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Plume Study of a 1.35-kW SPT-100 Using an ExB Probe
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The ion energy distributions of Xe1+, Xe2+, and Xe3+ ions in the SPT-100 plume obtained 50 cm and 1 m from
the thruster exit with an ExB probe are presented. Most of the ion species distribution functions exhibit features
associatedwith both Maxwellianand Druyvesteyndistributions.Therefore, thenatureof the ionenergy distribution
in the SPT-100 plume is established by the competing effects of ion acceleration in the discharge chamber and
collisional processes beyond the ion production zone. Comparison of beam energy and ion energy spread 50 cm
and 1 m from the thruster exit reveal that the energy distribution of the far-� eld plume ions varies little as the ions
move away from the thruster. The angular pro� les of the ion species fractions and the beam energy data suggest
that, whereas Xe2+ and Xe3+ ions are produced near the thruster exit, Xe1+ ions are created farther upstream in
the discharge chamber.

Nomenclature
B = magnetic � eld strength
B = magnetic � eld
E = electric � eld strength
E = electric � eld
Eb = ion beam energy
Ei = ion energy
e = elementary charge; base of natural logarithms
F = force vector
f .Ei / = ion energy distribution function
f .ui / = ion speed distribution function
f .ui / = ion velocity distribution function
Ii = channel electron multiplier collector current
qi = charge state of ion
ub = ion beam speed
ub = ion beam velocity
u i = ion speed
ui = ion velocity
V f = � oating potential
Vi = acceleration voltage
VP = probe voltage with respect to ground

Introduction

T HE closed-drift Hall thruster developed in the former Soviet
Union has been under intensive investigation in the United

States for the past several years. Because of their ef� cient use of
propellant in producing thrust, Hall thrusters such as the station-
ary plasma thruster (SPT) can signi� cantly enhance a variety of
commercial, scienti� c, and military space missions by increasing
mission life and/or payload mass and by reducing initial spacecraft
mass. The high ef� ciency and high speci� c impulse of SPTs at low-
to-moderate power levels make these devices particularlyattractive
for north–south stationkeeping.

Past research has shown that the SPT plume consists of multiply
charged ions.1 Production of multiply charged ions in the thruster
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dischargechamber is a loss mechanismfor the thrust, ef� ciency,and
mass utilization.2 Because of its higher energy, a multiply charged
ioncausesmore erosionof the thrusterdischargechamberandspace-
craft surfaces, for example, solar arrays, than a singly charged ion
accelerated through the same potential drop. Characterizing the en-
ergy distribution of each ion species in a Hall thruster plume pro-
vides correction factors for engine performance; facilitates a more
accurateassessmentof thrusterdischargechambererosion,which is
directly related to both thruster lifespan and spacecraft contamina-
tion; and assists in the successful integration of Hall thrusters with
spacecraft. Therefore, it is vitally important to investigate plasma
parameters of individual ion species for a complete analysis of the
Hall thruster plume. To begin this task, an attempt was made to
measure the ion energy distributionsof Xe1C, Xe2C , and Xe3C ions
in the SPT-100 plume.

The microscopicor kinetic properties of plasma are described by
one basic function,the distributionfunction f .v; r; t ). Macroscopic
parameters such as density, temperature, and transport properties
can all be derived from f .v; r; t/ by forming its moments, that is,
integrals over velocity space. Then, it is obvious that for a multi-
species plasma like the SPT-100 plume, the distribution function
of each ion species is needed to characterize the plasma properties
fully.

For a steady-state plasma such as the SPT-100 plume, one tries
to � nd f .v/ or f .Ei / at a certain position in the plasma to derive
its macroscopic parameters. In spite of the importance of the ion
energy distribution function, there exist only a few techniques for
directlymeasuring f .Ei /. The most commonlyuseddevice formea-
suring the ion energy distributionfunction is the retarding potential
analyzer (RPA).3 However, raw RPA data must be differentiatednu-
merically to obtain the energy distribution, and, thus, any noise in
the raw data is magni� ed when the resulting distributioncurves are
calculated.Furthermore, the RPA technique can not distinguishdif-
ferent ion species in the thruster plume. A new diagnostic technique
developed by King4 gave species-dependent ion energy distribu-
tions by compiling the ion mass spectra for different ion energies.
However, this indirect method of obtaining the energy distribution
of each ion species resulted in somewhat poor energy resolution.

