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FOREWORD

The work described in this report was carried out over a period of
approximately three years at Hughes Research Laboratories (HRL) under the
responsibility of several Department and Program Managers. Initially, the
program was managed by Dr. R. L. Poeschel within the Ion Physics Department,
managed by Mr. J. H. Molitor. 1In 1979 responsibility was transferred to
Mr. D. E. Schnelker within the High Voltage Technology Department, managed by
Dr. H. J. King. Mr. Schnelker left HRL during 1979, and Dr. R. L. Poeschel
resumed the responsibilty of program manager. Key contributions were made to
the program by several members of the Ion Physics and High Voltage Technology

Departments as indicated below:
Thruster Design - D. E. Schnelker, S. Kami, and R.E. Jones
Documentation Upgrade - R, E. Jones
Acceptance Testing - C. R. Collett, C. R. Dulgeroff

Hughes also acknowledges the valuable comments and recommendations of
Messrs. J. Maloy and R. Zavesky of NASA's Lewis Research Center in formulating

iterations on improvements to the thruster design.
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SUMMARY

The Retrofit and Acceptance Test program was conducted primarily to
modify six government furnished 900-series 30-cm thrusters to the J-series

design as it had been defined under NASA contract NAS 3—21052.1’2

Each of the
modified thrusters was then evaluated by a standardized acceptance test.
Additional work was performed for evaluating the performance and improving the
techniques for fabrication of porous tungsten vaporizors. As a consequence

of preliminary test results obtained during this program, and in testing

under other programs, iteration was necessary on several of the design modi-
fications to satisfy the objectives of the retrofit activity. The thruster
components that required resolution of critical problems were the ion optics
assembly, the vaporizer assemblies, and the swaged, coaxial heaters. Other
relatively minor adjustments of the design were also made to correct observed
or potential failures (wire routing or clamping, etc.).

The standardized proceduresl for acceptance testing of thrusters were
also refined to improve the accuracy and reproducibility of test data. Pro-
pellant flow is the most difficult performance parameter to measure accurately,
so testing procedures were modified during the program to incorporate the
improvements recommended by the NASA Lewis Research Center. Dispersion in the
propellant flow data obtained was reduced appreciably (from *3% to *1%).

The documentation for the J-series thruster design (drawings, etc.) was
upgraded under this program to include all of the modificatioms incorporated
as a consequence of the work under this program, and to approach the standards
set by the DOD-D-1000, level-2 specifications. The design can now be con-
sidered finalized until new system requirements or test results dictate new
thruster design requirements (the J-series thruster design objéctives are for
production of 130-mN of thrust at 2.68-kW input power, with a specific impulse

of 3000 sec and an overall efficiency of 717 over a 15,000-hour useful

lifetime).






SECTION 1

INTRODUCTION

The program described in this report was conducted with the objective
of performing retrofit modifications on six government-furnished 30-cm ion
thrusters, and then acceptance testing these thrusters, using standardized pro-
cedures, before delivery to NASA's Lewis Research Center (LeRC). At the outset,
it was planned that the six thrusters would be modified in the same way as the
"prototype" J-series thruster (SN J1) had beenmodified under NASA contract
NAS 3-21052. Testing of thruster SN J1 under contract NAS 3-21052, and testing
of isolator vaporizer components under this program revealed unanticipated defi-
ciencies in some aspects of the J-series thruster design thgt’was the "baseline"
at the beginning of this program. Consequently, it was recognized early-on
that iterations would have to be made on the design modifications, as deter-
mined under contract NAS 3-21052, and this program was subsequently expanded
and extended to complete the development of the J-series, 30-cm mercury ion
thruster design. The major design deficiency noted was in the ion optics
assembly; however, fabrication procedures and material specifications also
had to be revised for vaporizer subassemblies and all swaged heaters to achieve\
acceptably reproducible hardware. The hardware failures (heaters and vapor-
izers) that led to tightening of tolerances on parts and specifications for
heaters and vaporizers also caused a closer scrutiny of all of the drawings
and assembly procedures that document the thruster design. An iteration on the
upgrading of drawings and inpsection and process documents (IPDs) resulted.

A standardized acceptance test had been formulated under NASA contract
NAS 3-21052 and applied to thruster SN Jl. Under this program, the test pro-
cedures were revised and refined to provide for the measurement of the same
basiec data, but under a streamlined procedural approach. Procedures were
formulated on the basis of using a thruster power processor and control system
that is automated like that of the NASA LeRC two-inverter power processor
developed for endurance testing of a 30-cm thruster under NASA contract
NAS 3-18914. This power processor was used to perform all acceptance tests

under this program in order to eliminate any possibility for introduction of
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power—processor-related anomalies in thruster operation. Nevertheless,
inconsistencies in measurement of thruster performance were observed. Thus,
it became necessary to vary test procedures in an attempt to minimize the dis-
persion in test results that would be attributed to test procedures (primarily
propellant flow measurement).

The work performed under this program, therefore, constituted consider-
ably more than a straightforward retrofit and acceptance test of six 30-cm
ion thrusters. The retrofit modification was, in fact, a final development
" of the design modifications required to achieve the desired performance capa-
bilities for the 30~cm J-series thruster. Acéeptance testing comprised a
refinement of test procedures and techniques.to provide an accurate, repro-
ducible record of a thruster's performance capabilities. The details of this

work are described in the following sectiomns.
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SECTION 2

RETROFIT MODIFICATION OF THE GOVERNMENT FURNISHED
900-SERIES, 30-CM THRUSTERS

Six thrusters were furnished for this contract for retrofit to the
J-series design by implementing the modifications defined under NASA contract
NAS 3-21052, and described in Appendix A. Testing of the first retrofit
thruster (SN J1) revealed a thermo-mechanical instability in the ion optics
assembly. As a result, investigation and elimination of that instability
became the foremost activity under this program.

