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Abstract

Deep Space One (DS1) is the first interplanetary
spacecraft operated on solar electric propulsion. One
of the primary investigations on DS1 is to characterize
ion propulsion induced plasma interactions and their ef-
fects on spacecraft and solar wind measurements based
on two plasma diagnostic packages. This paper re-
ports the first in situ measurements of ion propulsion in-
duced plasma environment obtained from an interplan-
etary spacecraft. Initial analysis of the measurements
revealed interesting correlations between the induced
charge-exchange plasma environment and thruster op-
erating conditions. Sensors near thruster exit mea-
sured charge-exchange ions with a number density of
~ 10% cm™3 and a current density of ~ 10~7 A/cm =2
under typical thruster operating conditions, a result
in good agreement with pre-flight predictions based on
computer particle simulations.

1. Introduction

NASA’s New Millennium Deep Space One (DS1) mis-
sion marks the beginning of interplanetary missions us-
ing spacecraft operated on solar electric propulsion. The
DS1 spacecraft was launched on October 24, 1998. Us-
ing a 30cm diameter Xenon ion thruster as its primary
propulsion system, DS1 successfully flew by asteroid
9969 Braille on July 28, 1999, and is currently on a
trajectory for possible encounters with comets Wilson-
Harrington and Borrelly in 2001. By October 1999, the
ion thruster has completed a total mission thrust time
of more then 3000 hours.

A primary objective of New Millennium DS1 is to
flight validate solar electric propulsion for interplane-
tary science missions, including the characterization of
ion propulsion induced interactions and their effects on
spacecraft payloads, subsystems, and solar wind mea-
surements. In ion thrusters, propellant ions are accel-
erated electrostatically by a system of grids to form a
high velocity beam (typically with an energy of about
1 KeV). Electrons are emitted from a neutralizer for
neutralization of the ion beam. The propellant that re-
mains un-ionized also flows out of the thruster exit at a

thermal speed corresponding to the thruster wall tem-
perature. Charge-exchange collisions will occur between
the fast moving propellant ions and the slow moving
neutrals which generate slow moving ions and fast mov-
ing neutrals. Hence, for a spacecraft operated on ion
thruster there is a continued presence of a plasma plume
composed by propellant ions, neutralizing electrons, un-
ionized neutral propellant, non-propellant efflux (i.e.
material eroded and sputtered from the thruster), and
a low energy plasma generated within the plume mostly
due to charge-exchange collisions. (A fraction of this low
energy plasma may also come from the photo-ionized
neutral propellant.) It has long been recognized that-
the ion thruster plume may lead to a variety of plasma
interactions and plume contaminations, and hence both
science and engineering concerns have been raised over
the potential effects from ion thruster operation.

A major plasma interaction issue is the charge-
exchange plasma environment. It is well known that the
low energy charge-exchange ions generated within the
plume can be pushed out of the plume by local electro-
static potential and backflow to interact with the space-
craft. Although charge-exchange plasma interaction has
been a subject of extensive experimental and theoretical
studies(for example, see Carruth{1981]; Samanta Roy et
al.[1996a,b], Wang et al.[1996], and references therein),
there have been few comprehensive in-flight investiga-
tions due to lack of flight opportunities.

Ion thrusters have never been flown on an interplane-
tary spacecraft. Although a few in-flight investigations
have been attempted abroad earth-orbiting spacecrafts,
such as the experiments conducted on the SERT II [Ker-
slake et al., 1971] spacecraft in a polar orbit for a mer-
cury ion thruster and on the ATS-6 [Worlock et al.,
1975] spacecraft in geosynchronous orbit for a cesium
ion thruster, almost all existing experimental data on
ion thruster plume are obtained from ground tests of
ion thrusters, with the majority of the data obtained
for mercury and cesium ion thrusters [Carruth, 1981;
Jones et al, 1970]. Since the density difference hetween
the plume and the ambient plasma sensitively influences
the plume potential relative to the ambient, which in
turn influences the dynamics of charge exchange ions,
charge-exchange plasma interactions may differ signifi-
cantly in different ambient plasmas [Wang et. al., 1995].
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As it is impossible to create ina vacuum tank a plasma
envirommnent similar to that under typical solar wind
conditions, it is difficult to quantitatively predict ion
propulsion induced plasma interactions for an interplan-
etary spacecraft based on ground test data.

