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FOREWORD

The work described in this report was carried out at Hughes

Research Laboratories, primarily during 1978, but finally completed

in 1980. During this period, personnel of both NASA's Lewis Research
Center and Hughes Research Laboratories were replaced as a consequence
of reorganizations. Initially, the program was conducted by the Ion
Physics Department and was managed by Dr. R.L. Poeschel, assisted by
Mr, S. Kami. 1In May of 1978, the fabrication of thruster hardware,
and .the work remaining on this program, was transferred to the High
Voltage Technology Department. Mr. D.E. Schnelker then served as pro-
gram manager until leaving HRL. Dr. C.R. Dulgeroff assumed the role

of program manager to complete the work,
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SUMMARY

The major objectives of this program were to modify the desigh of
the 900-series 30-cm thruster to correct deficiencies that had been
discovered in recent life tests and to verify the modified thruster
design. TInitially, the deficiencies in design were reviewed by Hughes
personnel and modifications were formulated to correct those deficien-
cies (based primarily on results and recommendations determined under
other NASA projects). A design review was conducted, and the design
modifications were submitted to NASA for approval. Twenty design
changes were approved for incorporation into the 900-series design to
form the J-series, and 16 of these were approved for retrofit. Thruster
SN 901 was modified accordingly to become thruster SN Jl, and tests
were performed in accordance with a standardized acceptance test format
(formulated under this program). Unanticipated difficulties were
encountered during this test, and the thruster was delivered to NASA's

"characterization"

Lewis Research Center without the planned extended
of thruster performance over a wide range of operating parameters having
been completed. It was later discovered that the modifications to the
ion optics design had produced a thermally driven dimensional insta-
bility of the electrode mounting structure. Further design modifica-
tion was necessary, and work under this program was suspended until

a "representative"

J-series thruster could be supplied. Several other
component failures (heaters and vaporizers) delayed completion of the
retrofit of the remaining 900-series thrusters (under NASA contract
NASA 3-21357) and the subsequent completion of the characterization
tests under this program (using thruster SN J3). Through the work
performed on this program and other NASA technology developments, the
30-cm J-series mercury ion thruster now meets the design goals of
130-mN thrust at 3000-sec specific impulse and 2.68-kW maximum power

input with a projected lifetime of 15,000 hr (at full power).
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SECTION 1

INTRODUCTION

At the outset of this program, development of the 900-series
mercury ion thruster was considered to be essentially complete since
the thruster had demonstrated the performance goals, and the only
major deficiency was the projected wearout lifetime. On the basis of
endurance test results, the projected lifetime of the screen grid
electrode (ion optics assembly) of the 900-series thruster was only
10,000 hr, far less than the 15,000-hr design goal., The major objective
of this program was to re-examine all features of the thruster's design
with respect to endurance test results and any other evidence of fail-
ures or potential failures reported in the technology programs con-
ducted by NASA's Lewis Research Center (either in-house or by con-
tract). A set of design modifications was formulated and presented for
NASA review and approval. Some of these modifications were proposed
as corrections to specific failures (already observed), and others were
offered as preventative measures against potentlal failures or fabrica-
tion difficulties. Of the 22 design modifications proposed, 20 were
approved for incorporation iﬁto the 900-series design to form the
J series, and 16 were approved for retrofit into the government-—
furnished 900-series thruster (SN 901). The thruster was modified and
a "standardized" acceptance test was formulated and performed to verify
that the J-series thruster design provided the required performance
characteristics. The retrofit modification of the thruster was not
as straightforward as anticipated, and difficulties were encountered
in applying the formalized set of preconceived test procedures on a
new thruster. Consequently, the initial retrofit thruster, SNJ1, was
delivered to NASA's Lewis Research Center where extensive testing was
performed. Ultimately, additional design modifications were identified
and incorporated in retrofitting the remaining six 900-series thrusters
under NASA contract NAS 3-21357. The acceptance test procedures were
also revised several times. After it was apparent that all of the

essential design features had been verified and the test procedures had
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been validated, thruster SNJ3 was furnished to this program for

conducting an extended "

characterization'" of thruster performance over
a wide range of operating parameters. In retrospect, this charac-
terization was premature since subsequently it was discovered that the
time required to establish equilibrium conditions (for propellant
measurement) is longer than had been allotted under the characteriza-

‘tion test plan. Consequently, the data obtained can only be used for
examining major trends, not fine details.

The work described above is discussed in detail in the following
sections; however, the work performed under this program represents
only the first step of the work that was eventually réquired to obtain
the J-series thruster design and fabrication documentation. The major
portion of the work had to be completed under NASA contract NAS‘3—21357.
Consequently, a complete description of the J-series design, in its
final form, has not been attempted here. This report is intended as
an accounting of the portion of the work performed under this program,
and the final report for contract NAS 3-21357 should be referred to

for a complete description of the current J-series thruster design.

12
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SECTION 2

DOCUMENTATION REVIEW AND RECOMMENDED DESIGN MODIFICATIONS

The initial phase of .this program was devoted to reviewing the
design documentation for manufacturing 30-cm ion thrusters and to iden~
tifying thruster modifications considered necessary to eliminate poten—-
tial failures, The review served to incorporate corrective measures
that were approved and carried out under other programs. This amounted
to revising or deleting existing drawings and procedures to reflect
changes already being followed in fabrication and assembly. The identi-
fication of proposed modifications resulted from endurance tests, struc-
tural tests, and performance characterization tests,

There were 22 modifications recommended; of these, 20 were accepted
by the NASA project manager. These 20 are discussed below, with the

major modifications discussed first.
Screen Grid

Based on the erosion rate of the screen grid during a 4000-hr. endur-
ance test, the projected lifetime of the screen grid was estimated to
be less than 10,000 hr. Since the design goal for the thruster life-
time is 15,000 hr, corrective action was imperative. The action taken
was to alter the accelerator grid design. Lewis Research Center (LeRC)
and Hughes Research Laboratories (HRL) technology programs showed that
a low transmission (less than 30%) accelerator grid permits discharge
chamber voltage to be lowered without a loss in thruster efficiency.

A lower discharge voltage reduces the fraction of doubly charged ions
that are produced in the chamber; the lower energy and fewer doubly
charged ions combine to reduce screen -grid wear. The recommended
change was to decrease the diameter of the apertures in the accelerator
grid from 0.152 em (0.060 in.) to 0.114 cm (0.045 in.,). The modifi-~
cation to the accelerator support necessitated by this change is dis-

cussed later on.
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Insulation of Wire near Cathode Polepiece

Teflon/Kapton insulated leads connected to the cathode heater,
magnetic baffle coil, and cathode keeper passed through the region
around the cathode polepiece. Operating temperatures of V300°C caused
the insulation to loosen; this could permit a short between the leads
and surfaces at different potentials, This did in fact happen to the
cathode keeper lead during the endurance test after 4000 hr of opera-
tion. To preclude this from happening, a change in the insulation in
the hot region was proposed. Ceramic beads were suggested as replace—

ments as shown in Figure 1. In the cooler regions, no change in insula-

tion was proposed.

9181-1
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Figure 1. Modification in wiring to eliminate Teflon/
Kapton insulation in proximity to the cath-
ode polepiece,
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Cathode Polepiece Wire Mesh Covering

Wire mesh is used to cover surfaces where sputter deposition is
anticipated. The mesh inhibits spalling by providing an irregular
curved surface for the deposition. 1In spite of this, large flakes
were observed in the interior of the cathode polepiece during an exami-~
nation following 4000 hr of testing. Tests at LeRC showed that a
better choice for mesh size would be a 0.018-cm (0.007-in.) spacing
between 0.009~cm (0.0035-in.) diameter wire. This wire size and

spacing were proposed as a replacement for the original mesh.

Gimbal Bracket Insulators

Two gimbal pads are used to support the thruster. These pads are
diametrically opposite on the outer cylinderical surface of the
thruster. The gimbal pads were supported by ceramic insulators. But
during a vibratioh test some of these insulators fractured. For this
reason, a modification was suggested to replace them with insulators
made of Vespel., The Vespel insulator design included threaded steel
inserts. The temperature limit of 300° for Vespel was acceptable since
the insulator temperature is not expected to exceed 200°C.

Lesser modifications proposed and accepted are discussed next.
Anode

Stainless-steel wire mesh was attached to the inner surface of
the anode in several places; its purpose was to minimize the forma-
tion of flakes., Unfortunately, the method of attachment permitted
the mesh to lift away from the anode surface. The proposed modifica-

tion was to use anode material that had the mesh bonded to it.

Baffle Support and Magnetic Coil

The end of the tubular baffle support has openings that permit
electrons to pass from the cathode past the baffle into the discharge
chamber. The material next to these openings is covered with tantalum
foil. This foil interfered with the magnetic coil when it was
installed on the support tube. The proposed design increased the

magnetic coil diameter and the diameter of the part of the baffle
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support used to mount the coil. The dimensions of the openings in the

end of the baffle support remained the same. v

Cathode Inserts

Tantalum wires were used to attach the porous tungsten inserts to
the cathode tube. These wires frequently became brittle and broke dur-
ing assembly., Rhenium wire was suggested as a replacement to decrease

the chance of failure.

Neutralizer Erosion Shields

Examination after the 4000-hr test revealed erosion in the neutral-
izer assembly. An extension of the neutralizer erosion shield was sug-

gested to protect this area.

Wiring Harness

An increase of the harness wire length (to 3.65 m) was proposed to
accommodate the interface requirements for thruster testing. A Hughes

specification for lead wire was also proposed for wire purchases.

Anode Insulator

Since Lucalox is no longer available, HRL proposed that the anode .

support insulator be changed to alumina (AL 300).

Vaporizer

Several variations in vaporizer behavior were observed, To obtain
more uniform vaporizer material, a new specification was proposed.
Detailed fabrication instructions were also suggested to be incorpor-

ated into the design package.

Neutralizer Fasteners

Neutralizer fasteners were located in places that were close to
insulated wire leads., Using torqueing tools on these fasteners some-
times caused damage to the insulation, This damage was difficult to
prevent and detect., The relocation of these fasteners was proposed to .

avoid the problem. .
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Wire Harness Clamp

The Mycroy harness clamp broke several times during assembly. The
design change proposed that the material be changed to machinable

ceramic.

Insulator Shield

Cup shields are used to protect insulators from material deposits.
Misalignment of the shields could easily occur, creating a short. A

self-centering design for the shields was proposed.
Gimbal Pad

Tolerance buildup could create an extremely small clearance between
the gimbal pad (at spacecreaft potential) and the accelerator grid
mounting (at screen potential). This required a custom fit to avoid
arcing. A change in the pad dimension was suggested to eliminate this

special handling during assembly,

Backplate Structural Brace

The backplate was fitted to the backplate structural brace with
shims, This procedure was time consuming and inaccurate, The design
proposed incorporated spacers on the brace, and these spacers were cus-—

tom machined for a good fit,

Cathode Isolator Heater

Identical main and cathode isolator heaters were fabricated, but
the heater used on the cathode isolator had to be partially uncoiled
when assembled. This bending of an active part of the heater was
undesirable. A request was made to change the final design configuration

of the cathode isolator heater coils.

Ground Screen

Once a thruster was mounted by attaching to the gimbal pads, access
to the wiring terminals or inspection of some thruster components

required that the thruster be removed from the mount and the neutralizer
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assembly detached from the ground screen. The proposed design altered
the ground screen so .that it could be removed without disturbing the

neutralizer or the mount.

Propellant Manifold

Performance testing requires individual monitoring of mercury flow
to the three vaporizers. This meant that propellant line connectors
had to be made within the ground screen and were subjected to undesir-
able flexing., A proposed manifold at the rear of the thruster for
feed lines to the three vaporizers could be used for either single

or multiple mercury lines.

Coaxial Heater Terminal

Coaxial heaters are used on the vaporizers and cathodes. The
terminals were complex, fragile, and difficult to fabricate., It was
proposed to use the simpler terminal used on the 8-cm thruster.

This completes the discussion of the modifications accepted by
the NASA project manager. Two additional modifications were proposed
and rejected., They dealt with the backplate wire mesh specification
and the isolator heaters. It was determined at the design review
that there was not a good justification for the proposed changes and
they were dropped.

Only 15 of the design modifications listed and described above
were made on thruster SN 901. Those modifications incorporated were

those affecting the following components or subassemblies:
(1) 1Ion optics electrodes (accelerator aperture diameter)
(2) Cathode polepiece subassembly (wire mesh coverings)
(3) Anode (bonded wire mesh)
(4) Gimbal pad mounting insulators (Vespel)
(5) Porous tungsten cathode inserts (lead attachment)
(6) Neutralizer erosion shields (change in area)

(7) Wiring harness (wire size and lengths)

18



(8) Anode insulators (alumina)
(9) Neutralizer housing subassembly (dimensions)
(10) Wire harness clamp (material)
(11) Insulator shields (self-centering)
(12) Ion optics assembly mounting ring (fastener recess)
(13) Backplate structural brace (custom spacers)
(14) Outer ground screen (improve fit)
(15) Propellant line manifold (test interface).

Most of these modifications were straightforward with the only diffi-
culties encountered typically from having to disassemble the thruster
parts to a greater degree than has been common practice (for example,
to replace insulator shields where the fastening hardware was safety
wired and partially enclosed by welded structures). In several such
cases, special tools and/or procedures had to be devised to perform

the retrofit. Consequently, the retrofit modifications that had been
estimated as requiring six weeks to perform eventually required four
months (paced to some extent by the delivery of materials).

Although it was relatively straightforward to revise the drawings

“and documents to account for the changes listed above, a careful review
of the drawings and inspection and process documents (IPD) revealed
that considerably more work than had been budgeted was required to make
the package accurate and self-consistent. Consequently, the document
package (drawings and IPDs) was only revised to correct major discrepan-
cies and changes instituted under this program and recommendations were
made for further corrections and refinements., Subsequent drawing revi-
sions and design changes were performed under contract NAS 3-21357 that

further modified Items 1, 2, 3, 10, 12, and 14 listed above.
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SECTION 3

. ACCEPTANCE TEST OF THRUSTER SNJ1

. Under this program, several key procedural documents (identified
by the numbers IPD-PR-138 through IPD-PR-143) were written related to

preparing and testing 30-cm thrusters. These documents are as

follows:
° IPD-PR-138, 30-cm Thruster Acceptance Procedure,
provides detailed instructions for taking and reduc-
ing data.

° 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 measurements 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 evaluation tests.
The documents above (in their first version) were used for the
testing of thruster SN Jl., Some of the documents have been revised;
however, the first acceptance test of Jl contained the following major

elements:

° Initial cathode conditioning

® Thruster start-up by a prescribed algorithm

) Determination of the minimum baffle current for stable
operation

° Measurement of neutralizer-keeper-voltage vaporizer-—
temperature characteristics
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° Determination of the minimum emission current for
selected operating points

. Measurement of thruster efficiencies for 10 operating
points

° Documentation of oscillation thruster parameter

. Documentation of thruster high voltage overload

recycle characteristics

. Documentation of the ion optics system for selected
operating points.

These test elements were initially described by NASA and furnished
to the Hughes program manager. They were then written in the format
of Hughes IPDs in the form reproduced in Appendix A of this report. One
goal in formulating a standardized acceptance test under this program
was to define test procedures that could be performed at any facility
where ion thrusters can be tested, and by personnel having only limited
ion propulsion background. Consequently, the form of the IPD included
in Appendix A is more tutorial than could be accommodated while attempt-
ing to carry out the steps of the test sequence. Several revisions
have resulted as a consequence, and the test is now relatively straight-
forward to perform, but does require an automated power processor and
an experienced operator of ion thrusters.

Adhering to these initial procedures during the initial startup
of thruster SN J1 led to several difficulties. The first four attempts
were unsuccessful in establishing a beam as a result of: (1) wiring
error, (2) insufficient cathode vaporizer power, or (3) recycle logic.
After these problems were eliminated, an unstable beam was obtained
with much arcing. Eventually, the recycle logic problem recurred and
the test was terminated. The sixth start was unsuccessful: the arcing
diminished and the testing begain. All the major elements of the
acceptance test were completed for thruster J1 and the test results

submitted in the Acceptance Test Document.
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The operating and performance data for the acceptance test are
summarized in Table 1. (The symbols are defined and explained in
Appendix A, pages 11 through 14 of IPD-PR-138,) The total power for
the principal throttling points (1, 4, 6, 7, and 9) of Table 1 is
plotted versus efficiency in Figure 2 for comparison with data for the
900-series EMT. The efficiency of the retrofit thruster as measured
under this program is slightly better than for a typical 900-series
thruster operated at 36-V discharge voltage. Hence, the combined modi-
fications to thruster design and thruster operation (i.e., the small hole
accelerator grid and a lower (32 V) discharge voltage) should increase
the thruster wearout lifetime with equal or better efficiency than the
900-series thruster (which will be verified by endurance testing under
other programs). Table 2 lists the typical operating parameters for
thruster SN Jl for the principal throttling points.

10481—-2
100
| !
" ACCEPTANCE TEST OF SN J1 (32 V DISCHARGE VOLTAGE)
L 80 -
I~
>
[8)
=z
w
o 60 |- |
T
[T
w
2o
w
§ 40 |- —
E DATA FROM TABLE 3 OF “PERFORMANCE DOCUMENTATION
- OF THE ENGINEERING MODEL 30 cm DIAMETER THRUSTER,”
< R T BECHTEL AND V K RAWLIN, AIAA PAPER NO. 76-1033,
o 20 |- KEY BISCAYNE, FLA (36 V DISCHARGE VOLTAGE) —
-
0 1 2 3

POWER INPUT, Py , kW

Figure 2. Comparison of performance data for the retrofit thruster,
SN J1l, anda typical 900-series EMT.
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Table 1.

