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ABSTRACT

The UK-25 is a 25-cm diameter
electron bombardment ion thruster with a
nominal thrust of 200 mN. Testing to date
has used xenon propellant, but the use of
krypton may be necessary in future. In large
divergent field thrusters, erosion of critical
components, particularly in the baffle region,
is a major concern, since previous life tests
on similar mercury and xenon thrusters have
shown severe damage under certain
operating conditions.

This paper compares previous baffle
erosion rate data, allowing for different
propellants, eroded materials, and operating
conditions, and suggests a correlation
between normalised erosion rates and the
square of the current density in the cathode
orifice. One explanation for the baffle erosion
is the production of high energy ions by the
hollow cathode. Ion energy measurements in
the UK-25 baffle region are presented, which
confirm that high energy ions are indeed
present. The fraction of the high energy
component increases strongly with discharge
current, while the addition of nitrogen to the
propellant does not affect the ion energy
distribution. Mechanisms which might be
responsible for ion acceleration are discussed,
and an MHD-type expansion mechanism is
suggested.

1. INTRODUCTION

The UK-25 is a 25 cm diameter ion
thruster being developed for primary and
auxiliary propulsion tasks requiring thrusts
of around 200 mN. It is a conventional
divergent field thruster, with testing to date
being carried out using xenon. The thruster
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is at engineering model status, though
fundamental work continues to ensure that
the design is capable of meeting stringent
mission requirements, in particular that of
long life time.

The demonstration of adequate life
time will be an essential part of a future
programme. As this will be relatively
expensive to carry out, it is only prudent at
this stage of development to devote a
reasonable effort to the modelling of wear-out
mechanisms and simple experiments, to
permit life time predictions. For projected
missions with a very high total impulse, the
limited availability of xenon may make
operation on other propellants, probably
krypton, either attractive or essential. While
the reduced efficiency of krypton is of some
concern, the effect on thruster erosion is
likely to be more important. Again, modelling
and simple experiment would seem a sensible
way to proceed.

In large divergent-field thrusters such
as the UK-25, however, erosion of critical
components, particularly in the baffle region,
is of particular concern. A considerable
quantity of data exists in the literature, both
from extensive tests on mercury, and more
recent tests using xenon, generally at higher
powers and using higher discharge currents.
An attempt to compare baffle erosion data
from different measurements was the
starting point for this study.

2. PREVIOUS EROSION
MEASUREMENTS IN LARGE
DIAMETER ION THRUSTERS

To estimate the erosion rates to be
expected in the UK-25, and their likely
dependence on operating parameters, a
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review of earlier measurements was carried
out. Many investigations are reported in the
literature, using different thrusters, cathodes,
propellants, and operating conditions, with
the erosion rate of different materials being
measured. Unfortunately, these differences
appear sufficient to lead to widely varying
conclusions on the severity of the erosion
problem.

The present discussion is confined to
baffle erosion, and much data relating to
erosion of other thruster components is
excluded here. To allow comparison of erosion
rates using different propellants and target
materials, data must first be normalised in
some way, since the results are highly
material dependent. The data were,
therefore, converted to an equivalent erosion
rate for xenon onto tantalum. Table 1 lists
the references and data used, the measured
erosion rates, and the normalised values. It
is not exhaustive, and other data exist which
could also be added.

To normalise the erosion rates, a
particular sputter model must be assumed.
Sputtering is highly relevant to a number of

areas of plasma physics and technology, and
various models exist. Considerable
experimental and theoretical work has been
done in support of nuclear fusion research,
with high bombarding energies in the range
10? to 10°® eV. Matsunami et al.® compiled a
comprehensive database in this energy
region, covering the sputter yields of
monatomic solids for over 250 ion-target
combinations. An empirical formula was
devised to fit all the experimental data.
Although giving a good fit at higher energies,
the fit is poorer for energies below 100 eV, in
its original form. This is partly due to a lack
of data, but more importantly, the
expressions for the sputtering threshold were
insufficiently accurate.

