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A comprehensive investigation of Hall thruster plume plasma ion energy distribution functions and ion charge
state has been made on both � ight- and laboratory-model engines. An energy analyzer, mass spectrometer, and
E £ B probe were used to characterize Hall thruster plume ions. The results of this investigation show that the
distribution function of the ion beam exhibits both Maxwellian and Druyvesteyn traits and that the Hall thruster
plume contains a nontrivial amountof energetic, multiplycharged particles that must be accounted for in modeling
the erosion rate of solar array cover glass and interconnect material. Detection of these multiply charged ions by
energy analyzers has been hampered in the past by charge exchange and elastic collisions. The high-energy tail
seen in numerous energy analyzer data is thought to result from charge exchange and elastic collisions between
singly and multiply charged ions and neutrals. The role of facility pressure was also investigated and was found to
have an in� uence mainly on the width of the ion energy distribution function. This pressure broadening is caused
by elastic collisions between beam ions and background chamber gas particles.

Nomenclature
B = magnetic � eld vector, T
E = electric � eld, V/m
E = electric � eld vector, V/m
Eb = ion beam energy, eV
Ei = ion energy, eV
f = ion distribution function
f .Ei / = ion energy distribution function
f .v/ = ion velocity distribution function
Ii = E £ B probe collector current, A
ni = ion number density, m¡3

q = elementary charge, C
q I = charge state of ion
r = position vector, m
t = time, s
u i = ion speed, m/s
Vi = beam ion acceleration potential, V
v = ion velocity vector, m/s

Introduction

B ECAUSE of their ef� cient use of propellant in producing
thrust,advancedspacecraftpropulsionsystemssuchas theHall

thruster can signi� cantly enhance a variety of commercial and sci-
enti� c space missions. Such mission enhancement is done by in-
creasing mission life or payload mass for a given amount of fuel
or, with � xed 1V or payload requirements, reducing initial space-
craft mass. These features either enable space missions to occur by
providing suf� cient performance that is otherwise unattainable, or
enhance space missions by reducing trip time and/or launch costs
through decreased spacecraft mass.

Studies have shown that ideally an engine that would be used
as the primary source of propulsion for orbit transfer missions or
for north–south station keeping (NSSK) should produce an exhaust
velocity between 10 and 20 km/s (Ref. 1), that is, a speci� c impulse
between 1000 and 2000 s. Cryogenic chemical rocket motors are
capable of producing speci� c impulses of 480 s or less,2 and space-
storable chemical engines that are currentlyused on spacecrafthave
even lower speci� c impulses2 (approximately330 s). Hall thrusters,
with speci� c impulses between 1500 and 2500 s and ef� ciencies
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above 50%, are well suited for station-keeping, orbit-raising, and
orbit-transfer (including deorbiting) applications in Earth orbit. As
such, there is great interest in integrating these engines with com-
mercial and military spacecraft.

Because the energetic ions that emerge from the engine could
damage sensitive spacecraft systemssuch as solar arrays and optics,
it is essential that the plume of these devices are suitably charac-
terized to allow for the successful incorporation of Hall thrusters
on spacecraft.Moreover, fundamental informationon plasma trans-
port properties, ion energy distributions, and ionic charge state are
neededby modelersand thrusterdesignersalike to understandbetter
how Hall thrusters work and to improve these engines.

This paper reviews work done at the University of Michigan to
characterize the ion energy distribution and ionic charge state in
the plumes of two Hall thrusters, the � ight-model SPT-100 and the
laboratory-modelP5,usinga mass spectrometer,an energyanalyzer,
and an E £ B probe. Work done with the SPT-100 thruster is re-
viewed, whereas the section that subsequentlyfollows concentrates
on resultsobtainedwith the P5 engine.Before discussingthe results
of these thrusterplume investigations,it is worthwhile to reviewHall
thruster physics because it clearly relates to plume dynamics.

Hall Thruster
The Hall thruster is an electrostaticengine that was developed in

the 1960s to alleviate the thrust density limitation of ion thrusters
that resultsfromspace-chargeeffectswithin theaccelerationvolume
between the grids.Hall thrusterswere also attractivefrom the stand-
point that, because grids are not required to accelerate ions, they do
not suffer from the large grid erosion rates of ion thrusters. Interest
in the Hall thruster waned in the early 1970s, however, because of
budgetary cuts and because American researchers were never able
to demonstrate that these engines could operate at thrust ef� cien-
cies near those achievedwith ion thrusters.3¡5 As such,Hall thruster
research essentiallydisappeared in the United States between 1972
and 1985.From 1985 to 1990,Ford Aerospace[now SpaceSystems/
Loral (SS/L)], in conjunctionwith the NASA Lewis Research Cen-
ter [now the John H. Glenn Research Center at Lewis Field (GRC)],
funded a small research effort to determine if Hall thrusters could
be used for NSSK.6 This program proved to be unsuccessful and
was abandoned.

Throughoutthisperiod,however,Hall thrusterresearch� ourished
in the Soviet Union, ironically partly because their engineers were
never able to developadequategrids for ion thrusters.Hall thrusters
were � rst tested in space in 1971 with immediate success.7;8 Since
then, over 100 Hall thrusters have been used on Soviet and later
Russian spacecraft, mostly as plasma contactors and for east–west
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station keeping. However, in 1994, the � rst satellite to use Hall
thrusters for NSSK was launched by Russia. Because of this and
numerous experiments that show that Russian Hall thrusters are
capable of generating speci� c impulses above 1500 s at thrust ef� -
ciencies of 50% or more,9 there has been a great deal of interest in
using these engineson American spacecraft for NSSK and for orbit
repositioning. Clearly this device would not only serve as an ex-
cellent thruster for orbit station-keepingand repositioningroles, but
potentiallycould be scaled in power to propel orbit transfer vehicles
and planetary probes.

Closed-Drift Hall Thruster
There are two types of Hall thrusters that have been studied at

great lengths: the end-Hall thrusterand the closed-driftHall thruster
(CDT). Both engines, in principle,are capableof producingspeci� c
impulses in excessof 1500 s with xenonat a thrust ef� ciencyof 50%
or greater. However, it is the CDT, which has been developed and
used in the former Soviet Union over the past 40 years, that is of the
most interest to the Western space technology community.

The CDT is a coaxial device in which a magnetic � eld that is
produced by an electromagnet is channeled between an inner fer-
romagnetic core (pole piece) and outer ferromagnetic ring (Fig. 1).
This con� gurationresults in an essentiallyradialmagnetic� eld with
a peak strength of a few hundred gauss. This � eld strength is such
that only the electrons are magnetized. In addition, an axial electric
� eld is provided by applying a voltage between the anode and the
downstream cathode. As the electrons stream upstream from the
cathode to the anode, the E £ B action on the electronscauses them
to drift in the azimuthal direction, forming a Hall current. Through
collisions, these electrons ionize propellant molecules that are in-
jected through the anode and that are subsequently accelerated by
the axial electric � eld. The mixture of electrons and ions in the ac-
celeration zone means that the plasma is electrically neutral, and
as such, is not space-chargelimited in ion current density. Because
the magnetic � eld suppresses the axial mobility of the electrons
while exerting essentially no effect 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 to kinetic energies to within 80% of the applied
discharge voltage.9 This combination of processes accounts for the
CDT’s high thrust ef� ciency.

