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Introduction

HE Hall effect thruster’s (HETs) combination of high specific

impulse, efficiency, and thrust density has increased its popu-
larity for use as spacecraft propulsion. Currently, the widespread use
of HETs is hindered by the limited understanding of plume interac-
tion with the spacecraft. This situation is complicated by the wide
rage of probe designs and test facilities used for HET investigations.
This Note reports on two nude Faraday probes of differing design
that are used simultaneously to measure the ion current density of
a 5-kW Hall thruster. The results show that both probes measure
similar thruster plume profiles over the range of angular positions
investigated for all operating conditions, with small differences be-
tween the ion current density profiles of the probes attributed to
material selection. Moreover, both probes measure the highest ion
current density near thruster centerline at the highest facility oper-
ating pressure. A combination of charge-exchange collisions and
vacuum chamber gas ingestion into the thruster is believed to cause
this phenomenon.

Experimental Apparatus

All testing was performed in the large vacuum test facility (LVTF)
described in Ref. 1. The thruster is mounted at station 1, as indicated
in Fig. 1. The facility backpressure was varied from 4.3 x 10~* Pa
(3.2 x 107 torr) to 1.9 x 1073 Pa (1.4 x 1073 torr) by changing the
number of operating pumps.

Hall Thruster

The Faraday probe comparison is performed on the NASA-
173Mv1 Hall thruster. The 173Mv1 has a mean diameter of 148 mm,
a channel width of 25 mm, and has a nominal power rating of 5 kW.
A more detailed discussion of this thruster can be found in Refs. 2
and 3. A laboratory model hollow cathode is located at the 12 o’clock
position on the thruster.*

Probe Design
Table 1 summarizes the relevant dimensions of each probe.
Figure 2a shows a schematic of probe A, which consists of a
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2.31-cm-diam collection electrode enclosed within a guard ring.
The collection electrode is aluminum, spray coated with tungsten to
minimize secondary electron emission. Figure 2b shows a schematic
of probe B. Probe B consists of a 1.941-cm-diam collection elec-
trode enclosed within a guard ring. Probe B is made of stainless steel
and is not spray coated, like probe A, to reduce secondary electron
emission. The collector surface and guard ring are mounted to a
ceramic electrical insulator. Both the collector and guard ring of
probes A and B are designed to be biased to the same negative po-
tential below facility ground to minimize edge effects around the
collector by creating a flat, uniform sheath over the collection area.

Data-Acquisition System

The thruster is mounted with the exhaust beam aligned with the
chamber axis, such that the thruster centerline is referenced as 0 deg.
The probes are positioned 19.50 £ 0.25 deg apart on an overhead,
rotating arm that is attached to a rotary table with a repeatability of
12 arc-sec. The probes are aligned to the center of the 173Mvl1 exit
plane and placed 100.9 £ 0.1 cm downstream of the thruster. A scan
of the thruster plume from —100 to 100 deg, in 1-deg measurement
increments, takes approximately 6 min.

Multiple measurements of the ion current density profile, col-
lected at a single operating condition, show that the data of both
probes are very repeatable. In the following discussion, all data re-
ported are with the collector and guard ring of both probes A and
B biased to 20 V below facility ground by a single power supply.
Prior use of nude probes at Plasmadynamics and Electric Propulsion
Laboratory has indicated that a bias voltage of 20 V below facility
ground is sufficient for the collector to enter ion saturation with-
out substantial sheath growth.>® A 99.6 Q(£0.5%) current shunt is
placed in the biasing line connected to each collector. Probe current
is measured to an accuracy of +0.004% with this shunt resistor.
The ion current density is calculated by dividing the current by the
collector surface area and has an accuracy of +0.5%.

Experimental Results and Discussion

The effect of facility backpressure on the measured ion current
density of each probe is investigated by varying the pumping speed
of the LVTF. Both nude Faraday probes are simultaneously inves-
tigated. The thruster is operated at 300 and 500 V at approximately
4.4 and 10 A, at nominal pumping speeds of 70,000, 140,000, and
240,000 1I/s. Table 2 presents the thruster operating conditions and
corresponding backpressures that we investigated. In Table 2 /ic
is the inner magnet current, /oc is the outer magnet current, and
Vc-g, is the voltage difference between the cathode and ground. As
the facility backpressure increases, more background xenon gas is
ingested into the thruster discharge chamber. The anode mass flow
rate is adjusted to keep the discharge current constant at all pumping

Table 1 Dimensions of probes A and B (all dimensions
in centimeters)

Part name Probe A Probe B
Collector outer diameter 2.31 1.941
Guard ring outer diameter 2.540 3.185
Guard ring thickness 0.074 0.483
Collector-to-guard ring gap 0.231 0.279
Collector material Tungsten 304 SS
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Table 2 NASA-173Mv1 operating conditions (anode and cathode flow rates are accurate to within 0.2 and 0.02 mg/s, respectively)

