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Abstract

The UK-25 is a 25cm aperture, electron
bombardment, Kaufman type ion thruster. The
plasma in an operating thruster can be split into
three regions (or four, if the cathode internal
plasma is included). These regions are termed
‘the coupling plasma’' (immediately downstream
of the cathode), 'the discharge plasma' (between
the coupling plasma and the extraction grids) and
‘the beam plasma' (downstream of the extraction
grids). For efficient thruster operation a discharge
plasma of favourable properties must be
presented to the extraction grids. lonisation in the
discharge chamber is controlled by a population
of primary electrons that have been accelerated
into the discharge plasma across a potential
difference between the coupling and discharge
plasma regions. Increased understanding of this
critical area could lead to efficiency
enhancements and facilitate future design and
scaling efforts.

The plasma properties around this interface area
(called the Baffle Aperture region) have been

investigated using Langmuir probes, for thruster
operation on Xenon propellant. The effects of
varying mass flow rate, applied magnetic field
strength and discharge current are shown and
detailed plasma potential and electron number
density maps are presented for some operating
conditions. Results suggest that the potential
difference around this area is dependent on the
first ionisation potential of the propellant species
and is critically dependent upon the cathode
operating conditions.

1. Introduction

The UK-25 thruster belongs to a series of UK,
Kaufman type thrusters, of varying sizes and
mission roles. The generic design of the thruster
is shown in figure 1 below. Propellant is
introduced into the thruster via the centrally
mounted hollow cathode and directly into the
discharge chamber via the main flow distributor.
Flow passing through the hollow cathode is
ionised and a small discharge is set up with the
keeper electrode to ensure stable cathode
operation.

Figure 1. Schematic of the UK ion thruster.
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Immediately downstream of the cathode-keeper
discharge is the coupling plasma. This is set
inside the cylindrical inner pole piece with the
downstream boundary set by a centrally mounted
baffle disc (included to smooth the radial
discharge plasma properties). Around the edge
of the discharge plasma is the cylindrical main
discharge anode. Current flowing from the hollow
cathode passes through the annulus shaped
baffle aperture region and across into the
discharge plasma.

Six electromagnets are connected through a
magnetic circuit ending in the inner and outer
pole pieces that form an axially divergent plasma
confinement magnetic field. The magnetic field
boosts ionisation in the discharge chamber by
containing the primary electrons long enough
such that they give their energy in ionising
collisions with propellant neutrals. The
downstream side of the discharge plasma is
incident on the extraction grids.

A triple grid system placed at the edge of the
discharge plasma, applies a negative potential
difference of the order of -1kV (with respect to
the discharge plasma) to extract the ion beam. A
combination of the grid design and discharge
plasma properties defines the extraction field
optics and thus the efficiency and lifetime of the
thruster (since grid erosion is usually the critical
thruster lifetime limiting factor).

The energy of the primary electrons in the
discharge chamber is important in defining the
discharge plasma properties, since the primaries
are the dominant factor controlling ionisation in
the discharge plasma. The primaries' energy is
set by the magnitude of the voltage difference
across the baffle aperture (eAV,). Thus
understanding and control of the baffle aperture
region allows control of the primary electron
energy. Setting the voltage difference too high for
example would create an unacceptably high
doubly charged ion population, with too low a
value leading to inefficient ionisation. It is
important to keep the doubly charged ion fraction
low to avoid grid erosion.

The mechanisms defining the magnitude and
size of AV,, are not thoroughly understood.
Thruster design optimisation requires iterative
design test and redesign using semi-empirical
scaling laws. Predicting the scaling of AV,, in
particular is a weak point and increased
understanding should facilitate future scaling and
optimisation efforts.
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2. Experimental Set-up.

2.1. Vacuum rig.

The experiments contained in this paper were
carried out in the Astronautics laboratory at
Southampton University. The vacuum rig used is
essentially that constructed by Edwards® (figure
2) with the addition of an extra feedthrough to
mount the Langmuir probe transfer mechanism.

