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Abstract

The erosion of ion thruster extraction systems, and
the spatial distribution of the material deposited downstream
of the thruster, are important topics when considering the
suitability of thruster systems for integration onto spacecraft.
The extraction system erosion rates play a role in
determining the lifetime of the thruster, while the magnitude
of the material deposition on spacecraft surfaces could pose
integration problems.

Previous ground tests with 2-grid thrusters using
xenon as propellant have, in some cases, indicated high
levels of accelerator grid erosion and material deposition,
with values that are probably unacceptable for application
to flight programmes. It has been suggested that the
addition of a third (decelerator) grid should reduce erosion
and deposition rates significantly.

This paper reports on the results of 500 hour
duration tests on 2- and 3-grid ion thrusters to investigate
this supposition. The tests were carried out in the same
facility, with an identical suite of diagnostic equipment, and
used the same UK-10 ion thruster (a TS Mark 3). The only
change for the tests was in the extraction system, which had
either a standard screen-accel configuration or a new screen-
accel-decel combination.

High rates of erosion and deposition with a 2-grid
xenon system were found, compared to the same thruster
operating in mercury, and possible reasons for this are
discussed. The behaviour of a 3-grid system is also
presented in detail, showing that significant reductions in
grid erosion can take place, under the correct conditions.

The tests have indicated the approaches to adopt to
minimise extraction system erosion, and associated material
distribution downstream of the thruster, and confirm the
acceptability of xenon ion thruster systems for application
upon future spacecraft.

1. Introduction

An ion thruster necessarily interacts with the
spacecraft on which it is carried and with the surrounding
space plasma. An assessment of the magnitude of, and the
effects of, any such interactions is important both for
purposes of thruster integration with the spacecraft and to
gain confidence and acceptance for the use of such
propulsion systems.

The major interactions are via the various distinct
plasmas produced by the thruster beam, and an
understanding of the behaviour of these various plasmas, the
way they flow, and the fluxes of species of interest is
essential in providing a quantitative assessment of the
spacecraft-thruster interaction problems associated with
electric propulsion.

Historically, research on electric propulsion
concentrated on using mercury as a propellant and the most
immediate concern was with the deposition of mercury on
spacecraft surfaces. Such deposition on thermal and optical
surfaces could seriously affect their operation and, as
mercury is a metal, deposition could also affect the
functioning of insulating materials on a solar array, for
example. This concemn is extended to materials produced
by sputtering of the extraction grids. The vapour pressures
of these materials are sufficiently low that there is
essentially no re-evaporation. While the fluxes of these
contaminants are several orders of magnitude less than the
propellant flux, the change to xenon means that these
metallic deposits will now dominate spacecraft material
contamination.

This paper discusses experimental work to
investigate the magnitude and distribution of such sputtered
material from a thruster together with the interpretation of
the data and methods of reducing the rate of deposition
upon spacecraft surfaces.

2. Mercury Data, and Extrapolation to Xenon

The sputter rate and spatial distribution of sputter
from the UK-10 ion thruster has been measured for the case
where mercury was used as propellant'. Apart from the
normal charge exchange erosion, examination after the test
showed that some direct impingement had occurred in holes
at the periphery of the grid. This is indicated by the data of
Figure 1, showing the rate of deposition of sputtered
molybdenum measured- using suitably collimated and
positioned monitors. The results at 500 and 1050 hours
indicated that the sputtering rate fell as the test progressed.

The data in Figure 1 were measured using suitably

‘collimated and positioned sputter monitors, and were

normalised to a downstream distance of 500mm from the
centre of the grids. An inverse axial square distance
relationship was used for this, and the same scaling will be
used throughout the remainder of this paper.



The erosion and deposition measurements were
performed with a thruster using mercury at a thrust level of
10mN. The difference in charge exchange erosion produced
by changing to xenon propellant and different thrust levels
should be considered. Feamn® investigated this effect of a
change in propellant. He noted that, for a given design, the
erosion of the accel grid is determined by the production of
charge exchange ions in its vicinity, the rate of emission of
propellant ions from the neutraliser plasma, the potential of
the accel grid, and the sputtering yield of the materials at
that potential.

Fearn® used the theory formulated by Harbour® to
estimate the effects of a change in operating conditions
between the TS5 thruster (incorporated as part of the UK-10
ion propulsion system) operating with mercury at 10mN,
and operating in xenon at a range of thrusts. The
proportionality constants for accelerator grid sputter rate are
given in Table 1.

