72
Magnet configuration® —_ —_ — - -_
Cathode pole piece 3.0 3.0 3.0 3.0 3.0
diam, in. )
Cathode pole piece 2.0 2.0 20 2.0 20
length, in.
Screen grid thickness, | 0.052 0.052 0.052 0.052 -] 0.052
in.
Grid spacing, in. 0.050 0.050 0.050 0.050 0.050
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Table 9. Effects of discharge voltage®

Data points
Parameters
46 a7 48 49 50 51 52 53 54 55
Screen grid voltage, kY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 800 550 840 890 700 795 890 825 735 500
Accelerator grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA 6.70 7.40 6.90 6.60 7.10 6.60 6.20 6.50 6.80 7.30
Discharge current, A 9.02 5.50 9.93 11.50 7.40 9.92 13.15 10.8 8.6 53
Discharge voltage, ¥ 40.0 40.0 40.0 40.0 40.0 35.0 350 350 35.0 35.0
Cathode current, A 32.0 30.5 33.0 34.0 33.0 34.5 37.0 35.5 35.0 33.0
Cathode voltage, V 3.6 3.3 3.8 4.0 3.6 4.0 4.6 4.3 4.0 3.5
Magnet current, A 15.0 14.9 15.0 15.0 15.0 15.0 15.0 150 15.0 14.9
Magnet voltage, V 5.8 5.6 57 5.7 5.6 5.7 57 57 5.8 55
Manifold power, W 16.0 16.0 16.0 9.3 9.3 9.3 9.0 9.0 9.0 9.0
Vaporizer power, W 3.1 3.1 3.1 3.1 3.2 3.2 3.2 3.2 3.2 3.2
Propellant flowrate, g/h 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00
Discharge, eV/ion 452 400 473 517 356 437 518 459 410 371
Power efficiency, % 73.0 71.8 72.6 71.2 72.2 72.3 70.4 71.6 724 70.2
Propellant utilization eff., % 85.4 59.0 90.0 95.3 75.0 85.2 95.4 88.4 787 53.6
True specific impulse, s 3820 2640 4030 4255 3355 3810 4260 3950 3520 2400
Test conditions

Thrustor no. 2 2 2 2 2 2 2 2 2 2
Run no. 08 - 08 08 08 08 08 08 08 08 08
Date 10/16/67 | 10/16/67 | 10/16/67 | 10/16/67 10/16/67 | 10/16/67 |10/16/67 | 10/16/67 |10/16/67 }10/16/67
Scan no. 2 4 5 6 16 7 10 12 13 15
Cathode no. 09 09 09 09 09 09 09 09 09 09
Cathode condition® — — —_ —_ — —_— —_— —_ — —
Length-to-diam ratio 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Magnet configuration® — —_ —_ — —_ —_ —_ — —_ —_
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 2.0 20 2.0 2.0 20 - 20 20 2.0 2.0
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070

aData represents typical points taken from values plotted in Fig. 10.

PNew cathode.

¢Uniform, no. 12 Cu.
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Tuble 9 (contd)

Data points
Parameters

56 57 58 59
Screen grid voltage, kY 2.00 2.00 2.00 2.00
Beam current, mA 505 780 820 850
Accelerator grid voltage, kV 2.00 2.00 2.00 2.00
Accelerator current, mA 7.4 6.7 6.5 6.4
Discharge current, A 6.0 11.02 12.56 14.2
Discharge voltage, V 30.0 30.0 30.0 30.0
Cathode current, A 350 37.0 385 41.0
Cathode voltage, V 3.8 4.4 4.7 5.1
Magnet current, A 15.0 15.0 15.0 15.0
Magnet voltage, V 5.6 5.6 5.6 5.6
Manifold power, W 9.0 9.0 9.0 9.0
Vaporizer power, W 3.2 3.2 3.2 3.2
Propellant flowrate, g/h 7.00 7.00 7.00 7.00
Discharge, eY/ion 356 424 460 497
Power efficiency, % 69.9 71.8 70.8 69.3
Propetlant utitization eff., % 54.2 83.6 87.8 ?1.0
True specific impulse, s 2425 3740 3925 4070

