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PERFORMANCE OF TITANIUM OPTICS ON A NASA 30 CM ION THRUSTER

George C. Soulas, John E. Foster, and Michael J. Patterson
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

The results of performance tests with two titanium optics sets are presented and compared to those of
molybdenum optics. All tests were conducted on a 30 cm ion thruster that was nearly identical to the NSTAR
thruster design. Optics performance tests were conducted over a thruster input power range of 0.5 to 4.6 kW.
Optics performance including impingement-limited total voltages, electron backstreaming limits, screen grid
ion transparencies, near-field beam current density profiles, beam divergence angles, and beam divergence
thrust correction factors were determined throughout this power range. The impingement-limited total
voltages for titanium optics were within 10-55 V of those for molybdenum optics. Electron backstreaming
limit magnitude as a function of peak beam current density for both molybdenum and titanium optics were
within a few volts of each other, indicating similar hot grid gaps for these two grid materials during steady-
state operation. Beam divergence half-angles at 90% of the total beam current and thrust correction factors
for both titanium optics sets were within 1° and 1%, respectively, of those for molybdenum optics. When
thruster power was increased to 2.3 kW immediately following discharge ignition, the titanium screen grid
came into contact with the accelerator grid within 5 minutes of ignition. Relative to molybdenum, titanium’s
larger thermal expansion and smaller thermal conductivity likely caused the screen grid to thermally expand
more relative to the accelerator grid during startup.

aforementioned  failure mechanisms to extend

propellant throughput and thruster power density.

Introduction

The success of the NSTAR (i.e., NASA Solar
Electric Propulsion Technology Applications Readiness
Program) 30 cm ion thruster system on the Deep
Space | mission has demonstrated the viability of ion
propulsion for deep space missions.'” As a result, ion
propulsion is being considered for several deep space
missions, such as the Comet Nucleus Sample Return,
Venus Sample Return, Saturn Ring Observer, Neptune
Orbiter, Titan Explorer, and others. However, most of
these missions require increasing the NSTAR thruster’s
propellant throughput and peak input power capabilities
beyond the demonstrated 88 kg of xenon at 2.3 kw.?

Increasing propellant throughput and thruster
power is limited, in part, by charge-exchange sputter
erosion of the accelerator grid."'4 Significant charge-
exchange accelerator grid sputter erosion can lead to
three likely failure mechanisms:”

1. electron backstreaming due to accelerator aperture
enlargement;

2. structural failure of the grid due to pit and groove
erosion of the downstream accelerator surface: and

3. an unclearable grid short by a flake from sputter-
eroded accelerator grid material.

Changing the ion optics material to one with a lower

volumetric sputter erosion rate addresses all of the
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A development effort was, therefore, initiated at
the NASA Glenn Research Center (GRC) to identify a
material with a lower accelerator grid volumetric
sputter erosion rate than molybdenum, but that could
utilize the present NSTAR thruster grid design and
fabrication techniques to keep development costs low,
and perform as well as molybdenum optics.’ Titanium
was found to offer a 45% reduction in volumetric
erosion rates and could be fabricated using the same
fabrication techniques as molybdenum optics.
Accelerator grid life was expected to be improved by a
factor of 1.9x. Analyses of fabrication, launch
environment, and thruster operation with titanium
revealed no significant issues. Several titanium grid sets
were successfully fabricated. A titanium optics set was
mounted onto an NSTAR 30 cm engineering model ion
thruster and tested to determine optics performance.
The titanium optics operated successfully over the
entire NSTAR power range of 0.5 to 2.3 kW.
Differences in impingement-limited total voltages (or
perveance) and electron backstreaming limits were
speculated to be due to a larger cold gap for the
titanium optics. Discharge losses for titanium grids
were lower than those for molybdenum, likely due to a
larger titanium screen grid open area fraction. Radial



distributions of beam current density with titanium
optics were very similar to those with molybdenum
optics at all power levels.