New criteria for determining the acceptability of vaporizers (porous
tungsten vaporizer material) were defined under NASA contract NAS 3-21052, and
one task under this program was to remo&e all the isolator-vaporizer assemblies
and perform evaluation tests. These tests revealed that most of the existing
components could not meet the new criteria in all regards, nor could the new
components from a small sampling that were fabricated and tested under this
program using the revised procedures. This led to a redesign of the vaporizers
and fabrication of another set of components.

Cathode heaters failed in the initial cathode conditioning on several of
the retrofit thrusters, and this led to an investigation of swaged-heater
fabrication. Specifications on insulator compaction, welding of the inmer to
outer conductor, and quality control inspection were revised to ensure that
swaged-heater fabrication would produce the heater reliability that had been
established previously. This resulted in a very long delay in obtaining
heaters. The resolution of the heater problem is still somewhat uncertain.

This section discusses the work performed to enable completion of the
retrofit modification with regard to the components described above. Several
other minor modifications were incorporated in the later retrofit thrusters
to correct deficiencies noted in the endurance testing of the earlier retrofit

thrusters. A brief description of these thruster modifications is included.
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A, DEVELOPMENT OF THE ION OPTICS ASSEMBLY DESIGN AND FABRICATION PROCEDURES

The performance of the ion optics assembly is governed by the values
specified for the aperture parameters as defined and listed in Figure 1. For
the J-series, 30-cm thruster, the design values for these aperture specifica-

tions are as follows:

da = 0.114 cm (0.045 in.)

ds = 0.191 cm (0.075 in.)

t =t = 0.038 cm (0.015 in.)
S a

Qg = 0.063 cm (0.025 in.)

¢a = 0.243

¢S = 0.674
S =

0.22 cm (0.087 in.).

vThe grids have approximately 15,000 such aperture pairs, and maintaining
these aperture pairs in proper alignment and spacing (lg) has been a major
focus of attention in advancing the thruster design from the 600 to 900 series.
The only modifications to the ion-optics-assembly parameters that were deter-
mined under contract NAS 3-21052 were a change in da from 0.152 cm (0.060 in.)
to 0.114 cm (0.045 in.), and a change in t, from 0.05 em (0.020 in.) to
0.038 cm (0.015 in.). The ion optics grids for the retrofit J-series thrusters
were initially formed and mounted using the same procedures and support ring
as specified for the 800-900-series design. Figure 2 shows the electrode
support ring for an ibn optics assembly of the 800-900-series design. The
details of the attachment of the grids to the mounting ring for this design
are shown in Figure 3. In this assembly, the screen grid (molybdenum) was
fastened directly to the rigid mounting ring (titanium) using countersunk
machine screws. The accel electrode was similarly mounted to a molybdenum
"stiffening'" ring. While this design had proven successful for all of the
tests performed on 700-800-series thrusters, the initial testing of the retro-
fit thrusters using the smaller accel aperture were accompanied by erratic

b

performance that was not noted previously.
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In testing thruster SN J1, it was noted that the extraction voltages
could not be applied at the time called for in the start-up procedure without
severe overload of the screen power supply (arcing). It was later determined
that the electrodes did, in fact, come into contact for a period of time during
heating of the discharge chamber in the start-up sequence. As the discharge
chamber and ion-optics—assembly temperature approached the steady-state oper-
ating temperature, the contact between electrodes disappeared. Since all of
the ion optics assemblies had been retrofitted with the small hole accelerator
grids, it was decided to proceed with the testing of these assemblies. Table 1
shows the results of these tests. Perveance was measured at beam currents of
0.75 A and 2.0 A using the procedures prescribed by the acceptance test docu-
ment (IPD-PR-138). The entry shown as "minimum total voltage' is the value of
the total vpltage (Vb + Vaccel) for which a further decrease in voltage causes
a rapid rise in accelerator current. All of these measurements were made
using thruster SN J4, and therefore, the dispersion in the perveance charac-
teristics can be attributed solely to the ion optics assemblies. The perfor-
mance variations shown in Table 1 were considered unacceptable and the task of
identifying and correcting the cause of the difficulty was divided between
NASA LeRC, an ongoing NASA technology program (contract NAS 3-21040), and this
program. Finite element analyses of the grids and support structure were per-
formed both at NASA LeRC and under NASA contract NAS 3-21040. Temperature
distributions were measured on operating thrusters at both HRL and LeRC to
support these calculations. The details of the HRL analysis are described in

the final report for contract NAS 3—21040.5’6

Without going into detail, these
analyses show that the titanium support ring increases in diameter by a greater
amount than the edge of the molybdenum grids. In the 700-900-series assembly
shown in Figures 2 and 3, this producés stresses that form moments about the
attachment points between the grids and the mount. This moment deforms the flat
portions of both of the grids. Because the grids were fastened with counter-
sunk screws, the deformation probably varied from grid to grid and from point
to point around the periphery of each grid. Consequently, the deflection of
the screen grid and accel grid and the spacing between them was not uniform.
A design modification was proposed and modeled analytically to predict

performance. Instead of attaching the grids directly to the rigid titanium

structure, the grids were mounted on heavier molybdenum rings by riveting.

