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ABSTRACT

Previous work done on life testing ion thrusters has
seen severe sputtering downstream of the hollow
cathode caused by high energy ions. This paper
describes experimental and theoretical studies into the
production from hollow cathodes of ions with energies
greater than the applied voltages. The phenomena
examined in this paper include erosion results and the
various  discharge = modes  observed.  The
characterisation of these effects has begun using
comprehensive  instrumentation, including the
measurement of internal xenon pressure and of
flowrate in real-time. The experimental investigations
into the high-energy ions have been delayed but work
has been continuing on a theoretical basis. Theoretical
analysis is reported, which attempts to give qualitative
explanations of these phenomena. Explanations are
suggested with reference to the potential hump caused
by further ionisation down stream of the orifice, the
JxB force and fluid flow regimes.

INTRODUCTION

Improvements in electrical power generation have
paved the way for high power ion thrusters, which
require high current hollow cathodes. It has been
found however that lifetime has been limited by
severe sputter erosion on various electrodes and
structures downstream of these high current hollow
cathodes">’. These initial erosion results suggested
that high-energy ions were produced from the hollow
cathode. As a consequence experimental and
theoretical work has been undertaken in order to
explain the production and effects of these high
energy ions.

Kameyama and Wilbur* showed from a numerical
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model of ionisation that voltages of about 30 V above
the cathode potential could be maintained downstream
of the orifice. In measurements done in Moscow® of
this region in a thruster using Cesium a potential hump
of 24 V was measured for an applied voltage of 20 V
at a discharge current of 1.5 A. This potential hump
above anode potential followed closely the
distribution of electron temperatures which peaked at
4 eV. This is consistent with the fact that to create a
potential hump electrons need to be energetic enough
to leave the region.

It is clear however that other acceleration mechanisms
will also be relevant, as it would require an excessive
electron temperature to explain results where the ion
energy peaks at 60 eV, which is 45 V greater than any
applied voltage®. Another acceleration mechanism was
put forward by Latham et al.” who proposed an MHD
effect and possible pinching in the orifice.

This paper also describes certain aspects of the work
undertaken to characterise the hollow cathode
designed for this thruster, with reference in particular
to high-energy ion production mechanisms. As it was
also decided to utilise the same basic cathode for the
neutraliser application, the appropriate operating
conditions for this role were included in this
experimental and theoretical study. As a consequence,
the range of discharge currents investigated was from
1 A to 30 A, and the propellant flow rate varied from
less than 0.1 to more than 1 mg/s. It is hoped that ion
energy measurements will also be taken over this
whole range.

The T6 cathode used in this study was designed based
on the specifications used successfully in the earlier
UK-25 thruster®®, for which the requirements were
similar, although adopting the more reliable
constructional and heater technologies developed later
in the T5 thruster programme'®. These included a fully
redundant heater, which eliminates the need for a
cold-start capability.
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The initial characterisation of this cathode'' was
undertaken using comprehensive instrumentation,
including the measurement of internal xenon pressure,
flowrate in real-time, discharge noise, and external
plasma parameters (density and electron temperature).
Variations to the geometry were included in the study,
such as the cathode-to-keeper electrode distance and
the diameter of the cathode orifice.

In parallel with the experimental programme, attempts
have been made to develop theoretical models of the
processes that could be responsible for the observed
phenomena. Explanations are suggested with
reference to plasma effects, which include the
influence of the powerful self-magnetic field
generated in the cathode orifice and ionisation down
stream of the orifice. These and other theoretical
results are presented in the paper and are compared
with the experimental data.

PHYSICS OF CATHODE OPERATION

In the experimental situations reported here these are
diode discharges, which only partly simulate the
situation in the thruster.

Discharge modes

Previous investigations have revealed several modes
of operation™'?, especially when tested in diode
configurations. Two modes have usually been
reported, known by the terms spot and plume, which
depend critically on the current I, drawn from the
cathode and the propellant flow rate 7.

Another mode of operation was reported in Ref. 6 that
of the beam mode. In this mode the plasma forms a
luminous beam extending from the cathode. The beam
mode has also been observed in the T6 hollow
cathode characterisation work.

From this characterisation work these modes were
mapped against 2 and the anode current, I,. Figure 1
shows the plot for an orifice of 1.3 mm with the
position of these modes indicated. As the side on view
of the discharge was not observable for some tests the
modes were inferred from appearance in the open
configuration. In region B and D the voltage decreases
with increasing current.