Table 1. Sputter Rate Proportionalities

Condition Sputter Rate Ratio to Hg
Proportional to (10 mN)
Hg (10 mN) 045 1.00
Xe (10 mN) 0.34 0.76
Xe (18 mN) 0.81 1.81
Xe (25 mN) 133 297

Prior to experimental sputter rate determinations,
therefore, the best estimates based upon extrapolation from
mercury data were that xenon operation at 10mN would
produce about the same rate of sputter as mercury at 10mN,
while operation at 25mN would produce approximately 3
times as much material.

3. Test Facility and Diagnostic Equipment

The tests on the 2- and 3-grid thrusters were
carried out in Test Facility 2 at AEA Technology, Culham.
This facility consists of two chambers, one rectangular 1.5m
x 2.5m x 2.5m, the other cylindrical with a diameter of
1.25m and a length of 1.7m. A schematic of the facility is
shown in Figure 2.

The main vessel houses the thruster and its
mounting frame, the static diagnostic systems and. their
supports, and the three dimensional diagnostic positioner. In
addition this chamber houses two LN, shielded liquid
helium cryopanels, and a pair of regeneratively cooled cold
heads. The measured pumping speed of each cold head is
7000 Is of xenon, hence a total of 14000 I/s is available.
The liquid nitrogen shrouds are always used to reduce the
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loading of the cold heads with volatiles, particularly water
vapour,

The smaller chamber is equipped with cooling
channels incorporated in its walls and is fitted with a V -
shaped aluminium target, which can be cooled to remove
the power deposited on it by the ion beam. The shape of the
target was chosen to reduce the rate of sputtered material
back to the thruster, while maintaining simplicity of
construction.

The flow of propellant to the thruster is controlled -
by propellant supply and monitoring equipment mounted
inside the facility. The temperature of the unit is maintained
at a constant temperature of 25 degrees celsius using a
thermally controlled continuous flow water heating system.
This also provides temperature stability for the fixed
diagnostics described below.

A comprehensive range of diagnostics are installed
during operation in the facility for sputter measurement and
ion profile measurements. There are two main types of
diagnostic for determining the rate of arrival of sputtered
material. These are calibrated solar cells and a Quartz
Crystal Microbalance (QCM). Passive silica glass sputter
monitors are used to assist in determining the source of the
contamination, which can be from either the thruster or the
facility depending on the position of the diagnostic.

A collection of solar cells are distributed at known
points and facing at known angles with respect to the centre
of the thruster extraction grids. The cells are illuminated by
two externally mounted tungsten filament lamps
incorporating dichroic reflectors to reduce thermal shock to
the fused silica windows. The face of each cell is protected
by an easily replaceable cover glass of known mass, which
collects sputtered material, reducing light transmission
though the glass. This has the effect of reducing the light
flux on the cell, resulting in a change in the I-V curve. By
relating this change to the response of the cell and the total
mass collected on the cover glass, the relative rate of arrival
of sputtered material at the position can be deduced. The
composition of the material collected on the cover glass and
the passive sputter monitors can be determined by analysis
using x-ray emission spectroscopy, which allows the source
of the sputter to be identified. The presence of aluminium
implies that the sputter originated from the facility, since the
thruster has no components made from this material.

At one position a Quartz Crystal Microbalance,
QCM, is mounted. This commercially available unit directly
measures the mass deposited on one face of a quartz crystal
element by comparing its resonant frequency with a
matched, shielded crystal mounted in good thermal contact
with it. The beat frequency resulting from mixing the two
signals is separated, conditioned, and is used to give a linear
signal. A differentiated signal provides a reading for the
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instantaneous rate of arrival of material. The sensor
temperature is monitored by the platinum resistance
thermometer element mounted with the crystals.

4. Sputter Deposition Measurements
4.1 2-Grid Test Results

The sputter deposition from the UK-10 2-grid ion
thruster over 500 hours of operation is shown in Figure 3.
The key to the events indicated on the Figure is given in
Table 2. Apart from the beam probe event discussed below
there are no anomalous changes in the long term bulk
deposition, except those correlated with a change in facility
pressure.

There was an initial high rate of sputter during the
first acceptance cycle at 25mN, after which the rate
decreased markedly. Following the completion of the
acceptance tests, the thruster was operated at 10mN for a
period. It was apparent that the sputter rate under these
conditions was linear, and so the thrust was increased to
25mN after about 15 hours.

At about 83 hours total time into the 500 hour test
a beam probe run was attempted, introducing a moveable
probe into the beam to carry out spatial scans from which
beam divergence and thrust vector can be determined. As
a result of a failure in a power supply, the probe became
stationary in the thruster beam. Substantial sputter damage
was caused to the probe, causing significant sputter
deposition on the thruster and diagnostics. This can be
clearly seen in Figure 3 (event No. 1). The rate of
deposition of material from the thruster was very high for
the cycle immediately after the facility was opened
following this faulty probe session, but the sputter rate had
essentially returned to pre-event values after about 12 hours
of operation.