18



Table 1. Perveance Measurement Summary

Electrode Minimum Vg Minimum VT
Set - at Jb = 0.75 at Jb = 2.0
S/N v v
828 1150 1450
831% 900 1240
832 1140 1450
834% 980 1240
835 not measured 1500
836 ' 1300 1500
837 1180 1320
841% 1200 1620
Design value 650 1240
*Electrodes measure short circuit during warm-up period

These heavier rings were then attached to the titanium mount through
"softened" supports, as shown in Figures 4 through 7. In this mounting con-
figuration, the titanium support ring provides rigidity in the axial and
azimuthal directions, but is weak in the radial direction. This type of sup-
port was accomplished by cutting slots in the titanium mounting ring at the
points where the molybdenum grid support ring is attached to the mounting.

In addition to the changes made in the mounting ring and grid support
rings, the procedures for forming and stress relieving were modified. Pre-
viously, the grids were hydroformed and stress was relieved with a spacer at
the flat, supporting edge of the grid. It was originally thought that this
technique would ensure that the minimum interelectrode spacing would occur in
the curved, active region of the grids. Analysis under this program indicated
that use of the spacer distorted the spherical surface of the grids and may
have contributed to the non-uniform thermal expansion of the grids that resulted
in the unstable, unpredictable performance observed. Consequently, the grids
with 900 series serial numbers were hydroformed without spacers, and all grids

were stress-relieved in a newly machined fixture without spacers. The stress

19
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relief heat treatment is performed in a vacuum furnace, and the time and
temperature are specified at 2 hours and 927°¢.

The combination of the changes in configuration and fabrication procedures
produced the J-series ion optics assemblies that were used to retrofit the six
thrusters provided. All of the 900 series ion optics assembly components were
fabricated on another NASA contract (NAS 3-21759) and provided as GFE to this
program. The perveance measurements performed during the acceptance tests of
thrusters SN J2 through SN J7 produced the minimum total voltage values shown
in Table 2.* It is apparent that there is far less dispersion in the perfor-
mance of these assemblies than was seen in the performance of the 800-series
mounting as shown previously in Table 1. Consequently, it can be concluded
that the ion optics assembly, as modified under this.program, can provide the
required performance under the normal operating conditions of the J-series

thruster.

Table 2. Perveance Measurement Summary

THR Grid Set Minimum Vo Minimum Vg

at Jy = 0.75 at Jy = 2.0
* .

S/N S/N v \Y

J2 902 830 1220

J3 901 834 1179

J4 837 899 1220

J5 834 790 1090

J6é 903 792 1220

J7 904 850 1232

It should be noted, however, that the accel grid mounting is still quite
rigid, and differential thermal expansion of the grid support and the mounting
ring causes relative motion between the screen and accel grids. This behavior

was predicted by the computations in Reference 5 and has been supported by the

*
Note that two grid sets have 800-series serial numbers. These grids were
reprocessed by the revised procedures (stress-relieved).
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results obtained in measuring the perveance limit as a function of ion beam
current during the thruster acceptance tests under this program. It should

be noted, however, that the validity of the design has been analyzed and veri-
fied only for thruster operation under nominal conditions existing in ground
test facilities, and not for all possible thermal conditions that could exist

in space environments.

B. DEVELOPMENT OF THE J-SERIES VAPORIZER DESIGNS AND FABRICATION PROCEDURES

In a mercury ion thruster, the vaporizer acts as the propellant control
valve that meters the flow of propellant gas to the hollow cathode discharges
(discharge cathode and neutralizer) and to the discharge chamber. Phase sepa-
ration and flow control has been successfully demonstrated (SERT II) using
porous tungsten as vaporizer material. Mercury does not readily "wet" tungsten,
and therefore the capillary forces of the minute pores in the porous tungsten
prevent penetration of liquid mercury, while the vapor can flow through the
porous material. The vapor flow depends on the temperature of the mercury
(vapor pressure) that is in contact with the porous material and the trans-
mission coefficient of the porous material. At the outset of this program,
it was recognized that the vaporizer designs and fabrication procedures that
had been used in fabricating the 700 and 800-series vaporizers had resulted in
assemblies that displayed a relatively wide dispersion of performance charac-
teristics (mercury intrusion pressure and mercury flow versus temperature
characteristic). Variations occurred not only between vapor assemblies, but
also between purchase lots of vaporizer material. Consequently, a standardized
screening test was formulated to evaluate vaporizer performance during the
fabrication and assembly of vaporizers (IPD-PR-133). This screening test pro-
vides for the following measurements:

° Measurement of the pressure of mercury at ambient temperature that

the porous tungsten vaporizer can withstand before mercury begins
to intrude the pores (intrusion pressure).

. Measurement of the mercury vapor flow through the porous tungsten
vaporizer at four standard temperatures (260°, 280°, 300°, and 320°C).

. . . o] .
) Measurement of the vaporizer intrusion pressure at 400°C vaporizer
temperature.

25



° Operation of the assembled vaporizer for 50 hours at elevated temper-
ature and pressure (350°C and 60 psia) with measurement of flow at
three points during the test.

Absolute standards for these screeﬁing tests were not established during the
program; however, selection of components for use on the retrofit thrusters

was based primarily on the results of these tests. At the outset, the only
isolator-vaporizer components available were those removed from the GFE
thrusters. These components were subjected to the above tests, with the results
shown in Table 3. It was planned that three new sets of isolator-vaporizer
components would be fabricated, and the best six of the nine would be used in

the retrofit. The selection criteria was as follows:

. High mercury intrusion pressure.

° Small variation in flow during the 50~hour test.

