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Deep Space One (DS1) is the � rst interplanetary spacecraft operated on solar electric propulsion. One of the
primary investigations of DS1 is to characterize ion propulsion-induced plasma interactions and their effects on
spacecraft andsolarwindmeasurementsbasedon two plasmadiagnosticpackages.The � rst in situ measurements of
an ion propulsion-induced plasma environment obtained from an interplanetary spacecraft are reported. Analysis
of the measurements reveals interesting correlations between the induced charge-exchange plasma environment
and thruster operating conditions. Sensors near the thruster exit measured charge-exchange ions with a number
density of » 106 cm¡ 3 and a current density of » 10¡ 7 A/cm ¡ 2 under typical thruster operating conditions, a
result in good agreement with pre� ight predictions based on computer particle simulations. Observations on the
opposite side from the thruster suggest that the dominant factor for charge-exchange ion back� ow is the potential
distribution surrounding the spacecraft rather than the charge-exchange ion production rate.

Nomenclature
An = ion optics � ow-through area
Eb , Ecex = beam ion energy and charge-exchangeion

energy, respectively
Ib , Icex = beam ion current and charge-exchangeion

current, respectively
Jb0 = average beam ion current density at the thruster

exit
Jcex = charge-exchangeion current density
Çmd , Çmm , Çmc = discharge chamber � ow rate, main � ow rate, and

cathode � ow rate, respectively
mXe = xenon atom mass
ÇNn = neutral Xe particle � ux
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nb0 ,nn0 = average number density at the thruster exit for
the beam ions and the neutrals, respectively

ncex = charge-exchangeion number density at the ion
propulsion diagnostic subsystem (IDS) location

ncex0 = average number density at the thruster exit for
the charge-exchangeions

q = electric charge
Te = electron temperature
vb , vcex = beam ion drift velocity and charge-exchangeion

velocity, respectively
g d = discharge propellant ef� ciency
r cex = charge-exchangecollision cross section
U IDS = local plasma potential at the IDS location
U p = plasma potential within the plume
U scg = potential of the spacecraft ground

I. Introduction

N ASA’s new millenniumDeep Space One (DS1) mission marks
the beginningof interplanetarymissionsusing spacecraftoper-

atedwith solarelectricpropulsion.The DS1 spacecraftwas launched
on 24 October 1998. Using a 30-cm-diam xenon ion thruster as its
primary propulsion system, DS1 successfully� ew by asteroid 9969
Braille on 28 July 1999 and is currently on a trajectory for a possi-
ble encounter with comet Borrelly in 2001. A primary objective of
DS1 is to � ight validate solar electric propulsion for interplanetary
science missions, including the characterizationof ion propulsion-
induced interactions and their effects on spacecraft payloads, sub-
systems, and solar wind measurements.

For a spacecraft operating with an ion thruster, there is a contin-
uous exhaust plume composed of both the propellant ef� ux and the
nonpropellantef� ux. In ion thrusters,propellantions are accelerated
electrostaticallyby a system of grids to form a high-velocity beam
(typically with an energy of about 1 keV). Electrons are emitted
from a neutralizerfor neutralizationof the ion beam. The propellant
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that remains un-ionized also � ows out of the thruster exit at a ther-
mal speed correspondingto the thrusterwall temperature ( » 500 K).
Charge-exchangecollisionswill occurbetween the fast movingpro-
pellant ions and the slowmovingneutrals that generateslow moving
ions and fastmovingneutrals.(Some neutralsmay also becomepho-
toionized.)The nonpropellantef� ux comes fromthe materialeroded
and sputtered from the thruster and the neutralizer.A fraction of the
sputteredparticles can also become ionizeddue to charge-exchange
collisionswith the propellant ions or electron impact ionizations. It
has long been recognized that the ion thruster plume may lead to
a variety of plasma interactions and plume contaminations; hence,
both science and engineering concerns have been raised over the
potential effects from ion thruster operation.

One of the major concerns is the low-energy plasma generated
within the plume, which is mostly due to charge-exchangecollisions
between thepropellantions and theneutrals. It is well known that the
low-energy charge-exchange ions generated within the plume can
be pushed out of the plume by the local electrostatic potential and
back� ow to interactwith the spacecraft.Although charge-exchange
plasma interactions have been a subject of extensive experimental
and theoretical studies (for example, see Refs. 1–4 and references
therein), there havebeen few comprehensivein-� ight investigations
due to a lack of � ight opportunities.