To � rst order, magnetic � eld lines are parallel with equipotential
lines. Thus, the former in� uences the latter. Because ions are ac-
celerated by the electric � eld, the magnetic � eld topology clearly
has a strong in� uence on ion plume dynamics and, hence, on space-
craft interactionissues. This process holds true, as we will see later,
regardless of the ion charge state.

Russian CDTs come in two variants: the stationary plasma
thruster (SPT) (also known as the magnet layer thruster) and the

Fig. 1 Schematic of a CDT.

anode layer thruster (TAL). The main differencebetween these two
devices is that the SPT uses a dielectric coating that usually con-
tains boron nitride to insulate electrically its acceleration channel
walls,whereas the TAL uses a channelmade out of an electricalcon-
ductor such as graphite. The speci� c impulse and thrust ef� ciency
characteristics of both engines are similar.3 Although they vary in
size and input power, CDTs that are currently being considered for
NSSK typically operate at discharge voltages of 300–350 V and
thruster currents between 4.5 and 15 A, with xenon mass � ow rates
of 5–18 mg/s.

Motivation
The con� guration of three-axis-stabilized communication satel-

lites is such that part of the plume of a Hall thruster used for NSSK
will impact the solar arraysof the spacecraft,which can have a nega-
tive in� uence on spacecraft operations and life. Sputtering-induced
erosion of antire� ective solar cell cover glass coatings can degrade
solar array performanceby a few percent.10 Erosion of solar cell in-
terconnectscan increasethe resistivityof the arraycircuitand reduce
array performance. Whereas researchers have relied on sample ex-
posure tests and computational modeling to predict the impact that
plume impingement on spacecraft 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.10;11 These assumptions could lead to large uncertainties at
best and a serious underpredictionof solar array erosion at worst.

Researches in the past have shown that Hall thruster plumes con-
sist of multiply charged ions.12 The productionof multiply charged
ions in the thruster discharge chamber not only represents a loss
mechanism in terms of thrust, ef� ciency, and mass utilization,13 but
also causes more damage to the discharge chamber walls and ad-
jacent spacecraft surfaces due to the higher energy of the multiply
charged ions. Therefore, it is essential that the distributionof the en-
ergy and chargestateof the plume ions is measuredand incorporated
into the appropriate models to make a more accurate assessment of
solar array erosion.

The microscopicor kineticpropertiesof a plasmacanbedescribed
by one basic term, the distribution function 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. As such, it is obvious that, for
a multi-charge state plasma such as a Hall thruster plume, the dis-
tribution functionof each ion species is needed to characterize fully
the plasma properties. Therefore, it is of great interest to obtain
f .v; r; t ) of each ion charge state in the plasma. For a quasi-steady
plasma such as the Hall thruster plume, one tries to � nd f .v/ or
f .Ei ) in the plasma to derive the macroscopic parameters.

In spite of the importance of f .Ei ) to kinetic theories, there are
only a few means for direct measurement of f .E i ). The most com-
monly used device for measuring the ion energy distribution func-
tion is the retarding potential analyzer (RPA).14 However, the raw
RPA data must be differentiated numerically to obtain the energy
distribution,and thus, the noiseof the raw data is magni� edwhen the
resulting distribution curves are calculated. Furthermore, the RPA
technique cannot distinguish different ion species in the thruster
plume. Thus, our investigation has concentrated on using species-
differentiatingtechniques in characterizingthe Hall thruster plume.
This paper will � rst review SPT-100 Hall thruster far-� eld plume
data taken with a molecular beam mass spectrometer (MBMS) and
an E £ B probe and then review P5 laboratory-modelHall thruster
near- and far-� eld plume data collected with the MBMS at an order
of magnitude lower tank pressure.

Far-Field Experiments with the SPT-100
Apparatus for Far-Field SPT-100 Tests

The thrusterused for all experimentsdescribedin this section was
a � ight-modelSPT-100 stationaryplasma thrustermanufacturedby
the Fakel Design Bureau of Russia. The thruster was operating at
its nominal conditions of 300 V at 4.5 A throughout the investi-
gation. A total xenon � ow rate of 5.5 mg/s, with 7% of this going
through the hollow cathode distribution system, was used for all
tests. The thruster electrical discharge and magnetic � eld circuitry
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was controlled by a breadboard power processing unit (PPU) man-
ufactured by SS/L. The PPU was powered by a 55-V–55-A com-
mercial (Sorenson) power supply used to simulate the bus of a com-
munication satellite. Thruster current and voltage were measured
to an accuracy of within 1% of the true value with commercial
multimeters.

High-purity (99.999% pure) xenon propellant was supplied to
the Hall thruster from compressed gas bottles through stainless-
steel feed lines. Propellant � ow was controlled and monitored with
MKS 1159B mass � ow controllersspeci� cally calibratedfor xenon.
The � ow controllerswere periodicallycalibratedwith an apparatus
that measures gas pressure and temperature as a function of time
in an evacuated chamber of known volume. The system is capable
of providing up to 12 mg/s of xenon with an accuracy to within
0.1 mg/s of the true value.

Experimentswere conductedin a 9-m-long£ 6-m-diamstainless-
steel vacuum chamber known as the Large Vacuum Test Facility
(LVTF) (Fig. 2). At the time, the LVTF was pumped by six 81-cm-
diam oil diffusion pumps backed by two 1000 l/s blowers and four
200 l/s mechanical pumps for a xenon pumping speed of approx-
imately 20,000 l/s. During the thruster operation, the background
pressure was approximately7 £ 10¡3 Pa (5 £ 10¡5 torr) (xenon) as
indicated by MKS model 919 hot-cathode ionization gauges that
were corrected for xenon. These gauges were located on two vac-
uum ports on either side of the chamber and inside the chamber
near the center of the tank. The chamber base pressure was roughly
3 £ 10¡3 Pa (2 £ 10¡5 torr) (air) for these tests.

Our investigation concentrated on using species-differentiating
techniques in characterizing the Hall thruster plume. The � rst of
these is the MBMS. The MBMS (Fig. 3) is a time-of-� ight mass
spectrometer with a 45-deg parallel plate energy analyzer. It is es-
sentially two instruments in one that when used together can give
direct measurements of both ion energy and species composition.

Fig. 2 Schematic of the LVTF.

Fig. 3 Schematic of the MBMS in con� guration used for far-� eld SPT-100 plume characterization.

The mass spectrometer is mounted to one end of the LVTF. A
20-cm-diam stainless-steel gate valve was placed between the en-
ergy analyzer chamber and the main vacuum tank enabling rapid
venting and repumpingof the MBMS for con� gurationadjustments
without impacting the LVTF vacuum.

Ions pass into the MBMS through a sampling ori� ce fashioned
from 304 stainless-steel plates drilled and countersunk from the
downstream face. This created a very thin-edged ori� ce to mini-
mize skimmer wall effects. King15 showed that less than 5% of the
ion beam entering the MBMS will experiencecharge exchangecol-
lisions within the neutral ram cloud of atoms immediatelyupstream
of the MBMS sampling skimmer. To minimize the probability of
collisions between beam ions and background gas particles, the
two subchambers of the MBMS were evacuated by a Varian HS-
10 25-cm-diam oil diffusion pump and a Varian M6 15-cm-diam
oil diffusion pump. Both diffusion pumps used Dow–Corning 705
pump oil and were � tted with conductivelycooledhalo baf� es at the
inlet to minimize oil backstreaming into the MBMS volume. The
two diffusion pumps were backed by a 40 l/s Kinney KDH-80 ro-
tary mechanicalpump. The MBMS internalpressurewas monitored
by one thermocouple pressure sensor and two hot-cathode ioniza-
tion pressure gauges.A pressure of 4 £ 10¡5 Pa (3 £ 10¡7 torr) was
maintained within the MBMS volume for all tests. Graphoil was
placed around the chamber wall adjacent to the MBMS to minimize
sputtering of tank wall material.