It should be emphasised that these operational modes
refer specifically to a diode discharge configuration.
There is considerable evidence that this behaviour is
modified when a cathode is used in a thruster, possibly
due to the influence of the higher gas pressure within
the discharge chamber and to the presence of the
magnetic field.
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Figure 1  [llustration of discharge modes.

EXPERIMENTAL MEASUREMENTS

The experimental equipment used in this work was
very similar to that of previous investigations
involving cathodes of this kind”'>"'*. The major
differences concerned the range of diagnostics
available and the initial decision to operate the
cathode with an external pressure approximating to
that experienced in the thruster'’. However, an open
diode configuration was also employed for a limited
series of tests.

Experimental apparatus

The apparatus constructed for these experiments was
described in detail in Ref. 11. To summarise, the
cathode was mounted within a cryo-pumped vacuum
chamber of 0.5 m diameter and 1.5 m length,
separated from the pump by a 0.5 m internal diameter
gate valve. The ultimate vacuum attainable was about
5 x 10°® Torr. Most of the equipment used in this work
was mounted on the end flange of the chamber.

Discharge chamber
Vacuum Anode
chamber end
flange
Keeper
X Ld 3 :[ Jon prob
- 5 mm 10 mm on probe
Hollow cathode |
f—— 60 mm ———]
a Py measured at
pressure transducer
Py > 35 torr Vacuum pressure = 10°* tarrs

Figure2  Apparatus.

The cathode was supported on a micromanipulator,
which allowed its position to be varied with respect to
the keeper electrode. In most of the experiments, its
orifice was positioned just inside the backplate of a T5
thruster body, which acted as a convenient discharge
vessel. The circular keeper electrode, with a central
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orifice of 5 mm diameter, was also mounted from this
backplate on sputter-shielded insulators. The circular
stainless steel anode plate of 114 mm diameter was
similarly mounted 60 mm from the keeper. A central
hole of 10 mm diameter in the anode allowed the
cathode tip to be viewed by an optical pyrometer from
the other end of the vacuum chamber or for ion energy
measurements to be made. To simulate within the
discharge vessel the gas pressure in the coupling
plasma region of the T6 thruster the total exit area
from it was made equal to the area of the annular gap
between the inner polepiece and the baffle disc in the
thruster (Fig 3).

Other studies were undertaken using an open diode
configuration, in which a thick anode was placed just
6 mm from the cathode tip, to simulate the set-up
employed in testing certain cathodes intended for Hall
effect thrusters. To avoid excessive anode heating, its
thickness was 13.5 mm and it was drilled with a
hexagonal pattern of 5 mm diameter holes.
Measurements were made both with and without a
keeper electrode.

In all cases, xenon was supplied from a high pressure
cylinder, via an electronic regulator giving an output
pressure of 2 bar. This was fed via a needle valve,
used for flowrate control, an oxygen absorber and a
thermal flowmeter'”, into the rear of the cathode. To
avoid any contamination of the xenon, all joints in
parts of this feed system at below atmospheric
pressure were brazed, welded, or contained within an
auxiliary vacuum chamber.

Standard commercial power supplies were used for
the cathode heater, and for the keeper and anode
discharges. All were operated with current regulation.
For a part of the programme, batteries were
substituted for the anode supply, to ascertain what
effect the characteristics of that supply were having on
the discharge. In that case, current was controlled
using a high power variable resistance. The
diagnostics used were intended to provide as much
information as possible about the xenon flow
conditions, the plasma parameters near the cathode
tip, temperatures and electrical noise. They included:

1. A commercial pressure transducer connected to the
xenon feed pipe at the rear of the cathode, to measure
pressure at that point.

2. A flowmeter”®, developed and manufactured by
DERA, fitted into the xenon feed pipe downstream of
the needle valve. This was accurately calibrated in the
range 0 to 1.4 mg/s, with errors of 1 to 2%.

3. Chromel-alumel thermocouples with automatic
cold junction compensation to measure the
temperature at various points on the cathode. The tip
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temperature was determined using an optical
pyrometer, calibrated previously by reference to a
thermocouple inserted into the tip orifice of the
cathode. The heater was used to raise the temperature
during this process.

4. The ion probe was designed and built at DERA
Farnborough for use in the ion beam of the thruster. A
schematic is shown in Fig. 3. Laboratory power
supplies were used to set the bias and ion retarding
voltages.