The DS1 mission provides the first ever comprehen-
sive in-flight investigations of ion propulsion induced in-
teractions and their effects. This paper reports initial
analysis of the first in situ measurements of ion propul-
sion induced plasma environment obtained from an in-
terplanetary spacecraft. Section 2 describes the DS1
ion thruster and instrumentation. Sections 3 discuss the
characterization of ion thruster induced plasma environ-
ment. Section 4 contains a summary and conclusions.

2. Ion Thruster and Instrumentation

NSTAR Ion Thruster

The DS1 spacecraft is illustrated in Figure 1. A de-
tailed description of the spacecraft can be found in [Ray-
man and Lehman, 1997].

The flight ion propulsion system is developed under
the NASA Solar electric propulsion Technology Appli-
cation Readiness (NSTAR) program, a joint Jet Propul-
sion Laboratory/Glenn Research Center effort with in-
dustry participations from Hughes Electron Dynamics
(HED), Moog Inc., and Spectrum Astro, Inc. The 30 cm
diameter xenon NSTAR thruster, fabricated by HED,
has an input power range of 600 to 2500 W. The pro-
pellant Xe%t jons are accelerated through a molybde-
num grid to form a beam with an energy of up to 1100
eV (exit beam velocity of v, ~ 3.5 x 10% cm/s). and a
current of up to 1.8 A. At full thrust level, the thruster
produces a thrust of 92 mN and a specific impulse of
about 3100s. The propellant ions form a divergent beam
with a divergence half angle about 15 to 20° due to the
curvature of the thruster exit surface. The ion beam is
kept quasi-neutral by electrons emitted from the neu-
tralizer. The propellant that remains un-ionized flows
out of the thruster exit in free molecular flow with a
thermal speed corresponding to the thruster wall tem-
perature of ~ 500 K. The density of the neutral plume
typically remains quasi-steady due to the low charge-
exchange collision rate. A detailed description of the
in-flight validation of the NSTAR ion thruster is dis-
cussed in [Polk et al.,1999].

Instrumentation

DS1 carries two science instrument packages: the
Miniature Integrated Camera and Spectrometer (MI-
CAS) and the Plasma Experiment for Planetary Explo-
ration (PEPE), and one ion propulsion diagnosis pack-
age: the Ion propulsion Diagnostic Subsystem (IDS).
Ion propulsion related investigations are based on IDS
and PEPE measurements. This paper will focus on IDS
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Results from PEPE measurements are
reported elsewhere.

nmeasurements,

The Ton Propulsion Diagnostic Subsvstem, located
near the ion thruster exit, is an integrated, compre-
hensive set of diagnostics designed to characterize ion
propulsion induced environments and contaminations.
IDS is developed by the NSTAR project at JPL as part
of the NSTAR ion propulsion system. IDS has several
components, as shown in Figure 2. The contamination
is monitored by two quartz crystal microbalances and
two calorimeters. Plasma measurements are made by a
retarding potential analyzer (RPA), a planar Langmuir
probe (LP), and a spherical Langmuir probe. Elec-
trostatic and electromagnetic noise measurements are
made by a plasma wave antenna and a search coil mag-
netometer. Magnetic field measurements are made by
two flux gate magnetometers. The two flux gate mag-
netometers are provided by the Technical University of
Braunschweig, and the plasma wave antenna is provided
by TRW. The rest of the sensors are built at JPL.