To measure the energy distribution, the ion plume enters the
45-deg energy analyzer, which allows ions of a speci� c energy-to-
charge ratio E=q to pass throughand reach the detector.This ratio is
selectedby setting the voltagebetween the platesof the analyzer.By
sweeping the voltage, an entire ion energy distributionfunction can
be determined without the need for any numerical differentiationas
with an RPA. The energy resolution of the instrument is better than
an electron volt.
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For species composition, the time-of-� ight mass spectrometer
mode of the MBMS is used wherein an electrostatic beam gate is
placed downstreamof the sampling ori� ce. When the gate is pulsed
open and the time is recorded that it takes for the ions to reach the
detector at the end of the energy analyzer for a given pass voltage,
that is, E=q , the individualspeciesof theplasmacanbedetected.The
mass resolution of the instrument is approximately an atomic mass
unit (AMU). These two capabilities enable the MBMS to measure
the energy distribution of multiply charged ions. Further details of
the MBMS may be found in Ref 15.

The secondspecies-differentiatingdiagnosticused was the E £ B
probe, also known as a Wien � lter. An E £ B probe utilizes uniform
crossed electric and magnetic � elds that are perpendicular to each
other and the particle velocity vector. Thus, the two � elds and the
particle velocity vector form orthogonal axes. The E £ B probe is a
simple diagnostic technique that can separate different ion species
accordingto their velocitiesprovidedthat they are all acceleratedby
the same electric � eld. Because the MBMS 45-deg energy analyzer
is sensitive only to ions of differing E=q, the velocity-sensitive
E £ B probe provides additional insight on plume dynamics.

Use of the E £ B probe in electric propulsion research had been
limited to the investigationsof ion thrusters.16¡22 In thosestudies,the
E £ B probe was utilized to measure the ratio of doubly to singly
charged ions to provide thrust correction factors and the optimal
operating condition for minimum production of multiply charged
ions.Ion thrusterplume ionsare essentiallymonoenergeticparticles.
As such, the ion ratio was calculated directly from the heights of
the narrow probe trace peaks of each species. The ions in the Hall
thrusterplume, on the other hand, are producedat differentpositions
in the dischargechamberand, thus, experiencedifferentacceleration
voltages. Therefore, the resulting probe trace peaks will have some
structure that must be accounted for in the analysis.Because the ion
velocities are related to their energies, the measured probe traces
were curve � tted with a distribution function model based on the
kinetic theory of gases to obtain ion energy distribution functions
of each ion species at various locations in the thruster plume. The
study reported here is the � rst attempt to use an E £ B probe to
obtain the ion energy distributions in the Hall thruster plume. A
detailed descriptionof the probe may be found in Ref. 23. The total
uncertaintyin the ion energydistributionmeasurementsis estimated
to be §2% for the ion current and §4% for the ion energy.

For both the MBMS and E £ B probe tests, the probe remained
� xed while the thrusterwas moved about with a custom-madeprobe
positioningsystem developedby New England Af� liated Technolo-
gies (NEAT). The probe positioning table has two degrees of free-
dom as well as angular freedom in the horizontal plane, that is,
radial, axial, and µ . The table contains two rotary platforms on a
1.8-m-long linear stage in the radial direction that is mounted on a
0.9-m-long axial stage with an absolute linear position accuracy of
0.15 mm and an angular position accuracy of 0.1 deg. The actual
positionaccuracy for these tests, as determinedby a laser alignment
system was 0.5 deg (Ref. 15). For MBMS tests, the thruster was
placed on a NEAT rotary platform that remained � xed with respect
to the tank wall at thruster station 3 (see Fig. 2). This allowed the
thruster to be rotated 360 deg about its centerline axis in yaw. The
thrusterwas placedon the rotaryand linear tablesat thrusterstation2
for the E £ B probe tests.

SPT-100 Results
One of the most puzzling aspects of ion energy measurements

taken with RPAs in the plume of Hall thrusters is the so-called
high-energy tail, that is, the signi� cant fraction of probe ion current
present at energies above the discharge voltage of the thruster. For
example, it is not uncommon to detect ions at kinetic energiesabove
400 V while the thrustervoltage is only 300 V (Refs. 15, 24, and 25).
Although a number of theories have been postulated to explain the
existence of the tail, including plasma instability-driventurbulence
within the thruster discharge as well as recombinative or charge-
changing collisions within the exhaust plume, it was only fairly
recently that a solution to this problem was presented. In fact, it
will be shown subsequently that the structure of the ion energy
distribution function, particularly the high-energy tail, provides a

wealth of information about plasma and collisional processes both
in the plume and within the thruster.

King15 performeda comprehensivecharacterizationof the ion en-
ergy distribution function of the SPT-100 using both RPAs and the
MBMS. It was concluded that the tail is a result of both charge ex-
change and elastic collisions between neutrals, singly, and multiply
chargedplume ions.Speci� cally, theHall thrusteracceleratessingly,
doubly, and triply charged xenon ions to high energies.These parti-
cles experience charge exchange and elastic collisions in the plume
of the thruster both among themselves and with ambient chamber
and thruster neutrals. Other collisional processessuch as ionization
and recombination were quickly discounted because their collision
probabilities in the plume were negligible in comparison to those of
charge exchange and elastic collisions.26

To illustrate the role of charge exchange collision in affecting
the ion energy distribution, let us consider the example of a dou-
bly charged ion that is accelerated by a potential Vi (and, hence,
to an energy of 2qVi ) that undergoes a charge exchange collision
with a neutral atom with negligible velocity. There are two possi-
ble outcomes to this event. First, two electrons could be transferred
from the neutral atom to the ion, neutralizing the latter. This pro-
cess would result in a doubly charged ion with random near-zero
velocity, which would likely not reach the detector, and a neutral
with a directed energy of 2Vi that cannot be detected by the ana-
lyzer because it has no net charge. Thus, the � rst outcome results
in products that cannot be detected. The second outcome, however,
can be observed if instead one electron is transferred to the doubly
charged ion. The resulting singly charged ion would have twice the
energy of a normally produced singly charged ion and, thus, would
appear in the E=q domain of the MBMS or RPA at twice the most
probable voltage found in the main distribution.