B Insulation

72

Retarding
potential

+ r7 /7 I - S ........

= Bias voltage

Figure 3  Schematic of the ion probe.
Experimental procedure

Standard experimental procedures were adopted for
the characterisation of the cathode, in which the aim
was to vary each parameter in turn, and then to
observe the effects on the others. In this, the most
significant variables were 1, which covered the range
up to about 2 mg/s, the discharge current, which
reached 30 A, and the cathode-keeper distance, dj.
The latter was restricted to the range 1 to 5 mm. To a
lesser extent, the keeper current, [, was also varied,
up to 2 A. Dependent variables were the anode and
keeper voltages, ¥, and V, the noise on these
electrodes, the temperatures, the pressure within the
cathode, and the plasma parameters. The latter were
determined using the Langmuir probe, employing
standard  experimental and data  reduction
procedures'®.

The effects of these variations were examined
systematically before drilling the orifice of the
cathode to examine the influence of this diameter on
performance. The objective was to determine the
optimum orifice size for stable operation over the
current range of interest, coupled with a temperature
not greatly above 1100 °C, to ensure long dispenser
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lifetime. Whenever the cathode was exposed to air to
facilitate this drilling process, photographs were taken
of the tip and, in particular, of the orifice region. In
addition, the diameter was checked to determine
whether any erosion had occurred.

For experiments done to get the ion energy profile we
ran the discharge at a fixed massflow and currents
then used the ion probe. The grid bias voltage of the
ion probes was adjusted to repel the electrons and give
the maximum ion current at the collector. The bias
voltage that was needed was large when the discharge
current was large (170 V when I, was 9 A) because
the probe was designed to operate in the lower density
plasma of the thruster beam. The collector was then
swept up from zero volts until all the ions were
repelled. An example probe plot is shown below in
Fig. 4.

25 L, =10A
1,=9.0 A
Bias=170 V
20 i\ Mass flow = 0.1 mg/s
= tsh
T
L Data and fit of a Boltzmann function
3 with a linear component included in the fit
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B
@
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0 10 20 30 40 50 60
Retarding voltage (V)
Figure 4  Jon probe trace.

Included on the plot is an almost exact fit of a
Boltzmann distribution with an additional linear
component. It is thought that this extra linear
component is due to an electron current in the probe
caused by the high voltage between the bias and
collector electrodes. The curve was differentiated and
smoothed to give the ion energy profile.

EXPERIMENTAL RESULTS

Figures 5, 6 and 7 show ion energies for a current
sweep at 0.1 mg/s, with 1 A to the keeper and 1, 4,
and 9 A to the anode. For the first plot the discharge is
in the plume mode and the second and third plots the
discharge is in the beam mode. Two observations can
be made straight away, first the ion current density to
the probe increases with anode current (approximately
linearly) and second the ion energy distribution
maximum actually decreases as the current increases.
If the potential hump explanation of the high-energy
ions was the only acceleration mechanism we would
expect that the increased ionisation at higher currents
to give ions of greater energies in all discharge
geometries. The potential hump still explains well the
spread of ion energies, as atoms ionised in regions of
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different plasma potential will have different energies.
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Figure 7  Ion energy trace at I, = 9 A.

THEORETICAL TREATMENT

In parallel with the experimental work reported above,
attempts have been made to explain theoretically the
various features observed in these hollow cathode
discharges. Those aspects of this investigation
relevant to discharge modes and high-energy ion
production are described below.
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In past discussions on the high-energy ions created
downstream of the hollow cathode two main
mechanisms have been discussed. These include a
potential hump® created by additional ionisation
downstream of the cathode and an MHD effect from
the jxB force’. The transition between continuum flow
and the free molecular regime has also been
mentioned in discussions’.

The jxB force

To get an order of magnitude estimate for the jxB
force we start with the assumption that there is no
pinching of the plasma in the orifice. The radial
variation of the current density and number density
described in the same way as with a uniform pressure
discharge tube. A Bessel function distribution results
from the considering the creation of ions in the plasma
column, the diffusion to the container walls and
recombination on impact. The current profile in Fig. 8
is for 15 Amps flowing through a 1 mm diameter
orifice. From this the magnetic field strength can be
easily obtained as in Fig. 9 and also the magnitude of
the jxB force which is plotted in Fig. 10 along with
the value for a constant current density. From Eqn (1)
for there to be pinching in the orifice the jxB force
integrated from the centre of the plasma to its edge
must be greater than the pressure in the confined
column.

pdv/dt = jxB - Vp )

In the radial direction the left-hand side of this
equation will be zero in the orifice as there is no radial
flow. For the example of a 1 mm orifice with a
discharge of 15 A in Fig. 3 the area under the curve is
~ 0.4 torr which is much less than the normal cathode
operating pressure. The straight line gives the force
for a constant current density in the orifice, generally
the total radial pressure drop will be higher the more
the current density is increased on the axis.