° Vapor-flow/temperature characteristic in the "typical" operating
range.

The values of the vaporizer properties listed in Table 3 that were considered

somewhat arbitrarily to be the objectives for satisfying these criteria were:

. Intrusion pressure greater than 120 psi.
o Less than 10% increase in flow during the 50-hour test.
° Vapor-flow/temperature values in the shaded region of Figure 8.

It is apparent that none of the main vaporizers met the intrusion pressure
screening objective. However, all except one of the cathode vaporizers (SN 817)
and one of the neutralizer vaporizers (SN 911) passed the intrusion pressure
screening. Six of the 17 vaporizers tested were unable to operate for 50 hours
without an increase in flow exceeding the 107 objective. The temperature-flow

characteristics are compared graphically against the 'desired'" behavior in

Figure 8.
If the vapor flow through the porous tungsten is a diffusion process, the
variation of flow with temperature should be proportional to a exp (-b TVAP—l)

where TVAP is the vaporizer temperature in degrees Kelvin, and a and b are
arbitrary constants dependent on the porous matrix. From the flow character-

istics shown in Figure 8, it can be concluded that some consistency has been
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Table 3. 1Initial Vaporizer Screening Test Summary
Vaporizers
1v-N Iv-C Iv-M
Component Serial Number 910 | 911 } 815 | 909 | 907 ] 906 || 821 }| 819 8231 817 } 811 807 | 805A] 8i5) 815 | 817 | 814
Test Performed
l. Measured Intrusion Pressure, PSIA
at room temperature »125 117 |>125 {>125 |>125 {|~125 121 |>125 |»125 112 120 94 90 110 104 97 89
at 400°C after 50 hour test >125 [»125 |>125 |>125 |>125 [>125 120 1»125 |»125 ] 107 112 93 94 78 95 80 77
2. Pressured Flow Rates (Equiv. mA | mA | mA mA | A |ma fmA JmA [mA [ma | ma A A A A A A
mA, A)
at 260°C 9 14 13 10 11 6 15 13 14 16 21 0.63 0.62]10.7510.62 1.14]10.61
at 280°% 17 20 14 15 25 12 25 17 22 30 46 1.1 1.0611.25]1.18 1.8411.11
at 300°C 27 36 31 27 31 20 45 30 32 45 79 1.89 1.73 ] 2.12}11.94 2.98}1.72
at 320% 46 61 52 46 48 32 66 51 48 80 122 2.93 2.8813.39{3.11 4.54 | 2.6
at beginning of 50 hr. test 93 155 126 108 138 76 159 123 119 ] 258 289 1.31 1.3811.64|1.43 2.6 1.35
during 50 hour test 104 192 137 107 143 75 155 119 123 ] 261 233 1.32 1.36 ) 1.51)1.39 2.5 1.35
at end of 50 hour test 101 { 216 | 148 | 152 | 135 74 ff 155 1 121 | 117 {339 | 283 }§ 1.31 | 1.24|1.5511.33 | 2.1 |1.33
3. Change in Flow Rate, % 3.1 [39.4 (17.5 {40.7 2.2 2.7 2.5 1.6 1.6 131.43 2.1 0 10.1 5.5 6.9 19.2 1.5
4. Manufacturer of Porous Tungsten a a b a a a a a a b b b b b b b b

a. Spectra-Mat, Inc.

b. Hughes Research Labs




TEMPERATURE, °C 109437

350 320 300 280 260
0.3
O SN 910
A SN 911
0.2 ?J Y SN8is  H
¢ SN 909
@ SN 907
i [J SN 906
0.1 |- il
0.09 |+ T
0.08 H
0.07 4
DESIRABLE REGION FOR
0.06 FLOW CHARACTERISTIC T
\4 ~
0.05 R
H N //
~ A S
- ) E
0.04 \\\\\\ ‘éééé;é?7’ -
\ N / /
\\ /I

VAPORIZER FLOW, EQUIVALENT A

RN ////
N &
N
55552 N I TN 1 (T T 1 Y O O S 1

160 162 164 166 168 170 172 174 176 1.78 180 1.82 1.84 1.86 1.88

1Ty pp OK 1 x 103
(a} NEUTRALIZER VAPORIZER

Figure 8. Vaporizer flow (in equivalent amperes) versus inverse vapor-—
izer temperature,

28



TEMPERATURE, °C

109438

350 320 300 280 260
04 :
P O SN 821
03 ¥ Asnsls T
i Y SN 823
O sN817
0.2 H @ sSNg1tT H
@
< DESIRABLE REGION FOR .
= / FLOW CHARACTERISTIC
5 0.1 H 4
< 009 H i
S N i
5 0.08 H O 1
9 o007 4 A 1
§ 006 H <\ i
© 005 H \. H
w O
N RN
ac L
€ 004 H ~N N P
[«
% S N
0.03 H N \ ;
\\ 4
\\\\\ > N
\\ NS
0.02 A SO\ ¢
~ ~
~ ~
\ \
~
~
\\
0.01 AN I [ 1 I Y U SN SN NN N O IS
160 162 164 166 168 1.70 1.72 174 176 178 1.80 1.82 1.84 1.86 1.88

0 ~1 3
b) CATHODE VAPORIZERS

Figure 8. Vaporizer flow (in equivalent amperes) versus inverse vapor-

izer temperature.

