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ABSTRACT
With a demonstrated thrust range of 0.2 to 70 mN,
the standard beam extraction system of the T5 (UK-IO)
ion thruster is clearly very effective.
It has also been
shown, by a combination of experiment and theory, to
have the potential for long life. This paper describes
how this system has evolved as the thruster has been
developed, then covers in more detail the design,
production and test of the “optimised” grid system.
These grids, which were introduced
primarily
to
enhance further the available lifetime, resulted from of
a combination
of improvements to manufacturing
and
assembly
techniques,
together
with computational
studies of a novel way of accommodating
a peaked
plasma density profile in the discharge chamber.
INTRODUCTION
comprehensive
development
Following
a
programme,
the UK- 10 ion propulsion
system’ is
currently being qualified for use on the European Space
Agency’s ARTEMIS data relay satellite2.
This very
successful development commenced at the time when
mercury was a favoured propellant3, although only
xenon is now used. The UK- 10 system is based upon
the T5 Kaufman-type
ion thruster, which provides both
high performance and long life. This paper concerns
the ion extraction grid system fitted to this device,
which determines many of the features of importance to
the spacecraft designer5, such as beam divergence and
thrust vector stability.
The aim of the paper is to review the development
process leading to the current “optimised” grid system
0 British Crown Copyright 1997/DERA. Published by
the Electric Rocket Propulsion
Society with the
permission of the Controller of her Britannic Majesty’s
Stationery Office.

design, and to provide a summary of its performance
characteristics.
In this it should be noted that the
Kaufman thruster, shown schematically in Fig 1, has a
distinct advantage in that the internal and external
physical processes can, to first order, be dealt with
separately.
This principle can be applied to the four
indicated plasma regions, and to the ion extraction and
acceleration process.
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Figure 1

Schematic diagram of a Kau$nan-type ion
thruster, showing plasma regions.

This development commenced with a twin-grid ion
extraction system3’4 which included concave dishing to
promote thermal stability;
this latter feature has been
maintained throughout the programme.
A decel grid
was added later, following long duration cyclic testing,
to reduce the rate of sputtering by charge-exchange
ions. The most recent changes resulted from an indepth review of these erosion processes and of methods
of extending lifetime.
The success of the standard grid design, used up to
very recently, can be gau ed from the fact that it
t&
provides a throttling range ’ of 0.2 to 70 mN with no
mechanical
changes
whatsoever.
Only voltages,
currents and xenon flow rated are altered to cover this
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range. This intrinsic flexibility has been retained in the
optimised design, although the throttling range is lower,
owing to the use of a thicker accelerator (accel) grid
with smaller diameter holes.
As part of the process of investigating the long term
reliability of the standard grid system, a computational
analysis of its lifetime was performed8,9, the results of
which were validated by experiment.
A major
conclusion was that this design had inadequate lifetime
for many missions of interest, due to accel grid erosion.
As a consequence, a further study’.” was undertaken of
a new concept involving changes to all three grids, with
the objective of improving durability. Computational
simulation indicated that a 30% to 40% enhancement of
lifetime could be obtained. This optimised design
subsequently became the baseline for the ARTEMIS
mission.
During the review of the standard grid system, it
was established that the manufacturing and assembly
accuracy was inadequate for very long life and a short
“running-in” period, during which some direct ion
impingement occurs within the apertures. In addition,
an important aspect of the optimised design was the
very close proximity of the individual beamlets to the
accel grid apertures. Considerable effort was therefore
devoted to improving manufacturing tolerances and
grid alignment procedures. This enhanced accuracy by
about an order of magnitude, allowing the optimised
design to be realised in practice. A comprehensive test
programme of this system confirmed that it operates as
predicted at and above its design thrust of 18 mN.
THE T5 (UK-lo) ION THRUSTER
As mentioned above, the T5 thruster’* is a
conventional Kaufman-type device, having a primary
role of north-south station-keeping of geostationary
communications satellites’. Some interest has also been
expressed in using it for drag compensation in low
altitude scientific and remote sensing missions. The
thruster incorporates several features providing
operational flexibility, excellent stability, and a narrow
beam divergence. These are a variable magnetic field,
three independently controlled xenon flows, and
inwardly dished ion extraction grids. It is the variable
magnetic field, controlled by the current through the
solenoids ( Fig l), and the adjustable flow rates which
permit a very large throttling range to be achieved.
From the point of view of the satellite designer,
there are a number of adverse thruster-spacecraft
interactions to be considered5. Those relevant to the

