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Near-Field Ion Energy and Species Measurements
of a 5-kW Hall Thruster
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A molecular beam mass spectrometer has been used to determine the ion composition and energy distribution
of the P5 5-kW class laboratory Hall thruster. A skimmer was used to obtain a sample of the plasma 10 cm
downstream of the thruster exit plane. The thruster was operated at several discharge conditions and rotated
with respect to the sampling skimmer in order to determine ion-energy pro� les at various plume angles. These
measurements were compared to data taken 75 cm from the discharge plane to examine the evolution of the ion-
energy pro� le and facility effects. Both ion-energy measurements and time-of-� ight mass spectroscopy revealed
evidence of singly, doubly, triply, and quadruply charged xenon ions within the plume. Ion-energy distributions
were used to determine that the P5’s magnetic � eld is oriented such that the plume has an overall inward focus. The
ion-energy distributions taken 10 cm from the thruster had smaller full width at half maxima and less evidence of
elastic collisions than those taken at 75 cm. Comparisons made with laser-induced � uorescence data showed good
agreement.

Introduction

P REVIOUS Hall-thrusterresearchconcentratedprimarilyon the
1.5-kW class of thrustersbecause they were of primary interest

for commercial and military satellite use. However, driven by in-
dustry trendsand IHPRPT (integratedhigh payoff rocketpropulsion
technology) goals, the Hall-thrustermarket is expandingbeyond the
1.5-kW class to both sub-kW thrusters for small satellites and high-
power thrusters for orbit transfermissions. Of particular interest for
orbit-transfer missions are 5-kW-class thrusters. The University of
Michigan, in conjunction with the U.S. Air Force, has developed a
5-kW class Hall thruster for basic research purposes. This thruster,
the P5, underwent performance and probe testing1 that indicated it
operates in a manner consistent with thrusters under commercial
development.2¡4 Its purpose is to serve as a test bed for the develop-
ment of diagnostics, investigationsof Hall-thruster physics, studies
of spacecraftinteractionissues, and developmentof next-generation
electric propulsion devices.

The con� guration of three-axis-stabilizedcommunication satel-
lites is such that the part of the plume of a Hall thrusters used for
North/South station keeping (NSSK) will impact the solar arrays of
the spacecraft.This can have a negative impact on spacecraftopera-
tions and life. Sputtering-inducederosionof antire� ective solar-cell
cover glass coatings can degrade solar-array performance by a few
percent.5 Erosion of solar-cell interconnects can increase the resis-
tivity of the array circuit and reduce array performance. Although
researchershave relied on sample exposure tests and computational
modeling to predict the impact that plume impingements on space-
craft solar array material will have on spacecraft operations, these
efforts have been hampered by facility effects and the need to make
simplifying assumptions about the plume.5;6 This may lead to large
uncertaintiesat best and serious underpredictionof solar-arrayero-
sion at worst.

Researchersin the past have shownthat Hall-thrusterplumes con-
sist of multiply charged ions.7 The production of multiply charged
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ions in the thruster discharge chamber not only represents a loss
mechanism in terms of thrust, ef� ciency, and mass utilization8 but
also causes more damage to the discharge chamber walls and ad-
jacent spacecraft surfaces as a result of the higher energy of the
multiply charged ions. Therefore, it is essential that the distribution
of the energy and charge state of the plume ions is measured and
incorporated into the appropriate models to make a more accurate
assessment of solar-array erosion.

In spite of the importanceof f .Ei / (ion-energydistributionfunc-
tion) for determining ion transport properties, there are only a few
direct measurements of f .Ei /. The most commonly used device
for measuring the ion-energy distribution function is the retarding
potential analyzer (RPA).9 However, the raw RPA data must be dif-
ferentiated numerically to obtain the energy distribution, and thus
the noise of the raw data is magni� ed when the resulted distribution
curves are calculated. Furthermore, the RPA technique cannot dis-
tinguishdifferention species in the thrusterplume.Thus, our investi-
gation has concentratedon using species-differentiatingtechniques
in characterizingHall-thruster plumes.