An ExB probe is a simple diagnosticstechnique that can separate
different ion species according to their velocities. Its use in electric
propulsion research has been limited mostly to the investigationof
ion thrusters.2;5¡11 Inmostof thesestudies,ExB probeswereutilized
to measure the ratio of doubly charged ions to singlycharged ions to
provide thrust correction factors and optimum operating conditions
for minimum multiply charged ion production.

Because ion thruster plume ions are essentially monoenergetic
particles, an ExB probe trace directly gives the ion composition
of the plume. In such a case, the ion species fraction is calculated
directly from the peak heights of the collected ion currents of each
species.The ions in the SPT plume, on the other hand, are produced
at differentpositionsin the dischargechamber and, thus, experience
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Fig. 1 Schematic of an SPT.

different accelerationvoltages.Therefore, an ExB probe trace from
an SPT plume will have considerablymore structure,which must be
accounted for in the data analysis. By converting ion velocities into
their associated energies, ExB probe data can be used to determine
the ion energydistributionsin the thrusterplume. The study reported
here is the � rst attempt to use an ExB probe to obtain the ion energy
distributions in a Hall thruster plume.

Experimental Apparatus
The SPT (Fig. 1) is a coaxial device in which a magnetic � eld

that is produced by an electromagnetis channeledbetween an inner
ferromagnetic core and an outer ferromagnetic ring. This con� g-
uration results in an essentially radial magnetic � eld with a peak
strength near the discharge chamber exit of a few hundred gauss.
This � eld strength is such that only the electrons are magnetized.
In addition, applying a voltage between the anode and the down-
stream cathode provides an axial electric � eld. As the electrons
stream upstream from the cathode to the anode, the applied electric
and magnetic � elds cause them to drift in the azimuthal direction,
forming a Hall current. Through collisions, these electrons ionize
propellantmolecules that are injectedthroughthe anode.These ions
are then acceleratedby the axial electric � eld and providethe thrust.
The mixture of electrons and ions in the acceleration zone means
that the plasma is electrically neutral, and, therefore, is not space-
charge limited in ion current density. Because the magnetic � eld
suppresses the axial mobility of the electrons while exerting essen-
tially no in� uence on ion motion, the plasma can support an axial
electric � eld with a potential difference close to the applied voltage
between the electrodes. Thus, the bulk of the ions are accelerated
through a potential drop that corresponds to approximately 80% of
the applied discharge voltage.4

The SPT studied in this work is the Fakel SPT-100.For this inves-
tigation,theSPT-100 was operatedonxenonat its nominaldischarge
voltageand currentof 300 V and 4.5 A, respectively.The anodepro-
pellant � ow rate was 5.22 mg/s, and the hollow cathode � ow rate
was 0.28 mg/s. The typical cathode-to-groundpotential was ¡20 V.
Before measurementswere taken, the thrusterwas allowed to run for
approximately 30 min to reach thermal equilibrium. The SPT-100
operation was stable over the measurement period.

Experiments were conducted in a 9-m-long by 6-m-diam
stainless-steel vacuum chamber. During the thruster operation, the
background pressure was 1:2 £ 10¡4 torr (indicated). The ion en-
ergy distribution was measured at various angles off thruster axis
at a constant axial distance from the thruster center. The thruster
was mounted on a rotary table of a multiaxis positioning system.
The thruster was mounted in such a way that the rotational axis
of the rotarytable coincidedwith thecenterof the thrusterexitplane.
The ExB probe was mounted on a stable, � xed platform in front
of the positioningsystem and aligned with the center of the thruster

Fig. 2 Schematic of the ExB probe circuit.

exit plane. With this arrangement, the thruster plume was sampled
as a function of angular position at a � xed axial distance from the
center of the thruster exit plane by rotating the thruster relative to
the � xed probe. The 0-deg positioncorresponds to the thruster axis,
whereas positive angles represent the probe data in the cathode side
of the thruster plume. The cathode was in the measurement plane.

