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Mass Spectral Measurements in the Plume
of an SPT-100 Hall Thruster

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

Knowledge of the ion species emitted by the SPT-100 Hall thruster provides considerable insight to basic thruster
performance. To gain detailed information concerning the composition of the plume plasma, a unique molecular
beam mass spectrometer was constructed to interrogate the exhaust plume. An investigation using this technique
yielded both the ionization fraction of the xenon propellant and a qualitative analysis of the minority plasma species
attributed to ground-test facility interactions. The plasma was found to consist of 89% Xe*, 11% Xe?*, and 0.2%
Xe3*. The existence of parasitic facility gasses including nitrogen, oxygen, and water vapor was documented, as
well as trace carbon ions caused by sputtering of graphite surfaces in proximity of the thruster.

Nomenclature

D = molecular beam mass spectrometer (MBMS)
collimator diameter, mm

Dy = MBMS inlet skimmer diameter, mm

dgaie = gate electrode length, m

E.on = energy of collision,J or eV

E; = ionenergy,J oreV

E, = most probableion energy, J or eV

E_, = ion energy where distribution drops by a factor
of e~! from maximum, J oreV

e = elementary charge, C

F(E;) = ionenergy distribution,J™!

f(E/q) = ion voltage distribution, V™!

fup) = ion velocity distribution, (m/s)~!

Gcem = electron multiplier gain

1 = ion current, A

M; = ion atomic mass number, atomic mass unit (amu)

m; = ion mass, kg

m atomic mass constant, kg

m = mass of species 1, 2, kg

n; = ion density,m™3

q; = integerion charge state

r = radial distance from thruster, m
s = gate interelectrode spacing, m
Ty = ion temperature, eV

T; = ion temperature, K

t = time, s

toate = gate open duration, s

tiof = iontime of flight, s

Uy = bulk ion drift velocity, m/s

u; = ion velocity, m/s

Vi = voltage,V

v, = most probableion voltage, V
V_, = ion voltage where distribution drops by a factor

of e~! from maximum, V
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n+

a, = voltage-dependentfraction of Xe
0 = angle,deg
D, = global flow fraction of Xe"*

I. Introduction

N situ plasma probes constitute a simple method through which

detailed plasma properties can be evaluated. However, these
probes provide no insight to plasma species (charge-state and mass)
composition. Indeed, the retarding potential analyzer (RPA) tech-
niqueof measuring theion energy distributionfunctionis not merely
insensitive to flow species, rather its interpretationis only valid for
a single species. Although RPAs enjoy widespread use in plasma
diagnostics, it must be recognized that, in a multiple-species flow,
differentiation of the 7(V) vs V data does not produce a function
directly proportional to the energy distribution as widely accepted,

instead
2
q[ E[
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The nontrivialrelationshipbetween the RPA data and the ion energy
places a limitation on the rigor with which the resultant quantities
can be applied.!

Further complicating the understandingof RPA data has been the
extensive documentation of a high-energy tail of ions with seem-
ingly impossible accelerating voltages much greater than that ap-
plied between the anode and cathode of the Hall thruster>~® This
tail has been the subject of much controversy and confusion of late;
postulates to explain its existence include plasma instability-driven
turbulence within the thruster discharge as well as recombinativeor
charge-changingcollisions within the exhaustplume. Explorationof
these hypothesesrequires species-dependentanalysis of the plasma
energy.

As a means of quantifying the plasma species constitution and
obtaining a verification of the puzzling ion-energy distribution,
Manzella utilized spectroscopic techniques to interrogate the Hall-
thruster plasma.” In these studies, emission spectroscopy was used
to measure the xenon ionization fractions and plasma temperature”
The emission study determined that the fraction of Xe* was 89%
of the total flow while Xe** comprised 11.9%, with a common
distribution temperature of 0.7 eV. However, the author acknowl-
edged that the Boltzmann equilibrium model used to derive these
values from the data was possibly not well suited to the Hall-thruster
plasma. Although the correct model was identified as a collisional-
radiative equilibrium (CRE) model, no such model was developed
for severalreasonsattributedto the complicatedatomic energy struc-
ture of xenon coupled with alack of experimental dataregarding var-
ious excitation rates. The spectroscopically measured distribution
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energy spread of 0.7 eV seemed to disagree with the RPA data,
which demonstrated a width on the order of 100 V.