Discharge Discharge Anode Cathode Pressure, Pressure,
voltage, V current, A flow, mg/s flow, mg/s lic, A loc, A Ve-g, V Pa-Xe torr-xe
300 4.39 4.81 0.55 2.00 1.50 —11.5 1.7E-03 1.3E—-05
500 5.01 4.77 0.55 2.50 2.00 —12.5 1.7E—-03 1.3E-05
300 10.23 9.61 0.55 3.50 3.00 —13.7 3.1E-03 2.3E-05
500 10.62 9.61 0.55 3.25 2.85 —13.3 3.1E-03 2.3E-05
300 4.37 5.01 0.55 2.00 1.50 —-11.9 1.0E-03 7.6E—06
500 4.93 5.01 0.55 2.50 2.00 —11.4 1.0E-03 7.6E—06
300 10.14 9.73 0.55 3.50 3.00 —12.2 1.7E—-03 1.3E—-05
500 10.66 9.73 0.55 3.25 2.85 —12.3 1.7E-03 1.3E-05
300 4.35 5.06 0.55 2.00 1.50 —11.9 5.7E—-04 4.3E—-06
500 4.89 5.27 0.55 2.50 2.00 —11.2 6.1E—04 4.6E—06
300 10.22 9.75 0.55 3.50 3.00 —10.7 1.0E—-03 7.7E—-06
500 10.72 9.75 0.55 3.25 2.85 —10.8 1.0E—-03 7.7E—-06
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Fig. 2 Schematic of probes A and B. The collectors are isolated from
the guard rings with ceramic standoffs.

speeds. As shown in Table 2, the magnet setting remains constant
at each power setting for all three pumping speeds.

Probe Design

Figure 3 compares the operation of probe A to probe B for thruster
operating conditions of 300 V, at 4.37 A and 10.14 A. The figure
shows that probes A and B measure similar thruster plume profiles
for the 300-V thruster operating conditions. The similarity between
the two probe measurements is also seen in the 500-V traces, and
thus only probe A data measured at 300 V are presented and dis-
cussed. Because all other parameters are identical, the small differ-

-100-80 -60 -40 -20 0 20 40 60 80 100
Angular Position ( Degrees )

Fig. 3 Ion current density vs position for probes A and B at a nominal
pumping speed of 140,000 I/s on xenon. (300-V, 4.37-A, and 10.14-A
thruster operation).

ence between the measured ion current density profiles must be a
result of probe design, that is, collector material, guard ring thick-
ness, and collector-to-guard ring gap. The greater secondary emis-
sion coefficient of probe B (0.15 for steel’ vs 0.02 for tungsten®) can
account for the measured differences between the probe responses.
Gulczinski measured ion energies above 100 eV, which is sufficient
to yield electrons, in the P5 plume from 0 to 90 deg off thruster
centerline.® Thus, the secondary electron emission coefficient of
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the collector is important at all locations in the plume. Based on the
differences in the secondary electron emission yield of the collec-
tor materials, the measured ion current density of probe B should
be approximately 12.7% greater than that of probe A. This is very
close to the 12.3 and 8.7% differences seen in the ion current density
traces in Fig. 3 on thruster centerline at 4.3 and 10.2 A.

Debye length estimates using known P5 plume parameters show
that it is always greater than the guard ring to collector gap, so that
their sheaths merge at all locations in the plume. With this criterion
satisfied, the difference in guard ring design between the probes
should not affect ion collection. The impact of material selection
led to the use of probe A for all other results presented in this paper.

Backpressure Effects

Figures 4 and 5 show ion current density traces at 4.3 and 10 A,
respectively, with a discharge voltage of 300 V. The effect of facil-
ity backpressure is clearly seen in the wings of both figures. As the
facility backpressure increases, the measured ion current density by
both probes increases at large angles at all operating conditions even
though the anode mass flow rate is reduced to maintain a constant
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Fig. 4 Ion current density vs position for probe A at backpressures of
1.7 x 1073 Pa (1.3 x 10~ torr), 1.0 x 10~3 Pa (7.6 x 10~ torr), and
5.7 x 10~* Pa (4.3 x 107 torr) (300-V, 4.3-A thruster operation).
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Fig. 5 Ion current density vs position for probe A at backpressures of
1.0 x 1073 Pa (7.7 x 10~° torr), 1.7 x 10~3 Pa (1.3 x 10~ torr), and
3.1 x 1073 Pa (2.3 x 10 5 torr) (300-V, 10-A thruster operation).