29



5.0

4.0

3.0

2.0

1.0
0.9

0.8
0.7

0.6

0.5

VAPORIZER FLOW, EQUIVALENT A

0.4

0.3

0.2

0.1

TEMPERATURE, °C 109439
350 320 300 280 260
T O SN 807 T
A\ SN 805A
T 7 SN 816 1
{ SN 815
T ® SN 817 H
(] SN 814
L i

|

DESIRABLE REGION FOR
FLOW CHARACTERISTIC

[ N N N SN O SN S N

l

+—

F SN 4

l |

160 162 164 166 168 170 172 174 176 1.78 1.80

Ty pp. O T x 103
¢) MAIN VAPORIZERS

182 184 186 1.88

Figure 8. K Vaporizer flow (in equivalent amperes) versus inverse vapor-

izer temperature.

30



obtained in the transmission of vapor through the porous material. However,
the effective transmission area of the porous material was not reproduced
very consistently. Consequently, the porous tungsten material specifications
were revised for fabrication of wvaporizers under this program. Table 4 lists
the essential parameters of the revised specifications for procurement of
porous tungsten. The flow and intrusion characteristics of three of the first
neutralizer vaporizers fabricated are shown in Table 5 and Figure 9. These
characteristics show less variation, but still fall outside the desirable
region. For neutralizers, this vaporizer material would produce normal
thruster operation with a neutralizer vaporizer temperature in the 280-300°¢C
range, and would be quite acceptable. The remainder of the initial lot of
porous tungsten vaporizer material procured to the specifications in Table 4
was rejected during the fabrication process (for one reason or another).
Because of this, and propellant line failures that are described in the fol-
lowing paragraph, the vaporizer design and fabrication procedures were reviewed

and revised.

Table 4. Specification for Porous Tungsten Vaporizer Material

1. Tungsten Powder:
a. Nominal particle size to be 4.5 microms.
b. Powder to be classified to eliminate particles and

agglomerates above 10 microns.

2. Powder Shape:

Angular or spherical

3. Size of Porous Plug:
a. Thickness - 0.152 £ 0.005 cm (0.060 * 0.002 in.) for main
vaporizers

- 0.117 = 0.005 cm (0.046 * 0.002 in.) for cathode
and neutralizer wvaporizers.

b. Area - cylindrical discs capable of being machined to a
diameter of 1.55 cm (0.61 in.) for main vaporizers
and 0.479 cm (0.188 in.) for cathode and neutralizer
vaporizers.
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Table 5. Vaporizer Test Summary

[4%

IV-N Vaporizers
Spectramat Material Semicon Material
Component Serial Number : 910 911 909 907 4 7 19
Test Performed
1. Measured Intrusion Pressure, PSIA
at room temperature >125 117 >125 >125 119 >125 122
at 400°C after 50 hour test >125 >125 >125 >125 >125 110 112
2. Measured Flow Rates, mA equivalent
at 260°C 9 14 10 11 12 10 13
at 280°C | 17 20 15 25 25 22 23
at 300°C 27 36 27 31 36 | 3 | a1
at 320°C 46 61 46 48 61 58 63
at beginning of 50 hr. test® 93 155 108 138 166 164 153
during 50 hour test 104 192 107 143 182 168 153
at end of 50 hour test 101 216 152 135 183 180 159
3. Change in Flow Rate, % 3.1 39.4 40.7 2.2 10.2 9.7 3.9
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The vaporizer configuration that was in use on the 900-series thrusters
is shown in Figure 10. As a consequence of manipulating the propellant line
for screening tests and then for reinstallation on thrusters, many of the
assemblies began to leak at the transition from the tantalum vaporizer housing
and the stainless steel propellant line. This was thought to be caused by the
difficulty in establishing the correct tolerance between the stainless steel
tubing and the hole drilled in the tantalum housing. TIf the parts fit too
tightly, the expansion of the tubing during brazing forces the braze material
out of the hole. If the parts fit too loosely, the braze material will not
fi1ll the void. Thus, the configuration shown in Figure 11 was adopted. In
this case, the transition was both welded and brazed to the propellant line so
that the spacing between the tantalum vaporizer housing and the propellant
line transition could be readily controlled. All of fhe vaporizers were retro-
fitted to this configuration to prevent development of propellant leaks.

Although the vaporizer configuration shown in Figure 11 was satisfactory
for eliminating propellant line failures, the seal (by electron beam welding)
between the porous tungsten vaporizer plug and its housing evolved as the next
problem area. Review of the vaporizer configuration and fabrication procedures
used by NASA LeRC in building the vaporizers for the SERT II thrusters resulted
in a further design refinement and a newly defined vaporizer task. The con-
figuration for the cathode vaporizer is shown as Figure 12. The essentiél
features of this design are as follows:

. The edges of the porous tungsten plug are sealed by melting (washing)
with the electron beam in the electron beam welder.

° " The weld between the porous plug and its housing is made from the
side (tantalum to beam washed tungsten). ‘

° The wall of the tantalum plug housing has a very thin wall to pre-~
vent stresses in the weld upon differential thermal expansion.

® The vaporizer assembly housing has a "built in" temperature sensor
receptacle to improve the reproducibility of attaching the platinum
resistance-temperature-sensing element.
To obtain the performance goals for the vaporizer assembly, the following
process steps were considered necessary, and were used in fabricating five

sets of components under this program.
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° The porous tungsten vaporizer plug was checked for porosity and pore
size using a porosimeter; to be acceptable, results must fall within,
or to the right of the shaded area in Figure 13.

° The porous plug was inspected at 10x magnification and rejected if
chips or cracks were visible (or pores smeared over).

® All tantalum parts were vacuum fired at 10000C for 15 minutes.
° The edge of the porous tungsten plug was electron beam washed to
seal ‘99% of the surface (determined by visual inspection at 10x

magnification).