Test conditions

Thrustor no. 2 2 2 2
Run no. 08 08 08 08
Date 10/16/67 }10/16/67 [10/16/67 |10/16/67
Scan no. 17 18 19 20
Cathode no. 09 09 09 09
Cathode condition® — — — -
Length-to-diam ratio 0.75 0.75 0.75 0.75
Magnet configuration® — —_ — —
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 2.0 2.0 20
Screen grid thickness, in. 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070

20

DISCHARGE LOSSES, eV/ion

b

370

360

350

340

330

320

310

300

290

280

ACCELERATOR
VOLTAGE ,kV  UTILIZATION, %
v 28 805
O 28 8l1.2
O 30 80.3
o 30 81.6
A 20 81.0
ESTIMATE FOR 7, =80%
BEAM CURRENT =0.99A
\4
\%
N
~—y
3.8 4.0 4.2 4.4 4.6 4.8 5.0

TOTAL ACCELERATING VOLTAGE, kV

Fig. 11. Effect of total (screen plus accelerator) ion

accelerating voltage on discharge eV/ion

JPL TECHNICAL REPORT 32-1280



0D Z| ‘ou ‘Buipuim 8|qnog,

*9poYIDI MENq

11 "B14 U} PoyO|d SaN|DA WOy UBYDY sjutod [DIIdAS SjUaseIdo) 0IPQ.

0500 050°0 0500 0500 0500 0500 0s0°0 0500 0500 0§00 0500 0500 0500 0500 Bupods pug
ts00 tS0°0 7500 7500 500 zs00 500 500 500 500 [40)Y) 500 500 500 ‘ut ‘ssauxdiy pub ussudg
(X4 0T 0T 0T 0z 0 07 0T 0z 0T 0T 0T (X4 0T ‘ut ‘yibusy 9331d 9jod apoyind
0t 0'¢ [¢22 0e ot ot o€ ot ot 0¢ oe o€ oe oe "u ‘woip 9391d ajod apoyyo)
- - —_ — — - bt bt — — — - - —_ s;uonounbBlyuod youbow
[74Y] L0 L0 [741] [741) 240 L0 [74) TL0 TL0 L0 TL0 L0 (74 oNRI Woip-0-yibual
— — -_— - bl —_ — — _— - — — —_ — qUONIPUOD BpoYyiD)
20 20 z0 [44] z0 20 z0 49} 4] 0 z0 z0 z0 z0 ‘ou apoyin)
L € 6l 13 £l 91 St 9 14 z L é L Tl ‘ou undg
L97LT/ VL L97LT/ UL L9V /T L9/1/TL | LO/U/TL | £9/0L/TL | L9/V/TL | L9/V/TL | L9/U/TL | L9/U/TL | L970/TL | £L9/0/TL ) L9/0/TL | L9/1/TL aieq
ol oL ol ol ol ol ol ol ol ol oL ol ol oL ‘ou uny
€ € € € € € € £ € € € € € € Ou Joysnuyy
SUOHIPUOd §sB]

