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Background Pressure Effects on Internal and
Near-field Ion Velocity Distribution of the BHT-600

Hall Thruster (Preprint)

Michael R. Nakles*
ERC, Inc., Edwards Air Force Base, CA 93524

William A. Hargus, Jr.T
Air Force Research Laboratory, Edwards Air Force Base, CA 9352/

Presented is a study of the effects of chamber background pressure on the ion axial
velocity distribution within the discharge chamber and in the near-field of the Busek
BHT-HD-600 xenon Hall effect thruster. Ion velocity distributions were measured along
the acceleration channel centerline using laser-induced fluorescence of the 5d[4];,2 — 6p[3]5/2
xenon ion excited state transition. Measurements were taken at the lowest possible chamber
background pressure and a pressure that was a factor of two higher. In addition to varying
the background pressure, the magnetic field of the discharge chamber was switched between
two configurations. The radial magnetic was set to a low and high strength case, which
produced two different anode current oscillatory regimes. Ion axial velocity distribution
function peaks were used to approximate ion energy and axial electric field strength to
compare the acceleration profiles of the tested thruster operating conditions. Increasing
background pressure shifted the ion acceleration region upstream in the discharge chamber
changing the acceleration profile. The width of the velocity distributions correlated strongly
to the radial magnetic field strength. The high magnetic field case data showed narrower

peaks.

Introduction

Ne of the most significant challenges in ground

testing electric propulsion devices is characteriz-
ing the effects of background chamber pressure on
measured plasma properties. Alteration of the plume
due to chamber effects hinders efforts to compare
ground test data to numerical simulation and to pre-
dict flight characteristics of the thruster. The goal of
this study was to examine the effect of background
pressure on the ionization and acceleration mecha-
nism of a low-power Hall effect thruster by measur-
ing ion velocity distribution functions (VDF’s) within
the discharge chamber. Background pressure affects
electron transport and thus the thruster breathing
mode. Laser-induced fluorescence (LIF)! was used
to experimentally measure ion velocity distribution.
This technique is especially well suited for internal
measurements because it is non-intrusive.

Previous internal measurements of ion velocities
have been carried out using a slot cut into the side of
a Hall thrusters.? These slots presumably affect the

operation of the thruster. Even if the global effect
is small, the local effect may be significant. Further-
more, slicing slots into Hall thruster side walls is not
always possible with expensive, one of kind, test ar-
ticles.

Most modern Hall thrusters have acceleration
channels with a maximum depth of 1-2 cm. There-
fore, it is possible to align collection optics to the
probe beam such that limited internal optical access
is possible without modification of the Hall thruster.
In this work, the collection lens is placed 60° off the
plume axis. This minimizes plume impact since typ-
ically greater than 95% of a Hall thruster plume ion
flux is contained in a 45° half angle. In this way, it is
possible to completely non-intrusively probe internal
ion acceleration of any modern Hall thruster.

Experimental methods such LIF are often noise
limited and are better suited to determining the most
probable velocity than mean velocity. In the skewed,
non-symmetric velocity distributions common to Hall
thrusters, the most probable (i.e. peak signal) and
statistical mean velocities often differ. Due to the
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relatively narrow transition width and wide velocity
distribution, these fluorescence traces have been pre-
viously shown to be representative of the ion velocity
distribution function VDF.3

Acceleration channel centerline ion velocities were
measured for two different chamber background pres-
sures. Measurements were taken at the lowest possi-
ble chamber background pressure and a pressure that
was a factor of two higher. In addition to varying the
background pressure, the magnetic field of the dis-
charge chamber was switched between two configura-
tions. The radial magnetic was set to a low and high
strength case; the high strength case being a factor
of two higher in magnitude. Changing the magnetic
field altered the discharge current oscillation magni-
tude. The goal of this study is to characterize the
effects on the ion acceleration profile produced by
varying background pressure and magnetic field.

Experimental Apparatus

Xenon Ion Spectroscopy

LIF is a convenient diagnostic for the investigation
of ion and atomic velocities as it does not perturb
the plasma. The LIF signal is a convolution of the
VDF, transition line shape, and laser beam frequency
profile. Determination of the VDF from LIF data
only requires the deconvolution of the transition line
shape and laser beam profile from the raw LIF signal
trace.

