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lon-Thruster Plume Modeling for Backflow Contamination
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An axisymmetric model of the plume and backflow contamination from an ion-thruster plume is presented.
Components included are primary beam ions, neutral propellant efflux, thermal propellant ions created mainly
by charge-exchange collisions between primary beam ions and neutral propellant, nonpropellant efflux sputtered
from thruster components, and neutralizing electrons. The plasma hybrid particle-in-cell technique is applied
to both propellant charge-exchange ions and nonpropellant efflux ions produced within the beam and to their
transport out of the beam to the regions surrounding a model spacecraft. Simulation results for plume properties
such as ion density, beam potential, and ion flow angle are compared with experimental data. It is shown that the
charge-exchange ions formed in the beam are accelerated outward by strong radial beam electric fields and form
two distinct energy populations—one with a significant backstreaming velocity component.

Nomenclature
Ag = sputtered grid area, m2

An = grid neutral flow through area, m2

B = fixed ambient magnetic field, T
C = neutral average speed, m/s
E = electric field, V/m
£mp = most probable sputtering energy, eV
e = electron charge, C
//, = thruster beam ion current (superscripts ++ and +

denote doubly and singly charged ions), A
ji>i,e = beam ion, electron current density, A/m2

k = Boltzmann's constant (mks)
L = characteristic length for changes in electron drift

velocity (on the order of the beam radius), m
M = molecular weight, kg/mole
mej = electron, ion mass, kg
riiT = thruster total mass flow rate, kg/s
N = charge-exchange ion production rate, m~3 s"1

MA - Avogadro's number
nhi = beam ion density, m~3

ni,e,n = total ion, electron, neutral density, m~3 (a further
subscript 0 denotes reference)

pe = electron pressure, N/m2

Qe = electron heating-cooling term, W/m3

q/m = charge-to-mass ratio of ions, C/kg
Rc = radius of curvature of grids, m
Re = electron collisional drag term, m/s2

rT = thruster radius, m
Tej = electron, ion temperature, K
Teo = beam electron temperature, K
TU, = thermal wall temperature of neutrals, K
V = characteristic electron drift velocity, m/s
vhie = beam-ion, electron drift velocity, m/s
vte,ti = electron, ion thermal velocity, m/s
a = beam divergence angle, rad
rv = sputtered grid material flux, m~2 s"1
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rj++ = doubly charged ion correction factor
rjp = propellant utilization efficiency
Ke - electron thermal conductivity, W/m K
A = Coulomb logarithm
Vei,en,e = c-ion, e-neutral, total electron collision frequency, s"1

crcex = charge-exchange cross section, m2

aen = electron-neutral elastic cross section, m2

T = characteristic time scale for changes in characteristic
electron drift velocity, s

®b = beam acceleration voltage, V
0 = electric potential, V
o)ce = electron cyclotron,frequency, rad/s

Introduction

E LECTRIC propulsion (EP) is increasingly being considered
earnestly for a variety of applications ranging from technol-

ogy demonstrators to science missions and commercial applications
such as stationkeeping on geostationary communications satellites.1
The advantage of the high exhaust velocities of EP thrusters in mass
savings is significant compared to chemical propulsion. However,
in addition to increased propulsion-system performance, spacecraft
designers and integrators must also consider the unique and impor-
tant issues of spacecraft contamination by EP thruster plume back-
flow, and how EP thrusters modify the environment surrounding a
spacecraft. Spacecraft contamination is also an important issue for
chemical rockets. However, the induced environment in the vicinity
of an EP spacecraft is unique, consisting of neutral gases, plasmas,
and electromagnetic fields as a result of interactions between the
ambient environment, the thruster effluents, and the spacecraft it-
self. In comparison with chemical propulsion environments, which
primarily consist of neutral gases, the plasma plume generated by EP
thrusters introduces new complexity into the spacecraft interaction
picture.

The evaluation of EP-thruster-induced environmental effects that
could degrade the performance of spacecraft subsystems and sen-
sors is very important. For example, in some thruster plumes, a
low-energy plasma is created by charge-exchange (CEX) collisions
and can expand around a spacecraft. Many thrusters also emit heavy-
metal species, both charged and uncharged, due to thruster compo-
nent erosion. These thruster effluents, in addition to other neutral and
plasma species, contribute to the induced environment surrounding
a spacecraft and can lead to, or influence, various interactions, such
as parasitic current flows to biased surfaces; degradation of solar-
array panels, thermal control surfaces, and optical windows due to
effluent deposition; attenuation and refraction of electromagnetic-
wave transmission and reception due to enhanced plasma density;
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absolute and differential charging of the spacecraft; interference due
to electromagnetic noise; and the alteration of electrical and thermal
properties of surfaces.2 Most of these interactions are detrimental
to spacecraft operation, and surface contamination in particular can
seriously degrade spacecraft performance and decrease the opera-
tional lifetime.

A review of the literature regarding interactions of EP-thruster
spacecraft reveals an awareness of many of the above issues from
early in the development of EP thrusters.2'3 However, accurate mea-
surement and prediction of thruster effluents were hampered by both
experimental and numerical limitations. As a result of experimental-
facility effects, many ground results are questionable,4 and only re-
cently has the computational power been available for the develop-
ment of rigorous numerical models of thruster plumes. Historically,
much effort in the United States has focused on the development
of ion thrusters. Hence, the issues of ion-thruster contamination
have received the most attention, and a large plume database ex-
ists, although most of it was taken when mercury was used as a
propellant. (Currently, xenon is the most common propellant.) The
thruster effluents were characterized, and efforts were made to de-
velop simple models of contaminating fluxes. In addition, a number
of computational models were developed,5'6 but they possess many
shortcomings in view of their numerous assumptions.7 Currently,
no comprehensive model exists that can predict, in a self-consistent
manner, the charged-particle backflow from an ion-thruster plume.
The need for such a capability is the motivation for this work.