Acceptance Test Summary for Thruster SNJ1

10481—1
PROPERTY | 4 2 3 4 5 6 7 8 9 10
o A 2.022 | 2.005 | 1.999 | 1.598 | 1.295 | 1.295 | 1.013 | 0.750 | 0.750 | 0.750
Vi V 1100.0 {1100.0 [1100.8 | 940.0 |1100.7 | 820.56 | 699.8 |1103.0 | 600.0 | 601.2
Vp Vv 321 | 310 | 320 | 321 | 32.0 | 320 | 320 | 320 | 320 | 310
Je A 120 | 120 | 114 | 100 8.5 85 7.0 5.75 | 5.75 | 5.75
Ivipr A 2.2 22 2.2 2.2 25 2.5 25 2.7 2.7 2.7
Vi V 146 | 145 | 146 | 148 | 146 | 146 | 155 | 1565 | 155 | 155
P W 2677.6 | 2648.2 | 2635.1 | 1889.5 | 1763.7 [ 1406.3 | 1015.2 {1079.0 | 852.0 | 842.0
Ne 0.830 |0.833 | 0.835 | 0.796 | 0.808 | 0.755 | 0.698 | 0.767 | 0.705 | 0.713
iy, A* | 1997 | 2.073 | 2017 | 1678 | 1.264 | 1.202 | 1.006 | 0.649 | 0.710 | 0.693
oy, A* | 0.120 | 0.124 | 0.097 | 0.116 | 0.127 | 0.124 | 0.117 | 0.177 | 0.168 | 0.178
myy. A? | 0.032 | 0.031 | 0.045 | 0.026 | 0.056 | 0.037 | 0.031 [ 0.056 | 0.043 | 0.049
M. A* | 2140 [ 2228 | 2.150 | 1.720 | 1.447 | 1.453 | 1.154 | 0.882 | 0.921 | 0.920
Np. % 913 | 878 | 90.7 | 906 | 89.7 | 88.3 | 88.2 | 89.1 | 842 | 849
M, (UNC) | 0.940 | 0.900 | 0.926 | 0.927 | 0.895 | 0.891 | 0.859 | 0.850 | 0.814 | 0.815
Fr 0.9765 |0.9776 | 0.9775 | 0.9776 | 0.9773 [ 0.9759 | 0.9833 | 0.9839 | 0.9829 | 0.9784
Y 0.9512 | 0.9565 | 0.9543 | 0.9546 | 0.9563 | 0.9560 | 0.9871|0.9732 | 0.9748 | 0.9705
M1 % 706 | 686 | 704 | 67.4 | 66.1 | 615 | 564 | 61.8 | 54.6 | 54.8
Igp. sec 2068 | 2858 | 2933 | 2715 | 2842 | 2442 | 2245 | 2750 | 1946 | 1941
F, mN 1300 | 1290 | 1290 | 95.4 | 838 | 723 | 539 | 494 | 365 | 36.3
J A - _ _ _
Emin 106 | - 8.2 6.5 5.0 3.75

3 EQUIVALENT AMPERES NEUTRAL FLOW
ALL POINTS HAVE V 5 = -300, Jy, = 1.8 A, Joyc = 1.0 A
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Table 2. Typical Operating Parameters for the Principal

Throttling Points Plotted in Figure 2

10481-3
TEST POINT
THRUSTER PROPERTY UNIT

1 4 6 7 9
BEAM VOLTAGE (V) 1100 940 820 700 600
BEAM CURRENT (J,) 2.0 1.6 1.3 1.0 0.75
ACCEL VOLTAGE (Vccel) Vv 300 300 300 300 300
ACCEL CURRENT (Jpccey! mA 4.1 3.0 2.4 2.0 14
DISCHARGE VOLTAGE (V) 32 32 32 32 32
EMISSION CURRENT (Jg) 12 10 8.5 7.0 5.75
CATH KEEPER VOLTAGE (V) v 4.5 5.0 5.4 5.9 6.9
CATH KEEPER CURRENT {(J) 1.0 1.0 1.0 1.0 1.0
MAG BAFFLE VOLTAGE (Vg) v 05 0.5 0.5 0.5 0.5
MAG BAFFLE CURRENT (Jy;) 2.2 2.2 2.5 2.5 2.7
MAIN VAPORIZER VOLTAGE (V) | v (rms) | 6.2 6.2 6.0 6.2 5.9
MAIN VAPORIZER CURRENT WUy | A (kms) | 1.1 1.0 0.9 1.0 0.9
CATH VAPORIZER VOLTAGE (Vo) | v (rms) | 63 6.0 6.4 6.8 7.4
CATH VAPORIZER CURRENT Uy} | Arms) | 1.0 1.3 1.4 14 1.6
NEUT VAPORIZER VOLTAGE (V) | v rms) | 4.7 5.0 5.2 5.6 5.7
NEUT VAPORIZER CURRENT () | A (rms) | 05 0.9 0.9 0.9 1.0
NEUT KEEPER VOLTAGE (V! v 14.6 146 14.6 15.5 15.5
NEUT KEEPER CURRENT (Jy ) 1.8 18 1.8 1.8 1.8
NEUT COUPLING VOLTAGE (V) v 10.7 10.7 10.7 10.4 10.6
NEUT COUPLING CURRENT (Jg) 0 0 0 0 0
MAIN VAPORIZER TEMP (Ty/) °c 337 329 319 308 292
CATH VAPORIZER TEMP (T(, ) °c 352 352 353 349 364
NEUT VAPORIZER TEMP (Ty/) oc 303 309 3N 306 311
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We found that some of the details of the acceptance test procedure
were not adequate to ensure that the tests could be performed without
difficulty. The major difficulties experienced were procedural in
nature and are listed below:

e  The value of magnetic baffle current to provide stable

operation at the initial high voltage application is

2,7 A; the value of 1.5 A that was specified originally
was observed to be very unstable.,

® Specifications for neutralizer keeper voltage and cur-
rent were not adequate to prevent the neutralizer keeper
discharge from being extinguished under recycle condi-
tions or other marginally stable thruster operating
conditions,
It waS also believed thgt the time (8 min) between discharge ignition
and application of the beam voltage for operation in the Hughes
chamber was too short; however, subsequent tests have not shawn this
to be the case,
At the conclusion of the test, the Hughes and NASA project managers
agreed to delay the characterization tests until one or two of the

J-series retrofit thrusters had been tested.
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SECTION 4

EVOLUTION OF THE J-SERIES THRUSTER DESIGN

After the anomalies observed in testing thruster SN J1, and similar
difficultes observed in the performance evaluation of several more of
the retrofit ion optics assemblies prepared under contract NAS 3-21357
for the remaining six thrusters, an intensive investigation of the ion
optics mounting structure was undertaken., This work was divided
among two. NASA .contracts and internal studies at NASA LeRC. Under
contract NAS 3-21040, a three-dimensional finite element analysis was
performed to model the ion optics mount and electrode deformation under
thermally induced stress. These computations supported those performed
at LeRC (two-dimensional) and showed that the stiff grid mount caused
distortion of the screen grid electrode that could either increase or
decrease the interelectrode spacing, depending on the point of buckling
and the temperature distribution. Temperature measurements were per-—
formed under contract NAS 3-21357 to provide input data for the analytic
models, and a revised grid mounting structure was designed and verified
analytically. The revised mounting, shown in Figure 3, relies on
stiffening rings made of molybdenum to support the molybdenum grids
without inducing stresses that arise from differential expansion. The
titanium mounting is still a very "stiff" member with respect to axial
displacement or torsion but is relatively "soft" (flexible) with
respect to radial forces. Consequently, the spacing between the grid-
stiffening rings can be maintained without introducing bending moments
or radial stresses from the mount. The success of this assembly
enabled retrofit and testing to proceed; however, only limited success
was achieved in reworking the grid sets distorted from operation with
the mountings of the previous design. On some assemblies, several
iterations of stress relieving fixtures and procedures had to be made

to achieve the desired results.,
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The replacement of isolator-vaporizer (I-V) assemblies was not
considered an item for retrofit under this program. However, testing
of the existing I-V assemblies under contract NAS 3-21357 disclosed
marginal performance of several assemblies. Consequently, a complete
redesign of all I~V assemblies and revision of fabrication procedures
was undertaken.under NAS 3-21357,

Several cathode heaters failed during cathode conditioning; these
failures were traced to the use of poor-quality tantalum by the heater
vendor. Heater specifications were revised and made more restrictive,
with the result that the vendor was unable to fabricate satisfactory
heaters for a period of more than a year (severely delaying the retro-
fit program).

Having overcome these obstacles, retrofit modification of several
thrusters was completed; acceptance tests were performed on these
thrusters, By April 1980, the design and test specifications were con-
sidered to be stabilized, and thruster SN J3 was transferred to this pro-
gram as a "representative” thruster for 'characterization" testing over
an extended range of operating parameters. Although this thruster
should be representative of performance capabilities, the I-V assemblies
are not of the J-series design (as described in the final documenta-
tion package). The test results for this thruster are described in

Section 5.
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SECTION 5

CHARACTERIZATION TESTING OF THRUSTER SNJ3

After acceptance testing of thruster SNJ3 .under contract
NAS 3-21357, the thruster was transferred to this program for testing
over an extended range of operating parameters. As discussed above,
the acceptance test provides data for defining some of the thruster
control settings as functions of beam current. Consequently, the
acceptance test results will be discussed here briefly before present-—
ing the characterization test data.

The performance data for the acceptance test of thruster SNJ3
are summarized in Table 3., The format of this table is different from
that of Table 1, which summarizes the acceptance test data for thruster
SNJ1. This difference is a consequence of the changes to the accept-
ance testing and reporting procedures that have evolved since the pro-
cedures listed in Appendix A were_fqrmulated. Two of the test procedures
that are required for defining the control set-points for operating the
thruster over its range of capability are the measurement of the magnetic-
baffle-current/cathode-keeper-voltage characteristic and the neutralizer-
keeper-voltage/neutralizer-vaporizer-temperature characteristic (as
functions of ion beam current). From these characteristics, the so-
called "standard" reference values for the magnetic baffle current
and the neutralizer keeper voltage were defined; these are plotted as
functions of ion beam current in Figures 4 and 5.

To measure propellant flow requires a relatively long period;

the acceptance test data were used to define a '’

'calibration" of propel~
lant flow rate as a function of vaporizer temperature, The relation~-
ships shown in Figures 6 through 8 were used to determine the propel-
lant flows for the characterization test. This permitted collecting
a relatively large number of data without logging an excessive amount

of time on the thruster (which results in the deposition of back-

sputtered collector material on the thruster).
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Table 3. Acceptance Test Data/Performance Summary for Thruster SNJ3

10481 -4
TEST POINT
1 2 3 4 5 6 7 8 9 10
Vo v | 1101 [ 1100 [ 1100 | 940 | 1009 | 817 | 698 | 1009 | 597 | 596
Jy A | 2007 | 2002 | 2.003 | 1.600 | 1.300 | 1.207 | 0.997 | 0.751 | 0.750 | 0.750
Vo v | 320 | 310 | 320 [ 320 | 320 | 320 [ 320 [ 320 | 320 | 310
21 J A {140 | 140 | 134 [ 116 | o8 | 98 | 80 | 649 | 649 | 649
B o A | 120|120 | 114 | 100 | 85 | 850 | 70 | 574 | 574 | 574
E IvB A | 20 | 210 210 25 | 270 | 270 | 290 | 300 | 300 | 300
S vek v | 430 | 422 | 430 | 420 | 531 | 534 | 699 | 672 | 675 | 6.8
g Jok A |o0.957 | 0.957 | 0.958 | 0.967 | 0.957 | 0.967 | 0.954 | 0.956 | 0.967 | 0.953
<1 vaccer |v | 340 | -340 | -340 | -336 | -341 | 334 | -331 | 339 | -328 | -327
§ JacceL [mA ] 414 | a11 | 390 | 396 | 103 | 227 | 175 | 110 | 125 | 152
VK v |1508 | 1470 | 1472 | 1490 | 1534 | 1528 [ 15.71 | 1573 | 1572 | 1580
INK A [181 | 210 (210 | 181 {181 {181 | 181 | 181 | 181 | 180
VG \" 10.55 | 10.61 10.61 10.84 | 1096 | 11,09 | 11.14 | 11.40 | 10.90 | 11.16
Tuv oc | 314 | 313 [ 311 | 304 | 207 | 206 | 287 | 276 | 275 | 274
Tev oc | 326 | 330 | 321 | 336 | 340 | 338 | 338 | 344 | 344 | 357
Ty oc | 208 [ 306 | 304 [ 304 | 306 | 306 | 300 [ 316 | 311 | 316
Mgy |eaA| 1971 | 2016 | 2.002 | 1593 | 1.287 | 1.294 | 1.006 | 0.754 | 0.755 | 0.716
2 [ ey eqA| 0073 | 0.078 | 0.065 | 0.084 | 0.097 | 0.090 | 0.095 | 0.103 | 0.103 | 0.144
3oy eaA| 0.026 | 0.027 | 0,030 | 0.028 | 0.029 | 0.030 | 0.034 | 0.039 | 0.036 | 0.038
hy eqA| 2070 | 2121 | 2.007 | 1.705 | 1.413 | 1.414 | 1.135 | 0.896 | 0.894 | 0.898
TmD(UNC) % | 98.2 | 956 | 969 | 95.4 | 939 | 937 | 906 | 876 | 87.4 | 7.2
TmD % | 925 | 911 | 918 | 913 | 915 | 903 | 88.1 | 862 | #5.9 | 85.6
am(UNC)[ % | 97.0 | 944 | 956 | 938 | 920 | o1.7 | 878 | 838 | 839 | 835
’ w | 2210 | 2202 | 2203 | 1504 | 1420 | 1060 | 696 | 825 | 448 | 447
1 Py w | 835 {1142 [ 841 [ 970 [ 113 {108 [ 120 | 135 | 132 | 154
§ P w | 2661 | 2648 | 2638 | 1887 | 1763 | 1304 | 980 | 1069 | 691 | 687
N, % | 831 | 832 [ 835 | 797 | 81.1 | 760 | 710 | 772 | 648 | 5.1
o 0.9657 | 0.9721] 0.9689 | 0.9747 [0.9785 | 0.0785 [ 0.9838 | 0.9909 | 0.9898 | 0.9293
S L 0.9860 | 0.9877 | 0.9874 | 0.9874 [0.9877 { 0.9857 [ 0.9841 {0.9851 [ 0.9816 [ 0.9867
5 Y 0.9522 | 0.9601 | 0.9567 | 0.9624 | 0.9665 | 0.9645 | 0.9682 | 0.9761 | 0.9716 [ 0.9761
I 0.9416 | 0.9525 | 0.9470 | 0.9569 | 0.9634 | 0.9634 |0.9724 | 0.9844 | 0.9825 | 0.9817
31T 0.1324 | 0.1051 | 0.1186 | 0.0944 |0.0790 | 0.0790 | 0.0585 | 0.0322 | 0.0362 | 0.0379
Nt % | 731|724 | 730 | 692 | 607 | 6a8 | 584 | 616 | 513 | 5138
gl F mN | 129.3 [ 1300 | 1206 | 963 | 849 | 729 | 520 | 496 | 363 | 364
2] g sec | 3066 | 3008 | 3033 | 2771 | 2060 | 2531 | 2249 | 2714 | 1993 | 1992
Prank Pa § 204 (1274|134 ] 2% 164 25 | 750 | 129 | 1974 878
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Figure 4. Magnetic baffle current selection for thruster SNJ3.

33



104816

| i I | | i B T |

] 1 | I [ | | | I |

16
>
v
2
>
>
2
H 15
Q
S
o
L
0.
[17]
w
¥
E 14
N
-l
<
2l
'—
>
w
2
13
0

Figure 5.

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2
BEAM CURRENT, J,,A

Neutralizer keeper reference voltages selected for thruster
SNJ3.

34



A

’ mcv: eq

CATHODE FLOW RATE

0.20
0.18
0.16

0.14
0.12

0.10

0.08

0

[

|

1

! J J

J

i

1.55

Figure 6. J-3 cathode vaporizer flow rate as a function of T;

166 1.57

158 1.69

1.60

1.61

1.62 1.63 1.64

1.65 1.66

CATHODE VAPORIZER TEMPERATURE, 1/T, 1/°K x 103

35

1.67

1.68 1.69

1
AP*



104818

1 1

1 [ | | I l I I

0.1
0.09 |—
0.08 r
0.07 —

<
g 0.06 |—
2 00
£ -
ul
<« 0.04
Ios
=
S
o 0.03
o
m
N
2
c 0.02
.
2
w
Z
0.01
1.68
Figure 7.

169 170 1.71 172 173 174 176 1.76

NEUTRALIZER VAPORIZER TEMPERATURE, 1/T, 1/°K x 103

J-3 neutralizer vaporizer flow rate as a function of T\?kP'

36



20
18
1.6

1.4
1.2

1.0
0.9
08

0.7

0.6

My-cd A

0.5

-
I

.
, M

04 |- -

MAIN FLOW RATE

02 —

LY SN S R NS NN AN CUN N SR W N SR S
170 171 172 173 174 175 176 177 178 1.79 180 1.81 182 183 184

MAIN VAPORIZER TEMPERATURE, 1/T, 1/°K x 103

Figure 8. J-3 main vaporizer flow rate as a function of TVAP

37



The characterization tests consisted of operating the thruster over
the range from 0.75 A to 2.0 A at control set-points other than the 10
points of the operating envelope defined in the acceptance test.
Table 4 shows the 47 tests that were performed (and also includes the
set—point values for the standard acceptance test set-points, which
are designated by TP).