Because the large cold gap of the prior titanium
optics tests prevented a one-to-one comparison with
molybdenum optics, additional optics performance tests
were conducted. This paper reports on the results of
these tests. Included are performance tests of the 30 cm
titanium optics of ref. 6 which were re-gapped to
improve perveance, and an unused titanium optics set.
Optics performance tests were conducted over a
broader thruster input power range of 0.5 to 4.6 kW and
compared to those of molybdenum optics using the
same thruster. Optics performance parameters such as
impingement-limited total voltages, electron
backstreaming limits, screen grid ion transparencies,
near-field beam current density profiles, beam
divergence angles, and beam divergence thrust
correction factors were determined throughout the
thruster input power range.

Test Hardware and Operating Procedures

Titanium Optics
A photograph of 30 c¢m titanium grids is shown in

Fig. 1. Two titanium optics sets are reported in this
paper. The first set, identified as set A, was the same as
that reported in ref. 6 and had accumulated about 11
hours of operation with beam extraction prior to these
tests. In that earlier report, the grid cold gap along the
outer perimeter of the active area was set to that of the
NSTAR design,”® while the cold gap at the active area
mid-radius and center was measured to be about 23-
38% larger. For the tests reported in this paper, the grid
cold gap at the active area mid-radius and center was
set to that of the NSTAR design. It was anticipated that
decreasing the cold gap at the active area mid-radius
and center to the nominal design gap would aid in
improving perveance since the beam current density is
highest in these regions. The resulting cold gap at the
active area outer perimeter was 23-27% smaller than
the NSTAR design. Screen grid aperture diameters
were 7% larger than the nominal design at the active
area mid-radius and center while accelerator aperture
diameters were within £11% of the nominal design.
These variations from the nominal design were not
intentional, but were a result of the chemical etching
process used to create the grid apertures. The magnitudes
of these variations decreased as the manufacturer gained
experience fabricating titanium optics.® Aperture
diameter variations for molybdenum screen and
accelerator grids are typically within +£2.7% and +4.4%,
respectively, of the nominal NSTAR design dimensions.

The second titanium grid set, identified as set B,
had not been operated prior to these tests. Screen and
accelerator grid aperture diameter variations were
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within #2% and +9%, respectively, of the nominal
NSTAR design at the active area mid-radius and center.
Grid cold gap variations throughout the active area
were within 4% of the nominal NSTAR design, which
was better than the +8% variations for the molybdenum
optics used for these tests. The uniformity of the cold
gap for set B versus that for set A may have been due to
the different mechanical properties of the accelerator
grid material lot used for grid set B.

Molybdenum Optics

Molybdenum optics fabricated at NASA GRC
were also tested to provide a baseline performance for
comparison. The molybdenum optics utilized the
NSTAR optics geometry, which is described in refs. 7
and 8, and had accumulated about 20 hours of operation
with beam extraction prior to these tests.

Ion Thruster

The optics sets were mounted onto a 30 cm ion
thruster, which is shown in Fig. 2. This thruster serves
as a test bed for 5 kW thruster development at NASA.’
The thruster mechanical design is nearly identical to
that of the NSTAR thruster, described in detail in refs. 7
and 8, with the only significant difference being the
materials used for the discharge chamber. The thruster
was fitted with thermocouples for thermal tests and
plasma diagnostics for discharge chamber plasma
investigations,'” and the exterior was modified so that a
second neutralizer could be installed for separate
neutralizer tests.”

Power Console and Gas Feed System

A power console similar to that described in ref. 11
powered the thruster. This power console was modified
to allow the thruster to be throttled up to 5 kW. A high
purity gas feed system was used to provide xenon to the
discharge cathode, discharge chamber, and neutralizer
through separate mass flow controllers.

Diagnostics
During thruster operation, voltages and currents

were measured with digital multimeters and xenon
flows with mass flow meters. These measured
parameters were used to set thruster operating
conditions, as well as to determine thruster
performance.

The thruster was connected to an electrically
floating power supply circuit used to determine the
screen grid transparency to discharge chamber ions.
The circuit electrically tied the screen grid to the
discharge cathode during normal operation, but biased
the grid negative relative to discharge cathode potential
to repel electrons and measure the collected ion current.

