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Abstract

An electrostatic probe used to measure
spatial plasma parameters in a Hall thruster
generates perturbations of the plasma. These
perturbations are examined by varying the probe
material, penetration distance, residence time
and the nominal thruster conditions. The study
leads us to recommendations for probe design
and thruster operating conditions to reduce
discharge  perturbations, including metal
shielding of the probe insulator and operation of
the thruster at lower densities.

Introduction

A conventional Hall thruster is a crossed
field electric discharge device with a coaxial
channel, in which the electrostatic acceleration
of ions takes place in a quasi-neutral plasma. A
significant axial electric field is established in
the vicinity of the maximum radial magnetic
field near the thruster exit plane. The magnetic
field surfaces in the acceleration region are
essentially equipotential except for electron
pressure effects.'

Probe measurements of the plasma potential,
electron temperature, and plasma density, are
one vital means to understanding the physics
within the acceleration region of a Hall thruster.
However, introducing probes into the
acceleration region has caused significant
perturbations to the Hall Thruster discharge,
namely increases up to and greater than 50% and
fluctuations of the discharge current.”>* Ion
velocity measurements using LIF are non-
intrusive and informative but the breadth of the
ion creation region leads to uncertainties in
determining the electric field from those
measurements.”

Copyrights © 2002 American Institute of Aeronautics and
Astronautics Inc. All rights reserved
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Hass et al.* performed an experimental study
of the perturbations induced by probe and
supported their results with a probe thermal
model taking into account heating and probe
ablation by the electron Hall current. The main
conclusions were that probe ablation causes
perturbations that can be avoided by fast
reciprocating probes. Indeed For a 5 kW Hall
thruster the use of the fast reciprocating system
was sufficient to bring discharge -current
perturbations down to less than 10% of the
discharge current.* However, the use of a fast
reciprocating probe did not sufficiently
ameliorate the probe-induced perturbation in
recent experiments on the smaller sized PPPL
Hall Thruster”.

This study contains a further examination
into the causes and effects of the perturbations
by varying the thruster conditions, material and
construction of the probe, and parameters of
insertion. The magnitude and nature of the
perturbations are shown to depend on all these
variables.

Experimental Setup and Procedure

The 9 cm laboratory Hall thruster and test
facility used in this study has been described in
previous works.®’ Fig. 1 shows this thruster with
the high speed probe mounted on a movable
positioning system and azimuthally located
stationary probes at approximately 1 mm from
the exit plane. The high-speed diagnostic probe
is mounted on a radial and axial positioning
system. The axial position is controlled by a fast
Normag linear motor with a maximum speed of
1.5 m/s and a maximum acceleration of
approximately 1g (10m/s”). The axial position is
measured with a resolution of 20 um using a
Renishaw optical encoder. A relatively slow
Velmex linear gear motor controls the radial
position.
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Figure 1: PPPL 9cm Hall thruster with stationary and
high-speed probes.

Using the positioning system the probe-
induced perturbations were characterized as a
function of: the radial position of insertion, R,
measured from the annular channel median, the
depth of insertion into the channel D, measured
from the probe exit plane, the speed of the probe
V, the residence time of the probe within the
thruster T, and TW the wait time at the nearest
position. Fig. 2 is a typical position versus time
plot of the probe showing some of these

variables.
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Figure 2: Plot of probe position and insertion
variables.

The primary parameter of the thruster
discharge operation measured was the discharge
current. The perturbations where characterized

