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Ion-Energy Diagnostics in the Plasma Exhaust
Plume of a Hall Thruster

Lyon B. King*and Alec D. Gallimore'
University of Michigan, Ann Arbor, Michigan 48105

Of primary concern with the integration of Hall thrusters on conventional satellite designs is the possible damag-
ing effect of high-energy exhaust ions impinging upon spacecraft surfaces. This paper reports on measurements of
plasma ion-energy distributions within the plume of an SPT-100 Hall thruster using a custom-designed molecular-
beam mass spectrometer. With this instrument ion energy was measured over a complete 360-deg circumference
about the thruster at a radius of 0.5 m from the exit plane and over a total inclusive arc of 260 deg at 1.0-m radius.
These data uncovered the existence of high-energy ions departing the thruster at angles exceeding 90 deg from
the thrust vector and continuing well into the backflow region of the plume. Through an analysis of the energy
structure, the evidence of charge-exchange collisions occurring between plume ions and background neutrals was
documented; such collisions produced anomalous distributions of ions having voltages greater than that applied

to the thruster discharge.

Nomenclature
A, = area of collector, m?
d = analyzer plate separation, m
E; = ion energy, J or eV
e = elementary charge, C
f(u;) =ion velocity distribution, s/m
f(V;) =ion voltage distribution, s/m
Gepm = gain of electron multiplier
Kys = spectrometer constant
k = Boltzmann constant, J/K
L = analyzer interslit distance, m
m; = mass of ion, kg
n; = ion density, m™3
q = ion integer charge state
r = radial distance from thruster, m
u; = ion velocity, m/s
Vi = main distribution voltage, V
Vi = ion voltage, V
Vin = most-probable voltage, V
v, = repelling plate voltage, V
w = analyzer slit width, m
X = spatial coordinate, m
y = spatial coordinate, m
0 = angle, deg
T = distribution half-width at ™! point, V

I. Introduction

F primary concern with the use of Hall thrusters on geostation-

ary communications satellites is the possible damaging effect
of the highly energetic plasmaexhaustplume on spacecraftsurfaces.
Specific issues include the erosion of solar array material because
of incidenthigh-energy propellantions, coating, and contamination
of solar arrays and other surfaces caused by efflux of thruster self-
erosion material, heating of sensitive spacecraft components, and
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uneven spacecraft charging caused by impinging propellant ions.
To fully quantify and understand these phenomena, extensive char-
acterization of the plasma plume has been performed over the past
few years.

The initial effort toward characterizing the Hall-thruster plume
was undertaken by a joint industry team composed of Russian and
U.S. researchers.! This testused a set of sample slidesrepresentative
of spacecraftsurfacesplacedin the plume flow to model erosionand
contaminationin addition to the use of a Faraday probe to measure
ion current density and a gridded retarding potential analyzer (RPA)
to measure the ion-energy distribution. Because of the rapid decay
in ion density with increasing distance from the thruster centerline
(thrust vector), these diagnostics were limited to points lying within
60 deg of the thrust vector. Within this volume, however, the RPA
data demonstrated some intriguingtrends. Althoughthe thrusterdis-
charge voltage was set to 300 V, the ion-energy distribution curve
showed a significant tail representing ions accelerated through po-
tentials as great as 350-450 V (Ref. 1). Possible reasons for the
existence of this anomalous high-energy population were not ad-
dressed. More plume characterization testing followed: Myers and
Manzellaperformed additionalmeasurementsusing an RPA, but the
data were collected at very few spatial locations within the plume
and again were confined to points within 60 deg of the axis.2 These
data, as well, suggested the existence of ions with voltages greater
than that supplied by the applied discharge. The region of the plume
with the greatestinterestfor spacecraftdesigners was the far off-axis
region (angles greater than 60 deg from centerline) because of the
probable location of spacecraft surfaces. The ion current density in
this region (outto 100 deg) was probed by Manzella and Sankovic?;
however, prior to the study reported here, no ion-energy diagnostics
have been performed out to such large angles.