Passive monitors were located in the facility for a
total of 414 hours (after 87 hours of operation until the end
of the test at 501 hours). The mass gains of these monitors
were recorded at the end of the test. These mass gains
represent the total sputter deposition from all possible
sources (thruster, facility, beam dump, etc.) and the different
materials have to be identified to determine their origin.
Elemental analysis of the sputter deposits on the passive
sputter monitors was carried out by electron probe
microanalysis, performed by identifying and quantifying
characteristic X-rays excited locally in the specimens by a
finely focused electron beam. The accuracy of the
measurements is generally a few percent relative. The
majority elements were molybdenum (assumed from the
grids), aluminium (from the beam dump) and iron, with
traces of nickel, chromium and copper (assumed from the
earth can and the vacuum vessel walls). Each sample was
measured in four positions, and a mean value of the

molybdenum fraction was then used for calculation.

Table 2. Key to QCM Deposition Rate History

;

Event

Beam probe failure; collimator inserted
Collimator removed

Collimator replaced

Probe run

Probe run

Probe run

Probe run

Probe run

Facility pressure problems

Failure of ADC board - data backup
with frequency readings

Indicates facility "opened”

VNN B WN -

(=]

The results of the analysis are shown in Figure 4,
normalised to S00mm downstream of the thruster. Angles
to the "left" correspond to monitors located on the left hand
side of the beam, looking downstream from the thruster.
Also shown in Figure 4 are data from the solar cell cover
glasses, analysed by assuming that the molybdenum fraction
in the deposit was the same as that of the passive monitor
at the same location, and a point value from the QCM (over
the period from 87 hours to 501 hours).

4.2 3-Grid Test Results

The sputter deposition from the UK-10 3-grid
thruster over the first 12 hours or so appeared to indicate an
initial high rate of sputter (see Figure 5), after which the
rate decreased somewhat. After 17 three hour cycles at
25mN, 8 cycles were run at 10mN and 8 cycles at 18mN,
followed by 25mN operation until the end of the test.
These periods are indicated in Figure 5, but the scale does
not easily allow comparative mass depositions to be
calculated. Individual cycle data have been analysed, and
the relative deposition rates are summarised in Table 3.

Mass deposition at the three different thrust levels,
from data recorded during the first 300 hours of the test,
show an approximate scaling with thrust i.e. beam current
(with the exception of the first 12 hours of relatively high
deposition, assumed to be as a result of thruster "bumn-in"),
Operation at 25mN up to about 300 hours had a constant
rate of deposition. At 290 hours the rate fell off for some
100 hours. At this time it briefly rose again, but at 450
hours it fell off again to a level around one-quarter that
found in the early part of the test.

Post-test examination of the grid system revealed



that the outer holes in the decel grid had experienced direct
ion impingement. It is tempting to relate the temporal
variation of mass deposition at 25mN to an initial period of
direct impingement, followed by a deposition rate more
typical of a 3-grid system once the direct impingement had
ceased (as a result of the grid material being eroded away
in the area where it was occurring).

Table 3 Relative Mass Deposition Rates From the 3-grid

UK-10 Thruster

Thrust Time into Test | Relative Deposition

Level (hours) Rate
25 <12 2.14
25 13-51 1.01
10 52-75 0.44
28 76-99 0.83
25 100-290 1.00
25 291-380 0.44
25 381-450 0.78
25 451-500 0.23

The above data have been determined with the total
sputter deposition from all sources. The quantitative sputter
rates from the thruster itself were determined by analysing
the deposits upon the passive sputter monitors (after
determining the absolute mass gains) using electron
microprobe analysis. Confirmatory data were given by the
solar cell cover glasses. The actual mass gains are
normalised to a distance S00mm downstream of the thruster,
by assuming an inverse square axial distance normalisation
factor. ;

The normalised molybdenum mass gains must now
be converted into molybdenum deposition rates, to compare
with 2-grid results, and other tests. In the 2-grid work, the
temporal mass deposition data showed a predominantly
linear relationship with time. The passive sputter monitors,
therefore, were assumed to have integrated a constant mass
deposition rate. However, Figure 5 shows that the 3-grid
tests gave a non-linear, variable, mass deposition rate.
Hence, this method cannot be used to give an absolute
deposition rate estimate.