The model presented addresses two important issues dealing with
ion-thruster backflow. One such issue is that complete ionization is
not achieved with reasonable levels of power, and hence, neutral
propellant is emitted at thermal speeds. We are interested in these
slow neutrals because they undergo CEX collisions with the fast
beam ions, producing fast neutrals and slow ions, of which the latter
can be influenced by local electric fields in the plume. Slow ions
can also be produced by electron impact ionization if the electron
temperature is sufficiently high, but CEX is generally the dominant
collisional process. The electric field structure in the plume, as seen
in experiments, is radial, and hence the slow propellant ions are
pushed out of the beam and move back towards the spacecraft. These
ions, typically xenon, do not pose a serious contamination hazard
unless spacecraft surfaces are extremely cold. However, these xenon
ions can present a current flow to biased surfaces.

More important is the second issue: that the grids of ion thrusters
are bombarded by some of these propellant CEX ions, causing ero-
sion. Hence, molybdenum, a common grid material, is sputtered into
the plume. A fraction of the sputtered grid atoms becomes charged
and flows back towards the spacecraft, creating a potentially serious
contamination hazard due to the low vapor pressure of these metals.
For spacecraft designers and integrators, it is important to have mod-
els for plume backflow and to understand how these contaminating
species behave as a function of thruster operating conditions. In this
paper, we present the theory of the model and show comparisons
with data. In a companion paper,8 we apply the model to conduct a
study of backflow contamination and other interactions of a modern
xenon ion thruster.

Physical Model
The plumes of ion thrusters contain a number of major compo-

nents: 1) fast (>10 km/s) propellant beam ions that provide the
thrust, 2) un-ionized propellant neutrals that escape from both the
discharge chamber and the neutralizer, 3) slow (initially thermal)
propellant ions created predominantly from CEX collisions between
the beam ions and neutrals, 4) nonpropellant efflux (NPE) that con-
sists mainly of eroded grid material, typically molybdenum, and
5) electrons. We will consider each of these species below. The fo-
cus of our model is the production of ions primarily due to CEX
collisions within the beam, and their transport outward. Since the
CEX ion creation rates for both the propellant and NPE ions depend
on the beam ion and the various neutral densities, models for these
density fields are necessary.

Beam Ions
The primary ion thruster effluent is the directed energetic singly

charged ions in the beam that are accelerated by the thruster grids

Radius of Curvature \jj ^±fto7etspherical
RC = —— fj shell

Fig. 1 Geometry of ion beam.

through voltage drops of around 1 kV or more and follow nearly
line-of-sight trajectories. Experimentally, it is found that most of
these ions lie within an expansion cone of half angle 15-20 deg.
The beam divergence is primarily due to the fringe electric fields in
the grid holes that defocus the ions, and to the curvature of the grids.

For this study, we take the thruster grid to be a spherical segment
(convex side downstream), with the velocities of the beam ions
normal to the surface. Hence, the ions appear to be leaving a point
source located at a distance Rc (the radius of curvature of the grids)
behind the thruster exit plane. The radius of curvature is given in
terms of the thruster beam radius YT and beam divergence angle
a by Rc = rT/[a cos(a/2)]. Figure 1 displays the geometry. The
velocity of the singly charged beam ions of mass m/ is expressed as
vbi = (2e3>/,/w/)1/2, where O/, is the beam potential. Over length
scales of interest (<2-5 m), the beam ion velocities are assumed to
be constant throughout the beam.

The radial current density profile of the collimated beam ions
[given in spherical polar coordinates (R, 9) for simplicity] is taken
to be approximated by a parabolic axisymmetric profile given by

jbi(R,9) = evhiA(Rc/R)2[l - (6>2/cx2)] (1)

which is subject to the normalization imposed by continuity at any
downstream location in the beam,

4 = / hi
Jo

2nR2sin9d9 (2)

The normalization constant A, which is the centerline beam ion
density at the thruster exit, is given by

A = nhio =

where 8 is
2 cos a 2 sin a

a a2

(3)

(4)

Previous beam models5 have utilized a parabolic core and an
exponential wing. Since the parabolic profile drops sharply to zero
at the beam edge, we adopt this approach and hold Eq. (1) valid
for 9 < £a, whereas for 9 > £a, the current density is attenuated
by a factor exp(—r/A,). Typically, £ is taken to be 0.95, and A is a
decay length scale that is a fraction of the beam radius. Since this
smoothing region is small and the densities are small, we neglect the
current-density contribution in the calculation of the normalization
constant in Eq. (2). Given the beam ion current density, the beam
ion density is then determined by

hi (r, z)
evbi

(5)

Early-generation ion thrusters often had much more peaked radial
ion density profiles.9 To model these thrusters, a Gaussian profile
fits measured density profiles better than parabolic shapes. For these
thrusters, we take the beam ion current density to be given by

h -exp (6)
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where rb = rT + z tan a and £ is a scaling factor for the Gaussian
half-width.

In the discharge chambers of ion thrusters, a fraction of doubly
charged ions is produced. Because of their increased charge, these
ions are unfocused in the grids and leave at large angles, decreasing
the overall thrust efficiency. In ion-thruster performance tests, a
correction factor due to the doubly charged ions is defined as the
ratio of the sum of the thrusts from both singly and doubly charged
ions to the thrust if all ions were singly charged. This thrust ratio
can be expressed as

(7)

For a typical modern 30-cm xenon thruster, rj++ varies from 0.995 at
4 = /+ + /++ = 1.45 A to 0.956 at //, = 5 A (Ref. 10). Therefore,
the ratios of doubly to singly charged ion density are 0.006 and
0.063, respectively. Because their population is small compared to
the singly charged ions, and their CEX probability is also very low,
we will neglect the role of any doubly charged propellant ions in the
beam.