° The "edge washed'" vaporizer plugs were vacuum fired at 1650°C for
one hour (at vacuum pressure less than 1072 Torr) .

° The fired vaporizer plugs were inspected at 30x magnification and
rejected if cracks were visible.

. The vaporizer plug was electron beam welded into its housing and
inspected again for cracks in the plug or the weld at 30x magnifi-
cation (or greater).

® The plug and housing assembly was put through thermal cycle and then
flow-tested by observing the bubble pattern obtained when flowing
gaseous nitrogen through the porous plug while it was immersed in

methanol.

° The transmission coefficient for the flow of gaseous nitrogen was
measured.

After assembly of the vaporizers, the screening tests (intrusion pressure and
flow calibration) were performed as described earlier in this section. The
part (drawing) numbers for the J-series thruster vaporizer designs are 1095763
(Iv-C), 1095755 (IV-M), and 1095761 (IV-N). The details of the fabrication

and assembly procedures can be found in the IPDs numbered:
° IPD-PR-010
° IPD-PR-035
. IPD-PR-047
° IPD-PR-049
] IPD-PR-057

° IPD~-PR-074
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. IPD-PR-133
) IPD-PR-151

Vaporizer screening test results for vaporizers fabricated to the con-
figuration shown in Figure 12, and by the procedures listed above, are shown
in Table 6 and Figure 14. These vaporizers were not all fabricated under this
program. However, the test results are included here to show the variation
that was still observed in the screening tests. For the cathode vaporizer,
the test results show a marked decrease in the dispersion of the flow charac-
teristics. The results for the main and neutralizer vaporizers did not show
the same improvement. In the case of the neutralizer vaporizers, two assem-—
blies (SN 904 and SN 905) deviate significantly from the other three assemblies
(for which the data shows minimal variation in characteristic). It is thought
that these vaporizers were not adequately ''baked out" after the intrusion
pressure screening test before the flow calibration was performed. The flow
characteristic for neutralizer vaporizer SN 903 was initially identical to
that of neutralizer vaporizer SN 904 during flow calibration. However, after
a bakeout of about 30 hours, additional data was obtained at NASA LeRC (see
Figure 14). The main vaporizers displayed similar results, in that the main
vaporizer SN 902 changed flow characteristics after installation and opera-
tion on the thruster, I1f it is assumed that the flow calibrations for neu-
tralizer vaporizers SN 904 and SN 905 and for the main vaporizer, SN 902, were
in error because of partial intrusion, then the flow characteristics of the
remaining vaporizers show relatively little dispersion. Consequently, the
improvements in vaporizer material and fabrication procedures were considered
to have accomplished their goals; however, the final screening test procedures
(IPD-PR-133) require further review and refinement. As will be discussed
later, new requirements have been identified for propellant reservoir con-
figuration, mercury filling procedures, and flow data collection. These
improvements in flow measuring techniques will have to be incorporated in
the screening tests before variations in vaporizer flow characteristics like

those seen in Figures 14b and l4c can be attributed to the vaporizer design or

fabrication processes.
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Table 6. Vaporizer Test Summary
Vaporizers
CcvV NV MV
Component Serial Number 901] 9021 903] 904) 907} 908l 901] 902 903| 904| 905 901| 902 903 | 904 | 905 | 909
Test Performed
1. Measured Intrusion Pressure, PSIA
at room temperature 125 ~125] »125| -125| 1237 =125 || ~125 |-a25 | s125 | 2125 | 123 || 105 | >125| ss.7[ 113 [ 111.71 101.2
at 400°C after 50 hour test 125 | +125) =125 | 107] 120 123 >125 [s1251 5125 @ >125 f| 96| 108| 121.9{ 115.5] 104.7{ 102.3
2. Measured Flow Rates, A
at 260°C 010 | w010} .o10} 012 .o12 | .o1a |} o012 | .007 @ 034 1.022 |.216 } 0.72] .261 | .192 | .166 | .714
at 280°¢ .019 | .019| .018 ] .022| 0221 .025 || .022 |.024 |.021 | .062 }.036 ||.363|1.26] 424 | .301 | .308 | .s18
at 300% L0411 .041 ] .032].034] .035| .038 (] .035 |.039 |.036 | .106 [.058 |l.595 [1.99 .709 | .508 | .510 [1.083
at 320°%¢ .051 ] .050 ] .045|.0531{ .053 | .062 {| .057 {.064 |.057 {.181 |.094 {.959 | 3.27(1.08 .842 | .792 |1.389
at beginning of 50 hour test' 2201 113 ) .127 {221 | a2e {38 ff .aan a6 [.123 | (B) f.2s2 497 |2.27] .526 | 643 [ .394 [1.83
during 50 hour rest 2103 ] .176 ] L125 ) 116 ) 122 § .141 | o111 |.115 | .128 163 ||.496 | 2.46) .538 | .679 | . 404 | .514
at end of 50 hour test 106 | .209 | .128 | .119 | .127 | .as1 || .111 }.119 | .128 147 {|.s16 | 2.61] .542 | .670 }.394 | .s528

(:) The main vaporizer was operéted at a temperature of 2900C and a reservoir pressure of 60 PSIA during the 50 hour test.

(:) Testing terminated after flow calibration.

(:) Measured at NASA LeRC.
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The final vaporizer assembly assignment for the retrofit thrusters is
shown in Table 7. To date, no anomalies in vaporizer operation have been

observed for these vaporizers.