045¢ 08se 06S€ olve olze 000¢ 17414 0LLE 009¢ ozve ozze sloe olsz 0697 s ‘asinduy dypdads anay
864 o008 €08 €08 €08 €08 918 §08 508 $'08 $08 §°08 [t ] T8 % ""$4@ uoypzijN Juo||adosyd
064 §'6L 8'08 064 04L L'vs £0L T8 808 8'8L €9L €L 69 99 % ‘Aduad1yye 1amoyg
£9¢ €Te 887 062 .14 Tog €le 88¢ [4-14 £6T s0¢ LlE 6E¢ 95¢ uoi/ A8 ‘abioydsig
ov'é 088 sT6 st6 ST'6 s§T6 or'eé 24"} 6 44} 6 6 SL'é SLé Y/B ‘ajpamoy juojjado.g
vy vy :h4 8y -84 -4 4 8’y 8’y L4 8’y 4 8y 8y M ‘1amod 19z110dDA
- - o1 0’8 o3 0’8 og oy or oy 09l 08 0’8 [oR:] M ‘49mod pjojiuow
o'e [ Le Fa e 9c S'E 9'€ 9°€ L'e L't s’ L' (037 A 'abpjjoa jauboy
09 §9 8/ 84 : 4 L (4 9L 9L 9L 9L 'L s9 §T9 V ‘fuasind jaubow
v'e Ve v'e v'e v'e e St v'e v'e S'E S'€ St e 8¢ A ‘9B0jj0A 3poyi)
[+) 14 - 14 ole §0¢e soe $°0E o'le §0¢ $'0¢ §'0E o'le S'Le o'ze 4 V ‘juauin3 spoyio)
0'sE 0’se 0'se 0'se 0'se 0'se 0'se ose o'se 0'se 0'sE 0'se o’se 0'se A '9Bojjoa aBipydsig
0501 (44} cL's oz's Se'8 §S'8 58'8 (1%} 9’8 34} 79’8 S6°8 096 §0°01 Vv ‘tuaaind abioyssig
001 096 ool 0s°0l §9°01 0801 0z0l 0z°0L ov'ol S0l §9°0L $8°01 6’0l oLt VW ‘judiind 10jpia|addy
00T 00T 00t 00’ 00'¢ o0t 00'¢ ¢4 08'C 082 08’z 087 08'C 087 AY ‘@BpjjoA pLIB Jojois|a2Y
ooot oré 066 066 066 066 066 066 066 066 066 066 066 066 vuw ‘Juanind wosg
007 002 00T 08’1 091 or’'L 0z°L [+1 A4 o0’z 08’1l 091 o'l o'l ot't AX '8b0jjoA pub usaidg

€L TL V3 04 69 89 £9 99 9 v9 €9 z9 19 09

siajpownIng
sjusod pioQ

«2BD}JOA BulDID|32ID UOI |RIO} JO $199443 "0l 2|9PL

JPL TECHNICAL REPORT 32-1280

n



600

MAGNET CURRENT, A
/ A 10
550 o 15

< 20

O 25 J
500 Z

5 /
: L 4
")
7] /] ] (o)
§ 450 /f /
g =7
x© (o}
g /o
% 400 /‘D/ O ©
[a) /O/ >
(o]
/f
350 T+ O y,/
P
300 50 55 60 65 70 75 80 85 90 95 100

PROPELLANT UTILIZATION EFFICIENCY 7,,, %

] Fig. 12. Effect of magnet current on discharge eV/ion as a function of utilization

22 JPL TECHNICAL REPORT 32-1280




500

PROPELLANT UTILIZATION = 90%

F3
@
o

AN

S|

DISCHARGE LOSSES, eV/ion
by -
3 S

IMPINGEMENT

CURREINT UNS'II'EADY

£
|

420
70 75 8.0 8.5 9.0 9.5 10.0 10.5
MAGNET CURRENT, A
Fig. 13. Effect of magnet current on discharge
eV/ion for 90% utilization
Table 11. Effects of magnetic field strength®
Data points
Parameters
74 75 76 77 78 79 80 81 82 83
Screen grid voltage, kY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 465 490 428 405 580 660 710 700 455 605
Accelerator grid voltage, kY 2.00 2.00 2,00 2,00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA® —_ — —_ — — — — — — —
Discharge current, A 6.85 7.70 5.80 4.40 6.78 8.40 10.25 9.60 4.55 6.60
Discharge voltage, V 35.0 35.0 35.0 350 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A 40.5 41.0 39.0 35.0 36.5 38.0 420 40.5 32.5 34.0
Cathode voitage, ¥ 5.2 5.4 4.9 4.3 4.6 5.0 57 5.3 3.9 4,2
Magnet current, A 10.0 10.0 10.0 15.0 15.0 15.0 15.0 15.0 20.0 200
Magnet voltage, ¥V 3.7 3.7 3.6 59 6.0 6.0 6.1 6.2 8.7 8.6
Manifold power, W*¢ — — —_ —_ —_ - — — —_ —
Vaporizer power, W® — — —_ — - — — — —_ —
Propellant flowrate, g/h 575 575 5.75 5.75 5.75 575 575 575 5.75 575
Discharge, eV/ion 516 550 475 380 409 445 506 480 350 381
Power efficiency, % —_ —_ — _— 1 - — —_— —_ _— —_ _—
Propellant utilization eff., % 60.6 63.9 55.8 52.8 75.6 86.1 92.6 91.2 59.4 78.2
True specific impulse, s 2715 2860 2500 2365 3385 3860 4150 4080 2660 3500
Test conditions