Beam current density profiles were measured with
a Faraday probe mounted onto a two-axis probe motion



system. The Faraday probe was a planar geometry with
a 1.0 cm’ circular current-collecting area.'’ The probe
was biased negative with respect to beam plasma
potential to repel electrons and was grounded through a
resistor that acted as a shunt to measure collected
currents.

The positioning system swept the Faraday probe in
the radial and axial directions through the vertical
center of the thruster optics. The positioning system had
a 1.25 m maximum travel in each axis, which enabled
near-field radial beam current density measurements at
different axial locations as measured from the
geometric center of the optics. The current density
measurements were then used to determine beam
current density profiles, beam divergence half-angles,
and thrust correction factors.

Vacuum Facility
Testing was conducted in Vacuum Facility 11 at

NASA GRC. The facility is 2.2 m in diameter and
79m in length. Seven cryogenic pumps and a
turbomolecular pump evacuated the facility. The total
measured pumping speed of the facility was 110,000 Vs
with xenon. The facility base pressure was typically
1.3x10° Pa (1x107 Torr) and background pressures
were as high as 6.6x10™ Pa (4.9x10° Torr) at the peak
thruster input power of 4.6 kW.

Operating Procedures
Molybdenum  and  titanium  optics ~ were

performance tested on the 30 cm ion thruster. During
each test, the thruster was typically step-ramped
through the nominal NSTAR thruster input power
levels of 2.3, 1.8, 1.7, 1.4, 1.0, and 0.5 kW, which
corresponded to nominal thruster voltages, currents, and
xenon flows listed in Table 1 (a complete listing of
NSTAR power levels can be found in ref. 12). In
addition, the thruster was also operated at 3.0 kW and
4.6 kW, with corresponding operating parameters also
listed in Table 1. At each power level, optics
performance parameters such as impingement-limited
total voltages, electron backstreaming limits, screen
grid ion transparencies, and beam current density
profiles, as well as other thruster performance
parameters, were determined.

Results and Discussions

Molybdenum optics were first tested on the 30 cm
ion thruster to obtain a baseline performance for
comparison to titanium optics. Titanium optics sets A
and B were then tested. During one test for titanium
optics set B, the thruster was started from room
temperature and increased to 2.3 kW immediately
following discharge ignition to monitor thermal effects
on the grid gap. All optics sets operated successfully
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over the entire 0.5 to 4.6 kW power range. The
following sections will present and discuss the results
of these tests.

Impingement-Limited Total Voltage

Impingement-limited total voltage is a measure of
optics’ current extraction capability, and, therefore, a
measure of optics perveance. Impingement-limited total
voltages were determined from plots of accelerator
current as a function of total voltage where the slope
was -0.02 mA/V. Perveance margins were defined as
the difference between the total voltage during normal
operation (i.e. the settings defined in Table 1) and the
impingement-limited total voltage. Beam current as a
function of impingement-limited total voltage is plotted
in Fig. 3 for titanium and molybdenum optics.
Perveance margins for both titanium optics sets are
listed in Table 2 with results from molybdenum optics
for comparison.

As Fig. 3 and Table 2 demonstrate, impingement-
limited total voltages decreased by 30-65 V for titanium
optics set A when the cold gap at the active area mid-
radius and center was decreased to the nominal NSTAR
gap. The improved impingement-limited total voltages
of titanium optics set A, however, were still 40-125 V
higher than those of molybdenum optics. This
difference is likely due, in large part, to the 7% larger
screen grid aperture diameters for set A. The larger
screen grid aperture diameters resulted in a smaller
accelerator-to-screen aperture diameter ratio, which is
known to increase impingement-limited total voltage."