Neutral Model
Not all the propellant is ionized in the discharge chamber of ion

thrusters, on account of chamber inefficiencies and operating con-
straints. The propellant utilization efficiency r]p is defined as the ratio
of the beam ion current to the total propellant mass flow rate mT,

(8)

Typical propellant utilization efficiencies range from 0.7 to 0.95.
The un-ionized propellant effuses out from the discharge cham-

ber, and exits through the grids in free-molecular flow with a tem-
perature close to that of the discharge-chamber walls. Typically, this
temperature is around 500 K for thrusters using xenon. Because of
the hole structure, the grids have a transparency that is close to the
ratio of the area through which neutrals can leak out to the total
geometric area. This value is typically 0.1-0.3. Whereas the over-
all flow is quite complicated, the flow from each individual hole is
given by the Knudsen efflux, nn^C/4, where C is the mean thermal
speed given by (SkTw/nmi)l/2. Far from the grids, the fine struc-
ture of the holes decays, and the neutral flow can be regarded as
the superposition of a large number of point sources. The average
neutral density right at the thruster grids can be determined from
the beam ion current and the total propellant utilization efficiency
by the relation

44
eCAn

(9)

Even with high utilization fractions, neutral densities are higher than
ion densities, since the velocity of the neutral atoms is much lower
than that of the ions. For example, the ion and neutral densities at
the exit of a 30-cm (rT = 0.15 m) xenon ion thruster with a beam
divergence angle of 20 deg operating with a specific impulse of
3477 s (vbi = 40,200 m/s), Ib = 1.74 A with neutrals at 500 K,
rjp — 0.89, and a grid transparency fraction of 0.24, are n&/0 =
7.5 x 1015nr3 andnn0 = 1.1 x 1018mr3.

In this work, the neutral density field is modeled as the flow from
a single-point source that is located one thruster radius behind the
exit plane of the grids. For a neutral gas of density nnG effusing from
a source located one beam radius (rT) behind the thruster exit, the
density in spherical polar coordinates is given by11

nn(R9 0) = fl(/iBo/2){l - [l + fa-/*)2]"* j cos0 (10)

where a = (I — 1 /*J2) ~l is a correction factor to allow for the shifting
of the point source and R = [r2 + (z + rr)2]1/2, 0 = torrl[r/(z +
rr)J.

The effect of the neutrals from the neutralizer is incorporated
into the neutral density by using the total mass flow rate. The actual

neutral density flowfield will be affected by the presence of the neu-
tralizer off the beam axis, and will dep .d on its location and opera-
tional characteristics. However, such perturbations on the structure
of the neutral flowfield are neglected.

During ground tests, there is a finite background neutral density
that resides in the vacuum tanks. Many test chambers of meter-
size class can not achieve a pressure below 10~6-10~5 torr (10~4-
10~3 Pa). This results in a residual background density of around
3 x 1016-3 x 1017 m~3, which can be comparable to the neutral
density in the thruster plume. From the plume modeling perspec-
tive, the background gas is an important factor that must be included
when comparing simulation results with ground-test data, since the
background gas increases the CEX ion production rates. In addition,
the velocity characteristics of the background neutrals are different
from those of the neutrals coming from the thruster. The tempera-
ture of the facility neutrals is less, and the velocity distribution is
isotropic. In comparison, the thruster neutrals are hotter, and their
velocities are oriented downstream (they are flowing away from the
thruster). These velocity differences are important in that the behav-
ior of the CEX plasma in ground-based tests will be different from
that which will be observed in space.

Lastly, there are neutrals in the plume that are created from the
CEX processes. These neutrals, formerly beam ions, possess the
beam ion velocity and leave the vicinity of the spacecraft rapidly.
Their density is that of the CEX ion density, which we will see is
orders of magnitude less than the beam neutral density. Thus, the
contribution of this component to the total propellant neutral density
can be neglected.

CEX Propellant Ions
Slow propellant ions are created, both within the thruster grids

and downstream inside the beam, by resonant CEX collisions of
the following type between the fast beam ions and the slow thermal
neutrals (e.g., for xenon):

The result is a fast neutral that travels in a line of sight, and a slow
ion that is affected by the strong radial electric fields in the beam.
The CEX ions created can be classified according to the regions
wherein they were born.12-13 We are most interested in the CEX
ions created directly downstream of the thruster exit, because they
are the dominant component of the backflow.

The spatial volumetric production rate of CEX ions is given by

= nn (x)nbi (x) vbi acex (vhi) (12)

where the relative collision velocity is taken to be the beam ion
velocity. Based on theory, which is in good agreement with available
data, the velocity-dependent resonant CEX cross section in square
meters as a function of the beam ion velocity in meters per second
can be expressed as14

• + k2f x 10" (13)

For xenon, ki = — 0.8821 andk2 = 15.1262; for mercury, k\ =
-0.9097 and k2 = 15.8687. Maximum CEX ion volumetric pro-
duction rates for xenon thruster conditions mentioned previously
are around 1020 m~3 s"1.

Volumetric CEX production rates using Eq. (12) in the plume of a
12-mN (thrust) 15-cm (beam diameter) xenon ion thruster operating
with a beam current of 0.23 A, a beam voltage of 1000 V, and a
propellant utilization efficiency of 0.84 are shown in Fig. 2. Equation
(5) was used for the beam ion density, and the neutral density was
given by Eq. (10). Overlaid on the computed values are those based
on measurements.13 It was noted in the experiment that the integral
of the measured beam ion current density over the thruster exit,
which should be equal to the total beam current, was smaller by
15%. Therefore, we have reduced our values 15% for comparison.
The CEX production rates agree well.