In this work the Plasmadynamicsand ElectricPropulsionLabora-
tory’s (PEPL) molecular beam mass spectrometer10 (MBMS) was
used to investigate the ion energy and charged species composi-
tion of the P5. The purpose of this work was threefold. First, the
test facility had undergonea pumping upgrade since earlier MBMS
tests. This lowered the pressure during testing, thereby reducing
the collision frequency between plume ions and background neu-
tral particles. Second, � exibility in choosing the operating con-
ditions of this thruster allowed for testing at multiple operating
points. Third and most important, the MBMS was modi� ed to al-
low near-� eld measurements to be taken by placing a sampling
ori� ce 10 cm away from the discharge plane of the thruster. This
provided information on the evolution of ion energy and charge
state pro� les, as well as on facility effects. These measurements
should be of great use in all aspects of thruster design and re-
search. It addresses integration concerns by providing a method
to create a straightforward map of ion concentration, energy, and
charge state in the plume of the Hall thruster. It also provides an
understanding of the ion acceleration process by taking measure-
ments at multiple axial points to provide ion vectors. This will al-
low thruster designers the opportunity to examine the effect that
changes that they make in thruster con� guration have on the ion
acceleration structure. These ion vector measurements should also
be valuable to thrustermodelers, by allowing them to compare their
ion acceleration structures directly with those determined experi-
mentally.
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Experimental Setup
Tests were performed in PEPL’s 6 £ 9 m Large Vacuum Test

Facility (LVTF), which is pumpedby four CVI model TM-1200 Re-
EntrantCryopumps.Theyprovidea measuredxenonpumpingspeed
of 140,000 l/s with a base pressure of 2 £ 10¡7 torr. Pressure was
determinedbyaveragingthemeasurementsof two ion gauges,with a
calibration factor of 2.87 used to correct for xenon.11 These gauges
were located on the side wall of the LVTF, approximately 2.5 m
laterally from the P5 and 2 m and 5 m behind it. Propellant � ow was
controlled by two MKS model 1100 � ow controllers, which were
calibratedusing a known volume and the ideal gas law corrected for
the compressibilityof xenon.

Laboratory supplies were used to provide power to the P5. The
dischargecircuit was electricallyisolatedduring operations.A � lter
consistingof 1.3-Ä equivalentresistancein serieswith the discharge
currentanda95-¹F capacitorin parallelwas used to dampenthruster
oscillations.

The MBMS is a time-of-� ight mass spectrometer with a 45-deg
parallel-plate energy analyzer. It is essentially two instruments in
one, which when used together can give direct measurements of
both ion energy and species composition. Mounted to one end of
the LVTF, ions pass into the MBMS througha samplingori� ce. The
beam enters the 45-deg energy analyzer with length l and width d,
which allows only ions of a speci� c energy-to-chargeratio E=qe to
pass through and reach the detector.This ratio is selected by setting
the pass voltage Vp between the plates of the analyzer according to
the following equation:

Vp=.E=qe/ D 2d= l (1)

By sweepingthe valueof thispassvoltage,an ionenergydistribution
functioncan be determined.The MBMS is pumped by two diffusion
pumps and, in near-� eld mode, a turbopumpin additionto the LVTF
pumps. This ensures that the pressure in the MBMS is lower than in
the LVTF, minimizing the probabilityof collisionswithin the device
relative to the plume.

Uncertainties in ion-energy distributions lie in four areas. Fore-
most is the effect of collisions on the distributions. These are of
critical importance to the understandingof plume composition and
will be discussed in greater detail in a subsequent section. There
is also uncertainty in the gain of the MBMS in the conversion of
the detector signal, a ceramic electron multiplier (CEM), to ion cur-
rent. The CEM is an ion detector, which producesan output current
proportional to the number of ion impacts. This output current was
measuredusinga Keithleymodel486 picoammeter that had an over-
all range of 2 fA to 2 mA. The accuracy of the picoammeter varied
with measurement range: §0.3% at 2 nA, §0.2% at 20 nA, and
§0.15% at 200 nA and 2 ¹A. The third area of uncertainty arises
because the slits of the MBMS are of � nite width, which allows ions
with non-nominaltrajectoriesto reach the detector.By properly set-
ting the dimensionsof the MBMS, the spread in ions admitted to the
detector for a given ion energy is kept to 0.4% of that ion energy.12

The � nal possible source of uncertainty is the possibility of charg-
ing of the MBMS through ion impact. Because the ion pass voltage
is measured relative to the MBMS, drift away from ground would
affect the measured ion energy.However, the MBMS is groundedto
the LVTF, which is an excellent ground source because of its size.
Measurementsdo not show a drift in the charge of the MBMS when
the thruster is � red.

