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Electrostatic probes are widely used to measure spatial plasma parameters of the quasineutral
plasma in Hall thrusters and similar E⫻B electric discharge devices. Significant perturbations of the
plasma induced by such probes can mask the actual physics involved in the operation of these
devices. In Hall thrusters, probe-induced perturbations can produce changes in the discharge current
and plasma parameters on the order of their steady-state values. These perturbations are explored by
varying the material, penetration distance, and residence time of various probe designs. A possible
cause of these perturbations appears to be the secondary electron emission, induced by energetic
plasma electrons, from insulator ceramic tubes in which the probe wire is inserted. A new probe in
which a low secondary electron emission material, such as metal, shields the probe ceramic tube, is
shown to function without producing such large perturbations. A segmentation of this shield further
prevents probe-induced perturbations, by not shortening the plasma through the conductive shield.
In a set of experiments with a segmented shield probe, the thruster was operated in the input power
range of 500 W–2.5 kW and discharge voltages of 200–500 V, while the probe-induced
perturbations of the discharge current were below 4% of its steady-state value in the region in which
90% of the voltage drop takes place.
© 2004 American Institute of Physics.
关DOI: 10.1063/1.1634353兴

I. INTRODUCTION

The energy absorbed by the probe from the plasma can
cause the probe to heat up, leading to its ablation, and eventually to destruction. On the other hand, the resulting plasma
and power losses to the probe surface may decrease plasma
density and temperatures, thereby altering the overall discharge characteristics almost instantaneously. In glow discharges, because the electron temperature and plasma densities are relatively low, these effects may be too small to
appreciably change the discharge or damage the probe. In
fusion related devices, high plasma density and temperatures
can cause significant heating of the probe. In order to prevent
probe destruction, fast positioning systems, and in some
cases graphite shielding of the probes, have been successfully applied in studies of the edge physics in these devices.9
Because the power and plasma losses to the probe are small
compared to the power of the entire fusion device, the
probe’s effect on the plasma is less noticeable.
In Hall thrusters, the relatively high electron temperatures of about 20–30 eV and relatively low total power on
the order of 1 kW combine to make both the probe’s effect
on the plasma and the plasma’s effect on the probe significant. Fast movable probes were successfully used in a 140mm-diam Hall thruster to avoid probe ceramic tube ablation,
and, thus, probe-induced perturbations. Perturbations in these
experiments were only 10% of the discharge current at 1.5
kW thruster input power.10 However, the absolute amplitude
of the discharge current perturbations in that thruster is comparable with those for a 90 mm Hall thruster operating at 0.4
kW used in a different setup with a similar fast movable
probe setup.4 Because the power densities of both thrusters
of Refs. 4 and 10 and the probe sizes are comparable, for the

A conventional Hall thruster is a crossed field electric
discharge device with a radial magnetic field and axial electric field applied in a coaxial channel.1 This magnetic field
impedes electrons from their motion towards the anode leading to the establishment of a significant axial electric field in
a quasineutral plasma. The ions, resulting from electron impact ionization of neutral gas atoms, are electrostatically accelerated through the azimuthally rotating cloud of magnetized electrons towards the channel exit. The thrust is
produced as the reaction force to this acceleration. It is transferred through the magnetic field surfaces created by the azimuthally rotating electrons, which are essentially equipotential, to the magnetic circuit of the thruster.
Probe measurements are a vital means to understanding
the physical process involved in the operation of Hall thrusters. Electrostatic probes placed near the thruster channel
walls have been successfully used in many studies.2,3 However, near-wall probes cannot give precise information on the
bulk plasma because the plasma parameters are not radially
uniform between the walls.4,5 On the other hand, introducing
probes into the bulk plasma, in particular, in the acceleration
and ionization regions, causes significant perturbations to the
Hall thruster discharge. For example, in Refs. 4, 6, and 7, the
discharge current increased by as much as 50%–100% of its
steady-state value when the probe was moved into these regions. In Ref. 8 it was shown that most of these perturbations
were produced by the ceramic tube of the probe and not by
the probe wire.
a兲
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FIG. 1. PPPL 90 mm Hall thruster with stationary probe and high-speed
movable probe.