by changes in the measured discharge current
during the insertion of the probe. The effect of
these perturbations on the potential distribution
within the thruster was also studied. First, by
using the potential measured by the inserted
probe, and second by measuring the floating
potentials of three fixed Langmuir probes at
different azimuthal locations along the outer
channel wall near the thruster exit (Fig. 1).
Control of the positioning system and the signal
measurements were performed by a National
Instruments, PC-based, data acquisition system.
The geometry of the inserted probe is given
in Fig. 3. This geometry was also used in our
previous works.> The probe consists of a is a
high purity alumina double bore tube 1.1mm in
diameter. The probe leads, and tip are made
from 0.25mm diameter thoriated tungsten with
the filament tip -electrolytically etched to
0.1lmm in diameter. The probe shield is a
0.35mm thick molybdenum tube that fits tightly
over the alumina tube; it strengthens the probe
and improves axial heat conduction. A thin
boron nitride coating insulates the probe shield
from the surrounding plasma. The use of the
shield caused no changes in the performance of
or disturbances from the probe other than to
increase probe longevity. The overall probe
length (L) varied from 200 to 250 mm. This
nominal configuration was modified in several
ways to study the source of the perturbations.
The probe was operated with a heated emissive
tip, with the tip cold and with the wires
removed. Additionally two other materials were
tested in place of the alumina tube: a fused
quartz tube with no wires, and a tungsten rod.

% L { Tip
—F60mm-—| /
1.9 mm: /
1l
/ / \ H~2mm
Leads Shield Tube

Figure 3: Geometry of Probe
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Experimental Results

Figure 4 shows the discharge current
measured during a typical insertion of the probe
during emissive probe measurements. The
thruster was operating without segmented
electrodes at 250V and a mass flow rate of 1.7
mg/s of Xenon. Figure 4 shows the discharge
current as a function of time, and as a function
of position; t=0 and z=0 are taken at the first
crossing of the thruster exit plane. The discharge
current begins increasing about Smm outside the
thruster until about 4mm inside the thruster,
where the average value of the discharge current
saturates but large amplitude oscillations begin.
The oscillations were measured to be in the
range of 15 to 20 kHz for the emissive and
tungsten probe. The average discharge current
increased to 150% of the unperturbed value. It is
possible to divide the effect the probe on the
discharge current perturbation into two phases
the initial, growing phase where the discharge
current increases and the oscillatory phase where
the discharge current oscillates.

The discharge current perturbations induced
by the probe were repeatable for the emissive
probe in terms of their average value and
maximum amplitudes. Prior to the oscillatory
phase the standard deviation of the discharge
current over 10 probe insertions was less than
5%. However when oscillations began the
variation was large due to the nature of the
disturbance. Nevertheless, for averaged values
of the discharge current and the amplitude of the
oscillations the error was less than 15%. The
measured plasma potential and stationary probe
potential had similar repeatability dependent on
the location of the probe inside the thruster.

For different D, T, TW, V, and the same R
the perturbations were repeatable as a function
of the position of the probe not the amount of
time the probe was in the thruster as was
suggested by ref. 4. The transition from the
growing phase to oscillatory phase is also a
function of the position of the probe, and cannot
be considered as a function of the perturbed
discharge current since at different radial
locations the transition began at different
perturbed discharge currents.
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Figure 4: Discharge current perturbations as a
functions of (a) time and (b) position (inward portion
of insertion only, to t=141m:s).

To verify this observation the probe was
inserted into the thruster at three different
penetration depths 3, 4, and 5 mm. The
discharge current and position of the probe as a
function of time from crossing the exit plane are
plotted in Fig. 5. This experiment was done
using the alumina probe with no probe wire at
the outer wall of the thruster. For 3 and 4 mm
penetrations the oscillatory perturbations did not
occur. However, a non-oscillatory perturbation
did occur at these penetrations but only after a
prolonged exposure to the plasma. Examination
of the probe, after long duration experiments,
revealed melting localized to only the side of the
probe facing the azimuthally drifting electron
this result is similar to that of ref. 4. For the 5
mm  penetration the discharge current
oscillations were excited almost instantaneously
and no melting was visible. Additional sub-
millimeter changes in D showed the boundary
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between the perturbation phases to lic between
4.5 and 4.8 mm inside the thruster and the
oscillations to be activated within 0.5 ms.
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Figure 5: Discharge current perturbations at 3, 4, and
5 mm penetrations.

Variations of these oscillations with the
radial position of the probe are shown in Fig. 6.
Interestingly there is an inverse relationship
between the amplitude of the oscillations and the
change in current, this was also apparent for
other probes. The specific boundary between the
perturbation phases is shown in figure 6c.

