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An investigation of a fully cylindrical Hall thruster was performed using laser induced fluorescence
(LIF) to measure ion velocity profiles in the plume. The measurements confirm a previously
reported 9% increase in the exhaust energy when the cathode keeper draws an excess current
(overrun mode). Furthermore, the velocity directions in the plume remain relatively unchanged for
the cusped and direct magnetic field configuration in both overrun and nonoverrun modes.
Previously reported plume narrowing in the overrun mode was confirmed and found to be due to the
shift of the acceleration and ionization regions toward the anode. The electric field inferred from the
LIF measurements allowed calculation of the electron E X B drift. Close to the centerline of the
thruster, electrons drift azimuthally with velocity decreasing away from the centerline, thus creating
shear. This shear can be a source of plasma instabilities and influence electron transport. Further
away from the centerline, electrons drift in the opposite direction with their velocity increasing with
increasing radius. In that region, electrons rotate without shear. © 2010 American Institute of

Physics. [doi:10.1063/1.3475433]

I. INTRODUCTION

Hall thrusters are not easily amendable to miniaturiza-
tion. 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.l_6
Raitses ef al.” developed a cylindrical Hall thruster (CHT)
that operates around 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. Electrons are confined in the annular
region by the mainly radial magnetic field, as in conventional
annular Hall thrusters. The magnetic field in the cylindrical
region has both a substantial axial component and a large
axial gradient. Electron trapping in that region occurs by
magnetic mirroring near the annular part of the channel and
by the adverse potential gradient on the cathode side.® Ton
acceleration occurs mainly in the low surface-to-volume cy-
lindrical region resulting in reduced particle losses.®°

The CHT exhibits low discharge current oscillations’
and high ionization efﬁciency,11 comparable to a conven-
tional Hall thruster. For normal thruster operation the plume
divergence is large, but by “overrunning” the discharge cur-
rent in 2.6 and 3 cm diameter CHTSs, the divergence is re-
duced by 20%-30% (from 71° to 53°). The ion energy dis-
tribution is also shifted to higher energies with the primary
ion peak energies increased by 9% and fewer primary ions at
high angles.lz’13 The overrun regime is attained by running a
current to the keeper of the hollow cathode during normal
operation. Anode efficiencies of 33%—-41% (not including
power required to overrun the discharge) at 50-175 W were
measured with the 2.6 cm thruster.'” Very similar results"
were obtained when the CHT was modified to remove the
annular region (i.e., the inner channel wall ends flush with
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the anode downstream face), producing a fully cylindrical
Hall thruster (FCHT), as shown in Fig. 1.

The underlying physical processes responsible for the
enhanced performance in the overrun regime are not fully
understood. Recent probe measurements showed that the po-
tential drop inside the channel increases in the overrun
regime.m’15 It was suggested that this also contributes to the
plume narrowing. In this paper we use laser induced fluores-
cence (LIF) to investigate these reported improvements
through a series of comparisons between the ion velocity
distributions in various thruster operating regimes. Specifi-
cally, we focus our attention on the FCHT configuration and
study the differences between the overrun and the nonover-
run modes with two magnetic field topologies. We use the
LIF technique to map ion velocities in the plume and infer
electric fields for all four permutations of magnetic fields and
current overrun regimes. The rest of the paper is organized as
follows. The setup of the LIF apparatus is described in the
next section. Then we present the experimental results and
discuss our findings. We conclude with some final remarks
and suggestions for future work.

Il. EXPERIMENTAL SETUP

The experiments were performed in the Near Field
Facility (NFF) at The Aerospace Corporation. The facility
comprises a 3 m long and 1.5 m diameter stainless steel
chamber pumped by two He-cooled nude sails with the speed
of 42 000 1/s on Xe. The system is capable of maintaining a
base pressure of 5 X 1077 Torr; this increases to as much as
7% 107 Torr (adjusted for Xe) with a thruster operating. All
pressures were measured with an ionization gauge mounted
on the side of the chamber at the same axial location as the
thruster. A detailed description of the NFF chamber is given
in Ref. 16.