For species composition the time-of-� ight mass spectrometer is
used. This is the same physical system, with an electrostatic beam
gate placed downstreamof the sampling ori� ce. By pulsing the gate
open and recording the time it takes for the ions to reach the detec-
tor, the individual species of the plasma can be identi� ed because
the Hall thruster accelerates them to different velocities based on
their charge state. Because their velocitiesare different, they will ar-
rive at the detector at different times. In addition to the uncertainties
discussedfor the ion-energymeasurements,time-of-� ight measure-
mentshaveuncertaintyin the travel time. If a complex,multielement
plasma were being interrogated, this could cause uncertainty in the
identi� cation of the constituent ions. Fortunately, the Hall-thruster
plume consists only of xenon, and in all cases these appeared at,

or very close to, the expected value of ion mass/unit charge. The
maximum uncertainty was approximately §5 amu. An additional
item that should be noted is that because of the large gains required
for these measurements, some traces showed electronic ringing
following the most intense peaks (as seen later in Fig. 9 for XeC ).
References 10 and 12 provide more detail regarding the theory and
development of the 45-deg energy analyzer and the time-of-� ight
system.

For measurements 75 cm from the thruster exit plane, the system
was con� gured as shown in Fig. 1a, with the P5 mounted on a
rotary-positioningtable that allowed it to be rotated with respect to
the sampling ori� ce. For these measurements the center of rotation
was the center of the thruster exit plane. Ion-energy measurements
were taken in 5-deg increments from 0 deg until loss of signal in one
directiononly. The 45-deg pass voltagewas swept from 0 to 1000 V
in 1 V increments by a Keithley model 2410 SourceMeter. This
sourcemeterhad a rated accuracyof better than 0.012%over the full
rangeof interest.Becauseof the natureof the energyanalyzer,10 this
pass voltage sweep results in a sweep of ion energy of 0 to 1800 eV.
Because the signal intensitydrops off rapidly away from centerline,
species compositionmeasurements were taken at 0± only. Time-of-
� ightmeasurementswere takenat thepeakionenergy,asdetermined
using the 45-deg energyanalyzer,and in 20-V incrementsaboveand
below that voltage. The time-of-� ight path length was 2.34 m.

For near-� eld measurements 10 cm from the thruster exit plane,
an extension to the system was built, as shown in Fig. 1b. For these
measurements the center of rotation was the center of the annular
discharge chamber. This was done so that the ion-energy contri-
butions of one side of the discharge chamber could be examined
independently of the other to minimize the detection of crossover
� ow. Ion energy and species composition measurements were per-
formedat the sameanglesas the far � eld (relativeto the newcenterof
rotation) and over the same range as for far-� eld measurements.For
the near-� eld measurements the time-of-� ight distance increased to
2.92 m as a result of the use of a miniaturizedgate near the sampling
skimmer.

Experimental Results
For both the near and far � eld ion energy and species compo-

sition data were taken at two thruster operating conditions. These
conditionsare summarized in Table 1 alongwith the LVTF pressure.
For comparison, during King’s tests on the SPT-100 the maximum
chamber pressure was 5 £ 10¡5 torr. Condition 1 will be referred
to as “low voltage” and condition 2 will be referred to as “high
voltage.”

When examining the ion-energyresults,we expect to see the tell-
tale signs of two types of collisions:elastic collisions between ionic
speciesand charge exchangecollisionsbetween ionic species or be-
tween ions and neutral particles. Idealized precollisiondistributions
of energy and energy/unit charge are shown in Fig. 2a. Energy is the
real quantity of interest, but energy/unit charge is what is measured
by the MBMS.

Elastic Collisions (Between an Ion of Charge q = 1
and an Ion of Charge q = n)

Because these ions will see the same accelerating voltage, their
distributions will have maximum energy/charge ratios that will be
the same and will be very close to, but less than, the thruster dis-
charge voltage. The minimum energy/charge of the distribution is
more dif� cult to de� ne as it depends on how far the accelerat-
ing potential drops within the ionization zone of the thruster. The

Table 1 Thruster operating conditions—cathode
� ow rate (6 sccm for all cases)

Discharge Discharge Total � ow Tank pressure
Condition voltage, V current, A rate, sccm torr