For the results reported here, the 5d[4]7 /5 —6p|3]5 /2
electronic transition of Xe II at 834.7 nm is probed.
The isotopic and nuclear-spin effects contributing
to the hyperfine structure of the 5d[4]7,2 — 6p[3]5,2
xenon ion transition produce a total of 19 isotopic
and spin split components. The hyperfine splitting
constants which characterize the variations in state
energies are only known for a limited set of energy
levels. Unfortunately, the 834.7 nm xenon ion tran-
sition only has confirmed data on the nuclear spin
splitting constants of the 6p[3]5/,2 upper state.? 46
Manzella first used the 5d[4]7/2 — 6p[3]5/2 xenon ion
transition at 834.7 nm to make velocity measure-
ments in a Hall thruster plume.” A convenient fea-
ture of this transition is the presence of a relatively
strong line originating from the same upper state
(65[2]3/2 — 6p[3]5/2 transition at 541.9 nm,® which
allows for non-resonant fluorescence collection). Ion
velocity is simply determined by measurement of the
Doppler shift of the absorbing ions.”

Previous measurements and analysis have shown
that deconvolution is not strictly required to esti-
mate xenon ion VDFs from the raw LIF data in
this plasma discharge for this particular xenon tran-
sition.? The transition is relatively narrow (approxi-

mately 600 MHz) and the VDF in the vicinity of the
exit plane is sufficiently broad that the fluorescence
trace does not require deconvolution of the transition
line shape to produce an adequate estimate of the
VDF. Not performing the deconvolution further in
the plume (e.g. beyond the cathode plane) may in-
troduce uncertainties estimated to be less than 20%.
Zeeman splitting is neglected in this analysis due to
the broad velocity distributions.

Test Facility

The LIF measurements were performed in Chamber 6
of the Air Force Research Laboratory (AFRL) Elec-
tric Propulsion Laboratory at Edwards AFB, CA.
Chamber 6 is a non-magnetic stainless steel cham-
ber with a 1.8 m diameter and 3 m length. It has
a measured pumping speed of 32,000 1/s on xenon.
Pumping is provided by four single stage cryogenic
panels (single stage cold heads at 25 K) and one 50 cm
two stage cryogenic pump (12 K). Chamber pressure
during nominal thruster operation is approximately
1.5 x 10~° Torr, corrected for xenon.

The thruster is mounted on a three axis orthog-
onal computer controlled translation system. Fig-
ure 1 shows the Hall thruster and optics mounted
within the vacuum chamber as well as the LIF appa-
ratus. The laser is a tunable diode laser. It is capa-
ble of tuning approximately 50 GHz about a center
wavelength of 834.7 nm. The 6 mW beam is passed
through a Faraday isolator to eliminate feedback to
the laser. The laser beam then passes through several
beam pick-offs until it is focused by a lens and enters
the vacuum chamber through a window. The probe
beam is chopped at a frequency by an optical chopper
(Ch2 at 2.8 kHz) for phase sensitive detection of the
fluorescence signal.

The two wedge beam pick-offs (BS) shown in Fig. 1
provide portions of the beam for diagnostic purposes.
The first beam pick-off directs a beam to a photo-
diode detector (D1) used to provide constant power
feedback to the laser. The second beam is divided
into two equal components by a 50-50 cube beam
splitter. The first component is directed to a Burleigh
WA-1500 wavemeter used to monitor absolute wave-
length. The second component is sent through an
optical chopper (Chl at 1.4 kHz) and through a low
pressure xenon hollow cathode discharge lamp. The
lamp provides a stationary absorption reference for
the determination of the Doppler shift. Unfortu-
nately, there is no detectable population of the ionic
xenon 5d[4]7,, state. However, there is a nearby
(estimated to be 18.1 GHz distant) neutral xenon
65'[1/2]1 —6p’[3/2], transition at 834.68 nm.1% 11 The
second pick-off sends a beam to a 300 MHz free spec-
tral range Fabry-Perot etalon (F-P) that provides
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Figure 1. Diagram of the laser optical train and col-
lection optics.

high resolution frequency monitoring of the wave-
length interval swept during a laser scan.