smaller thruster the relative fraction of probe-induced perturbations is greater.
Probe tube ablation, which is a consequence of the
power lost to the tube integrated over the probe’s exposure
time, can be avoided by reducing the probe residence time in
the plasma. The interaction between the plasma and probe
tube also depends on the plasma–probe wall sheath. The
sheath is established in a shorter period of time (  sheath
⬃10⫺5 – 10⫺6 s) than the residence time of the probe
(  probe⬃10⫺1 – 10⫺2 s). The sheath and steady-state electron
flux to the probe tube is determined by the electron temperature and material properties of the wall, namely, secondary
electron emission 共SEE兲.
In the present work we study the effect of the probe tube
material on the plasma in Hall thrusters using a fast movable
probe setup. We employ probe tubes made from different
materials in diagnosing the 90 mm laboratory thruster. We
show that a metal probe shield can substantially reduce the
absolute amplitude of probe-induced perturbations of the
plasma, and relate this amplitude reduction to the lower secondary electron emission of the metal probe shield compared
to the emission from ceramic tubes. Further results on a 123
mm laboratory thruster confirm these results at similar and
larger thruster input powers. Also, reduction of the probeinduced perturbations is achieved by segmenting the shield
of the probe, an effect which appears to be related to reducing the shorting of the plasma currents through the conducting probe shield.
II. EXPERIMENTAL SETUP AND PROCEDURE
A. 90 mm thruster

The 90 mm laboratory Hall thruster and test facility used
in this study 共Fig. 1兲 has been described elsewhere.11 Electrostatic probes in single and emissive configurations were
mounted on a high-speed axial positioning system, which
inserts and removes the probe from the thruster at 10 m/s2
acceleration and velocities up to 0.5 m/s. The emissive probe
was used to measure the plasma potential, and, together with
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the nonemissive probe, which measures the floating potential, to estimate the electron temperature. The probe consists
of a high purity alumina tube that insulates the probe wire.
Approximately 30 mm of the probe tube is exposed to the
plasma and passes through a significant electric field while
the probe is inserted into the thruster channel. In a different
set of experiments, we found that the alumina insulating tube
alone without the wire caused most of the perturbations induced by the probe.8 Therefore, in all the experiments described below for the 90 mm thruster, ceramic insulator tubes
without wires were used. For Hall thrusters, the maximum
electron temperature is, typically, 20–30 eV, which is near
the first SEE threshold for ceramic materials.1 Hence, similar
to the interaction of the plasma with the ceramic channel
walls of the thruster,1 the interaction of the plasma with the
ceramic probe walls can have a significant effect on the electron transport across the magnetic field and on the electron
temperature. In order to study the effect of the probe tube
material, we used a tube made from quartz in addition to the
alumina insulating probe tube, which is commonly used in
Hall thruster probe measurements. Moreover, a rod made
from tungsten, which has lower SEE than alumina and
quartz, was used instead of the probe tube.
The perturbations where characterized by changes in the
measured discharge current during the insertion of the probe.
The effects of these perturbations were studied by measuring
the changes in the floating potentials of three fixed Langmuir
probes at different azimuthal locations along the outer channel wall near the thruster exit 共Fig. 1兲. The Langmuir probe
potentials were measured relative to ground, as was the cathode voltage. Typically, the cathode-to-ground potential was
constant during probe insertion, but to take into account
small changes in the cathode-to-ground potential, the
changes in the Langmuir probe potential presented in this
article are relative to the cathode. The floating potential of
the stationary Langmuir probes,  f , is related to the plasma
potential,  p , and the electron temperature T e by

 f ⫽  p ⫺ 共 kT e /e 兲关 ln共 冑M i /2 m e 兲 ⫹exp共 ⫺1/2兲兴 ,

共1兲

where k is the Boltzmann constant, e is the elementary
charge, M i is the ion mass, and m e is the electron mass.12
The exp(⫺ 12) accounts for the presheath potential drop.
B. 123 mm thruster