Ion thrusters have never been � own on an interplanetary space-
craft. Although a few in-� ight investigations have been attempted
aboardEarth-orbitingspacecraft,suchas theexperimentsconducted
on theSERT II (Ref. 5 and 6) spacecraftin a polarorbit for a mercury
ion thrusterand on the ATS-6 (Ref. 7) spacecraft in geosynchronous
orbit for a cesium ion thruster, almost all existing experimentaldata
on ion thrusterplumeareobtainedfromgroundtestsof ion thrusters,
with the majority of the data obtained for mercury and cesium ion
thrusters.1 Because thedensitydifferencebetween theplumeand the
ambientplasma greatly in� uences the plume potentialrelative to the
ambient, which in turn in� uences the dynamics of charge exchange
ions, charge-exchangeplasma interactions may differ signi� cantly
in differentambient plasmas.8 Because it is impossible to create in a
vacuumtanka plasmaenvironmentsimilar to thatunder typicalsolar
wind conditions, it is dif� cult to quantitatively predict ion propul-
sion induced plasma interactions for an interplanetary spacecraft
based on ground test data.

Fig. 1 DS1 spacecraft.

The DS1 mission provides the � rst ever comprehensive in-� ight
investigations of ion propulsion-induced interactions and their ef-
fects. This paper reports analysis of the � rst in situ measurements
of an ion propulsion-induced plasma environment obtained from
an interplanetary spacecraft. The investigation of ion propulsion
plasma environment is carried out by investigatorsfrom Jet Propul-
sion Laboratory (JPL), Southwest Research Institute (SwRI), and
Los Alamos National Laboratory (LANL) under both DS1 mis-
sion science investigationsand the NASA solar electric propulsion
technologyapplicationreadiness (NSTAR) program.This paper fo-
cuses on plasma measurements of the charge-exchangeXe plasma.
Contamination measurements of the nonpropellant species are re-
ported elsewhere.9 Section II describes the DS1 ion thruster and
instrumentation.Sections III and IV discuss the characterizationof
the ion thruster-inducedplasma environment. Section V contains a
summary and conclusions.

Fig. 2 IDS.

Fig. 3 Schematic diagram of PEPE.
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II. Spacecraft Description
NSTAR Ion Thruster

The DS1 spacecraft is shown in Fig. 1. A detailed description of
the spacecraft can be found in Ref. 10.

The � ight ionpropulsionsystemwas developedunderthe NSTAR
program, a joint JPL/NASA John H. Glenn Research Center at
Lewis Field effort with industry participation from Hughes Elec-
tron Dynamics (HED), Moog, Inc., and Spectrum Astro, Inc. The
30-cm-diam xenon NSTAR thruster, fabricated by HED, has an

Fig. 4 Thruster parameters obtained from DS1 � ight data for S-peak, 22 January 1999.

input power range of 500–2300 W. The propellant Xe+ ions are
accelerated through a molybdenum grid to form a beam with an
energy up to 1100 eV (exit beam velocity of vb ’ 3.5 £ 106 cm/s)
and a current up to 1.8 A. At full thrust level, the thruster produces
a thrust of 92 mN and a speci� c impulse of about 3100 s. The pro-
pellant ions form a divergent beam with a divergence half-angle
of about 15–20 deg due to the curvature of the thruster exit sur-
face. The ion beam is kept quasi neutral by electrons emitted from
the neutralizer.The propellant that remains un-ionized � ows out of
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the thruster exit in free molecular � ow with a thermal speed corre-
sponding to the thrusterwall temperatureof » 500 K (0.04 eV). The
density of the neutral plume typically remains quasi steady due to
the low charge-exchangecollision rate. A detaileddescriptionof the
in-� ightvalidationof the NSTAR ion thrusteris discussedin Ref. 11.

Instrumentation
DS1 carries two science instrument packages, the miniature in-

tegrated camera and spectrometer (MICAS) and the plasma exper-
iment for planetary exploration (PEPE), and one ion propulsion
diagnosis package, the ion propulsion diagnostic subsystem (IDS).
Ion propulsion related investigations are based on IDS and PEPE
measurements. IDS is located near the ion thruster exit. PEPE is
located on the upper spacecraft surface at the opposite end from the
thruster (see Fig. 1).