Continued studies of plume-induced erosion and contamination
were performed using more extensive test matrices comprising a
wide array of representative spacecraft materials exposed to a large
volume of the plasma plume, including the far off-axis region.*>
For the most part these studies were addressed not at deepening
the knowledge of the plasma properties within the plume; instead
they documented the erosion/contamination problem from a top-
level perspective by simply measuring the net effects of the plume
onrepresentativespacecraftmaterials. For near-termapplicationsof
the SPT-100, these top-level studies provided sufficient databases
to enable integration of the Hall thruster with western satellites.
However, to prevent the need for further extensive sample testing to
accommodate new spacecraft materials or design configurations in
the future, it was apparentthat a more thoroughunderstandingof the
underlyingphysicsand propertiesof the plasma plume was required.
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This paper represents one part of a comprehensive study per-
formed at the University of Michigan to characterize the plasma
properties within the Hall-thruster plume over a large volume in
space including the far off-axis regions as well as the backflow
area directly behind the thruster.®~!° The purpose of this paper is to
present measurements of the ion energy acquired through the use
of a custom-designedmolecular beam mass spectrometer (MBMS)
for Hall-thrusterresearch.

II. Description of Apparatus

The MBMS system used a set of orifice skimmers to admit a
beam of plume ions from the main vacuum chamber into an array of
differentially pumped subchambers. The geometrical design of the
MBMS instrument used in this investigation was similar to that of
Pollard.!! The subchamberswere maintainedat high vacuumto min-
imize and effectively eliminate collisions involving ions within the
beam. A sampling skimmer orifice was mounted on the upstream
end of the MBMS; this orifice skimmed off a small diameter ion
beam into the first subchamber. This beam was then collimated by
a second orifice at the downstream end of the first subchamber. The
collimated beam then passed through the entrance slit of a 45-deg
electrostatic energy analyzer. This analyzer employed a constant
electric field such that only ions with a preselected ratio of energy
per charge had a trajectory that permits them to traverse the exit
slit and impinge upon a detector. The overall layout of the instru-
ment is shown in Fig. 1. Ion mass detection was possible through
a time-of-flight method using an electrostatic beam gate immedi-
ately downstream of the sampling skimmer; the mass diagnostics
are the subjectof a related paper.® This paper will focus on the global
(species independent) ion-energy distribution, and hence, the beam
gate was not used in this study.

The 45-deg electrostatic energy analyzer is a flexible, robust
method for particle energy filtering that has been used widely in
beam physics research.!?~!* A schematic of the system used in the
MBMS is shown in Fig. 2 with coordinate system and relevant di-
mensions defined. The ion beam is admitted through the entrance
slitof the analyzerand immediately enters a region of constantelec-
tric field of magnitude V,/d oriented at an angle 6 to the directionof
travel. The ions thus experience a constant acceleration in the neg-
ative y direction such that the spatial equation of their trajectory is

qieV, x?
=X - — — 1
J 2dm; u? sin® 0 m

Because 6 =45 deg and u? =2E,/m;, Eq. (1) becomes
y =x —(1/2d)[V,/(E;/q;e)]x’ ()

For an ion to pass through the analyzer and escape through the exit
slit to the detector, it must intersect the point y =0, x = L; this pass
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constraint is defined as the spectrometer constant K5 and is given
by

Ky = [V,/(Ei/qe)] =2d/L 3)

The analyzer thus performs the function of an energy-per-charge
filter E;/g;e. Because the beam ions within the Hall-thruster plume
experienced a discharge acceleration according to g;eV; = %m[ u?,
the value of energy per charge for an ion is equivalent to the ac-
celeration voltage V; seen by the ion in the discharge acceleration

chamber. For a given value of repelling plate voltage, only ions with

Lm,u? v,
V=it =t @
qie Kys

will reach the collector and be recorded as ion current. The current
detector employed by the MBMS was a ceramic channel electron
multiplier (CEM). The CEM had an adjustable gain ranging from
108 to 103, with an extremely low outputdark currentof 1 X 10714 A
atlow gainand 1 X 107'2 A at high gain.

For a single species flow the 45-deg electrostatic analyzer tech-
nique produces an ion current vs repelling voltage trace, which is
directly proportional to the ion-energy distribution function, analo-
gous to the RPA technique. However, unlike the RPA technique, the
45-deg analyzerrequires no numerical differentiationof raw data to
obtain the distribution, and the resultant curves are therefore much
more precise and smooth. Unfortunately, like the RPA, the exis-
tence of multiple ion species in the beam complicatesinterpretation
of the data, which can be demonstrated by analyzing the output of
the CEM. Because the CEM produced a current proportional to the
number of ions incident on the collector, the current output can be
written as

I; = GegmAcniu;) (5)