Data for five beam current levels (Jb = 2,0, 1.6, 1.3, 1.0, and
0.75 A) are shown in Table 5., All are standard throttling points for
the thruster. Discharge chamber voltage and current plus magnetic baffle

current variations were investigated for J_ = 2.0, 1.3, and 0.75 A,

b

Slight variations in Vb and Vac were made for all beam levels,

cel
Correction factors for doubly charged ions and beam divergence were

measured for each test number, Vaporizer temperatures were recorded,

but flow rates were not measured. An approximate flow value was obtained

by using temperatures that corresponded to flow values generated from

the acceptance test., The relationships between vaporizer temperature

and flow value (from the acceptance test) are shown in Figures 6, 7,

and 8. At the time the data in Table 5 were being collected, the time

required for achieving thermal equilibrium was thought to be less than

1 hr. But now we know that equilibrium temperatures and propellant flow

conditions are not reached until about 3 hr after changing operating

points (resulting in a change in beam current or discharge power). Con-

sequently, the data in Table 5 represent some operating points that

were not yet at thermal equilibrium and, therefore, any use of this

data to cross-plot and examine specific behavioral patterns should be

approached with the precaution that apparent trends may be incorrect

or contradictory, After exploring several possibilities for interpret-

ing and drawing conclusions from these data, it was determined that the

most significant results can be obtained from analyzing the thrust cor-

.rection factors for beam divergence and doubly charged ions in the

extraction ion beam.
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Table 4. Thruster Operating Parameters for Characterization Test Points

10481—-10A
BEAM viov | vev | TEST oA | seo A | ACCEL, | TEST
CURRENT [ b’ b POINT E MB* -V | NUMBER
J,=20A [ 1100 32 1 120 | STD2.1 | 300 TPI(A)
900 32 12,0 v 300 1
1100 32 12.0 20 | 300 2
2.3 3
2.4 4
2.6 5
1100 ETRY 2 120 | STD2.1 | 300 P2(A)
100V | 34 12.0 l 300 6
1100 V 36 12.0 300 7
1100 32 120 | sTD2.1 500 8
v v v v 400 9
1100 32 11.76 | STD 2.1 300 10
3 115 l 3@
l l 11.25 v 11
J,=16A 1100 32 | 100 | sto2s| 300 12
940 32 4 10.0 300 TP4(R)
MIN 32 10.0 v 300 13
3,=13A[ 1100 32 5 85 | sTD27 | 300 PS5
820 32 6 8.5 300 TP6 (A)
MIN 32 8.5 v 300 14
820 32 85 | STD27 | 500 15
v v v 400 16
1100 32 85 | STD27 | 500 17
v v v 400 18
820 34 85 | sTD27 | 300 19
820 36 8.5 v 300 20
820 32 : 8.5 22 [ 300 21
24 22
3.2 23
v 34 2
® STANDARD THRUSTER ACCEPTANCE TEST POINT
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Table 4, Continued

10481-10B
CUBREF¢ ENILT VoV VoV l;rOEI?\ITT oA me A VAC-:\C/E L NJISISE’;II-ER
J=13A 820 32 9.0 STD 2.7 300 25
8.0 300 26
v l # 9.5 v 300 27
J,=10A [ 1100 32 7.0 STD 2.9 300 28
900 7.0 . 29
700 7 7.0 ™7 (®)
 / MIN ¢ 7.0  / ¢ 30
J,=075A | 1100 32 8 5.75 STD 3.0 300 P8 (B
900 31
600 v 9 l v v ™9 (A
1100 32 575 | STD3.0 500 32
$ * ‘ # 400 33
600 32 575 | STD3.0 500 34
$ ¢ { { 400 35
600 32 5.75 24 300 36
2.8 37
3.2 38
34 39
600 31 10 5.75 STD 3.0 300 P10
600 34 5.75 300 40
* 36 5.75 L 41
600 32 55 STD 3.0 300 42
l l 6.25 l l 43
6.75 44
1100 32 : 4.5 STD 3.1 300 45
l l l l 500 46
4 400 47

@ STANDARD THRUSTER ACCEPTANCE TEST POINT
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Table 5. Characterization Test Data/Performance Summary for Thruster SNJ3

10481-11A
TEST NUMBERS

1 2 3 4 5 6 7 8 9 10 1

Vb v 901 | 1100 { 1300 | 1100° { 1900 | 1102 | 1103 | 1101 | 1102 | 1100 | 1100

Jb A | 2003 | 2.003 | 2.004 | 2.004 | 2.005 | 2.004 | 2.003 | 2.003 | 1.995 | 2.003 | 2.005

Vp v | 320 | 320 | 320 | 320 | 320 | 340 (<36.0>| 320 | 320 | 320 | 320

€1 9% A 140 | 140 | 140 | 140 | 140 | 140 | 140 | 140 | 140 1376 | 1324
Lu".j e A | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 110 | 120 | 1176 | 11.24
i s A 210 | 200 | 230 | 240 | 260 | 210 | 2110 | 2.10 | 210 | 2.0 | 2.1
S ovex v 412 | 408 | 412 | 409 | 438 | 396 | 391 | 404 | 412 | a0 | 428
% Jex A | 00943 | 0942 | 0.942 | 0.943 | 0.945 | 0.943 | 0.042 | 0.939 | 0.947 | 0.940 | 0.938
= | vacceL |v 337 | -3a1 | -341 | -341 | -341 | -342 | -340 | -528 | -386 | -340 | -340
g JacceL |mA| 40 | 361 365 | 360 | 364 | 320 | 317 | 341 | 336 | 379 | 388
VK v | 1497 | 1498 | 1497 | 14.96 | 14.95 | 1497 | 15.03 | 15.01 | 15.00 | 15.01 | 15.01

INK A 210 | 210 | 210 [ 210 | 210 | 2,10 | 210 | 210 | 230 | 2.10 | 2.10

Vg v 11067 | 1066 | 1061 | 10,60 | 1058 | 1061 | 10.65 | 10.68 | 10.68 | 10.64 | 10.63

Ty oc | 313 | 311 | 311 | 310 | 309 | 309 | 311 | 311 | 312 | 311 | 311

Tev °c | 322 | 322 | 320 | 329 | 343 | 318 | 319 | 326 | 327 | 322 | 321

Ty oc | 305 | 304 | 303 | 303 | 303 | 302 | 306 | 305 | 305 | 303 | 303
Iy eqA| 2010 ] 1910 | 1.910 | 1.860 | 1.820 | 1.820 | 1.910 | 1.910 | 1.960 | 1.910 | 1.910

2( ey eqA| 0,065 | 0.065 | 0.077 | 0.077 | 0.103 | 0.059 | 0.061 | 0.071 | 0.073 | 0.065 | 0.064
u9_ iy eqA| 0030 | 0.030 | 0.029 | 0.029 | 0.029 | 0.028 | 0.031 | 0.030 | 0.030 | 0.029 | 0.029
iy eqA| 2.105 | 2.005 | 2.016 | 1.066 | 1.952 | 1.907 | 2.002 | 2.011 | 2.063 | 2.004 | 2.003
MTmD (UNC)| % | 965 | 1014 | 1009 | 1035 | 1043 | 1067 | 1016 | 101.1 | 981 | 1014 | 1016
TmD % 91.5 954 95.0 97.6 98.4 99.0 92.1 956.5 92.9 95.8 96.5

Ny (UNC) § o 952 | 99.9 | 994 | 1019 | 102.7 | 105.1 | 1000 | 99.6 | 96.7 | 100.0 | 100.1

P w | 1805 | 2203 | 2204 | 2204 | 2206 | 2209 | 2209 | 2205 | 2198 | 2203 | 2206

vl Y w 105 | 92 | 105 [ 94 [ 112 ] 86 | 94 | 96 | 1491 8. X
§ P w | 2261 | 2658 | 2661 | 2660 | 2664 | 2687 | 2712 | 2661 | 2659 | 2649 | 2637
Me % 7908 | 829 | 828 | 8209 | s28 | 822 | 815 | 829 | 827 | 832 | 837
o 0.9692 | 0.9653 | 0.9660 | 0.9669 | 0.9671| 0.9580 | 0.9452| 0.9675 | 0.9690 | 0.9675 | 0.9708
= Fr 0.9868 | 0.9875 | 0.9881| 0.9882 | 0.9876 | 0.9876 | 0.9866 | 0.9853 | 0.9859 [ 0.9876 | 0.9878
il B 0.9564 | 0.9532 | 0.9546 | 0.9555 | 0.9551 | 0.9461 | 0.9325 | 0.9533 | 0.9553 | 0.9555 | 0.9590
® B 0.9474 | 0.9408 | 0.9419| 0.9435|0.9439| 0.9283 { 0.9065 | 0.9446 | 0.9470 | 0.9446 | 0.9502
IR 0.1175]0.1343 | 0.1314 | 0.1274 | 0.1265 | 0.1675 | 0.2301 [ 0.1246 | 0.1185 | 0.1246 | 0.1106

nt % 695 | 762 | 750 | 771 | 776 | 7723 | 709 | 780 | 730 | 760 | 77.

8 F mN | 117.3 | 129.1 1204 | 1295 | 1295 | 128.3 | 126.6 | 129.2 | 1279 | 128.0 | 128.8
= lsp sec | 2734 | 3161 | 3149 | 3233 | 3256 | 3303 | 3101 | 3153 | 3069 | 3170 | 3186
Prank Pa | 1144|1674 20| 234 | 20| 20 [ 104 | 167t 1274 | 157
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Table 5. Continued
10481-118
TEST NUMBERS

12 |13 | 14 | 15 {16 | 17 |18 | 19 | 20 | 21 | 22

Vo v | 100 | 7905 | 731 | 819 | 818 | 1100 | 1100 | 820 | 822 | 318 | 818

o A | 1599 | 1599 | 1.297 | 1.207 | 1.300 | 1.299 | 1.209 | 1.208 | 1.298 | 1.299 | 1.208

Vp v | 320 | 320 | 320 | 320 | 320 | 320 | 320 | 340 | 360 | 320 | 320

21 b A |16 116 | 98 | o8 | o8 | 98 | o8 | 98 | 98 | o8 | 98
A A |10 j100] 85 | 85 | 85 | 85 | 85 | 85 | 85 | 85 | 85
E Jvs A | 250 | 250 | 270 | 270 | 270 | 270 | 270 | 270 | 270 | 22 | 24
1 Ve v | 466 | 467 | 522 | 521 | 525 | 520 | 522 | 513 | 507 | 530 | 529
% ek A | 0936 | 0.938 | 0.037 | 0.938 | 0.938 | 0.937 | 0.937 | 0.937 | 0.937 | 0.938 | 0.938
S| Vaccer |v | -308 | -304 | -302 | -518 | -380 | -525 | -387 | -303 | -303 | -303 | -303
£ [ JacceL |mA | 272 | 329 | 251 | 228 | 215 | 202 | 207 | 200 | 189 | 216 | 222
VK v |15.03 | 1502 | 1501 | 1601 | 1501 | 15.00 | 15.00 | 14.99 | 14.98 | 14.96 | 14.98

INk 210 | 210 | 210 | 210 | 210 | 210 | 210 | 210 | 210 | 2.10 | 2.0

Vg v | 10.70 | 10.66 | 1080 { 10.77 [ 10.74 | 10.79 | 10.75 | 10.73 | 10.73 | 10.72 | 10.72
Tuv oc | 304 | 304 | 206 | 295 | 205 | 295 | 295 | 295 | 204 | 206 | 296

- Tev oc | 334 | 331 | 334 | 336 | 336 | 336 | 337 | 333 | 330 | 331 | 334
Ty oc | 308 { 308 | 310 | 309 | 310 | 309 | 309 | 310 [ 310 | 310 | 310
fmy  |eaA| 1590 | 1.590 | 1.200 | 1.260 | 1.260 | 1.260 | 1.260 | 1.260 | 1.230 | 1.290 | 1.290

21 fgy eqA| 0.085 | 0.079 | 0.085 | 0.089 | 0.089 | 0.089 | 0.091 | 0.083 | 0.078 | 0.079 | 0.085
2 P eq Al 0.032 ( 0.032 | 0.034 | 0.033 | 0.034 | 0.033 | 0.033 ] 0.034 | 0.034 | 0.034 | 0.034
My eq A 1.607 | 1.601 | 1.309 | 1.382 | 1.383 | 1.382 | 1.384 | 1.377 | 1.342 | 1.403 | 1.409
TmD (UNC)| % | 955 | 958 | 943 | 96.1 | 964 | 963 | 962 | 966 | 99.2 | 949 | 944
TmD % 90.7 93.4 91.4 92.9 928 928 929 92,0 93.5 91.4 91.0

Ny (UNC) | o 995 | 999 | 99.1 | 938 | 940 | 940 | 939 | 94.3 | 96.7 | 926 | 92.1

" w | 1750 | 1271 | 948 | 1062 | 1063 | 1429 | 1429 | 1064 | 1067 | 1063 | 1062

il LY w | 145 | 112 [ 102 | 999 | 100 | 107 | 112 | 107 | 105 | 101 | 104
§ Py w | 2151 | 1659 | 1284 | 1398 | 1400 | 1766 | 1767 | 1417 | 1437 | 1398 | 1398
Me % |88 | 766 | 738 | 760 | 759 | 809 | 809 | 751 | 743 | 760 | 76.0
o 0.9707 | 0.9750 | 0.9818 | 0.9802 | 0.9780 | 0.9790 | 0.9799 | 0.9718 | 0.9660 | 0.9786 | 0.9788
<L fr 0.9868 | 0.9868 | 0.9861 | 0.9830 | 0.9851| 0.9836 | 0.9856 | 0.9867 | 0.9867 | 0.9865 | 0.9865
S 09579 | 0.9621| 0.9682 | 0.9635 | 0.9634 | 0.9629 | 0.9658 | 0.9589 | 0.9532 | 0.9654 | 0.9656
s 0.9500 | 0.9750 | 0.9690 | 0.9662 | 0.9625 | 0.9642 | 0.9657 | 0.9519 | 0.9419 | 0.9635 | 0.9638
R 0.1110 | 0.0932 | 0.0662 | 0.0725 | 0.0811| 0.0771 | 0.0737|0.1066 | 0.1315 | 0.0787 | 0.0780

N % | 747 | 708 | 686 | 662 | 662 | 705 | 709 | 65.1 | 653 | 656 | 65.3

gl F mN | 1027 | 806 | 693 | 731 | 730 | 847 | 848 | 721 | 715 | 73.0 | 730
3| g sec | 3164 | 2711 | 2506 | 2500 | 2592 | 3004 | 3009 | 2500 | 2645 | 2558 | 2546
Prank Pa | 1574 11574 134 | 1.0 | 334 | 234 | 2874 ) as* | 44t ] a3t 534
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Table 5. Continued
10481—-11C
TEST NUMBERS

23 | 24 25 26 27 28 29 30 31 32 33

Vp v 819 | 818 | 820 | 819 | 819 | 1099 | 899 | s47 | 899 | 1100 | 1100

Jp A | 1207 | 1208 | 1.207 | 1205 | 1.295 | 0.996 | 0.908 | 0.007 | 0.752 | 0.752 | 0.752

Vo v 32 32 32 32 32 32 32 32 32 32 32

21 4 A o8 | 98 | 103 | 93 {108 [ 80 | 80 |80 | 65 | 65 | 65
E JE A 85 85 90 | 80 | 95 | 70 70 | 70 {575 | 5.75 | 5.75
E mB A | 32| 34 ) 27 |27 [ 27 |29 |29 |29 |30 | 30 |30
S vek v 541 | 554 | 6506 | 556 | 520 | 610 | 608 | 608 | 7.12 | 7.18 | 7.16
?_ Jok A 0938|0939 | 0938 | 0938 { 0939 | 0937 | 0.937 { 0.937 | 0937 | 0.937 | 0.937
é VacceL |v | -302 | -302 | -302 | -302 | -302 | -306 | -303 | -209 | -303 | -521 | -383
&1 Jdaccer |mA ] 213 | 208 | 248 | 232 | 200 | 151 | 186 | 176 | 1.0 | 113 | 1.07
VK v | 1504 | 15.03 | 16,03 { 1502 | 1501 | 15.60 | 1560 | 15,67 | 15.69 | 15.70 | 15.70

INK 2.1 21 | 21 | 21 | 21 240 | 21 | 21 | 21 21 | 21

Vg v ]1075 | 10.77 | 10.82 | 10.78 | 10.76 | 10.74 | 10.70 | 10.69 | 10.80 | 10.83 | 10.81
Ty oc | 207 | 296 | 296 | 207 | 294 | 285 | 286 | 287 | 274 | 274 | 274

Tev oc | 349 | 356 | 338 | 336 | 352 | 346 | 343 | 340 | 356 | 357 | 357
Ty oc | 310 | 310 | 310 | 310 | 309 | 300 | 309 | 309 | 314 | 314 | 314
v eaA 1.330 | 1.200 | 1.290 | 1.330 | 1.230 | 0.969 | 0.991 { 1.000 | 0.710 | 0.710 | 0.710

2| ey eqaA]0.116 | 0.133 | 0.092 | 0.089 | 0.123 | 0.108 | 0,103 | 0.097 | 0.133 | 0.137 | 0.137
§ Minv eqA} 0.034 | 0.034 | 0.034 | 0.034 | 0.033 | 0.033 | 0.033 | 0.033 | 0.037 | 0.037 | 0.037
h, eqa| 1.980 [ 1457 [ 1416 | 1453 [ 1.386 | 1.110 | 1.127 | 1.130 | 0.880 | 0.384 | 0.884
TmoWNcH % | 887 | 912 | 938 [ 913 | 967 [ 925 | 912 | 909 | 892 | ass | sss
mD % | 865 | 878 | 903 | 886 | 91.7 | 90.1 | 888 ) 885 | 87.3 | 87.1 | 875

1, (UNC) o | 876 891 | 916 | 891 [ 934 | 897 | 886 | 882 | 855 | 85.1 | #5.1

Py w | 1062 | 1062 | 1064 | 1061 | 1061 [ 1095 | 897 | 645 | 676 | 827 | 827

G| Py w 167 {137 | 99 | 96 [ 123 | 106 | 114 | 125 | 130 | 138 | 138
§ P w [ 1405 | 1402 | 1416 | 1381 { 1431 { 1382 | 1185 | 1230 | 924 | 1078 | 1078
n, % | 756 | 757 | 75.1 | 768 { 741 | 792 | 757 | 524 | 732 | 768 | 769
a 0.9789 |0.9782 |0.9779 | 0.9827 {0.9757 | 0.9850 | 0.9841 | 0.9844 | 0.9878 | 0.9889 | 0.9913
s | Fr 0.9860 | 0.9862 | 0.9858 | 0.9860 | 0.9859 | 0.9843 (0.9848 | 0.9845 | 0.9830 | 0.9807 | 0.9815
<) v 0.9652 | 0.9647 | 0.9640 | 0.9689 | 0.9619 | 0.9695 | 0.9691 [ 0.9691 [ 0.9710 | 0.9698 {0.9730
“s 0.9640 | 0.9628 | 0.9623 | 0.9705 |0.9585 | 0.9743 |0.972910.9733 | 0.9792 | 0.9810 | 0.9852
W1t 0.0776 { 0.0805 [ 0.0817 | 0.0628 | 0.0906 | 0.0541 | 0.0573 | 0.0564 | 0.0435 | 0.0395 | 0.0306

nq % | 617 | 628 | 639 | 642 | 640 | 668 | 630 | 434 | 590 | 615 | 620

g F mN | 73.1 | 730 73.0 73.2 72.7 65.3 [ 59.1 50.1 | 446 | 49.3 | 495
| g sec | 2422 | 2460 | 2531 | 2473 | 2574 | 2886 | 2575 | 2177 | 2490 | 2738 | 2747
P rank Pa 11074 [ 1774 244 | 3774 13274 | 534 |65 | a8 | ag* | 5174|434
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Table 5.