IDS
The IDS is an integrated, comprehensive set of diagnostics de-

signed to characterize ion propulsion-induced environments and
contaminations.IDS was developedby theNSTAR projectat JPL, as
part of the NSTAR ion propulsionsystem. IDS, shown in Fig. 2, has
two interconnectedhardwareunits: the diagnosticssensorselectron-
ics unit (DSEU) and the remote sensors unit (RSU) and integrates a
suite of 12 diagnosticsensors.The plasma environmentis measured
by a retarding potential analyzer, a planar langmuir probe, and a
spherical langmuir probe. The contamination environment is mon-
itored by two quartz crystal microbalances and two calorimeters.
Electrostatic and electromagneticnoise measurements are made by

Fig. 5 Time history of IDS-RPA sweep for S-peak; time shown is in spacecraft clock starting from about 9:35 p.m.

a plasma wave antenna and a search coil magnetometer. Magnetic
� eld measurements are made by two � ux gate magnetometers.The
two � ux gate magnetometers are provided by the Technical Uni-
versity of Brunswick, and the plasma wave antenna is provided by
TRW, Inc.The rest of the sensorsare built at JPL. The contamination
and plasma sensors are mounted on the RSU and the � eld sensors
are mounted on the DSEU.

As the focus of this paper is on the induced plasma environment,
we will only analyzedata obtained from the IDS retarding potential
analyzer (RPA) and the IDS planar langmuir probe (LP1). IDS-RPA
and IDS-LP1 are collocated at about 75 cm from the thruster cen-
terline (see Fig. 1). IDS-RPA has a voltage range of 0 to +100
Vdc and a current range of 0–100 l A. The opening to the RPA is
20 cm2 . IDS-LP1 has a voltage range from ¡ 12 to +12 Vdc and a
current range from ¡ 0.5 to +40 mA. The current collecting area of
IDS-LP1 is 50 cm2 .

PEPE
The PEPE is a novel state-of-the-art plasma sensor developed

by SwRI and LANL. The main objectives of PEPE are to study
solarwind plasma physics,cometaryplasma processes,and asteroid
environments and to contribute to the evaluation of ion thruster-
induced plasma environment.

Figure 3 is a schematic diagram of the PEPE instrument in cut-
away view showing the major elements. The main components of
PEPE include miniaturized electrostatic analyzer optics and linear
electric � eld time-of-� ight mass spectrographs. PEPE simultane-
ously measures the differential � ux of electrons and mass-resolved
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Fig. 6 IDS-RPA sweep curve averaged for each thrust level.

ions over a solid angle range of 2.8p sr and an energy/charge range
of 8–33,500 eV/q. Mass/charge is resolved using a unique time-of-
� ight system with a mass range of 500 atomic mass unit (amu)/q
and resolution M / d M =30. Hence, the two major species emitted
by the ion thruster, propellantXe and sputteredengine material Mo,
can be easily distinguished from the solar wind protons. PEPE’s
sensitivity is approximately 10 ¡ 2 cm2 ¢ sr¢ eV/eV for electrons and
10 ¡ 3 cm2 ¢ sr¢ eV/eV for ions. PEPE has an elevation angle range

from ¡ 45 to +45 deg and an azimuthal angle of the full 360-deg
range (minus spacecraft obstructions). The observed solid angle is
resolved into 256 angular pixels of 5 £ 22.5 deg for electrons and
varying pixel sizes of 5 £ 5 deg up to 5 £ 45 deg for ions. Electro-
static de� ection optics are employed to scan the PEPE � eld of view
(FOV) by §45 deg in elevation angle once every 0.51 s. PEPE ob-
tains a full three-dimensionalscan in both energyand angle in about
65.5 s. PEPE data are analyzedby casting the detectorcountingrates



550 WANG ET AL.

in the form of three-dimensional velocity distribution functions in
phase space.

III. Characterization of Ion Thruster-Induced
Plasma Environment

In this section, we present an initial characterization of the
ion propulsion-induced plasma environment for DS1 based on
IDS-RPA, IDS-LP1, and PEPE measurements.During the time be-

Fig. 7 IDS-LP1 sweep curve averaged for each thrust level (note scale change in middle panel).

tween the initial start of the ion engine in late November 1998 and
the completion of the deterministic thrusting for the encounterwith
asteroidBraille in July 1999, the ion propulsionsystem operated for
a totalof 1791h at enginepower levelsrangingfrom0.48 to 1.94kW
(Ref. 11). High-quality data were collected by IDS and PEPE for a
variety of engine operating conditions. We focus on measurements
obtainedduring a DS1 activity called S-peak. The S-peak data set is
of particular interest because thrusting during S-peak reached one
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of the highest power levels in the entire DS1 mission, which is also
the highestengine power level among all of the operatingconditions
covered by simultaneous IDS and PEPE measurements.