Thrustor no. 1 1 1 1 1 1 1 1 1 1
Run no. 07 07 07 07 07 07 07 07 07 07
Date 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 |10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 |10/4/67
Scan no. _ —_ —_ _— —_ —_ —_— _ —_ —_
Cathode no. 06 06 06 06 06 06 06 06 06 06
Cathode condition® — — —_ — — —_ —_ — —_— —
Length-to-diam ratio 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Magnet configuration® —_ — —_ —_ — — —_— —_ —_ —
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 30 3.0
Cathode pole piece length, in. 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 20
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070

aData represents typical points taken from values plotted in Figs. 12 and 13.

bParameter not recorded.

cParometers not recorded at data points 81-98.

dCoated with R-500 barium carbonate.

eUniform, no. 12 Cu, except at data points 92-98 that are double winding no. 12 Cu.
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Table 11 (contd)

Data points
Parameters

84 85 86 87 88 89 90 21 92 93
Screen grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.25 2.25
Beam current, mA 680 710 735 475 665 695 720 732 815 815
Accelerator grid voltage, kY 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mAP — —_ —_ —_— — — —_ — 6.40 6.50
Discharge current, A 8.40 9.20 10.4 4.7 7.60 8.30 9.50 10.00 10.80 10 50
Discharge voltage, V 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A 36.5 37.0 39.0 31.5 325 32,5 34.0 34.0 440 42,5
Cathode voltage, V 4.7 4.9 53 3.8 4.1 4.2 4.5 4.6 57 5.4
Magnet current, A 20.0 20.0 20.0 25.0 25.0 25.0 25.0 25.0 7.50 8.00
Magnet voltage, V 9.0 9.0 9.0 n.z 1.7 1.7 n7z . 1.7 4.2 4.5
Manifold power, W° — —_ —_ —_ — — —_ — —_ —
Vaporizer power, W —_ —_ —_ —_ _ —_ —_ —_ —_ —_
Propellant flowrate, g/h 575 575 575 575 575 5.75 575 575 6.80 6.80
Discharge, eY/ion 432 454 496 346 400 418 462 478 464 452
Power efficiency, % — _ — —_ — _ — — —_ —_
Propellant utilization eff., % 88.7 92.6 95.8 62.0 86.6 90.5 93.8 95.5 90.0 90.0
True specific impulse, s 3970 4150 4290 2775 3880 4050 4200 4270 4270 4270

Test conditions

Thrustor no. 1 1 1 1 1 1 1 1 3 3
Run no. 07 07 07 07 07 07 07 07 08 08
Date 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 | 10/4/67 |10/18/67 | 10/18/67
Scan no. —_ — — — — — —_ — — —
Cathode no. 06 06 06 06 06 06 06 06 07 07
Cathode condition® — — — — —_ — — — — —_
Length-to-diam ratio - 0.75 0.75 0.75 075 0.75 0.75 0.75 0.75 0.72 072
Magnet configuration® — — _ — — —_ — — —_ —_
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 2.0 20 20 20 2.0 2.0 20 2.0 2.0
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070

JPL TECHNICAL REPORT 32-1280




Table 11 (contd)

Data points
Parameters
94 95 96 97 98

Screen grid voltage, 2.25 2.25 2.25 2.25 2.25

kv
Beam current, mA 815 815 815 815 815
Accelerator grid 2.00 2.00 2.00 2.00 2.00

voltage, kY
Accelerator current, 6.60 6.70 6.80 7.00 9.00

mAP

Discharge current, A 10.35 10.25 10.25 10.20 10.30
Discharge voltage, V 35.0 35.0 35.0 35.0 35.0

Cathode current, A 41.0 41.0 40.5 40.5 40.0
Cathode voitage, ¥ 5.3 5.1 5.1 5.1 5.0
Magnet current, A 8.50 9.00 9.25 9.50 10.0
Magnet voltage, V 4.7 5.0 51 5.3 5.6