The angular measurements were taken at the axial distances of
1 m and 50 cm from the center of the thruster exit plane by mov-
ing the thruster and rotary table axially with the axial translation
stage. Although the positioningsystem has an absolute accuracy of
0.15 mm in the axial and 0.1 deg in the rotational directions, initial
alignment of the probe with a reference point was only accurate
to within 5 mm in the axial and 3 deg in the rotational directions.
Hence, the absolute positions for all data have an uncertainty of
5 mm and 3 deg in the respective directions.

Data from the ExB probe were obtained using the probe circuit
illustrated in Fig. 2. The voltages to the two E -� eld bias plates
were supplied using a 600-V power supply. One plate was ramped
positive, and the other was ramped to the same voltage magnitude
negative with respect to ground so that the potential on the probe
center axis is at ground.The channel electronmultiplier (CEM) was
used for the ion detector.The CEM inlet potential,which controlled
the multiplier gain, was supplied by a high-voltage power supply.
The current signal from the CEM was measured using a picoam-
meter, which converted the current signal to a voltage signal. The
picoammeter voltage signal and the two voltage signals from the
E-� eld bias plates were sent to a digital oscilloscope and then ex-
ported to a computer for analysis.

The probe body was kept at the � oating potential to minimize the
disturbance in the local plume plasma. To account for ions gain-
ing energy as they fell from ambient plasma potential to ground
potential on the center axis of the probe, the plasma potential with
respect to ground was measured separately with a Langmuir probe.
The Langmuir probe mapped the entire region of the plume inter-
rogated by the ExB probe.4 The entire platform supporting the ExB
probe was covered with low-sputter-yield� exible graphite sheets to
minimize sputtering due to high-energy ion impact.

A preliminary examination of the probe data showed that the
noise-to-signal ratio increased with increasing CEM inlet voltage,
that is, increasing gain. This result is counterintuitive because an
increase in CEM gain should increase the overall signal-to-noise
ratio.The cause of what was observedmay be attributed to the onset
of CEM saturation by the excessive beam current. Thus, for each
measurement, the lowest gain of the CEM that provided a readily
measurable output current was selected. Probe measurements were
taken � ve times at each positionand averaged to give the � nal probe
trace.
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Energy Distribution Function Model
An ExB probe, also known as a Wien � lter, is a velocity � lter

that allows only those ions with the speed u i D E=B to travel un-
de� ected through the ExB section.12;13 Because ions with different
charge states experience similar accelerating voltages in the dis-
charge chamber of the thruster, the speed of the ions will be a func-
tion of their charge state. Hence, the ExB probe can distinguishions
with different charge states. The resolution of the ExB probe used
in this study is conservatively estimated to be 1% of the measured
ion energy.14 The probe is calibrated using the ion energy data in
Ref. 4. The calibratedvalue of the magnetic � ux density of the ExB
probe agrees to within 0.6% of the measured average � ux density.14

The total uncertaintyin the ion energy distributionmeasurements is
estimated to be §2% for the ion currentand §4% for the ion energy.
The relation between the ion energy distribution function and the
ExB probe trace (after the abscissa of the probe I-V characteristic
is converted to ion energy) is

f .E1/ / Ii .Ei /
¯

E
1
2

i (1)

where Ii .Ei / is the probe collector current at the ion energy Ei .
Hence, the ExB probe trace representsa true ion energy distribution
function.

The ion energy distribution function in the SPT-100 plume
plasma has often been assumed to be a Maxwellian in the past.
A Maxwellian distribution represents a gas in equilibrium that is
achieved by collisions between gas particles. However, the steady-
state f .Ei / of the plume ions can not be attributed entirely to colli-
sional processesin the thrusterplume. Instead, f .Ei / in the thruster
plume is expected to depend strongly on the acceleration voltages
Vi . The width of f .Ei / would then depend on the spread in Vi as
beamions are acceleratedthroughin the thrusterdischargechamber,
as well as collisional processes in the plume.