Continued

10481-110
TEST NUMBERS

34 36 | 36 37 | 38 39 0 | a 42 43 | 4

Vp v 600 | 590 | 598 | 599 | 598 | so8 | 601 | 603 | s98 | 599 | 599

Jb Afcoutp || 0.752 | 0.752 | 0.752 | 0.752 | 0.752 | 0.752 | 0.752 | 0.753 | 0.753 | 0.753

Vp v |NOT 32 32 32 32 32 34 36 32 32 32

21 4 A |GET 65 | 65 | 65 | 65 | 656 | 65 | 65 | 626 | 70 | 78
E J AlVaccel| 575 | 575 | 676 | 6.5 | 575 | 6.75 | 675 | 550 | 6.25 | 6.75
E Ive A0 a0 | 24 | 28 | 32 | 34 | 30 | 30 | 30 | 30 | 30
g Vek v 691 | 692 | 656 | 678 | 684 | 660 | 6560 | 698 | 6.76 | 6.76
21 Jex A 0.940 | 0.947 | 0.046 | 0.939 | 0,939 | 0.945 | 0.939 | 0.939 | 0.945 | 0.947
S| vaccer |v -367 | -208 | -207 | 207 | -297 | -208 | -208 | -208 | -208 | -298
g JacCEL | mA 124 | 127 | 130 [ 125 | 126 | 117 | 1.16 | 125 | 130 | 1.38
VK 15.71 | 16.70 | 15.70 | 15.69 | 16.67 | 15.72 | 15.74 { 15.71 | 15.69 | 15.68

INK 21 2.1 21 | 24 2.1 21 | 24 | 24 21 2.1

Vg v 10.79 | 10.77 | 1091 | 10.94 | 1092 | 10.88 | 10.84 | 10.87 | 10.84 | 10.86

Tyv o¢ 277 | 277 | 277 | 276 | 276 | 277 | 276 | 278 | 2715 | 2m

Tev o¢ 348 | 339 | 337 | 355 | 357 | 341 | 339 | 344 | 38 | 370

Tny oc 314 | 314 | 316 | 316 | 316 | 316 | 316 | 316 | 316 | 316
Ly eq A 0772 | 0772 | 0.772 | 0.752 | 0.752 | 0.772 | 0.752 | 0.792 | 0.729 | 0.652

2] ™y eq A 0.114 | 0.094 | 0.091 | 0.132 | 0.137 | 0.098 | 0.094 | 0.104 | 0.140 | 0.183
§ gy eq A 0.037 | 0.037 | 0.039 | 0.039 | 0039 | 0.039 | 0.039 | 0.039 | 0.039 | 0.039
My eq A 0.923 | 0.903 | 0.902 | 0.923 | 0.928 | 0.909 | 0.885 | 0935 | 0.908 | 0.874

mb (UNC)| % 849 | 868 | 871 | 851 | 846 | 86.4 | 889 | 840 | 867 | 902
m0D % 840 | 856 | 859 | 839 | 832 | 846 | 86.1 | 828 | 85.1 | 883

Nm {UNC} | o 815 | 833 | 834 | 8165 | 810 | 827 | 850 | 805 | 829 | 86.2

Py w 450 | 450 | 450 | 450 | 450 | 452 | 453 | 450 | 451 451

G| Pv W 127 | 123 | 136 | 188 | 147 | 125 | 124 | 127 | 1432 | 1515
§ P w 697 | 696 | 697 | 700 | 699 | 699 | 699 | 689 | 715 | 732
Me % 646 | 64.7 | 646 | 643 | 644 | 647 | 648 | 653 | 3.1 | 616
a 0.9938 [ 0.9917 | 0.9918 | 0.9917 | 0.9903 | 0.9873 |0.9815 | 0.9915 | 0.9892 | 0.9876
s Fr 0.9817 | 0.9823| 0.9820 | 0.9815| 0.9822 | 0.9815 | 0.9824 | 0.9826 | 0.9823 | 0.9812
5 Y 0.9658 | 0.9741 | 0.9739 | 0.9734| 0.9727 | 0.9690 | 0.9642 | 0.9742 | 0.9717 | 0.9630
s 0.9895 | 0.9859 | 0.9861 | 0.9858 | 0.9835 | 0.9784 | 0.9684 | 0.9854 | 0.9816 | 0.9788
MR 0.0215 | 0.0291{ 0.0286 | 0.0293 | 0.0341 | 0.0452 |0.0674 | 0.0300 {0.0382 | 0.0442

Nt % 49.1 | 51.1 | 524 | 497 | 494 | 502 | 51.2 | 49.9 | 494 | 55.6

Q| F mN 362 | 365 | 365 | 365 | 365 | 364 | 363 | 366 | 365 | 364
Z | Igp sec 1927 | 1985 | 1989 | 1941 | 1929 | 1967 | 2013 | 1920 | 1974 | 2045
Prank Pa 4476 | 396 {805 [276 339|324 304 [as? | ag?|s2?
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Table 5.

Continued

10481—11E

TEST NUMBERS

45 46 47

Vp v 1100 | 1100 | 1100

I A | 0752 0.752 | 0.752

Vb v 32 32 32

21 9 A | 525 | 525 | 525
E 3 A | 450 | 450 | 450
E v A 3.1 3.1 3.1
5 Vek v | 779 | 785 | 701
é dek A | 0945 | 0.938 | 0.938
| vaccee |v |36 521 ] 38
& | Jaccer [mA] 122 | 129 | 129
VNK 16.66 | 15.70 | 15.69

Ink 24 2.1 2.1

Vg v | 1088 | 10.86 | 10.85
Tvv oc 278 | 278 | 278

Tev oc | 346 | 346 | 347

Ty oc | 3186 | a5 | a5
My eqA| 0.792 | 0.792 | 0.792

% ey eqa] 0.108 | 0.108 | 0.112
2| v eqA] 0.039 | 0.038 | 0.038
hy eqA| 0939 | 0.938 | 0.942
TmD (UNC)| % | 836 | 836 | 832
TmD % 828 | 826 | 825

1, (UNC) % 1 301 | 0.2 | 798

e w 827 | 827 | 827

Gl Py w [ 122 {139 | nse
? Py w | 1035 | 1036 | 1035
Me % 799 | 798 | 799
a 0.9946| 0.9931 | 0.9952
s Fr 0.9828| 0.9806| 0.9819
v 0.9775 | 0.9738 | 0.9772
® B 0.9907 0.9883 | 0.9918
Wt 0.0189}0.0240 | 0.0167

ny % 61.2 | 607 | 609

Q F mN 49.7 49.5 49.7
S| 1gp sec | 2508 | 2591 | 2589
Prank Pa | 694 | 56% | 60%
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These factors have already been analyzed in detail for these data
by R.T. Bechtel of LeRC; his analysis is included as Appendix B.
This analysis shows that the thrust correction factor for beam diver-

gence, FT, depends primarily on accelerator voltage Va (as would

be expected) and is relatively insensitive to variatioﬁgein other
operating parameters, The thrust correction for doubly charged ions,

0, depends primarily on discharge voltage VD and to a lesser degree on
discharge current JE (for any given beam current). The value of o also
decreases with increasing beam current. These variations are also
anticipated and in agreement with theoretical analyses of doubly charged
ion production. One significant observation is that, since o is
relatively independent of beam voltage Vb (at any given beam current),
changing the specific impulse Isp would not be expected to affect
thruster lifetime (as determined by screen grid wear). A second observa-
tion is that, since the value of o is also relatively independent of the
magnetic baffle excitation JMB’ assignment of JM

B
to affect thruster lifetime (as determined by screen grid wear).

would not be expected

Because of the relatively small dispersion in the measured values of
these correction factors as a function of variations in operating param-
eters, it is reasonable to conclude that the correction factors will not
be the dominant source of error in determining thrust or thruster effi-
ciency (unless there is a systematic error in the measurement technique).
The characterization test demonstrated that it 1is possible to

operate a J-series thruster over a wide range of operating parameters
that produce thrust ranging from 45 to 129 mN at specific impulse rang-
ing from 1927 sec to 3303 sec. No operational instabilities were noted

over the range of values in the test.

46



SECTION 6

CONCLUSIONS

The work performed under this program comprised the first step in
upgrading the 900-series 30-cm mercury ion thruster to the J series.
The block of design changes that was formulated for correcting known
and potential design deficiencies was successfully implemented in a
thruster and verified. Only one design change (ion optics assembly)
required iteration (under another contract), and thruster performance
capabilities are now considered to satisfy the design goals. The
design verification testing performed under this program should not
be considered all inclusive in that the scope of this program was
intended to show feasibility for operating the thruster over the
intended envelope of power levels and specific impulse values. Many
performance characteristics (wearout rates, dispersion between thrusters,
etc,) remain to be documented; however, the results obtained under
this program, and under the subsequent contract (NAS 3-21357), indicate
that the J-series thruster should be capable of meeting all of the
design goals, It is anticipated that this conclusion will be supported
by the results from extensive testing and thruster qualification work

being done under other programs.,

47



This Page Intentionally Left Blank



APPENDIX A
ACCEPTANCE TEST PROCEDURES

(Original Form)

The inspection and process documents (IPDs) for the 30-cm thruster
acceptance test are reproduced here in the form in which they were
originally written and used for testing of thruster SN J1. In
preparing these procedures, the goal was to prepare a description of the
tests that could be used by personnel who have only limited experience
with the characteristics of ion thrusters. Because of the difficulties
encountered in the initial testing of thruster SN J1, these procedures
were inadequate, and they were subsequeht]y revised. For the record, -

IPD 138 through IPD 143 are included.
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HUGHES SPECIFICATION NO.

B 1PD-PR-133

RESEARCH LABORATORIES PREPARED BY PAGE oF ]
MALIBU, CALIFORNIA R. L. Poeschel 1 , 22

SPECIFICATION TITLE APPROVALS DATE

30 Cm Thrus

ter Acceptance Test Procedure

1.0 SCOPE

This specification establishes the procedures for performing acceptance tests
cm thrusters. The purpose of the thruster acceptance test is to verify
the characteristics, capabilities, and. performance of the thruster.

on 30

this end, this acceptance test will provide data and information to:

Towards

a) verify that a completed thruster operates and performs in the
intended designed manner;

b) provide test datag to allow for performancé aﬁd physical comparison
of different thrusters;

c) form a data base for each thruster to allow for thruster performance
and physical comparisons at variqus stages during a thruster's useful
life with the beginning of life conditiong.

2.0 APPLICABLE DOCUMENTS |
2.1 Facility Specificationﬁv
2,11 IPD-PR-139 Thruster Test Facility
2.1.2 AI'PD-PR-]40 Power Processor
2.1.3 IPD—PR-]4] Instrumentation and Calibration |
2.2 Engineerihg.Specifications
©2.2.1 1PD-PR- 142 Preliminary Thruster Preparation
2.2.2 1PD-PR- 143 Data Formats for Thruster Testing |
3.0 "REQUIREMENTS |
3.1 Equipment

3.1.1 30 cm thruster
3.1.2 Facilities per paragraph 2.1
3.1.3 Data sheets per paragraph 2.2.2"

50
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4.0

4.1

4.2

4.3

Page 2 of 22
A\

PROCEDURE

Thruster Preparation

4.1.1 Perform preliminary thruster measurements and 1nsta]1 thruster
in test facility per IPD-PR-142

TECH:
DATE:
Facility Pump Down
4.2.1 Allow fac1]1ty to pump until base pressure is 5 x 10 -5 torr
or less. .
IJ.
' TECH:
DATE:

Initial Cathode Conditioning

4.3.1 Connect power processor as specified in IPD-PR-140 and instru-
mentation as specified in IPD-PR-141. The circuit diagram is
shown for reference as Fig. 4.1.

o TECH:-,

ik}

DATE:

4.3.2 Record the serial number and other pertinent information as
required on the initial start-up data form (specified in
IPD-PR-143 as form

TECH:

DATE:

4.3.3 Condition thruster and neutralizer cathodes.
4.3.3.1 Facility pressure must be less than 5 x 10-5 torr.

4.3.3.2 Supply 2.5A current to both thruster cathode and
neutralizer cathode heaters (I3 and Ig). HMaintain
heater current for 3 hours. Record time and data
on data sheet.

4,3.3.3 Turn off heaters and allow to cool for a minimum of

one-half hour. Record time and pertinent data on
data sheet.
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Page 3 of 22

4.3.3.4 Supply 4.2A current to the thruster cathode heater
(13 and 4.0A to the neutralizer cathode heater (15).
Maintain heater current for 1 hour. Record the
time and pertinent data on the data sheet.

4.3.3.5 Turn off heaters and allow to cool for a minimum of
one hour. Record the time and other pertinent data
on the data sheet. Proceed with normal thruster
start-up. ' ,

TECH:

DATE:

4.4 Thruster Start-up
4.4.1 Facility pressure must be less than 8 x 1076 torr.

4.4.2 Ensure that; the thruster has not been exposed to air since
previous cathode conditioning or see paragraph 4.3..

TECH:

DATE:

4.4.3 Before proceeding with the start~up procedure, set the power
processor control references to produce the conditions prescribed
below. Refer to the circuit diagram of Fig. 4.1 for definition
of the monitoring points and symbols. References may be set using
previously determined calibrations (see IPD-PR-140) or calibrate
the power processor on load resistors to obtain the control
references. :

4.4.3.1 Current references for the discharge, cathode-keeper,
" and neutralizer-keeper power supplies are set to the
following values for start-up

Jg = 6.0A
JNK= 2.1 A
\ICK- ]-0 A

4.4.3.2 Voltage controls for the screen and accel power supplies
should be set such that
V= 600V

V]0= 300 v
4.4.3.3 Control references for the proportional control (closed
loop) of the vaporizer supplies should be adjusted such

that:
Cathode vaporizer supply, - VD =36V

NK =15.5V
Main Vaporizer supply, Jb = 0.75 A

Neutralizer vaporizer supply, V

52
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4.4.4

4.4.5

Page 4 of 22

4.4.3.4 The neutralizer and cathode heater power supplies
should be interlocked such that these power supplies
cannot supply heater current if

372 0.7 4

Jg 4 A
respectively. If the power processor is not so
equipped, the thruster operator must monitor these
heater power supplies to ensure that this condition

is satisfied in order to prevent damage to the
cathode and neutralizer heater elements.

1v

v

L]
The first phase of the start-up procedure is a cathode and
thruster pre-heat period. The pre-heat period is timed and
requires 35 minutes. Do not begin the prehsat phase unless
the vaporizer temperatures are less than 70°C. Record the initial
temperatures on the start-up data sheet. A1l power supplies
should be off at the beginning of the pre-heat phase.

4.4.4.1 Turn on the cathode heater, neutralizer heater and
isolator heater power supplies. Set the heater current

as follows:
‘ .JCH= \I3 = 4-2 A

\II=J4= 7.0 A
Record Xhe time that preheat began on the data sheet.
Note that d, supplies parallel combination of the main
and cathode isolator heaters.
4.4.4.2 Five minutes after beginning pre-heat, check each of
the following heater voltages to ensure that

YCH= V3 > 10V
= >
V= Va-2 15V

If any of these voltages are less than indicated above,
stop the preheat and determine whether a heater failure
has occurred. Make appropriate entries on data sheet.

4.4.4.3 After 18 minutes has elapsed, reduce the isolator heater
current, d,, to 5.0 A and continue pre-heat for the
remaining 17 minutes.

After 35 minutes of pre-heat has elapsed, the heat phase of the
start-up procedure begins. Record the time and perform the
following.

4.4.5.1 Turn off the isolator heater power supply (Jg = 0).
Record the vaporizer temperatures on the data sheet.

4.4.5.2 Turn on the cathode vaporizer and neutralizer vaporizer
power supplies (2 & 6), and the cathode and neutralizer
keeper supplies (7 & 8), and the discharge supply (9).
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_ Page 9 ot 22

4.4.5.3 Cathode and neutralizer vapo}iier power suhp]ies
should be operating in proportional control.

4.4.5.4 Monitor the neutralizer and cathode keeper voltagesand
current to determine when the keeper discharges ignite.
Record the time of ignition for each keeper and for the
main discharge also (J,). When J, > 0.7A and J, > 4A,
check to make certain %hat 13 and7I5 have been ghut off.

4.4.5.5 If IE= J9 »4A, set JMB= le = 2 A and set the

reference for control of V_ to 32v. Operate the
thruster discharge for 8 min. and then proceed as
indicated in para. 4.4.5.6.

If JE= 19<4A, and this is the first attempt

to complete the heat”perdiod proceed as indicated below.
If this is not the first attempt to complete the heat
phase, shut off power and notify the project manager.
Describe any anomalous observances on the data sheet,
including any procedures dictated by the project manager.

4.4.5.5.1 Adjust the power processor for

J3 = 4.2 A
Jd, =5.0A
Jp = 4.0 A

A1l other power supplies off, and proceed as
directed starting in para. 4.4.4.3.

4.4.5.6 Check the value of &;, if J, > 0.7 A, continue at
para. 4.4.6. If J, < 0.7 aﬁd this is the second attempt
to complete the hegt phase, terminate start-up and notify
project manager. If this is the first attempt, proceed as
follows.

4.4.5.6.1 Turn on main vaporizer power supply and control
at 4, = 1.0 A (not proportional control).
4.4.5.6.2 Check to make certain that
J6 ~2.0A

Jg = 4.0 A

4.4,5.6.3 Ifd,, > 0.7 A proceed to para. 4.4.6. If J
remaqﬁs less than 0.7 A for more than 5 minu%és,
terminate start-up and notify the project manager.

4.4.6 This phase is the final period of start-up and provides for the
establishment of the ion beam in closed loop, proportional control.
This has been termed the run phase and is initiated as follows.

4.4.6.1 Check the following parameters values
JZ < 2A 1in proportional control

J3 =0
‘Is = 0

< 2A in proportional control

[
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4.4.6.2

4.4.6.3

4.4.6.4

4.4.6.5

Page 6 of 22

Ensure ggat the vacuum facility pressure is less
than 10 7 Torr.

Application of the extraction voltages is the next step;
adjust the controls in the order indicated to establish
the "beam on" condition

VNK = 15.2 {control reference - 410
JNK = J8 =1.8A (JNK) -+ 510
J]Z =2.7 A (JMB)
J] -+ Proportional control, 1.5 A max
V]] = 600

simultaneously
V]O = =300

IF excessive arcing (overcurrent) occurs (more than 10 in

30 sec), turn off the screen (11) and accel (10) voltages.
Place the main vaporizer control (J]) in manual controlled
to 1A. ' .

If para. 4.4.6.3 has been completed successfully (beam on

and vaporizer in proportional control) proceed the 4.4.6.5

If excessive arcing resulted while attempting to perform
4.4.6.3 and the high voltage power supplies were turned off,
repeat. ;steps 4.4.6.3.. If step 4.4.6.3 has been repeated

more than 5 times, terminate test and consult project manager.