Bohdansky et al’” suggested an
analytical formula for sputtering at energies
below 2 keV, which took account of threshold
energies, and this Bohdansky model is widely
quoted and used. However, the processes
occurring in a thruster discharge chamber
are very close to threshold energies, and
accurate modelling near threshold is
essential. Further work was carried out by
Yamamura and Bohdansky®, which produced

Table 1. Baffle erosion data used or assumed in the comparison
TR R LS
Literature Reference Thruster/Test Baffle Cathode Erosion Erosion Current
(Propellant) Characteristics Mater- Diam Rate Rate Density
ial (mm) (pm/hr) (pm/hr) MA/
(Actual) (for Xe m?)
on Ta)
(1) Garner et al (1987) | Modified J-Series Mo Unknow 0.122 0.24 10.5
AJAA-87-1080 Ta n 0.038 0.038 10.5
| (Xenon) I,=875A;V,=32V w Assume 0.052 0.087 10.5
Steel d 0.398 0.135 10.5
0.76
(2) Rawlin (1988) Modified J-Series
AJAA-88-2912 I;=86A; V;=28V Fe 147 0.660 0.22 15.3
(Xenon) L=50A;L=10A Ta 0.90 to 0.9 0.90 40.9
V,=48,87V : 0.79
(3) Friedly and Wilbur | High current cathodes Cu 0.99 36 34 77.9
ATAA-90-2587 I,=60A
(Xenon)
(4) Garner et al (1990) | Modified J-Series
ATAA-90-2591 L=110A Ta 0.76 0.340 0.340 1654
(Xenon) I,=118A Ta 1.10 0.074 0.074 8.2
| L=20A;V,=32V
(5) Collett (1976) 10,000 Hour Test Steel 0.76 0.13 0.11 12.67
NASA CR-135193 L=876A;V,=37V
(Mercury) I =15-176 A




a fully analytical expression for near
threshold sputtering. Matsuno et al’, in a
follow-up to the previous report, have used
this improved analytical formulation to
improve the agreement of their empirical
expressions for low incident ion energy. This
approach, based as it is on both analytical
and experimental data, is thought to provide
the most valid sputter model available near
threshold, and has, therefore, been used here.
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Figures 1 and 2 show the Matsunami
model variation of sputter yield with energy
for mercury onto iron and xenon onto
tantalum. The yield for mercury onto
tantalum is significantly lower than for iron,
but the propellant change to xenon raises the
yield again. It is worth noting that any
improvement in erosion caused by the baffle
change from iron to tantalum would be
negated by the propellant change from
mercury to xenon, on the basis of this model.

To convert from one ion/target
combination to another strictly requires a
conversion factor which varies with energy.
However, for present purposes, sufficient
accuracy was provided by assuming no
energy variation. For reasons which will
become clear, the conversion value used was
taken at an ion energy of 60 eV.
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Attempts were then made to correlate the
erosion rates with cathode and discharge
parameters. The most significant correlation
was found to be that of erosion rate with the
square of the emission current density in the
cathode orifice. This is shown in Figure 3. It
was assumed that the cathode emission
current and discharge current were similar in
value. This squared current density
correlation suggests a possible erosion
mechanism which is explored further below.

3. BAFFLE EROSION MECHANISMS
AND HIGH ENERGY
ION PRODUCTION BY HOLLOW
CATHODES

The high erosion rates observed in a
number of experiments, and the sharp
increase with discharge current or discharge
current density cannot be explained by ion
bombardment from singly-charged ions with
energies produced by any steady-state
potential difference present in the thruster
discharge chamber. The presence of multiply-
charged ions has, in the past, been held to be
mainly responsible for discharge chamber
erosion, and this is certainly the case at high
discharge voltages, where high multiply-
charged ion fractions have been measured. In
view, however, of the strong dependence on
discharge current, and the position in the
thruster of some severely eroded components,
this is clearly not the only mechanism.

Friedly and Wilbur® suggested
production of high energy singly-charged ions
in a hollow cathode ’jet’, by some unknown
mechanism. They described a series of
measurements of the ion energy spectrum
downstream of a hollow cathode discharge,
taken in a cathode test rig. These
demonstrated the presence of significant
numbers of ions well in excess of either
keeper or anode potentials. The high-energy
ion component increased markedly with
discharge current.