The 123 mm laboratory Hall thruster 共Fig. 2兲 was operated in an upgraded version of the test facility used in the
studies on the 90 mm thruster. The details of the upgrade,
which included cryogenic pumps, a larger thruster, and expanded diagnostics are described elsewhere.13 An upgraded
probe insertion system was used as well. The diagnostic
probe is mounted on a high-acceleration axial positioning
system that in turn is mounted on a low speed axial and
radial positioning system; see the schematic in Fig. 3. The
high acceleration axial motion is produced by a H2W linear
motor used at a maximum speed of 1.5 m/s and a maximum
acceleration of approximately 10 g 共100 m/s2兲. The axial
position is controlled in closed loop by a Galil DMC-1800
motion controller at a loop frequency of 8 kHz using position
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FIG. 2. PPPL 123 mm Hall thruster with stationary probe and high-speed
movable probe.

information measured with an optical encoder at a resolution
of 10 m. Two relatively slow Velmex linear gear motors
provide radial and axial positioning of the H2W system with
their position measured by a 5 m optical encoder. The radial Velmex is used to change the radial position of probe
insertion, and the axial Velmex is used to hide the positioning system from the thruster’s plume when the system is not
in use. Bearing supports parallel to the Velmexes are used to
balance the large torques produced by the cantilevered load
of the H2W system and remove play in the system. The
probe is mounted to a probe arm that is dielectrically isolated
from ground and mounted on the positioning system through
a Newport three-axis stage, which adjusts the probes pitch,
yaw, and height relative to the thruster.
A set of azimuthally located fixed Langmuir probes similar to those on the 90 mm thruster were also used to monitor
disturbances. The 123 mm thruster was operated at the same
voltage, 250 V, as the 90 mm thruster and at a mass flow rate
set to 3.2 mg/s so that the input power and flow rate divided
by the thruster cross-section area was the same for the two
thrusters. Three probe designs were tested in the 123 mm
thruster. First, an alumina tube similar to that from the 90
mm thruster experiments was tested. Second, an alumina
tube shielded by a thin walled molybdenum tube was tested
in order to have a low SEE material exposed to the plasma as
in the case of the tungsten rod from the 90 mm tests but also
to be functional as a probe wire insulator. Third, because

FIG. 3. Schematic of the high acceleration probe positioning system.
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FIG. 4. 共a兲 Photograph and schematic cross section of segmented tungsten
probe, and 共b兲 photograph of segmented shield using graphite ringlets, dimensions in millimeters.

shorting the plasma through the conducting shield was
thought to effect changes in the discharge,14 two probes with
a segmented shield on the alumina tube to achieve the effect
of a nonconductive low SEE shield were tested. A segmented
tungsten probe 关Fig. 4共a兲兴 was manufactured by plasma spray
coating tungsten onto the alumina tube and then machining
away rings of the tungsten to create the desired segmentation. A segmented graphite probe 关Fig. 4共b兲兴 was more simply manufactured by cementing short graphite rings to the
alumina tube.
III. EXPERIMENTAL RESULTS
A. Typical disturbance

Figure 5共a兲 shows a typical measurement of the discharge current for a single insertion while inserting an unshielded alumina insulated probe into the 90 mm thruster. To
indicate where these disturbances are relative to the accelera-