The thruster is now operating {n closed-1oop proportional
control at 0.75 A beam current. In this step the beam
current will be increased to 2A according to the control

~ parameters given in Table 4.1. Before proceeding, check the

accelerator current, d,. If JA > 5 mA, turn off the main
vaporizer power supply until JA < 2 mA, then turn on the

main vaporizer power supply again and proceed as follows.
Adjust the parameters in the table in the following order

e Emission Current
¢ Beam Voltage
e Beam Current
o Neutralizer Keeper Voltage

Operate at each new value of beam current for at least one
minute to ensure that control has stabilized. Watch for the
so-called "Tow mode" condition that is identified by

J, > 5 mA and J, less than set-point. If difficulties are
eﬁcountered, stgbilize thruster operation at last stable
set-point and contact the project manager.
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Page 7 of 22

\
Table 4.1
Thruster Throttling Set-Point
Set Point Emission current Beam Voltage Beam Current Neutralizer Keeper
Jp Vb Jb , xoltage
. NK
1 5.75 600 0.75 16.5
2 6.0 620 0.8 16.5
3 6.3 640 0.85 16.5
4 6.5 660 0.9 16.5
5 7.0 , 700 1.0 16.5
6 7.5 740 1.1 16.5
7 8.0 730 1.2 16.5
8 8.5 | 820 1.3 15.5
9 9.0 860 1.4 15.5
10 9.5 900 1.5 15.5
1 10.0 940 - - 1.6 15.5
12 10.5 980 1.7 15.5
13 11.0 = 1020 -» 1.8 15.5
14 11.5 1060 1.9 15.5
15 .12 1100 2.0 15.5

4.4.7 When point 15 of Table 4.1 has been stabilized, thruster start-up
is complete and the run phase has been established. Record the time
and a complete set of parameters.
VAT
dey
Iy

dege

56
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4.5

Discharge

4.5.1

4.5.2

Page 8 of 22

e
4.4.7.1 Adjust the following parameters (not specified in
Table 4) to the following values if necessary

JCK = 1.0
VA = -300
Vp * 32

4.4.7.2 Check to make sure J3 =, = 55 = 0. Operate thruster at
throttling set-point 15_f3r 10 minutes.

4.4.7.3 If step 4.4.7.2 has been completed, and the thruster is
operating stably, the run phase is established and
acceptance test procedures can be continued. If any
anomg]ies occurred during the start-up procedure, write
a brief description and summary. Include this write-up
with the data package.

and Neutralizer Characterization

For the initial characterization, operate the thruster at the control
parameters listed for set point #15 in Table 4.1 (test point 1 in
Table 4.1). Note that references for Vp and d,, are 32 V and 1.8 A
respectively. In successive characterizations, adjust the parameters
for the test point in Table 5.1 that is being elvauated (4, 6, 7 or 9).

With the thrusterioperating stably under the conditions listed in
para. 4.5.1, record all operating parameters, including vaporizer

temperatures. The neutralizer control characteristic can now be
documented as follows.

4.5.2.1 Figure 4.2 shows a qualitative example of the neutralizer
keeper-voltagé/vaporizer-temperature characteristic to be
determined here. Note that there is a minimum value of
Vyr and a minimum stable reference point that will be
jyéntified by the test procedures described below.

4.5.2.2 Decrease the reference to produce a 0.5 V decrease in VNK'
Again observe the vaporizer current to determine when
steady state has been established. If vaporizer current
remains at maximum and vaporizer temperature continues to
increase, see para. 4.5.2.5.

4.5.2.3 When steady state has been established as described in

para. 4.5.2.2, record VNK’ TNV’ JNV’ VNV and Vg.

4,5.2.4 Repeat steps 4.5.2.2 and 4.5.2.3 until steady state cannot
be obtained, (VNK continues to rise with JNV at max value).
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A"
4.5.2.5 The reference set point for V,, prior to the attempted.0.5 'S
change is the minimum stable uéference point - note this on
the data sheet and return the reference for V,, to 2V @bove
this value. As the new reference point is bewﬁg estqb]1shed_
by the vaporizer control, monitor V. and note the minimum
value of vHé observed (as seen in E‘g. 4.2) and record on
et.

the data s

4.5.2.6 Re-establish conditions with reference for VNK set to 15 V.

4.5.2.7 Increase the neutralizer vaporizer reference setpoint to
produce a 0.5 V increment in the neutra11ger keeper voltage,
V., (e.g., to 16.0 V for the first variation). Observe the
vggorizer current to determine whether steady state has been
reached.

5
4.5.2.8 When steady state has been reached, record values of Vs,
" npeutralizer vaporizer temperature, T v neutra11zgr vaBEr1zgr

current and voltage, I v and VNV; any the neutralizer coupling
voltage, V_ on the datg sheets. If neutralizer, keeper

discharge extinguishes, proceed to para. 4.5.2.10.

4.5.2.9 Repeat steps 4,5.2.7 and 4.5.2.8 until V,, is 18 V or the

neutralizer keeper discharge extinguishe@g )

4.5.2.10 Re-estaﬁfish operatiﬁgvcoﬁditions with reference for VNK
set to 15 V. .

The. thruster should now be operating stably again and the magnetic
baffle control characteristic can now be documented as follows:

4.5.3.1 Establish thruster operation for parameters of test point no. 9
in Table 5.1 with JMB = 2.7 A.

4.5.3.2 Reduce the magnetic baffle current (JMB) by 0.1 A.

4.5.3.3 Observe thruster operation for several minutes to determine
' control loop stability. If the cathode-vaporizer/discharge-
voltage control loop appears to beoperating in stable,
proportional control then record the following parameters on
Data Form #2 (Magnetic Baffle/Discharge Data).
Magnetic Baffle Current JMB
Cathode Vaporizer Temperature TCV
Main Vaporizer Temperature TMV
Accelerator Current JA

Cathode Keeper Voltage VCK
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Continued w

After recording these data, repeat the step of 4.5.3.2
until stable operation is impossible to obtain then
return the setting for J,,, to the last stable point
recorded and proceed to ggra. 4.5.3.4.

Increase the magnetic baffle current (dy ) to 0.2A
above the minimum stable value (as deter%ined in

4.5.3.2 above) for the conditions of the test point just
characterized. Repeat the characterization as described

in para. 4.5.3.2 and 4.5.3.3 for each of the following test
points (Table 5.1), in the order listed: Test point 7

(Jb-= 1A), 6 (Jb = 1.3A), 4 QH)= 1.6 A) and 1 (.Ib = 2.0).

Record the minimum stable value of IM on the summary
sheet entitled "Acceptance Test Data ?or Principle
Throttling Points".

4

On the basis of the minimum stable value J , and the
cathode vaporizer temperatures recorded, sggcify values of
JMB for Table 5.1 that

a) are greater than the minimum value

b) require cathode vaporizer temperatures to produce
100 mA cathode flow rate

e) produce min JA
d) demand the least number of different dyg set points.

4.6 Thruster Performance Evaluation

4.6.1

4.6.2

4.6.3

Performance evaluation consists of measuring the ion beam characteristics
as a function of the electrical power and propellant input to the thruster

Ion beam characteristics are determined by measuring the following:

4.6.2.1

4.6.2.2

4.6.2.3

Ion beam current, J[) is measured as shown in the measurement
‘circuit diagram of " Fig. 4.1.

Ion beam voltage, V ‘is measured as V]] + V9 - V_ (as defined
in the circuit diagPam of Fig. 4.1). g

Correction factors to measured beam current for doubly charged
jons and non-axial current components are measured using a
collimated mass spectrometer as described in Section

of IPD-PR-141.. The thrust factor, Y is the ratio of the actua
thrust produced to that calculated from the measured beam
current and voltage, I and Vb'

" Thruster electrical inputs fall into two categories, independent and

dependent as described below.
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A\
Independent electrical parameters are defined to meet the require-
ments of the thruster application (within the limits of the thruster
capabilities). HWith reference' to Fig. 4.1 these electrical parameters

are:
re Accelerator voltage, Vp

Ion beam voltage, Vi

Ion beam current, J

Discharge voltage, Vp

Emission current, J¢

Neutralizer keeper voltage, VNK

Magnetic baffle current, Jrqev

Cathode keeper current, Iy

,Neutralizer keeper current, Ing
Thesé parameters are not totally independent, in a strict sense,
but can be specified independently over some range of values
that depends both on the dimensional adjustments of the
thruster and on the choice of the other parameters. It is

necessary to specify a consistent set of these parameters for
each thruster performance evaluation.

Dependent electrical inputs are properties of the thruster and of
the independent electrical parameters listed above. These
include: ,

)
L8 ~ s

Cathode vaporizer voltage and-current, %“,and J'CV
Main vaporizer voltage and current, *M,and day
Neutra]jzer vaporizer voltage and current, VNVand JNV
Accelerator drain current, ) '

Cathode keeper voltage, VCK

The propellant input to the thruster is also dependent on the choice of the
indpendent electrical parameters and the thruster.

4.6.4.1

4.6.4.2

Propellant input is measured using calibrated reservoirs as
described in IPD-PR-141. '

Propellant flow rate to each vaporizer is determined by recording
the quantity of mercury contained in the corresonding reservoir
at intervals of 5 minutes or more. The thruster should be
operated steady state until a minimum of 6 reservoir readings

are obtained. The flow is computed by graphically or numerically
fitting a straight 1§ne to the data recorded and obtaining the
slope in units of cm” per hour. Conversion to equivalent

amperes is based on the relationship:

1 em3/hr @ 20°C = 1.809A
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The prope]]ant'flow rate for each vaporizer is determiﬁéd
for each set of independent parameters as described in
paragraph 4.6.4.2 above and recorded on a data summary sheet.
4.5.6 A performance summary is prepared as follows:

A data summary sheet is prepared that includes the following

parameters.

mMV - Main vaporizer propellant flow in equivalent amperes.
ﬁCV - Cathode vaporizer propellant flow in equivalent amperes.
va - Neutralizer vaporizer propellant flow in equivalent

amperes.

Y - Thrust correction factor from measurement described

: 4 under paragraph 4.6.2.3.

ET - Thrust correction factor due to beam divergence

(ref. 4.6.2.3)

Iy, - Ion beam current (ref. 4.6.2.1)

vy - Ion beam voltage (ref. 4.6.2.2)

PT - Total power into the thruster (ref. 4.6.5.2)

F - Actual thrust (ref. 4.6.5.3)

wp - Propellant efficiency, discharge chamber.only

! (ref. 4.6.5.4)

EImin -~ Minimum eV/ion (per para. 4.7)

wr T Total propellant efficiency (ref. para. 4.6.5.5)

Ne - Electrical efficiency (ref. para. 4.6.5.6)

Ny - Thruster efficiency (ref. para. 4.6.5)

ISp - Specific impulse

The total power input,PT.,is obtained from the electrical

parameters as follows:

Pr

Iav Vv T oy Vv I Ve T e Vit dek Ve

+ JE VD + JA VA + Jb Vb + JB VG + JMB VMB
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These parameters are measured at the points indicated +h
the circuit diagram shown in IPD-PR-141. The values used
for computation will be the last readings recorded during
the propellant flow rate measurement.

The actual thrust is computed from the measured beam current

and voltage as follows:

3

F=2.039 x 107y I, vV (inN)

The discharge chamber propellant utilization, corrected for
double ions is computed by

A 2\ V2
- b Y L
" T [ Fr (‘ t > "2 ]

The total propellant efficiency, MT? is computed for use in
total efficiency and is not corrected for doubly charged ions.
Jg

T T

Moy T My F My

The electrical efficiency, Ngs is computed by
. Y
e PT

The overall thruster efficiency, ny» is computed by

T]-I- = Tle nMT Y

The specific 1impulse is computed by

ISp = 100.1y MT \/Vb
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4.7 Determination of Minimum Discharge Current Operating Point e

4.7.1

4.7.2

4.7.3

The thruster operating point is established as specified by the
independent parameters for the case in question. The minimum
discharge current is then determined by reducing the value of I in
0.2 A increments as described in the following paragraph.

Adjust J. to obtain J. = 5, + 2 for the specified value of J.. All
vaporizeF control loops shotild be o?erating in closed loop control. Record
the value of J¢y and J,,, for initial operation at Jp = 51y + 2. Proceed
to reduce Jp until the‘%ain vaporizer conrtrol loop loses control (beam
current continues to decrease with vaporizer heater current at maximum)

.by the procedure below:

4.7.2.1 Reduce the value of JE as indicated on the data format.

4.7.2.2 Adjust J B to restore the value of ICV noted for initial
value ofM IE' ‘

4.7.2.3 Afté? control has stabilized, record JA'

Examine the valuesof Jpvs.J, obtained per para. 4.7.2 and determine the
minimum value as; o Qhe value of the emission current at which J, is
twice the value of J, for JE = 5], +2 , or b) the value of the emission
currént for which vaéorizer contrgl was lost (whichever value is greater).
Record the minimum value of JE on the data summary sheet.

4.8 PRecycle Verification

4.8.1

4.8.2

4.8.3

4

Recycle verification consists of indbcing a transient overcurrent condition
in the screen or accelerator power supplies and observing the return to
normal operation.

Evaluate recycle conditions by inducing a minimum of 10 transient over-
currents and observing the restoration of thruster control. The method for
inducing the overcurrent condition varies with the power processor used.
Some possibilities are:

4.8.2.1 Simulate the overcurrent signal in the screen or accel power
supply control circuit (recycle pushbutton on some test consoles).
4.8.2.2 Momentarily shut off accel power supply.
. 4.8.2.3 Momentarily short circuit the accel power supply. (Need note

on duration of short circuit).

Write a brief descriptive narrative to document the results of the recycle
verification test (May be written directly on the data sheet or attached
to it). Include oscilloscope waveforms of a typical recycle oepration

to document neutralizer keeper current, I, ., discharge current, JE’ and
beam current, Jb, through the recycle perqu.
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4.9 Oscillation Verification

\"

Oscillatory behavior is known to exist in several of the thruster parameters. This
behavior is a function of the power supplies used to operate the thruster, in
addition to the thruster characteristics. Documentation of this behavior
constitutes a survey of any time dependent behavior observable on the beam current,
J,» the discharge current, J., the cathode keeper current, J.,, and the neutralizer
kgeper current, J,.,. Measurgment is made with an osci]]oscosé and an inductively
coupled current pﬂgbe as described in IPD-PR-141. The procedure is described below.

4.9.1 Stabilize the thruster opeation for the independent parameter selection
to be documented. Record all thruster parameters.

4.9.2  Photograph oscilloscope waveforms of J,, dc, and V,, using.time .
scales of 1 msec/division and 0.1 msec?div?sion. D* ° )
Photographs should show the phase relationship of any time dependent
behavior to that of JE'

4.9.3 Prepare a short description of the experiments and the power supplies used.
If possible indicate the output capacitance and/or inductance of power
supplies in question. Attach the oscilloscope waveform photographs (with
time and amplitude scales appropriately identified) and include in the
data package. :

Measurement of the Extraction System Perveance

The ion extraction system perveance defines the minimum value of extraction voltage

that is required to effectively extract and focus an ion beam of a specified

current value. The procedure is performed as described below.

4.10.1 Stabilize thruster operation for the'independent parameter selection to
documented. Record the value of all thruster parameters on the data sheet.
A1l control-loops should be operating in proportional control.

4.10.2 Increase the discharge Tossés to 250 eV/ion by increasing the discharge
current, d.. Adjust the magnetic baffle current, JMB’ to restore JCV
to the va]Ee recorded in 4.10.1.

4.10.3 Reduce the beam voltage, Vb’ by 50 V and the accelerator voltage constant
at 300 V.

4.10.4 Allow control loops to stabilize and record Vb’ JA’ JMB and JMV'

4.10.5 Repeat steps 4.10.3 and 4.10.4 until JA increases rapidly or until the
‘ main vaporizer control is lost (JMV goes to its maximum value).

4.10.6 Plot J, as a function of V, +|VJ. The "perveance limit" is defined as
the vo%tage at which d, begins to increase rapidly as shown in Fig. 4.3.
Determine V = Vb +|0 | for the "perveance limit" as indicated from the
points p]otIQE and reco@ded on the data sheet.

4.10.7 Restore thruster operation for the selection of independent parameters
being documented. Allow control loops to stabilize.
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e
4.10.8 Determine the "backstreaming 1imit" by reducing the accelerator
; voltage, V, in 10 volt changes until backstreaming of electrons into

the dischaage chamber occurs. This condition is detected by monitoring
the beam current, J_, for a sharp, momentary increase at the time the
accelerator voltage is decreased, followed by a reduction in main
vaporizer current, JM . Record the accel voltage, VA’ for which this
indication occurs on ¥he data sheet.

4.11 Thruster Shutdown

A standardized thruster shutdown procedure is employed to ensure retliable thruster
start-up as follows:

4.11.1 Reduce J, in 0.1 steps by adjusting the parameters specified in Table 4.1
in the rgserve order of the manner prescribed in para. 4.

4.11.2 When set-point 1 is reached, shut off all power supplies.
ACCEPTANCE TEST s

Acceptance testing is performed on all new thrusters and periodically on reworked
thrusters or thrusters that have been subjected to some form of qualification testing.
The acceptance tests are conducted as described in the following paragraphs. The
personnel performing the acceptance test should familiarize themselves with the content
of this IPD and the IPD's specified in para. 2 before proceeding. If it appears
necessary to modify any procedures in performing the acceptance tests, the project

manager should be consulted first, and the variance(s) in procedure should be thoroughly
- documented.

5.1 The thruster is first installed™in the test facility as per paragraphs 4.1 and 4.2
of this IPD. The acceptance tests require several days of testing to complete and
therefore the procedures for start-up and operation are different, depending on
whether the thruster is being started up for the first time.(para. 4.3) or re-started
for the next series of tests (para. 4.4). The thruster is operated at a pre-
determined set of test-points (para. 5.2) for which the documentation procedures
described in para. 4.5 through 4.10 are also specified. Thruster shutdown between
segments of the test is described in para. 4.11.

5.1.1 The first segment of the acceptance test provides for initial cathode
conditioning, recycle verification, oscillation documentation and
determination of reference values for J.,, and V.J (see para. 5.3). It
should be possible to complete these te@@s on tké first day of testing.

5.1.2 The remaining block of tests is for collecting data as prescribed by
para. 5.4 to establish the thruster's "signature" for comparison with
“signatures" of other thrusters or standards. These tests may be performed
in any sequence to satisfy the data requirements as listed. It is not
considered to be important whether these tests are performed continuously
or in segments.