Ion Thruster Operation: DS1 S-Peak
The DS1 S-peak activity occurred on 22 January 1999. S-peak is

designed to determinethe peakpower point for the Solar Concentra-
tor Arrays with RefractiveLinear ElementTechnology(SCARLET)
arrays.Both IDS and PEPE were operatingbefore,during, and after
the S-peak activity.

The S-peak thrustingstarted at 2136 Paci� c daylight time (PDT).
The thruster operation stepped through three thrust levels, starting
at a low thrust level, then stepping to a medium thrust level, and
� nally a high thrust level.On the � ight throttle table, the three thrust
levels are de� ned as mission levels (ML) 6, 36, and 83, respectively.
Thrusting stoppedat 2217 PDT. Figure 4 shows several key thruster
performance parameters obtained from � ight data, including beam
currentand voltage,propellantef� ciency,and � ow rates.The values
of beam current Ib , beam ion energy Eb , and discharge propellant
ef� ciency g d are also listed in Table 1. The speci� c impulses for the
three thrust levels are approximately1972,2935, and 3189 s for ML
6, 36, and 83 respectively.11 The engine input power ranges from
0.47 kW at ML 6–1.82 kW at ML 83. ML 83 is one of the highest
power levels at which the thrusterhas operatedduring the entireDS1
mission and produces the highest speci� c impulse among all of the
throttle levels. Because of the short S-peak time, the propellant � ow
had not reached an equilibrium state.

Fig. 8 Spectrogram for single ions measured by PEPE: top, ion energy per charge in eV/e; middle, ion distribution in elevation angle; and bottom,
ion distribution in azimuth angle.

To benchmarkthe inducedplasma environmentat different thrust
levels,we estimate the averagecharge-exchangeion productionrate
at thruster exit from these thruster parameters. The average charge-
exchange ion production rate at the thruster exit is given by

dncex0

dt
= nb0nn0vb r cex (1)

where nb0 is the averagebeam ion densityat the thruster exit, nn0 the
average neutral density at the thruster exit, vb the beam ion velocity,
and r cex the charge-exchangeion collision cross section.

One can estimate nn0 from the measured main � ow rate, cathode
� ow rate, and the discharge propellantef� ciency g d . Assuming that
the un-ionized propellant exits through the grids in free-molecular
� ow with a temperatureclose to that of the thruster dischargecham-
ber walls, Tw , density nn0 can be calculated from

nn0 = ÇNn An 8kTw / p mXe (2)

Table 1 S-peak thrust conditions, 22 January 1999

Thrust level Ib , A Eb , eV g d

ML 6 0.52 649 0.32
ML 36 0.82 1003 0.52
ML 83 1.40 1095 0.88
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where ÇNn is the number of Xe particles per second and is converted
from the dischargechamber � ow rate, Çmd = (1 ¡ g d )( Çmm + Çm c). An

is the � ow-through area through the grids and is about 0.24 of the
thruster exit area for the NSTAR thruster. Cross section r cex can be
estimated from curve � tting of the measured collision cross section
for Xe+ ¡ Xe charge-exchange2,12

r cex = (k1 vb + k2)
2 £ 10 ¡ 16 cm2 (3)

where vb is beam ion velocity in meters per second, k1 = ¡ 0.8821,
and k2 =15.1262. For the three thrust levels considered, r cex ranges
from 3.65 £ 10 ¡ 15cm2 for ML 6–3.37 £ 10 ¡ 15cm2 for ML 83. The
calculated beam plasma density, neutral density, and the charge-
exchange ion production rate near the thruster exit are listed in
Table 2. Note that all of the parameters listed in Table 2 are averaged
estimationsat each thrust level becausethe thrusterdidnothave time
to reach its equilibrium condition during S-peak.