This scenario is quite plausible given that the relevant mean free
paths at a chamber pressure of 7 £ 10¡3 Pa (Table 1) are on the or-
der of 1 m considering only background gas particles and that the
near-� eld neutral pressure of the SPT-100 is an order of magnitude
higher still. At this pressure, the backgroundneutralnumber density
in the chamber is approximately1 £ 1018 m¡3, whereas the SPT-100
exit plane neutral density is approximately 1 £ 1019 m¡3 . All colli-
sion cross section data used to generate Table 1 are from Ref. 26.
The detectableproducts for ion–neutral charge exchange collisions
are given in Table 2 for collisions between single, double, triple,
and quadruple ions accelerated by a potential Vi with zero velocity
background neutral xenon.26

To illustrate ion– ion charge exchange phenomena, we consider a
charge exchange collision between a doubly and a singly charged
ion, both createddeepwithin a Hall thruster.The doublychargedion

Table 1 Mean free paths (MFP) for
6:7 £ 10¡ 3 Pa (5:0 £ 10¡ 5 torr) tank pressure

Chamber
Collision MFP, m

XeC C Xe charge exchange 1.2
Xe2C C Xe charge exchange 0.9
Electron–electron elastic 5.1
Electron– ion elastic 4.9
Ion–ion elastic 1.2
Ion–electron elastic 6.4
Ion–neutral elastic 10.5
Electron–neutral elastic 3.2
Neutral–neutral elastic 1.4

Table 2 Ion–neutral charge exchange collision products26

Reaction Detectable product Electrons transferred

XeC C Xe None 1
Xe2C C Xe XeC at Ei =qi D 2Vi 1
Xe3C C Xe Xe2C at Ei =qi D 3=2Vi 1
Xe3C C Xe XeC at Ei =qi D 3Vi 2
Xe4C C Xe Xe3C at Ei =qi D 4=3Vi 1
Xe4C C Xe Xe2C at Ei =qi D 2Vi 2
Xe4C C Xe XeC at Ei =qi D 4Vi 3
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a) Precollision distributions

b) Postcollision distributions

Fig. 4 Effect of charge-exchange collisions on ion energy distribution functions (adapted from Ref. 26): singly and doubly charged ion distributions
are q = 1 and q = 2, respectively.

will be acceleratedto twice the kinetic energy of the singly charged
ion created nearby. Barring collisions, the two particles would be
registered by an RPA or the MBMS at the same E=q because the
factor of two in energy of the doubly charged ion is canceled by
the factor of two in charge. However, if along the path between the
thruster and the probe the doubly charged ion should experience
a charge exchange collision with the singly charged ion, there are
three possible outcomes that are detectable by an analyzer. First,
one electron is transferredfrom the singly charged ion to the doubly
charged ion, resulting in a single ion with Ei=qi » 2Vi and a double
ion with Ei=qi » 1=2Vi . The precollision distribution and resulting
postcollisiondistributionsfor this example are shown in Fig. 4. The
second outcome will result in an electron being transferred from
the doubly charged ion to the singly charged ion, resulting in a
triply charged ion with Ei=qi » 2=3Vi and an undetectableneutral.
The � nal possibility has two electrons transferred from the singly
charged ion to the doubly charged ion, resulting in a triply charged
ion with Ei =qi » 1=3Vi and an undetectableneutral. The detectable
products for ion– ion charge exchangecollisionsare given in Table 3
for collisionsinvolvingsingly,doubly,triply,andquadruplycharged
ions.26

A summary of the general traits of charge exchange collisions
exhibited in ion energy data are shown in Fig. 4 and include26 1)
appendages to the main distributionpeak, which corresponds to the
energy distribution of the colliding species; 2) auxiliary peaks that
conservethe shapeof the originaldistribution;3) ion–neutralcharge
exchange collisions that produce ions that are detectable only at
E=q ratios greater than the original ion E=q ; and 4) ion– ion charge
exchangecollisions that can produce ions that are detectable at E=q
ratios above and below the original ion E=q.

The effect of elasticcollisionsis to transfermomentum from dou-
bly or triply charged ions accelerated in the discharge chamber to
ions of lower charge state and neutrals because the former tend to
move at a higher energy and, thus, overtake the latter. The signa-
tures of elastic collisions and charge exchange collisions in energy

analyzers are quite similar. Examples of the precollision and post-
collision energy and E=q pro� les are given in Fig. 5 for elastic
collisionsbetween singly and doubly charged ions. Becauseall ions
experience the same accelerating voltage, the maximum E=q will
be the same and close to the thruster discharge voltage. Thus, for
doubly charged ions (q D 2 in Fig. 5) the high-voltagetail will decay
to zero at approximately twice the discharge voltage. Although the
minimum E=q is more dif� cult to de� ne because it depends on the
structure of the acceleration and ionization zones of the thruster,
the peaks of the energy distributions for both singly and doubly
charged ions will occur at the same E=q. The general traits of elas-
tic collisions between an ion of charge q D 1 and an ion of charge
q D n that are present in ion energy data include26 1) a high-voltage
tail on the singly charged ion E=q distribution that decays to zero
at an E=q equal to n times the maximum precollision E=q of the
charge n ion and 2) a low-voltage tail on the E=q distribution of
the charge n ion that decays to zero at an E=q equal to 1=n times
the minimum E=q of the singly charged ion.

Whereas there is little in the way of collision cross section data
to support the theory presented, examination of MBMS ion energy
data provides excellent validation of the model. Figure 6 shows
MBMS data taken 1 m from the exit plane of the SPT-100. Overlaid
in Fig. 6 are the individual ion energy pro� les resulting from some
of the ion– ion charge exchange collisions presented in Table 3. As
Fig. 6 clearly shows, the MBMS pro� le exhibits signs of charges
exchangecollisionsbetween singly,doubly,and triply charged ions.
Thus, examination of the ion energy distribution can shed light on
the ionizationstate emergingfrom theHall thrusterand, to an extent,
the energeticsinvolvedin the ionizationprocesseswithin theengine.

To strengthen this argument, time-of-� ight (TOF) mass spectra
data were obtainedwith the MBMS for the SPT-100.Figure 7 shows
MBMS ion energy data with example mass spectra data taken at
three E=q values of the pro� le. That triply charged xenon particles
are not seen in the high-energy tail of the E=q distribution is ex-
pected because charge exchange collisions generate high-energy



446 GALLIMORE

Table 3 Ion– ion charge exchange collision products26

Reaction Detectable product Electrons transferred

Xe2C C XeC XeC at Ei =qi D 2Vi and Xe2C at Ei =qi D 1=2Vi 1
Xe2C C XeC Xe3C at Ei =qi D 2=3Vi 1
Xe2C C XeC Xe3C at Ei =qi D 1=3Vi 2
Xe3C C XeC Xe2C at Ei =qi D 3=2Vi and Xe2C at Ei =qi D 1=2Vi 1
Xe3C C XeC Xe4C at Ei =qi D 3=4Vi 1
Xe3C C XeC XeC at Ei =qi D 3Vi and Xe3C at Ei =qi D 1=3Vi 2
Xe3C C XeC Xe4C at Ei =qi D 1=4Vi 3
Xe3C C Xe2C Xe2C at Ei =qi D 3=2Vi and Xe3C at Ei =qi D 2=3Vi 1
Xe3C C Xe2C XeC at Ei =qi D 2Vi and Xe4C at Ei =qi D 3=4Vi 1
Xe3C C Xe2C XeC at Ei =qi D 3Vi and Xe4C at Ei =qi D 1=2Vi 2
Xe3C C Xe2C Xe5C at Ei =qi D 3=5Vi 2
Xe3C C Xe2C Xe5C at Ei =qi D 2=5Vi 3
Xe4C C XeC Xe3C at Ei =qi D 4=3Vi and Xe2C at Ei =qi D 1=2Vi 1
Xe4C C XeC Xe5C at Ei =qi D 4=5Vi 1
Xe4C C XeC Xe2C at Ei =qi D 2Vi and Xe3C at Ei =qi D 1=3Vi 2
Xe4C C XeC XeC at Ei =qi D 4Vi and Xe4C at Ei =qi D 1=4Vi 3
Xe4C C XeC Xe5C at Ei =qi D 1=5Vi 4
Xe4C C Xe2C Xe3C at Ei =qi D 4=3Vi and Xe3C at Ei =qi D 2=3Vi 1
Xe4C C Xe2C XeC at Ei =qi D 2Vi and Xe5C at Ei =qi D 4=5Vi 1
Xe4C C Xe2C Xe2C at Ei =qi D 2Vi and Xe4C at Ei =qi D 1=2Vi 2
Xe4C C Xe2C Xe6C at Ei =qi D 2=3Vi 2
Xe4C C Xe2C XeC at Ei =qi D 4Vi and Xe5C at Ei =qi D 2=5Vi 3
Xe4C C Xe2C Xe6C at Ei =qi D 1=3Vi 4
Xe4C C Xe3C Xe3C at Ei =qi D 4=3Vi and Xe4C at Ei =qi D 3=4Vi 1
Xe4C C Xe3C Xe2C at Ei =qi D 3=2Vi and Xe5C at Ei =qi D 4=5Vi 1
Xe4C C Xe3C Xe2C at Ei =qi D 2Vi and Xe5C at Ei =qi D 3=5Vi 2
Xe4C C Xe3C XeC at Ei =qi D 3Vi and Xe6C at Ei =qi D 2=3Vi 2
Xe4C C Xe3C XeC at Ei =qi D 4Vi and Xe6C at Ei =qi D 1=2Vi 3
Xe4C C Xe3C Xe7C at Ei =qi D 4=7Vi 3
Xe4C C Xe3C Xe7C at Ei =qi D 3=7Vi 4