The state of research preceding the study reported here reflected
conflicting and uncertain information regarding the ionic compo-
sition and energy within the Hall-thruster plume: the only species
analysis performed required the use of a complex model to achieve
estimates of propellantionizationfraction, whereas the two existing
measurements of ion energy distribution seemed to be inconsistent.
It was apparent that a technique was required 1) to provide a direct
measure of the propellantionizationfractionindependentof a model
regardingthe plasmaequilibriumstate and 2) to measure directly the
energy distribution function of each species using a method that is
sensitive to ionic charge and mass. Based on this need, the construc-
tion of a custom-built molecular beam mass spectrometer (MBMS)
for Hall-thruster plume studies was initiated.

II. Description of Apparatus

The MBMS system used a set of orifice skimmers to admit a
beam of plume ions from the main vacuum chamber into an array
of differentially pumped subchambers. The instrument is shown
in Fig. 1. The subchambers were maintained at high vacuum to
minimize and effectively eliminate collisions involving ions within
the beam. A sampling skimmer orifice was mounted on the upstream
end of the MBMS; this orifice skimmed off a small-diameter ion
beam into the first subchamber. This beam was then collimated by
a second orifice at the downstream end of the first subchamber. The
collimated beam then passed through the entrance slit of a 45-deg
electrostatic energy analyzer. This analyzer employed a constant
electric field such that only ions with a preselected voltage (energy
per charge, since V; = E;/q,.) have a trajectory that permits them
to traverse the exit slit and impinge on a ceramic channel electron
multiplier (CEM). By recording the output current of the CEM as
a function of the electric field strength within the 45-deg analyzer,
the ion energy distribution function was evaluated. A more detailed
discussion of the energy analyzer can be found in Refs. 1 and 8.

Mass analysis was obtained by using an electrostatic beam gate
to chop the ion beam immediately downstream of the inlet skimmer
and to record the time required for an ion to pass from the gate to
the detector: Because the 45-deg analyzer admits only ions with a
preselected value of m; u?/2q to the CEM, ions of differentmass but
the same energy per charge will have differentvelocities and, hence,
will arrive at the detector at different times. The configuration of the
instrument was based on that of Pollard.” The beam gate consists
of two planar electrodes of length d,,. placed on opposing sides of
the ion beam at distance s apart. A large voltage difference (around
1.5kV) is applied between the plates creating a strong electric field
perpendicularto the ion beam line. This field deflects all ions such
that their trajectories intersect the chamber wall. At time ¢ =0, this

In Eq. (2) the driftlength d,,; can be easily measured, the ion volt-
age V; is determined by the 45-deg analyzer, and m, is the atomic
mass constant in kilograms. Thus, by measuring the flight time
tof, the ion mass per charge is easily obtained. A high-speed tran-
simpedancepreampliferwas usedto convertthe CEM outputcurrent
to voltage; this voltage was then postamplified using a fast opera-
tional amplifier circuit. Combining the gain of the CEM with the am-
plifier circuitry yields an overall system gain of 2.5 X 10'* V/A for
the ion beam current. A much more detailed descriptionof this appa-
ratus and the defining design constraints may be found in Ref. 1. A
summary of the MBMS physical parameters is presentedin Table 1.