Table 2 Parameters at thruster exit for S-peak

Thrust Jb0, vb , nb0 , ÇNn , nn0 , dncex0 /dt ,
level A/m2 km/s 1/cm3 1/s 1/cm3 1/cm3s

ML 6 7.36 29.8 1.54 £ 109 6.2 £ 1018 1.4 £ 1012 2.3 £ 1013

ML 36 11.6 37.0 1.96 £ 109 4.3 £ 1018 0.95 £ 1012 2.4 £ 1013

ML 83 19.8 38.7 3.22 £ 109 1.1 £ 1018 0.23 £ 1012 1.0 £ 1013

Fig. 9 Spectrogram for electrons measured by PEPE: top, electron energy; middle, electron distribution in elevation angle; and bottom, electron
distribution in azimuth angle.

Charge-Exchange Plasma Measured by IDS
Figures 5–7 show the data obtained from IDS-RPA and IDS-LP1

during S-peak. Figure 5 shows the time history of the IDS-RPA
sweep from before the start of ion thruster operation through thrust
level ML 83. (The time in Fig. 5 is labeled by spacecraft clock.)
Figure 6 shows the averaged IDS-RPA sweep curve at each thrust
level. (The bumps in the curves for ML 6 and ML 83 are due to
interference from the collocated IDS-LP1, which was performing
voltage sweeps at the same time.) Figure 7 shows the averaged
IDS-LP1 sweep curve at each thrust level.

As shown in Fig. 5, the IDS-RPA started to collect an ion current
as soon as the ion thruster started � ring. The sudden change in
the saturated ion current corresponds to the change in thrust level.
The voltages measured by the RPA and LP are all relative to the
spacecraft ground. From Fig. 6, we can obtain the ion current and
ion energy relative to the spacecraft potential for each thrust level.
From Fig. 7, we can obtain the local plasma potential relative to
the spacecraftpotential and the electron temperature for each thrust
level. Table 3 lists these results.

Table 3 IDS results

Thrust level Icex , l A Ecex , eV Te , eV U IDS ¡ U scg, V

ML 6 2.2 15 1.17 6
ML 36 2.4 14 1.33 5
ML 83 1.8 19 2.09 4
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The observationsshow that the saturated ion current collected by
IDS-RPA increased from » 2.2 to » 2.4 l A when the thrust level
changed from ML 6 to ML 36 and decreased to » 1.8 l A when the
thrust level changed from ML 36 to ML 83. The average energy
(relative to spacecraft ground) of the ions collected ranges from
14 (at ML 6 and ML 36) to 19 eV (at ML 83). The local plasma
potential(relative to spacecraftground) at IDS location is from 6 (at
ML 6) to 4 V (at ML 83). The local electron temperature is about
1–2 eV.

Because IDS is located well outside of the primary plume re-
gion (see Fig. 1), the ions collected by IDS-RPA are the charge-
exchangeions transportedoutwardfromthe primaryplume.We next
derive the charge-exchangeion characteristicsfrom the IDS results.
We denote U p , U IDS, U scg to be the average electrostatic potential
inside the thruster plume, the potential at the location of IDS, and
the potential of the spacecraft ground, respectively. As the charge-
exchange ions originate from the very cold neutrals (temperature
0.04 eV), the ion energy measured by RPA represents the difference
between the electric potential inside the plume (where these charge-
exchange ions are produced) and the spacecraft ground potential,
U p ¡ U scg . From the charge-exchangeion energymeasuredby IDS-
RPA and the local plasma potential measured by IDS-LP1, we � nd
the difference between the plume potential and the local plasma
potential

U p ¡ U IDS = ( U p ¡ U scg) ¡ ( U IDS ¡ U scg) (4)

Hence, the average energy of the charge exchange Xe+ ions col-
lected by IDS is Ecex = e( U p ¡ U IDS), which gives the averageXe+

ion velocity at the IDS location

vcex = 2e( U p ¡ U IDS) / mXe (5)

From the charge-exchange ion current density measured by RPA,
one � nds the charge-exchangeion density at the IDS location:

ncex = Jcex /evcex (6)

The results of the charge-exchange ion plasma environment are
listed in Table 4.

We � nd that the current density associated with charge exchange
ion out� ow is about 10 ¡ 7A/cm2, and the charge exchange ion den-
sity at the IDS location is about 106 cm ¡ 3. Not surprisingly, the
differencesbetween the charge-exchangeion densitiesat each thrust
level correlate to the changes in the charge-exchange ion produc-
tion rate estimated in the preceding section. When thrust level
changed from ML 6 to ML 36, an increase in the beam ion cur-
rent drove up dncex0 / dt , and hence IDS-RPA observed an increase
in charge-exchangeion collection.When thrust level changed from
ML 36 to ML 83, even though the beam ion current increased,
a more signi� cant decrease in the neutral density due to high g d

drove down the dncex0 /dt , and hence IDS-RPA observed a decrease
in charge-exchangeion collection.