There is a limit to the validity of this method for computing
the CEX ion creation. If the CEX ion production rate is too high,
the beam ion and neutral densities cannot be taken to be con-
stant. Defining a CEX ion current to be the current produced
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Fig. 2 Comparison of xenon CEX ion production rates with data.13

Two-dimensional ion thruster plume simulation; CEX production rate
(mA/cm3) reduced 15% for comparison.
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Fig. 3 CEX, ionization, and recombination rates of Xe vs electron tem-
perature. Two-dimensional ion thruster plume simulation; comparison
of CEX, ionization (1st), and recombination rates for Xe: ——, CEX;
——, ionization; - - - -, three-body recombination; and - - -, radiative
recombination.

within a sphere of radius rT (using maximum parameters), 7cex =
^nr^ennonbi()Vhicrctx(vhi), the ratio of 7cex to the beam current
h ™ enmvhinr% must be small, i.e., 7cex/4 ~ rTnno<jcex < 1.
Typically this ratio, which is also the ratio of the thruster radius to
the CEX collisional mean free path, is less than 10%.

In addition to CEX, other mechanisms of production as well as
depletion of ions take place in the beam. Electron impact ionization
was examined using the model of Drawin.15 For recombination,
there are two main types considered: the three-body Hinnov-
Hirschberg model15 (i+e + e-+n + e) and radiative recombina-
tion (i -h e -» n + hv). Figure 3 shows a comparison of volumetric
rates for CEX, ionization (single), and three-body and radiative re-
combination as a function of electron temperature for xenon. The
beam ion and neutral density values have been listed above. For
electron temperatures up to 3 eV, CEX is the dominant ion creation
mechanism; beyond 5 eV, ionization becomes dominant. Compared
to ion creation processes, recombination is negligible in the beam.

Since most current ion thrusters operate with electron temperatures
close to 1-2 eV, we will only include CEX processes in our model.

An important consideration for the transport of the slow CEX
ions is the ambient and thruster-induced magnetic fields. A thermal
(500 K) CEX ion has a gyroradius of about 10 m in low Earth orbit
(LEO) and 2 km in geosynchronous Earth orbit (GEO), whereas
the beam ions have gyroradii on the order of hundreds of meters
in LEO, and hundreds of kilometers in GEO. Thus, for the length
scales that we are interested in currently (<2-5 m), the ions can be
considered unmagnetized with respect to the ambient magnetic field.
Ion thrusters also have magnetic fields surrounding them due to the
magnets inside the thruster that serve to confine primary electrons to
increase their ionization efficiency. Modern ion thrusters use ring-
cusp magnetic fields,16 which are localized within the chamber, and
hence the effect of external thruster magnetic fields in the plume is
not modeled.

NPE
The presence of sputtered grid metal in the plume presents a seri-

ous contamination hazard due to these species' low vapor pressures.
Currently, molybdenum is the most common grid metal, although
carbon-carbon composite grids show much promise due to their
high sputter resistance.17 For this work, we only consider two-grid
molybdenum systems. Ground experiments18"20 and computational
modeling,21 have shown that sputtering by propellant CEX ions oc-
curs within the aperture holes and on both the upstream and down-
stream faces of the accelerator grid because of its negative bias.
However, the downstream face is eroded the most. The sputtered
molybdenum is ejected as neutral atoms, since the ionization energy,
7.1 eV, is greater than the work function, 4.6 eV. A fraction of the
neutral molybdenum becomes ionized, either by CEX or by electron
impact, depending on the electron temperature.

NPE ion densities are much less than those of the propellant
CEX ions, and thus the perturbative effect of NPE ions on the self-
consistent potential structures in the plume is negligible. Hence,
given an NPE production model, one can use the potential fields
computed self-consis.tently from the beam and propellant CEX ions,
and then track the NPE ions in this field. This approach will be valid
as long as the NPE ion density remains much smaller than the plasma
density from which the potentials were calculated.

There are a number of approaches to computing the flux of neutral
sputtered grid material. One is to use the measured grid impingement
current to determine the sputtering rate.22 However, this approach
will overestimate the amount of sputtered material downstream in
the plume, since the sputtered grid metal is not all ejected in the
downstream direction, but can redeposit on other areas of the grids.
Another approach is to use the grid mass loss M measured over a
period of time t and define the average flux as

T, = (M/tA8)(MA)/(M) (14)

This approach will give an average erosion rate, since erosion varies
as a function of time.

There are two important issues to address concerning the sput-
tered molybdenum neutrals: their sputtering distribution and their
energy distribution. If the average velocity of the sputtered atoms
is known, the average density at the surface can be computed,
and by knowing the sputtering distribution, a density map can be
constructed. Unfortunately, the energy distribution of molybdenum
atoms sputtered by xenon ions apparently has not been measured,
but data exist for bombardment by krypton at energies of 1200 eV
(Ref. 23). The energy distributions for sputtering of copper by xenon
and krypton at 600 eV are very similar, so we will use the krypton
data.24

The energy distribution of the sputtered atoms is found to re-
semble a Maxwellian distribution, although the energetic tail is
broader. The most probable ejection energy of molybdenum be-
ing bombarded by 1200-eV krypton ions is about 5 eV (3170 m/s),
and the average energy is about 21 eV (6500 m/s); see Ref. 23. We
model this energy distribution simply as a Maxwellian distribution,

(15)
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Fig. 4 CEX, ionization, and recombination rates of Mo vs electron
temperature. Two-dimensional ion thruster plume simulation; compar-
ison of CEX, ionization (1st), and recombination rates for Mo: ——,
CEX; ——, ionization; - - - -, three-body recombination; and - - -, ra-
diative recombination.