a) Precollision distributions

b) Postcollision distributions

Fig. 5 Effect of elastic collisions on ion energy distribution functions (adapted from Ref. 26): singly and doubly charged ion distributions are q = 1
and q = 2, respectively.
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Fig. 6 Example MBMS data showing charge exchange collision signatures in ion energy data taken 1 m from the thruster exit plane; high-energy
reactants and products of the charge exchange collisions in italics.

Fig. 7 Example MBMS data showing ionization state as a function of E/q 1 m from the thruster exit plane.

tail particles while reducing the population of higher charge states.
However, the absence of triply charged ions near the peak E=q of
the distribution may lead one to suggest that these ions are created
in a multistep process and are, thus, not accelerated to the same
accelerationpotential.Although this may be true, the most probable
voltage(E=q ) for triply ionizedxenonwas measured to be only 20 V
less than the most-probable voltage for singly charged ion (255 V
vs 274 V) 0.5 m from the thruster.15 Thus, the lack of triply charged
xenon ions near the peak E=q for the 1-m data can be attributed
to charge exchange collisions in the extra half-meter of the plume
because this process tends to reduce the overall charge state of the
plasma.

Although the ion energy distribution data obtained with the
MBMS provided much insight on collisional processes occurring
within the SPT-100 plume, this instrument could not distinguishthe
ion energy distributionsof different ion species directly without its

TOF mass differentiating capability because different ion species
that have experienced an identical (or similar) acceleration voltage
would appear at the same (or similar) voltage in the distribution.
However, this time-consuming method of obtaining energy distri-
butions for various ion species resulted in a somewhat poor voltage
resolution because the ion mass spectra were acquired for voltages
in 10-V intervals.23 To this end, an E £ B probe was employed to
measure the ion energy distribution of singly and multiply charged
plume ions directly and with better voltage resolution. Because an
E £ B probe separates different ion species according to their ve-
locities, as opposed to RPAs and the MBMS that are sensitive only
to E=q , the probe acts as a velocity � lter. It can been shown in the
derivation of the E £ B probe governing equations that the � ltered
velocity is independent of the mass or charge state of the analyzed
particle.23 Thus, the E £ B probe will provide the ion energy dis-
tribution function of ions of a variety of charge states that reach
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the detector whole, that is, in the charge state they left the thruster,
and that have been transformed into another charge state through
chargeexchangecollisions. In either case, the E £ B probeprovides
a great deal of information on the distribution of upper charge state
ions emerging from the thruster because charge exchangecollisions
result in a negligible change in particle momentum.

To gleanionenergydistributionfunctioninformationoutofE £ B
probedata,probecurrentvsenergytraceswere curve� t to ionenergy
distribution curves [Eq. (1)] for each ion charge state:

Ii .Ei / D K0 C K1 ¢ Ei ¢ exp
£
¡¯ ¢

¡­­pEi ¡
p

Eb

­­¢n¤
(1)

Equation (1) is related to the basic distribution function

f .Ei / D K ¢ E
1
2

i ¢ exp
¡
¡¯ ¢ En=2

i

¢
(2)

through some curve-� tting constants .K0 , K1 , ¯ , Eb , and n) and an
elementary Galilean transformation to take into account the con-
vecting ion beam.23 A Maxwellian distribution corresponds to an n
value of 2, whereas a Druyvesteyndistribution,anotherwell-known
distributionfunction, correspondsto an n value of 4. An example of
a Druyvesteyn distribution is a steady ion beam immersed within a

Fig. 8 Comparisonsbetween the Maxwellian (n = 2) and Druyvesteyn (n = 4) curve � ts and the E £ B probe trace (n = 3.3) of Xe2+ ion peak measured
on the thruster axis 50 cm from the thruster exit (from Ref. 23).

Fig. 9 SPT-100 E £ B energy trace and curve � ts to each charge state measured on the thruster axis at 50 cm from the thruster exit. Sum of the
curve � ts of Eq. (1) for Xe1+, Xe2+, Xe3+, and possibly Xe4+ ion peaks (such as shown in Fig. 8) overlaid on the E £ B probe trace (from Ref. 23).

uniform steady electric � eld undergoingonly elastic collisionswith
neutral gas atoms.27 A similar set of equations and approach have
been employed by others to model successfully the electron energy
distributionfunction.28;29 Details of the curve-� tting proceduremay
be found in Ref 23.

Figure 8 shows a typical � t of Eq. (1) to E £ B probe data and
demonstrates that the model produced a � tted curve with an n value
of 3.3 that agreed very well with the measured probe trace. Notice
that this n value lies between 2 and 4, the values for a Maxwellian
distribution and a Druyvesteyn distribution, respectively.

Figure 8 also shows that the model deviates from the measured
data at low- and high-energyranges, as can be seen more clearly in
Fig. 9, which shows the measured probe trace and the sum of the � t-
ted curves of singly, doubly, triply, and possibly quadruply charged
(Xe1C, Xe2C , Xe3C , and Xe4C, respectively) ions. The comparison
of the experimentaldata with the curve � t shows exceptionalagree-
ment in the upper portion of the peaks. However, the curve � ts do
not agree with 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. It may
also be due to charge exchange collisions with neutral atoms that
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would create a population of low-energy ions that would fall out-
side of the Maxwellian or Druyvesteyn models. The disagreement
in the regions between the peaks is most likely attributed to elas-
tic collisions between the particles of the two ion species that the
peaksrepresent.The effectof elasticcollisionsmanifests itself in the
probe trace as highly overlapped regions between the peaks repre-
senting the two ion species.15;26 For example, the overlapped region
between the � rst peak (representingXe1C ions) and the second peak
(representing Xe2C ions) is the result of elastic collisions between
Xe1C ions and Xe2C ions. Then, the � tted curves can be thought to
represent the precollision distributions.As such, the peak height of
the � tted curve must be lower than the true precollision distribu-
tion function because the population of ions that have undergone
elastic collisions shifts toward the region between the peaks. The
model would be improved if it were incorporatedwith a scheme for
predictingelastic collisions.Such a scheme requires collision cross
section data involvingmultiply charged xenon ions, which have not
been found in the literature. However, it is evident, from the excel-
lent agreement shown in the upper part of the peaks, that this simple
model can produce precollision distribution functions very well.