Anotherwell-knowndistributionfunctionis the Druyvesteyndis-
tribution.Distributionsof thisnatureare associatedwith a signi� cant
fractionof the particle populationshaving their energies close to the
averageenergy.15 Because the ions in the SPT-100 plume would re-
tain the energies that they acquired through the uniform electric
� eld in the thruster discharge chamber, one could imagine that the
ions in the thruster plume can be considered as if they were under
the in� uence of a uniform steady electric � eld. However, the other
condition for the Druyvesteyn distribution to be valid, namely, the
condition that the ions and neutral atoms must collide elastically,
are not met for the ions in the SPT-100 plume where the ion–neutral
mean-free-pathsare several meters.14

From the preceding discussions, the ion distribution function in
the SPT-100 plume is expected to be somewhat similar to both
Maxwellian and Druyvesteyn distributions.Hence, an attempt was
made to model the ion distributionfunction as a distributionhaving
the form

f .ui / D K 0 ¢ u2
i ¢ exp

£
¡¯ 0 ¢ .u i ¡ ub/n

¤
(2)

where K0 and ¯ 0 are constants. A Maxwellian distribution corre-
sponds to an n value of 2, whereas a Druyvesteyn distribution cor-
responds to an n value of 4. This approach has been successful in
developingelectronenergydistributionmodels fromprobedata.16;17

Because u i is proportional to the square root of Ei , Eq. (2) can be
cast in terms of Ei as

f .E i / D K ¢ E
1
2

i ¢ exp
h
¡¯ ¢

¡p
Ei ¡

p
Eb

¢n
i

(3)

Because .
p

Ei ¡
p

Eb/ can be either positiveor negative, the model
producesrealnumber solutionsonlywhenn is an integer.Therefore,
if the assumption is made that the velocity distribution function
f .ui / is symmetric around ub , Eq. (3) can be rewritten as

f .Ei / D K ¢ E
1
2

i ¢ exp
h
¡¯ ¢

¡­­pEi ¡
p

Eb

­­¢n
i

(4)

Fig. 3 Comparisonsbetween theMaxwellian� t, Druyvesteyn� t, curve
� t of Eq. (5), and the ExB probe trace of Xe2+ ion peak, measured on
the thruster axis at 50 cm from the thruster exit.

Fig. 4 Sum of the curve � ts of Eq. (5) for Xe1+, Xe2+, Xe3+, and Xe4+

ion peaks overlaid on the ExB probe trace, measured on the thruster
axis at 50 cm from the thruster exit.

When Eq. (4) is combined with Eq. (1), the ExB probe traces can
be modeled with

Ii .Ei / D K0 C K1 ¢ E i ¢ exp
h
¡¯ ¢

¡­­pEi ¡
p

Eb

­­¢n
i

(5)

where K0; K1; ¯; Eb , and n are � tting parameters. Each peak of the
ExB probe traces is then curve � t to Eq. (5) by computer using a
Levenberg–Marquardt algorithm that searches for the best � tting
parameters.14;15