25
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Figure 8  Current density across 1 mm orifice.
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Figure 10 jxB profiles for different distributions.
Spot mode

Downstream of the cathode tip the pressure gradient
in the z direction will become very large forcing the
plasma flow towards the anode region. This will result
in particle drifts so that the pinch effect will actually
be assisted by the pressure gradient in the z direction.
The drift velocities will be in opposite directions for
the ions and the electrons so as to increase the current
density at the axis. The equation for the particle drift
velocity in the presence of a general force is,

ve= (F/q)xB/B? @)

If there is a shock near or at the orifice the pressure
gradient will be very large and this drift will be most
significant there (Fig. 11). The very sudden increase
of the current density along with a much lower
pressure could result in the total ionisation of the
remaining neutrals at this point. The plasma would
then be much less luminous downstream of this point
because of the absence of emission from excited
atoms. This mechanism could account for the visual
appearance of the spot mode and the detection of
doubly ionised Xe ions coming from the orifice.
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Figure 11 Drift velocities at a shock.
Beam mode

If the cathode orifice geometry is changed from a
straight orifice to a chamfered orifice the spot mode is
replaced with the beam mode®. This change of
geometry will have the effect of increasing the
distance over which the pressure will change rapidly
and therefore will reduce the pressure gradient particle
drifts. The beam mode will then come about because
the plasma has not been fully ionised in the spot but
the current is still high enough to focus the beam. The
focusing happens because as the distance from the
cathode increases the plasma pressure decreases much
faster than the radial pressure gradient resulting from
the jxB force. In our experiments'’ with the open
diode configuration when the discharge could be seen
the beam grew out from the keeper to the anode as the
current was increased across region C in Fig.1. The
point at which the beam touched the anode
corresponded to the negative slope on the voltage
current plot labelled B. This can be understood by
considering the different flow regimes in Fig. 12.
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d,=0.75,1.0, L3mm

~ 7
N
SN
// \
\
7 Shock? \\
C o — — — o — — — —
- L
Continuum / Free molecular flow
flow /
/
N /
N
N
~

—_ AN

N

Figure 12 Flow regimes downstream of cathode.
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Downstream in the flow there will come a point at
which there is a transition from continuum flow to free
molecular flow. At this point the luminosity of the
discharge will decrease, as there are no further
collisions. The effect of increasing the current is to
increase the plasma focusing from the jxB force,
which will in turn increase the pressure on the axis
and extend the length of the continuum flow region.
Establishing this higher density path to the anode
results in the discharge voltage being lowered in
region B.

A combination of the plasma focusing downstream
and the potential hump caused by extra ionisation in
this region can be used to explain sputter erosion of
the side of the keeper electrode facing away from the
cathode’.

Plume mode

For much lower currents the jxB force is not large
enough to focus the plasma into a beam and the
pressure gradient particle drifts are not large enough
to produce the spot. The negative volt-amp
characteristic here involves the thermal processes in
the cathode as heating the cathode artificially causes
the voltage to drop, it may also involve an ionisation
instability.

The high energy ions

The action of the jxB force over several centimetres
downstream of the hollow cathode can give
considerable acceleration to the ions depending on the
plasma conditions and the geometry of the electrodes.
In experiments with an annular anode as the current is
increased the acceleration of the ions along the axis
will increase and initial focusing of the current will
assist this because the position of the anode insures
that the jxB force is directed axially (Fig. 13).

jxB

Figure 13 Direction of the jxB force downstream.
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This is not the case in a diode configuration with a flat
anode plate. Here the only reason for the current to
diverge from the axis is because of the expansion of
the flow. Therefore when the current is high enough to
focus the beam then the jxB force will only be
directed radialy inwards and we would not expect to
see ions of a much higher energy than the applied
voltages. There would still be a spread of energies
because of the potential hump that will be determined
by the electron energies. This seems to provide an
explanation for our results where the peak ion energy
came down as the current was increased.