III. Experimental Setup

The experiments reported in this paper were performedin a 6-m-
diam X 9-m-long stainless-steel vacuum chamber at the University
of Michigan. A detailed description of this facility may be found in
Ref. 10. Background chamber pressure was maintained at less than
4 mPa when the Hall thruster was operatingon approximately5 mg/s
of xenon. The thruster utilized in this research was a flight-model
stationary plasma thruster (SPT) 100 manufactured by the Fakel
Design Bureau. The SPT-100 was operated at nominal conditions
of 300 V at 4.5-A discharge controlled through a power-processing
unit manufactured by Space Systems/Loral. The total propellant
flow rate was 56 standard cubic-centimeters-per-mnute with 7% of
the total flow diverted through the hollow cathode. The SPT-100
was mounted to a rotary table such that the rotation axis coincided
with the center of the exit plane of the thruster. Therefore, by the
rotation of the thruster relative to the fixed MBMS skimmer inlet,
the plasma plume could be sampled as a function of angular position
at a fixed radial distance r from the exit plane. This setup is shown
schematicallyin Fig. 2. The circuitryusedto obtain the time-of-flight
(TOF) spectra and convert the data into mass-per-charge spectra is
shown in Fig. 3.

The centerline (thrust axis) of the thruster was denoted as 0 deg,
with positive theta values representing points in the cathode half-
plane of rotation (the angular position shown in Fig. 2 represents
0 =+90 deg). The angular alignment of the thruster and MBMS
was achieved using a laboratory laser to establish the MBMS beam
line. The laser beam line was used to verify the angular orientation
of the 45-deg electrostatic analyzer to within 0.5 deg; similarly,
the thruster was rotated such that the laser beam line was precisely
aligned with the center of the exit plane of the thruster, as shown
in Fig. 2, establishing the 90-deg position of the SPT-100 to better
than 0.5 deg. Because the relative uncertaintyin angular position of

Table 1 Physical parameters of MBMS
time-of-flight components

. . . . . . Parameter Value
electric field is removed for a period of time lasting 74, Opening
the gate and admitting a pulse of ions to the field-free drift region diof 235m
of length d,,r. Each ion species arrives at the CEM a time f,,¢ after dyate 1.3cm
the start of the gate pulse according to s lem
Dy 5 mm
Deon 3 mm
2 2 co.
Milq; = (doy [ 13:)(2eVi/m,) @)
OILDIFFUSION PUMP
THRUSTER
GATE VALVE
LF
BEAM G\TE—\ \\ = 45DEG.ENERGY ANALYZER
£ S— | - }J — 4
g&mﬁ;g‘f %g%%mERGY IONS
N\
- COLLIMATING,
SKIMMER N
VACUUM | AR )
N
MAIN VACUUM im
TANK WALL v !

AN
ELECTRON

MULTIPLIER

Fig. 1 Schematic of overall configuration of MBMS apparatus showing orientation to main vacuum chamber, thruster mount, and scale size.
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Fig. 2 Experimental setup showing rotary thruster mount and laser
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Fig. 3 Electrical schematic of controlling electronics and data system
for TOF spectrometer.

the rotary table was 0.1 deg, the uncertainty in position for all data
points is 0.5 deg due to initial alignment uncertainty.

The inlet of the MBMS was grounded, while the plasma main-
tained a potential that was somewhathigher than ground. To account
for the instrument-inducedenergy addition as plume ions fell from
local plasma potential to ground potential, a cylindrical langmuir
probe was placed immediately upstream of the skimmer face, out-
side of the sheath formed on the skimmer. The plasma was approxi-
mated as a homogeneous, unmagnetized Maxwellian, and standard
collisionless probe theory was used to deduce the plasma poten-
tial from the current-voltage characteristic!! The deduced value of
plasmapotential was approximately8 V higherthan MBMS ground.
This artificial energy increase was subtracted from the data through
postprocessing.