discharge current. Figure 4 shows that at the 4.3-A condition the
central core of the plume is unaffected by the changes in the facility
backpressure. By comparison, Manzella and Sankovic'® observed
that the central core of the SPT-100 ion current density profile is
largely unaffected roughly within £30 deg from centerline with
changing facility pressure. In addition, Manzella observed an in-
crease in measured ion current at large angles.'® Manzella changed
the facility pressure by bleeding xenon into the test chamber through
an auxiliary bleed valve on the tank wall, not by varying pumping
speed. The results show that these two techniques appear to yield
an equivalent backpressure field. At the 4-A operating condition
neither the 173Mv1 nor the SPT-100'° exhibit a change in the cen-
tral core of the plume with increasing backpressure. This can be
explained by noting that on centerline the number of slow charge
exchange (CEX) ions is negligible in comparison to the number of
ions born in the discharge channel.

However, at the 10-A operating condition (Fig. 5), the ion current
density in the central core and in the wings of the 173Mv1 plume
increases with increasing facility backpressure. Similar results were
obtained with the SPT-140 (see Ref. 11). It is not clear why the
central core ion current density increases with increasing facility
backpressure at the 10-A condition and not the 4.3-A condition.
It is possible that the increase in central core ion current density
can be explained by an increase neutral population at the thruster
exit plane because the background pressure at the 10-A condition
is nearly twice that of the 4.3-A condition. At the 10-A operating
condition this process, though not totally understood, appears to
outweigh the decrease in anode flow rate, which is done to maintain
constant discharge current.

An estimation of the measured total ion beam current /; can be
used to evaluate a Faraday probe’s ability to measure the ion current
density. The /; is affected by the facility backpressure because the
ion current density measured by the Faraday probe includes CEX
ions. Figure 6 shows the integrated beam current. The ion current
density angular distribution is not symmetric about a probe angle
of zero. To account for the asymmetry, the total ion beam current is
calculated using the left- and right-hand-side angular distributions.
The average of the two results is presented here. The error in the
calculated total ion beam current is +5%.

Figure 6 shows that as facility backpressure decreases the total in-
tegrated ion beam current at all thruster operating conditions slowly
increases. This trend is counterintuitive because a higher backpres-
sure normally results in more low-energy CEX ions, which in turn
cause Faraday probes to measure an ion current density higher than
the true value. The process that causes this trend is not understood.
The trend exhibited in Fig. 6 shows that total integrated ion cur-
rent might not be a straightforward method of evaluating facility
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Fig. 6 Total integrated ion beam current vs facility backpressure at
all operating conditions for probe A.
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Fig. 7 Facility backpressure vs plume divergence angle for probe A.

backpressure effects. Instead, by comparing the ratio of total in-
tegrated ion current to discharge current with Hofer’s exit plane
measurements of /;/1; in Ref. 12, the ability of a Faraday probe
design to measure the ion current density in the presence of CEX
ions can be evaluated. Hofer reports /; /1, where 1, is the discharge
current, to be approximately 77% (£2%) for the optimized Hall
thruster. 2

The ratios of the total ion beam current to discharge current,
1; /1, measured with probe A are greater than the 77% value Hofer
reports.'? In addition, I; /1, increases with discharge voltage for con-
stant discharge current at all operating conditions except 1.7 x 1073
Pa at approximately 4 A. The difference in the ratios of the total
ion beam current to discharge current can be attributed to facility
effects. As the ion energy increases from 300 to 500 eV, the charge-
exchange cross section decreases, which leads to a reduction in
reaction probability. The reduction in reaction probability allows
more fast discharge ions to reach the Faraday probe surface. This
agrees well with the observed increase in /; /I, when the discharge
voltage increases from 300 to 500 V.

Integrating the angle-dependent ion flux yields the plume cur-
rent contained within a given half-angle. The divergence half-angles
containing 90% of the total measured ion current are calculated for
probe A using the measured ion current density profiles. Figure 7
shows that the plume divergence half-angle decreases as the back-
pressure decreases for the 4-5 A operating conditions, which is
consistent with prior results. From 4-5 A, the measured ion cur-
rent densities in the central core of the SPT-100,'° SPT-140,'! and
173Mv1° are unaffected by facility backpressure, but at large an-
gles from centerline the ion current density measurements decrease
with decreasing backpressure. The divergence half-angles of these
thrusters also decrease with decreasing backpressure for discharge
currents of 4-5 A. In addition, the measured ion current density
within the central core of these thrusters increases with increasing
backpressure for the 10-A operating conditions, which creates a
more collimated plume profile. This is consistent with Fig. 7, which
shows that the calculated divergence half-angle of the 173Mv1 de-
creases as the facility backpressure increases for the 10-A operating
conditions. The ion current density percent difference between two
backpressures displays the effect of facility backpressure on ion
current density measurements.