The ion species fractions were calculated determining the � rst
moment of the distribution functions derived from the curve � ts
for each ion species, that is, number density ni , and calculating
the correspondingfractionsof each species.23 Comparison between
E £ B probe-measured ion species fractions with values obtained
by King15 with the MBMS by comparing relative peak heights in
the mass spectra data for each species is shown in Table 4. Emis-
sion spectroscopicdata taken by Manzella12 are also presented for
comparison. Given the small � eld of view of the E £ B probe and
MBMS, cautionmust be exercisedin extrapolatingchargestate frac-
tions calculated from these devices to the entire plume. However,
because the optical measurements were collected from an 80-mm
(radial)£ 0.08-mm (axial) cross section at the exit of the thruster,
the optical data of Table 4 can be thought of as being representative
of the entire plume. The uncertainty for the E £ B probe, MBMS,
and optical techniques are §8, §5, and §20%, respectively.12;15;23

Both E £ B probe and MBMS data show that a nontrivial fraction
of the ion beam is composed of multiply charged xenon ions. This

Table 4 Comparison between E £ B
probe-measured ion species fractions with values

obtained by King15 (MBMS) and Manzella12(optical)

E £ B probe MBMS Optical

XeC 0.79 0.89 0.89
Xe2C 0.16 0.11 0.119
Xe3C 0.05 0.002 ——

Fig. 10 Exponential factor n in Eq. (1) obtained from the curve � ts of the E £ B probe data at 1 m from the thruster exit (from Ref. 23).

must be accounted for if accurate models to predict thruster and
spacecraft surface erosion rates are to be developed.Whereas there
is no reason to suggest that any of these techniques are more accu-
rate than the others, the disagreementbetween the E £ B probe data
and the other two data sets may be attributed to the underestimation
of the Xe1C ion fraction due to the curve-� t limitations discussed
before and exhibited in Fig. 9. Xe4C may have been detected by the
E £ B probe (Fig. 9) but the signal-to-noise ratio was too low to
rule out other species. However, the other candidate species (singly
ionizedN2 and O2) are somewhat unlikelybecause they would most
likely become dissociated before being ionized.

Figure 10 shows the variationof the n value for the corresponding
ion energy curve � ts of E £ B probe data with respect to angle off
thruster axis at 1 m from the thruster exit. Positive angles represent
data collected on the cathode side of the thruster. Figure 10 shows
that most of the ion species distribution functions lie somewhere
between a Maxwellian (n D 2) and a Druyvesteyn (n D 4) distribu-
tion. Note that the distribution functions for Xe1C ions are closer
to a Maxwellian distribution than those for other ion species. Sim-
ilar results were observed with n value data taken 50 cm from the
thruster exit plane. That the Xe1C ions are closer to Maxwellian is
not surprisingbecause a Maxwellian distributionrepresentsa group
of particlesin equilibriumwhere theequilibriumstate is achievedby
collisionsamong the particles.Because the ion–ion elastic collision
frequency increases with increasing number density,23 and because
the ion beam of the SPT-100 is composed mostly of Xe1C ions
(Table 4), these ions are expected to undergo more elastic collisions
as a group than higher charge state xenon ions do.

The (most probable) beam energy Eb was calculated for each
ionization state of xenon as a biproduct of � tting E £ B data to
Eq. (1). Figure 11 shows the beam energy per charge of the ion
species 1 m from the thruster exit. Given the large error bars and the
erratic and asymmetrical nature of the data, it is dif� cult to glean
trends from Fig. 11 except that Eb=q for Xe1C ions was almost al-
ways the highest. It has been shown that the electron temperature in
SPT dischargechambers attains a maximum in the region of highest
magnetic � eld strength, which occurs very near the thruster exit.30

Because the ionization potential increases with ionization charge
state, it is expected that the formationof multiply charged ions from
electron-impactionizationof neutralswill tend to occurmore toward
the exit of the discharge chamber. Moreover, some of the multiply
charged ions may be created from a multistep ionization process,
which would also cause them to experience less of the acceleration
voltage.However, that Eb=q for Xe2C ions was almost always lower
than those of Xe3C ions contradicts the ionization mechanism dis-
cussed earlier. Hence, the formation and acceleration of multiply
charged ions must be signi� cantly more complicated than the sim-
ple phenomenological model given earlier. Processes such as ion
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Fig. 11 Most probable beam energy per charge of Xe1+, Xe2+, and Xe3+ ions obtained from the curve � ts of the E £ B probe data at 1 m from the
thruster exit (from Ref. 23).

collisionswith the chamber wall, subsequentionization,and charge
exchange collisionsmay convolute the physics. Clearly a great deal
more work must be done before a more clear understandingof these
processes is at hand.

Facility Effects
One of the major concerns that any electric propulsion plume

researchermust contendwith is facility effects.Because the dimen-
sions of the LVTF are much larger than the distance from where
the thruster plume data were collected, chamber wall effects were
not considered critical. What was of more concern was the tank
pressure.

Randolph et al.31 suggest that to characterize a CDT in terms of
far-� eld (greater than »1 m) plume properties, the vacuumchamber
pressure should be no more than 1:6 £ 10¡3 Pa .1:2 £ 10¡5 torr).
This is a factor of four lower than the pressure maintained in the
LVTF during the SPT-100 tests reported earlier. Because the pres-
sure at low Earth orbit and at geosynchronous orbit are approxi-
mately 7 £ 10¡4 and 7 £ 10¡8 Pa, respectively,a perfect simulation
of pressure is not always necessary.Randolphet al. based their anal-
ysis on free-molecular � ow, arguing that, below a certain chamber
pressure, thruster operating characteristics are not affected by the
random � ux of vacuum chamber background particles into the dis-
charge chamber or plume. Conversely, if a thruster is tested above
the speci� ed pressure, the in� uence of background gas being in-
gested into the engine through free-molecular � ow must be taken
into account when analyzing test data. Further, a large partial pres-
sure of backgroundgas molecules can affect ion current density and
energydistributionmeasurementsby arti� cially increasingthe local
charge density through charge exchange collisions.For example, at
large angles from the thruster axis, the ion energy distribution pro-
� le is dominatedby low-energycharge exchange ions, the source of
which is thought to be background gas.25 Although no attempts to
correctfor facilitypressureeffectswere made with the SPT-100data
presented here, we were able to investigate the role of facility pres-
sure on far-� eld plume data througha rather straightforwardmeans:
We repeated some of the tests, albeit with a different thruster, at an
order of magnitude lower tank pressure. Results of these tests will
be the focus of the next section.