4. ION ENERGY MEASUREMENTS IN
THE UK-25 BAFFLE REGION

Similar ion energy measurements to
those of Friedly and Wilbur have since been
carried out at Culham Laboratory, using the
UK-25 ion thruster (running discharge only)
rather than a cathode test rig. The cathode
was of conventional design, consisting of a
molybdenum tube, with a 1.5 mm diameter
tungsten tip, which incorporated a cylindrical
insert made of porous tungsten impregnated
with barium. The diameter of the cathode
orifice was 0.6 mm chamfered to 0.8 mm.
This was a relatively small orifice size, and
discharge currents were, therefore, limited to
10 A, to avoid orifice erosion during the tests.

18E-3 Current C(A) versus Voltage <UD
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Example of a typical RPA
trace before processing.

Figure 4.



The measurements were made at the
centre of. the tantalum baffle, 55 mm
downstream of the cathode, by drilling a 6
mm diameter hole in the centre of the
tantalum baffle and fitting a compact
retarding potential analyser (RPA) on its
downstream side. The tripod which supports
the baffle was modified so that it did not
interfere with the RPA line-of-sight to the
keeper and cathode. There were no
indications that the presence of the RPA
affected the behaviour of the discharge. The
RPA collector was swept with a retarding
potential from -10 V to 70 V. The single
electron suppression grid was biased at a
potential of -25 V to -50 V.

Ion energy measurements were first
made for the simple case of a keeper
discharge only. Figure 4 shows a typical RPA
trace for a cathode flow of 0.86 A equivalent

Population density (A/sq.n.eV) versus Energy C(eV)

Q. = 0.86 A
Id-OA
Vg=0V

IL=10A
V=22V

The data of Figure 4 after
differentiation and smoothing
to obtain the energy
spectrum.
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(12 scem) of xenon, a keeper voltage of 22 V
and a keeper current of 1.0 A.

Traces were recorded on a digital
oscilloscope and transferred to computer for
analysis, which involved simple numerical
differentiation and smoothing, to obtain an
ion energy spectrum. Figure 5 shows the
processed RPA spectrum. A well defined ion
energy peak is seen centred around 14 V, at
an energy less than the keeper potential, but
with ions at least up to this potential. A
similar effect was seen on lowering the
cathode flow rate at fixed keeper current,
leading to a voltage rise and a spreading in
the spectrum. This is shown in Figures 6 and
7, for keeper currents of 1.0 A and flow rates
of 0.29 A and 0.07 A equivalent respectively.

Populatinn density (A/eq.n.e!') varsus Enargy ‘&'
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"

The baffle energy spectrum
at a flow rate of 0.3 A
equivalent for a keeper
discharge only.

Figure 6.
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On increasing the keeper currents to
1.0 and 2.0 A at fixed flow rate, the keeper
voltage rose, giving much broader energy
spectra, with peak values below keeper At
the lower flow rates there are indications of
a more complex structure, and significant
numbers of ions of energy in excess of keeper
potential.

The central baffle ion energy cathode
distribution changed when the discharge
supply was operated. Figure 8 shows the

spectrum on extracting a 2 A discharge -

current, at a discharge voltage of 30 V. The
total propellant flow was 2 A equivalent, split
in the ratio 70:30 between the main and
propellant feeds. The keeper potential
dropped to 16.5 V, roughly equal to the peak
in the spectrum. Small but significant
numbers of ions are seen to have energies in
the range 40-50 eV.

Population density (A/sq.n.eV) versus Energy (eV)
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The baffle energy spectrum
at a flow rate of 0.07 A
equivalent for a keeper
discharge only.

On increasing the discharge current
to 10 A, at the same flow and discharge
voltage, the spectrum of Figure 9 was
measured, showing a complex structure, with
multiple peaks including a large one at 40
eV. If a beam were extracted, these discharge
conditions would give a beam current of
roughly 1.7 A, corresponding to a thrust of
around 120 mN. Whilst being lower than the
design thrust of 200 mN, the results are,
therefore, relevant to normal operating
conditions.

The effect of operating at a lower
total flow rate of 1 A equivalent is shown in
Figures 10 to 12 for roughly fixed discharge
voltage. As the discharge current is increased

Population density (A/sq.m.eV) versus Enargy (el)

Qit =2 A equ.
I;j=2A
L=05A
V=17V

The baffle energy spectrum,
at a flow rate of 2 A
equivalent, for a discharge
current of 2 A.
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The baffle energy spectrum
at a flow rate of 2 A
equivalent, for a discharge
current of 10 A.