© 2010 American Institute of Physics
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FIG. 1. (Color online) Panel (a) schematic of the FCHT thruster operated in
the direct configuration and panel (b) a picture of the FCHT with the
HWPES-250 cathode. The FCHT thruster is a modified CHT without the
annular region.

The FCHT consists of a boron-nitride ceramic channel,
an annular anode, which also acts as the gas distributor, two
electromagnet coils, and a magnetic core. The channel is 3
cm in diameter and the thruster exit is located 2.2 cm from
the anode. The magnet coils can be run in either a direct
configuration, which produces an enhanced axial component
of the magnetic field at the outer wall and a stronger mag-
netic mirror on the thruster axis'""'® or in the cusped configu-
ration, which produces enhanced radial component of the
magnetic field. In the cusped configuration, the inner and
outer magnet poles have the same polarity sense, and in the
direct configuration, shown in Fig. 1(a), the outer magnet
polarity is reversed. A commercial hollow cathode (Heat-
wave Laboratories model HWPES-250) supplies electrons to
the discharge and plume. The cathode keeper exit aperture is
located 5.4 cm radially from thruster centerline, and 2.0 cm
downstream of the thruster exit plane. The angle between the
thruster and cathode axes is approximately 40°. A photo-
graph of the thruster is shown in Fig. 1(b).

For the experiments described here, we operated the
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FIG. 2. (Color online) Schematic of the LIF setup used for the FCHT
measurements.

thruster with the discharge voltage of 250 V and current near
0.6 A. Magnet coil current magnitudes were 2 A (inner) and
1.5 A (outer) in both direct and cusped configurations. The
keeper drew 3 A in the overrun mode and was off for non-
overrun operation. The flow rate was 4 and 2 SCCM (SCCM
denotes cubic centimeter per minute at STP) for the anode
and cathode, respectively.

The thruster was placed on a motorized platform that
could be translated in three orthogonal directions; its exhaust
was directed toward the helium-cooled sails. This platform
allowed us to perform spatially resolved measurements in the
plume by moving the thruster relative to a stationary collec-
tion optics and the LIF apparatus. The data were collected in
steps of 0.5 cm in the region spanning from the thruster exit
to 4.0 cm along the z direction, and from the thruster center-
line to 3.0 cm along the radial direction, with the thruster exit
at the centerline defined as the origin, as shown in Fig. 1(a).

The LIF instrument shown in Fig. 2 is designed to mea-
sure two-dimensional velocity distribution function profiles
of Xe ion and neutral species simultaneously. It is an ex-
panded version of the apparatus previously used to investi-
gate the SPT-140 thruster.'”*® While similar in operation to
LIF methods used by other authors,”' > our arrangement has
some unique features, which are described below. For this
work we used only the Xe™ portion of the setup. A TLB-6000
series New Focus tunable diode laser with the center vacuum
wavelength of 834.95 nm (driven by a Vortex controller)
excited the 5d*Fs,,—6p*Ds, transition in Xe*. The laser is
able to provide up to 17 mW of power and maintain mode-
hop free operation over a range of 60 GHz. The laser beam
was divided into two components, each of which was sent
through a series of mirrors and a telescope to cross orthogo-
nally in the NFF vacuum chamber. One beam entered the end
of the chamber and measured the axial component of ion
velocity; the other entered the side and measured the trans-
verse component of ion velocity. The transverse and axial
beam powers were 1.5 and 1 mW, respectively. The trans-
verse beam was reflected from an external mirror and refo-
cused onto the crossing point of the transverse and axial
beams. These forward and reflected transverse signals pro-
vided a reliable zero-velocity reference, which was also veri-
fied by the wavemeter reading. The absence of the LIF signal
saturation was verified up to the maximum laser power. The
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FIG. 3. Evolution of Xe* velocity distribution as a function of distance from
the thruster exit at r=1 cm. The thruster was operated in the direct configu-
ration in the overrun mode. Panel (a) shows the axial velocity component
and panel (b) shows the transverse velocity component.

three beams were optically chopped at different frequencies.
He-Ne and green diode lasers (not shown in Fig. 2) aided
alignment.