Although using a simple Maxwellian distribution does not capture
the broader energetic tail, its use is conservative, since lower-energy
ions will be influenced more by the electric potentials in the plume.
As an example, computational modeling for a 30-cm xenon thruster,
at an operating condition with a beam current of 3.2 A and an
accelerator-grid bias of —331 V, predicted space operational values
of a 3.73-g grid mass loss in 890 h (Ref. 21). Taking the grid area A.
to be simply 7tr\, we obtain from Eq. (14) a flux of 1.03 x 1017 m~2

s"1. Dividing the above flux value by the most probable ejection
velocity, 3170 m/s, we obtain a density of 3.25 x 1013 m~3, which
is about four orders of magnitude less than the neutral propellant
density.

Sputtering from monocrystalline metal surfaces usually exhibits
preferred directions of ejection due to the crystallographic orien-
tations. However, for a polycrystalline surface, the crystal surfaces
are randomly oriented, and the sputtered distribution has generally
been modeled as a cosine distribution.25 We assume that the neu-
tral sputtered molybdenum distribution downstream of the thruster
is very similar to the propellant neutral distribution, i.e., a cosine
distribution that falls off as I//?2, and use Eq. (10) to describe the
neutral molybdenum density distribution in the plume.

Lastly, there are two possible mechanisms we consider for molyb-
denum ion creation: CEX with the propellant ions, and electron
impact ionization. The CEX cross section between xenon and
molybdenum26 for the energy range of interest (0.1-10 keV) is
nearly constant, with a value around 6 x 10~20 m2. Figure 4 shows a
comparison of volumetric rates of CEX, electron impact ionization
(single), and three-body and radiative recombination as a function
of electron temperature for molybdenum. For maximum estimates,
the relative collision velocity for the CEX rates is taken to be the
beam ion velocity, and the beam ion density previously listed is used.
The molybdenum neutral density used is 3.25 x 1013 m~3. We can
see that at lower electron temperatures near and below 1 eV, CEX is
dominant. However, at temperatures beyond 1.75-2 eV, electron im-
pact ionization is the dominant ion production mechanism, because
of molybdenum's low ionization energy of 7.1 eV.

Electrons
Electrons from the neutralizer and the ambient plasma play a

vital role in ion-thruster operation by neutralizing the ion beam.
Essentially, the neutralizer produces a quasineutral plasma cloud
that acts as a bridge for the passage of electrons to the beam. In
ion-thruster beam plasmas, the thermal velocity of the electrons
(Te = 1-5 eV, velocity 4 x 105-9 xlO5 m/s) is much higher than

the ion beam velocity (2-4 xlO4 m/s), and thus the electrons can
diffuse rapidly to provide neutralization. It is beyond the scope of
this work to include a detailed model of the physics of an electron-
emitting hollow cathode, which is still not completely understood
today. Ambient electrons also provide paths for current closure and
beam neutralization, and the three-dimensional nature of current
coupling in plasma clouds has been examined, but at length scales
(kilometers) much greater than those of interest here.27 The elec-
trons in our model are those that are emitted from the neutralizer
and rapidly spread throughout the plume and backflow regions to
provide charge neutralization. The neutralizer electrons dominate
the neutralization process within the length scales of interest, since
their density is orders of magnitude greater than that of the ambient
electrons in the vicinity of the spacecraft.

Electron Momentum Equation
The general momentum balance for the electrons, including elec-

tric (E) and magnetic fields (B), pressure forces, and collisional drag
terms, is

+ Ve-. Vve = - — (E + ve x B) -
ot me mene

. +Re (16)

A scaling analysis of the momentum equation leads to insight
and significant simplification. The accelerations in Eq. (16) have
the following scalings:

Unsteady Inertia
V/T V2/L

Lorentz Pressure Collisional drag
v*L vV

Because we are interested in the motion of the CEX ions, the time
scales involved are much larger than electron time scales. Thus, the
electron unsteady and inertia terms can be neglected.

The ratio of the electric to magnetic components in the Lorentz
acceleration term is A0/ VBL. To approximate this ratio, it is nec-
essary to have an estimate for the electron drift velocity. Physically,
the electrons can not overexpand the ions expanding in the plume,
since a large charge imbalance would result. Therefore, the electron
drift velocity at most must be on the order of the ion drift velocities,
even though the electron thermal velocities are much higher. The
expansion process in the radial direction is largely driven by the ra-
dial beam potentials, which accelerate the ions while retarding the
electrons from overexpanding (similarly to an ambipolar diffusion
process). In the axial direction, the electron thermal velocity ex-
ceeds the beam ion velocity by at least a factor of 10, but one would-
expect the electrons to drift along with the ions. Thus, as an estimate
for the electron drift velocity, we use the beam ion velocity as an
upper-bound order of magnitude. Numerically, the ratio of electric
to magnetic forces then becomes at least 102 taking V to be on the
order of the beam ion velocity and using magnetic field strengths of
2 x 10~5 T in LEO and 1 x 10~7 T in GEO. Hence, magnetic field
effects are negligible compared to electric field effects.