Figure 3 shows a typical � t of Eq. (5) to experimental data. As
Fig. 3 shows, the � tting algorithmproduceda curve with an n value
of 3.3,which agreedvery well with the measuredprobe trace.Notice
that this n value lies between 2 and 4, the values for a Maxwellian
and Druyvesteyndistribution,respectively.Figure 3 also shows that
the model deviates from the measured data at low and high energy
ranges.This disagreementbetween themodel and the measureddata
further from the peaks can be seen more clearly in Fig. 4, which
shows the measured probe trace and the sum of the � tted curves for
Xe1C , Xe2C, Xe3C, and possibly Xe4C ions. The comparison of the
experimentaldata and their curve � t shows exceptionalagreementin
the upperpart of the peaks.However, the curve � ts do not agreewith
the experimental data at low energy (»200 eV) and in the regions
between the peaks. The disagreement at low energy .Ei < 220 eV)
may be due to signi� cant ion production near the exit plane of the
thruster, which results in low-energy ions. The disagreement at low
energy may also be due to charge exchange collisions with neutral
atoms. The disagreement in the regions between the peaks can be
attributed to elastic collisions between the particles of the two ion
speciesthat thepeaksrepresent.4 Forexample,theoverlappedregion
betweenthe � rst peak(Xe1C ions)and the secondpeak(Xe2C ions) is
the result of elasticcollisionsbetween Xe1C ions and Xe2C ions.The
� ttedcurvescan thenbe thoughtof as representingthe“precollision”
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ion distributions.As such, the peak height of the � tted curve must
be lower than the true precollision distribution function because
the population of ions that have undergone elastic collisions shifts
toward the region between the peaks. Incorporating a scheme for
predicting elastic collisions would improve the model. However, it
isevidentfrom theexcellentagreementshownin theupperpartof the
peaks that this simple model can produce precollision distribution
functions very well.

Results and Discussion
Energydistributionfunctions f .Ei / were obtainedby � tting each

peak of the ExB probe trace to Eq. (5). From the � tting parameters,
Eb and n (the exponentialfactor) were found for each ion species at
various locations in the SPT-100 plume. The spread of ion energy
was calculated from the width of the distributionfunctions. Finally,
estimates of ion species fractions were made by forming the � rst
moments of the distribution functions. The errors in the reported
data were calculated from the errors in the � tting parameters in the
curve � ts, which were estimated as the standard deviation for each
of the � tting parameters by the computer.

As can be seen from Eq. (5), the value of n indicates how much
thedistributionisMaxwellian-likeorDruyvesteyn-like,wheren D 2
corresponds to a Mawellian distribution and n D 4 corresponds to
a Druyvesteyn distribution. Figures 5 and 6 show the variations
of n value with respect to angle off thruster axis 50 cm and 1 m
from the thruster exit, respectively.Figures 5 and 6 show that most
of the ion species distributionfunctionswere somewhere between a
Maxwellian and a Druyvesteyndistribution,as expected.Therefore,
the energy distribution functions of the beam ions are established
by both ion acceleration in the discharge chamber and collisional
processes beyond the ion production zone. The former (i.e., the
in� uence of the uniformsteady electric � eld) drives the ions toward
a Druyvesteyndistribution,whereas the latter drives the ions toward
a Maxwellian distribution.

Figures 5 and 6 also suggest that the distribution functions for
Xe1C ions are closer to Maxwellian than those for the ions of higher
charge states. This is not surprising because a Maxwellian distribu-
tion represents a group of particles in equilibrium where the equi-
librium state is achieved by collisionsamong the particles.Because
the ion–ion elastic collision frequency increases with increasing
number density,17 and because the ion beam of the SPT-100 is com-
posed mostly of Xe1C ions,1;4 these ions are expected to undergo
more elastic collisions as a group than higher charge state xenon
ions do.

Figures 7 and 8 show the beam energy per charge, Eb=q, of the
various ion species at 50 cm and 1 m from the thruster exit, respec-

Fig. 5 Exponential factor n in Eq. (5) obtained from the curve � ts of
the ExB probe data at 50 cm from the thruster exit.

Fig. 6 Exponential factor n in Eq. (5) obtained from the curve � ts of
the ExB probe data at 1 m from the thruster exit.

Fig. 7 Beam energy per charge of Xe1+, Xe2+, and Xe3+ ions obtained
from the curve � ts of the ExB probe data at 50 cm from the thruster
exit.

tively. The beam energy Eb was one of the � tting parameters and
represents the most probable energy of the ion species.Bishaev and
Kim18 used a langmuir probe to measure a number of plasma prop-
erties inside the discharge chamber of an SPT. According to their
measurements, the electron temperature in the discharge chamber
attains its maximum value in the region of highest magnetic � eld
strength, which occurs near the thruster exit. Accordingly, because
the ionization potential increases with the degree of ionization, it is
expected that the formation of multiply charged ions occurs farther
downstreamin the dischargechamber than where Xe1C ions are pro-
duced. Moreover, some of the multiply charged ions are expected to
be produced from electron impact ionization of lower charge state
ions because the average impact energy required for multistep ion-
ization is lower than that for direct ionization from neutral atoms.
Thus, the multiply charged ions would, again, be formed farther
downstream than the Xe1C ions. As a result, multiply charged ions
should experience less acceleration voltage and have smaller beam
energies per charge.