FIG. 5. Typical discharge current 共a兲, electric field, electron temperature,
and normalized magnetic field 共b兲 profiles during probe insertion for the 90
mm thruster operating at 250 V and 1.7 mg/s. Thruster exit plane is at 46
mm from the anode.
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tion and ionization zones of the thruster, Fig. 5共b兲 shows the
electric field, estimated electron temperature, and normalized
magnetic field. These quantities are obtained from an analysis of the emissive probe and cold probe floating potentials,
by averaging over multiple insertions at the channel centerline, and from measurements of the radial magnetic field
when the thruster was off. The discharge current begins increasing about 5 mm outside the thruster until about 5 mm
inside the thruster, where large amplitude oscillations begin.
It is possible to divide the effect of 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
oscillations are in the range of 15–20 kHz for the alumina
and tungsten probe, and are also visible on the stationary
probe’s floating potential. Though the oscillations have not
been fully characterized, we note that the oscillations occur
when the probe crosses the boundary between the acceleration region and ionization region. That boundary is essentially at the maximum in electron temperature. These characteristics suggest that these oscillations are breathingionization instabilities,15 possibly induced by the increased
ion and electron losses due to the presence of the probe in
that region.
The disturbances in discharge current were repeatable
over multiple probe insertions within 5% as functions of the
position of the probe tip. The dependence of the disturbance
on the position of the probe, and not on the duration of the
probe insertion into the plasma, was demonstrated by changing the velocity and acceleration of the probe insertions and
by stopping the probe inside the thruster for a short amount
of time before removing it. The correlation between the
probe position and the increase in discharge current, as opposed to the residence time of the probe in the thruster channel, indicates that these probe-induced perturbations of the
plasma are most probably not due to ablation of the probe
ceramic tube. Furthermore, because of a typically short residence time of the probe inside the thruster, less than 100 ms,
and in spite of significant induced perturbations of the discharge, no visible recrystalizations of the probe tube due to
melting and solidifying were found in postrun examinations
through all the described experiments. In parallel experiments, probe ablation directed towards the azimuthal electron flux, similar to that of Ref. 10, was found for the alumina probe, but only after residence times inside the thruster
greater than 1 s. For the tungsten probe, no ablation was
visible even after 15 s inside the channel.
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FIG. 6. Discharge current perturbations caused by quartz, tungsten, and
alumina probes in the 90 mm thruster operating at 250 V and 1.7 mg/s.

larger and azimuthally localized in the vicinity of the probe
immersion, whereas in the case of the tungsten rod, the perturbations are nearly azimuthally symmetric. A possible explanation of these results is as follows. In the presence of
secondary electron emission, the sheath potential between
the plasma and movable probe is described as
⌬  ⫽ 共 kT e /e 兲 ln关共 1⫺ ␥ 兲 冑M i /2 m e 兴 ,

共2兲

where ␥ is the SEE coefficient. The SEE reaches the first

B. Effects of probe material

Figure 6 shows the dc 共low pass filtered at 500 Hz兲 component of the discharge current as a function of the position
of the end of the probe tube for the alumina, quartz, and
tungsten probe insertions in the 90 mm thruster. As seen in
Fig. 6, the increases in the discharge current caused by the
presence of the quartz and alumina tubes are substantially
greater than for the floating tungsten rod. Looking at the
changes in the stationary Langmuir probe potentials 共Fig. 7兲,
in the case of the ceramic tubes, we see the perturbations are