The observationsshow that the plume potential increases signi� -
cantly as beam current increases.This is not surprising.The propel-
lant plasma plume is a mesothermal plasma, that is, vti ¿ vb ¿ vt e,
where v ti , vb , and v te are the ion thermal velocity, ion beam veloc-
ity, and electron thermalvelocity,respectively.When a high-density
plasma expands into a more dilute plasma under the mesother-
mal process, the plasma potential decreases as the plasma density
decreases. Hence, a larger density difference between the plasma
sourceand the ambientplasma yieldsa higherpotentialat the source
relative to the ambient. The observations also show that there is an
increase in electron temperature as beam current increases. This is

Table 4 Induced plasma environment at IDS

Thrust U p ¡ U IDS, Jcex , vcex , ncex ,
level V ( U p ¡ U IDS) / Te A/cm2 km/s cm ¡ 3

ML 6 9 7.7 1.1 £ 10 ¡ 7 3.45 2 £ 106

ML 36 9 6.8 1.2 £ 10 ¡ 7 3.45 2.2 £ 106

ML 83 15 7.2 0.9 £ 10 ¡ 7 4.46 1.2 £ 106

probablybecausethe electronsemitted from the neutralizerundergo
a stronger acceleration and heating from the stronger electrostatic
� eld associatedwith higher plume potential. Observe that, whereas
the plume potential U p ¡ U IDS differs by 60% between the low and
high thrust levels, the ratio of the plume potential to the electron
temperature is relatively a constant at about ( U p ¡ U IDS) / Te » 7.

Charge-Exchange Plasma Measured by PEPE
PEPE is locatedon the opposite side of DS1 from the ion thruster

to minimize the effects from ion thrusteroperation.However, during
ion thrusteroperation,PEPE also measured signi� cant Xe+ ions.As
already discussed, PEPE FOV scans above and below the plane of
the ecliptic and views 360 deg instantaneously in the orthogonal
direction.

Figure 8 is a color spectrogram showing ion counts measured
by PEPE as function of time for a time period containing S-peak
on 22 January 1999. The spectrogram covers a time period from
2100 to 2400 PDT. The top panel displays ion energy per charge
in electron volt per electron charge, the middle panel shows the
measured ion distribution in elevation angle, and the bottom panel
shows the distribution in azimuth angle (see Fig. 1). The colors
correspond to the particle counting rate. The color scale on the right
gives the count level logarithmically.

The band of high count level just above 1000 eV is from the solar
wind protons.What is notable,however, is the high count rate begin-
ning at about2204at about15–35 eV, correspondingto the period in
which IPS was operatingat the ML 83 level (see Table 1). The eleva-
tionandazimuthpanels showthat these ions reachPEPE from thedi-
rectionof the thrusterbeam.Spectrogramshowingthe time-of-� ight
mass spectrum response of PEPE also showed a broad count rate
peak during this period, which corresponds in mass/charge to Xe+ .
The energyof Xe+ measuredby PEPE correspondsto that measured
by IDS-RPA during ML 83. Thus, PEPE has conclusivelyshown the
presence of low-energy charge-exchangeXe+ ions during ML 83.

Figure 9 is a similar color spectrogram,but for the electronsmea-
sured by PEPE. The color scale is given logarithmically in the top
panel and is given linearly in the middle and bottom panels. The
lower limit of electron energy sweep was normally set at 8 eV, as
shown in the time periodof 2230–2400,when the thruster is off. The
high countnear the low-energycutoff is due largely to the photoelec-
troncloudsurroundingthe spacecraft.This is a normal occurrencein
sunlight.There is anotherbroadpeak at about30–40eV, correspond-
ing to the peak in the solarwindelectrondistribution.OngoingPEPE
investigationssuggest that the second peak may also exhibit effects
from differentialchargingcaused by the SCARLET solar array.The
SCARLET solar array has a potentialdifferenceof 100 V. The neg-
ative end of the solar array is groundedat the spacecraft.The wiring
of the solar array is such that the solar array has an exposed edge
of +50 V above spacecraft potential. Hence, the solar array could
accelerate some photoelectrons into the higher energy population.