Impingement-limited total voltages for titanium
optics set B were only 10-55 V higher than those of
molybdenum. This agreement is considered sufficient,
especially because impingement-limited total voltages
are known to decrease with thruster operation.3

Titanium optics set B was initially tested at an
input power range of 0.5 to 4.6 kW, and then 1.0 to
2.3 kW. Impingement-limited total voltages decreased
by 45-50 V by the second test. Since beam current
density profiles did not change significantly during
these tests, there are only two parameters that could
have improved optics perveance for a given thruster
operating condition: 1) a decrease in the grid hot gap, or
2) an increase of accelerator aperture diameter. It is
unlikely that the hot grid gap changed during testing
since a post-test examination showed no measurable
change in the grid cold gap. It is, therefore, speculated
that the rapid perveance limit improvement was due to
an initial enlargement of the accelerator grid apertures
through sputter-erosion. This increased sputter erosion
may have been due to slight aperture misalignments
that allowed beam ions to impinge the accelerator grid.
Similar rapid improvements in perveance have also
been reported with molybdenum optics."* These
perveance improvements were not noted with titanium




optics set A nor with the molybdenum optics since each
had accumulated 10-20 hours of operation prior to these
performance tests. Only the results from the second test
of titanium optics set B (i.e. 1.0 to 2.3 kW) are
presented in this paper since the optics had accumulated
about 15 hours of operation by the start of that test.

Electron Backstreaming Limit
The NSTAR ion thruster operates at high net-to-

total accelerating voltages in order to minimize
accelerator grid erosion. As a result, the electron
backstreaming limit voltages of titanium optics should
be similar to those of molybdenum optics in order to
take full advantage of the reduced volumetric sputter
erosion offered by titanium. The electron
backstreaming limit was determined by lowering the
magnitude of the accelerator grid voltage until the
indicated beam current increased by 0.1 mA due to
backstreaming electrons. Electron backstreaming limit
voltages for the titanium optics are listed in Table 2
with results with molybdenum optics for comparison.

Table 2 shows that the decreased cold gap for
titanium optics set A increased the electron
backstreaming limit magnitudes, as was expected. This
is demonstrated by the semi-empirical equation derived
by Kaufman to solve for the magnitude of the electron
backstreaming limit voltage: "°

Vv
(1-Rp )= Vol __ 02 S

Vo-ps +|Ve| Lo fls
dil da

Here, R, i1s the maximum net-to-total accelerating
voltage, Vg, is the electron backstreaming limit, Vi, pg is
the beam power supply voltage, d, is the accelerator
aperture diameter, t, is the accelerator grid thickness,
and 1. is the effective acceleration length. The effective
acceleration length is given by: '°

2
1, = (1g+ts)2+(9$) ;

2
where t, is the screen grid thickness and I, is the hot
gap, which will be assumed to be the cold gap. The
increased electron backstreaming limits for set A were
2-5 V greater than those of the molybdenum optics.
However, titanium optics set A had a larger peak beam
current density than the molybdenum optics (discussed
later). Since the electron backstreaming limit is also a
function of the peak beam current density,” the
electron backstreaming limit is plotted as a function of
the peak beam current density (listed in Table 3) in Fig.
4 for a more appropriate comparison. The data for each
grid set are presented at separate beam voltages because
the electron backstreaming limit is also a function of
beam voltage, as shown in equation 1. As the figure
shows, the electron backstreaming limit magnitude as a
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function of peak beam current density for the
molybdenum optics was about 3 V greater than that of
titanium optics set A at a beam power supply voltage of
1100 V. This was expected since the effective
acceleration length for titanium optics set A was about
4% larger than that of the molybdenum optics due to
the larger screen aperture diameters for set A (see
equation 2).

Table 2 and Fig. 4 show that the electron
backstreaming limit magnitudes for titanium optics set
B were within 4 V of those for titanium optics set A. As
Fig. 4 further shows, the electron backstreaming limit
magnitude as a function of peak beam current density
for the molybdenum optics was about 2-3 V greater
than that of titanium optics set B at a beam power
supply voltage of 1100 V.