Table 7. Vaporizer Subassembly Assignment for the
Retrofit Thrusters (as delivered)

Thruster TV-M IV-C TV~N
32 903 901 815
J3 825 805 917
Jb 819 807 907
J5 821 817 906
J6 811 814 919
37 901 902 920

C. CATHODE HEATERS

The changing of cathode heaters was not a part of the retrofit
modifications plannéd for the GFE thrusters; however, heater failures occurred
on three thrusters during preliminary cathode conditioning and thereby made
replacement of the failed heaters a necessity. The cathode heater is a coaxial
swaged heater with a configuration as shown in Figure 15. The center conductor
is the heating element and is electrically insulated from the outer conductor
by compressed magnesium oxide. For the cathode heaters (discharge and neutral-
izer) the center conductor and sheath material is tantalum. The heater is
fabricated in a swaging operation that compresses the outer conductor, magne-
sium oxide insulator, and center conductor to final diameter, and expands
these diameters in a gradual transition to larger diameter for a 'lead in" to
the active element. The failure of the heaters was traced to poor quality
tantalum that formed flakes on the interior of the outer conductor during
swaging. These flakes were then compressed and forced into the magnesium
oxide insulator, eventually resulting in a short circuit between the center
and outer conductor. This failure led to the addition of specifications and
assembly instructions to the heater procurement drawing (B1025262 Rev E). The

quality controls that are considered essential are:
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° Magnesium oxide (MgO) insulation of 997% purity.

° Center conductor wire and sheath tubing to be free of nicks, notches,
abrasions, reduced diameter or other defects as determined by inspec-
tion under 30x magnification. :

° All annealing operations to be performed 1204 * 10°%¢ (2200 = SOOF)
with time in heat zone limited to 6 min.

. Compaction density of MgO insulator to be 90 * 2% (verified by test).

) Weld of center conductor to outer conductor to be checked by die
penetrant test.

] Acgive section of heater and weld to be radiographed (two views,
90" apart) before coiling of heater.

° Heating uniformity to be checked by infrared scan (transient and
steady~state with heater operated in argon atmosphere; acceptable
variation is *50°C from average).

Heaters of this type had been more-or-less routinely supplied by vendors
specializing in heater fabrication. Addition of these specifications both
escalated the costs and all but eliminated the suppliers willing to bid (with
extremely long delivery times). None of the heaters that were delivered in
accordance with these manufacturing controls has shown any evidence of deteri-
oration or failure.

In addition to the establishment of more stringent quality controls in
heater fabrication, screening tests were instituted for ferreting out potential
early failures. Each heater was carefully measured (for heater resistance)
and then thermally cycled (in vacuum) to full operating temperature for
100 cycles. The heater resistance was then re-measured, and had to be within
+10% of its original value or the heater was rejected.

These controls were applied to all of the heaters used in repairing or
fabricating new parts for the thrusters retrofit under this contract (including
the nichrome-center-conductor isolator and vaporizer heaters). No attempt has
been made to correlate any relaxation of these control measures with heater
failures (since there was no opportunity to do so within the scope of this
program). Consequently, a rather rigid adherence to arbitrarily severe accep-
tance criteria was employed. This resulted in a rather low yield of accept-
ability in the heaters fabricated (25%). Heater fabrication processes and

controls that bear further attention are:
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o Materials specifications for tantalum wire and tube (purity,
hardness, testing required).

o Number of annealing operations, cleanliness of annealing environment.

) Process for welding center conductor to outer conductor (type of
weld, heat sinking, molding of outer conductor before weld).

° Correlation of inspection results with failure rates.

D. OTHER MODIFICATIONS INCORPORATED INTO THE THRUSTERS RETROFIT UNDER

THIS PROGRAM

Several other minor modifications were required in performing the retrofit
modifications either to accommodate fabrication problems, to correct incom-
patibilities introduced by the design modifications previously approved, or
to correct design deficiencies recently identified under other programs. Five
of the more significant modifications are listed below:

° Modification of the outer casing to accommodate the dimensions of
the revised ion optics assembly.

° Increasing the number of anode support insulators from six to nine.

. The material of the rivets used to fasten nut plates to the discharge
chamber was changed from aluminum to stainless steel.

° The material used for fabricating the wiring cable clamps was changed
from MACOR(R) to VESPEL(R),

° The dimensions of the wire diameter and spacing were changed for the
wire mesh used to cover the main-keeper-insulator shields. This
also required a new procedure for attachment of the wire mesh to the
shields.
These and other less significant changes (e.g., dimensions of parts, etc.)
have been incorporated in the design documents (drawings and IPD) and in some
of the retrofit thrusters. Table 8 identifies which of the five changes listed
above that were incorporated in each thruster.
Other requirements for modifications in the thruster design or fabrication
procedures have been identified since completing the retrofit of thrusters
SN J2 through SN J7 as a result of testing performed by NASA. Some of these

requirements were determined under this contract as a result of analyzing the
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Table 8. Matrix of Additional Modifications Incorporated
in the Retrofit Thrusters

Thruster S/N J2 J3 J4 | J5 | J6 { J7
Outer casing modification | Yes | No No | No | No | Yes
Additional anode supports | Yes | No No | No | No | Yes
Stainless steel rivets Yes No No | No No Yes
Vespel harness clamps Yes | No No | No | No | Yes
Keeper-insulator shields Yes | Yes | No | No | No | Yes
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thrusters returned to HRL after test. Other requirements have been identified
by the staff of NASA LeRC, or under other contracts. The objective here is to
make the list of requirements as complete as possible, and representative of
the status at the time this report ié printed. A brief description of the

requirements that have been identified at this point follows.