Fig. 7 shows the averaged discharge current
profiles as a function of the position of the end
of the probe tube for various probe
configurations. All probes experienced growing
and oscillatory phases of the perturbation with a
specific location marking the transition. For the
hot emitting probe the discharge current
increases sooner and the induced oscillations
begin sooner. In comparison of the cold probe to
the probe with no wire we see a similar
discharge current growth phase and transition
location but the mean value about which the
oscillations occur is much lower when there is
no probe wire, also the amplitude of the
oscillations were greatest for the case with no
probe wire.
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Figure 6: Radial variation of (a) change in average
value of discharge current (b) amplitude of discharge
current oscillations and (c) the location where the
perturbation transitions from growing to oscillatory.
The thruster exit plane is located 46 mm from the
anode and the channel is 18 mm wide.
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Figure 7: Discharge current perturbations for alumina
emissive, cold, without wire configurations.

The discharge current as the alumina,
tungsten, and quartz probes are inserted 25 mm
into the thruster near the outer wall is shown in
Fig. 8. Fig. 9 shows the discharge current as a
function of position of the different probes as
they are inserted at the middle channel. The
discharge current is averaged over the oscillation
period and several probe insertions. The stars on
the plots indicate where the large amplitude
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oscillations began. Quartz causes the largest
changes in discharge current, alumina less and
tungsten significantly less. Both alumina and
tungsten probes cause the instabilities. They
both caused it at approximately the same
location in the thruster. Note that, large
amplitude burst-type perturbations, measured for
quartz tube, are not oscillatory in nature. There
was no locational sensitivity to these bursts; and
melting of the quartz was visible upon
examination of the quartz probe after use.
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Figure 8: Discharge current perturbations caused by
an (a) alumina, (b) tungsten, and (c) quartz probe
body as a function of time.

For alumina, tungsten, and quartz materials
tested Fig. 10 shows the change in the stationary
probe voltage for two azimuthal locations when
the probe is inserted in the middle of the
channel. The changes induced by the tungsten
probe appear to be azimuthally symmetric while
those for the dielectric probes have strong
asymmetries. For other radial insertions and the
third azimuthal probe the trends were the same.
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Figure 9: Discharge current perturbations caused by
alumina, tungsten, and quartz probes at the middle of
channel as a function of the position of the probe.
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Figure 10: Changes to stationary probe voltage
located (a) near the point of insertion and (b) opposite
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Conversely to the probe causing oscillatory
perturbations, for initially unstable thruster
operation the probe insertion caused a decrease
in oscillations. Fig. 11 shows the discharge
current as a function of emissive probe position
at different external and internal coil currents but
the same voltage as those in Fig. 4. As seen in
Fig. 11a when the probe is outside the thruster
the discharge current is plagued by large
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amplitude oscillations, over a certain range of
locations within the thruster the presence of the
probe is able to decrease these oscillations.
When the thruster was operated with a MACOR
spacer (Fig. 11b) not such oscillations were
present.
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Figure 11: Discharge current perturbation at different
coil currents with the introduction of an emissive
probe; (a) not channel segments, (b) MACOR
channel segment.

Discussion

Ablation is seen to be a cause for non-
oscillatory disturbances but only if the probe is
left in the thruster for a sufficient amount of time
(Fig. 5). The times after which the disturbance
occurred, about .7 sec for 4 mm and 1.9 seconds
for 3 mm penetrations. For the insertion of
quartz in figure 8c ablation occurs after 80 ms.
These results are consistent with the ablation
model of Ref. 4 and reaffirm the need for fast
movable probes.