The current output of the CEM is not dependent upon the charge
state ¢; of the incoming ions. Instead, the CEM is sensitive only
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Fig. 2 Schematic of 45-deg electrostatic ion-energy analyzer. A con-
stant electric field is formed by applying repelling voltage to the top
plate with the bottom plate grounded. Field correction plates are bi-
ased with a voltage divider to force boundary conditions at midplanes,
preventing field distortion caused by surrounding ground potential.
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Fig. 1 Overall layout of MBMS system used to obtain ion-energy measurements. Schematic shows differentially pumped subchambers as well as

45-deg electrostatic energy analyzer.
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Table1 Physical characteristics
and resolving power of 45-deg
electrostatic energy analyzer

Parameter Value
d 160 mm
L 584 mm
w 3 mm
Kys 0.549
AV;IV; 0.004

to the number flux of ions, and, thus, /; is not proportional to g;.
According to Eq. (4), only ions with a discrete voltage V; will be
detected by the CEM such that

L;(Vy) ZGCEMAcn[(V[)\/ 2g;eVi/m; (6)

where n;(V;) is the number density of ions with voltage V;, which
is the ion voltagedistributionfunctionn; (V;) = f(V;) = f(E;/ gq;e).
Realizing this fact, it is apparent from Eq. (6) that the ion current
vs voltage is not directly proportional to the ion-energy distribution
functionas is widely accepted with these devices. Rather, in a multi-
componention beam the 45-deg energy analyzer yields data that are
related to the voltage distribution function according to

L;(V;
f(V[)OC—L( ) M
q;eV;

The 45-deg electrostatic energy analyzer was constructed of
1.5-mm-thick aluminum plates. To eliminate field distortion within
the analyzer caused by the surrounding ground potential of the vac-
uum chamber walls and to ensure a homogeneouselectricfield, a set
of seven centrally slotted field-correctionplates were mounted inter-
mediate to the repelling plate and the entrance ground plate. These
correction plates were biased using a resistor string voltage divider
to force the electric equipotentials at the midplanes and minimize
field leakage. The entire plate system was supported on a frame
constructed of %-in.-diam nylon threaded rods to ensure electri-
cal isolation of each plate. The resolving power of the analyzer is
dictated by geometric parameters and is given by

AV,/V, =wsin0/L (8)

The pertinent parameters of the 45-degelectrostaticenergy analyzer
used in the MBMS for this research are presented in Table 1.

III. Experimental Setup

The experiments reported in this paper were performed in a
6-m-diam X 9-m-long stainless-steel vacuum chamber at the Uni-
versity of Michigan. The facility is supported by six 81-cm-diam
oil diffusion pumps (with water-cooled coldtraps), backed by two
blowers and four mechanical pumps. These pumps give the facil-
ity an overall air-pumping speed of approximately 150,000 L/s at
1 mPa. Chamber pressure was measured with hot-cathode ioniza-
tion gauges that were corrected for xenon located on vacuum ports
on either side of the chamber. Background chamber pressure was
maintained at less than 4 mPa when the Hall thruster was operating
on approximately 5 mg/s of xenon.

The thruster used in this research was a flight model SPT-100
manufactured by the Fakel Design Bureau. The SPT-100 was oper-
ated at nominal conditionsof 300 V at4.5-A discharge as controlled
through a power-processing unit manufactured by Space Systems/
Loral. The propellantflow rate was 5 mg/s with 7% of the total flow
diverted through the hollow cathode. The SPT-100 was mounted to
a rotary table such that the rotation axis coincided with the center
of the exit plane of the thruster. Therefore, by rotating the thruster
relative to the fixed MBMS skimmer inlet the plasma plume could
be sampled as a function of angular position at a fixed radial dis-
tance r from the exit plane. This setup is illustrated schematically in
Fig. 3. Facility surfaces subject to plume impingement were coated
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Fig. 3 Experimental setup diagram showing rotary thruster mount
and laser alignment of beam line.

with flexible graphite foil. The centerline (thrustaxis) of the thruster
was denoted as 0 deg, with positive theta values representing points
in the cathode half-plane of rotation (the angular position shown
in Fig. 3 represents 0 = +90 deg). The angular alignment of the
thruster and MBMS was achieved by using a laboratory laser to es-
tablish the MBMS beam line. The laser beam line was used to verify
the angularorientationof the 45-deg electrostaticanalyzer to within
0.5 deg; similarly, the thruster was rotated such that the laser beam
line was precisely aligned with the center of the exit plane of the
thruster, as shown in Fig. 3, establishing the 90-deg position of the
SPT-100 to better than 0.5 deg. Because the relative uncertainty in
angular position of the rotary table was 0.1 deg, the uncertainty in
position for all data points is *+ 0.5 deg because of initial alignment
uncertainty. By relocating the rotary table mount between tests, data
were obtained as a function of angular position for radial distances
from the thrusterof r =0.5 and 1.0 m.

