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Performance and xenon ion laser induced fluorescence measurements of a Cylindrical Hall Thruster with
permanent magnets are presented. The thruster produced 3 to 6.5 mN of thrust with a specific impulse between
1000 and 1900 seconds when operated between 200 and 500 V with a xenon anode flow rate between 2.4 to
4.4 sccm. At a discharge potential of 250 V both thrust and specific impulse increased with the anode flow rate.
Thruster efficiency also increased with the flow rate. A peak efficiency of 21% was measured at a flow rate
of 3.4 sccm and a discharge voltage near 300 V. The LIF data showed that the plume is less divergent with a
magnetic shield. Furthermore, without the shield ~ 60% of ion acceleration occurred outside of the thruster
channel at 250 V, whereas with the shield only 25% of the acceleration occurred outside. Thus, the effect of
the magnetic shield is to cause acceleration region to move upstream, similar to overrunning the cathode with
a CHT with electromagnets.

I. Introduction

Hall thrusters are not easily amendable to miniaturization. A number of methodologies are available for scaling the
thrusters to power levels below a few hundred watts while attempting to preserve specific impulse and efficiency.!-
Raitses and Fisch developed 2.6 cm and 3.0 cm diameter Cylindrical Hall Thrusters (CHTs) that operate near 200 W,
featuring a reduced surface-to-volume ratio and unique magnetic topology.” The central magnetic pole and inner
ceramic of the CHT are shortened to produce an annular region near the anode, which is followed by a cylindrical
region. In the fully cylindrical configuration (FCHT) the central magnetic pole is flush with the anode, thus completely
eliminating the annular region. Detailed studies of the CHT (including the FCHT) in various magnetic field and
cathode configurations were presented previously.®'#

The 2.6 cm CHT with permanent magnets (CHTpm) is a variant of the FCHT that uses two axially magnetized
cobalt-samarium alloy magnet rings instead of electromagnets. Figure 1 shows a photograph and a schematic of this
CHTpm. The magnet rings are incorporated into the thruster magnetic circuit with the same polarity in order to
implement a direct (enhanced mirror) configuration.'> Magnetic field simulations and measurements indicate that the
magnetic field topologies produced with permanent magnets and electromagnets are similar only inside the thruster
channel. In the vicinity of the channel exit and outside the channel the magnetic circuit with the permanent magnets
creates a cusped magnetic field (even in the direct configuration). The effect of the magnetic field topology on the
thruster performance was investigated in detail in Ref. 16, where thruster performance in the cusped and the direct
magnetic field configurations was studied. In the cusped configuration the two magnet rings have opposite polarity.

Moreover, the magnetic field outside the CHTpm is stronger than outside the CHT with the electromagnet coils. A
magnetic shield installed in the CHTpm can significantly reduce the field outside.' Figure 1 shows the CHTpm with
the magnetic shield. Without the shield the ion current density profile in the plume of the CHTpm is hollow, with a
region of reduced density at the centerline. With the shield the current density is peaked at the centerline, indicating a
more collimated plume.

In this paper we measure the CHTpm performance and investigate its plume properties using Laser Induced Flu-
orescence (LIF). In particular, we compare performance and plume properties of the CHTpm for various operating
points, with and without the magnetic shield, and with two different cathode locations. Furthermore, we compare the
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Figure 1. a) Picture of the CHTpm in the Near Field Facility. b) Schematic of the CHTpm with the magnetic shield.

CHTpm (2.6 cm channel diameter) performance with that of the CHTem (3.0 cm channel diameter thruster with elec-
tromagnets). A series of thrust measurements at different voltages and flow rates establishes the operating envelope of
the thruster, while the LIF technique maps ion velocities in the plume.

The paper is organized conventionally. The thruster configuration and the LIF apparatus are described in Section II.
We present and discuss the experimental results in Section III. We conclude by summarizing the pertinent information
and suggest avenues for future work in Section IV.

II. Experimental Setup

The experiments were performed in the Near Field Facility (NFF) at The Aerospace Corporation. The facility con-
sists of a 3 m long and 1.5 m diameter stainless steel chamber pumped by two He-cooled nude sails with a maximum
pumping speed near 60,000 I/s on Xe. The system has a base pressure of 5 x 10~7 Torr; the pressure increases to as
much as 7 x 1076 Torr (adjusted for Xe) with a thruster operating at 4 sccm to the anode. The pressure was measured
with an ionization gauge mounted behind the thruster. A detailed description of the NFF chamber is given in Ref. 17.