1 300 5.3 64 5.5 £ 10¡6

2 500 5.3 64 5.5 £ 10¡6
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a) Far � eld

b) Near � eld

Fig. 1 MBMS con� gurations.

peaks of both voltage distributions will occur at the same value
of energy/charge. Idealized postelastic collision distributions are
shown in Fig. 2b.Althoughelasticcollisionsbetween ionsand back-
ground neutrals do occur, they cannot be detected by the MBMS
because they result in a high velocity neutral (which does not re-
spond to the ion-energy � lter) and a low (zero) velocity ion (which
does to traverse the MBMS). We recognize these collisions based
on the following characteristics:1) a high-voltagetail on the singly
charged ion-energy/charge distribution that decays to zero at an en-
ergy/charge equal to n times the maximum energy/charge of the
ion with charge n (in its precollisiondistribution); 2) a low-voltage
tail on the energy/charge distribution of the ion with charge n that
decays to zero at an energy/charge equal to 1=n times the minimum
energy/charge of the singly charged ion; and 3) these tails decay
monotonically without any local maxima.

Charge Exchange (CEX) Collisions

If, for example, a doubly charged ion, accelerated by a potential
V (thus energy, E » 2V because E D qeV ), undergoes a CEX col-
lision with a neutral atom (with zero velocity) and one electron is
transferred to the doubly charged ion, the resulting singly charged
ion would have twice the kinetic energy of a normally produced
singly charged ion. Thus, in the energy/charge domain of the mea-
surements of the MBMS, it will appear as a maximum at twice
the most probable voltage found in the main distribution. Idealized
post-CEX collision distributions are shown in Fig. 2c and have the
following characteristics:

1) CEX collisions produce appendages to the main distribution
that do not decay monotonically as in the case of elastic collisions.

2) These appendages exhibit local maxima corresponding to the
energy distribution of the colliding species.

3) CEX collisions conserve the shape of the original distribution.
4) Ion-neutral CEX collisions only produce detectable ions at

energy/charge ratios greater than the original ion, whereas ion-ion
CEX collisions can produce detectable ions at energy/charge ratios
above and below the original ions (neutral particles produced in
these collisions are not detectable by the MBMS).

Ion Energy

Figures 3 and 4 show the far-� eld ion-energy distributions. All
measurements have been corrected for plasma potential, based on
Langmuir probe measurements.1 For the low voltage case (Fig. 3) at
0 deg (centerline), the primary ion-energydistributionhas its peak at
255 V with respect to the plasma.The peak is approximately90% of
thedischargevoltage,which is what is expectedfor a well-developed
Hall thruster.13 In this distributionwe see strong evidenceof elastic
collisionsbetween singly and doubly charged xenon ions, decaying
at twice the discharge voltage. This behavior is very similar to that
observed for the SPT-100. When this distribution is examined more
closely on a semilog plot, small CEX collision peaks at 2X and
3X the primary peak are seen. Because there are no CEX peaks at
voltages less than the primary peak, these peaks must be the result
of CEX collisions by neutrals with doubly and triply ionized xenon
that result in singly charged ions. For the high voltage case (Fig. 4)
the primary distribution at 0± has its peak at 447 V with respect
to plasma. Again, as expected, the peak is approximately 90% of
the discharge voltage. In this distribution there is some indication
of elastic collisions, seen in the high- and low-energy tails to the
primary peak. There are, however, very noticeable ion-neutralCEX
collision peaks at 1.5X, 2X, and 3X the primary peak. The 2X and
3X peaks are the result of collisions by neutrals with doubly and
triply ionized xenon that result in singly charged ions. The 1.5X
peak results from a collision of triply ionized xenon with a neutral
that produced a doubly charged ion.

As the thruster is rotatedto higherangles,similar trendswere seen
for all three conditions. For the low voltage case (Fig. 3) the shape
of the pro� le changesvery little from 0 to 40 deg. Then at 45 deg the
pro� le begins to broaden signi� cantly toward the lower energy side
of the distribution. This trend continues to approximately 50 deg
and then transitions into a shift of the primary peak location as seen
at 60 deg where the maximum of the primary peak is at 197 V.
At angles where this broadening and shift are seen, the ion current
intensity is signi� cantly lower than in areas where the distribution
has its peak at the same voltage as at 0 deg. Beginning at 65 deg,
the pro� le shifts back to the same shape seen at centerline. The
intensity of the signal also increases, though it is far less than at
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a) Precollision

b) Postelastic collision

c) Post-CEX collision

Fig. 2 Idealized energy and energy/unit charge distributions.

centerline. The next region begins at approximately 85 deg, where
we see evidence of signi� cant numbers of ion-ion CEX collisions
anda highlyattenuatedpeakat the centerlinevoltage.The last signal
region occurs at 100 deg, where we see a low-intensity distribution
of low-energy ions created outside the discharge chamber. Beyond
this, the signal fades into the noise at 105 deg.