The LIF signal from the 6p*Ds,—65*P;,Xe* transition
at 542 nm was collected by a 15 cm concave mirror and
focused onto a 2 mm diameter fiber optic bundle, as de-
scribed in Ref. 16. A lens installed near the fiber optic bundle
improved the signal-to-noise ratio by optimizing the focal
point size for the laser beam waist. The light exiting the fiber
optic bundle passed through a 10 nm bandwidth interference
filter and was focused on a photomultiplier tube (PMT). The
electrical signal from the PMT was divided among three
Stanford Research SR830 lock-in amplifiers, each tuned to
one of the three chopper frequencies. A Burleigh WA-1500
wavemeter measured the laser wavelength during the laser
sweeps.

Each data set consisted of a 300 data point scan and
typically covered a frequency range of 40 GHz. Figure 3
displays scans of the axial (panel a) and transverse (panel b)
ion velocity distributions at various axial positions and
r=1 cm with the thruster running in the overrun mode and
the magnetic coils in the direct configuration. Each trace in
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FIG. 4. (Color online) Ion velocity vector maps in the plume of the FCHT
thruster in the direct configuration. The nonoverrun case is shown by the
black arrows, while the overrun case is shown by red (gray) arrows.

Fig. 3 consists of a single scan. 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. 3 show that the LIF signal was clean with low noise.

lll. RESULTS AND DISCUSSION

Figure 4 shows a two-dimensional ion velocity vector
map, which we obtained from the LIF measurements with
the thruster running in the direct magnetic field configura-
tion. The thruster exit was located at z=0 cm with the thrust
axis pointing along the z direction. The channel lip was lo-
cated at r=1.5 cm with the thruster centerline at r=0 cm.
Velocity vectors were determined from the first moment of
the velocity distribution. The black arrows designate the non-
overrun configuration while the red arrows correspond to the
overrun regime of operation. Velocity divergences for the
overrun and nonoverrun cases shown in the figure are very
similar. Furthermore, the figure shows that velocity vectors
are directed along the z axis in the regions close to the cen-
terline. Away from the centerline, velocity divergence in-
creases. The velocity vector maps for the cusped magnetic
field configuration in both overrun and nonoverrun modes
look very similar to the maps shown in Fig. 4.

The quantitative differences between the overrun and
nonoverrun velocities are hard to discern from the vector
map of Fig. 4. To demonstrate some of these differences, we
plot the axial component of ion velocity along the thruster
centerline for the overrun and nonoverrun cases with both
magnetic field profiles in Fig. 5(a). In both cusped and direct
configurations, the overrun LIF data show ~7% increase in
the ultimate exhaust velocity (v, at z=4 cm) over the corre-
sponding nonoverrun cases. Similar findings from the probe
measurements have been reported for the direct magnetic
field configuration in Ref. 13. Figure 5(b) shows the center-
line potential profiles corresponding to modes shown in Fig.
5(a). Here we have arbitrarily assigned zero volt potential at
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FIG. 5. Panel (a) shows centerline velocity profiles for the four studied
regimes. Solid lines represent direct magnet configuration, while dashed
lines represent cusped configuration. Squares designate the nonoverrun con-
dition, while circles designate the overrun cases. Panel (b) shows relative
potential profiles along the centerline in the FCHT plume for the same four
modes shown in panel (a). U=0 V was arbitrarily assigned at z=3.5 c¢m for
all for modes.

z=3.5 cm for all thruster regimes. This is a reasonable as-
sumption since ion velocities plateau near that point.