The fluorescence collection optics are also shown in
Fig. 1. The fluorescence is collected by a 75 mm di-
ameter, 300 mm focal length lens within the chamber
and oriented 60° from the probe beam axis. The col-
limated fluorescence signal is directed through a win-
dow in the chamber side wall to a similar lens that
focuses the collected fluorescence onto the entrance
slit of 125 mm focal length monochrometer with a
photomultiplier tube (PMT). Due to the 1:1 magni-
fication of the collection optics, the spatial resolution
of the measurements is determined by the geometry

Figure 2. Photograph of the Busek BHT-HD-600 Hall
effect thruster.

of the entrance slit 0.7 mm width and 1.5 mm height
as well as the sub-mm diameter of the probe beam.
This apparatus allows for limited probing of the in-
terior acceleration channel of Hall thrusters with rel-
atively shallow acceleration channels. Measurements
show that this combination of apparatus and laser
power are well within the linear fluorescence regime.

Hall Effect Thruster

The Hall thruster used in this study is the rectangular
600 W Busek Company BHT-HD-600 Hall thruster
with a Busek 3.2 mm hollow cathode. A photo-
graph of the rectangular BHT-HD-600 Hall thruster
is shown in Fig. 2. This thruster has a conventional
five magnetic core (one inner, five outer) magnetic
circuit. The acceleration channel of the thruster has
a 32 mm outer radius and a 24 mm inner radius. The
acceleration channel has a depth of approximately 10
mm between the geometrical exit plane and the fur-
therest forward extent of the anode. The thruster
has been extensively characterized to have a thrust
of 39 mN with a specific impulse of 1,530 s yielding
an efficiency of approximately 50% at the nominal
conditions specified in Table 1.

Figure 3 shows a cut-a-way view of the near field
geometry of the Busek BHT-600 Hall thruster. The
locations of the central magnetic poles and edges of
the acceleration channel are indicated as is the posi-
tion of the cathode. The Cartesian coordinate system

30of9

American Institute of Aeronautics and Astronautics
Distribution A: Approved for public release; distribution unlimited.



Exit Plane

/

Outer Pole

Acceleration
Channel v

Coordinate System Origin (0,0,0)

Thruster Body Inner Pole
Z
Acceleration 24 mm
Channel
32 mm
Outer Pole
4‘20 mm |
58 mm
Cathode

Figure 3. Cross-section of the BHT-HD-600 Hall
thruster showing coordinate system of LIF measure-
ments.

and origin used in these measurements are also shown
in Fig. 3 , with positive z axis going into the page.
The origin is at the center of the thruster face due to
the ease and repeatability with which this position
could be located. All measurements presented in this
work will lie on the z = 0 mm and z = +28 mm line.
This corresponds to the acceleration channel center-
line.

Results and Discussion

Pressure and Magnetic Field Variations

The measured background pressure in Chamber 6 was
1.5 x 10~° Torr (corrected for xenon) during nominal
testing of the BHT-HD-600. Chamber pressure was

Table 1. Nominal BHT-HD-600 Hall thruster operat-
ing conditions.

Anode Flow 2.453 mg/s
Cathode Flow 197 ug/s
Anode Potential 300 V
Anode Current 2.16 A
Keeper Current 0.5 A
Heater Current 3.0A

measured using a cold cathode gauge. Data was taken
at this pressure for a representative low pressure case.
In order to increase the background pressure for this
study, extra Xe gas was flowed into the chamber. For
the high pressure case, an extra 27.5 sccm was fed
into the chamber behind the thruster, doubling the
background pressure to 3.0 x 10~° Torr.

Varying the magnetic field by changing the applied
current to either of the four series connected outer
magnetic cores, and/or the central core allowed for
the examination of two distinct anode current oscilla-
tory conditions. The two oscillatory conditions were
studied at each background pressure condition. The
high magnetic field configuration had twice the ra-
dial magnetic field strength as the low magnetic field
case. Despite the change in field strength, the shape
of the radial field profile remained similar. Figure 4
shows the normalized radial field profiles along the
acceleration channel centerline calculated using the
Maxwell software simulation package.

1.0

0.8 o

0.6 o

Normalized Radial Field

0.4

- - - High Magnetic Field
—— Low Magnetic Field

0.2+

Center Stem Tip

Axial Position, z (mm)

Figure 4. Normalized radial magnetic field strength
along the acceleration channel centerline. The radial
field strength is a factor of two greater in the high case
than in the low case. However, the profile of the radial
field strength is nearly identical in both cases.