FIG. 7. Changes in stationary probe voltages azimuthally 共a兲 near and 共b兲
opposite the point of insertion for the quartz, tungsten, and alumina probes
for the 90 mm thruster operating at 250 V and 1.7 mg/s.
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threshold at T e ⬃20– 30 eV 共typical of the Hall thruster兲 for
quartz and alumina ceramic probe materials. Thus, the sheath
potential becomes smaller, allowing more plasma bulk electrons to reach the tube wall. The probe is a sink for highenergy electrons16 and contributes to a decrease in the electron temperature relative to the plasma without the probe.
The resulting lower energy secondary electrons from the
probe wall reduce the plasma bulk electron temperature and
may increase the plasma density at least in the vicinity of the
probe, but probably not in the entire channel as the disturbance measured by stationary probes is nonuniform in the
azimuthal direction. If so, the obtained results can be interpreted as a local decrease of the electron temperature of
about 5 eV.
For the tungsten rod, the secondary electron emission is
significantly lower than for the ceramic tubes at the same
energies of the primary electrons from the plasma. Therefore,
the floating potential disturbance caused by the tungsten rod
is significantly smaller. The measured azimuthal symmetry
of this disturbance, assuming equipotential magnetic surfaces
of the E⫻B discharge,1 suggests that this disturbance is related to changes in the plasma potential rather than to
changes in the electron temperature. These changes may be
caused by a shorting of the plasma through the conductive
rod.11 The floating tungsten rod is at constant potential in a
strong electric field, the high potential end of the rod will
have a more negative sheath potential and collect an excess
of ions, and the low potential end will have a less negative
共or possibly positive兲 sheath potential and collect an excess
of electrons. The excess of electrons on the negative end of
the rod will flow through the rod to neutralize the excess of
ions at the positive end of the rod. Current will thus pass
through the rod, shorting the plasma and causing a decrease
in the electric field along the length of the conducting rod.
The segmented tungsten and graphite probes were designed
to prevent perturbations caused by the shorting of the plasma
because the conducting probe shield is discontinuous. Each
of the shield segments floats at a different potential, and the
current through each segment is small since the segment is
short in length and the collection area is smaller.
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FIG. 8. Changes in discharge current caused by alumina, molybdenum
shielded, and segmented tungsten shielded probes in the 123 mm thruster
operating at 250 V and 3.2 mg/s. Unperturbed discharge current was 2.8 A.

disturbances in the ionization region. This suggests there
may be an optimal magnetic field with respect to small
probe-induced disturbances; however, it is not necessarily
the optimum magnetic field with respect to thruster performance.
For the high SEE alumina tube, the Langmuir probe disturbances were larger and generally localized, again indicating a change in electron temperature. The changes in the
stationary probe floating potential for the segmented tungsten
probe were slightly smaller than for the molybdenum tube.
The increase in discharge current for the two probes is approximately the same. An increase in discharge current
around 0.7% 共on the order of the disturbances measured兲,
simply due to the additional surface of the probe can be
expected by comparing the diameter of the probe 共1.4 mm兲
to the diameters of the coaxial thruster 共123 mm OD, 73 mm

C. Testing of shielded probes

Figures 8 and 9 show the discharge current and stationary probe perturbations during movable probe insertion for
the 123 mm Hall thruster operating at 250 V discharge voltage and 2.8 A discharge current for the alumina tube, molybdenum shielded alumina tube, and segmented tungsten
shielded alumina tube. Similar to the 90 mm thruster, the
discharge current perturbations are significantly decreased by
shielding the alumina from the plasma. For the alumina
probe the increase in discharge current is significant outside
the thruster. The increases caused by the molybdenum and
segmented tungsten probes are much smaller and only about
2% of the discharge current. Discharge current oscillations
greater than 0.3 A in amplitude occurred for all types of
probes beginning approximately 6 mm inside the channel.
The amplitude of the oscillations was sensitive to magnetic
field, and magnetic fields could be found with less than 5%

FIG. 9. Changes in stationary probe voltages azimuthally 共a兲 near and 共b兲
opposite the point of insertion from the molybdenum shielded, and segmented tungsten shielded probes in the 123 mm thruster operating at 250 V
and 3.2 mg/s.
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FIG. 10. Changes in discharge current 共a兲 and stationary probe voltage near
insertion 共b兲 for the probe with segmented graphite shield operating at 500 V
discharge voltage and 5.0 mg/s flow rate. Unperturbed discharge current was
4.7 A.