The UK-25 ion thruster requires a high vacuum
with a background pressure in the 107 mbar
range to avoid oxygen poisoning of the hollow
cathode. High vacuum ISO and CF flanges are
used throughout the chamber and pumping is
achieved by the use of a rotary and a turbo-
molecular pump connected in series.

The cost and complexity of the experimental rig
is reduced substantially by omission of the
thruster extraction grids. The vacuum pumping
speed required is substantially reduced and a
simpler thruster power supply system is possible.
Even without beam extraction the internal plasma
properties can be matched to an operating
thruster by adjusting the mass flow rate and grid
open area fraction contained in a 'dummy’ grid®.

Figure 2. The Vacuum System.
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2.2. The UK-25 Thruster

A drawing of the thruster is shown in figure 4.
The thruster used in these experiments is the
UK-25L laboratory mode! constructed at Culham
Laboratories®. Its performance is described by
Latham et al’. The Thruster power supply circuit
is shown in figure 3.

2.3. Langmuir Probe Translation System.

To allow Langmuir probe access to the regions of
interest a hole is drilled in the upstream plate of
the thruster. Probe movement is controlled by a
two-axis computer controlled stepper motor
system. The probe can be translated linearly and

878



rotated, such that a suitably curved probe may
effectively access all points in the coupling

plasma (assuming symmetry about the axis).

Figure 3. Thruster Power Supplies.
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Probe tip position relative to the thruster
geometry is obtained by detecting contact with
thruster surfaces (e.g. baffle disc) before running.
A schematic of the probe mounting and
translation geometry is shown in figure 5.

2.4. Langmuir Probe Design.
Langmuir probes with glass insulation and
tungsten cylindrical tips are used to obtain the
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voltage current (VI) traces. The probe tips are
cylindrical with a 0.1mm diameter and 1mm
length (see figure 6).

Figure 5. Axial View of The Langmuir Probe
Access.

Baffle disc

Probe

76 m
Baffle Aperture

Spatial resolution is limited by the probe tip size
as the sheath is estimated to be over an order of
magnitude smaller than the probe dimensions. A
more detailed description of the Langmuir probes
is contained in an earlier publication®.

Figure 4. Thruster Geometry
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2.5 Data Acquisition

A steady voltage ramp rising linearly with time is
applied to the Langmuir probe. Since the cathode
is tied to earth (see figure 3) the Langmuir probe
power supply is also tied to earth and the
maximum voitage applied to the probe is set
above the highest expected plasma potential.
The Langmuir probe power supply can be set at
various sweep times of 1ms, 10ms, and 100ms.
In this way any unexpected time base effects can
be observed (the time bases were all calculated
to be lower than the expected plasma relaxation
times). An oscillator is used in the power supply
to repeatedly fire the voltage ramps and a digital
oscilloscope is used to take and store the traces.

Figure 6. Langmuir probe tip design.
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The digital oscilloscope creates an average of 80
current traces to increase the signal to noise
ratio. The current traces are then loaded into
Matlab where they are combined with the applied
voltage to create the standard VI traces for probe
analysis. The remaining high frequency noise
components can be removed by use of a
numerical low pass Butterworth filter applied in
both directions to conserve the phase of the
original signal. In this way probe analysis
methods that require very smooth traces can be
achieved (e.g. second derivative electron energy
distribution functions).

3. Results.

Previous work"® has indicated that for a given
propellant species, AV,, is dependent upon the
current density through the aperture, the local
magnetic field strength, the electron temperature
and density, the propellant mass flow rate and
the open baffle aperture area.

____Table 1.Experimental Conditions
_ Thruster Operating Conditi

Mass Flow Rate 0.3, 0.6, 0.9 Aeg
Discharge Current 75 15A
Keeper Current 05A
Electromagnet Current 0, 0.25, 0.5 A
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In the results presented here the thruster
operates solely on Xenon propellant and under
the operating conditions given in Table 1
(previous work concentrated on Argon').