The 45-deg analyzer repelling voltage was supplied by slowly
varyingthe outputof a high-precisionsourcemeter. The sourcemeter
provided regulated voltage with better than 0.012% accuracy over
a range of 0 to 1100 V. The CEM current was measured with a
sensitivepicoammeterand recordedas a functionof 45-deg analyzer
pass voltage. By using the picoammeter, the high-gain CEM, and
long sampling times true ion currents as low as 5 X 107! A could
be accurately measured.

IV. Ion Voltage Measurements

The ion currentincidenton the CEM was recordedas a functionof
ion voltage by varying the repelling potential on the 45-deg energy
analyzer. In this fashion curves were obtained at a radial distance of
0.5 m from the thruster exit plane as a function of angular position
about the thrust axis in 10-deg intervals. The high gain achieved
with the picoammeter and CEM enabled data to be obtained in a
complete 360-deg envelope about the SPT-100. Peak measured ion
current values fell as low as 1 X 107! A for points directly behind
the thruster. These sweeps are summarized in Figs. 4 and 5. The
entire data sets can be found in Ref. 15. The abscissa of the ion
current curves have been corrected for the energy imparted to the
ions as they fell from ambient plasma potential through the skimmer
inlet to ground potential; the magnitude of the required correction
was obtained using a Langmuir probe immediately upstream of the
sampling skimmer to measure the local plasma potential !6

The ion-energy distribution function was evaluated at a radial
distance of 1.0 m from the thruster exit plane by repositioning the
thruster/rotary table mount relative to the MBMS inlet skimmer.
At this distance curves were obtained as a function of angular po-
sition about the SPT-100 thrust axis. Because of the much lower
ion densities at 1.0 m as compared with those at 0.5 m, data could
not be obtained in a complete 360-deg arc about the thruster. The
region behind the thruster at positive angles greater than 110 deg
and negative angles of magnitude greater than —150 deg represented
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Fig. 4 Ion energy from centerline to 90 deg off axis at 0.5-m radius
from thruster exit plane.

x10"®
N

x10™®

lon Current (A)

x10'®

x10™"

0 T AL

0 50 100 150 200 250 300
Energy/ge (volts wrt plasma)

Fig. 5 Ion energy in backflow region at 0.5-m radius from thruster
exit plane.

ion currents less than 5 X 107 A; because of the low currents, this
region could not be evaluated. The resulting data are shown in Figs.
6 and 7. These curves have been corrected for the parasitic energy
additionimposed to the ions as they fell from local plasma potential
through the inlet skimmer to ground potential.

The ion current traces obtainedat 1.0-mradius for the points near
10 deg were strikingly dissimilarfrom the overall trends exhibitedas
a function of angular position. To more fully interrogate this region
of the plume, data were obtained with much finer angularresolution
for points within 20 deg of the axis. The general behavior of the
points near 10 deg off axis are represented in Fig. 8.

V. Discussion of Ion Voltage Distributions
The relation linking the 7 (V') curve to the ion voltage distribution
functionwas already derived: as evidenced by Eq. (7), calculationof
the voltage distribution in a multispecies flow requires knowledge
of the ionization-state-dependent current as a function of voltage.
Specifically,

1 I(V,q1)+1(V,42)+...} )

V) oc —
7 \/V[\/E 92

where 1(V, g,) denotes the current caused by ions with voltage V
and charge g,. Because ion velocity increases with g, a population
of high-g ions will produce a larger current than an equal number
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Fig. 6 Ion-energy distribution from centerline to 90 deg at 1.0-m ra-
dius from thruster exit plane.
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Fig. 7 Ion-energy distribution in the backflow region at 1.0-m radius
from thruster exit plane.
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Fig. 8 Illustration of anomalousenergy structure near 10 deg off axis
at 1.0 m from thruster. Note the existence of discrete distributions of ions
having voltages greater than the 300 V applied to the thruster discharge.