Figure 8 shows the percent difference in current density be-
tween the backpressures of 1.7 x 107> Pa (1.3 x 1073 torr) and
5.7 x 107 Pa (4.3 x 107 torr) at a thruster operating condition
of 300 V at 4.3 A. Figure 9 shows the percent difference in mea-
sured ion current density between backpressures of 1.0 x 1073 Pa
(7.6 x 107 torr) and 5.7 x 10™* Pa (4.3 x 107° torr) at a thruster
operating condition of 300 V at 4.3 A. As seen in Fig. 8, the
percent difference between measurements taken at 1.7 x 10~ Pa
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Fig. 8 Percent difference between current density profiles measured
at backpressures of 1.7 x 10~3 Pa (1.3 x 10~ torr) and 5.7 x 10—
Pa (4.3 x 10~ torr) using probe A at an operating condition of 300 V,
43 A.
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Fig. 9 Percent difference between current density profiles measured
at backpressures of 1.0 x 10~3 Pa (7.6 x 10~° torr) and 5.7 x 10—
Pa (4.3 x 10~° torr) using probe A at an operating condition of 300 V,
4.3 A.

(1.3 x 1073 torr) and 5.7 x 10™* Pa (4.3 x 1079 torr) is approxi-
mately a 7% increase on centerline. By reducing the backpressure
to 1.0 x 1073 Pa (7.6 x 107° torr), the centerline difference from
5.7 x 107* Pa (4.3 x 107 torr) is unchanged. The increasing per-
cent difference at large angles from centerline corresponds to the
presence of CEX ions in the plume perimeter.

As shown in Figs. 8 and 9, deviations in ion current density pro-
file increase with increasing facility background pressure for HET
plume angle measurements beyond approximately +40 deg. The
effect of the CEX ions on Faraday probe measurements is most ev-
ident at large angles in the ion current density profiles where the
ratio of primary discharge to CEX ions is small. The effect of CEX
ions increases with increasing facility backpressure because of an
increase in the number of neutrals atoms present in the vacuum
chamber.

The percentage of beam ions that reach a given location in the
plume is affected by the facility operating pressure. Gulczinski’s
ion energy distribution measurements of the P35, at the 300-V, 5-A
operation condition, show that the most probable ion energy of
singly charged ions at 40 and 90 deg is approximately 280 and
180 V, respectively.’ The percentage of beam ions that reach probe A
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without a collision is calculated at the interrogation angles using the
ion energy estimates and the Xe-Xe™ cross-section data in Ref. 13.
At 40 deg the beam ion survival rate is 90% for 1.7 x 1073 Pa and
increases to 97% for a backpressure of 5.7 x 107 Pa. At 90 deg the
beam ion survival rate is 89% for a backpressure of 1.7 x 10~ Pa
and increases to 96% for a backpressure of 5.7 x 10™* Pa. The
decrease in the number of collisions caused by the lower operat-
ing pressure only accounts for a small increase in the percentage of
ions that reach the probes at 40 deg.

It has been shown that elastic scattering is the source of the major-
ity of ions with energy greater than £ /g =50 V that are observed
at angles greater than 45 deg with respect to the thruster axis.'*
These ions account for only a few percent of the beam. The nude
Faraday probe cannot differentiate between these high-energy large-
angle scattered ions and the low-energy CEX ions. The percentage
of elastically scattered ions in the plume is not measured, and thus
their effect is not accounted for in the analysis of the Faraday probe
data.

Conclusions

The ion current density distribution of the 173Mv1 Hall thruster is
measured with two probes over a wide rage of backpressures and op-
erating conditions. The effect of probe design is a result of different
secondary electron emission coefficients—tungsten collector sur-
faces are clearly required for accurate beam current measurements.
Analysis of local plasma parameters shows that Debye length must
be considered when calculating collector-to-guard ring gap. The
collector-to-guard ring gap of the probe should be designed and po-
sitioned to ensure a flat, uniform sheath over the collector surface.

For both probes, the magnitude of the ion current density at the
central core of the plume increases with increasing facility back-
ground pressure. A similar trend in ion current density measure-
ments is seen at large angles from the thruster centerline. Probes A
and B measure similar thruster plume profiles for all operating con-
ditions. Analysis of the ion current density traces shows that /; /I
might be the best way to evaluate the performance of a Faraday
probe. In addition, the plume divergence angle depends on facility
backpressure and anode flow rate. Clearly, the CEX and elastically
scattered ions present at angles greater than 40 deg from thruster
centerline must be actively filtered away from the Faraday probe
collector surface to reduce the effect of facility backpressure on the
measurements.
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