Because the electron backstreaming limit
magnitudes as a function of peak beam current density
for both molybdenum and titanium optics were within a
few volts, the difference in hot gap for these two grid
materials is likely insignificant during steady-state
operation. This is noteworthy since titanium has a 1.8x
larger thermal expansion than molybdenum.®

Screen Grid Ion Transparency
Screen grid ion transparency is a function of screen

grid geometry and, therefore, can give insight to
geometric differences between grid sets. Table 3 lists
screen grid ion transparencies for titanium optics with
results from molybdenum optics for comparison.
Screen grid ion transparencies were calculated with the
following equation:
o= . (3)
Jb.bias + Js.bias

where ¢ is the screen grid ion transparency, J, is the
beam current, Jy ;. 1S the beam current when the screen
grid is biased, and J,;,, is the current collected to the
screen grid when it is biased. The numerator denotes
the extracted ion current while the denominator denotes
the total ion current arriving at the screen grid. The
beam current with screen grid bias is used in the
denominator because it always decreased by less than
2.2% when the screen grid was biased negative. This is
because the potential difference between the screen grid
and the discharge plasma was increased when the
screen grid was biased, and this increase caused the
sheath to direct ions into the webbing.'®

Screen grid ion transparencies reflected the similar
screen grid open area fractions for titanium optics set B
and the molybdenum optics. In contrast, ion
transparencies for titanium optics set A were 5-7%
greater than those for the molybdenum optics, reflecting
the larger physical open area fraction for titanium optics
set A at the active area mid-radius and center.




Beam Current Density Profiles, Beam Divergence,
and Thrust Losses

Beam current density profiles were used to
determine beam divergence and thrust loss, and to
provide peak values for comparisons of electron
backstreaming limits. Regarding beam current density
measurements, no attempt was made to repel charge-
exchange ions from the Faraday probe or to account for
secondary electron emission due to ion bombardment.
Errors due to secondary electron emission from singly-
charge beam ions are anticipated to be only 1.5%."
Integration of the radial beam current density profiles
(assuming azimuthal symmetry) yielded beam currents
that were higher than the measured beam current by as
much as 15%. It is anticipated that this error was caused
by a combination of effects, which included the large
probe surface area, measurement of charge-exchange
ions in the beam, and secondary electron emission from
both singly- and doubly-charged ions.

Peak beam current densities were determined from
radial beam current density profiles taken 49 mm
downstream of the grid center. Sample radial beam
current density distributions are shown in Fig. 5. Table
3 lists peak beam current densities for titanium optics
with results from molybdenum optics for comparison.
As Table 3 shows, peak beam current densities for both
titanium optics sets A and B were 13-16% higher than
those for molybdenum optics. However, electron
backstreaming limits as a function of peak beam current
densities showed no significant differences in optics
geometry between titanium optics set B and the
molybdenum optics. It is presently unclear whether this
change in peak beam current density was due to the
optics or some change in the thruster discharge
chamber.

Figure 5 also shows that all beam current density
profiles were slightly non-axisymmetric near the active
area center. Furthermore, this slight asymmetry
occurred for all power levels tested. This asymmetry is
an artifact of the thruster discharge chamber plasma and
has been noticed in other NSTAR thrusters.’

Beam divergence half-angles were determined in
the following manner. Beam current density profiles
were taken at five axial locations, examples of which
are shown in Fig. 6. At each axial location, the fraction
of total integrated beam current as a function of radius
was determined by:

jjb(r,z)-r~dr
f(r.z) .

=2 @)
Jjb(r,z)-r-dr
0
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Here, f is the fraction of the total integrated beam
current, j, is the beam current density, r is the radial
location, and z is the axial location. Note that azimuthal
symmetry is assumed in equation 4. Although beam
current density profiles were found to be slightly non-
axisymmetric near the grid center, this asymmetry
accounted for only 10-20% of the total beam current.
To ensure that results were conservative, however, the
radial side opposite the peak beam current density (i.e.
the positive radii in Fig. 5) was used in these
calculations.