grid system of the thruster are the divergence of the ion
beam, the deposition of sputtered material upon
spacecraft surfaces, and thrust vector direction and
stability. All have been addressed in the design of the
T5 thruster grid system and have been shown to be
acceptable in appropriate experimental measurements.
Although the divergence of the ion beam from a
Kaufman-type thruster is comparatively narrow, much
effort was expended to ensure that this parameter is as
small as possible, while avoiding direct ion beam
impingement within the grid system. Following this
work, the divergence, defined as the half-angle
containing 95% of the current, is typically in the range
11 to 15 deg, although it variesI with grid potentials
and propellant utilisation efficiency. As a consequence,
damage to spacecraft components located beyond about
20 deg to the thruster axis will not occur
In an ion thruster, the main source of solar array
contamination is the material sputtered from the grid
system by charge-exchange ions4,r4. The rate of
production of this material, which is molybdenum in the
case of the T5 thruster, depends on the beam current,
the propellant utilisation efficiency, and the grid
potentials and geometry. These factors, plus the plasma
density profile in the discharge chamber, determine the
spatial distribution of the sputtered molybdenum. The
temporal distribution depends on the precision of the
manufacture and alignment of the grids, which affect
strongly any direct ion beam impingement. It is also
infhrenced by the way in which erosion changes the
profiles of the grid holes; this has been investigated by
modelling techniques’. These various features have
been extensively studied using both experimental and
theoretical approaches. Reasonably good agreement
has been achieved, and it has been established that
deposition effects should be acceptable for a wide
variety of vulnerable spacecraft’5.
The basic design of the grid system ensures that
dimensional stability is retained, no matter what
operating parameters are chosen. This is a result of the
concave dishing and the mounting arrangements for the
individual grids. These employ six identical compliant
strips which permit radial expansion, yet strongly resist
translational or azimuthal movement. Measurements of
the thrust vector direction and stability”“6 have
confirmed the success of this approach. The thrust
vector is within 1 deg of the axis of the thruster, despite
the lack special precautions to ensure that the grids are
perpendicular to this axis, and the vector is stable to
better than 0.01 deg.
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GRID SYSTEM DESIGN

During the development of the T5 ion thruster the
overall dimensions of the grid system have remained
unchanged and the inward dishing and mounting
technique have not been altered in any way. Apart from
the decision to adopt the triple-grid configuration, the
most important modifications to the geometry over time
have concerned hole diameters and the degree of
compensation. This parameter is the displacement of
the holes in the accel and decel grids relative to those in
Its purpose is minimise the beam
the screen.
divergence by electrostatic vectoring, consistent with
the avoidance of direct impingement.
The original design, of twin-grid configuration, was
tested extensively with mercury propellant and was
found to give excellent results3. In particular, as shown
in Fig 2, the divergence $ was 17 deg in the
uncompensated case, but this was reduced to less than 8
deg with 1% compensation. However, there was then
some direct impingement on the accel grid, so a value
of 0.5% was adopted for all future work.
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a screen grid open area ratio of 81%. Circular holes
with compensations of 0.5% and 1.0% were examined
in the two main tests, each of which exceeded 1000 hr.
It was found that the very high performance of the
hexagonal holes was accompanied by unacceptable
direct ion beam impingement . Of the two values of
compensation tried, the higher suffered from direct
impingement, so it was decided to adopt circular grid
holes and a compensation of 0.5%; these features have
never subsequently been changed.
The measured
deposition rates were very small, indicating that there
would be no problem with solar array degradation. In
addition, it was predicted that grid lifetime would
exceed considerably the required 15,000 hr.
After the decision to use xenon propellant, two
cyclic 500 hr tests were undertaken to compare the
merits of twin and triple-grid systems’*.
These
confirmed that the latter provides a superior lifetimei
and produces less sputtered material. Measurements
were made of this material using passive detectors
similar to those employed previously, but calibrated
solar cells and a quartz crystal microbalance were also
utilised to obtain temporal data. The latter diagnostics
indicated that the “running-in” period of the grids was
excessively long and that direct impingement was a
significant problem. The decision to improve the grid
manufacturing and assembly processes resulted from
these observations.
Inspection of the of the grids following these tests
established that there was no possibility of the twin-grid
system meeting the ARTEMIS lifetime specification”.
Estimates of the lifetime of the triple-grid system varied
according to the assumptions made, but it was clear that
compliance with the specification was marginal. These
results led immediately to the close re-examination of
the design and, subsequently, to the optimised
configuration discussed below.

[cm)

ion beam profiles with twin-grid system,
showing the eflects of compensation.