5.1.3 The procedures prescribed in this document should be followed carefully,
but an effort should be made to limit total thruster operating time to
50 hours or less.
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. o
5.2 The thruster test points are determined by a combination of selected independent
parameters, as described in paragraph 4.6.3.1. Speceification of the nine

independent parameters is prescribed in this paragraph.

5.2.1 Three of the nine independent parameters remain fixed for all acceptance
test points. These are:

VA = <300V
JNK = 1.8A
JCK = T.0A

5.2.2 Four more of the parameters are specified in combinations as shown in
Table 5.1.

5.2.3 The reference parameters for magnetic baffle current and neutralizer
keeper voltage haye to be determined as the first part of the acceptance
test. Determination is made for points 1,4,6,7 and 9 of Table 5.1 to

establish the empirical relationships Jdy (J-) and VN (Jb)' These
relationships are then used to provide vglue of JMB.gnd VNK for all

points in the table.

5.3 The acceptance testing begins with cathode conditioning per para. 4.3 and thruster
start-up per para. 4.4. Successful completion of these procedures establishes
thruster operation for the initial conditions of test point 1 of Table 5.1. The
first test determines the magnetic baffle and neutralizer keeper references.

5.3.1 Following the procedurgs described in para. 4.5, determine the magnetic
baffle current and neutralizer keeper voltage references for test points
1,4,6,7 gnd 9 of Table 5.1.

5.3.2 Using the data obtained in para. 5.3.1, plot Jyg versus J. and V_  versus
d,. Fit a smooth curve to the experimental datg. Use thESe curvgs to
sBecify values of JMB and VNK for all of the test points in Table 5.1.

5.3.3 Set J,,, and V,,, to the appropriate values for test point 1 and verify
recycwg per pgﬁa. 4.8 and document oscillations per para. 4.9. Describe
any unusual findings on the data sheets.

5.3.4 This completes the initial or calibration section of the acceptance test.

5.4 Performance of the remainder of the acceptance test is more flexible in that the
order of the procedure is somewhat arbitrary and may be determined by factors
such as the availability of test equipment or personnel scheduling, etc.

5.4.1 To begin, stable thruster operation is obtained using the appropriate
start-up procedure and then operation is established at the test point
(Table 5.1) to be documented by increasing (or decreasing) the beam current
in 0.1 A steps as described in para. 4.4.6.4.
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5.4.2 Documentation consists of performing the procedures indicated in
' Table 5.2 for the test points of Table 5.1 and several other
combinations of procedures as described below.

5.4.2.1 Complete the procedures as prescribed in Table 5.2.
5.4.2.2 Using the value of V, obtained by determining the
' perveance limit, per?orm the minimum emission current

procedure (para.4.7) for set points 1,4,6, and 8.

5.4.2.3 Set up the operating conditions for test point 6 and reduce
the beam voltage, V,, to its value at the perveance limit
or 700 volts, whichBver is greater. If unstable operation
occurs, increase the values of V, in small increments
untid stability is achieved. No%e the requirements for
stability and perform the efficiency and recycle procedures
per para. 4.6 and 4.8,

The data obtdined in performing the procedures as directed in para. 5.3 and 5.4
- 1s now collected and assembled to form the Acceptance Test vocumentation. The
data format provided with IPD-PR-143 are used to facilitate this procedure. These
—data formats are completed and assembled in the order listed below. - —

Apceptance Test Documenta%ion (Cover)f#

Acceptance Test Summary '

Acceptance, Test Data for Principle Throttling Points

Ion Extraction Assembly Perveance Summary

Neutralizer Keeper Voltage Characteristic

Oscillation Verificaton Summary

Oscilloscope Waveforms (5 pages)

Neutralizer Characterization Data (5 pages)

Magnetic Baffle/Discharge Characterization ( 2 pages)
Minimum Emission Current Data (2 pages)

Extraction System Perveance Data

Extraction Assembly Spacing Chart

Vaporizer Propellant Calibrations (2 pages)

Acceptance Test Operating Time Log

Thruster Operating Data (20 pages)
Start-up Sheets
Test Data
Propellant Flow Data

Beam Probe Data (30 pages)
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| Tab]g_S.l Independent Parameter Specification for Acceptance Test

Test Beam Beam Discharge Emission Magnetic Ndutralizer
Point Current Voltage Voltage Current Baffle Current Keeper Voltage
No. IB VB VD _ IE IMB VNK
(a) (a)

1 2.0 1100 32 12

2 2.0 1100 31 12

3 2.0 100 32 1.4

4 1.6 940 32 10

5 1.3 1100 32 8.5

6 1.3 820 ' 32 8.5

7 1.0 700 32 7.0

8 75 1100 32 5.75

9 .75 600 32 5.75

10 |

75 600 31 5.75

Tab]e 5. 2 Exper1menta1 Proceduges to be Performed for gocument1ng the Test
Po1nts of Table 5. 1

Test Point Para. 4.6 Para. 4.7 Para. 4.8 . Para. 4.9' Para. 4.10

Efficiencies HMin IE ) Recycle Osci11ations Perveance

1 X X X
2 X
3 X

4 X X X X
5 X

6 X X X X X
7 X X X
8 X X X
9 X X X X

10 X o

(a) Completed per para. 5.3.1 and 5.3.2.
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HUGH TS SPECIFICATION NO. 1pp-PrR-139

Thruster Test

RESEARCH LALSORATORIES PREPARED BY PAGE OF
MALIBU, CALIFORNIA R. L. Poeschel ]—_ 6
SPECIFICATION TITLE ’ APPROVALS DATE

Facility

1.0 Scope

30 cm

This specification establishes the facility requirements for testing of

ion thrusters,

2.0 Applicable Documents

2.1 IPD-PR-141

2.2 Thruster Interface Drawing
3.0 Requirements

3.1 Vacuum Chamber Test Facility

The vacuum chamber test facility required should be a minimum of

1.2 m internal diameter and provide a beam path of at least 3 m. An

example of a suitable vacuum chamber configuration is shown as Fig. 1.

3.1.1  The minimum pumping requirements for the vacuum chamber are
as follows:

o 0i1 diffusion pump with LN2 or refrigeration baffle -
' 30,000 /s or greater,
e Cryogenic pumping - 7.5 m2 or gréater.

3.1.2 The vacuum chamber will be equipped with a water cooled beam
target as indicated in Fig. 1, The beam target should be
constructed of a lTow sputtering rate material such as titanium
or stainless steel. A frozen mercury beam target is also
satisfactory.

3.1.3 The vacuum chamber will be equipped with ionization gauges for
monitoring ambient chamber pressure.

3.1.4 The vacuum chamber will be equipped with viewing and access
ports to provide instrumentation as described in IPD-PR-141.

3.2 Thruster Mounting

A mounting for the thruster assembly will be provided as indicated in
Fig. 2. _
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4.0

3.2.1

3.2.2

IPD-PR-139
Page 2 of 6.

The thruster mounting will provide accurate alignment of
the thruster axis to the vacuum chamber axis. (It may be
assumed that the thruster axis is accurately aligned to
the gimbal pad surfaces; see drawing No. 1095023),

The thruster mounting will provide coverings to protect the
thruster wiring harness from back-sputtered deposition as
shown.

"Propellant Reservoir

The thruster mounting or vacuum facility shall be provided with a
burette type of mercury reservoir as shown in Fig. 3.

3.3
3.3.1
3.3.2
Procedure
4.

Propellant will be loaded into the larger reserv01r under
vacuum as described in paragraph 4.

The mercury head as indicated in Fig. 3 shall not be greater
than 1 m. The mercury head must be positive unless the

reservoir is appropriately pressurized.

Propellant Loading Procedure

The main propellant reservoir for each vapor1zer is filled under
vacuum by the following procedure.

4.1.1

4.1.2

4.1.3

4.1.4

4.1.5

4,1,6°

Valve number 1 (see Fig. 3) is closed and a mercury fill
fitting configured as shown in Fig, 4 is attached to the top
of the reservoir,

With valve A (Fig. 4) closed,2 evacuate the main reservoir
burette to a pressure of 10 ¢ torr or less.

Slowly open valve A until mercury begins transferring into the
main reservoir in small droplets.

When reservoir is filled, close valve A and vent the reservoir
to atmosphere.

Remove the fill f1tt1ng and replace the dust cover on the main
reservoir,

Using valve number 1, fill the calibrated burette to the

desired level (by gravity flow).
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HUGHES SPECIFICATION NOQ. 1pD-PR-140

RESEARCH LASORATCORIES PREPARED BY BAGE OF
MALIBU, CALIFORNIA 1 10
SPECIFICATION TITLE APPROVALS DATE
30 cm Thruster Power Processor
Specification
1.0 SCOPE

¢

This specification defines the power supplies, the control algorithms, and the
wiring diagrams that are required for operating a 30 cm ion thruster of the

700, 800, 900 and J series. The resultant assembly of power supplies and

circuitry is referred to as a power processor. Although exacting power processor
specifications are not considered vital to thruster testing, the power processor
must meet several general requirements to insure that future comparisons of any and
all data are meaningful. Identification of the power processor used shall be
entered in the test report.

2.0 APPLICABLE DOCUMENTS

2.1 IPD-PR-141. Instrumentation and calibration.
3.0 REQUIREMENTS

3.1 Power Supplies

3.1.1 A list of the power supplies that are required is provided in
Table 1; the power supply designations and ratings are given.

3.1.2 The heater supplies designated as numbers 1 through 6 in Table 1
have no specific regulation requirements and may be either d.c. or
a.c. (at any frequency less than 100 kHz.)

3.1.3 The.vaporizer power supplies designated as numbers 1, 2, and 6
must be programmable. (i.e., it must be possible to control the
output in proportion to an input control voltage).

. " 3.1.3.1 In proportional control, the output of the main
vaporizer supply (No. 1) is controlled in proportion to
the screen current (I”)f

3.1.3.2 In proportional control, the output of the cathode
vaporizer supply (No. 2) is controlled in proportion to
the discharge supply output vo]tagel(Vg).

3.1.3.3 In proportional control, the output of the neutralizer

vaporizer supply (No. 6) is controlled in proportion to
‘the neutralizer keeper voltage output (V7)
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Table 1. Power Supply Description and Ratings
Power Supply Max Max Power,
Supply Number Volts Amps Watts
Main Vaporizer 1 14 2 28
Cathode Vapor. 2 10 2 20
Cath. Tip(Heater) 3 20 L. 4 88
lsolator Heater 4 20 7 140
Neutra. Tip(Heater) 5 20 L. 4 88
Neutra. Vapor. 6 10 2 20
Neutra. Keeper 7 25 2.2 55
Cathode Keeper 8 15 1.0 ' 15
Discharge 9 50 14.0 700
Accelerator 10 500 .060 10
Screen 11 1100 2.1 2300
Magnetic Baffle 12 A 4 16
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3.1.4

3.1.5

3.1.6

3.1.7

IPD-PR-140
Page 3 of 10

The keeper supplies, designated as numbers 7 and 8, are current
requlated, d.c. power supplies with programmable current set
points. Both power supplies should have an open circuit output
voltage boost to provide at least 300 V output voltage for zero
current conditions. The power supply output should be capable

of rising to 50 V to maintain current control in the 50 mA to 1.0 A
range of output current.

3.1.4.1 The cathode keeper power supply (No. 8) operates at 1 A
.output in typical operation.

3.1.4.2 The neutralizer keeper power supply (No. 7) operates at
1.7 A output in typical operation.

3.1.4.3 Both keeper power supplies should have an inductive
output. ‘

The discharge power supply is a current controlled, current
regulated, d.c. power supply. If known, the regulation and output
specifications should:be recorded for future reference when
performing thruster tests. Important parameters are:

° Output impedance
° Regulation percentage
(] Frequency response

The screen and accelerator supplies (No.'s 11 and 10, respectively)
are voltage regulated power supplies. Important parameters to be
recorded are: '

° Reguiation percentage
() Qutput capacitance
The magnetic baffle power supply (No. 12) is a current contro]]éd,

current regulated d.c. power supply. Important parameters to be
recorded are:

. Regulation percentage
o Output impedance
° Frequency response
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3.1.8

1PD-PR-140
Page 4 of 10

The power supplies described above must be integrated into a
power processor by the incorporation of control circuitry to
provide overload protection and proportional control of the

" vaporizer and heater power supplies. The control approach has

been described in detail in NASA CR 120919 and NASA TMX-71647
and can be succinctly represented by the block diagram shown

as Fig. 1.

Mechanization of this approach may vary, however

the essential features are listed in the following paragraphs.

3.1.8.1

‘Overload protection should be provided such that

overcurrents in either the screenor accel power
supplies will initiate a programmed shutdown of the

high voltage power supplies (10 and 11). This shutdown
will be automatically followed by a programmed "recycle"
to reestablish the operating conditions that existed
prior to the overcurrent. The overcurrent conditions
have been defined in NASA CR 120919 as follows:

e I,5> 3.0A for 0.5 sec
or

o I,;'> 0.2 A for 1.0 sec
or

e I;;> 0.4Afor 0.1 sec

-

The overload recycle éequence is as follows:

1. Power supplies 10 and 11 off.

‘2. Reference currents for power supplies 7 and 9 set to

recycle control point.
3.. Power supplies 10 and 11 turned on.

4. Reference for power supplies 7 and 9 returned to
the same control point as before the overcurrent.

The recycle control points for power supplies 7 and 9 are
subject to periodic re-definition and may vary because of
the individual power supplies. A nominal set of control
references are 2.5 A for I, and 1.0 A for I,. The time
required in advancing from step 1 to 3 in tﬂe recycle
sequence should not exceed 600 msec. The time required
in advancing from step 1 to 4 should not exceed 850 msec.

81



IPD-PR-140

Page 5 of 10
i
HV
OVERLOAD
DETECTION
AND ey
RECYCLE |
CIRCUITRY '
!
REEN —> |
sc ! BEAM 1
ACCELTY #{ CURRENT ——————Q\O_H
——C_, 5 CONTROLLER - MAIN MAIN
——o | VAPORIZER —» VAPORIZER PS
1—p{ BUFFER AMP {1 CONTROL)
O ' )
— ] ™1 SomeEN |, SCREEN PS
1—»| BUFFER ANP {V CONTROL )
A Y
= 1 | SScELERATOR » ACCELERATOR pS
I—p| BUFFER AMP (veoNTROL)
'
i o] catHoDE CATHODE
I ”| kEEPER | » KEEPER PS
DISCHARGE V — #1 DISCHARGE \ BUFFER AMP {1 CONTROL)
,, CHAMBER |
<y So——epp} CATHODE CATHODE
—e CONTROLLER — | VAPORIZER |—» VAPORIZER PS
l-p{ BUFFER AMP (1 CONTROL)
f
e T DISCHARGE DISCHARGE PS
: L) supeLy (1 coNTROL )
i BUFFER AMP ¢
_~e——p| CATHODE HTR CATHODE
. P2 SUPPLY L~ HEATER PS
BUFFER AMP {1 CONTROL )
] MAIN ISOLATOR MAIN
SUPPLY > ISOLATOR PS
BUFFER AMP {1 CONTROL)
— ez |, revnasen
UTRALIZER > — K
KEEPER V :g::::t"_ﬁ“ BUFFER AMP {1 CONTROL )
p—e [ ~o—{ NEUTRALIZER NEUTRALIZER
VAPORIZER — VAPQORIZER PS
BUFFER AMP {1 CONTROL)
1 ~~o—p| NEUTRALIZER NEUTRALIZER
P HEATER — HEATER PS
i [ BUFFER AMP (1 CONTROL)
VARIABLE
Yo MANUAL ANALOG REFERENCE O
THROTTLING CONTROL
CONTROL LOGIC CONTROL SIGNALS == — = wuo ==

Fig. 1 °

Thruste} Control System

Block“ Diagram.



4.0 PROCEDURES

3.1.8.2

3.1.8.3

IPD-PR-140
Page 6 of 10

A closed loop proportional control is required for

each of the vaporizer power supplies (1, 3, and 6).

Figure: 2 shows an example of a block diagram for the
circuitry needed to control the main vaporizer. A

control voltage is supplied as the beam current

reference, 1 R’ into an appropirate scaling circuit

(shown here gs scaling the reference from 2 V/A to 2.4 V/A).

‘This signal is then transmitted to a comparator circuit

where it is compared with the output of the beam current
sensor, generating an error voltage, V_, which in turn

is scaled to provide the necessary conErol voltage, V.,
for the voltage programmable vaporizer power supply.
Mechanization of this approach is not critical, however
the control circuit gain and frequency response should not
permit oscillation or drift when coupled with the thruster
characteristic. As noted in para. 3.1.3., the feedback
control for the cathode vaporizer is the discharge voltage,
and for neutralizer vaporizer, the neutralizer keeper
voltage.

The thruster control system block diagram shown in Fig. 1,
contains a block labeled "Variable Setpoint Throttling
Control'. In most cases this block will have to be
satisfied in the power processor by using a combination
of pre-formulated, manually-determined references and
automatically determined (electronically) references.

One example of set-point references that should be given
special attention covers a requirement for controlling the
relationship between I, and I, and between I, and I..

If practical, an inter?ock tyge circuitry 1061c should be
incorporated such that

=0ifIg> 1.0 A

> 1,0 A

I3
15 =0 if I7
These restrictions prevent the cathode heaters from being
damaged by excessive temperatures. If such logic is not
practical, the operator must be especially cautious to
prevent simultaneous operation of the heater in combination
with high cathode emission currents. Heater turn off times
and emission current levels should be monitored and
recorded in detail when nominal control is required,

4,1 Power Processor Checkout

Periodically, and in particular prior to performing and acceptance test as
prescribed in IPD-PR-138, the power processors used for operating 30 cm
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2rs should be connected to resistive load banks and operated to

v the capability of the power processor to supply the currents and
Vo laiges in accordance with design specifications. .

20000
]

i

A check should be made with regard to the adjustment of
reference set-points (control settings) for the following:

] Neutralizer keeper voltage
(] Discharge voltage

° Beam current

. Beam voltage

(] Accelerator voltage

] DiScharge current

After completing the checkout operation of the power supplies on
resistive loads, all heater supplies (1-6) should be adjusted for
minimum current output. The current set-point for the neutralizer
keeper supply (No. 7) should be adjusted to 2.1 A and for the
cathode keeper power supply (No. 8) to 1.0 A. The discharge power
supply (No. 9) controls should be adjusted for a current output of
6.0 A, The beam and accel power supply controls should be adjusted
to provide 600 V and 300 V respectively. The output of the magnetic
baffle power supply should be set to zero (or for min. current).