In the nonoverrun mode with the direct magnetic field
configuration, the ion velocity at the thruster exit is 6 km/s
while the ultimate exhaust velocity is 14 km/s. Thus, more
than half of the acceleration in this regime occurs in the
thruster plume. We contrast this with the overrun mode with
the cusped magnetic field configuration, where most of the
acceleration occurs inside the thruster. Figure 5(a) shows that
for both magnetic field configurations, the acceleration re-
gion in the overrun mode is located closer to the anode than
in the nonoverrun mode. This observation supports recently
published probe measurements of plasma potential proﬁles15
and may result from changes in electron mobility at the
channel exit.

The shift of the acceleration region toward the anode in
the overrun mode also corresponds to narrowing of the
plume.lz’13 It is interesting to note, however, that there is no
significant change in velocity divergence between the over-
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FIG. 6. (Color online) Measured magnetic and calculated electric field pro-
files in the plume of the FCHT thruster. Green arrows (dark gray) designate
magnetic field vectors. Red arrows (lighter gray) designate electric field
vectors in the overrun regime and black arrows show the non-overrun mode.

run and nonoverrun modes, as shown in Fig. 4. The observed
plume narrowing can thus be attributed to an increase in
plasma density close to the centerline, as reported in Ref. 13.

The larger ultimate ion velocity in the overrun case in-
dicates that not only does the acceleration region move in-
ward, as shown by the potential profiles in Fig. 5(b), but the
ionization region also moves toward the anode. For example,
calculating the total potential fall for the direct configuration,
we see that in the overrun case the ions are born at a poten-
tial, which is ~20 V above the nonoverrun case. Recent
RPA (Retarding Potential Analyzer) measurements further
support that conclusion,? showing that in the overrun regime
the peak of the ion energy distribution shifts to higher values.

The two-dimensional (2D) LIF ion velocity distribution
measurements also allow us to calculate the electric field
profile in the plume of the FCHT. Here we present the elec-
tric field obtained by taking moments of the Boltzmann
equation with the measured ion velocity distribution
functions.* That method is an extension of one-dimensional
method derived by Pérez-Luna et al. *> The method presented
in Ref. 24 can be applied to a 2D velocity distribution that
is separable into its axial components, ie., f(v,,v,)
=1(v,)g(v,). Figure 3 shows that most LIF traces resemble
the Maxwellian distribution, which is separable. A simplified
analysis involving the ion fluid conservation equation has
been previously described in Ref. 26. We should note that the
electric field presented here differs significantly in some re-
gions of the plume from the field shown in Ref. 26. In par-
ticular, in the region close to the centerline of the thruster,
where the ion pressure tensor contribution is not negligible,
the current method provides a better estimation of the field.
Away from the centerline, the two results produce similar
answers. We should also note that the obtained electric field
is a time-averaged quantity since the LIF measurements were
performed on a time scale which is much longer that a typi-
cal plasma oscillation period.

Figure 6 shows the 2D electric field vector maps for both
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FIG. 7. (Color online) The EX B electron velocity in the plume of the
FCHT thruster. Panel (a) shows the overrun case while panel (b) shows the
nonoverrun case. The white area in the upper left corner of each panel
corresponds to the region where the LIF measurements were unreliable. The
black lines correspond to zero E X B velocity and separate the regions of
positive and negative rotation.

overrun and nonoverrun regimes in the direct magnetic field
configuration. Once again, the black arrows correspond to
the nonoverrun mode, while the red arrows correspond to the
overrun mode. The cusp profiles, which are not shown, look
very similar. The measured (with the thruster off) magnetic
field is shown by green arrows. The shallow angle between
the electric and magnetic field vectors indicates that the mag-
netic field lines are not equipotential in the plume. Further-
more, close to the centerline the radial component of the
electric field is negative, while further away the field points
away from the centerline. This reversal in the radial compo-
nent direction is not caused by the pressure gradient, which
points away from the centerline in the FCHT."