1. Isolator Insulator Protection

The insulation of two cathode isolators was observed to deteriorate during
testing in the Mission Profile Life Test (NASA contract NAS 3-20399). Although
the investigation of these failures has not yet been completed, it has been
determined that the principal contaminant on the surface of the insulator is
carbon. An improvement in protection of these insulators will be required.

The form of this improvement depends on whether the insulator becomes con-
taminated during fabrication, during preliminary testing or handling (test
facilities or shipping procedures), or as a consequence of outgassing of

materials used in the thruster during operation of the thruster.

2. Spalling of Sputter-Deposited Material

Most of the interior surfaces of the thruster discharge chamber have
special coverings to retard erosion by ion sputtering, or to inhibit the
spalling of sputtér-deposited coatings. One surface that becomes deposited
with back-sputtered material (tantalum) has been overlooked, and spalling of
relatively large flakes of material resulted during the testing of thruster
SN J7 (leading to early termination of an endurance test). This surface is
on the interior of the baffle support cylinder (mild steel) that is part of
the cathode pole assembly. A grit-blasted tantalum covering for this surface

would be the most tractable thruster modification.

3. Vespel Cable Clamp

The cable clamps that secure the wiring harness at the point where the
wiring exits the thruster's outer casing represent an unshielded high voltage

insulator. Consequently, deposition (of some form of material) on the surface
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of these clamps has led to electrical breakdown and cracking of the insulator.

These clamps will have to be shadow-shielded in the same manner as other high

voltage insulators.

4, Isolator Shadow Shields

The isolator shields are re-entrant shadow-shields fabricated from thin

stainless steel sheet. The sharp edge
respect to the outer shield, and there
between the shields of the two cathode
buting to the failure. The conditions

slight distortion of the concentricity

of the inner shield is negative with

is evidence that discharges have occurred
isolators that failed, perhaps contri-
for breakdown can be enhanced by any

of the isolator shields (which can

easily occur during installation of the isolator because of the flexibility of

the shields). A design revision to eliminate the sharp edge of the inner

shield and provide more rigidity would

alleviate this potential failure hazard.
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SECTION 3

ACCEPTANCE TESTING

A set of test procedures was formulated under NASA contract NAS 3-21052
to provide a standard acceptance test that could be performed on newly
fabricated thrusters and periodically throughout the life of the thrusters to
determine operating characteristics and performance parameters. In formulating
these procedures, an attempt was made to make the instructions and descriptions
sufficiently general to enable anyone with an elementary understanding of
thruster operation to reproduce acceptance test conditions using an arbitrary
set of power supplies. Having experienced considerable difficulty in perform-
ing the acceptance tests on thruster SN J1, the test procedures were revised
and redefined under this program to facilitate testing. The procedures as
now written require a test console with a certain degree of automation, as
described in a NASA LeRC document entitled "Thruster Requirements Document"
(see Appen@ix B). Several iterations on the procedures were required, first
to provide opportunity for a real time review of the test data by NASA LeRC
personnel, and finally, to improve the accuracy of propellant flow measurement.
The discussion in this section describes the essential issues raised in evolu-
tion of the acceptance test procedures, presents data relating to the problems
of obtaining accurate measurement of propellant flow, and compares test results
for the retrofit thrusters. A summary of the test data for each thruster is
provided in Appendix C. More complete data packages were provided to NASA

LeRC; copies may be obtained directly from that center.

A. ACCEPTANCE TEST PROCEDURES

The procedures for performing acceptance testing of the 30-cm J-series

thruster are described in six documents in the Hughes IPD (inspection and

process document) format. These IPD's are numbered IPD-PR-138 through IPD-PR-

143, A short description of each document is as follows:

° IPD-PR-138, 30-cm Thruster Acceptance Procedure, provides detailed
instructions for taking data and reducing data.
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IPD-PR~139, Thruster Test Facility, specifies the vacuum facility
and thruster interface requirements.

IPD-PR-140, Power Processor, specifies the power supply requirements
and characteristics needed for thruster testing.

IPD-PR-141, Instrumentation and Calibration, describes the test
equipment and methods used for calibration.

IPD-PR-142, Preliminary Thruster Preparation, describes the measure-
ments and procedures required. in installing a thruster in a test
facility.

IPD-PR-143, Data Formats for Thruster Testing, contains the data
formats for recording the data in acceptance and performance evalua-
tion tests.

The performance of the thruster testing is governed by IPD-PR-138. The

major test elements are:

Initial cathode conditioning.
Thruster start-up.

Determination of the minimum magnetic baffle current for stable
operation.

Measurement of neutralizer-keeper-voltage/vaporizer-temperature
characteristics.

Determination of the minimum emission current (eV/ion) for selected
operating points.

Measurement of thruster efficiencies for ten operating points.
Documentation of oscillation in specified thruster parameters.
Documentation of thruster high voltage overload recycle characterstics.

Documentation of the ion optics system for selected operating points.

The sequence and procedures for performing these tests is described in the

IPDs (available from NASA LeRC). Although the sequence of tests may seem

relatively unimportant, it was determined during this program that there is

a preferred sequence for performing these tests if the data is to be obtained
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reproducibly without accumulating an excessive amount of thruster operating
time. The ten standard test points are specified by selecting the net
accelerating voltage, Vb, the ion beam current, Jb, the discharge voltage, VD,
and the discharge emission current, JE. Two other reference values are
required to fully specify the thruster control parameters: neutralizer-keeper
The values for these

voltage, V and the magnetic baffle current, J

NK’ MB*
parame