For the oscillatory perturbations it is
unlikely that ablation is a source. Ablation
would have to occur within the 0.5 ms in which
the large amplitude oscillations begin. A
calculation using the ablation model predicts
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ablation times of this order only for electric
fields over five times in excess of those
measured. Shorter ablation times could be
predicted adding secondary electron emission
(SEE) into the ablation model of Ref. 4. In this
model the heat flux due to the random flux of
electrons to the probe was essentially neglected
because of a large negative sheath between the
plasma and probe. SEE can affect this sheath
and increases the heat flux to the probe. When
the SEE coefficient is near unity two solutions
for the sheath have been found®, a positive
sheath and a double sheath. For a positive sheath
the heat flux grows significantly. Modifications
to the ablation model show that it is possible that
this boundary where the perturbations become
oscillatory (Fig. 6¢) corresponds to the point
where the electron energy reaches the first SEE
threshold, around 25 eV for alumina’. The
formation of a double sheath however appears to
be a more consistent'® solution than a positive
sheath. The double sheath limits the heat flux to
at most on the order of the heat flux with zero
sheath potential affecting the electrons. With
these modifications the ablation model still
predicts ablation times over an order of
magnitude greater than the time scales of the
oscillation  activation.  Ablation therefore
probably is not the cause of the large amplitude
oscillatory perturbation to the discharge current.

Furthermore the tungsten probe results rules
out ablation as a cause for the oscillatory
perturbations. Variations in the penetration
distance performed for the tungsten probe,
similar to alumina, revealed the existence of the
same type of boundary where the oscillations
began. Taking into account that tungsten has a
larger melting temperature and lower SEE than
alumina, the probability of ablation for the
tungsten probe inside the thruster is unlikely.
Nevertheless, the induced oscillatory behavior
for both alumina and tungsten are similar in
nature. Remarkably the maximum duration for
tungsten left 2 mm downstream of the boundary
was 13 seconds without any changes in the
disturbances.

Note that these oscillatory perturbations are
only excited when the tungsten, emissive, cold
and no-wire probes cross a specific boundary in
the thruster similar to that in Fig 6c. For the
quartz probe oscillation were not measured. The
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results for alumina at the inner wall also indicate
that in addition to crossing the specific boundary
a minimum increase in discharge current is also
required to incite perturbations. Though these
oscillations are not understood some mechanism
for oscillations may arise from changes in the
relative contributions of near wall conductivity
and Bohm diffusion to the electron transport."!
The inserted probe may cause an increase in
axial conductivity, as is evident by the increase
in discharge current prior to the onset of
oscillations.

The ability of the probe to change the
thruster operating regime seen in Fig. 11 is very
similar to the effect of passive segmented
electrodes'>. The perturbations caused by the
probe change the dynamics of the thruster and so
change the stability of the thruster at these
operating conditions.

The discharge current perturbations during
the growing phase are critical since they affect
important regions of interest. The increase in the
discharge current seen was as much as 0.7 amps
(50%) even prior to the activation of
instabilities. This suggests that even if the
thruster can be operated in a regime with no
instabilities discharge current perturbation may
still  be significant enough to  bring
measurements into question. It should be noted
that although in Ref. 4 perturbations were
reduced to less than 10% of the discharge
current the magnitude of the perturbation was
still around 1 amp. It seems that for larger
thruster and larger mass flow rate there is a
proportional decrease in the discharge current
not an absolute one. Considering that the size of
the probes used by Ref. 2, 4, 5 are
approximately the same the fact that the changes
in the discharge current are roughly the same
absolute magnitude suggest a similar nature of
these perturbations in different Hall thrusters of
different sizes.

Plasma losses to the probe are one way in
which the probe might increase the discharge
current. A simple analysis comparing the surface
area of the probe to the surface area of the
thruster walls'®> would lead one to believe that a
significant perturbation to the discharge should
not be expected considering the circumference
of the probe is only 1% of the circumference of
the inner and outer walls.
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Another method of estimating this loss is by
using the measured the ion saturation current
over the length of the probe exposed to the
plasma. By negatively biasing the tungsten
probe we were able to measure this current. This
biasing had little effect upon the perturbations
induced and comparisons of the ion saturation
current to the increase in discharge current. This
measurement leads to an ion loss of
approximately 70 mA, a factor of ten smaller
than the measured changes in the discharge
current for the dielectrics; however for the
tungsten probe this estimation is quite accurate.
Inside of the thruster the ion saturation current
and change in discharge current were within
10% of each other. Outside of the thruster the
probe measured the ion saturation current in the
plume and did not change the discharge current.