In the time period prior to 2230, the lower limit in electronenergy
sweep was increased to about 15 eV to avoid a possible overload
of the detector because very high count rates had been measured
during previous ion thruster operation.Coincident with ion thruster
operation,Fig. 9 shows that the electron count rate from 15 through
30–40 eV also increases above background.This indicates that ion
thrusteroperationalso producesa low-energyelectroncloud around
DS1 denser than that of photoelectrons.This is apparentlycausedby
the electrons that drift out of the plume with the out� owing charge-
exchange ions to keep the charge-exchangeplasma quasi neutral.

The potential of an interplanetary spacecraft is typically a few
volts positive relative to the ambient due to photoelectronemission.
Because PEPE’s energy range starts at 8 eV for both ions and elec-
trons, it is notpossibleto make an accurateestimateof the spacecraft
chassis potential based on PEPE measurements because of this en-
ergy cutoff. However, Figs. 8 and 9 show little change in the energy
correspondingto the peak in both the solar wind electronand proton
distributionswhen the thrusterwas operating.This suggests that any
change in spacecraftpotentialdue to ion thrusteroperation is within
the range of PEPE energy cutoff.

Figure 9 also shows that, coincident with the entire ion thruster
operating period, there is a contraction from about 60 to about
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40 eV in the energy spectrumfor the high-energyelectrons. It could
be because the ion beam and charge-exchange ions signi� cantly
changed the sheath structure surrounding the spacecraft for solar
wind electron collection. The exact cause of this contraction, how-
ever, is still not clear.

IV. Discussion
Recently, several computer particle simulation models have been

developed for ion thruster charge-exchange plasma.2 ¡ 4,13 ¡ 15 In
Ref. 4, a three-dimensional electrostatic PIC code coupled with
a Monte Carlo collision calculation is used to model the charge-
exchange plasma from the DS1 ion thruster. They predicted that,
under typical thruster operating conditions, the out� ow of charge-
exchange Xe+ should lead to a Xe+ density of 106cm ¡ 3 and a Xe+

ion current density of 10 ¡ 7A/cm2 at the IDS location. Similar re-
sults were also obtained in Refs. 13 and 14 using a two-dimensional
axisymmetric � nite element particle code. The IDS measurements
appear to be in good agreement with these pre� ight predictions.

To model PEPE collectionof Xe+ ions requiresone to � rst obtain
the electric � eld in the vicinityof DS1 and then trace the trajectories
of the Xe+ ions from their origin in the thruster plume to PEPE’s
FOV. Such a calculation requires information on the distribution
of spacecraft charging potential on DS1 surface. Because of the
lack of such information, previous simulations4,13,14 have not stud-
ied the detailed effects of spacecraft potential on Xe+ surrounding
DS1. Such effects could be signi� cant for DS1 due to the 100-V
SCARLET solar array, which may in� uence spacecraft charging as
well as interaction with the charge-exchangeplasma.

That PEPE observes substantial charge-exchangeXe+ ions only
during ML 83, when the charge-exchangeion current measured by
IDS-RPA and the charge-exchange ion production rate are signi� -
cantly lower than that for the other two thrust levels, suggests that
the more important factor affecting the inducedplasma environment
surroundinga spacecraft is the relative potentialdifferencebetween
the plume and spacecraft rather than charge-exchange ion produc-
tion. This can be explained by the following qualitative discussion.

The solar wind plasma density is about 1–10 cm ¡ 3 . The debye
length under typical solar wind conditions is on the order of 10 m.
Hence, except for the small area surrounding the thruster, DS1 is
covered by a thick sheath, whose thickness is much larger than
the spacecraft dimension.Therefore, once a charge-exchangeion is
pushed out of the plume by the electric � eld within the plume, it will
fall into the potential � eld of the spacecraft sheath. For a simple,
qualitative discussion, we consider the spacecraft to be a spherical
probe with a radius rsc and a surface potential U sc. Hence, the orbit
of a charge-exchangeion in the vicinityof spacecraftwill be similar
to that of charged particles near an electrostaticprobe in the orbital
motion limited (OML) regime.16