Measurements were made of the sputter deposition
rates from the twin-grid version of the engineering
model thruster, designated T4A, using a passive
detection technique”. To do this, collimated detector
surfaces were placed at a variety of angles to the ion
beam and the materials deposited on them were
measured after appropriate running times at 10 mN
thrust. The test programme ” included 2295 hr of
operation, during which several grid system designs
were assessed, including one with hexagonal holes and

CALCULATION OF GRID LIFETIME
The analysis and optimisation of the T5 grid design
was based on the use of a computer program,
SAPPHZRE9, developed originally to simulate ion beam
optics and spacecraft-plasma interactions.
More
recently, the code’s capabilities have been extensively
enhanced through work performed for the ARTEMIS
programme. It can now simulate the extraction of a
multiple-species ion beam by a multiple grid
arrangement and determine both the beam and the grid
impingement currents. It is also capable of simulating
the charge-exchange process in detail.
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Besides determining the grid currents, the code will
also calculate the energy and angular distribution of the
ions and fast neutrals hitting the grids. From these
distributions the erosion rate of the grid surface may be
determined. These erosion rates may then be used to
calculate the lifetime of the grid system for a given
thrust level, as described below. Fig 3, which shows
the results of a typical simulation using SAPPHIRE,
depicts the primary ion distribution at the end of a
simulation for a single aperture of the standard triplegrid system. The interaction of the primary beam with
the background neutral xenon yields charge-exchange
ions, some of which strike the accel and decel grids
Typical charge-exchange ion
leading to erosion.
trajectories are shown in Fig 4, with those impacting the
accel grid clearly evident.
Charge-exchange and primary ions that hit the accel
and decel grids lead to grid currents that can be
measured experimentally. Fig 5 shows a comparison
between
experimentally
and
computationally
determined accel grid currents as functions of
background pressure. The computational results were
obtained by performing a series of simulations, similar
to those illustrated in Figs 3 and 4, at different positions
across the diameter of the grid and then summing the
individual contributions to obtain the total current. This
is necessary because the discharge chamber plasma
density, which is an initial condition of the simulations,
varies with diameter. The good agreement between the
two sets of results provides substantial validation of the
code’s capability.
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Figure 3
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A typical primary ion distribution for a
single aperture of the triple-grid system.
The figure represents an axial crosssection through the aperture.

In order to determine the lifetime of a given grid
system it was necessary to perform a series of
simulations to track the change in the grid geometry
with time. This was done by first calculating the grid
erosion rates at the start of life and then changing the
geometry to reflect the influence that this erosion would
have over a given period of time. By repeating the
process the evolution of the grid geometry with time
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was determined and the eventual lifetime found.

Charge-exchange ion trajectories for a
single aperture of the grid system.

Figure 4
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Comparison of calculated and measured
accel grid currents.

The results of these simulations showed, in virtually
all cases, that the main area of erosion was the inside of
the accel grid holes. Thus, with time, the accel grid
holes gradually enlarge. Initially, it was believed that
the end of life would occur when the accel holes had
enlarged to such an extent that neighbouring holes
joined. However, in practice it appears that the lifelimiting factor may be the onset of electron backstreaming which occurs when the region ofnegative

Figure 6

The calculated geometry of a single grid
aperture after 4800 hours operation.
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potential near the accel grid disappears. This negative
region is dependent on the accel grid hole diameter. As
an example, Fig 6 shows the geometry of the standard
grid configuration, but including a thin decel grid, after
4800 hours of operation. From this it can be seen that
the accel grid, and to some extent the decel grid, have
been considerably eroded, in qualitative agreement with
experiment”.
GRID OPTIMISATION
A series of calculations was performed for a variant
of the standard grid configuration, similar to that used
for much of the development of the T5 thruster, but
with the accel voltage and thickness modified in order
to reduce erosion. Table 1 summarises the geometry
and voltages and Table 2 the calculated lifetimes, as
determined both by the onset of electron backAs mentioned
streaming and mechanical failure.
previously, this lifetime was inadequate for the type of
mission now being considered. As a consequence, a
further analysis was undertaken with the objective of
It was found that the best
improving durability.
method, short of changing the grid material or altering
the operation of the thruster, was to reduce the diameter
of the accel grid apertures. This increased the amount
of material present, giving greater lifetime.
c
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I
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centre of the grid as a direct consequence of the peaked
plasma density distribution. To overcome this, the
screen hole diameters were progressively reduced
towards the centre of the grid, thus reducing the
magnitude and diameter of the beamlets near the centre.
Fig 7 shows the calculated beamlet current as a function
of grid radius for both the original and the optimised
designs and it is clear that the current profile has been
‘flattened’. This allowed the diameter of the accel grid
apertures to be reduced from 1.75 mm to 1.45 mm
without significant direct impingement.
TABLE 1
The geometry and voltages of the standard grid system.
Number of Apertures
Beam Voltage
- (V)