The LIF data was collected with the thruster operating at 250 V and 350 V and current between 0.4 and 0.6 A. Two
magnetic configurations of the CHTpm were tested — with and without the magnetic shield."> For the configuration
without the magnetic shield, current of 0.5 A to the cathode keeper was used to keep the thruster operating for more
than a few minutes. Two cathode locations were investigated: P1 is 1.0 cm away axially from the thruster exit with
the cathode tip 2.35 cm above the channel lip; P2 is at the same axial distance away from the thruster exit as P1 and
1.47 cm from the cathode tip to the upper channel lip. Position P1 is the furthest radial cathode location at which
the CHTpm without the magnetic shield could be easily ignited. Position P2 was chosen to minimize the discharge
current for the CHTpm with the magnetic shield. A detailed study of the effects of the cathode location can be found
in Ref. 18. During the LIF tests reported in the paper the flow rates were nominally 4 and 2 sccm for the anode and
cathode respectively. During the performance tests the anode flow rate was varied between 2.4 and 4.4 sccm.

The LIF instrument is designed to measure two-dimensional velocity distribution function profiles of Xe ion and
neutral species simultaneously. It is an expanded version of the apparatus previously used to investigate the SPT-140
thruster.!>2° For this test campaign only the Xe ion velocities were measured. A detailed description of the LIF setup
can be found in Ref. 13. The thruster was placed on a motorized platform that could be translated in three orthogonal
directions. The data were collected in steps of 0.5 cm in the region from the thruster exit to 4.0 cm along the z (axial)
direction, and from the thruster centerline to 3.0 cm along the r (radial) direction, with the thruster exit at the centerline
defined as the origin.

Each LIF scan typically covered a frequency range of 40 GHz in 300 data points. Figure 2 displays scans of the
axial (panel a) and transverse (panel b) ion velocity distributions at various axial positions and r = 1 cm. These scans
were taken with the thruster without the magnetic shield while running at 350 V and the cathode at P2. Each trace in
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Figure 2. LIF sample data taken at r = 1 cm with the CHTpm (without the magnetic shield) running at 350 V and the cathode in the
P2 position. Panel (a) shows the axial component of ion velocity at various locations away from the thruster exit and panel (b) shows the
transverse component.

Fig. 2 consists of a single scan, which took around 6 minutes to acquire. At a few locations where the LIF signal-to-
noise ratio was low, we collected up to three scans to reduce the measurement uncertainty. The plots in Fig. 2 illustrate
that the LIF scans had high signal-to-noise ratios.

Thrust produced by the CHTpm was measured with an inverted pendulum thrust stand employing strain-gauge load
cells. The thrust stand is configured as a hinged parallelogram with four aluminum plates and stainless steel shim-
stock hinges, which provide little resistance to horizontal motion. Propellant is delivered to the thruster through 1/8
inch diameter stainless steel lines that are secured to the bottom stationary plate, and then bent into a wide corkscrew
before attaching to the upper plate on which the thruster is mounted. Electrical power is delivered through bundles of
fine-gauge wires that are looped between the plates. The upper plate was placed in contact with the thrust measuring
load cell, which was attached to the bottom plate. A second load cell is attached to the upper plate and was used to
perform in-situ calibration by applying a load to it and measuring the response of the thrust sensor. This “calibration”
sensor takes the place of discrete calibration masses and has the advantage that a continuously variable load can be
applied by using a stepper motor to draw up a nylon line attached to it through a spring. Further details on the thrust
stand can be found in Ref. 21.