of low-q ions: The inclusionof g~ U2 in Eq. (9) is therefore required

to account for the disproportional contributionof high-g ions to the
total ion current. The data reported in this paper reflect the total
current caused by all ion charge states as a function of ion voltage;
therefore, they cannot be directly manipulated to yield f(V). If
the flow under consideration was composed almost entirely of one
species of ion (g =1), then it would be possible to obtain a good
approximation of f(V) by neglecting the contribution caused by
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the higher charge states. This approximation has previously been
applied to the RPA technique allowing valuable estimations of ion
density and velocity to be made in the region of the plume near
thruster centerline '3

Although the I (V) curve is not directly proportionalto f (V') for
reasonsjustdiscussed, it should be keptin mind that these two func-
tions are very closely related. For example, if a portion of the 7 (V)
curve was known to result entirely from ions with ¢ =2, attenuation
of this portion of the curve by a factor of 0.707 would yield the value
of f(V). Allowing for the existence of ions with charge states up
to ¢ =4 in the flow ensures that the value of /(V') is never more
than a factor of two larger than (V). Therefore, althoughit may be
inappropriate to substitute (V') for f(V) in detailed calculations,
when discussing the overall shape and data trends it is reasonable
to speak of the two functions interchangeably.

A. Ion Distribution Width

Because the I (V) traces obtained with the 45-deg analyzer very
closely approximate the ion voltage (energy) distribution function,
it is perhaps instructive to describe their shape in terms of an ion
temperature. However, the driving mechanism defining the shape of
the 7(V) curvesis believed to be an overlap between the ionization
region and accelerationregion within the SPT-100 discharge cham-
ber: ions are created throughout a region in space over which the
potential varies greatly, thus the spread in the 7 (V) curvereflects the
fact that ions are born in regions of different potential and therefore
experience different acceleration voltages. This spread is likely not
equal to the equilibrium thermal variation in ion energy. To provide
a figure of merit for discussing the width in the measured distribu-
tions, the parameter 7; will be defined as the half-width of the /(V)
distribution at the point in the curve where I(V) is equal to e™!
times /(V,,), where V,, represents the most probable voltage such
that /(V,,) is a maximum. Because the distribution functions were
not symmetric about V,,, the parameter 7; can take on either of two
values correspondingto the e~! point with voltage larger or smaller
than V,,. For discussion purposes 7; was defined at the e™! f(V,,)
point such that V > V,, (to the right of the peak).

The 0.5-m I (V) data sets exhibited interesting general trends
in width. The interpretation of 7; was somewhat confused by the
existenceof multiple peaks for the angularpositions centered around
90 and —90 deg; for these traces it was unclear which peak defined
the main distribution!> However, for many of the angular positions
the distribution was characterizedby a single dominant peak, which
was used to calculate 7;. Figure 9 shows a plot of 7; as a function of
angular position for arcs lying at 0.5 and 1.0 m from the SPT-100
exit plane. Values of 7; were not calculated for points in which the
choice of dominant distribution peak was unclear.

Variationin the distributionwidth for pointslying alongthe 1.0-m
radius is included in the plot of Fig. 9. However, the anomalous
distributions found between 5 and 20 deg of thrust axis prevented
calculation of a meaningful 7; for these points: the distribution in
this regime consisted of multiple current peaks with comparable
magnitudes such that the choice of a dominant distribution was not
clear.!” This fact created gaps in the 7; vs 0 plot and hindered the
identification of trends.
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Fig. 9 Variation of distribution half-width 7; as a function of angular
position at 0.5- and 1.0-m radius from the SPT-100 exit plane. Uncer-
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Fig. 10 Neutral propellant density and local plasma potential within
the Hall-thruster acceleration layer as modeled by Baranov.’

The calculated values for 7; shownin Fig. 9 demonstrateexcellent
agreement with the currently accepted structure of the ionization
and acceleration regions within the SPT-100 discharge chamber.
Baranov et al.!” have recently developed a comprehensive model of
the accelerationlayer formation within the Hall thruster. This model
was used to predict plasma parameters such as electron temperature,
plasma density, collision frequencies, and electric field within the
acceleration region of a Hall thruster very similar to the SPT-100.
The neutral atom density and plasma potential predictionsresulting
from this model are reproduced as Fig. 10.