For the ceramic probes the effect of SEE can
cause changes in the electron temperature.' This
effect can be seen in the measured stationary
probe voltages. For xenon, the floating potential
on the stationary probe, ¢ is related to the
plasma potential, ¢,, and the electron

temperature T, by ¢, =9, —5.27T.,," and a

decrease in the electron temperature of 5 to 6 eV
would correspond to the large increases of the
stationary probe potential, figure 10a, measured
as the probe is inserted. Recent SEE
measurements at the PPPL for fused quartz and
boron nitride show that at low energies quartz
has higher SEE than boron nitride. The first SEE
threshold for alumina is at about 25 eV’
depending on the purity and for boron nitride is
about 29 eV'!. This would mean quartz has
comparable SEE to alumina at low energies.
This is consistent with the similar disturbances
to the stationary probes caused by the ceramics.
The temperature decrease by the probe is
localized since on the opposite side of the
thruster fig 10b the change in the stationary
probe voltage is less significant. This
temperature loss is also consistent with the
emissive probe causing perturbations sooner
since cold electrons from the emissive tip of the
probe could decrease T, in the same way as SEE
and the tip enters the thruster sooner.

For the tungsten probe the SEE is lower than
for ceramics'® and no such decrease in T, would
take place. For the tungsten probe the measured
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changes in the stationary probe are probably
changes in the plasma potential. This shifting
may be related to the conductive properties of
the probe in a manner similar to conducting
segmented electrodes.'> When the tungsten
probe is floating the local net current is not zero,
only the net current integrated over the length of
the probe is zero. In these experiment 60 mm of
the probe was exposed to the plasma. When
inside the thruster there was as much as a 200-
volt change in the plasma potential over the
length of the exposed probe. The probe floats at
a voltage between that required for local zero
current at the high voltage end and that required
for local zero current at the low voltage end. The
end of the probe seeing higher potentials will
mainly collect ions since it is biased slightly
negative to the voltage required for local zero
current, while the end at low potential will
collect both ions and electrons, since it is biased
slightly positive to the voltage required for local
zero current. The excess of electrons collected at
the low potential end of the probe will flow
through the conductor to meet and neutralize the
ions coming to the high potential end of the
probe.

Summary

We observed two types of discharge current
perturbations induced by the probe inserted in
Hall thruster, an increase in the discharge
current and large amplitude oscillations. Both
types are functions of the probe position within
the thruster and the material of the inserted
probe. It seems that these perturbations are not
bulk ablation of the probe material. Additional
disturbances due to ablation were attainable but
not on the time scale of the probe insertions.

The strong low frequency oscillatory
perturbations are induced less than a millisecond
after the probe crosses a specific boundary in the
thruster while their amplitude can remain almost
unchanged for several seconds, fractions of a
millimeter downstream of that boundary. The
large amplitude oscillations are around 15kHz
and may be ionization instabilities.

The increase in the discharge current
perturbation begins outside the thruster and
increases to 50% of the unperturbed discharge
current for dielectric probe. Plasma probe
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interactions taking into account a decrease in the
plasma electron temperature due to the SEE and
presence of the probe are consistent with the
measured changes to the plasma. The increase in
discharge current may be due to plasma probe
interaction that depends on SEE of the probe
material.

The tungsten probe caused very little
increase in discharge current about 5%, though it
did cause oscillations. The tungsten probe does
not have the ablation or other thermally
associated problems due to its thermal
conductivity and low SEE for typical electron
temperatures in the Hall thruster.

The effects of the probes upon the plasma
potentials and electron temperature within the
thruster are seen to be very similar to the effects
of segmented electrodes and changes in the
channel wall material.

It is suggested here that in order to avoid
large increases in discharge current the insulator
of the probes should be completely shielded by
tungsten or a similar material with high melting
temperature and low secondary electron
emission. Operating the thruster at low densities
may also reduce perturbations by the probe due
to less plasma probe interaction.
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