Last, we examine the importance of the collisional drag terms
compared to the remaining electric field and pressure gradient terms.
The electron-ion collision frequency is taken to be given by the
classical formula15

vei = 3.6 x 10_6 *i 1*>A (17)

Instabilities and plasma turbulence within the beam may result in
anomalous electron-ion collisions. However, it remains for these
mechanisms and their importance to be quantified. The electron-
neutral collision frequency is given by

ven = (18)

The ratio vei/ven is a strong function of the electron temperature,
being >10 for Te = 1 eV, and <0.1 for Te = 5 eV. However,
the total electron collision frequency (ve = vei -f ven) is on the
order of 105 s"1 in the beam over the temperature range of 1-5 eV.
With collision frequencies of this order, and our estimates of the
electron drift velocity, the collisional drag terms are several orders
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of magnitude less than both the electric field and pressure gradient
terms.

As a result of the above scaling analysis, the electron momentum
equation (16) reduces to a balance between the pressure and electric
potential gradients,

kVneTe (19)

If the electron temperature is constant, Eq. (19) can be integrated to
yield the isothermal Boltzmann relation ne ~ &xp(e(/)/kTe). How-
ever, as seen in experiments, the electron temperature decreases
radially and axially because of cooling as the plume expands. The
variation of the electron temperature, however, is much less than
that of the plasma density on account of the high electron thermal
conductivity: (\/L)bTe/Te < (l/L)&ne/ne (Ref. 9). Hence, a
first-order solution to Eq. (19) yields a Boltzmann relationship with
a spatially varying temperature,

ne(x) = neo> (20)

where the electron density is a specified background density, de-
noted by subscript bo, when the potential far from the beam falls
to zero. The use of the reference point in the far field does not
imply that the electrons described by Eq. (20) are from the am-
bient; rather, it serves as a far-field boundary condition to ensure
quasineutrality. The positive potentials in the beam may be attract-
ing ambient electrons, but their contribution to the neutralization
process is insignificant in the near field. Indeed, the accelerating
ambient electrons attracted by the positive beam potential are not
properly described by a Boltzmann relationship, since they cannot
be in equilibrium. However, for the neutralizer electrons, the pos-
itive beam potential provides a retarding force so that they do not
abandon the ions as they expand, creating a large charge imbalance.
The Boltzmann relationship simply states that these electrons are re-
strained in a condition where the electric field balances the pressure.
It is important to stress that the multiple-scales argument is based on
experimental observations, and that data suggest the plausibility of a
Boltzmann relationship for the electrons.9 It is checked a posteriori
that indeed, temperature gradients are less than density gradients
as well as potential gradients, which are large—particularly at the
beam edge. Recently, preliminary efforts have been made to model
the electrons kinetically, which will provide a more complete picture
of electron behavior, particularly aspects of the drift velocities.28

Electron Temperature Equation
The electron temperature is given by the general electron energy

equation

(21)\He(to + Ve' jkTe + peV'Ve = -v'^ + Q£

where qe = —KeVTe is the conductive heat flux. For the electron
heating-cooling term Qe, we consider collisional transfer and ohmic
heating,

Qe = -3 Te - TH) +je • E (22)

where the heavy-species temperature TH of the ions and neutrals
is taken to be a constant corresponding to the temperature of the
thruster chamber walls. The electron velocity ve is taken to be the
beam ion velocity in the beam, and zero outside. The electron ther-
mal conductivity is given by15

2.4 k2neTe (23)

At 5 eV, Ke is on the order of 0.5 W/m K, whereas at 1 eV it is about
O.lW/mK.

It is useful to also conduct a scaling analysis of Eq. (21). We
take the electron pressure to be given by pe = nekTe, and neglect

the unsteady term, because we are interested in the steady-state
behavior:

Convection Conduction Collisional transfer Ohmic
Vpe tfePe me

L vL2 nij eneV ——Li

Within the beam, the convection and ohmic terms play a role (with
convection being comparable to the ohmic term), but they are weak
compared to the conduction term, which is dominant throughout
the plume (on account of the v2

e scaling). Collisional transfer is
also weak compared to conduction, because of the electron-ion
mass-ratio factor. Thus, the electron temperature equation basically
represents a conductive heat transfer problem with weak sink terms.
However, since the convective terms pose no computational diffi-
culties, we include them for completeness. In addition, it should be
noted that the heavy-species temperature will actually rise because
of collisional heating by the electrons. However, since the colli-
sional transfer term is weak, the assumption of isothermal ions and
neutrals has little effect.

Numerical Model
To model the expansion of an ion-thruster plume, we employ the

hybrid electrostatic plasma particle-in-cell (PIC) method.29 In the
electrostatic PIC technique, ions and electrons in a plasma are treated
as macroparticles, where each macroparticle represents many actual
particles. The charge of the simulation particles is deposited onto a
grid, and a charge density is computed. From this density, Poisson's
equation for the electrostatic potential is solved, and the particles
are moved under the influence of this self-consistent electric field.
A major shortcoming of explicit fully kinetic PIC codes, where
electrons are treated as particles, is the very small time step that is
required to resolve the electron motion. Since we are interested in
the ion motion, we adopt the hybrid approach where the ions are
treated as particles, but the electrons are treated as a fluid. In this
manner, the time step is now on the ion time scale, which for Xe
ions is about 490 times larger than the electron time scale.

The equation of motion of each ion macroparticle is integrated:

dt
1 = ( ± ) (ft + Vj x B) (24)

where, in the electrostatic approximation, E = —V(f> and the poten-
tial is determined from Poisson's equation:

(25)

Note that the summation over the ion species allows different species
such as propellant and nonpropellant ions. In our simulation model,
the slow CEX ions are treated as particles, with the ratio of real
particles to macroparticles around 107 or more.

Our model is two dimensional (axisymmetric). Figure 5 shows
a representative computational grid, which is nonuniform so as to
more efficiently handle the highly nonuniform density distribution
in the plume. Since the grid cell size should be on the order of the
Debye length, we have stretched the grids in the r direction to follow
the increase in Debye length away from the centerline due to the
density decrease.