Sample total beam current fractions are shown in
Fig. 7. Since these fractions were linear, linear
regression could be used to determine slope of each
fraction. The divergence half-angle could then be
determined using the following equation:

Bs = arctan[—l—], (5)
S

where B; and s; were the divergence half-angle and
slope, respectively, for a given total beam current
fraction. From these values, plots of percentage of total
beam current as a function of divergence half-angle
were generated, samples of which are shown in Fig. 8.

Beam divergence angles at 90% of the total beam
current are listed in Table 4 for titanium optics set A
with results from molybdenum optics for comparison.
Divergence half-angle data for titanium optics sets A
and B were within 1° of those for molybdenum optics.
Fig. 8 also compares beam current percentages as a
function of divergence half-angle at 2.3 kW for
titanium and molybdenum optics. Beam divergence
half-angles were almost identical for both optics
materials.

The beam divergence half-angle data can further be
used to determine the thrust correction factor for beam
divergence. Ion engine thrust, T, is given by:

[2.m; <V
T:a['Ft'Jb_ —m;‘_b, (6)

where o, and F, are the thrust correction factors for
doubly-charged ions and beam  divergence,
respectively, J, and V, are the beam current and
voltage, respectively, m; is the ion mass, and e is the
electronic charge. The correction factor for doubly-
charged ions is given by:
T3 ol
I+— —
It g
Oy = _—\/—__ 5 (7)
e
J
1+—
J+
where J*/T* is the ratio of double-to-single ion current.
The thrust correction factor for beam divergence is

given by:
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Two assumptions are made for equations 6-8: 1) the
ratio of double-to-single beam current density is
constant throughout the active area; and 2) the
divergence half-angle for doubly-charged ions is the
same as those for singly-charged ions. If azimuthal
symmetry is assumed, the measured beam divergence
half-angle results can be used to determine this
correction factor (i.e. equation 8). As mentioned
previously, because the beam current density profile
was the slightly non-axisymmetric, the radial side
opposite the peak beam current density was used in
these calculations to ensure that results were
conservative.

Table 4 lists these thrust correction factors for
titanium optics set A with results from molybdenum
optics for comparison. All values for titanium optics set
A were within 1% of those with molybdenum optics.
This close agreement demonstrates that thrust losses
from beam divergence are very similar for titanium and
molybdenum optics. It is noteworthy that the thrust
correction factors in Table 4 are within about 1% of
0.98 thrust correction factor predicted by Patterson,
Haag, and Hovan.”

Thermally-Induced Effects During Thruster Startup

The aforementioned test results were obtained with
the optics thermally at or near steady state. As a result,
the hot gap between the screen and accelerator grids
was stable. This was intermittently confirmed during
testing by ensuring that the electron backstreaming
limit, which is a function of grid gap (see equations 1
and 2), had stabilized to within 2-3 V. During thruster
startup, however, thermal transients and uneven heating
of the screen and accelerator grids causes the grid gap
to significantly decrease, then increase to a stable value.
MacRae, Zavesky, and Gooder reported on the
measured temporal changes in grid gap during thruster
startup for three 30 cm molybdenum optics assemblies
that were predecessors to the NSTAR design.”' At
discharge powers comparable to 2.3 kW thruster
operation, they found that the grid gap decreased by as
much as 62% of the cold gap, and that these minimum
gaps occurred within about 4 minutes of discharge
ignition. Grid gaps increased thereafter, and were
within 5% of the cold gap within 16 minutes of
discharge ignition.

As a final test for titanium optics set B, the
thruster was started from room temperature and
operated with beam extraction within 1 minute of
discharge ignition. The objective was to use temporal
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electron backstreaming limit changes to gain insight
into grid gap changes as was done in ref. 6. The thruster
was increased to about 2.3 kW within 1.3 minutes of
discharge ignition. Operating conditions were the same
as those listed in Table 1 for 2.3 kW, except that the
accelerator voltage was set to —320 V to prevent
electron backstreaming during startup. At 4.6 minutes,
the screen grid came into contact with the accelerator
grid. During one of the several recycles that resulted
from this contact, enough energy was provided to this
region of contact for the grids to bond together.