For the high voltage case (Fig. 4) the distributionsretain the cen-
terline shape only out to 10±. From 15 to 30 deg, the low-energy
side of the distribution grows and is accompanied by high-energy
CEX collision peaks at 2X and 3X the peak voltage. This then tran-
sitions into a peak shift, though it is slightly different than for the
low voltage case. From 35 to 50 deg, the primary peak remains and
is approximately the same intensity as the shifted peak. At these
angles there is also a signi� cant 2X CEX peak. Then, from 60 to
70 deg, the primary peak regains dominance, though the shifted
peak remains—in this range, there is no 2X CEX collision peak.
The signal then shifts back toward the centerline shape before be-
coming dominated by high-energy ion-ion CEX peaks at 85 deg.

Again there is a low-energy distribution at 100 deg and the signal
fades into the noise at 105 deg.

We now proceed to examine the near-� eld ion-energy distribu-
tions, again starting with the 0 deg distributions. In Fig. 5, for the
low voltage case, the primary peak at 0 deg again has its maximum
at 255 V. In the near � eld the pro� le is CEX collision dominated.
Upon closer examination, we see peaks at 1.33X, 2X, and 3X the
discharge voltage. A peak at 1.33X indicates a CEX collision be-
tween a quadruplychargedxenon ion and a neutral xenonatom with
one electron exchanged.Peaks at 1.5X for triply charged xenon be-
coming doubly charged and at 4X for quadruply charged xenon are
not seen at 0 deg, but are seen from 5 to 15 deg. In Fig. 6, at 0 deg
for the high voltage case, the primary peak has a maximum at 448 V.
Close examination shows that the pro� les are again dominated by
CEX collisions. Peaks are observed at 1.33X, 1.5X, 2X, and 3X
the primary peak (because of their proximity, the 1.33X and 1.5X
peaks tend to blend together into a single “bump” with two max-
ima). For most of the high voltage sweeps, we observe an increase
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Fig. 3 Far-� eld ion-energy distributions—low voltage.

in intensity at the end of the scanning range. It is hypothesized that
this is the beginningof the peak at 4X the primary peak (»1800 V).
Unfortunately, the scanning range of the sourcemeter is not suf� -
cient to encompass this peak in its entirety.

As was seen for far-� eld measurements, when the thruster is ro-
tated to higher angles, similar trends are observed for both condi-
tions.Figure 5 illustratesthe low voltagecase.The centerlinepro� le
is maintainedto 40deg off centerline.Then from45 to 55 deg, strong
2X and 3X CEX peaks are observed. From 60 to 85 deg, the CEX
peaks remain, but the primary peak at 255 V is attenuated as seen
at 70 deg. The primary peak brie� y regains dominance at 90 deg,
before the signal fades into the noise at 95 deg. For the high voltage
case the trends are almost identical, as shown in Fig. 6. The only
differences were that the primary peak at 448 V did not attenuate
until an angle of 65 deg, instead of 60 deg, and the signal fades into
the noise at 90 deg, before the primary peak has an opportunity to
reappear.

Time-of-Flight Mass Spectroscopy

Next, we examine the results for species measurements obtained
using the time-of-� ight con� guration of the instrument, beginning

with the low voltage far � eld at 0 deg (Fig. 7). In this trace at the
primary peak (255 V), singly, doubly, and triply ionizedxenon were
observed at an atomic mass-to-charge ratios of 131, 65.5, and 44,
respectively.Note that species are identi� ed by the leading edge of
a peak, not by its maximum. If the gate is left open for a suf� cient
amount of time such that the peak is not clippedby the closingof the
gate, the intensityis related to the density of a particularspecies.For
a particularacceleratingpotential, the individualspecies fraction fi

can be determined using the following equation, where Ii is the
signal intensity and qi is the charge:

fi .V / D
Ii

¯p
qiP

i

¡
Ii

¯p
qi

¢ (2)

The fractionswere determined at various acceleratingpotentials,as
shown in Figs. 8 and 9, along with normalized ion-energy traces
taken at 0 deg for reference. They show local maxima of double
and triple ion fractions that correspond closely to bumps in the
ion-energy distribution, thus con� rming their origin as collisional
products.