IV. Results

As a demonstration of the data interpretation principles for the
TOF system, Fig. 4 shows a typical TOF spectrum obtained for a
45-deg analyzer ion pass voltage of 280 V at a position of 0.5-m
radius and 5 deg off axis. The potential difference across the gate
electrodes was maintained at 1.5 kV nominally. At time ¢ =0, this
potential difference was removed with a rise time of 40 ns, open-
ing the ion gate for a time 7y =35 ws. This high-voltage transient
induced switching noise into the facility ground plane, which ap-
peared as a noise burst in the CEM amplifier circuitry; this noise
rapidly decayed after the pulse returning to a zero-currentbaseline.
The transientcurrent peaks appearing in the CEM outputsignal rep-
resentthe arrival of differention speciesat the detector. For example,
from Eq. (2) for 280-V ions, singly ionized xenon with M;/gq; =131
atomic mass unit (amu) would take 120 us to travel the 2.35-m path
and arrive at the detector; this species is seen as the dominant peak.
Doubly ionized xenon has M;/q; =65.5 amu and, therefore, corre-
sponds to the peak seen at # =85 us. The conversion between time
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Fig. 4 Typical TOF spectra for 280-V ions at 0.5 m radius from the
SPT-100 for the point 5 deg off thruster axis: - - - -, beam gate potential
and corresponds to the right axis and ——, ion current measured by
the CEM, which is scaled on the left axis.
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Fig. 5 Typical mass spectrum for 280-V ions derived from data of
Fig. 4.

and mass-percharge can be performed yielding the mass spectrum
shown in Fig. 5. In Fig. 5 the baseline offset displayed after an
intense current peak was due to preamplifier undershoot.

This mass spectrashows the first three ionizationstates of the pro-
pellant, xenon, along with a small population of light gasses with
M;/q less than 30 amu. Many of the characteristics illustrated in
this spectraare typical of all data points. As a result of the quadratic
conversion between arrival time and species mass, the heavier mass
peaks, although equal width in time, are wider in terms of amu than
the lighter masses. Although the peak widths are on the order of
10 amu, this width does not impose any difficulty with mass identi-
fication of propellantions: The leading (left) edge of the mass peak
marks the arrival time of the species and, therefore, the speciesmass,
whereas the peak widthrepresentsthe durationof the gate open time.

In an attemptto identify better the light gasses evidencedin Fig. 5,
the gate pulse was narrowed, and the oscilloscope was configured
to obtain better resolution for these minor species. However, the
extremely short gate-pulse duration necessary to resolve the light
gasses negates any quantitative information that can be obtained
from the species peak height. This phenomenon results from the
physicallengthof the gate region. If the gate open time is shorterthan
the time requiredfor anion to traverse the gate distance dgy , then the
ion mass peak will be attenuated. This principleis fully explainedin
Ref. 1. Regardless of the ambiguous peak height, though, the species
M;/q can still be accurately observed to provide identification of
the plasma components. The resulting minor species spectrum is
shown in Fig. 6.

Based on the problems involved with deriving quantitative infor-
mation for light-gas species, all quantitative analyses were limited
to the ionization states of the heavy propellant, xenon. Thus, mass
spectra were obtained at the fixed position of 0.5 m, 5 deg, as a
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Fig. 6 Minor species identification for 280-V ions at 0.5-m radius from
the SPT-100 for the point 5 deg off thruster axis.
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function of ion voltage with the gate-pulse duration sufficient to re-
solve the ionization states of xenon with full transmission of current
peaks. This was accomplished by using the 45-deg analyzer to de-
fine the pass voltage and by taking a TOF mass spectrum for only
ions with this voltage. To avoid possible confusion, it is emphasized
that the thruster operation parameters of 300-V applied discharge
at4.5 A were not changed during testing; the voltages indicated for
the TOF spectra correspond to the ion energy/g being analyzed in
the MBMS for the fixed thruster discharge. Figure 7 illustrates the
mass spectraobtained for ions with voltages of 168,268, and 368 V
at the fixed SPT-100 operating point of 300 V at 4.5 A. In Fig. 7,
itis clear that the low-energy ion population is dominated by Xe?*
(over 60% of the ions at 168 V are doubly charged), whereas the
high-energy ions are mostly Xe*. Note that in Fig. 7 no attempt
was made to obtain narrow peaks of high mass resolution; on the
contrary, the gate-pulse duration was set excessively long to ensure
the full transmission of the ion current pulses such that the peak
height indicated a true measure of ion density fraction.