A post-test inspection of set B revealed that the
grids bonded in an approximately 4-5 mm diameter
circular region that appeared to coincide with the peak
beam current density. This bonded region further
coincided with the white spot near the center of the
optics in Fig. 2. Only the screen grid dome appeared
deformed, likely because of its larger open area fraction
and smaller thickness relative to the accelerator grid. A
grid-gapping gage was used to successfully separate the
grids. Following separation, aperture alignment and
grid cold gap were checked and changes were found to
be negligible. This indicates that the screen grid
returned to its original shape, which is not surprising
given titanium’s low elastic modulus and high yield
strength.’

Titanium’s  thermal expansion and thermal
conductivity are 1.8x and 0.12x those of molybdenum,
respectively.® These material properties likely caused
the titanium screen grid to expand more relative to the
accelerator grid under thermal loads. Although
electrostatic pressure increased as the grids neared each
other, electrostatic pressure was likely insignificant
since the pressure required to move the screen grid the
remainder of the distance just prior to contact was
calculated to be less than 1% of the initial cold gap. It is
doubtful that the optics could have sustained such a
high voltage over such a small distance without first
arcing. That there was enough power provided by the
beam and accelerator power supplies to bond the grids
is likely a material property, but is still being
investigated. This grid-to-grid contact was not noticed
in ref. 6 and may have been avoided by the larger cold
gap in the active area mid-radius and center for that
titanium optics set. It is noteworthy that the titanium
optics made contact in almost the same time that it took
for the molybdenum optics in ref. 21 to reach their
minimum hot gap at similar operating conditions. There
is no known record of domed molybdenum optics
bonding to each other as a result of thruster operation at
NASA or Hughes Space and Communications
Company.”

An obvious method of precluding grid-to-grid
bonding would be to allow the discharge chamber
plasma to heat the optics for some period prior to beam
extraction. A method of preventing grid-to-grid contact




would be to ignite the discharge at the lowest power
level and throttle it up to the desired operating point
slower than would be done for molybdenum optics.
Data from MacRae, Zavesky, and Gooder show that
lower discharge powers typically resulted in larger hot
grid gap minima following thruster startup.”’

Conclusions

The results of performance tests with titanium
optics were presented. Titanium optics sets included
those of ref. 6, identified as set A, which were re-
gapped to improve perveance and an unused set
identified as set B. Molybdenum optics were also tested
to provide a baseline performance for comparison. All
tests were conducted with a 30 cm ion thruster that was
nearly identical in mechanical design to that of the
NSTAR thruster. Thruster diagnostics included an
electrically floating power supply circuit to determine
the screen grid ion transparency and a Faraday probe
mounted onto a two-axis probe motion system to
measure beam current density profiles.

Impingement-limited total voltages decreased by
30-65 V for titanium optics set A when the cold gap at
the active area mid-radius and center was decreased to
the nominal NSTAR gap. Impingement-limited total
voltages for titanium optics set B were only 10-55 V
higher than those of molybdenum. This agreement is
considered sufficient, especially since impingement-
limited total voltages are known to decrease with
thruster operation. Titanium optics set B also exhibited
an initial rapid perveance improvement that was
thought to be due to an initial enlargement of the
accelerator grid apertures through sputter-erosion.

Electron backstreaming limit magnitudes as a
function of peak beam current density for both
molybdenum and titanium optics were within a few
volts of each other. This indicates that the difference in
hot gap for these two optics materials was likely
insignificant during steady-state operation.

Screen grid ion transparencies reflected the similar
screen grid open area fractions for titanium optics set B
and the molybdenum optics. In contrast, ion
transparencies for titanium optics set A were 5-7%
greater than those for the molybdenum optics, reflecting
the larger open area fraction for titanium optics set A at
the active area mid-radius and center.

Beam divergence half-angles at 90% of the total
beam current for titanium optics sets A were within 1°
of those for molybdenum optics. All beam divergence
thrust correction factors for both titanium optics sets
were within 1% of those with molybdenum optics.