ID兲. Some of the small changes in Langmuir probe voltage
may also be due to this increase in discharge current in addition to possible probe shield conductivity affects.
An additional benefit of shielding the insulator tube was
that there was little concern for probe tube ablation. The
positioning system was able to insert and remove the probe
at 1 m/s2 accelerations and 0.1 m/s velocity without signs of
ablation. These speeds are attainable with lower cost linear
gear motors.
The measurements for the alumina tube in the 123 mm
thruster were only repeatable for about 40 insertions, after
which the alumina tube showed reduced perturbations. No
such improvement was measured for several hundred insertions in the 90 mm thruster. The difference may be due to the
larger flow rates for the larger thruster causing surface
changes to the alumina tube. Because SEE is very sensitive
to the surface material properties, coatings could reduce the
SEE of the alumina thus reducing the perturbations caused
by the probe. Indeed, postrun examination of the probe
showed a gray discoloration of the alumina surface.
The molybdenum and graphite ringlet shielded probes
were also tested at larger flow rates and discharge voltages:
5.0 mg/s, and maximum 400 and 600 V, respectively, for the
two types of probes. Arcing to the molybdenum, which significantly affected the discharge, was visible at 400 V. The
molybdenum shield, because it is an equipotential and extends to outside the thruster, floats at a lower potential then
the individual segments of the graphite shield. For the graphite ringlet shielded probe, when operating at 600 V, occasional arcing was visible from the anode lead wires and from
the probe and affected the discharge but the arcs were not
functions of the probe position; with multiple insertions accurate profiles could be attained. These preliminary results
indicate that in addition to benefits with respect to the
changes in Langmuir probe voltage, the segmented probe
shield may reduce such arcing when operating at high voltages. Figure 10 shows the discharge current and stationary
probe perturbations as a function of the movable probe’s
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position. The arcs are signified by dips and rises in the profiles and are more noticeable in the stationary probe voltage.
The stationary probe voltage 关Fig. 10共b兲兴, unfiltered and
sampled at 10 kHz, changes sharply at the edge of the ionization region, similar to what occurs at lower powers. The
discharge current had many oscillatory components in this
regime. Figure 10共a兲 is filtered at 500 Hz, and due to instabilities, the changes in discharge current are difficult to distinguish. An averaging over multiple insertions of the discharge current 共rather than filtering which would remove the
sharp increase in the average value兲 shows the increase in
discharge current to be less than 150 mA in the acceleration
region and 0.4 A in the ionization region. The main conclusion to draw from these measurements is that, at high voltage
共500 V兲 and 2.4 kW power using the segmented probe design, measurements can be made internally with less than 4%
disturbances in the acceleration region. Another conclusion
to be drawn from Fig. 10 is that the stationary probes provide
a clearer picture of the probe-induced disturbances than just
the discharge current alone.
IV. DISCUSSION

Large perturbations of the plasma in Hall thrusters
caused by introduction of electrostatic probes in the discharge channel have been attributed to large secondary electron emission from the probe insulator tube, which is usually
made from ceramic materials. A lower secondary electron
emission tungsten rod, molybdenum tube, graphite tube, or
tungsten coated tube causes significantly smaller disturbances of the discharge current than quartz and alumina
tubes. At higher operating voltages arcing to the shields may
be attributed to its conductivity, though this might be avoided
by segmentation of the metal shield. By shielding the alumina probe tube, the measurement range of reliable probe
measurements has been increased to include the acceleration
region inside the thruster. When the thruster is operating at
250 V discharge voltage and a mass flow rate of 3.2 mg/s,
perturbations in the acceleration region were less than 2% of
the unperturbed discharge current. When operating as high as
500 V and 5 mg/s, the probe induced changes in discharge
current in the acceleration region were less than 4% of the
unperturbed discharge current. While this technique permits
probing of the acceleration region, significant perturbations
still exist when introducing probes into the ionization. Nevertheless, overall, a remarkable decrease in probe-induced
perturbations is achieved with the new probe designs.
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