As the focus of this paper is on the induced plasma
environment, we will only analyze data obtained from
the retarding potential analyzer (IDS-RPA) and the pla-
nar Langmuir probe (IDS-LP1). IDS-RPA and IDS--
LP1 are co-located at about 0.5 meter from the thruster
center.IDS-RPA has a voltage range of 0 to +100 Vdc
and a current range of 0 to 100 uA). The opening to the
RPA is 20 cm?. IDS-LP1 has a voltage range of -12 to
+12 Vdc and a current range of -0.5 to +40 mA. The
current collecting area of IDS-LP1 is 50 em?2.

3. Characterization of Ion Thruster
Induced Plasma Environment

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

During the time between the initial start of the ion
engine in late November, 1998 and the completion of
the deterministic thrusting for the encounter with as-
teroid Braille in July, 1999, the ion propulsion system
has operated for a total of 1791 hours at engine power
levels ranging from 0.48 to 1.94 kW [Polk et al., 1999].
High-quality data was collected by IDS and PEPE for
a variety of engine operating conditions. In this paper,
we examine measurements obtained during a DS1 activ-
ity called S-Peak. The S-Peak data set is of particular
interest because thrusting during S-Peak reached one of
the highest power levels in the entire DS1 mission, which
is also the the highest engine power level among all the
operating conditions covered by simultaneous IDS and
PEPE measurements.

Ion Thruster Operation: DS1 S-Peak

The DS1 S-Peak activity occurred on Jan 22nd, 1999.
S-Peak is designed to determine peak power point for



the SCARLET arrays. The S-Peak thrusting started
at 21:36 PDT. The thruster operation stepped through
three thrust levels, starting at a low thrust level, then
stepping to a medium, and finally a high thrust level.
Oun the fHight throttle table, the three thrust levels are
defined as mission levels (ML) 6, 36, and 83, respec-
tively. Thrusting stopped at 22:17 PDT. Figure 3 shows
several key thruster performance parameters obtained
from flight data, including beam current and voltage,
propellant efficiency, and flow rates. The values of beam
current (I), beam ion energy (Ej), and discharge pro-
pellant efficiency (n4) are also listed in Table 1. The
specific impulse for the three thrust levels are approx-
imately 1972s, 2935s, and 3189s for ML 6, 36, and 83
respectively [Polk et al., 1999]. The engine input power
ranges from 0.47 kW at ML 6 to 1.82 kW at ML 83.
ML 83 is one of the highest power levels at which the
thruster has operated during the entire DS1 mission
and produces the highest specific impulse among all the
throttle level. Due to the short S-Peak time, the pro-
pellant flow has not reached an equilibrium state.

To benchmark the induced plasma environment at
different thrust levels, we estimate the average charge
exchange ion production rate at thruster exit from these
thruster parameters. The average charge exchange ion
production rate at thruster exit is given by

dncezo _
dt = NpoNnoVUb0 cex
where ny = I,/evyA is the average beam ion den-

sity at thruster exit, n,o the average neutral density
at thruster exit, v, the beam ion velocity, and .., the
charge-exchange ion collision cross section.

Npo can be calculated from the measured main flow
rate, cathode flow rate, and the discharge propellant ef-
ficiency 74, and by assuming that the un-ionized propel-
lant exits through the grids in free-molecular flow with
a temperature close to that of the thruster discharge
chamber walls T,:

N
Npo =
An/8kT,, /7mx.

where N is the number of Xe particles per second, and
is converted from the discharge charge chamber flow
rate, g = (1 — n4)(Mm + mc). A, is the flow-through
area through the grids and is about 0.24 of the thruster
exit area for the NSTAR thruster. o..; can be estimated
from curve fitting of the measured collision cross section
for Xe* — Xe charge-exchange [Rapp,1962; Samanata
Roy et al..1996a):

Ocer = (k1 Invy + k2)? x 10720 m?

where v, is beam ion velocity with unit in m/s, k; =
—0.8821, and ky = 15.1262. For the three thrust level
considered here, o, ranges from 3.65 x 10715 (cm?)
for ML 6 to 3.37 x 107!5 (cm?) for ML 83. The cal-
culated beam plasma density, neutral density, and the
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charge-exchange ion production rate near thruster exit
are listed in Table 2. Note that all the paruneters listed
in Table 2 are averaged estimations at each thrust level
because the thruster did not have time to reach its equi-
librium condition during S-Peak.