With the Boltzmann distribution for the electron density, the Pois-
son equation for the electric potential becomes nonlinear. This equa-
tion is solved with a Newton-Raphson successive-over-relaxation
scheme. Fixed potentials are imposed on the spacecraft surfaces,
usually around —k Te /e, and the thruster front (the accelerator grid) is
fixed at the accelerator-grid potential, usually —100 to —200 V. Neu-
mann boundary conditions are imposed on all exterior boundaries.

The nonlinear electron temperature equation (21) is an advect-
ion-diffusion equation that is solved using a generalized minimal
residual method with an incomplete Cholesky preconditioner as im-
plemented in a numerical package, ITPACK.30 The thruster front is
set to a specified temperature, and the rest of the spacecraft sur-
faces are insulated. Neumann conditions are set at the upstream
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Fig. 5 Computational domain.

and downstream boundaries, and the far radial boundary is set to a
temperature based on a far-field temperature model.7

Because the temperature equation and Poisson's equation are cou-
pled through the electron densities, it is necessary, for a given ion
density, to iterate between the two equations until convergence is
reached. The general structure of the solution process is outlined
as follows. First the ion beam and neutral densities are computed
on the grid, and the number of PIC CEX ions (either propellant or
NPE) to be created in each grid cell is determined from the respec-
tive production rates. The velocities of the propellant CEX ions are
drawn from a Maxwellian distribution with a temperature corre-
sponding to the thruster wall, and the NPE ion velocities are taken
from the ejected energy distribution given by Eq. (15). The particles
are then weighted to the grid to compute the charge density. Given
the total ion density that includes the beam ion density, the CEX
ion density, and a uniform background density, Poisson's equation
is solved for the electric potential. The electron density is based on
a temperature from the previous time step (or at t = 0, an initial
estimate). Based on the new potential and the previous temperature,
the electron density can be computed for the collision frequency
and thermal conductivity from Eq. (20). The electron temperature
equation (21) is then solved, given coefficients that are based on the
previous temperature, for a new temperature. This new temperature
is fed back to Poisson's equation, where it appears in the Boltzmann
relation for the electron density, and a new potential computed. Once
the Poisson equation and the temperature equation have converged,
the new self-consistent potential is used to compute the electric field
under which the particles are moved. Particles that reach the simula-
tion boundaries and spacecraft surfaces are removed. New particles
are then created, new densities are computed at t = t + 1, and the
process is repeated until steady state.

Results
In this section, simulation results are compared with data and

the underlying physical mechanisms of the plume expansion are
shown. Results shown here pertain to the propellant CEX plasma;
those on sputtered molybdenum are shown in a companion paper.8
The numerical model is run until steady state is reached, when the
number of particles in the simulation reaches a constant value that
is determined when the production rate of particles in the plume
balances the loss rate at the exterior domain boundaries. Numerical
results were checked for energy conservation and for independence
of domain size and number of particles.7

Ion Density
Kaufman9 investigated the propellant CEX plasma produced by

a 15-cm SERTII thruster operating with mercury as the propellant

Fig. 6 Contour plot of total ion density compared with data.9 Two-
dimensional ion thruster plume simulation total ion density (m~3).

and dished grids that permitted higher beam currents than the orig-
inal flat grids that were used in the 1970 space flight. The screen
and accelerator potentials were maintained at +1000 and —500 V,
respectively, throughout the investigation, yielding an ion beam ve-
locity of 31,011 m/s. The thruster was operated at two operating con-
ditions: case A, Ih = 0.63 A, rjp = 0.85, and case B, lb = 0.38 A,
r]p = 0.51. The ground tests were conducted in a tank that was 1.2
m in diameter and 4.6 m long. However, the thruster exit was appar-
ently only 30 cm from the back tank wall, and the proximity of the
chamber wall may have influenced plasma properties in the back-
flow region. A neutral background pressure around 5 x 10~6 torr
was maintained during thruster operation. The experimental error
of measurements was assessed to be ±20-50%.

An examination of radial density profiles through the beam of
this particular SERT II thruster showed that the beam ion density
was better described by a Gaussian radial profile than by a parabolic
profile. Thus, Eq. (6) was used to model the beam ion density. Based
on measurements of the beam ion density, a 15-deg beam divergence
angle was used, although it was never directly measured in the ex-
periment. In comparing numerical results with data, both variable-
and constant-electron-temperature results are shown. Kaufman mea-
sured the electron temperature at the thruster exit to be 5 eV. Thus,
this value is a boundary condition for the variable-temperature
model, and the constant-temperature model is held at 5 eV.

A contour map of the total ion density for the high-current case A
is shown in Fig. 6. Overlaid are variable-temperature results (gray
scale), constant-temperature (Te = 5 eV) results (thin contours),
and experimental data (bold contours in cgs units). Qualitatively, the
agreement is quite good. Note that noticeable deviations between
model and data take place in the beam; the plasma density measured
within the beam is higher. The differences may well be due to the fact
that ionization is important with mercury at electron temperatures
above 4 eV. However, we are interested in the plasma densities
outside the beam, and we can see that agreement is reasonably good,
with constant-temperature results yielding larger densities in the
backflow region. It must be kept in mind that these experimental
contours have up to a 50% error associated with them. Even though
calculations with a constant temperature do not accurately reflect
all the physical processes in the plume, if the backflow density
is close to, or gives an upper bound to, values obtained with the
full temperature model, the reduced computational burden allows
the constant-temperature model to be more efficient for parametric
studies.