Figure 9.

from 2 A to 5 A and 10 A, although the
keeper voltage falls, the increase in the high
energy component is dramatic. This obviously
has serious consequences for baffle erosion,
assuming that similar behaviour is seen
when extracting beam current.

While these measurements were
limited to one cathode orifice configuration
and one axial position, they do confirm other
observations of high energy ion production in
hollow cathode and thruster discharges, at
energies well above keeper or discharge
potentials. The strong influence of discharge
current is confirmed, and a lesser, though
more complex, dependence on flow rate is
indicated.
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Population density (A/sa.m.eV) versus Energy (e¥)
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ld-zA
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I,=05A
V=19V

Figure 10. The baffle energy spectrum

at a flow rate of 1 A
equivalent, for a discharge
current of 2 A.

It is well known that the presence of
relatively small quantities of nitrogen can
lead to substantial reductions in erosion rates
of discharge chamber components. This effect
has recently been quantified by Garner et
al.!, who demonstrated reductions in erosion
by a factor of 8 to 50 when nitrogen fractions
of 0.5 to 2.0 percent of the total flow were
added to the xenon flow. The assumption is
that the nitrogen acts by forming erosion
resistant nitride coatings on the surfaces of
discharge chamber components. An
alternative explanation might be that small
quantities of nitrogen added to the cathode
could suppress the formation of high energy
ions. With this in mind, nitrogen was added
to the cathode flow to values of
approximately 1, 2, and 10 percent of the
flow (measured in scem).
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Population density C(A/sq.a.el) versus Ensrgy (V)

Qs =1 Aequ.

The baffle energy spectrum
at a flow rate of 1 A
equivalent, for a discharge
current of 5 A.

. The ion energy spectra were re-
measured for a wide range of discharge
conditions. The addition of nitrogen was
found to have no measurable effect on the ion
energy distribution, compared with the pure
xenon results.

5. POSSIBLE MECHANISMS FOR
PRODUCTION OF HIGH ENERGY
IONS

No complete or convincing mechanism
for the generation of high energy ions has yet
been proposed. Some qualitative ideas have
been suggested, but none allows anything but
order-of-magnitude calculations to be made.
Friedly and Wilbur® and others have
suggested the formation of a positive
potential region in excess of keeper potentials
close to the hollow cathode. This positive
potential hill can occur when high

Population density (A/sq.m.el) versus Energy (al)
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The baffle energy spectrum
at a flow rate of 1 A
equivalent, for a discharge
current of 2 A.

energy electrons are injected into a neutral
gas leading to high ionisation rates. If it is
assumed that primary and secondary
electrons have sufficient energy to escape
rapidly from the ionisation region, and there
is no other electron trapping mechanism,
then a positive space-charge would build up.
Friedly and Wilbur estimated from their
measurements that such a region would have
to be within 4 mm of their cathode.

Electric field fluctuations or plasma
oscillations provide another possible
mechanism for generating high energy ions.
Under normal cathode operating conditions,
however, past measurements have found that
the associated amplitudes over a wide
frequency band are small compared with DC
voltage levels. Thermal processes could only
give rise to energies orders of magnitude
below those observed and are, therefore,
excluded.




A further mechanism is suggested by
the realisation that the current densities and
density gradients around the orifice of a
hollow cathode are relatively large. The plot
of erosion against current density squared
also suggests a MHD (magneto-
hydrodynamic) effect might play some part in
the acceleration process. In the region of the
orifice discharge, if the current density is
high enough to produce a pinching effect, the
plasma is accelerated according to the
equation:

dv. - (1
— = jxB -V,
ndt J 14

n = total density (kg/m™®)
v = flow velocity

j = current density

B = magnetic flux density
p = plasma pressure

where

Following Ecker'®, an order-of-
magnitude estimate for the flow velocity is
obtained as follows:

@

5 &£

i = emission current
u, = permeability

where

For a typical discharge current of 20
A and a cathode orifice diameter of 0.75 mm,
the current density is 4 x 10’ A/m® and the
flux density is of the order of 0.01 T. To
generate ions of 60 eV energy requires a
velocity of 10* ms’. Substituting into
equation (2) gives a density of 1.6 x 10°
kg/m®. For xenon, assuming a temperature of
20,000K, the pressure would be 2 Pa (0.015
torr).