For the annular anode case an estimation of the energy
of the ions produced by integrating (jxB)/en over the
path towards the detector, where e is the electron
charge and » is the number density. For a current of
15 A and an assumed number density of 10'"® m?, if
there is no pinching downstream of the orifice and the
current expands at ~45°, this gives a voltage of about
100 V in the z axis direction. This estimate, although
crude, agrees well with measured values. For a more
accurate prediction the current profile and the number
density would need to be measured or calculated for
all points in the plasma.

Back pressure from jxB force
Under normal operation there is a back pressure in the
hollow cathode caused by the magnetic field (Fig. 14).

This means that the measured pressure upstream of the
cathode is a function of current as well as 7.

—d
T

Figure 14 Direction of the jxB force inside cathode.

jxB

It is possible to relate the measured pressure at the
transducer directly to the massflow and applied
current except near region F (Fig. 1) where there is a
large pressure increase as # is reduced (Fig. 15).
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Figure 15 Measured pressure as m is varied.
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Fig. 16 shows measured pressure plotted against a
linear function of massflow and total current
excluding points from region F. A quadratic fit to this
curve gives an equation for the pressure at the back of
the cathode of the form:

Pop=a+bm+cm’+dml+el,+fI}

Where I, is the total current, Pcath is the measured
pressure in torr and a4 to f are constants.

80
70
60

y = 0.014x2 + 0.345x + 6.764

Pcath

40 |
30
20
10

o] 10 20 30 40 50 60
x = a + b*(total current) + c*(massflow)

Figure 16 P,y against a linear function of m & I,

An estimate of the pressure at the exit of the orifice
can then be obtained by first of all setting all the terms
that depend on /, to zero by assuming that all the
pressure increase effects due to the current happen
between the pressure transducer and the orifice. (This
seems reasonable because there is a much smaller
effect on the cathode pressure by the plasma
downstream of the orifice.) Secondly we can set the
constants to zero because at zero flowrate the pressure
in the orifice will be equal to the vacuum. To work out
the actual pressure in the orifice would be very
complicated as there are many varying components to
the pressure drop between the pressure transducer and
the orifice, for example viscosity, magnetic pressure
and the electric field in the orifice.

When this is done for the anomalous pressure increase
region F in Fig. 1 it gives the upper curve plotted in
Fig.17. Also plotted is the pressure due to the radial
JjxB force in the orifice at these currents.
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T 1.2 4 Calculated pressure in i
8 the orifice at region 'F' i
g 1
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S 08 i
£ |
o 0.6 Magnetic pressure in orifice |
5 . . - i
2 04 if there is no pinching ,
e i
8 0.2

0

ES
o
o 4
5

Total current (A)

Figure 17 Pressures calculated in orifice (region F)
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This is calculated as in Fig. 10 with a Bessel function
current density distribution, i.e. assuming no pinching.
The ratio of the two lines is a constant figure of about
6.8. This suggests that when the flowrate is reduced
there comes a point where pinching causes the current
density to increase near the axis and the distribution
changes from that in Fig. 8. This will cause the jxB
back pressure to increase causing a runaway reduction
of the pressure in the orifice and further pinching.
This pinching in the orifice explains the pressure
increase, the increase in voltage and the high levels of
noise'’ as the pinching region would move backwards
into the cathode pushing the dense plasma off the
dispenser. The high levels of noise are caused by the
instability of this z pinch.

CONCLUSIONS

This paper has reported those results of the
experimental characterisation of the T6 ion thruster
hollow cathode relevant to a study of the generation of
high energy ions. It has been shown that these
phenomena occur in well-defined regions of the
overall operating range of the cathode and that their
positions are strongly influenced by both discharge
and geometrical parameters.

Other important parameters include the presence and
use of a keeper electrode, the cathode-to-keeper
separation, and the cathode tip orifice diameter.

Theoretical work undertaken to explain these various
observations has made good progress, and tentative
reasons can now be proposed for many of the
observed features. Much more work still needs to be
done, initially on the modelling of a neutral flow to
get an estimate of the background pressure. After this
a more complete plasma model and quantitative
theoretical description.

Although this work has not yet been completed, it can
be concluded that this combination of experimental
measurements and theoretical analysis is leading to a
better understanding of the steady behaviour of hollow
cathodes. This will be of considerable significance in
explaining certain aspects of ion thruster operation
and in deciding on appropriate operating parameters
for specific applications.
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