3.1 Calculation of Plasma Properties

There are many techniques described in the
literature on the analysis of Langmuir probe
traces®’. Many of these techniques however,
cannot be used in this case as their assumptions
do not hold. Semi-logarithmic plots for example
assume a Maxwellian electron population, which
is clearly not the case around the baffle aperture
where strong electric fields create electron
beams. For this reason plasma properties were
derived from the second derivative of the probe
VI characteristic. The electron energy distribution
function (EEDF) is related to the probe second
derivative by equation (1)°.

2 [2m AV d*I
V)= 1} e e 1
fv) €A, e dvp2 M

where f(V) is the EEDF, e is the electron charge,
A, is the probe tip area, m, is the mass of an
electron, AV is the difference between probe and
plasma potential, /, is the electron current to the
probe and V, is the probe voltage. Since the ion
current is negligible the probe electron current
can be replaced by the total probe current. The
plasma potential is found by locating the
discontinuity that forces the second derivative
through zero’. In this way the plasma potential
and EEDF are found without prior assumptions
regarding the distribution function.

Finally the Electron density is given by integration
of (1).

n, = [ f(V)d(@AV) (2)
0

Electron temperatures can be estimated where
the probe traces indicate a Maxwellian electron
population. An example of this is given below in
figure 7. Here a traditional semilog evaluation
method is shown above the second derivative of
both the Langmuir probe VI trace and a
theoretical Maxwellian trace. This theoretical
trace is derived from the second derivative of (3).

I =1, exg —AY (3)
KT,
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Where [I_ is the current at plasma potential, and
ion current is assumed negligible. In these figures
the solid line represents the theoretical
Maxwellian trace, with the dashed line showing
the experimental data. Figure 8 shows a region
close to the baffle aperture where the trace is
clearly non-Maxwellian and a population of
primary electrons is evident.

Figure 7. Evaluation of Electron Temperature
- Maxwellian Profile.
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Figure 8. Evaluation of Electron Temperature
- Non Maxwellian Profile.
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3.1. Plasma Parameter Trends.

The power supply voltage level trends with
varying mass flow rate and applied magnetic field
strength are shown in figure 9. These can be
compared to the plasma parameters in the
coupling and discharge plasmas (near keeper
and anode electrodes) as shown in figures 10-12.
In these plots the errors are of the order of +2V
plasma potential, +0.5eV electron temperature
and +10% electron density (estimated by
comparing different methods and filters). The

|[EPC-99-157

position for the discharge plasma trace is taken
on the thruster centre line, 4.5cm from the baffle
disc. The coupling plasma trace is also taken on
the thruster centre line but at 3cm from the baffle
disc.

Figure 9. Cathode keeper and discharge
anode voltage levels.
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Figure 10. Plasma potential in the discharge
and coupling plasmas.
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The solid lines on the graphs connect the
discharge plasma properties, whilst the dashed
lines connect coupling plasma values. Cross data
points denote values taken in the residual
magnetic field (electromagnet current, Ib=0A),
circles are at Ib=0.25A, and squares are at
Ib=0.5A. These magnet currents are related the
to field strength in this area as shown in figures
13 and 14.

Although the plasma parameters can vary in both
complex and interrelated ways with operating
conditions some simple trends can be identified
in figures 9 - 12. Figure 9 shows that the thruster
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keeper voltage is almost constant throughout
changes of all three variables whilst anode
voltage drops with mass flow rate and increases
with B field strength. These voltages can be
compared to the plasma potentials shown in
figure 10.