The results in Figs. 7 and 8 show that Eb=q for Xe1C ions is
almost always the highest, which supports the ionization and accel-
eration mechanism discussed earlier. However, Eb=q for Xe2C ions
is almost always lower than that of Xe3C ions, which contradicts
the ionization mechanism discussed earlier. Hence, the formation
of multiply charged ions must be much more complicated than the
simple mechanisms discussed.Regardless, the relative closeness of



908 KIM AND GALLIMORE

Fig. 8 Beam energy per charge of Xe1+, Xe2+, and Xe3+ ions obtained
from the curve � ts of the ExB probe data at 1 m from the thruster exit.

Fig. 9 Spread of ion energy of Xe1+, Xe2+, and Xe3+ ions at 50 cm from
the thruster exit.

Fig. 10 Spread of ion energy of Xe1+, Xe2+, and Xe3+ ions at 1 m from
the thruster exit.

the data presented suggests that the three charge state ions are all
created within a narrow zone in the SPT discharge chamber.

The spread of ion energy is calculatedfrom the distributionfunc-
tions as the half-width of f .E i / at the point where f .Ei / has a
value of e¡1 times the peak value (where Ei D Eb at the peak). In
this study, the half-width on the side of the peak where Ei > Eb is
used simply because the curve � ts have better agreement with the
experimental probe trace on that side. Figures 9 and 10 show the
results of the energy spread calculations at 50 cm and 1 m from
the thruster exit, respectively. The energy spread varies from 20 to
60 eV depending on the angle off thruster axis and the ion species.
However, the energy spread is approximately 38 eV within 20 deg
off thruster axis. This range of energy spread agrees with the study
by King,4 where he found energy spreads of approximately 20 to
40 eV for the main discharge ion beam.

Table 1 Comparison between raw and corrected ExB
probe-measured ion species fractions with values obtained by King4

Raw ExB Corrected ExB Data by
Ion species probe data probe data King4

Xe1C 0.790 0.930 0.888
Xe2C 0.161 0.064 0.110
Xe3C 0.049 0.006 0.002

Fig. 11 Ion species fractions of Xe1+, Xe2+, and Xe3+ ions at 50 cm
from the thruster exit.

Ion species fractions are calculated at each data point by deter-
mining the � rst moment of the distribution functions for each ion
species, that is, number density ni , and calculating the fractions of
ni at the data point. Although a number of ExB probe traces con-
tained peaks that may be associated with Xe4C ions (Fig. 4), the
fraction of these high-energy ions is thought to be too low for anal-
ysis. Furthermore, these high-energy ion peaks may be the result of
background nitrogen and oxygen neutrals that are ingested by the
thruster, ionized, and accelerated by the discharge chamber poten-
tial drop.14 Thus, the plume ions are assumed to consist of Xe1C,
Xe2C , and Xe3C ions.

The ion species fractions at 5 deg off thruster axis at 50 cm from
the thruster exit are compared with the similar data obtained by
King4 (Table 1). The disagreement between the two data sets is at-
tributed to the underestimation of the Xe1C ion fraction in the ExB
probe traces due to the curve-� t limitations discussed before and
exhibited in Fig. 4. The discrepancycan also be caused by the over-
estimation of Xe2C and Xe3C ion fractions. Recall that a CEM, a
particle detector that exploits secondary electron emission, is used
to collect ions for the ExB probe.Because secondaryemission yield
dependson the energy and charge state of the incidentparticles,19;20

a number of multiply charged ions will result in higher output cur-
rent than the same number of singly charged ions. An estimate of
the variation of the secondary emission yield suggests that the out-
put current of Xe2C ions and Xe3C ions are 3 and 10 times larger,
respectively, than that of the same number of Xe1C ions.19;20 If the
variation in CEM output due to ion charge state is factored in, the
ion species fractions becomes 0.930 for Xe1C ions, 0.064 for Xe2C

ions, and 0.006 for Xe3C ions. (See “Corrected”column in Table 1.)
Thus, the variation of the secondary emission yield may have over-
predicted the multiply charged ion fractions in the raw ExB data.