Thrust measurements typically were made by running the thruster to a steady condition, recording the thrust sensor
output, shutting the thruster off, and recording the thrust sensor output again. This procedure was repeated at least
six times at each operating point. The thrust stand was calibrated after the set of measurements for each operating
point. Xenon gas was supplied to the anode and cathode by thermal mass flow controllers, calibrated by timing the
pressure rise in a one-liter volume. The cathode flow rate was 2 sccm in all cases. The estimated thrust measurement
uncertainty is 5%, determined by combining the average measurement variability with the average uncertainty in the
thrust stand calibration. Thrust measurement uncertainty dominated the uncertainties in measured mass flow rate and
power, resulting in estimated uncertainties of 5% for anode specific impulse and 10% for anode efficiency. Anode
specific impulse I, and anode efficiency 7 are defined in the usual manner:

Isp:m—g and nzﬁ, (1)
where F' is thrust, 1 is the anode mass flow rate, P is thruster input power (main discharge plus keeper), and g is
the acceleration due to Earth’s gravity at sea level. Figure 3 shows results from operation at anode flow rate of 2.4,
3.4, and 4.4 sccm and discharge voltages from 200 to 500 V. A cathode-keeper discharge was not required to sustain
thruster operation, however the effect of running a supplemental keeper discharge at 2.5 A is shown at 250 V. Included
on the plots are measurements from Ref. 14 that were taken with the 3 cm CHT thruster operated with electromagnets
(CHTem) instead of permanent magnets.
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Figure 3. Performance of the CHTpm with the magnetic shield and the cathode in the P2 location. Also, performance of the CHTem (from
Ref. 14) is included for comparison. The measurement error for thrust and I, is 5%, while for efficiency it is 10%. Efficiency calculations
include the cathode keeper power but not the electromagnet power.

III. Results and Discussion

Figure 3 shows thruster performance as a function of flow rate and discharge voltage. The CHTpm was operated
with the magnetic shield and cathode in the P2 position. The closed symbols indicate thruster operation with the
keeper off, while the open symbols indicate that current was drawn to the keeper (2.5 A for CHTpm and 2.0 A for
CHTem). We performed the voltage dependence study (200-500 V) with the anode flow rate set at 3.4 sccm, which
corresponded to power levels of roughly 100 to 350 W.

In Fig. 3 we see the expected dependencies. Both thrust and specific impulse scaled with the square root of voltage
(a fit is shown by the dashed lines). Thrust varied from 3 to 6.5 mN with the flow rate of 3.4 sccm, while the I,
increased from 1000 to over 1800 s as we changed the discharge voltage from 200 to 500 V. The LIF data in Fig. 5
shows an ultimate centerline velocity at 250 V of 17 km/s in this thruster configuration, indicating significant plume
divergence (I, ~ 1300 s), low propellant utilization efficiency, or lower velocities off centerline. In our previous
studies we found that the centerline exhaust velocity of the CHTem at 250 V in the overrun mode (supplying excess
current to the cathode keeper) is approximately 16 km/s with the Iy, ~ 1700 s, indicating a much smaller ion flux
divergence and potentially significant fraction of doubly charged ions, which results in the I, being larger than the
centerline velocity as was found in Ref. 14.

Without a keeper discharge (non-overrun mode), CHTem performance at 250 V and 4 sccm is nearly the same
(to within measurement uncertainty) as that of the CHTpm at 250 V and 4.4 sccm. With a keeper discharge (overrun
mode) the CHTem performs better than the CHTpm (at 250 V and 4 sccm), particularly with regard to efficiency. The
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Figure 4. Velocity vector maps: a) No magnetic shield and cathode in the P2 position, b) 250 V and the cathode in the P2 position, c) CHTem
in the “Overrun” mode (from Ref. 13) vs. CHTpm with magnetic shield and cathode in the P2 position, both at 250 V. Note: thruster exit
isatr=1.3cm.

CHTpm efficiency peaks around 300 V at just over 20%. The CHTpm efficiency reported in Ref. 22 is greater than
the numbers reported here. While the source of the discrepancy is not clear, the discharge current reported in Ref. 22
is 50% higher than ours as well as that reported in Ref. 18. Thus, there is very likely a significant difference in the
reported thruster operation.

We note that even though the CHTem efficiency is 1.5 times higher at a given voltage, this efficiency does not take
into account the electro-magnet power consumption, which is around 50 W — as much as a third of the thruster power
consumption. If we include the power consumed by the magnets, CHTpm efficiency is higher than that of CHTem.
Furthermore, we made only a rudimentary attempt to optimize the magnetic field of the CHTpm and we expect that
efficiency can be improved.

Additionally, we investigated the thruster performance as a function of the anode flow rate at 250 V. Thruster
efficiency increases to 27%, specific impulse goes up to around 1,600 s, and thrust to ~6.5 mN, when the flow rate is
increased from 3.4 sccm to 4.4 sccm. Unlike the CHTem, we saw no significant difference in the thruster performance
with the cathode keeper drawing a current.