Manifold power, W* — — — — _

Vaporizer power, W — — — _ _

Propellant flowrate, 6.80 6.80 6.80 6.80 6.80
g/h

Discharge, eV/ion 446 441 439 438 443

Power efficiency, % — — — —_ —

Propellant utilization 90.0 90.0 90.0 90.0 90.0
eff., %

True specific 4270 4270 4270 4270 4270
impulse, s

Test conditions

Thrustor no. 3 3 3 3 3
Run no. 08 08 08 08 08
Date 10/18/67 |10/18/6710/18/67|10/18/67 [10/18/67
Scan no. — —_ —_ — —
Cathode no. 07 07 07 07 07
Cathode condition? — — 1 — — —
Length-to-diam ratio 0.72 0.72 0.72 0.72 0.72
Magnet configuration®| — —_ —_ —_ —_—
Cathode pole piece 3.0 3.0 3.0 3.0 3.0
diam, in.
Cathode pole piece 2.0 20 20 2.0 2.0
length, in.

Screen grid thickness, | 0.100 0.100 0.100 0.100 0.100
in.

Grid spacing, in. 0.070 0.070 0.070 0.070 0.070

The propellant introduction method was changed from
the original “side-reverse” system (Fig. 2) to a “forward”
type, in which the propellant is fed from the rear through
a baffle. The effect of changing the introduction method
is shown in Fig. 14 together with schematic diagrams of
the two schemes. The results of the rear-feed tests pro-
duced two basic conclusions. First, the discharge loss is
higher for all utilization efficiencies, than for the side-feed
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case. Second, the difference between the feed methods
increases rapidly above 80% utilization. These results are
probably due to the fact that in the rear-feed case, a
fraction of the propellant apparently on the order of 10%
by the shift of the curve in Fig. 14, can flow directly
through and out of the thrustor without a collision. In
the side feed or any other reverse-feed-type system, neu-
trals cannot escape directly. Additional data with the
rear feed system (Fig. 15) also illustrates the rapid in-
crease in discharge loss with utilization. Data points,
showing effects of propellant introduction method, are
listed in Tables 12 and 13.

The spiral geometry of the cathode used in this work
produced an interesting effect on the discharge. The high
heating current (30 to 40A) through the cathode produces
a magnetic field aiding or opposing the externally applied
field. Figure 15 shows the difference between heating the
cathode with ac or dc current and Fig. 16 shows the
effect of polarity in heating with dec current. The differ-
ence between the two curves in Fig. 16 is about twice
the difference in Fig. 15. This is a reasonable result con-
sidering that the difference in cathode produced fields in
the two cases should be about a factor of two. Data
points, showing effects of spiral geometry of the cathode,
are listed in Table 13.

Accelerator grid impingement, although not related
directly to thrustor performance, influences the operating
conditions through the effect of impingement on the life
expectancy of the grid. Impingement was found to de-
pend primarily upon utilization efficiency and propellant
flowrate, and data is presented in Fig. 17. These data
points correspond directly to Fig. 9 (see Tables 7 and 8).
Figure 17 implies that thrustor grid life, for a given grid
design, can be traded for higher power level (through
flowrate) or lower specific impulse (through utilization
efficiency). This also illustrates that the maximum power
level of a given thrustor with constant specific impulse is
limited by accelerator impingement.

It is of interest to show the thrustor efficiency after the
discharge loss reductions indicated previously. The total
efficiency, representative of tests through run 10 of
phase I, is shown in Fig. 18 and corresponding data points
are listed in Table 10. The figure indicates that the data
were obtained for constant flowrate and constant utiliza-
tion efficiency. Thus, the screen grid voltage was varied
to obtain the variable specific impulse. Curves for SERT 11
(Ref. 5) and a mercury thrustor projection for 1970 are
shown for reference.
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Table 12. Effects of propellant introduction method®
Data points
Parameters