In this model, as in actual Hall-thruster operation, neutral propel-
lantis injected through the anode. This propellantis then ionized by
electron collisions as the neutral atoms travel towards the cathode.
The decay in neutral atom density with distance from the anode
therefore corresponds to the disappearance of neutrals caused by
ionization. As can be seen from the model, most of the propellant
is ionized within a region extending 2.5 cm from the anode. Within
this ionization region the local plasma potential varies from 300 to
250 V, thus the ions that are born within this region will have a
voltage spread of approximately 50 V upon exiting the discharge
chamber. This agrees with the measured values of 7; (half-width)
of approximately 20-40 V for the main discharge ion beam within
90 deg of thrust axis shown in Fig. 9. Furthermore, many of the
ions formed within the first 2.5 cm of the anode will likely suffer a
neutralizingcollision with the discharge chamber wall downstream,
followed by a second (or even third) ionizing electron collision;
these ions will increase the spread in the exhaust voltage distribu-
tion beyond that induced by the 2.5-cm ionization zone.

The population of ions behind the thruster (at angles greater than
about 100 deg) possessconsiderably narrower distributionsthan the
main beam ions as expected. However, this backflow plasma still
has a value of 7; ranging between 2 and 5 V. Although no investi-
gations of the Hall-thruster backflow regions were performed prior
to this study, it was widely accepted that this region most likely
consisted of macroscopically stagnant plasma arising from charge-
exchangecollisionsbetween plumeions and backgroundfacility gas
caused by vacuum chamber pumping limitations, thus the distribu-
tion would have a width on the order of the local ambient neutral
temperature (300 K, or about0.03 eV). However, it is very unlikely
that the high temperatureimplied by the width of the measured volt-
age distribution in the backflow (of roughly 50,000 K) represents
a true thermal spread within a macroscopically stagnant plasma as
would be expected to exist behind the thruster. The physical mech-
anism producing such a wide energy spread in the backflow ions is
unknownas of this writing. Further characterizationof the backflow
region is necessary.

B. Most-Probable Voltage

Another measure of the ion-energy structure, the most-probable
ion voltage, was compiled as a function of angular position. This
voltage was easily defined and identifiable on all plots as the voltage
(energy/q) correspondingto the maximum in the (V) vs V curve.
This quantity is plotted for both 0.5 and 1.0 m in Fig. 11. The
trends in most-probable voltage exhibit some intriguing qualities,
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Fig. 11 Most-probableion voltage (energy/qge) as a function of angular
position in the plume of the SPT-100 at 0.5- and 1.0-m radius from
thruster exit. Uncertainty in V,,, <5 V.

the most striking of which is the existence of high-energy ions at
angles exceeding 90 deg from the thrust axis: ions with V,, on the
orderof 250 V persistout to 100 deg, while particles with V,, nearly
100 V extend to nearly 130 deg at 0.5 m. Although the 1.0-m data
show high energy ions up to 100 V at angles of 100 deg, the extent
of the 250 V ions is narrowerat 1.0 m than at 0.5 m, with these high-
energy ions decreasing at 70-80 deg off axis. In general, the trend
in angular evolution of most probable ion energy at 1.0 m appears
to be a pinched version of that at 0.5 m. This pinchingeffect may be
caused by the configuration of the plasma electric field within the
plume. A brief discussion of this effect can be found in Ref. 15.

Although the plasma electric field may explain the narrowing
of the highly divergent ions between 0.5 and 1.0 m, the existence
of such high-energy ions at angles exceeding 90 deg off axis is
still puzzling. Ions with acceleration voltages on the order of the
discharge voltage of 300 V should be formed near the upstream end
of the thruster acceleration layer (near the anode) and, thus, well
upstream of the thruster exit plane. For these ions to be emitted
at angles near and exceeding 90 deg off axis, they would have to
undergo a considerablecurvaturein their trajectory upon exiting the
thruster because there is no direct line of sight from these points to
the inside of the discharge chamber.