While the above estimate is very
crude, expansion from a few tens of torr in
the cathode to a few tens of a millitorr
immediately downstream of the cathode
orifice does not seem unreasonable. The
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change in the mean free path in the orifice
region is not known, but is seems probable
that there is an abrupt change from the
collisional to the free-molecular flow regime.
It is not possible at present to gain more
than an suggestion of a mechanism from the
above argument. The appearance of the
squared dependence on current density, as
seen in the erosion data, is interesting. If this
proves correct, a widening of the cathode
orifice may be sufficient to reduce erosion
substantially. There is clearly scope for a full
and proper analysis, even though two flow
regimes are involved near the cathode orifice,
and additional experimental work should be
possible. Indeed, some relevant experimental
evidence for ion acceleration may already
exist in the related area of jet formation in
metal electrode discharges.

6. HIGH VELOCITY JET FORMATION
IN ELECTRODE DISCHARGES

In passing a current between
separated electrodes (for example during
operation of a switch) melting, metal
displacement, and erosion can be caused by a
current pinch and the consequent high power
density. These processes have been studied in
order to understand and limit erosion in a
range of devices including arcjets and MPD
thrusters. Metal vapour jet formation (which
includes multiply charged metal ions as well
as neutrals) has been studied to understand
their formation, and to estimate their
velocities and temperatures. Jet velocities
have been measured by both high speed
photographic and photo-electric spectroscopic
means, under widely differing conditions.

Cundall and Craggs'' measured axial
velocities of cathode and anode jets in 3.5 x
10® s discharges with rectangular current
pulses of between 200 and 600 A. The
electrode configuration consisted of two rods
with 60 degree cone angles spaced 7 mm
apart. The velocities were measured by
timing the arrival of electrode vapour at the
opposite electrode. Some of the results are
given in Table 2. It was concluded that anode
jets travel faster than cathode jets and that
the jet velocities are greater for elements of
lower relative atomic mass.
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Table 2 Vapour jet velocities measured during electrode discharges (Cundall and Craggs)
Cathode Material Anode Material Cathode Jet Anode Jet
: Velocity (m/s) Velocity (m/s)
Mg Mg 1.7 x 10° 4.0x10° |
Mg w 1.7 x 10° 42x10°
Il Zn Zn 1.3x10° -
“ Zn w 1.0 x 10° 2.0 x 10°
cd w 1.0 x 10° 12x10°
Schoenbach™ wused the MHD 7. CONCLUSIONS

mechanism to model anode jet formation in
the case of transient discharges. Figure 13
compares his calculated jet velocities, with
experimental values, measured as a function
of the mean current. The values are in
reasonable agreement both with each other
and with other data such as that of Cundall
and Craggs. The velocities are approaching
the ion velocities observed downstream of
hollow cathodes, and a common acceleration
mechanism again suggests itself as a
possibility.
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for various materials, in
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A number of previous measurements
of ion thruster baffle erosion have been
reviewed. In order to compare measured
erosion rates, the data were normalised using
a sputter model. A correlation was found
between normalised erosion rate and the
square of the discharge current density, for
erosion data covering two orders of
magnitude.

Measurements have been made on
the UK-25 of the ion energy spectrum at the
centre of the baffle, directly downstream of
the cathode. These measurements confirm
that significant numbers of high energy ions
are produced with energies well in excess of
any DC potentials present in the discharge
chamber. The high energy ion component
increases rapidly with increasing discharge
current. The addition of nitrogen to the
xenon propellant does not alter the ion
energy distribution. It seems very plausible
that high energy ions are responsible for
severe baffle erosion seen in some thruster
tests.

In view of the high current densities
in the cathode orifice, and the sharp increase
in the high energy population with discharge
current, an MHD-type plasma acceleration on
expansion through the cathode orifice is
proposed. While the evidence for this
mechanism is limited at present, and other
mechanisms are probably also operating,
there is scope for modelling and further
experimental work.
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