Charge-Exchange Plasma Measured by IDS

Figures 4 and 5 show the data obtained from IDS-
RPA and IDS-LP1 during S-Peak, respectively. Figure 4
shows the averaged IDS-RPA sweep curve at each thrust
level. Figure 5 shows the averaged IDS-LP1 sweep curve
at each thrust level. The voltages measured by the RPA
and LP are all relative to the spacecraft ground. From
Figure 4, we can obtain the ion current and ion energy
relative to the spacecraft potential for each thrust level.
From Figure 5, we can obtain the local plasma potential
relative to the spacecraft potential. and the electron
temperature for each thrust level. Table 3 lists these
results.

The observations show that the saturated ion cur-
rent collected by IDS-RPA increased from ~ 2.2 uA to
~ 2.4 pA when the thrust level changed from ML 6
to ML 36 and decreased to ~ 1.8 A when the thrust
level changed from ML 36 to ML 83. The average en--
ergy (relative to spacecraft ground) of the ions collected
ranges from 14 eV (at ML 6 and ML 36) to 19 eV (at
ML 83). The local plasma potential (relative to space-
craft ground) at IDS location is from 6 Volts (at ML 6)
to 4 Volts (at ML 83). The local electron temperature
is about 1 to 2 eV.

Since IDS is located well outside of the primary plume
region (see Figure 1), the ions collected by IDS-RPA are
the charge-exchange ions transported outward from the
primary plume. We next derive the charge-exchange
ion characteristics from the IDS results. We denote &5,
®:ps, Pscq to be the average electrostatic potential in-
side the thruster plume, the potential at the location of
IDS, and the potential of the spacecraft ground, respec-
tively. As the charge-exchange ions originate from the
very cold neutrals (temperature 0.04eV), 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, ®, — ®,.,. From the charge-exchange ion
energy measured by IDS-RPA and the local plasma po-
tential measured by IDS-LP1, we find the difference be-
tween the plume potential and the local plasma poten-
tial

(I)p - (DIDS = (‘pp - (I)scg) - (QIDS - ‘bscg)
Hence, the average energy of the charge exchange Xet

ions collected by IDS is E.., = e(®, — ®;pg), which
gives the average Xe% ion velocity at the IDS location

2e(®p, — Prps)

Mxe

Ucer =
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From the charge-exchange ion current density measured
by RPA, one finds the charge-exchange ion density at
the IDS location:

CUppy

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

We find that the current density associated with
charge exchange ion outflow is about 10°74/em? and
the charge exchange ion density at the IDS loca-
tion is about 10¢cm=3. Not surprisingly, the differ-
ences between the charge-exchange ion densities at each
thrust level correlates to the changes in the the charge-
exchange ion production rate estimated in the previous
section. When thrust level changed from ML 6 to ML
36, an increase in the beam ion current drove up d... /dt,
and hence IDS-RPA observed an increase in charge-
exchange ion collection. When thrust level changed
from ML 36 to ML 83, even though the beam ion cur-
rent increased, a more significant decrease in the neu-
tral density due to high n4 drove down the d... /dt, and
hence IDS-RPA observed a decrease in charge-exchange
ion collection.

The observations show that the plume potential in-
creases significantly as beam current increases. This
is not surprising. The propellant plasma plume is a
mesothermal plasma, i.e., vy << vp << Vg, Where vy,
vp, and v are the ion thermal velocity, ion beam veloc-
ity, and electron thermal velocity, respectively. When a
high density plasma expands into a more dilute plasma
under the mesothermal process, the plasma potential
decreases as the plasma density decreases. Hence, a
larger density difference between the plasma source and
the ambient plasma yields a higher potential at the
source relative to the ambient. The observations also
show that there is an increase in electron temperature as
beam current increases. This is probably because that
the electrons emitted from the neutralizer undergo a
stronger acceleration and heating from the more strong
electrostatic field associated with higher plume poten-
tial. It is interesting to observe that, while the plume
potential &, — ®&;pg 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 ((I)p - ‘I’IDS)/Te ~T.