Near-Field and Far-Field Experiments with the P5
LVTF Modi� cations

One of goals of the experiments to be presented in this section
was to evaluate the role of tank pressure on ion energy distribu-
tion and charge state measurements. In 1998, the LVTF under-
went a major pumping system upgrade. The diffusion pumps were

Table 5 Mean free paths (MFP) for
7:3 £ 10¡ 4 Pa (5:5 £ 10¡ 6 torr) tank pressure

Chamber
Collision MFP, m

XeC C Xe charge exchange 11.1
Xe2C C Xe charge exchange 8.1
Electron–electron elastic 5.1
Electron– ion elastic 4.9
Ion–ion elastic 1.2
Ion–electron elastic 6.4
Ion–neutral elastic 95.7
Electron–neutral elastic 29.1
Neutral–neutral elastic 12.7

capped off and replaced by a pumping system consisting of four
CVI model TM-1200 internal cryopumps (Fig. 2). The mechani-
cal and blower pumping train described in the preceding section is
used to evacuate the chamber to less than 10 Pa so that the cryo-
pumps can be activated. These internal cryopumps are similar to
the popular 1.2-m-diam CVI TM-1200 cryotubs except that they
are placed within the chamber and, hence, provide roughly twice
the pumping speed of a cryotub. The four cryopumps provided a
measured xenon pumping speed of 140,000 l/s and an ultimate base
pressureof less than 3 £ 10¡5 Pa (2 £ 10¡7 torr). Pressurewas deter-
mined by averaging the measurements of two ion gauges: a Varian
model 571 gauge with an HPS model 919 controller and a Var-
ian model UHV-24 nude gauge with a Varian senTorr controller.
The nude gauge, senTorr controller, and connectingcable were cal-
ibrated as a unit on nitrogen by the manufacturer. A calibration
factor of 2.87 was used to convert indicated (nitrogen) pressure to
xenon pressure.32 The operating tank pressure corrected for xenon
for this experimentwas 7:3 £ 10¡4 Pa (5:5 £ 10¡6 torr) for a thruster
discharge current of 5.4 A. A 1.8 by 1.8 m louvered graphite beam
dump was installed in the middle of the endcap that is downstream
of the thruster to minimize sputteringof chamber wall material. All
other aspectsof the facilityare as described in the precedingsection.

The pressure maintained in the tests described in this section ful-
� lled the criterion establishedby Randolph et al.31 Some mean free
path estimates, which correspond to the new operating pressure of
the LVTF, are given in Table 5. At this chamber pressure, the back-
ground neutral number density is approximately 2 £ 1017 m¡3 vs
8 £ 1018 m¡3 at the exit plane of the P5. Note that the chamber-
induced charge exchange mean free paths are signi� cantly larger
than the distance over which measurements were taken (0.75 m).
Over 90% of the beam ions are predicted to travel 1 m without
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experiencinga charge exchangecollisionwith backgroundchamber
gas particles. Thus, the vast majority of charge exchange collisions
observed are due to interactions between particles that emanate di-
rectly from the thruster, that is, not with background chamber gas
particles. As such, the results obtained in these experiments are ex-
pected to be indicative of those that would be obtained in space.

P5 Hall Thruster
Because the SPT-100 was unfortunately no longer available for

this phase of testing, anotherHall thruster was needed.The thruster
used for this investigation was the University of Michigan/U.S.Air
Force Research Laboratory P5 5-kW laboratory-model stationary
plasma thruster. This thruster was developed speci� cally for diag-
nostic access to the discharge chamber and yet to posses perfor-
mance and plume divergence characteristics commensurate with
commercial engines. Compared to smaller thrusters, such as the
SPT-100, the P5 provides a larger dischargechamber for better spa-
tial resolution for electrostatic probes, as well as a lower power
density to reduce the heat � ux to the probes.

The P5 used an impregnated tungsten hollow cathode provided
by NASA GRC and later a lanthanum hexaboride (LaB6) cathode
provided by the Moscow Aviation Institute. The operating charac-
teristics of the thruster on either cathode were identical. Thrust,
speci� c impulse, and ef� ciency have been characterizedthoroughly
and have been reported, along with plasma parameter pro� les in
the plume, in a previous work.9 The P5’s performance and plume
characteristics are similar to a number of 5-kW-class commercial
engines. As such, the results obtained with the P5 should be similar
to those that would have been obtainedhad a commercial SPT been
tested.

MBMS Modi� cations for Near-Field Measurements
The con� guration of the MBMS was not changed for far-� eld

plume measurements (50 and 75 cm). However, a low cross sec-
tion 67-cm-long extension was placed on the MBMS for near-� eld
measurements (10 cm) to minimize the buildup of the neutral ram
cloud and to protect the thruster from deposition of backsputtered
material.The near-� eld skimmer was constructedfrom off-the-shelf
vacuum components that necked down as they neared the thruster.
The � rst section of the extension (closest to the gate valve) had an
outer diameter of 6.35 cm. A Varian Model V70LP turbomolecular
pump was used to evacuate this section. The water-cooled turbo-
molecular pump, rated at 68 l/s on nitrogen, used the LVTF itself
as a backing pump and lowered the pressure within this section
by a factor of 15 to the 10¡5-Pa range. The next two components,
including a � exible coupling, had an outer diameter of 3.81 cm.
The � exible coupling was installed to facilitate alignment of the
sampling ori� ce with the entrance slit to the 45-deg energy ana-
lyzer and to maintain alignment during endcap contraction as the
LVTF is evacuated. The sampling skimmer was � xed with respect
to the thruster using an optics mounting post, and the � exible cou-
pling took up the displacement of the endcap. The � nal section of
hardware (closest to the thruster) was 1.91 cm in diameter and con-
tained a porcelain sampling skimmer with an ori� ce approximately
6.9 mm in diameter. Unlike the far-� eld measurements,which used
the center of the thrusteras the axis of symmetry, all angles reported
for near-� eld measurements are respect to the center of the annular
discharge chamber.

P5 Results
Figure 12 shows far-� eld ion energy data taken along thruster

centerline some 75 cm from the thruster exit plane at an operating
condition of 5.3 A at 300 V. This condition was selected to mimic
the engine behavior of the SPT-100, which was at 4.5 A at 300 V.
Figure 12 shows that the primary ion energy distribution has its
peak at 263 V with respect to ground.For this condition, the plasma
potential was approximately 8 V above ground.26 The peak is at
88% of the discharge voltage, which is what is expected for a well-
developed Hall thruster. We see structure in the primary peak that
provides strong evidence of elastic collisions between singly and
doubly charged ions. This behavior is very similar to that observed
and presented for the SPT-100 earlier. When this distribution is

a) Linear

b) Semilog

Fig. 12 Ion energy data taken 75 cm from exit plane and at 0 deg at
a thruster condition of 5.3 A–300 V in both linear and semilog format
(from Ref. 26).

Fig. 13 FWHM of the primary ion energy peak for the P5 at 5.3 A–

300 V and the SPT-100 at 4.5 A–300 V (from Ref. 26). Uncertainty is
§ 1 V.

examinedmore closelyon a semilogplot (Fig. 12b), we see evidence
of small charge exchange collision peaks at two and three times
the primary peak. Because there are no charge exchange peaks at
voltages less than the primary peak, these additional peaks are due
to high-energy singly charge ions that result from charge exchange
collisions between doubly and triply ionized xenon and neutrals
(refer to Table 3).

Whereas the trends observed in the far-� eld P5 data are similar to
thoseobtainedwith the SPT-100 at a much higherchamberpressure,
one of the telltale signs of an ion energy distribution that has been
affected by chamber-induced collisional effects is the broadening
of the energy peaks.15 To this end, a � gure of merit for identifying
facility pressure effects in ion energy data is the full width at half-
maximum (FWHM) of the primary energy peak.FWHM data of the
primary ion energy peak for both the P5 and the SPT-100 as a func-
tion of angle off thrustercenterlineare presentedin Fig. 13. The nar-
rower ion energypro� les of the P5 comparedto thosemeasuredwith
the SPT-100 may be indicativeof the better chamber pressure.With
lower background pressure, the frequency of pressure-broadening
collisions is reduced, and thus, the pro� les are narrower.