99 100 101 102 103 104 105
Screen grid voltage, kV 2.00 2,00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 935 830 725 620 695 640 795
Accelerator grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA 8.60 8.80 9.00 9.10 9.00 9.00 8.80
Discharge current, A 11.80 9.40 7.72 6.40 7.80 7.00 9.65
Discharge voltage, V 35.0 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A 37.5 36.0 350 34.5 30.5 30.5 31.5
Cathode voltage, V 4.2 4.1 3.9 37 3.5 3.4 3.8
Magnet current, A 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Magnet voltage, V 5.5 5.5 5.5 5.5 54 5.4 54
Manifold power, W 9.3 9.3 9.3 9.3 —_ —_ —_
Vaporizer power, W 3.2 3.2 3.2 3.2 4.4 4.4 4.4
Propellant flowrate, g/h 7.80 7.80 7.80 7.80 7.80 7.80 8.00
Discharge, eV/ion 442 396 373 361 392 383 425
Power efficiency, % 72.8 73.3 72.8 72.0 73.5 73.1 73.3
Propellant vtilization eff., % 90.0 80.0 70.0 60.0 67.2 61.5 74.5
True specific impulse, s 4030 3580 3135 2685 3010 2755 3330

Test conditions

Thrustor no. 2 2 2 2 2 2 2
Run no. 08 08 08 08 10 10 10
Date 10/23/67 10/23/67 10/23/67 10/23/67 11/16/67 11/16/67 11/16/67
Scan no. 13 14 15 16 17 18 19
Cathode no. 09 09 09 09 12 12 12
Cathode condition® — — - — — — —
Length-to-diam ratio 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Magnet configuration® —_ —_ —_ — —_ —_ —_
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Cathode pole piece length, in. 2.0 20 20 2.0 2.0 2.0 2.0
Screen grid thickness, in. 0.100 0.100 0.100 0.100 . 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070

aData represents typical points taken from values plotted in Fig. 14.

bCoated with R-500 barium carbonate except cathodes at data points 103 and 104 that were used once, no new coating.

cUniform, no. 12 Cu.
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Table 13. Effects of spiral geometry of the cathode®

Data points
Parameters
106 107 108 109 110 m 112 113 114 115
Screen grid voltage, kY 2.00 2.00 200 | 200 2.00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 835 940 885 910 830 765 700 630 905 645
Accelerator grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA® 8.70 8.80 8.70 8.90 — 8.80 8.70 8.70 8.20 6.30
Discharge current, A 10.60 13.35 11.75 12.60 10.90 9.20 8.00 7.00 13.50 8.00
Discharge voltage, V 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0 35.0
Cathode current, A® 320 33.5 32.5 33.0 38.0 35.5 35.0 34.5 43.0 —
Cathode voltage, V¢ 3.9 4.3 4.1 4.2 4.1 3.8 3.7 3.6 4.8 —_
Magnet current, A 150 15.0 15.0 15.0 15.0 150 15.0 15.0 15.0 150
Magnet voltage, V¢ 5.4 5.5 5.4 5.5 5.0 53 53 5.3 ‘5.3 —
Manifold power, W* — —_ — — — — — —_ — —_
Vaporizer power, W” 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 —_
Propellant flowrate, g/h 8.00 8.20 8.20 8.20 8.10 8.10 8.00 8.00 8.00 6.30
Discharge, eV/ion 444 497 465 485 460 422 411 389 522 434
Power efficiency, % 73.0 71.6 72.8 721 71.8 72.6 72.6 72.1 69.4 —
| Propellant utilization eff., % 78.3 86.2 81.0 83.1 767 70.8 65.6 59.0 84.8 75.0
i True specific impulse, s 3500 3860 3625 3720 3435 3170 2940 2640 3790 3355
i Test conditions
Thrustor no. 2 2 2 2 2 2 2 2 2 1
Run no. 10 10 10 10 10 10 10 10 10 08
Date 11/16/67 | 11/16/67 | V1/16/67 | 11/16/67 | 11/16/67 | 11/16/67 | 11/16/67 | 11/16/67 | 11/16/67 | 11/17/67
Scan no. 20 23 21 22 8 1 12 13 14 —
Cathode no. 12 12 12 12 12 12 12 12 12 08
Cathode condition” —_— — —_ —_ — — — — — -—
Length-to-diam ratio 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.69
Magnet configuration® — — — — — — - — — —
Cathode pole piece diam, in. 3.0 3.0 3.0 3.0 3.0 3.0 3.0° 3.0 3.0 3.5
Cathode pole piece length, in. 20 2.0 2.0 20 20 20 2.0 20 2.0 2.0
1 Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100
\ Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070 0.070
| aData represents typical points taken from volues plotted in Figs. 14, 15, and 16.
bParameter not recorded.
cAlternating current used for data points 110, 111, 113, and 114; parameter not recorded at data peints 115-121,
‘ dParameter not recorded.
: eParameter not recorded, except at data points 106~114.
; fUsed once, no new coating, except cathodes at data points 116—121 that were coated with R-500 barium carbonate.
% 8Uniform, no. 12 Cu.
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Table 13 (contd)