Figure 11. Electron number density in the
discharge and coupling plasmas.
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Figure 12. Electron temperatures in the
discharge and coupling plasmas.
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Wihilst the discharge plasma potential is relatively
unaffected by the changes, the coupling plasma
potential tends to fall with increasing mass flow
rate. Such is the increase in coupling plasma
potential with decreasing flow rate that at a
discharge current of 15A and a mass flow of
0.3Aeq there is very little difference in the
discharge and coupling plasma potentials. This
destroys the baffle aperture voltage difference
(AV,,) hence removing the primary electron
acceleration process from that region. Thruster
performance would be dramatically affected.
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Figure 13. Residual applied magnetic field
strength.
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Figure 14. Applied magnetic field strength at
electromagnet Ib=0.5A.
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The electron density trends shown in figure 11
show an increase in density with applied field
strength and with mass flow rate. However
coupling plasma densities at high discharge
current and low mass-flow rate are higher than
discharge plasma values, indicating that a
substantial amount of ionisation is no longer
occurring at the baffle aperture. This is in keeping
with the plasma potential results which show that
the primary electron acceleration mechanism,
AV,, has been destroyed at this operating
condition. It is likely that ionisation is caused in
this case by primary electrons that are
accelerated close to the cathode orifice into the
coupling plasma.

From figure 12 it can be seen that electron
temperatures tend to increase with applied
magnetic field strength and decrease with
increasing mass flow rate. Some values are
missing from this figure as electron energy
profiles differed substantially from a Maxwellian
population in some cases.
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In terms of a thruster operating condition it is
thought that high mass-flow rates, discharge
currents and magnetic field strengths best match
a thruster in operation. Such a condition (called
operating condition 1) is shown in two
dimensions in figure 15 below.

Figure 15. Operating condition 1.
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Here the inner pole piece is drawn in the
foreground to the left with the baffle disc shown
near the centre. The plasma potential shows
smooth coupling plasma and discharge plasma
values with a clear and sharp change in potential
(AV,, ~12V) in the baffle aperture region. The
magnitude of the voltage difference compares
well with the first ionisation potential of Xenon at
12.13V. On the density plot the coupling plasma
density shows both axial and radial density
gradients associated with the flow 'pluming' from
the cathode orifice. The density also climbs
steeply into the discharge demonstrating that
ionisation is occurring after the baffle aperture
region. The presence of the AV,, is also clearly
visible on the electron temperature plot. A clear
temperature change into the discharge plasma
demonstrates ionisation and coupled with the
density plot this provides a much higher energy
content to the discharge plasma. Also, a spike is
seen at the position of the AV, .

Operating condition 2 shown in figure 16 shows a
2D plot of the plasma parameters in the low mass
flow rate case where the AV,, has been
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destroyed. The plasma potential plot shows a
small voltage rise in the baffle aperture region
(~4V). This is however far too low to directly
induce any ionisation after the baffle aperture as
is demonstrated by the density plot. Temperature
also tends to decrease away from the cathode
and this coupled with the very high coupling
plasma potential indicates that most of the
ionisation is occurring in the proximity of the
cathode.

Figure 16. Operating condition 2.

Xenon (31-8-99e2) m=0.3Aeq la=15A Va=26 Ik=0.54 Vk=5 1b=0.54

Plasma Potential (V)

Electron density (m—3)

Electron temperature (eV)

Axial distance (mm)

Radial distance (mm)

Operating condition 2 would not be a useful
operating condition for the thruster. The high
energy content of the coupling plasma compared
to the discharge plasma would create problems
with losses (and hence efficiency). Such a high
coupling plasma potential would also create
doubly charged Xe ions (Xe has a second
ionisation level of 21.1V) probably causing
cathode erosion and lifetime problems. Also,
figure 16 shows steep Te variations in the
discharge plasma which if they continue up to the
grids, will cause extraction difficulties.

4. Conclusions

Earlier work on Argon™ has indicated that the
AV,, is a plasma double layer, caused by both
magnetic and space charge effects. Results
presented here clearly show the importance of
the cathode operating condition (discharge
current, propellant mass flow rate) on AV,,. By
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driving the cathode into a mode such that the
coupling plasma potential rises to a certain
critical level forces AV,, to collapse. This removes
the primary electron acceleration process from
this area dramatically affecting the form of the
plasma parameter spatial distribution.

The importance of propellant species is
demonstrated by the 'matching' of AV,, to the first
ionisation potential of the propellant being used.
Previous work on Argon measured AV, ~15V
compared to a first ionisation potential of 15.76V.
Future work will concentrate on modelling these
results in the baffle aperture region.
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