V. Discussion

A. Minor Species Analysis

The spectra obtained for identification of the minor species,
shown in Fig. 6, shows results consistent with previous investiga-
tions. In an emission spectroscopic study, Manzella documented

clear evidence of the ingestion and ionization of background gas
from the vacuum facility within the SPT-100 discharge.” Because
of facility pumping imperfections, a trace amount of parasitic back-
ground gas exists within the chamber during testing. This gas con-
sists mainly of atmospheric components, that is, nitrogen and oxy-
gen, with a disproportionate amount of water vapor. The neutral
background gas diffuses into the thruster discharge chamber where
it is ionized and accelerated back out with the propellant ions.
Manzella estimated a quantity of entrained background ions equiv-
alent to 2% of the main propellant flow.”

The minority speciesevaluationreportedhere supportsthe finding
of ingested facility gasses. Because of the molecular dissociationof
the water molecule under electron impact ionization, this species
produces peaks at M;/q =18 (H,O"), 17 (OH"), 2 (H,*), and
1 (H*). The existence of singly ionized carbon in the plume signa-
ture arises from facility effects as well. To prevent material damage
to the vacuum chamber walls immediately behind the MBMS inlet
skimmer becauseof impacting high-energyions, these surfaces were
extensively coated with low-sputter-yield flexible graphite sheets.
Evidence of substantial ablative sputtering of the graphite was ap-
parent as a thin gray film deposited on metallic facility surfaces
during posttest inspections and reconfigurations; ingestion of this
sputtered graphiteis the likely source of the M;/q =12 signaturein
the minority spectrum.

B. Propellant Ionization

Analysis of the propellantionization state was accomplished by
recordingindividualmass spectra for ion voltagesranging from 100
upto 620V at20V increments.Such adatasetenabled the ionization
fraction of each xenon species to be calculated as a function of ion
voltage. The ion species current peaks are related to their respective
iondensitiesthroughthe value of ion charge state: The currentoutput
of the CEM for a given ion voltage and charge state is

L;(Vi,qi) =GCEM€”[\/ 2g;eViIm; (3)

It should be noted that, due to the particle-countingnature of CEM
measurements, the measured output current is not directly propor-
tional to ¢; as might be accepted.! Thus, for a given species, the
density and the current are related according to

ni(q:) o< I(q)) [ a; )

Defining the number density fractionof Xe"* havingenergy/q =V;
as a,(V;) yields

_ IVm [
Y Ve /a

In the analysis of the propellant mass spectra, xenon ions up to
g =3 were readily measured, with no conclusive evidence of Xe**
exhibited in the spectra; complicating the search for Xe** was that
the mass per charge of thisionis 32.2 amu, whichis very close to the
32 amu attributableto singlyionized O, presentdue to parasiticfacil-
ity gasses. Therefore,the mass spectrawere inconclusivein identify-
ing quadruplyionized xenon. The values of a;, were calculated from
an assembly of mass spectra obtained at 20-V intervals of ion volt-
age recordedoverarange from 100 to 620 V (such as those shown in
Fig. 7 forionvoltagesof 168,268,and 368 V). From each mass spec-
trum at a given ion voltage, ¢, was computed according to Eq. (5);
the results are compiled as Fig. 8, which shows a plot of the number
density fraction of the first three ionization states of xenon plotted
as a function of ion voltage. Compared with this plot is the total
(species independent) ion voltage distribution function from Ref. 8.

Figure 8 indicates that the majority of the plume ions have un-
dergone accelerations through approximately 270 V; of these ions,
almost 90% are singly ionized. Although the ion density decreases
for voltages less than 270V, a greater fraction of these low-voltage
ions are multiply charged with nearly 100% of the 110-V ions con-
sisting of Xe?*. The number fraction of Xe** peaks at about 6% of
the ions having voltages of 150 V. For voltages greater than the most

(V) ®)
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Table2 Comparison between MBMS-measured ionization
fractions with values derived from Manzella’s” study®

7

Species ®,, from MBMSP @, from Manzella
Xe* 0.888 0.89

Xe?* 0.110 0.119
Xe3t 0.002 (not measured)

#Optical emission spectroscopy used.
"Uncertainty in MBMS values is approximately 5%.
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Fig. 8 Number density fractions of the first three ionization states of
Xe as a function of ion energy at 0.5 m radius and 5 deg off thrust axis
in the SPT-100; top curve shows value of total ion current as a function
of ion voltage for comparison of total density.

probable voltage, the fraction of multiply charged ions experiences
a slight increase over the compositionat 270 V.