Figures 11 and 12 show the ion species fractions from corrected
ExB data at 50 cm and 1 m from the thruster exit, respectively.The
angular pro� les of ion species fractions exhibit a sudden change
near §20 deg off thruster axis at both 50 cm and 1 m from the
thruster exit. Although the majority of ions in the thruster plume are
always Xe1C ions, the fraction of Xe2C ions increases signi� cantly
outsideof this region. An ion can exit the thruster only if it does not
hit a wall before leaving the discharge chamber. Therefore, for an
ion to exit the thruster, the ion velocity vector angle with respect to
the thruster axis must decrease the farther upstream in the discharge
chamber the region of ion production is. Then, the angular pro� les
of the ion species fractions in Figs. 11 and 12 imply that the Xe2C
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Fig. 12 Ion species fractions of Xe1+ , Xe2+, and Xe3+ ions at 1 m from
the thruster exit.

ions and Xe3C ions are produced closer to the thruster exit than
are Xe1C ions. In other words, the region of primary production for
Xe1C ions is separated from the primary production region of Xe2C

and Xe3C ions by a narrow boundary in the discharge chamber. If
one assumes that the ion trajectories are straight lines, this bound-
ary would be located where the line of sight from this region to
the exit of the outer discharge chamber wall forms, approximately
10 to 20 deg with respect to the thruster axis. If one assumes fur-
ther that the primary ion production occurs near the inner wall of
the discharge chamber as a previous study suggests,18 then the pri-
mary production of multiply charged ions occurs too far upstream
in the discharge chamber (almost at the anode) to account for the
angular pro� les shown in Figs. 11 and 12. Therefore, the factor lim-
iting the angle of ion velocitiesmay be more than just the discharge
chamber geometry for the case of straight-line ion trajectories.An-
other angle-limiting factor is the in� uence of the electric � eld in
the discharge chamber on the ions, which makes the ion trajecto-
ries more parabolalikerather than straight. Parabolalike trajectories
would result if the initial radial velocity component of an ion re-
mains constant while the axial component increases continuously
in the axial electric � eld. Therefore, the actual angle off thruster
axis with which the ions can emerge from the discharge chamber is
smaller than that of the ions with straight-line trajectories.14 Thus,
both the discharge chamber geometry and the accelerating force of
the electric � eld limit the angle of ions exiting the thruster.

Conclusions
The ion energy distribution f .Ei / of each ion species in the

SPT-100 plume is obtained at various angles off thruster axis at
1 m and 50 cm from the thruster exit using an ExB probe. The probe
data show that the energy distributions functions of an SPT-100
plume ion is a blend of Maxwellian and Druyvesteyn distributions,
suggesting that both ion creation and acceleration in the discharge
chamber, and collisionalprocesses beyond the ion productionzone,
come into play in establishing the ion energy distributions in the
plume. The comparison of beam energy Eb and ion energy spread
1 m and 50 cm from the thruster exit reveals that the energy distri-
bution of the plume ions varies little as the ions move away from
the thruster in the far � eld of the thruster plume. The sharp change
in the ion species fractionsnear §20 deg off thruster axis, as well as
the beam energy data, imply that Xe2C and Xe3C ions are produced
closer to the thruster exit than Xe1C ions are. From the ion species
fractions data and a simple geometric calculation, it is found that

both the discharge chamber geometry and the accelerating force of
the electric � eld limit the angle of ion velocities exiting the thruster.
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