For near-� eld measurements we again present a trace of the
species peaks vs mass for the low voltage case at the maximum
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Fig. 4 Far-� eld ion-energy distributions—high voltage.

Table 2 Species fractions at primary peak (255 V)
for low voltage case in the far and near � eld

XeC Xe2C Xe3C Xe4C

Far � eld: 75 cm 0.92 0.07 0.01 ——
Near � eld: 10 cm 0.63 0.26 0.08 0.03

of the ion-energy distribution (255 V) in Fig. 10. In addition to
the ions detected in the far � eld, we detect the presence of a peak
at an apparent mass of 32 amu, which corresponds to the atomic
mass-to-charge ratio of quadruply charged xenon. In our near-� eld
ion-energymeasurements we detected CEX peaks at 1.33X and 4X
the primary discharge peak, which also correspond to quadruply
ionized xenon. Thus, these measurements act as an independent
con� rmation of the presence of Xe4C in the plume. Collisions that
remove quadruply ionized xenon from the system are greater in
number than those that produce it. By the time a sample is taken
75 cm from the thruster, almost all of the quadruply charged xenon
has been converted to a lower charge state ion or neutral, increasing
the fraction of these other ions in the process, as shown in Table 2.
The measurement uncertainty in these fractions is §0.6%.

Data Analysis
Examining the changes between the thruster operating condi-

tions, we see very similar trends between the low and high voltage

cases, with nearly identical changes in structure with angle. The
primary driving force in altering these distributions is changed to
the thruster’s magnetic � eld. This laboratory model thruster has
inner and outer electromagnet circuits that are controlled indepen-
dently from each other and from the thruster discharge.The values
used for the electromagnetcurrents were determined during perfor-
mance measurements and were set to minimize discharge current
(thus maximizing ef� ciency). The resultant ratio of inner-to-outer
electromagnetcurrent varied for the various thruster operating con-
ditions.Thus, the inner and outer electromagnetsproduceddifferent
� elds for the different operating conditions, changing both the in-
tensity and shape of the overall magnetic � eld. It is presumed that
altering the intensity of the magnetic � eld in this way also results in
an alterationof the shapeof the magnetic � eld and thus the direction
of ion acceleration.

In presentingthechangesin ion-energydistributionwith angle,an
attempt to divide the plume into severalzones was made. Of course,
these zones do not have � nite boundaries, and the characteristics
seen in themoftenoverlap, thus the zonesare createdfor the purpose
of clarity. The angular boundaries of these zones are different for
the different operating conditions.

In the far � eld the � rst zone is the primary discharge region near
0 deg, as seen in Fig. 3. The ions accelerated in this manner are
those created by collisions with electrons trapped around radial or
near-radial magnetic � eld lines in close proximity to the end of the
dischargechamber.In otherwords, these are the ions that are desired
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Fig. 5 Near-� eld ion-energy distributions—low voltage.

Fig. 6 Near-� eld ion-energy distributions—high voltage.
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Fig. 7 Far-� eld time-of-� ight peaks for low voltage case—primary
voltage (255 V).

Fig. 8 Far-� eld ion fractions at low voltage case—0 deg.

Fig. 9 Far-� eld ion fractions at high voltage case—0 deg.

in a Hall thruster, which create a majority of the useful thrust. The
intensity of peaks in this zone are the highest, thus a majority of
propellant ions are concentrated in this zone.

Next in the far � eld is a low-energy region, typically extending
from 40 to 70 deg, with ions that have energy/charge ratios less
than the primary peak.They do not, however, have voltagesor other
characteristicsthat correspondto CEX collisions.These ions are ac-
celeratedoutsideof the dischargechamber, in regionsof low plasma

Fig. 10 Near-� eld time-of-� ight peaks for low voltage case—primary
voltage (255 V).

potential, where the magnetic � eld lines have signi� cantly greater
curvature than those in the primary discharge region. Thus, ions are
accelerated at off-centerline angles with voltages signi� cantly less
than the dischargevoltage.As will be explainedin the near-� eld sec-
tion, these ions originate from the far side of the discharge chamber
and are accelerated inward, across centerline.