Let us considerthat a charge-exchangeion is generatedat location
0 within the plume and subsequently pushed out from the plume
at location 1 at the plume edge with a velocity transverse to the
thrust direction due to the potential difference between locations
0 and 1. We denote the electrostatic potentials at locations 0 and
1 to be U p0 and U p1 , respectively. Location 1 has a distance L
from the spacecraft surface along the thrust direction. We describe
the particle’s orbit in a spherical coordinate centered in the probe.
As the charge-exchangeXe+ is born cold, the velocity at which it
leaves the plume is v1h =

p
[2e( U p0 ¡ U p1) / m]. Hence, this Xe+

leaves the plume with an initial energy

E1 = e U p1 + 1
2
mv2

1h = e U p0 (7)

and an initial angular momentum with respect to the spacecraft
center

X 1 = m(L + rsc)v1h = m(L + rsc) 2e( U p0 ¡ U p1) / m (8)

In the OML regime, the invariants of motion are the angular mo-
mentum and the total energy. Hence, once outside the plume, this
Xe+ ’s orbit is determined by

1
2
mv2

r + X 2
1 2mr 2 + e U = E1 (9)

If this Xe+ is to be collected by PEPE at the opposite side of space-
craft surface, we must have

E1 ¡ X 2
1 2mr 2

sc + e U sc ¸ 0 (10)

This leads to

U p0 ¡ U sc

U p0 ¡ U p1
¸ 1 +

L

rsc

(11)

Therefore, the necessary condition for charge-exchange ions orig-
inated from the thruster plume to back� ow to the opposite side of
spacecraft is that the potentialdifferencebetween the plume and the
spacecraft must be suf� ciently larger then the potential difference
within the plume.

The potential difference between plume center and plume edge,
U p0 ¡ U p1, is mainly determined by the beam’s density pro� le,
which in turn is controlled by the curvature of the thruster acceler-
ation grid. Hence, the critical factor will be the potential difference
between the plume and spacecraft, U p0 ¡ U sc. IDS-RPA shows that
the average plume to spacecraft potential difference during ML 83
is about 30% higher than that during ML 6 and ML 36. This may
explainwhy PEPE measures signi� cant Xe+ only during ML 83 but
not during ML 6 and ML 36.

V. Conclusions
For the � rst time, a comprehensive in-� ight investigation of ion

propulsionplasma interactionhas been carried out, and in situ mea-
surements of the ion propulsion-inducedplasma environment sur-
rounding an interplanetary spacecraft in the solar wind has been
obtained. Initial analysis of simultaneous IDS and PEPE measure-
ments obtained during thruster � rings revealed interesting correla-
tions between the induced plasma environment and thruster oper-
ating conditions. At a location approximately 0.75 m away from
the ion thruster centerline, IDS measured a charge-exchange Xe+

ion current density of » 10 ¡ 7 A/cm2 and a charge-exchange ion
density of » 106 cm ¡ 3 during ion thruster � rings. These measure-
ments are in good agreement with pre� ight predictions based on
three-dimensional computer particle simulations.4 The measured
Xe+ ion density near the thruster exit is � ve to six orders of mag-
nitude larger than the solar wind plasma density. The quantitative
differences in the measured Xe+ density at different thrust levels
correlates with the charge-exchange ion production rate estimated
from thruster data. IDS measurements also show that the plume
potential will increase signi� cantly as the beam current increases.
This is becausethe main underlyingphysicalprocess that controlles
the global plume potential is the expansionof the high-densitypro-
pellant plasma. Hence, the plume potential relative to the ambient
sensitively depends on the beam ion density.

Whereas IDS measured more charge-exchange ions during the
two lower thrust levels, PEPE, which is on the opposite side of
the ion thruster, observed signi� cant Xe+ ions only at the high-
est thrust level. This suggests that the dominant factor underlying
charge-exchange ion back� ow is the electric potential distribution
surroundingthe spacecraft rather than the charge-exchangeion pro-
duction. A simple analysis shows that, for charge-exchangeions to
back� ow to the front side of an interplanetaryspacecraft, the space-
craft potential needs to be suf� ciently negative with respect to the
plume. For DS1, it appears that charge-exchangeion back� ow can
occur only at high-thrust levels. PEPE measurements show that the
back� ow charge-exchange Xe+ ions can be clearly distinguished
from the solar wind protons and that there was little change in the
solar wind proton distributions during ion thruster � rings. These
suggest that meaningful plasma measurements of the ambient ions
can be made during ion thruster operations.Additionally,PEPE ob-
served little change in the energy correspondingto the peak in both
the solar wind proton and electron distributionsduring thruster � r-
ings; hence, any change in the spacecraft potential was within the
PEPE energy cutoff range of §8 V. This indicates that spacecraft
charging is not signi� cantly affected by the ion propulsion induced
plasma environment.
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