The total number density fractions for all ions in the plume can be
obtained by integratingthe voltage-dependentflow fractionsoverall
voltages. Denoting the overall fraction of ions with charge ¢; =n"
as ®@,,, we have

o, = fo_GWIV) dV ©)
Jo 1(V)ydv

The total flow fractions computed from the MBMS data according
to Eq. (6) and the data of Fig. 8 are compared with the fractions
calculated by Manzella’ using an optical emission spectroscopic
technique at the thruster exit plane; this comparison is shown in
Table 2.

The agreement between the two techniques demonstrated in
Table 2 is excellent, exhibiting only negligible differences. Ad-
ditionally, the MBMS system provided the first ever documenta-
tion of the existence of Xe** within the Hall-thruster plume. Note
that the MBMS-measured ionization fractions were obtained for
the single position of 5 deg off thrust centerline at 0.5 m radius,
whereas the emission spectroscopic fractions represent an integra-
tion over the entire exit plane region of the thruster. Continued stud-
ies of the propellantionizationas a function of spatial position within
the plume are indeed warranted.

Further insight into the propellant ionization and acceleration
mechanism is possible through analysis of the TOF spectra. As
discussed earlier and evidenced by Eq. (1), the existence of multi-
ple ion species presents considerable difficulty in determining the
ion energy distribution function using a method insensitive to ion
charge state. However, by the compilation of the species current
peak heights in the TOF spectra as a function of ion voltage, it is
possible to construct true ion-energy distribution functions inde-

EEssy
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200 300 400 500
lon Energy/q (volts wrt plasma)

Fig. 9 Ion voltage distribution function for each propellant ionization
state in the SPT-100 at 0.5 m radius and 5 deg off thruster axis.

50 oamE | 300
% : 3
o ; : T ®
F 40 T 250 &
P : ; : o
“ A H ; )
NE \\ 200 2
e 30 | 2
- : 3 o
z \ - 150 >
RO : £
=4 i =1
@ —a~ Density
=) -@ Potential — 100 g;_
©
_‘g 10 - "E Te : g_
(0] H - 50 K
=z

: ;

Anode 05 10 15 20 25

3.0 cathode
Distance from Anode (cm)

Fig. 10 Results of Baranov model'® of plasma parameters in Hall-
thruster discharge chamber including neutral atom density (left axis),
electron temperature (left axis), and plasma potential (right axis).

pendently for each ion species in the flow. These data are shown in
Fig. 9.

The species-dependentenergy distributions display some subtle,
yet remarkable, features. The highest most-probable voltage is dis-
played by Xe*, with V,, =274 V, with the peaks in the multiply
charged ions at lower voltages. This finding is consistent with the
ionization and acceleration processes believed to exist within the
thruster discharge chamber as discussed next.

It has been widely documented that the electron temperature
within the discharge chamber attains a maximum in the region of
highest magnetic field strength, which occurs very near the thruster
exit plane.!>!* Indeed, this behavior was displayed in the model
by Baranov!®; Fig. 10 shows the results of his model in predicting
neutral density, electron temperature, and plasma electric potential.

The energy required for the first ionization of neutral xenon
is 12.1 eV, whereas the second ionization potential is 21.21 eV
(Ref. 14). Therefore, as the neutral atoms travel from the anode to-
ward the exit plane, the initial electron collisions will have sufficient
energy for single ionization, but insufficient energy to form a mul-
tiply chargedion; formation of the multiply charged ions will occur
farther downstream, where the electrons are hotter and, as a result
of the distribution of plasma potential, experience less accelerating
voltage. The ionization potential of Xe** is 32.1 eV (Ref. 14). This
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would imply that the most-probable voltage of the triply charged
ion should be less than that of Xe**. However, Fig. 9 shows the dis-
tribution peak for Xe3* to be 255 V whereas Xe?* exhibits a peak
at 235 V. This behavior is contrary to the ionization and acceler-
ation mechanism described earlier. The reason for this anomaly is
believed to stem from uncertainty in determining the peak heights
corresponding to Xe3* in the TOF spectra compiled in Fig. 9: Be-
cause the triply charged xenon ion represented only 0.2% of the
total mass flow, the current peaks were extremely small and occa-
sionally difficult to resolve in the TOF spectra. Combined with the
20-V resolution obtained by acquiring TOF spectra in 20-V inter-
vals, this uncertainty could be responsible for a 20-V uncertainty in
most-probable voltage location for the (V) curve.