The next two regions, where the pro� le returns to a centerline-
like shape followed by a CEX region, are the most puzzling. In
both these regions ions are accelerated by the same potential that
the primary discharge regions ions are, but at large angles. It is
theorized that the � eld lines which produce the primary discharge
ions are not completely radial, but instead have a sharp curvatureon
the inward side of the dischargechamber. Ions created in this region
will be accelerated normal to the � eld lines, thus they experience
the same accelerating potentials as centerline ions but are directed
in the range of 60 to 80 deg with respect to centerline. As the angle
is increased toward 90 deg, these ions encounter the acceleration
region on the opposite side of the discharge chamber, undergoing
large numbers of ion-ion CEX collisions.

Beyond 90 deg, we see a small region of low-energy ions. These
are created along magnetic � eld lines with very large radii, such that
they curve beyond 90 deg and accelerate the ions backwards with
respect to the desired thrust vector. The energy of these ions is low,
because they were created along a � eld line that is relatively far out-
side the discharge chamber. Ions are not seen at angles signi� cantly
beyond 90 deg because the P5’s magnetic pole pieces are wide and
block their acceleration.

In the near � eld we see, as expected,the primary dischargeregion
near centerline (see Fig. 5). Going outward in the plume, we do not
see the low-energy region that was seen in the near � eld. However,
lookingat the thruster orientation,we realize that with the sampling
ori� ce centered on the annular discharge chamber (see Fig. 2), ions
from the far side cannot enter the ori� ce, except at high angles.
However, high-angle inwardly directed particles, those that are re-
sponsible to the return to centerlineand CEX regions in the far-� eld
as seen in Fig. 3 at 75 and 85 deg, respectively,can enter the ori� ce,
resulting in ion-energydistributions like those shown in Fig. 5 at 55
and 70 deg. This behavior continues to dominate all of the way out
to loss of signal.

If the ion-energydistributionsobserved at angles outside the pri-
mary discharge region were the result of ions travelling radially
outward from the discharge chamber, then there should be very lit-
tle variation in their shape because at all angles the plasma would
be undergoingCEX collisionswith the uniform backgroundneutral
gas. However, if the ions are travelling radially inward, we expect
much greater variation because the plasma would be encountering
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Fig. 11 Normalized ion-energy pro� les—0 deg.

ions and neutrals from the other side of the annulus, the density
of which will increase with angle. This appears to be what was
observed in this investigation. For this to be correct, however, the
density must be high enough that the mean free path for ion-neutral
CEX collisions is on the order of (or less than) the diameter of
the discharge chamber (»15 cm). Measurements taken inside of a
D-55 Hall thruster14 indicate pressures on the order of 1 m torr for
equivalent� ow rates. Calculationsfor the P5 also indicate a neutral
pressure of approximately 1 m torr based on a neutral temperature
of 1000 K and a neutral velocity of 300 m/s. At these pressures the
ion-neutral CEX collision mean free path15 was determined to be
5 cm. Though in� uences outside the discharge chamber, such as
the cathode or other structures, will affect the neutral density, this
simple analysis shows that ion-neutral CEX collisions are statisti-
cally likely in this region. Therefore, it appears that most of the ions
produced by this thruster are either accelerated axially along the
thrust vector or have an inwardly directed radial component, toward
the thruster centerline.Langmuir probe measurements taken inside
the discharge chamber using a high-speed reciprocatingprobe sup-
port this conclusion.16 These measurements show plasma equipo-
tential lines that curve back toward the anode in the inner portion
of the discharge chamber. Because ions are accelerated perpendic-
ular to equipotential lines, they will travel inward, across thruster
centerline.

When we compareindividualnear-� eld ion-energytraces to those
taken in the far � eld, we see a number of differences. Figure 11
shows the 0-deg ion-energy pro� les for the low voltage case in the
near � eld and far � eld. They have been normalized and overlaid for
comparativepurposes. The � rst thing that we notice is that the trace
takenat 10 cm is signi� cantlynarrower than that takenat 75 cm. The
full width at half maximum in the near � eld was 22 V, as compared
to 35 V in the far � eld. The increased width appears as low-energy
elasticcollisions.We alsosee that the 1.33XCEX collisionobserved
at 10 cm has disappearedby 75 cm. In general, elastic collisionsare
far more prevalent in the far � eld than in the near � eld, obscuring
CEX collisions in some cases. This is as expected because, for ions
of the energy range found in the Hall thruster,17 CEX collisions
are approximately an order of magnitude more likely than elastic
collisions. Thus, by sampling close to the thruster, the probability
of CEX collisions is reduced, from 7.9% at 75 cm to 1.1% at 10 cm
(Ref. 12).