1547
I

1177

Accel Grid Voltage (V)

-250

Decel Grid Voltage (V)

-50

Screen Grid Thickness (mm)
1 Accel Grid Thickness (mm)

0.25
1

1 Decel Grid Thickness (mm)

1.0~

1

0.25

In the practical design, four zones of differing
screen grid hole diameters were used for ease of
manufacture.
With this concept, the lifetime
calculations were repeated and the results are
summarised in Table 2. Again, electron back-streaming
was found to be the life-limiting factor, with accel grid
failure occurring somewhat later. It is clear, however,
that the lifetime of the optimised grid was improved
substantially. This is now sufficient for the ARTEMIS
mission’, at 18 mN thrust.
TABLE 2
Calculated lifetimes for the standard and optimised grid
systems at 85% propellant utilisation efficiency.

l-4

tr

1

0

l

Dptimirrd

grids

I

I

I

2
GRID

Figure 7

I
I

3
RADIUS

I
I
4

I
I
5

lcml

The variation of aperture beamlet current
with grid radius for the standard and
optimised grid designs.

An immediate problem was experienced with this
approach, however, in that a reduction in hole diameter
led to direct impingement by ion beamlets near the

GRID MANUFACTURE
The manufacturing procedure”
employed to
produce the original grid sets evolved in parallel with
the development of the thruster3.
Following a

IEPC-97-138

comparison of several techniques, including mechanical
drilling and chemical etching, the spark erosion process
was selected as the best compromise. This provided
good accuracy, excellent reproducibility, minimum
wastage and moderate cost. Owing to its good sputter
resistance, cross-rolled molybdenum was selected as the
preferred material.
The dishing of the grids results from pressing all
three grid blanks, before perforation, between spherical
tools, then heat treating them in a vacuum furnace at a
temperature of about 800°C. Following this process,
the mounting tabs are bent to shape, and the edges of
the accel grid are bent perpendicular to the plane of the
grid. The latter operation was found to be necessary to
prevent the generation of unwanted vibration modes.
The perforation of each grid employs a carbon spark
erosion tool, consisting of a circular disc drilled with a
hole pattern of one third of the density of the finished
product. Centreless-ground cylindrical carbon pins are
inserted into these holes and a single pass in the erosion
machine then gives one third of the holes required.
Initially, the pass goes straight through the blank. Then
either the tool or the grid is rotated eccentrically to
enlarge the holes to the correct diameter. The tool is
then moved, and a second set of holes is made. In the
same way, the third and final set of apertures is formed.
A different tool is used for each grid, since the hole
patterns are slightly different. Because the hole sizes
vary in four radial zones for the screen grid of the
optimised set, a special tool with four pin sizes is used.
Several sets of grids can be manufactured with one set
of tools, while maintaining the same high degree of
accuracy. This is therefore a very economic way of
producing these important components
Accuracy
As already mentioned, the original grids suffered
from significant mechanical imperfections, which
resulted in long running-in periods. An examination by
eye indicated that there were three main sources of
these errors, which were:
Distortions introduced during dishing.
Inaccuracies in the locations of individual holes
within the grids, due to tooling errors.
Essentially unaided assembly.
l

l

l

This assessment led to an in-depth examination of
all aspects of grid design, manufacture and assembly,
with the aim of improving the accuracy of each
component and operation to the 5 to 10 pm level

Improvements were made to the detailed design of most
of the individual parts, and to the press and spark
erosion tools. Changes were introduced to the assembly
methods, and new tools were designed and constructed
to aid in this. The overall accuracy achieved in the
carbon tools is now of the order of rtl0 to 15 pm. The
diameters of the pins are accurate to the 1 pm level.
Grid assembly now involves the measurement of all
hole positions along the x and y axes using a very
accurate microscope, with final alignment following a
statistical best-fit analysis of the results obtained. The
overall positional accuracy achieved in the final
assembly is about &25 urn.
EXPERIMENTAL