Power Processor/Thruster Connection

The =2

b

nnection of the power supplies to the thruster is shown schematically

in F¥2. 3 for the purpose of identifying current paths and listing current
def-~itions. For performance evaluation, it is considered more appropriate

to measure the quantities required directly using an "in-line" data acquisition
cirz.,it with connections as shown in Fig. 4 and described in more detail in
PD~22-141,

e .
2.0

After completion of power proceésor check-out and preliminary thruster
preparation, the power processor is connected to the thruster using
an in-line data acquisition circuit as shown in Fig. 4.
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HUGHES SPECIFICATION NO. pp-pr-141

RESEARCH LASORATORIES PREPARED BY PAGE SF
MALIBU, CALIFORNIA R.L. Poeschel ] 4

SPECIFICATION TITLE : : APPROVALS DATE | prEV |
i

i

Instrumentation and Calibration i

1. Scope ' .

This document specifies the equipment, the wiring diagrams, and'procedures that
are necessary to provide the instrumentation for: performance of acceptance tests and
other evaluations of operating characteristics of 30 c¢m ion thrusters. Calibration
procedures are also provided to ensure that accuracy of the data obtajned is adequate
for a discriminating comparison between test and accepted standards.

2. Applicable Documents

2.1 Facility Specifications
2.1.1 1IPD-PR-139 - Thruster Test Facility
2.1.2 1IPD-PR-140 - Power Processor

2.1.3 NASA CR134687

3. Requirements

3.1 Equiphent required for thruster tests

3.1.1 Power Processor
A power processor or collection of power supplies as described in
IPD-PR-140

3.1.2 In-Line Data Acquisition Circuit .
An in-line circuit as shown in Figure 1 is required to make the
measurements of current and voltage necessary for determining

performance characteristics.

3.1.3 Propellant Reservoir as described in paragraph 3.3 of [PD-PR-139.
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3.1.4 Digital Multimeter
A high quality digital multimeter is an essential complement to the
in-line data acquisition circuit in that all currents and voltages
will be measured with this meter. The important specifications are:

o 4% digital display
.05% + 1 digital accuracy or better
o Operable up to 1.1 kV above ground

A Keithley Model 178 is an examp]é of a multimeter that has the
required specifications.

3.1.5 Mass Spectrometer Ion Beam Probe
The vacuum facility must be equipped with a mass spectrometer ion
beam probe for evaluating the thrust losses resulting from doubly
charged ions and non-axial ion trajectories. A description of the
probe and the data acquisition techniques has been given in the
appendix of NASA CR134687.

©3.1.6 Oscilloscope and Clamp-On Type Current Probe
An oséiT]oscope capable of displaying voltage and current waveforms
7o at frequencies up to a minimum of 50 kHz is required. An inductively:
coupled probe or current transformer capable of sensing the discharge
current (therefore insulated for at least 1200 V stand-off) is also
required for recording voltage and current waveforms.

3.2 Calibration

3.2.] Commercial Instrumentation
A1l comnmercial instruments will be calibrated in accordance with the
manufacturers specifications with tracability to primary standards.
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3.2.2

3.2.3

In-Line Data Acquisition Systems

Current sensing resistors will be measured with a resistance bridge
that has been calibrated against primary standards. If values
differ from those shown in Figure 1 by greater than 0.5%, the
resistor should be replaced.

Mass Spectrometer Ion Beam Probe

Calibration of the mass spectrometer ion beam probe is performed
routinely as part of the data acquisition procedure.
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SPECIFICATION NO.

Preliminary Thruster Preparation

HUGHES IPD-pPR-142
RESEARCH LABORATORIES PREPARED BY PAGE OF
MALIBU, CALIFORNIA '
R. L. Poeschel 1 « 9
SPECIFICATION TITLE APPROVALS DATE

1.0- SCOPE

in preparation for operation.

2.0 APPLICABLE DOCUMENTS

3.0 REQUIREMENTS
3.1 Materials

3.1.1 HWhite gloves.

3.1.3  MoS, thread 1uQricant
3.2 Equipment *
3.2.1 30 cm thruster .
.2.2 Thruster mounting.

.2.3 Hénd tools.

.2.6 Resistance bridge.

w w w w w w w

2.1 ° Facility specification IPD-PR-139.

.

2.2 Wiring interface graQing 1095023.

3.1.2  Machine screws, 8 each, .250 in x 23 UNF-2B,

.2.4  "Megger" insulation tester.

.2.5 Ohmeter for continuity checks.

.2.7 Copy of assembly record resistance measurementg.

.2.8 Vertical height gage or measuring fixture.
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installation of a 30 cm thruster on a vacuup-chamber-facility thruster mounting -
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4.0

4.1

IPD-PR-142
Page 2 of 9

PROCEDURE

Mechanical Mounting

The first step in preparing the thruster for testing is installation

of the thruster on a vacuum-chamber-facility thruster mountlng as
shown in Fig. 1.

4.1,1 Record the thruster serial number"

4.1.2 Lubricate the threads of the mounting fasteners (8 ea.,.250 in. x‘
28 UNF x .75 in. machine screws).

TECH:

(4

4,1.3 Wear white,gloves when handling the thruster and grasp the

thruster case by the gimbal pads, in so far as. possible. Remove

the thruster from the shipping frame and place it on the

mounting brackets as shown in Fig. 1, securing the thruster in place
with 2 screws in each mounting pad (finger tight only).

4.1.4 Using a vertical height gauge and dial indicator or a similar
measurement fixture as illustrated in Fig. 2, the alignment of
the thruster (accelerator grid) is checked. Record the distance
as measured in each of the four quadrants below. The top of the
thruster (facing, the accelerator) is designated as 12 o'clock.

12 o'clock

3 o'clock

6 o'clock

9 o'clock

TECH:

DATE:

4.1.5 In order to maintain the angular alignment, the difference

' between the 12 o'clock and 6 o'clock measurements and between
the 3 o'clock and 9 o'clock measurements should not exceed
0.200 in (.5 cm). If the differences are greater, loosen the
mounting fasteners and shift the thruster (using shim stock
if necessary) to obtain the tolerance indicated. When this
has been achieved, tighten the fasteners to torque and
re-check the measurement. Install two more fasteners in each
gimbal mounting and the mechanical installation is completed.
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4.2

4.3

IPD-PR-142
Page 5§ of 9

Propellant Connection

The thruster is equipped with a manifold for the propellant supply that
should be found with a blank plate covering the propellant input. The
connections are made as follows:

4.2.1 Remove the blank plate used for thruster transit. Mask this
plate and store for future use. Retain the fasteners for
attaching the propellant manifold.

4,2.2 Position the test manifold that is equipped with a propellant
line from each reservoir so that the index markings are aligned .
and replace the fasteners. Incorrect alignment will connect the
reservoirs improperly, Certify that the alignment is correct.

[ 4

A TECH:

DATE:

Electrical Connections :4 -y

The thruster is fitted with 2 wiring bundles with the wires numbered as
shown on drawing 1095023. The wire bundles must be appropriately routed
and connected to the terminals provided on the thruster mounting in such a
way as to protect the wires from being coated by back-sputtered beam
target material and against abrasion of the insulation.

4,3.1 Identify the wiring numbers in each wire bundle and connect to
the terminals provided in such a way that connection of the

power processor can be made as shown in Fig. 3 using the connectors

that are externa] 'to the vacuum fac111ty enclosure.
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POWER PROCESSOR IN-LINE DATA ACQUISITION THRUSTER
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IPD-PR-142
Page 7 of 9

4.3.2 Perform an electrical resistance checkout to complete the
attached data sheet for comparison with the sheet prepared
during the final phase of thruster assembly.

4.3.2.1 The heater and magnetic baffle coil resistance
measurements (marked A on the data sheet) are to be
measured with a resistance bridge. Resistance
measurements should be made at the terminals on the
exterior side of the vacuum seal. Record the
resistance bridge type and calibration reference.

Resistance bridge

Calibration:

TECH: DATE:

4,3.2.2 The measurements made to check the insulation capabilities
(marked B on the data sheet) are made with a "megger"
type insulation tester. Record the manufacturer and
model number and voltage output of the instrument used.

Manufacturer and Model No.

TECH: DATE:

4.3.2.3 The remaining continuity or insulation tests are made
with a low voltage (battery operated) type of ohmeter.
(These measurements are designated by a C on the data sheet.)
Record the manufacturer and model number of the instrument
used. '

Manufacturer and Model Number

TECH: ‘ DATE;

4.3.3 Compare the measurements made with those recorded earlier during final
thruster assembly. Reconcile any differences and note below.

NOTES:

TECH;
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30 CH TON IHRUSTER

Optics Assembly S/N

S/N  DATE _

ASSEMBLY RECORD

Cath-Keeper Spacing

CIV Assembly S/N
NIV Assembly S/N -

JPD-PR- |42
Pa-}e g ob q

Neut-Keeper Spacing

MIV Assembly S/N

f Cathode Heater

Main Vaporizer -
Cathode Vaporizer
Neutralizer Vaporizer -
Neutralizer Heater
‘Main Isolator

- Cathode Isolator

- Magnetic Baffle

'”rHV Réturn

- Outercaée
HV Return - Accel
"HV Return - Discharge

84 HV Return - Cath. Keeper
| Accel - Qutercase |
| Neut. Keeper - Neut.. Common

L Neut. Common - Outer case -
c {AH Terminals - Qutercase -

" ELECTRICAL RESISTANCE CHECKOUT

. 12-15,

. ;';'_.

_Thermocouple #

_Type

Note 1:

Terminals

-10-15

~ Resistance(R)

7-14

1-14

4-14

3-5

8-15

13-15°

D D 0 D D DL YLV

lS—OutercaQe(lQ}

15-6. v

4

15-9

15-11

6-Outercase -
2-5

5-0Outercase

1 thrq ]5-0utercasé

‘Location

- Res.

n oo DD DD DO

LY

Addit. Notes:

Checked By:
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4.4

IPD-PR-142
Page 4 of 9

Final Inspection

Perform a visual inspection to ensure that all wiring is appropriately
routed, shields are in place and secured, the vacuum sealing surface is in
good condition, and that the thruster appears ready to install in the
vacuum test facility. Final inspection should be certified by at least two
persons by initially below.

TECH:_

TEST ENGINEER:

DATE; _
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HUGHES SPECIFICATION NO. 1pp_prota3

RESEARCH LABORATORIES PREPARED BY PAGE “OF ]
MALIBU, CALIFORNIA R. L. Poesche] 1 .
SPECIFICATION TITLE ' APPROVALS DATE | REV
Data Formats for Thruster Documentation ’ \\~\\

1. -SCOPE U

This document contains a set of data formats that are intended to répresent the
documentation for thruster operating characteristics when completed in accordance

with the test procedures described in IPD-PR-138 and the additional instructions . .
contained here. '

2. APPLICABLE DOCUMENTS

2.1 . 1PD-PR-138 ’

4
2.2 Assembly records for thruster being documented.
2.3 Power processor documents.

3. REQUIREMENTS

3.1 Data Formats

The following data formats are included in this IPD.

Acceptance Test.Do&Ementation (15

Acceptance Test Operating Time Log (1)
Acceptance Test Summary (1)

Acceptance Test Data ForiPrincib]e Throttling Points (1)
Oscillation Verification Summary (1)

Ion Extraction Assembly Perveance Summary (1)
Acceptance Test Operating Time Log (1)
Preliminary Cathode Conditioning (2)

Thruster Startup Procedure (6)

Acceptance Test Data Format (10)

Propellant Flow Data (5)

Extraction System Perveance Data (1)

Minimum Discharge Current Characterization (2)
‘Magnetic Baffle/Discharge Characterization (2)
VNK/TNV Characteristics (1)

Neutralizer Characterization Data (5)

101

RL13.021



PROCEDURE
4.1

-

Separate the data formats from the IPD and divide into two groups,
Summary sheets and Data formats. Fill in the serial number data
for the thruster to be tested on the summary sheets and set them
aside for use in preparing the Acceptance Test Documentation. The
remainder of the package comprises the data sheets for use in
performing the tests as prescribed by IPD-PR-138.
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ACCEPTANCE TEST DOCUMENTATION

THRUSTER S/N

ION OPTICS ELECTRODES  S/N

4

ION OPTICS MOUNTING S/N

IV-M ASSEMBLY S/N
IV-C ASSEMBLY S/N
IV-N ASSEMBLY /N
TEST PERIOD © to

COMMENTS:
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. ACCEPTANCE TEST OPERATING TIME LOG

—

Beam

on Time

Start-up
D ' Cumulative
ate .
Start |Beam on{ Total | Beam on |Beamoff Befm on Comments
Time of| Time of | Time | Time of | Time of{ Hours Time .
Day Day Hours | Day Day
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Date

Thruster

ACCEPTANCE TEST SUMMARY

Contract

Property

'ThrusterJ

Test Point

4

5

7 8

10

IB’ A
VB, v
VD’ )
IE’ A
Iyg» A

) )

NK?

1
va’ A
1
mcv’ A ]
m A
NV?

Myot> A

nMD’%
MT

Fy
Y
nT’ %

Isp’ sec

T, mN

" PNV . . B ]

i
A

")

e M
L Al

W LN N3 e e A ¢ e

vt ;o

:’mw g R

A1l points have VA = ~300, I

NK

1 Equivalent amperes neutral flow

1.8 A, 1

CK ~

1.0 A
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'Data

Test Point

Beam Voltage, Vg

Beam Current, IB

Accel Voltage, VA

Accel Current, IA

Discharge Voltage, VD

b oo

‘Emission Currenﬁ 1

R

E

P

Cath. Keeper Voltage, VCK

[ 'Cath. Keeper Current, ICK

»

Mag. Baffle Voltage, VMB

Mag. Baffle Current, IMB

- Main Vaporizer Voltage, VWV -

" Main Vaporizer Current, Imv

Cath.'Vaporizer Voltage, VCv

Cath. Vaporizer Current, ICV

Neut. Vaporizer Voltage, V

T NV

vNeut. Vapor1zer Current, INV

" Neut. Keeper Voltage, ik

Neut. Keeper Current, I

NK

Neut. Coupling Voltage, V

Neut. CoupTing Current, I

Maiﬁ~Vap Tefip. . va

_ “Cath. Vap. Temp., TCV

Neut. Vap. Temp., Ty

e e memma e

rmemn o

M1n Em1ss1on Current

 Min. Neut. Keeper Vo]tage

M1n Mag Baff]e Current
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DATE

OSCILLATION VERIFICATION SUMMARY

THRUSTER

POWER PROCESSOR TYPE

NOTES

OSCILLATION FREQUENCIES

"W

% MODULATION

COMMENTS

167
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PRELIMINARY CATHODE CONDITIONING

A"
THRUSTER SERIAL NUMBER
DATE THRUSTER INSTALLED IN VACUUM FACILITY
VACUUM FACILITY DESCRIPTION
POWER PROCESSOR DESCRIPTION
PROCEDURE CONTROLLED BY IPD-PR-138
EVENT TIME | FACILITY THRUSTER CATHODE NEUTRALIZER CATHODE !
PRESSURE HEATER HEATER .
.| Veu Iew | Pon | Yma T PAH
1. Turn on heater 4
current (para.
4.3.3.2; low level)
2. Readings after one
hour.
- Readings after two
hours
4. Readings after K T

three hours

5. Turn off heaters

6. Turn on heater : -
current (high
level)

7. Readings after
cne hour

8. Turn off heaters

COMMENTS:

109



CONTRACT: . THRUSTER: * POWER CONDITIONING UNIT:
DATE: : ‘TEST: 3 " CHAMBER :
“‘I‘::_‘J Time |TANK VAP TEMP MAIN CATHODE NEUT catHooe | weur ISOLATOR
) T IME | paess VAP VAP VAP HEATER HEATER HEATERS
- STARTUP PROCEDURE Day MAIN | CATH | NEUT : ‘
: 2 T, T T v J v, ) Vv, J v, J \ J \
s, fums [PTk FTMYV L Tev i Tav i Vv f dav | Vev | dev [ Viey | Inv ] Veu | Jen | Y ] dnm | Vin | 4
Terr) | 1°C} | °C) | (9C) [ (V3 | (M) | (V) | (A) v 1 L ar | v (A | (v) (AND

1. MERSLRE INITIAL 1SecATen g VAPORIDIRTEMP.

2. TURN ON 1SOL. POWER o

3. CATH HTR POWER ON o

4. NEUT HTR POWER ON 0o

S. HEATER VOLTAGE CHECK 5 .

8. REOUCE /SOLATOR HTR Power | I8 4 -

1. END ' oF "PREHEAT! (S0l Powce oFF) 35

8. TURN ON CATH. 4 NEUT. VAPorIZER | 35

9. CATHKEEPER VOLTAGE APFLIED - ’ 35

10. NEUT KEEPER VOLTAGE APPLIED 35

¢}, DISCHARGE VOLTAGE APPLIED | '3 35 - ) ; -

12. CATH IGNITION ( AUX.PS. v- ) '

AUX.PS,

13, NEUT |cmno~('<55’ER SU"WT———) s ~h -

'

“Ji4. DISCHARGE IGNITION ) 1

18. CHECK CATH $MNEur HEATER OFF (43

18.. PARAMETERS TO RUN CONDITIONS

17. EXTRACTION VOLTAGES APPLIED

18. SEAM ESTABLISHED, NEUT COUPLED

19. BEAMESTABLISHED AT 2A RAEAM

NOTES: ' .
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Thruster Date
ACCEPTANCE TEST DATA FORMAT
| Unit or
Calibration Data
Factor . .
Test Point
Beam Voltage, VB
Beam Current, IB
S—
Accel Voltage, VA T
" Accel Current, I,
D1scharge Voltage, VB
o Em1ss1on Current mi""ﬁm o
Cath. Keeper Vo]taéé;'VCK 1
“"Cath. Keeper Current, ICK J""
Mag. Baffie Voltage, VMB
" Mag. Baffle Current, 1 "B
" "Main Vaporizer Vo]tage,'V,'1v B *“'
Ma1n Vapor1zer Current IMV
“””EE%B Vaporizer Voltage, Vey o, -y
| Cath. Vaporizer Current, Icy o
Neut. Vaporizer Voltage, VNV
“Neut. Vaporizer Current, Tw
Neut. Keeper Voltage, ik -
"""Neut. Keeper Current, Tnk
- [7""Neut. Coupiing Voltage, v,
“"WMNEHE“"CEUﬁTﬁﬁb Current, Ig
" ""Main Vap. Temp., TMV"“m“““wM"‘M“
" Cath. Vap. Temp., TC! D
| Neut. Vap. Temp., Ty, 1 ) . )
""""" Vacuum Chamber Press - - - B
;‘n T1me of Day o o TTTyTTTT o




PROPELLANT FLOW DATA

DATE: THRUSTER RESERVOIR

CALIBRATION FACTORS:
NEUTRALIZER
CATHODE
MAIN
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EXTRACTION SYSTEM PERVEANCE DATA

THRUSTER

CHAMBER PRESS

Test.