Figure 2 shows sample LIF data measured at r = 1 cm and various z (axial) locations with the CHTpm thruster
(without magnetic shield) running at 350 V and the cathode at the P1 position. Here the thruster centerline exit location
is (0,0) with the thrust axis along the z-axis. The left panel of the figure shows ion acceleration from about 15 km/s to
about 20 km/s along the thrust axis as well as a possible slow ion population due to CEX around 0 km/s close to the
thruster exit (z between 0 and 1.5 cm). Figures 6-10 in the Appendix show the raw LIF data for all tested conditions.
In those figures the bottom traces correspond to z = 0 cm, with each upper trace 0.5 cm further away from the thruster
exit. These figures show more indication of the potential charge exchange collisions taking place at the thruster exit.
In particular this can be seen from the middle left panel in Fig. 6, in the bottom four panels of Fig. 7, and in the middle
left panel of Fig. 8.

We determined the mean ion velocity vector at each measured position in the thruster plume by taking the first
velocity moment over the measured LIF trace as described in Ref. 23. This procedure allowed us to create velocity
vector maps shown in Fig. 4. We should not interpret such maps as the plume divergence since the LIF measurements
do not provide plasma density information, which is needed in addition to the velocity vectors to compute the ion flux.

Although good for qualitative comparison only, the velocity vector maps serve to point out differences and sim-
ilarities between the various operating regimes of the CHTpm as well as differences from the CHTem thruster. For
example, Fig. 4(a) compares the velocity vectors of the CHTpm operated at two different voltages without the mag-
netic shield and with the cathode in the P2 position. Note that the higher voltage (350 V) results in a more collimated
velocity profile. This can be contrasted with a similar study of the CHTpm with the magnetic shield and the cathode in
the P1 position (not shown in Fig. 4), where there is no observable difference in the velocity divergence between 250
V and 350 V. These velocity maps are also similar to the ones produced with the thruster without the magnetic shield
operated at 350 V and the thruster with the magnetic shield operated at 250 V, both with the cathode at the P2 position.
Thus, velocity divergence can be decreased either by the magnetic shield or by increasing the discharge voltage.

It was reported in Ref. 15 that the ion flux profiles are significantly different with and without the magnet shield.
Without the shield the ion flux has a hollow profile with two peaks around 50 degrees and a valley at the centerline.
On the other hand, with the magnetic shield, ion flux intensity resembles the expected bell-shaped curve. When we
compare the velocity vectors of the CHTpm with and without the magnetic shield, as shown in Fig. 4(b), we observe a
slightly smaller divergence with the magnetic shield. However, the LIF data does not point to any obvious differences
that may help in explaining the hollow shape of the thruster plume without the magnetic shield. This similarity in

5
The 32"% International Electric Propulsion Conference, Wiesbaden, Germany
September 11-15, 2011



@ (b) 1203
20 350 V- — 1% == 250V with shield, P1
oW e g & 350V with shield, P1
=] - = == 250V with shield, P2
_\a 16— o = 250V no shield, P2
22, ) = 350V no shield, P2
5 =
£ A" e 5
2 = 3
L 1)
Z 84 «-@= 250V with shield 2 sy,
= w350V with shield, P1 = o D,
% —e— 250V with shield, P2 K g By,
4 250V no shield, P2 "’"Zf@unmuuu@
- 350V no shield, P2 ]
0 0]
T T T T T T T T T T T T T T T T T T
00 05 1.0 15 20 25 30 35 40 00 05 1.0 15 20 25 30 35 40
Distance from Exit, [cm] Distance from Exit, [cm]

Figure 5. Centerline profiles (r = 0 cm). Panel (a) shows velocity profiles, while panel (b) shows relative potential profiles calculated from
panel (a).

the LIF data indicates that the location of the ion production region may be different with and without the magnetic
shield. One potential explanation is that the combination of the electric and magnetic fields in the CHTpm without the
shield creates an electron density region with a hollow profile. Another potential explanation is that the hollow shape
emerges downstream of the measured LIF region (past 4 cm). More analysis is required to understand that plume
feature.