Figure 12 shows the full width at half-maximummeasuredat near
and far � eld for the low voltage case, with a comparison to SPT-
100 data. The narrowing of these ion-energy pro� les compared to
the SPT-100 is a result of the improvements made to the cham-
ber pumping capacity through the installation of cryopumps. With
lower background pressure the frequency of pressure broadening
causing collisions is reduced, and thus the pro� les are narrower at
low angles. We see that the full width at half maximum is broad-
ened in the far � eld at low and high angles. As already discussed, at
high angles inwardly directed low-energy ions cross over the cen-
terline and collide with the � ow from the other side of the discharge
chamber.These collisionsresult in the broadeningof the ion-energy
distribution.At low angles the conjecturewas that when the thruster

Fig. 12 Full width at half maximum—low voltage case and SPT-100.

was � ring directly toward the sampling skimmer plasma from the
thruster that does not enter the ori� ce impacts on the surrounding
� ange and is neutralized. This would represent a localized area of
high-pressureneutralxenonthatwould causecollisionsand broaden
the pro� le. This hypothesis was checked by placing a neutral par-
ticle � ux probe18 just below the sampling ori� ce, perpendicular to
the � ow. These measurements indicated a marked increase in pres-
sure within 20 deg of centerline, the same region where the far-� eld
full width at half maximum measurementsshow broadening.There-
fore, based on these results, we believe that the low-angle broaden-
ing in the full width at half maximum is primarily a facility effect,
whereas the high-anglebroadeningis the resultsof collisionscaused
by crossover � ow.

Comparison with Laser-Induced Fluorescence
The UniversityofMichigan laser-induced� uorescence(LIF) sys-

tem was used to investigate the ion-energypro� le of the P5.19 Mea-
surementswere taken at the low voltage case, 10 cm downstreamof
theexitplane.At thecenterof thedischargechamber,theaxialveloc-
ity was measured to be16,700m/s. This is approximately87% of the
velocity, 19,250 m/s, calculated based on the peak ion-energy dis-
tribution at the same location (see Fig. 5). The axial ion temperature
at this point was 0.75 eV, whereas the full width at half-maximum
spread in ion energy measured by the MBMS was 21 V. However,
analysis has shown that these two methods are reporting different,
but related, ion-energy quantities.20 LIF measurements report the
random spread in ion energy, the ion temperature, while MBMS
measurements give the spread in ion energy resulting from ion ac-
celerationover a potential spread. When the proper transformations
are applied, the ion-energy quantities from the two experimental
techniques agree reasonably well.

Summary
In summary, we have used ion-energy diagnostics and time-of-

� ight mass spectroscopy to show the evidence of singly, doubly,
triply, and quadruply chargedxenon within the plume of the P5. We
have used measurements of the ion-energy distribution at various
anglesand axial locationsto determinethe ion accelerationstructure
of the thruster and show that the shape and magnitude of the mag-
netic � eld drive this structure, focusing the plasma inward. We have
seen that sampling the plasma closer to the thruster gives a pro� le
that has undergone fewer structural changes because of collisions
within the plume and with background neutrals within the test fa-
cility. This method should be of great use in all aspects of thruster
design and research.Thruster integrators can use the method to cre-
ate a straightforward map of ion concentration,energy, and charge
state that will enable them to understand the implications of plac-
ing a Hall thruster (or other electric propulsion device) on their
spacecraft.Additionally,by making measurementsat multiple axial
points, we obtain an understandingof the ion acceleration process.
This will allow thruster designers the opportunity to examine the
effect that changes that they make in thruster con� guration (e.g.,
magnetic con� guration, acceleratingpotential, etc.) have on the ion
acceleration structure. These ion vector measurements should also
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be valuable to thruster modelers because it will allow them to com-
pare their ion accelerationstructures directly with those determined
experimentally.Finally, it is noted that the differencesseen between
LIF ion energy data and data from other sources are the result of
differences in terminology.
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