Recently, several computer particle simulation models
have been developed for ion thruster charge-exchange
plasma[Samanata Roy,1996a,b; Wang et al..1996; Katz
et al.,1997; Gardner et al.,1997; VanGilder et al.,1997].
In Wang et al.[1996], a 3-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 outflow of charge-
exchange Xe* should lead to a Xe* density of 108¢m =3
and a Xe* jon current density of 10~7A/cm? at the IDS
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location. Similar results were also obtained by Katz et
al [1997] and Gardner et al [1997] using a 2-dimensional
axis-syvimetric finite element particle code. The DS
measurenients appear to be in good agreement with
these preflight predictions.

4. Summary and Conclusions

For the first time, a comprehensive in-flight investi-
gation of ion propulsion plasma interaction has been
carried out on an interplanetary spacecraft, and in situ
measurements of the ion propulsion induced plasma en-
vironment surrounding an interplanetary spacecraft has
been obtained in the solar wind. Analyses of IDS mea-
surements obtained during thruster firings suggest that,
at a location about 0.5 meter away from thruster exit,
the induced charge-exchange plasma environment has a
number density of ~ 10%cm =3 and an electron tempera-
ture of ~ 1 —2eV. The charge-exchange plasma density
is about 5 to 6 orders magnitude larger than the solar
wind plasma density. The quantitative differences in the
measured Xet density at different thrust levels corre-
lates with the charge-exchange ion production rate esti-
mated from thruster data. The potential of the charge-
exchange plasma with respect to the IDS location is
about (&, — ®;ps)/Te ~ 7. However, (®p — ®1ps)
will increase as the beam current increases. This is be-
cause the main underlying physical process that controls
the global plume potential is the expansion of the high
density propellant plasma. Hence, the plume poten-
tial relative to the ambient sensitively depends on the
beam ion density. The outflow of charge-exchange Xe*t
ions produces a current density of ~ 107 4/ecm?. These
measurements are in good agreement with preflight pre-
dictions based on computer particle simulations.
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Table 1: S-Peak Thrust Conditions (Jan 22nd, 1999)

Thrust Level | I, (A) E, (eV) g
ML 6 .52 649 .32
ML 36 .82 1003 .52
ML 83 140 1095 .88

Table 2: Parameters at Thruster Exit for S-Peak
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Thrust Level | Jyo (A/m?) Vi (km/s) ngo (1/em3) | Nno (1/5) nno (1/em3) | dncezo/dt (1/cm3s)
ML 6 7.36 29.8 1.54 x 10”7 | 6.2 x 1018 1.4 x 10*¢ 2.3 x 101°
ML 36 11.6 37.0 1.96 x 10° | 4.3 x 1018  0.95 x 10!2 2.4 x 1013
ML 83 19.8 38.7 3.22 x10° | 1.1x 10 0.23 x 1012 1.0 x 1018
Table 3: IDS Results
Thrust Level | I (uA) Ege (eV) | T. (eV) &/ps — Byeq (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

Table 4: Induced Plasma Environment at IDS

Thrust Level | &, — ®1ps (V) (®p — ®1Ds)/T. | Jeez (A/cm®)  veer (km/S) | neez (cm )
ML 6 9 7.7 1.1 x 10~7 3.45 2 x 10°
ML 36 9 6.8 1.2 x 1077 3.45 2.2 x 108
ML 83 15 7.2 0.9 x 10°7 4.46 1.2 x 108
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Figure 1 Illustration of the Deep Space 1 Spacecraft

Figure 2: The Ion Propulsion Diagnostic Subsystem
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Figure 4 IDS-RPA sweep curve averaged for
each thrust level
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Figure 5 IDS-LP1 sweep curve averaged for
each thrust level
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