In Fig. 4(c) we compare the CHTpm ion velocity divergence in the plume to that of the CHTem thruster. Here we
chose the CHTpm configuration with the magnetic shield and the cathode in the P2 position and the CHTem operating
in the overrun mode, both running at 250 V. These are the two best configurations for the comparison and we notice
no significant difference in the velocity divergence. This is consistent with the findings in Ref. 18, which shows that
ion fluxes of the CHTpm with the shield and CHTem in the overrun mode are similar.

Figure 5(a) shows the centerline axial velocity profiles of the CHTpm for the five tested cases. The top two curves
correspond to the thruster operating at 350 V while the bottom three curves are for the 250 V cases. The dashed lines
indicate thruster operating with the magnetic shield and cathode in the P1 position, while solid lines indicate cathode
in the P2 position. At 250 V without the magnetic shield more than half of the ion acceleration (~ 60%) occurred
outside of the thruster. With the shield this fraction dropped to 25%. There was more ion acceleration in the plume
(33%) when the cathode was moved from P2 to P1 position. In addition to the ion acceleration moving closer to the
anode when the magnetic shield was installed we note an increase in the ultimate exhaust velocity (v)| at z = 4 cm).
We thus conclude that with the magnetic shield ions are born at a higher potential. This conclusion is consistent with
findings reported in Ref. 24.

We can also see the same trend by plotting the electric potentials at the centerline, which is shown in Fig. 5(b). The
potentials were computed from the ion centerline axial velocity assuming that the zero potential is at z =4 cm. Here we
see that at 250 V the exit potential of the thruster with the shield was around 90 V, while it was roughly 120 V for the
thruster without the shield. Thus, without the shield almost half of the potential drop occurred outside of the thruster
channel. Once again, this behavior is similar to overrunning the CHTem where we found that the acceleration region
moves inward, closer to the anode, in the overrun configuration when compared to the non-overrun configuration.

IV. Conclusions

In this paper we reported performance and LIF velocity measurements of a miniature Cylindrical Hall Thruster
with permanent magnets (CHTpm). Performance measurements were obtained with a magnetic shield installed in the
CHTpm and the cathode at the P2 position. We found that in this configuration the thruster produced roughly 3 to
6.5 mN of thrust with the specific impulse between 1000 and 1900 seconds when operating between 200 and 500 V
and with the anode flow rate from 2.4 to 4.4 sccm. We found that at 250 V both thrust and specific impulse increased
with the anode mass flow rate. Thruster efficiency also increased with the flow rate. At the flow rate of 3.4 sccm the
thruster efficiency peaked at just over 20% at a discharge voltage of 300 V. The efficiencies compare favorably to the
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CHTem when the power consumed by the electromagnets is included. Optimization of the magnetic field may improve
thruster performance.

The LIF data showed that the magnetic shield has a positive effect on the ion velocity divergence profile in the
plume. Specifically, there is less divergence when the magnetic shield is installed and the cathode is placed in the
P2 position. We also found that ion acceleration region shifts toward the anode with the magnetic shield. Without
the shield ~ 60% of ion acceleration occurs outside of the thruster channel at 250 V. With the shield only 25% of
the acceleration occurs outside. Thus, the effect of the magnetic shield on the CHTpm is similar to the effect of
overrunning the cathode with the CHTem thruster.
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Figure 6. CHTpm without the magnetic shieldgand with the cathode in the P2 position at 250V
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Figure 7. CHTpm without the magnetic shield and with the cathode in the P2 position at 350V
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Figure 8. CHTpm with the magnetic shield and with the cathode in the P2 position at 250V

11
The 32"% International Electric Propulsion Conference, Wiesbaden, Germany
September 11-15, 2011



r=0 cm

LIF Signal, [arb.]

N W B~ O
[l (9]

G

o1

N W b

LIF Signal, [arb.]

?

?ﬁﬁ

w b

N

LIF Signal, [arb.]

LIF Signal, [arb.]
N w N (6]

H

|
ol

0 5 10 15 20 -5
r=2 cm

A ~ AA\-“ >
v Arpwash /\M Z‘

|, > e i 4

M c_g 3
2

W N -
LL
3

1

0 5 10 15 20 -5

Axial Velocity [km/s]

0 5 1 15 20
Transverse Velocity [km/s]

Figure 9. CHTpm with the magnetic shield and with the cathode in the P1 position at 250V
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Figure 10. CHTpm with the magnetic shield and with the cathode in the P1 position at 350V
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