Within this picture of the acceleration layer formation, it is ap-
parent that a significant force would be required to deflect high-
energy ions originating from deep in the discharge chamber out
to trajectories approaching and exceeding 90 deg off axis. The ex-
istence of such a force is improbable. It is more plausible that a
small amountof propellantionizationand radial accelerationoccurs
downstream of the discharge chamber exit, external to the thruster.
Because the electron mobility is very large along magnetic field
lines, within the discharge chamber the magnetic field lines approx-
imate electric equipotentials. Thus ions are formed and accelerated
into trajectories normal to the magnetic field line at the ion forma-
tion point. Bending of the magnetic field lines (and thus the electric
equipotentials) outward from the exit plane would produce a mag-
netic field fringe with a normal approaching 90 deg. Ions formed
within this downstream region would experience an acceleration
force perpendicularto the thrust vector and would therefore appear
at large angles. Under low enough dynamic pressureinside the vac-
uum chamber, such a distribution of electric equipotentials may be
plausible (private communication by V. Kim, 24 September 1998).
Itis clearly apparentthat this phenomenonis poorly understood and
requires further investigation.

C. Multiple Peak Structure

Possibly the most striking feature uncoveredin the analysis of the
ion-energy distribution function as approximated by (V') curves
was the existence of multiple current peaks suggesting discrete dis-
tributions for many angular positions. As can be seen from Fig. 8,
these peaks always occurred at discrete multiples of voltage,e.g., a
primary peak at V, =260 V, with secondary peaks at 3V, /2, 2V,
and3V,,. The explanationfor this structureis based on the hypothesis
of charge-exchange collisions occurring between multiply charged
exhaust products and neutral background gas. A detailed discus-
sion of this phenomenon can be found in Refs. 15 and 18; a brief
description of the overall mechanism is outlined next.

Considera charge-exchangecollision between an ion with charge
q =2 accelerated through a voltage of V,, (having energy E =¢qV,)
and a slow neutral atom. The definition of a charge-exchangecolli-
sion is an interaction during which one or more electrons are trans-
ferred with no significant transfer of kinetic energy between the
reactants. Therefore the transfer of an electron from the neutral
to the ¢ =2 reactant will produce a slow product ion with charge
g =1 along with an ion with kinetic energy still equal to E, but
with charge reduced from ¢ =2 to 1. Thus the fast product ion
will have an equivalent voltage (energy per charge) of 2V,. Such
charge-exchange reactions between ions with ¢ =2, 3, and 4 have
the capability of producing products with voltages of 2, %, 2,and 3
times the initial reactant acceleration voltage, depending upon the
number of electrons transferred in the collision. Thus the products
of such collisions would produce discrete distributions centered at
the multiples of the reactant voltages just mentioned. Moreover, the
width of the productdistributions will be broadened by the multiple
of the collision,e.g., in Fig. 8 the initial distributionof reactants ex-
tends from 200 to 300 V with a peak at V, =260V, thus the product
distributionfor the ¢ =2 collisionextends from 400 to 600 V (twice
the width) with a peak at 520 V. The same observanceshold true for
the peaks located at % and 3 V,,.

Thus, the multiple peak structure present in the ion voltage distri-
butions is indicative of reactions involving plume ions with charge
q > 1 and parasitic neutral gas within the vacuum facility. The num-
ber of such collisions should be expected to increase as a function
of the path length that the emitted plume ion travels through the
neutral background gas. Consider, for example, the traces taken at
30 deg off axis from Figs. 4 and 6. Under the proposed collision
scenario those ions possessing voltages greater than 300 V could
not have originated from thruster acceleration and must be products
of collision. Therefore, the area under the /(V) vs V curve from 0
to 300 V represents the pristineions that have not undergonea colli-
sion, whereas the area under the curve greater than 300 V represents
the products of collision. Through a numeric evaluation of such in-
tegrals, it is found that 21% of the total ion populationat 0.5 m are
collision products, with charge-exchange products accounting for
40% of the ion populationat 1.0 m.

The charge-exchange cross sections for multiply charged xenon
ions on neutrals could not be located in the literature; however, a
rough estimate of the expected effect can be made from available
data. Using the method of Rapp and Francis, the charge-exchange
cross section for Xe™ on Xe can be calculated as 4 X 107" m?
(Ref. 19). Using this value along with the tank background pressure
of 4 mPa yields a collision probability of 24% over a 0.5-m path
length and 43% over 1.0 m. Assuming that the cross section of the
multiply charged xenon species is on the same order as that of Xe™*
indicates a rough agreement with the findings of this investigation
and supports the existence of facility interaction.