Plan

-]

cv

et L

et LIS

I
A

MV

Hrdeer bt et

COMMENTS

Y AT N ¥ CYRATY (e L S AT
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Page 1 of 2

THRUSTER

MINIMUM DISCHARGE CURRENT CHARACTERIZATION
Procedure Para. 4.7, IPD-PR-138
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MINIMUM DISCHARGE CURRENT CHARACTERIZATION
(Continued)

Page 2 of 2
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DATE

MAGNETIC-BAFFLE/DISCHARGE CHARACTERIZATION

Procedure Para, 4.5, IPD-PR-138
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NEUTRALIZER CHARACTERIZATION DATA
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APPENDIX B
ANALYSIS OF CORRECTION FACTORS FOR BEAM DIVERGENCE AND DOUBLY CHARGED
IONS THAT WERE OBTAINED IN CHARACTERIZATION TESTING OF THRUSTER SN J3

The analysis of correction factors reproduced here was performed by
Mr. R.T. Bechtel of NASA's Lewis Research Center. Only the symbols have

been changed to conform to those used in this report.

Summary of Beam Divergence Thrust Loss Reduction Factor, Fr

All values of FT measured for thruster J3 are shown in Tables Bl

through B5 for the throttling points shown in Figure Bl. Initial examina-

tion shows no uniform, monotonic variation of FT with JMB"JE’ Vb, or Vb

at a given beam current, There does however appear to be a consistent

decrease in FT as VAccel is increased to 528 V. This variation is not

unexpected since high VAc tends to cause over focusing of ions.

cel
If it is assumed that the variation in all déta at a given Jb is due

to data.error rather than the variation of JMB’ JE’ VD’ or Vb (VAccel

will be discussed separately), then the average value and the standard

deviation for each beam current can be calculated, This is shown in

Table B6. Note the deviation is less than 1.56 x 10—3 (“0,16% of

b is typically 0.0022 or

less, The single exception appears to be the 0.75 A Jb, where the

average) and the range of values for a given J

maximum value of 0,9867 appears to be an anomalous reading., If the

data for VAc variation is also included the deviations generally

cel

increase at each Jb. However, for purposes of a total efficiency calcu-

lation, the average values probably are within the accuracy of the

measurement technique. The average values of F_, within and without VA

T
data are plotted in Figure B2,

Table B7 shows the average of all data at all values of J Note

that excluding all or part of the VA data or Jb = 0.5 A data ;}fects
the average only in the 4th decimal place. The standard deviation is
less than 2.34 x 10_3 and the maximum deviation from the average is less
than 0.0005., Thus it appears that either an average value of 0.985

for any value of Jb (from 2.0 to 0.5 A) or the value taken from the
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FACTOR FOR BEAM DIVERGENCE
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curve of Figure B2 should not significantly affect a total efficiency

calculation,

Summary of Doubly Charged Ion Thrust Loss Reduction Factor, o

Tables Bl through B5 show that o is not a strong function of Vb’ .

Jy » or V at a given beam current. The variation caused by

Accel

including the effect of J_ is only slightly greater, but the effect of

E

variation of VD is much more significant. The variation with Vb

appears to be random with no definite trend established by the data
for all Jb' The effect of JMB
decimal place, and appears to be constant over the range of JMB at each
J, . The effect of V is the same as for V, variations. No defi-

b Accel b

nite trend is apparent, At some Jb’ 0 increases with VA’ but at other

Jb, o will decrease, !

is extremely small, in the fourth

The effect of increasing JE is to decrease 0. (more double ions
formed) as shown in Table B8; the magnitude of this effect 1s small,
but the variation is established.

These data are shown in Figure B3. Note that the value of o appears
to level off as JE is increased sufficiently beyond the standard operat-
ing point. The effect of increasing VD is shown in Table B8 and
Figure B3, The decrease in o with increasing VD is large especially

at the higher J As J, is lowered, the effect, although still present,

b* b
is reduced.

A summary curve of all VD = 32 V data is shown in Figure B4, To a

first order, this curve is accurate with a standard deviation of less
than 1.8 x 10—3 (<0.2% of average). This curve does treat the varia-
tion of a with JE as data error, which is probably hot accurate, but the
variation is small enough that significant errors are not introduced.
The effect of VD is more pronounced and should be evaluated using the
data of Figure B3.
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Summary of Total Thrust Reduction Factor

The total thrust reduction factor is Yy = F Table B9 summarizes

T.
the variation of y as a function of JB using the average values of
Tables B3 and B4 and Figures B2 and B4, The effect of VD on the value
of o is not included in this curve. These data are plotted in

Figures B5 for Yy (thrust reduction) and Y2 (total efficiency reduction).
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Table Bl.

Effect

of V, (I, Jyp = SID, V) =32V, V
I A o Fp
2.0 1100 0.9657 0.9860
900 0.9692 0.9868
1.6 1100 0.9707 0.9868
940 0.9747 0.,9874
695 0.9750 0.9868
1.3 1100 0.9785 0.9877
820 0.9785 0.9857
731 0.9818 0.9861
1.0 1100 0.9850 0.9843
900 { 0.9841 | 0.9848
700 | 0.9838 | 0.9841
647 0.9844 0.9845
0.75| 1100 0.9909 0.9851
900 0.9878 0.9830
600 0.9898 0.9816
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Table B2.

Effect

of JMB (Vb, E - STD; VD =32V; V
Jb JMB o FT
2,0 2.0 | 0,9653 | 0.9875

2.1 | 0,9657 | 0.9860
2.3 | 0.9660 | 0.9881
2.4 | 0.9669 | 0.9882
2,6 | 0.9671 | 0.9876
1.3 2,2 | 0.9786 | 0.9865
2.4 | 0,9788 | 0.9865
2.7 | 0.9785 | 0.,9857
3.2 | 0.9789 | 0.9860
3.4 | 0.9782 | 0.9862
0.75 | 2.4 | 0.9917 | 0.9823
2.8 | 0.9918 | 0,9820
3.0 ] 0.9898 | 0.9816
3.2 | 0,9917 | 0.9815
3.4 | 0.9903 | 0.9822
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Table B3. Effect of V_ (

p Vs Iyge Jg = STD; V, . =340 V)

Jb VD o, FT

2,0 31 0.9721 | 0.9877
32 0.9657 | 0.9860
34 0.9580 | 0.9876
36 0.9452 | 0.9866
1.3 32 0.9785 | 0.9857
34 0.9718 | 0.9867
36 0.9660 | 0.9867
0.75] 31 0.9893 { 0.9867
32 0.9898 | 0.9816
34 0.9873 | 0.9815

36 0.9815 | 0.9824
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Table B4.

Effect

b’ "MB D ?
JB JE o FT
2,0 | 12,0 | 0.9657 | 0.9860
11,75) 0.9675 | 0.9876
11.4 | 0.9689 [ 0.9874
11.254 0.9708 | 0.9878
1.3 9.5 | 0.9757 | 0.9859
9.0 { 0.9779 | 0.9858
8.5 1 0,9785 | 0.9857
8.0 | 0,9827 | 0.9860
0.75f 5.5 ] 0.9915 ] 0.9826
5.751 0,9898 { 0.9816
6.25]| 0,9892 | 0.9823
6.75] 0,9876 | 0.9812
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Table

B5,

Effect of VA (JE,

J =

SID; V, = 32 V)

MB
bl Y Vaccel @ Fp

2,0 | 1100 3460 | 0.9657 | 0.9860

528 0.9675 | 0.9853

1.3 { 1100 340 | 0.9785 | 0.9877

387 0.9799 | 0.9856

525 0.9790 | 0.9830

820 340 | 0.9785 | 0.9857

380 0.9780 | 0.9851

518 | 0.9802 | 0.9831

0.75 1100 339 0.9909 | 0.9851

383 | 0.9913 | 0.9815

521 | 0.9889 | 0.9807

600 | 328 0.9898 | 0.9816

367 0.9938 | 0.9817

0.5 | 1100 306 0.9946 | 0.9828

385 0.9952 | 0.9819

521 0.9931 | 0.9806
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Table B6.

Summary of FT

at Various J

b
Parameter(s) '
Varied (VA = 340 V) Jb # PIS FT AVG S Range
ccel
=%
T g Voo Vi 2.0 (12) 0.9874 | 6.37 0.9882 - 0.9860
A 1.6 (3) 0.9870 | 3.46~% 0.9874 - 0.9868
~4
g Tgr Vpr Yy 1.3 (12) 0.9863 | 5.52 0.9877 - 0.9857
A 1.0 (4) 0.9844 | 2.997% | 0.9848 - 0.9841
Jups Jgr Vpo Uy 0.75 { (13) 0.9826 | 1.567> | 0.9867 - 0.9812
(0.9824)
~4
Jyps Jgr Vps Vo Vy 2.0 (13) 0.9872 | 8.45 0.9882 - 0.9853
v, 1.6 — —_ —_ —_—
-3
Jypr Jpr Vpr Vo Yy 1.3 (16) 0.9858 | 1.22 0.9877 - 0.9830
A 1.0 — — —— —
-3
Iyp» Ipr Vpr Vo Yy 0.75 (16) 0.9824 | 1.51 0.9867 - 0.9807
v 0.5 (3) 0.9817 | 1.107> | 0.9828 - 0.9806
Accel
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Table B7. Summary of F

at all J

T B

F,, (AVG) S
All Data (55) 0.9849 2,437
All Data Except V, # 340 (44) 0.9854 2,19
All Data Except J = 0.5A (52) 0.9851 2,27
All Data Except V, = 528 (50) 0.9851 2.26

NOTE: (

S =

) = No. of Data Points

Standard Deviation

133




Table B8,

Summary of o at Various J

b
Parameters Varied Jb o (AVG) S
-3
Vs Iy Vaccer 1 2.0 | 0.9668 | 1.3
-3
Vb’ JMB’ VAccel’ JE (10) 2.0 0.9675 1.72
-3
Vb, JMB’ VAccel’ JE’ VD (13)| 2.0 0.9654 6.94
v, (3 1.6 | 0.9734 | 2.473
-3
Vb’ JMB’ VAccel (13) 1.3 0.9790 1.03
)
Vb’ JMB’ VAccel’ JE (16) 1.3 0.9789 1.61
-3
Vb’ JMB’ VAccel’ JE’ VD (18)| 1.3 0.9778 3.72
v, (&) 1.0 | 0.9843 | 5.127°
-3
Vb’ JMB’ VAccel (11) 0.75 | 0.9908 1.61
-3
Vb’ JMB’ VAccel’ JE (14) 0.75 0.9905 1.71
-3
Vb’ JMB’ VAccel’ JE’ VD (17)} 0.75 0.9897 2.75
-3
VAccel 0.5 0.9943 1.08
NOTE: ( ) = No. of Data Points
S = Standard Deviation
Table B9, Summary of All Reduction Factors
2
Jb o FT Y Y
2.0 0.9675 0.9872 0.9551 0.9122
1.6 0.9734 0.9870 0.9607 0.9230
1.3 0.9789 0.9858 0.9650 0.9312
1.0 0.9843 0.9844 0.9689 0.9389
0.75 0.9905 0.9824 0.9731 0.9469
0.5 0.9943 0.9817 0.9761 0.9528

134



DISTRIBUTIOW LIST
NAS3-21052

National Aeronautics and Space Administration
Washington, DC 20546
Attn: RS/Mr. Dell Williams, 111

RTS-6/Mr. Wayne Hudson

RTS-6/Mr. Jerome Mullin

MT/Mr. Ivan Bekey

National Aeronautics and Space Administration
Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135
Attn: Technology Utilization Office, MS 7-3
Report Control Office, MS 5-5
Library, MS 60-3
Mr. N. Musial, MS 500- 318
Dr. Marvin Goldstein, MS 5-3
Propulsion & Power Section. MS 500-306

Mr. B. Banks, MS 501-7
Mr. D. Byers, MS 501-7
er. W. Kerslake, MS 501-7

National Aeronautics and Space Administration
Lyndon B. Johnson Space Center

Houston, TX 77058

“Attn: Mr. Hu Davis

National Aeronautics and Space Administration
Marshall Space Flight Center
Huntsville, AL 35812
Attn: Mr. Jerry P. Hethcoate
Mr. John Harlow
Mr. W. R. Marshall

Research and Technology Division
Wright-Patterson Air Force Base, OH 45433
Attn: (ADTM) Lt. David A. Fromme

Mr. Everett B. Bailey

NASA Scientific and Technical
Information Facility

P.0. Box 8757

Baltimore, MD 21240

Attn: Accessioning Department

135

Copies

b2 e et [ ) —d



Case Western Reserve University
10900 Euclid Avenue

Cieveland, OH 44106

Attn: Dr. E1i Reshotko

Royal Aircraft Establishment
Space Department
Farnborough, Hants

ENGLAND

Attn: Dr. D. G. Fearn

United Kingdom Atomic Energy Authority
Culham Laboratory
Abingdon, Berkshire
ENGLAND
Attn: Dr. P. J. Harbour
Dr. M. F. A. Harrison

National Aeronautics and Space Administration
Goddard Space Flight Center
Greenbelt, MD 20771 .
Attn: Mr. W. Isley, Code 734
‘ Mr. A. A. Vetman .
Dr. David H. Suddeth

COMSAT Laboratories
P. 0. Box 115
Clarksburg, MD 20734
Attn: Mr. B. Free

. Mr. 0. Revesz

Comsat Corporation

950 L'Enfant Plaza, SW

- Washington, DC 20024

Attn: Mr. Sidney 0. Metzger

Rocket Propulsion Laboratory

Edwards AFB, CA 93523

Attn: LKDA/Mr. Tom Waddell
LKDH/Dr. Robert Vondra

DFVLR - Institut fur Plasmadynamik
Technische Universitat Stuttgart

7 Stuttgart-Vaihingen

Allmandstr 124

West Germany

Attn: Dr. G. Krulle

136

ol cunl amd



DFVLR - Institut fur Plasmadynamik
33 Braunschweig

Bienroder Weg 53

West Germany

- Attn: Mr. H. Bessling

Giessen University

Ist Institute of Physics
Giessen, West Germany

Attn: Professor H. W. Loeb

- Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91102
Attn: Dr. Kenneth Atkins

Technical Library

Mr. Eugene Pawlik

Mr. James Graf

Dr. Kevin Rudolph

Mr. Dennis Fitzgerald

Electro-Optical Systems, Inc.
300 North Halstead
Pasadena, California 91107
Attn: Dr. R. Worlock
Mr. E. James .
Mr. W. Ramsey . -

TRW Inc.
TRW Systems
One Space Park
Redondo Beach, Californxa 90278
Attn: Dr. M. Huberman
Mr. H. Ogawa
Mr. Sid Zafran
Dr. Bruce Marcus

National Aeronautics and Space Administration
Ames Research Center .

Moffett Field, California 94035

Attn: Techn1ca1 Library

National Aeronautics and Space Administration
Langley Research Center
Langley Field Station
Hampton, Virginia 23365
Attn: Technical Library
Mr. B. Z. Henry

137

Copies

—d el ol o cd ed wad awed ol

Ll o gy



United States Air Force
Office of Scientific Research
Washington, DC 20025

Attn: Mr. M. Slawsky

Princeton University
Princeton, NJ 08540
Attn: Mr. W. F. Von Jaskowsky
Dean R. G. Jahn
Dr. K. E. Clark

Joint Institute for Laboratory Astrophysics

University of Colorado
Boulder, CO 80302
Attn: Dr. Gordon H. Dunn

Boeing Aerospace Co.
P. 0. Box 3999
Seattle, WA 98124
Attn: Mr. Donald Grim
Mr. Russell Dod
" Mr. A. J. Hill
Mr. C. H. Terwilliger

Lockheed Missiles and Space Company
Sunnyvale, CA 94088

Attn: Dr. William L. Owens, Dept. 62-13

Mr. Steve Debrock, Dept. 62-13

Fairchild Republic Company
Farmingdale, NY 11735
Attn: Dr. Dominic J. Palumbo

Electrotechnical Laboratory
Tanashi Branch

5-4-1 Mukodai-Machi, Tanshi-Shi
Tokyo, Japan

Attn: Dr. Katsuva Nakayama

Bell Laboratories

600 Mountain Avenue

Murray Hill, NJ 07974

Attn: Dr. Edward G. Spencer
Dr. Paul H. Schmidt

138

i

—t ) ovd w—t



Sandia Laboratories

Mail Code 5743
Albuquerque, NM 87115
Attn: Mr. Ralph R. Peters

TIon Tech, Inc.

P. 0. Box 1388

1807 E. Mulberry

Fort Collins, Colorado 80522
Attn: Dr. Gerald C. Isaacson

EG & G Idaho

P. 0. Box 1625

Idaho Falls, Idaho 83401

Attn: Dr. G. R. Longhurst, TSA-104

The Aerospace Corporation

"P. 0. Box 95085

Los Angeles, CA 90045

Attn: Dr. B. A. Haatunion
Mr. A. H. Silva

Michigan State University
East Lansing, MI 48824
Attn: Dr. J. Asmussen

' Dr. M. C. Hawley

General Dynamics
Kearney Mesa Plant
P. 0. Box 1128
San Diego, CA 92112
Attn: Dr. W. Ketchum
Dr. J. W. Stractman

Ford Aerospace Corp.

3939 Fabian Way

Palo Alto, CA 94303 _

Attn: Mr. Robert C. Kelsa

Hughes Aircraft Co.

Space and Communication Group

P. 0. Box 92919

Los Angeles, CA 90009

Attn: Dr. M. E. Ellison
Dr. B. G. Herron
Mr. A. J. Iorillo

139

Copies

—t b



Copies
The Aerospace Corporation
Space Sciences Lab.
P. 0. Box 92957 .

Los Angeles, California 90009
Attn: Dr. Y. T. Chiu :

The Takagi Research Laboratory

Department of Electronics

. Kyoto University

Yoshidahonmachi Sakyo-ku Kyoto 606

JAPAN

Attn: Dr. Toshinori Takagi ' 1

Department of Aeronautics

Faculty of Engineering

University of Tokyo

7-3-1, Hongo, Bunkyo-ku

Tokyo JAPAN _

Attn: Prof. Itsuro Kimura : 1

140