C. Comments on the High-Energy Tail

As discussed in the Introduction, the existence of a high-energy
tail within the measured energy distribution of Hall thrusters has
eluded explanation. A detailed discussionof the mechanismrespon-
sible for this feature may be found in Ref. 1. A brief account of this
phenomenon will be presented here.

The accelerating potential available for propellantionsis fixed by
the voltage applied between the anode and the cathode of the Hall
thruster, which, for the SPT-100, is 300 V. If the plasma is assumed
to consistentirely of ¢ =1 ions, then the existence of ions possesing
equivalentaccelerationvoltages greater than 300 V is indeed physi-
cally prohibited. However, the confusionis easily removed through
the realization of a collisional multispecies plasma and proper iden-
tification of the filtering characteristics of electrostatic analyzers
such as RPAs and the 45-deg configuration used in this study.

There exist two different collisional effects capable of producing
the anomalous distributions observed in this paper. To understand
how the first colisional effect can produce ions with apparent volt-
ages greater than that applied to the discharge, it is important to
realize the nature of electrostatic analyzers. As discussed fully in
Ref. 1, such techniquesdo not measure true ion energy, instead they
measure the equivalention voltage, which is the energy per charge
(V; =E;/qe). Thus, a change in the ion charge state occuring af-
ter the initial acceleration can have drastic effects on the measured
distribution. Consider, for example, the Xe** voltage distribution
displayed in the top of Fig. 9. As shown in the data, the majority
of Xe** ions experienced an acceleration, or energy per charge, of
approximately 250 V. The occurrence of a single-electron charge
exchange collision with neutral facility background gas can trans-
form this ion to Xe** with no change of kinetic energy. Thus, on
detection in the MBMS or RPA, this ion will appear as Xe** with
a voltage (energy per charge) of = times its orlgmal value of 250V,
or 375 V. Examining the dlstrlbutlon of Xe?* from Fig. 9 indeed
indicates a small population centered exactly at 375 V. This feature
also appears in the bottom of Fig. 8, where the fraction of Xe?*
is elevated near 375 V due to the population of this regime by the
charge-exchange collisions from the more energetic Xe**. Further
documentation of such high-energy bumps in the distribution can
be found in Ref. 15, which include additional convincing evidence
of high-energy distributions occurring at two times the acceleration
voltage arising from charge exchange transforming an Xe?* into an
Xe*.

The second mechanism contributingto the high-energytail is also
apparentin the data presented in this study. This scenario involves
energy transferbetweenionic species through momentum exchange
collisions. Because of the nature of the electrostatic acceleration, a
doubly charged ion will achieve twice the kinetic energy of a like-
mass singly charged ion when subject to the same voltage. Thus,
the Xe?* is traveling at a greater velocity than the Xe* on emission
from the thruster. Elastic collisionsbetween these two species, then,
will resultin the Xe* being speeded up by the overtaking Xe?*, with
a corresponding loss of velocity for the Xe?* product. These col-
lisions will result in the growth of a high-energy tail on the Xe™*
distribution, which must decay to zero at two times the maximum
voltage of the Xe?* reactants (about 600 V in this case because the
Xe2* reactant distribution decays to zero at 300 V) because this
value represents the maximum energy available from the energetic

Xe?* collision partner. Similarly, the Xe?* distribution obtains a
corresponding low-energy tail decaying to zero at a voltage of one-
half the minimum voltage of the Xe* reactant, or approximately
100 V for the conditions reported here. This behavior is strongly
suggested by the data shown in Fig. 9, where the Xe?* curve dis-
plays the expected low-energy tail in concert with the high-energy
counterpart of the Xe* distribution.