With the measured electric and magnetic fields, we can
also compute the E X B electron velocity in the plume. This
velocity is depicted in Fig. 7 for the overrun and nonoverrun
cases. Within the shown range, the Larmor radius does not
exceed 1 cm. The white region in the upper left corner of
each panel corresponds to locations where LIF measure-
ments could not be obtained. We notice that in general for
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both overrun and nonoverrun cases, the E X B velocity tends
to increase away from the thruster exit. The E X B velocity,
which is proportional to E/B-sin 6, increases either because
the B-field decreases faster than E-field or angle 6 increases.

We observe two very different regions of the electron
EXB drift. In the region close to the centerline of the
thruster, the electrons drift in the positive direction. In the
region further away from the centerline, electrons drift in the
negative direction. The black lines in Fig. 7 separate these
two regions. In the region close to the centerline, the positive
velocity decreases with the radial distance creating shear and
leading to plasma instabilities, which in turn can influence
electron transport. In the region away from the centerline, the
negative velocity increases with the radial distance produc-
ing an isorotating plasma (rotating without shear). It is pru-
dent to note that the electric field calculations require taking
second derivatives of the velocity moments. Coupled with
the coarse spatial distribution of the data points (0.5 cm), this
can lead to a large error in the electric field and the EX B
estimation. Thus, the maps shown in Fig. 7 should be viewed
as a qualitative guide of the electron motion rather than the
absolute measurements.

Calculating the electron thermal speed with 7,=~5 eV,
we find that a large portion of electrons drifts at supersonic
speeds. This electron drift induces an axial magnetic field
(~0.01 G) that is orders of magnitude smaller than the ap-
plied field (~100 G). Finally, we note that two other drift
components may exist in the plasma besides the £ X B drift.
The VB drift and diamagnetic current components can pro-
vide significant contribution to the Hall current. In our case
we estimate each of these components to be small—on the
order of 10* m/s, which is two orders of magnitude smaller
than a typical E X B velocity.

IV. CONCLUSIONS

In this paper we reported on the Xe* LIF measurements
in the plume of the FCHT thruster. The measurements were
performed with the thruster operating in the overrun and
nonoverrun modes as well as with magnetic field in the di-
rect and cusped configurations. We found that the ultimate
exhaust velocity increases by approximately 7% in the over-
run regime for both magnetic field configurations. The over-
run regime in the cusped magnetic field configuration re-
sulted in the highest ultimate exhaust velocity (17 km/s) of
the four modes that we studied. Surprisingly, velocity vector
map showed that there is very little difference in the ion
velocity direction in the plume between all four modes. This
result suggested that the observed plume narrowing in the
overrun mode is due to the shift in the location of the ion-
ization and acceleration regions toward the anode and an
increased ion production closer to the centerline. However,
nonzero radial component of ion velocity distribution allows
contributions from other regions of the thruster. These con-
clusions support previous invasive probe measurements
made inside the thruster."” Potential profiles extracted from
the velocity measurements indicated that in the overrun re-
gime a larger portion of the potential fall occurred inside the
thruster.
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We also found that the magnetic field lines outside the
thruster are not equipotential. Using the calculated electric
and measured magnetic fields, we computed the EXB
electron velocity. We found that two distinct regions of the
E X B drift exist in the plume of the FCHT. In one region,
which is close to the centerline of the thruster, electrons drift
velocity decreases toward zero with increasing radius, thus
creating strong shear. Shear can cause plasma instabilities
and influence electron transport. Further away from the cen-
terline, the electrons drift in the opposite direction. In that
region, the electron velocity increases with increasing radius.
Our calculations showed that in this region electrons isoro-
tate at a velocity higher than the electron thermal speed. The
low plasma density in the region however, ensures that the
magnetic field induced by this drift is negligible when com-
pared to the applied field.
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