Anode Current Oscillations

The variation of magnetic field strength resulted in
two distinct anode current oscillatory regimes. Fig-
ure 5 displays the anode current fluctuations with
time along with the corresponding frequency spec-
trum. The high magnetic field case produced a
mode where the oscillations were small relative to the
mean current. The oscillations appear to be broadly
spread between 10 and 100 kHz. A more dynamic
mode appeared for the low magnetic field case where
the amplitude of the anode current oscillations was
large. This mode exhibited a strong peak frequency
of 44 kHz which in the time domain plots is seen as
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a more coherent sinusoid oscillation that dominated
the anode current. The low magnetic field case also
differed by displaying a significant second harmonic
frequency. Despite the varying oscillation patterns,
the mean current was similar among the four differ-
ent combinations of magnetic field and background
pressure (only varying by a few percent). These oscil-
latory modes appear to be consistent with the breath-
ing mode oscillation that has been seen by others.'?
The breathing mode oscillation can be characterized
as axial instability that produces an instability in the
region of ionization as well as local plasma potentials.
A more detailed analysis of the effect of current os-
cillations on ion velocity distributions can be found
in Ref. 13.

Magnetic field strength was the main factor in the
oscillatory behavior of the anode current, however
background pressure variation also made measurable
contributions. In the high magnetic field case, high
chamber pressure was observed to increase the mag-
nitude of the anode current oscillations. The stan-
dard deviation of the current went up by 44%. The
peak oscillation frequency also increased from 43.1 to
44.5 kHz. The effect of higher chamber pressure was
less pronounced for the low magnetic field. Here the
standard deviation of the current only increased by
12%. However, the frequency spectrum displayed an
increase in the presense of high frequency oscillations
near the second harmonic.

Ion Velocity Distribution

Ton velocity distribution functions were measured
along the along the centerline of the acceleration
channel (y = 28 mm) from just downstream of the
anode (z=-9 mm) to 10 mm downstream of the cen-
ter stem tip (=10 mm). The measurements were
taken in the x — y plane (z = 0).

Figure 6 displays the trend of the VDF’s through-
out the acceleration region for all four cases. At low
background pressure, the introduction of strong an-
ode current oscillations produces much broader ve-
locity distributions. Presumably due to the oscilla-
tions in the local anode potential that occurs during
the relatively long LIF integration times, typically
4-7 minutes. The effect is dramatic. The velocity
distributions of the low magnetic field strength case
are very broad and appear to indicate that the lo-
cal plasma potential is dithering between ionization
(at near zero velocity) and significantly higher accel-
eration than the high magnetic field case. The final
effect is that the anode current oscillations appear to
result in significantly broader velocity distributions.

The effect of increasing the pressure by a factor of
two is very different than the introduction of anode
oscillations. In both oscillatory cases, the accelera-

tion is pushed significantly downstream by the rais-
ing of the chamber background pressure. In the high
magnetic field strength, low oscillation case, there is
also a perceptible broadening of the velocity distri-
bution. This broadening is more prevalent in the
deep interior and less prominent downstream. Inter-
estingly, the peak and mean velocities appear to be
higher for the high pressure cases, perhaps indicating
that the high pressure cases are more efficient at re-
covering the applied discharge potential. The effect of
increasing the vacuum chamber background pressure
in the low magnetic strength, highly oscillatory case
is similar in the deep interior in that the velocity dis-
tributions are broadened. However beyond the exit
plane, the high background pressure cases are actu-
ally less broadened than the low pressure case. This
may be indicative of interactions with the background
neutrals or signal other changes in the behavior of the
ion velocity distribution.
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Figure 5. Anode current time and frequency domain behavior.
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From Fig. 7, it is apparent that the low oscilla-
tion, high magnetic field strength case electric field is
shifted almost 2 mm downstream, but retains much of
its basic shape. The reason for this shift downstream
is not precisely known, but has been observed pre-
viously when propellant flow rates were increased.'*
This shift in the electric field may be due to greater
neutral ingestion which provides a greater density of
electron collision partners. A greater collision fre-
quency would raise the classical electron conductiv-
ity and perhaps push the electric field further into
the acceleration channel. The increased width of the
ion velocity distribution with increased pressure may
be due to increased overlap between the ionization
and acceleration portions of the ion flow within the
acceleration channel. Although the increases in the
magnitude of the oscillations may also be responsi-
ble if it produces axial variations in the accelerating
potential.