The charge-exchange explanation for the existence of high-
voltage product peaks implies interesting consequences for the
plasma conditions within the thruster discharge chamber. The col-
lision signatures within the voltage distributions imply that the dis-
charge plasma is of sufficient temperature to produce a measureable
quantity of ions with g =2 and 3. As further evidenceof the thruster
internal plasma temperature, consider Fig. 12 showing the ion volt-
age distributionobtained at —11 deg off axis at 1.0-m radius. In this
figure a distribution with a peak at 347 V =§ V,, is readily appar-
ent. The only possible mechanism to account for such a peak is the
reaction between Xe** and background neutrals, thus the thruster
plasma consists of ions with charge states at least up to g =4.

Although charge-exchangecollisions can account for the bump-
on-tail type of distributions exhibited in this paper, many of the data
sets exhibita long, slowly decaying tail of ions with voltages much
greater than thatapplied to the discharge (300 V). An explanationfor
this high-voltagetail is detailed in Ref. 15. Briefly, this tail structure
is attributed to momentum-transfer collisions occuring between the
differentcharge-stateions within the plume. In such a scenario Xe**
and Xe* are accelerated through the same potential, with the Xe?*
ion acquiring greater kinetic energy. An elastic collision between
theses two ionic species will produce a Xe* ion with an effective
voltage greater than the applied potential caused by the energy gain
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Fig. 12 Ion voltage at 1.0-m radius from the SPT-100 plume at 11 deg
off axis showing peaks at 4V;/3,3V;/2, 2V}, and 3V,,.

from the Xe?*. Similarly, the Xe?* ion will lose kinetic energy to
the collision. The resulting voltage distribution will display tails
on both the low-voltage side (caused by Xe?*) and the high-voltage
side (causedby Xe™ ). This type of momentum-transfercollision was
found to be more prevalent for regions lying near the thrust vector,
with the bump-on-tail signature of the charge-exchange reaction
becoming prominent with increasing angle off axis.

V1. Conclusions

One of the most interesting contributions of this research was the
measurement of the ion energy at angles exceeding 90 deg off the
thrust axis. Although of utmost importance to spacecraft integra-
tion, this low-density regime has historically been very difficult to
probe. As can be seen by an examination of Fig. 11, V,, is nearly
260 V for all positions within 100 deg of the thrust axis at 0.5 m
radius, with V,, =90 V extending all the way around to —150 deg
at 1.0-m radius. The mechanism responsible for such high-energy
ions extending into the backflow of the plume is not understood. It
was previously believed that such high-energyions must be formed
deep within the thruster discharge chamber and would therefore not
have a direct line-of-sight path to the plume backflow. Because the
existenceof the force required to producea trajectory with sufficient
curvatureto transportions formed within the dischargechamberinto
the backflow is not justified, it is likely that these high-energyions at
large angles were formed downstream of the thruster exit plane and
acceleratedtransverseto the thrustaxis at voltagescomparableto the
applied voltage. These data suggest that the structure of the plasma
accelerationregion downstream of the thruster exit plane is not ac-
curately explained by current models of Hall-thruster operation.

This research demonstrated direct documentation of facility per-
turbances on the Hall-thruster plume structure. These parasitic ef-
fects were manifestedby charge-exchangecollisionsbetweenplume
ions accelerated within the thruster and ambient background neu-
trals caused by vacuum pumping limitations. As expected, the effect
of such collisions increases with ion path length through the imper-
fectvacuum. Althoughionrecombinationwith free plasmaelectrons
in the plume could produce the same distribution shapes as those
attributed to charge-exchange collisions, such a recombinative re-
action is highly improbable for this plasma.'®

The facility pressure during testing was approximately 4 mPa,
representinga collisionprobability of 43% at 1.0 m from the thruster
for the charge exchange collisionbetween Xe* and background Xe.
If a facility with an order-of-magnitude improvement in pressure
were used, the collision probability at 1.0 m decreases to 6%. It is
apparent, then, that detailed plume characterizationin the far field
of Hall thrusters (approachingand exceeding 1.0 m) requiring high
accuracy should be performed at pressures on the order of 0.4 mPa
to reduce parasitic signatures and more correctly quantify effects
attributed to the thruster. Some Hall-thruster plume characteriza-
tion will be insignificantly affected by these facility perturbations.
For instance, measurements of plume sputtering on sample materi-
als are fairly insensitive to charge-exchangecollisions. Because the
sputtering yield is largely dependent only on the incident atom en-
ergy (and not on the charge state), the charge-changingcharacter of

charge-exchangecollisions will not affect the incident atom energy,
and the resultant sputtering rate will be unaffected.
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