When the thruster was set to 2.3 kW immediately
following discharge ignition, the screen grid of titanium
optics set B came into contact with the accelerator grid
within 5 minutes of ignition. Relative to molybdenum,
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titanium’s larger thermal expansion and smaller thermal
conductivity likely caused the screen grid to thermally
expand more relative to the accelerator grid during
thruster startup.
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Table 1. Nominal thruster operating parameters.

Input Beam Beam e T Neutralizer Main Discharge = Neutralizer
Power," Current,” Voltage,” Vol v Keeper Flow, Cathode Flow,
kW A \% i Current, A sccm Flow, sccm sccm
0:5° 0.51 650 -150 2.0 5.98 2.47 2.40
104 0.71 1100 -150 2.0 8.30 2.47 2.40
1.4°¢ 1.10 1100 -180 1.5 14.4 2.47 2.40
[ 1.30 1100 -180 1.5 172 2.56 2.49
R 1.49 1100 -180 15 18.5 2592 2.65
231 1.76 1100 -180 1.5 23.4 3.70 3.60
3.0 1.76 1500 -250 15 2371 3.54 3.60
4.6 2.70 1500 -250 15 36.3 3.54 4.80

“Nominal values.
°Power supply current or voltage.
“Nominal NSTAR operating condition.

Table 2. Perveance margins and electron backstreaming limit magnitudes for titanium and molybdenum

optics.
Input Perveance Margin, V Electron Backstreaming Limit Magnitude, V
5 a : a
P‘I’(V\V;r’ T(‘riff 6A) TiSetA TiSetB Mo T(‘rggt (3 TiSetA TiSetB Mo
0.5 50 115 2 155 60 ) 3 67
1.0° 410 470 510 520 111 125 127 123
1.4° 290 355 400 445 125 139 143 137
By s 245 285 345 395 138 148 149 143
18" 4 225 295 350 5 152 152 147
238 110 155 235 275 143 159 160 154
3.0 2 635 - . - 201 = -
4.6 g 380 : : 2 222 k L

*Data from ref. 6 with cold gap at active area mid-radius and center cold 23-38% larger than NSTAR design;
engineering model NSTAR thruster used.
*Nominal NSTAR operating condition.

Table 3. Peak beam current densities and screen grid ion transparencies for titanium and molybdenum

optics.
}’I(I)I\I:)vl:r B Beamniz;z:g FEnShEs, Screen Grid Ion Transparency
kW Ti Set A Ti Set B Mo Ti Set A Ti Set B Mo

0.5" 2.6 2 2.3 0.882 = 0.826
1.0° 3.5 3.6 3.1 0.914 0.882 0.876
b 5.0 55 4.3 0.922 0.885 0.880
Lt 5.6 58 49 0.921 0.876 0.875
18" 6.1 6.2 5.3 0.911 0.864 0.864
2 6.7 6.9 6.1 0.900 0.843 0.851

3.0 7.0 ! 5 0.928 . .

4.6 9.0 " ¢ 0.897 e -

“Peak beam current densities at 49 mm downstream of the geometric center of the optics; peak beam current
densities occurred at approximately the radial center of the grid active area.
"Nominal NSTAR operating condition.
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Table 4. Divergence half-angles at 90% of total beam current and beam divergence thrust correction factors

for titanium and molybdenum optics.

Input Divergence Half-Angle at 90% | Thrust Correction Factor for Beam
Power, of Beam Current, degrees Divergence
kW Ti Set A Mo Ti Set A Mo
0.5 i 22 0.98 0.98
1:0° 22 < 0.97 -
1,45 21 22 0.98 0.98
7E 20 X 0.98 -
Mg 19 S 0.98 -
238 19 19 0.98 0.97
3.0 23 23 0.97 0.98
4.6 20 0.98 -

“Peak beam current densities occurred at approximately the radial center of the grid active area.
"Nominal NSTAR operating condition.

Fig. 1. Photograph of titanium grids with and without the thruster mounting ring.

N

Fig. 2. Titanium optics installed onto a NASA 30 cm ion thruster.
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