This absolute rate can be approximated, however,
over any particular segment of the data in Figure 5, by
integrating the curve of Figure 5 over time and using the
absolute mass deposition values as the calibration factor for
this integration.

The deposition rate data for the period between 100
and 290 hours are plotted in Figure 6. Figure 6 combines
data from the passive sputter monitors, the solar cell cover
glasses, and a point value from the QCM. The data points
are in reasonably good agreement for this type of
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analysis.

The results of Figure 6 can be compared with
equivalent data for a 2-grid system. The deposition rates
for a 3-grid system, over the period from 100 to 290 hours,
are little different from those of a 2-grid system. The left-
right asymmetry present in the 2-grid data has disappeared,
as a result of more accurate thruster alignment, and there is
evidence of lower deposition from the 3-grid system at low
angles, but no significant change in deposition rate is
evident.

If the erosion rate and deposition over times greater
than 451 hours represents the true situation for a 3-grid
system, however, then in the absence of direct grid
impingement the rates are a factor of 4 lower than for a 2-
grid system. This is shown in Figure 7.

5. Evaluation of Xenon Sputter Erosion Data

Based upon the sputter deposition measurements
described above, the 414 hour test of the UK-10 thruster in
its 2-grid (screen and accel) configuration exhibited
unexpectedly high sputter deposition rates, with xenon as
propellant.  These did not correlate with the rates
anticipated by calculations of the effect of changing
propellant and thrust level using a theory developed by
Harbour’. Based upon_this theory, xenon operation at
25mN should cause sputter at a rate of three times that of
mercury at 10mN. Based upon analysis of the deposits on
passive sputter monitors the deposition rate caused by xenon
operation was between 60-120 times that found in mercury.

Part of the high sputter rates in xenon will be as a
result of operations at higher facility pressures than for
mercury, which is easier to pump as it condenses on
surfaces at liquid nitrogen temperature. These higher
pressures will lead to more charge exchange reactions taking
place, giving in turn more slow ions which can be attracted
to the negative accel grid. As a first check on the UK-10
xenon data, therefore, the test facility performance and
characteristics were compared to other cases.

The T4A ion thruster operating at 10mN in
mercury, during the second 1000 hour life test at Fulmer
(Stewart, 1975), operated at I, = 0.5mA, I, = 167mA and
a ratio of 0.3%. The TS thruster (in the UK-10 2-grid 500
hour xenon lifetest) operated at I = 3mA, I, = 457mA and
a ratio of 0.66%.

Table 4 gives a compilation of the ratios of accel
current to beam current achieved for operation with mercury
and xenon. It can be seen that the facility used to test the
UK-10 system is, compared to some other facilities, quite
efficient in eliminating facility effects. Hence, while the
ratio of accel to beam current in xenon is higher than in
mercury, the difference in the case of the UK-10 is only a
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Table 4 Accel to Beam Current Ratios Achieved during

Thruster Testing
Current Ratio (%)
Refi
i Mercury Xenon
Rawlin* 0.17 0.96
Kitamura et al® 0.82 - 0.34
Patterson & Verhey® 0.38 0.55
Monbheiser’ 0.51 1.58
091

Brophy et al* 038 - 2.1
Kitamura et al’ 0.39 - 0.27
Beattie & Matossian'® 0.2 0.31 - 0.63
T4A/T5 (UK-10) 03 0.66

factor of two and is not sufficient to account for the
discrepancy in sputter rate.

As a check upon the consistency of the data the
measured mass losses and accel currents can be used to
calculate molybdenum sputter rates, to verify that sputter
yield values used in previous calculations were valid. The
UK-10 sputter yield can be compared to those found in
other programmes as well. To be of use the reference must
contain self-consistent values of accel grid mass loss, accel
grid current, and beam operating time, together with accel
grid voltage to allow comparison of the calculated sputter
yield with standard data (Matsunami et al)"’. Surprisingly
few references have been identified which meet this
requirement.

A compilation of calculated sputter yields for
molybdenum grids with mercury propellant are shown in
Figure 8. The equivalent sputter yields for xenon propellant
are shown in Figure 9. The data show that operation with
mercury gives calculated sputter yields that are consistently
low compared to the standard yield curve, by a significant
factor. In contrast, operation with xenon gives calculated
yields that are in good agreement with standard values. It
would appear that some effect was present in the mercury
tests that caused a reduced sputter rate.

6. Sputter Reduction via Decel Grid Biasing

Brophy et al* have shown that the introduction of
a small negative bias on the decel grid can have a large
effect upon the sputter rate from an extraction system. This
bias reduces the sputter in two ways. First, it acts as a sink
for charge exchange ions which would normally impact on
the accel, but now hit the decel at a low energy. Second,
the negative decel voltage allows the accel voltage to be
decreased to lower values than possible with an earthed
decel before electron backstreaming takes place from the

beam.