Data points
Parameters

116 17 118 119 120 121
Screen grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00
Beam current, mA 610 470 590 670 735 790
Accelerator grid voltage, kV 2.00 2.00 2.00 2.00 2.00 2.00
Accelerator current, mA® 6.30 6.40 6.30 5.80 5.60 5.60
Discharge current, A 7.30 4.90 6.60 8.00 9.65 11.60
Discharge voltage, V 350 35.0 35.0 350 35.0 35.0
Cathode current, A® — — — — —_ —
Cathode voltage, V¢ — — —_ — — —_
Mognet current, A 15.0 15.0 15.0 15.0 15.0 150
Magnet voltage, V4 — — — — J— -—
Manifold power, W® — — —_ —_ —_ —_
Vaporizer power, W _ — — — — _
Propellant flowrate, g/h 6.30 6.30 6.30 6.30 6.30 6.30
Discharge, eV/ion 419 365 392 418 459 514
Power efficiency, % — — — _ — —
Propellant utilization eff., % 71.0 56.0 70.2 797 87.5 94.0
True specific impulse, s 3180 2505 3140 3560 3915 4200

Test conditions

Thrustor no. 1 1 1 1 1 1
Run no. 08 08 08 08 08 08
Date 11/17/67 1/17/67 11/17/67 11/17/67 11/17/67 1/17/67
Scan no. — — —_ — —_ —
Cathode no. 08 08 08 08 08 08
Cathode condition” — —_ —_ —_ —_ —_
Length-to-diam ratio 0.69 0.69 0.69 0.69 0.69 0.69
Magnet configuration® — —_ _ —_ —_ —_
Cathode pole piece diam, in. 3.5 3.5 3.5 3.5 3.5 3.5
Cathode pole piece length, in. 2.0 2.0 2.0 2.0 2.0 2.0
Screen grid thickness, in. 0.100 0.100 0.100 0.100 0.100 0.100
Grid spacing, in. 0.070 0.070 0.070 0.070 0.070 0.070
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1V. Conclusions

The investigations discussed in this paper justify sev-
eral conclusions. Thrustor operation was as expected
based on previous experience with this type of thrustor.
The portions of the thrustor system tested for the first
time—closely spaced electrodes, isolators, and vaporizers
—performed well and without failure. The completely
new propellant tankage system operated as designed,
without leaks or loss of pressurization. No difficulties
were found in filling or handling the relatively large
amounts of mercury. The Freon pressurization design
appears to work satisfactorily and Freon should prove
to be a convenient lightweight pressurization system.
However, a test using a complete tank of propellant
should be performed to fully evaluate this system. Inte-
gration of the thrustors and propellant tankage systems
was accomplished without any serious difficulties. Unfor-
tunately, a four-thrustor test could not be performed

JPL TECHNICAL REPORT 32-1280

because of facility constraints. However, two thrustors
were operated simultaneously at about half power with
good success. Future tests will include operation with all
thrustors at least at low power. )

A system efficiency of about 63% at 3500 s was obtained
for the 2.5-kW power level. This exceeds the original
performance goal and provides confidence that further
improvements will be obtained with additional modifi-
cations. These modifications will include reduced screen
grid thickness, additional magnetic field shaping, smaller
(0.147-in.-diam) apertures in both grids, smaller acceler-
ator apertures with 0.187-in.-diam screen apertures and
thicker (up to 0.20 in.) accelerator grids. The weight of the
existing thrustor and tankage system is only slightly
heavier than the initial goal (11 Ib/kW compared to
10 1b/kW). This weight can be reduced using demon-
strated fabrication techniques and by reducing noncritical
part thicknesses.
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