We see that the FWHM data are broadened in the far � eld at
high angles and along and near centerline for the SPT-100 data set.
Although the same trend is observed for the P5 FWHM pro� les
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taken 75 cm from the exit plane, albeit to a much lower extent,
the 10-cm pro� le is almost � at, exhibiting only a slight increase at
moderate angles. Whereas we cannot rule out that these differences
may be because these data were collected on two different engines,
these observations can also be explained as follows.

At high angles (>45 deg), a signi� cant portion of the ion cur-
rent is composed of low-energy charge exchange ions because the
dominant portionof the ion beam is containedwithin a cone of half-
angle 45 deg (Ref. 25). Additionally, many of the low-energy ions
that emanate from the downstreamregion of the discharge chamber
tend to be directed inward, that is, toward thruster centerline, due to
the convexmagnetic and electric � elds in this zone.33 Many of these
low-energy ions then cross over the centerline of the thruster and
collide with particles emanating from the discharge chamber on the
opposite side of the thruster. These collisions may cause the ion
energy distribution function broadening that is seen.

At low angles, the conjecture is that when the thruster is � ring
directly toward the sampling skimmer, ions from the thruster that
do not enter the ori� ce impact the surrounding � ange and are neu-
tralized, thereby creating a localized area of higher pressure neutral
xenon that would cause collisions and a broader pro� le.15

This hypothesis was checked by placing a neutral particle � ux
(NPF) probe just below the sampling ori� ce of the far-� eld MBMS
con� guration, perpendicular to the � ow. The NPF probe is a com-
bination RPA and hot cathode ion gauge.34 The NPF probe grids
were charged to repel all ions and electrons, and the ion gauge was
used to obtain pressure changes relative to the background pres-
sure measured by another ion gauge as the thruster was rotated.
There was excellent agreement between the gauges at angles above
30 deg. There was a notable increase in pressure, however, within
20 deg of centerline, the same region where the far-� eld FWHM
measurements show broadening.A 35% increase in pressure (from
7.3 to 9:8 £ 10¡4 Pa) was measured as the thruster was rotated to
0 deg with respect to the probe axis.26 This measured higher pres-
sure would increase the singly to doubly charged charge exchange
collision probability only from 7 to 9% at 75 cm. This test was
done only for the MBMS con� gured for far-� eld measurements be-
cause the entrance extension placed on the MBMS for near-� eld
measurements should have ameliorated this situation.

Figure 14 shows ion energy data taken along the dischargecham-
ber centerline 10 cm from the thruster exit plane at an operating
condition of 5.3 A at 300 V. First we notice that the trace taken at
10 cm is signi� cantly narrower than that taken at 75 cm (Fig. 12).
The FWHM in the near � eld was 22 V, as compared to 35 V in

a) Linear

b) Semilog

Fig. 14 Ion energy data taken 10 cm from exit plane at a thruster con-
dition of 5.3 A–300 V in both linear and semilog format (from Ref. 26).

a) TOF mass spectra data 10 cm, centerline

b) Ion energy 10 cm, 5 deg (semilog)

Fig. 15 Near-� eld MBMS mass spectra data for an E/q = 263 V at the
discharge chamber centerline at a thruster condition of 5.3 A–300 V
(from Ref. 26).

the far � eld. The increased width appears to be from low-energy
elastic collisions.We also see that the somewhat distinct 1.33 times
charge exchange collision peak observed at 10 cm has disappeared
by 75 cm. In general, elastic collisions are far more prevalent in the
far � eld than in the near � eld, obscuring charge exchange collision
peaks in some cases. This is as expected because charge exchange
collisionsare approximatelyan order of magnitudemore likely than
elastic collisions for Hall thruster plasmas. Thus, by sampling close
to the thruster, plume ions are interrogatedbefore they have had an
opportunity to undergo a signi� cant number of elastic collisions.

Figure 15a shows near-� eld TOF mass spectra data taken 10 cm
from the thruster exit plane along the center of the discharge cham-
ber. These data were collected for the most probable ion energy for
this condition, 263 V. In addition to the singly, doubly, and triply
charged xenon, all of which were detected in the far � eld, we ob-
serve the presence of a peak at 32 AMU, which could correspond
to two different species: quadruply ionized xenon or ionized oxy-
gen molecules. However, some of the near-� eld ion energy mea-
surements (e.g., Fig. 15b) detected charge exchange peaks at 1.33
and 4 times the primary discharge peak energy, which correspond
to quadruply ionized xenon that is accelerated close to the beam
voltageof the thruster.26 Additionally,OC

2 is expected to be very un-
common because it would have to survive being ingested, ionized,
and accelerated by the thruster without dissociating. Moreover, it
would most likely be ionized near the exit of the thruster,where the
electron temperature is highest, and therefore not be accelerated to
near the beam voltage. Note no evidence for Xe4C is seen in any of
the far-� eld data. Collisions that remove quadruply ionized xenon
from the system are greater in number and probability than those
that produce it. As such, by the time a sample is taken 75 cm from
the thruster,almost all of the quadruplychargedxenonhasbeen con-
verted to lower charge state ions or neutrals, increasing the fraction
of these other ion species in the process.

Table 6 presents the overall ion species fraction taken with the
MBMS for the P5 at 10 and 75 cm from the exit plane. The uncer-
tainty of the MBMS data is §5%. We see that the far-� eld species
fractions of the P5 are in line with those measured for the SPT-100.
We also notice,however, that the fractionofmultiplychargedions in
the near � eld is much greater than those in the far � eld. Thus, while
the thruster is actually producinga fair number of multiply charged
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Table 6 Overall near- and far-� eld ion species
fractions measured with the MBMS for the P5

operating at 5.3 A–300 V

Species 10 cm 75 cm

XeC 0.698 0.925
Xe2C 0.231 0.068
Xe3C 0.052 0.007
Xe4C 0.019 ——

ions, collisions within the plume reduce the overall charge state
of the plasma. Note, however, that although the charge state of the
plume is reducedthroughcharge exchangecollisions the propensity
of the plume to sputter damage spacecraftsurfaceswill not diminish
given the negligible impact on speed and trajectory these collisions
have on participatingparticles.

Conclusions
A comprehensive investigation of Hall thruster plume plasma

ion energy distribution functions and ion charge state has been
made on both � ight- and laboratory-modelengines. This investiga-
tion was facilitated by the use of the MBMS energy analyzer/mass
spectrometer and an E £ B probe. The results of this investigation
show that the Hall thruster plume is more energetic than previously
thought.The plume containsa signi� cant amount of energetic,mul-
tiply charged particles, whose energy distribution functions exhibit
both Maxwellian and Druyvesteyn traits. Detection of these mul-
tiply charged ions by energy analyzers has been hampered in the
past by charge exchangeand elastic collisions.The high-energy tail
seen in numerous energy analyzer data is thought to result from
charge exchange and elastic collisions between singly and multiply
charged ions and neutrals. To this end, charge exchange collisions
provided the � rst indications that the Hall thruster plume is com-
posed of multiply charged ions. The energy distributionand charge
state of the beam ions must be accounted for properly in modeling
the erosion rate of solar array cover glass and interconnect mate-
rial. Otherwise, a severe underpredictionof erosion rate may ensue.
The role of facility pressure was also investigated and was found to
have an in� uence mainly on the width of the ion energy distribution
function. This pressure broadening is caused by elastic collisions
between beam ions and background chamber gas particles.
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