Figure 10 shows the effect of a biased decel grid
on the UK-10 thruster at 25mN thrust level. Here the
sputter yield, assumed proportional to the sum of the accel
and decel values given by the product of the grid currents
and the sputter yield of xenon on molybdenum at energies
equal to the grid potentials, is plotted as a function of decel
voltage with accel voltage as a variable parameter.

A steady decrease with accel potential, as a result
of the decrease in the sputter yield of the incident ions, can
clearly be seen, whilst an optimum value of decel potential
of just under -50V results, due to the decreasing accel grid
current being displaced by increasing decel sputter erosion.

The results are summarised in Table 5. For
operation at 25mN the optimum extraction system potentials
appear to be an accel voltage of -250V and a decel voltage
of -50V. For 18mN operation the accel voltage may also be
set 0 -250V, or may be dropped to -225V since
backstreaming limits are lower in this case. The decel
voltage remains at -50V. It can be seen that the use of a
biased decel grid reduces the erosion rate found by
approximately a factor of two.

Table 5. Summary of Three-grid Erosion Data

Thrust | Accel Decel Total Sputter
(mN) | Voltage | Voltage Yield
™ %) (mA.atoms/ion)
25 -350 0 144
-250 -50 0.77
18 -350 0 0.97
-250 -50 0.47
-225 -50 0.40

7. Conclusions

Comparative 500 hour duration tests have been
carried out on the downstream metallic sputter deposition
from a UK-10 ion thruster fitted with both a 2-grid and a 3-
grid extraction system. Both time resolved measurements,
using a quartz crystal microbalance (QCM), and integrated
measurements, from analyses of passive sputter monitors,
were carried out.

Using a 2-grid (screen-accel) system operation in
mercury at 10mN thrust level had given downstream
deposition rates of molybdenum from the extraction grids
that were assessed to be compatible with many thousands of
hours of operation of a thruster powered from solar arrays.
Over time, metallic layers on the array surfaces decreased
the transmission and reduced the power produced from the



arrays.

With the 2-grid system operating in xenon at 25mN
it was found that deposition rates approximately a factor of
50 higher than those in mercury were measured.
Theoretical considerations suggest that xenon should have
a value of about three times higher, and facility pressure
effects (as a result of xenon being more difficult to pump
than mercury) should contribute a factor of two. This left a
discrepancy of about a factor of eight.

Comparison of the sputter yields of molybdenum
under mercury and xenon bombardment indicated that the
behaviour with mercury was anomalous. The sputter yield
appeared to be consistently low, by a factor of about four,
compared to that expected from standard sputter yield
curves. This resulted in reconciliation of the mercury and
xenon deposition rates to within a factor of two, which is
considered to be satisfactory for the type of experiment
carried out.

However, the high deposition rates found with
xenon (as only the pressure effect will not be present in
space) raise serious implications for thruster applications.
The erosion rate of the accel grid may now be the life-
limiting component of the thruster. In addition, the
deposition rate of metal upon solar arrays and other
spacecraft components may be too high to accept thruster
integration onto a spacecraft.

Initial data from a 3-grid (screen-accel-decel)
extraction system did not appear to indicate any significant
change in deposition rate. However, post-test examination
indicated that direct impingement of the decel grid by beam
ions was taking place, probably during the first few hundred
hours of operation.

The deposition rate reduced considerably in the
later stages of the 3-grid test. If it is assumed that this rate
is representative of true 3-grid behaviour, then downstream
deposition of a factor of 20 higher than that found in
mercury is present. Allowing for the corrections discussed
above (theory, facility pressure, sputter yield), then the
agreement between mercury and xenon is almost exact.

Nevertheless, the metallic deposition rates
measured with a 3-grid system operating in xenon were still
comparatively large. It was desirable to reduce the erosion
and deposition to lower values, and the effects of biasing
the third (decel) grid negative in order to collect charge
exchange ions at a low voltage, reduce the accel voltage,
and reduce accel erosion rates were investigated. The use
of a biased decel grid reduced the erosion rate found by
approximately a factor 2.
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Figure 6. Normalised molybdenum sputter rates during the  Figure 8. Calculated sputter yields from thruster tests with
period 100-290 hours mercury, compared to the standard yield curve
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Figure 9. Calculated sputter yields from thruster tests with
xenon, compared to the standard yield curve
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Figure 10. Erosion rate (sputter yield) at 25mN with a
biased decel grid
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