In contrast, the high oscillation, low magnetic field
case has a higher electric field at low background pres-
sure than the low oscillation, high magnetic field case,
but only by approximately 10%. The peak of the
electric field is moved downstream and resides in the
region of maximum VDF width between z = —4 mm
and the thruster exit plane. This is consistent with
the supposition that the increased oscillations cause
increased electron transport due to plasma turbu-
lence, in this case in the form of axial oscillations.
However when the background pressure is increased,
the electric field of the high oscillation, low magnetic
field case is significantly changed in magnitude and
shape. The increase in background pressure produces
profound differences in the electric field profile of the
high oscillation, low magnetic field case. The peak
electric field shifts upstream nearly 3 mm and peak
electric field increases by over 30%. This modest in-
crease in background pressure (2x) has a tremendous
effect on the ion acceleration within the Hall effect
thruster, and this effect is most pronounced when
there are axial disturbances within the discharge.

One note of caution should be sounded in this anal-
ysis of the electric fields. The fields shown in Fig. 7
are not only calculated using the most probable veloc-
ity to calculate the most probable ion energy, but by
their very nature are time averaged. It appears that
the plasma potential within the acceleration channel
is in fact oscillating at high frequencies and the in-
stantaneous electric field is in fact radically different
than the time average that we are deriving from the
LIF measurements. There is value in the time aver-
aged quantity in this from the perspective of study-
ing thruster erosion, predicting lifetime, and assessing
thruster performance. However, it must be remem-
bered that these LIF data cannot be used to study

instantaneous plume properties.
Summary and Conclusions

This study examined the effects of chamber back-
ground pressure on the ion axial velocity distribution
within the discharge chamber and in the near-field
of a medium power Hall thruster. The measured ion
velocity distributions in the center of the accelera-
tion channel centerline were taken at two background
pressures which differed by a factor of two. In addi-
tion to varying the background pressure, the thruster
magnetic field strength was also varied by a factor of
2. This produced two different anode current oscilla-
tory regimes. Ion axial velocity distribution function
peaks were used to approximate ion energy and ax-
ial electric field strength to compare the acceleration
profiles of the tested thruster operating conditions.
Increased discharge oscillations had the effect of in-
creasing the VDF, particularly within the accelera-
tion channel. Increasing background pressure shifted
the ion acceleration region upstream, while increas-
ing the discharge oscillations increased the peak elec-
tric field and shifted it downstream toward the exit
plane. The effect both increasing the oscillations and
the background pressure produced profound changes
in the shape of the electric field and its peak location.
To some extent the two effects actually counteracted
one another.

The strongest effect of the increased oscillations to
significantly broaden the VDF. This is likely an in-
dication of the oscillation of the thruster breathing
mode which produces a dithering of the local plasma
potential and thus affects the local instantaneous ion
velocities. Increasing the background pressure seems
to increase this effect within the thruster, but also
damps this effect in the near plume.

Interestingly, the peak ion velocity (and hence en-
ergy) is higher for the more oscillatory cases. This
includes the oscillations induced by raising the back-
ground pressure. The extent of any performance gain
or loss has not yet been characterized. However, it
is interesting to note the introduction of oscillations
moves the time averaged peak electric field down-
stream and increases the peak value. It is not yet
known what the trade off is with respect to lifetime
between moving the peak electric field downstream
and producing higher energy ions deep within the ac-
celeration channel due to the oscillations in the local
plasma potential.

Background pressure effects on thruster operation
appear to be a complex issue and are not a simple
addition to the discharge current due to ingestion.
The effect of background pressure changes the ac-
celeration profile and the oscillatory behavior of the
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Figure 7. Ion energy distribution peak profile and derived axial electric field strength. Electric field strength
was approximated by differentiating ion energy peak with respect to z. (Note: Ion energy peak function was

smoothed before differentiation.)

thruster. This has serious implications for the under-
standing of ground based testing of Hall thrusters.
Randolph et al.'® have previously proposed that
operation of Hall thrusters below 5 x 10~° Torr
is sufficient to minimize the background pressure
effects. The measurements in this work show that
the effect of varying pressures below 5 x 10~® Torr
remains a serious issue and requires further investi-
gation.
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