D. Ion Temperature

The spectroscopicdata of Manzella indicated an ion temperature
of 0.7 eV in the xenon plasma of the SPT-100 plume.” When com-
pared with the RPA and MBMS-measured ion energy distributions,
which have widths on the order of 100V (see Fig. 8), itis not readily
apparent if these two indications of the ion-energy spread are con-
sistent. Indeed, much controversy has surrounded this contradiction
in the two methods. Upon proper analysis, however, it will be shown
that these two independentmeasurements of the ion temperature are
in excellent agreement.

To define the temperature, this analysis will assume a Maxwellian
distribution imposed on a drifting reference frame:

fu) = /Bl 7 exp[—Bu; —uy)?] (7)

where u, is the mean ion speed and B =m;/2kT;. Note that u; =
(2E;/ m;)"?; this distribution can be written in terms of the ion
energy distribution F'(E;), through the transformation

du;  F(V2ZETm;)

FE) = fu) g === (®)

Define E, as the maximum of the energy distribution function, or
equivalently the most-probable energy, such that
dF

iE =0 ©)

YE; =E,

It is possible to relate the equivalent ion drift velocity to the most-
probable energy as

ug = 2E,Im; + (1/2B)/m;/2E, (10)

Thus, the correct drifting Maxwellian energy distribution is com-
puted from Eq. (7) as

PEN = |—B 2B J2E, 1 [mi
ED =\ 2w E P P\ VT 25 2E,
(1D

Now, define E_, as one of the two energy values where F(E;) falls
by a factor of e™! from its peak, namely, F(E_;) =e™'F(E,). The
equation

. E, { [(/219 . [E, 1 [m )2
el = exp _——— =
E—l m; Zﬁ 2Ep
2
1 m;
- (ﬁ 2_Ep> :“ (12)

can be solved for 3, and, hence 7}, with the result that
kT (g -1)?
13
E,, & — fne (13)

where e= \/(E_,/E,).

With the preceding analysis, the measured total ion voltage dis-
tribution displayed in the top of Fig. 8 can be analyzed to yield
measurements of the equivalention temperature, under the simpli-
fying approximation that the flow is entirely Xe*, so thatg =1 and
E; =eV,,

kT, (e —1)?

Ty=— =2y 14
v e g—loe ! (14)
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where Ty is theion temperatureexpressedin electronvoltsand V), is
the most-probableion voltage. From the data of Fig. 8, V, =267V,
whereas V_; =295 and 237 (V_, is the value of voltage where the
distribution falls by a factor of e™! from its value at V,). By use
of Eq. (14), two values of ion temperature are computed as 0.69
and 0.90 eV, dependent on which of the two V_; points are used.
Althoughnot apparentfrom a cursory inspectionof the MBMS data,
proper analysis shows these resultsto be in excellentagreement with
the value of T,y =0.7 eV obtained by Manzella.”

V1. Conclusions

The MBMS provideda directmeasurementof the ionizationfrac-
tion of the propellant within the SPT-100 plume independent of a
model describing the plasma equilibrium state. These values com-
pared very well with the same quantities measured previously using
an emission spectroscopic techinque. Thus, it can be confidently
assumed that the plume plasma in the SPT-100, when operating
nominally at 300 V, 5 mg/s, is composed of 89% Xe*, 11% Xe**,
and less than 1% Xe3*, with a heavy-particledistribution tempera-
ture between 0.69 and 0.90 eV.

In addition to an analysis of the majority propellant ions, the
MBMS confirmed the existence of entrained background gasses
caused by vacuum facility imperfections. These gasses were ev-
idenced by the appearance of nitrogen, oxygen, and water vapor
within the high-energy plasma mass species. Ground-test facility
interactions were also manifested by the appearance of carbon ions
within the plume caused by sputtering of protective graphite used
in the proximity of the thruster.
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