RESULTS

Diagnostic tests of the optimised grids were
conducted at Aerospace Corporation in Los Angeles, to
take advantage of the beam diagnostic equipment and
expertise available there”. A standard T5 thruster was
employed for this purpose. It was clear from the outset
that residual imperfections remained of significance.
Direct impingement of the ion beam on the accel and
decel grids prevented the desired performance from
being obtained immediately, and a relatively slow ramp
up to the 18 mN level taking about three hours was
necessary. A further one to two hours was needed to
reach 24-25 mN. This was probably due to the
closeness of the beamlets to the cylindrical walls of
their individual apertures, which is a feature of the
optimised grid configuration. A small amount of ion
beam machining was needed to eliminate this direct
impingement, and this took a few hours to achieve.
Once smooth operation had been achieved after
about 10 hours, an additional 50 hours was used for
extensive diagnostic measurements and to assess
whether any further ion beam machining was occurring.
The latter aim was achieved by examining trends in
accel and decel grid currents, I,, and Z,,,., respectively.
It was found that after a total operating time of nearly
40 hours both grid currents had fully stabilised, with
average values I,, = 1.37 mA and Idcc =0.50 mA at a
thrust of 18 mN and a propellant utilisation efficiency
of 80%. These currents were broadly comparable to
those measured previously for well-worn grids of the
original design, although 1,, was slightly higher and Zdc,
lower in the present case. They agreed well with the
calculated values (Fig 5).
A typical plot of beam current density as a function
of angle to the thruster axis is shown in Fig 8. This
curve is for 18 mN operation and illustrates the
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complete symmetry of the beam, suggesting that the
grids were performing exactly as expected. The slight
offset between the centre of the beam and the zero
degree axis was due to an error in the alignment of the
The calculated beam divergence
probe system.
corresponding to this plot was 12.1”, which was typical
of the values obtained previously with the original grid
design12. The corresponding correction factor for the
thrust was 98.9%.
In previous work2’, the thrust vector had been
shown to change by about 0.1” during warm-up and
when throttling over a wide range. Whilst under
conditions of steady-state operation its stability was
found to be better than rt 0.02”. The optimised grid set
provided an enhanced performance, probably due to the
improved manufacturing and assembly processes,
which ensured that symmetry was retained more
precisely under changing thermal conditions. It was
particularly impressive that the vector stability under
steady state conditions was improved to give a root
mean square value of + 0.003”.
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CONCLUSIONS
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impingement had ceased and that the rate of erosion had
stabilised at a value determined by charge-exchange
processes. The actual deposition rate, corrected to 50
cm distance, was 1.9 x10-” g/cm2/s. This was slightly
lower than values found in earlier work, using the
original grid set design, once direct impingement had
ceased”.
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angle at a distance of I18 cm and I8 mN.

Fig 9 shows the thrust vectorsI in the two
perpendicular axes during a period when two
interruptions occurred in the operation of the thruster,
the beam being extinguished for between one and two
minutes on each occasion, giving significant thermal
changes. These are identified by transients in the output
of the processing electronics connected to the system of
Langmuir probes employed. The influence on thrust
vector was far less than the previously measured O.l”,
of the revised
confirming
the effectiveness
manufacturing and assembly procedures.
Initially the rate of deposition of sputtered material
rose quite rapidly, indicating a degree of direct ion
impingement.
By the time the thruster had been
operated for about 40 hours, however, the deposition
rate had become constant, confirming that direct

This paper has described the evolution of the design
of the extraction grid system used on the T5 ion thruster
to achieve improved reliability and extended lifetime.
The starting point for the most recent work was a triplegrid system manufactured with reasonable engineering
tolerances and assembled “by eye”. Although it
performed well, there were problems with direct ion
beam impingement during the first 500 to 1000 hours of
operation and lifetime predictions were marginal for the
ARTEMIS mission.
A computational modelling exercise indicated that
improved lifetime could be achieved by adopting a
somewhat different configuration, employing a thicker
accel grid with smaller holes. A major step forward
was the realisation that the beamlet currents could be
adjusted to match the variation in the discharge plasma
density profile by changing screen grid hole size with
radius.
This led to an optimised design with a
substantially improved predicted lifetime. In parallel,
the manufacturing and assembly procedures were
closely examined, and methods were introduced to
reduce individual tolerances to the order of 5 to 10 urn.
An overall accuracy of about 25 urn was thereby
achieved.
Test results showed that the objectives were fully
realised. The thruster operated as expected, and the
“running-in” period was reduced from hundreds of
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hours to less than 50. The beam shape and divergence
were as before, but the thrust vector stability was
considerably improved. There was a small reduction in
the rate of deposition of sputtered material. It can
therefore be concluded that this exercise has very
successfully produced a grid design fully capable of
lifetime
and
operational
meeting
demanding
It represents an ideal
environmental specifications.
interaction between computational analysis and
experimental verification.
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