In Fig. 6, it is shown that the total ion density (beam and CEX) falls
from values of 3-5 x 1015 m~3 in the beam to around 3 x 1012 m~3 at
30 cm behind the thruster exit plane—a three-order-of-magnitude
decrease. In the beam, the beam ion plasma dominates; however,
the CEX plasma still is on the order of 1015 m~3, whereas outside
the plume, the beam ion density is zero, and the CEX plasma is
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Fig. 7 Total ion density along radial cut through beam compared with
data9: •, data9; o, model (var. TV); and D, model (const Te). 15-cm Hg
SERTII; Ib = 0.63 A, rjp = 0.85, axial location: 13 cm downstream.

3x10

^1x10

1x10'

-< -̂ Model (Const. Te)

-B- Model (Var. Te)

-•- Data, Ref. 32

30 cm Hg Thruster

ID =1 A, np = 0.95
Exp. values taken at 0.48 m
Model values at 0.47 m

4x10'
-42 -30 -18 -6 6 18 30

Axial Position from Thruster Front (cm); <0 is behind

Fig. 8 Comparison of total ion density in backflow region with data,32

the sole component. In these simulations, the background plasma
density is 1012 m~3, a value inferred from the Boltzmann relationship
and experimental measurements of the beam potential.

Figure 7 shows a radial cut of the total ion density through the
plume at an axial location 13 cm downstream from the thruster
operating with conditions of case A. Both constant- and variable-
temperature simulation results are shown, and they are very similar,
with the constant temperature giving slightly higher densities farther
from the plume centerline. The total ion density falls from about
5 x 1015 m~3 at the beam centerline to below 1013 m~3 at 70 cm
away. With ±50% error bars on the data, we see that the numerical
results are in good agreement.

The propellant CEX flowfield of a 30-cm-beam-diameter 900-ser-
ies Hughes mercury ion thruster using small-hole accelerator-grid
optics was investigated in two different experiments.31'32 The main
objective of these experiments was to determine the flow angle of
the CEX plasma with the end effect of a Langmuir probe, which
is the phenomenon that the current collected by a Langmuir probe
aligned with a flowing plasma is greater than if the probe is oriented
at some other angle to the flow direction.

The 30-cm mercury thruster was operated over a range of beam
currents ranging from 1 to 1.8 A in the first experiment, and it
was found that the CEX plasma flow angle was insensitive to the
beam current. In the second experiment, the thruster was run at a
fixed operating point of 1 A with a propellant utilization efficiency
of 0.95. The screen potential of the thruster was fixed at 1100 V,
yielding a beam ion velocity of 32,525 m/s. Both experiments were
conducted within a vacuum chamber 2.1 m in diameter and 4.6 m
long. The tank background pressure ranged from 1 x 10~6 to 6 x 10~6

torr. In our simulations, a background pressure of 3.5 x 10~6 torr
with a temperature of 300 K is used. No beam ion density profiles
were measured in the experiments to suggest what type of profile to
use (parabolic, Gaussian, or other). However, in view of similarities
with the modern 30-cm Hughes thruster, a parabolic radial profile for
the beam ions was used. From other measurements,33 the electron
temperature in the beam ranged from 0.2 to 1 eV; thus the electron
temperature at the thruster exit was fixed at 1 eV.

In the experiments in Ref. 32, the plasma density at a radial dis-
tance of 48 cm was measured from 30 cm in front of the thruster
to about 40 cm behind the thruster. Figure 8 shows the data points,

0 5 10 15 20 25 30
Potential (V)

Fig. 9 Total ion density vs potential: simulation results and data9: •,
data9; D, model (const !"<,); and o, model (var. Te). 15-cm Hg SERT II,
Ib = 0.63 A, rip = 0.85.
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Fig. 10 Vector map of CEX ion flow angle for thruster in Ref. 31. Two-
dimensional ion thruster plume simulation; CEX flow vectors (normal-
ized).

along with model calculations at r = 4 7 cm for both variable-
and constant-temperature models. It can be seen that there is very
good agreement between model and experiment, with the constant-
temperature model giving slightly higher values again. Based on the
experimental measurements, a uniform plasma background of 1013

m~3 was imposed in the simulations. Note that the experiments in
Refs. 31 and 32 were held in a tank with diameter about twice that for
the other experiments,9 and hence one expects reduced test-chamber
effects.

Plasma Potential and Electron Temperature
Figure 9 shows potential and density data from a Langmuir probe

in the plume of the 15-cm SERT II thruster taken by Kaufman
(operating conditions A).9 Error bars corresponding to ±20% in
potential and ±50% in density have been added to the experimental
data, which have considerable scatter. Overlaid are both the isother-
mal and variable-temperature model results. For higher potentials,
corresponding to the beam ion density, the numerical results fall
within the error bars of the experimental data, with the isothermal
model yielding lower density values for a given potential. However,
at lower densities, corresponding to the CEX plasma, the numerical
values of the corresponding potentials are much lower, suggesting
that in ground experiments the presence of the facility walls may
play an important role in the potential distribution and (perhaps to
a certain degree) the electron temperature. Because of the negative
bias on the walls, the electrons from the thruster are repelled, and it
is quite likely that secondary electron emission from the tank walls
occurs, which may alter the temperature near the walls.
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Fig. 11 Vector map of electric field for thruster in Ref. 31. Two-
dimensional ion thruster plume simulation, electric field vectors (nor-
malized).
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Fig. 12 Comparison of CEX ion flow angle with data31: o, model
(const. Te); D, model (var. Je); and •, data31. 30-cm Hg thruster, Ib =
1 A, rjp = 0.95; experimental values taken at 0.66 m, model values at
0.65 m.

The electron temperature can be deduced from Fig. 9 by tak-
ing the slope of a plot of the natural /garithm of the ion density
vs the potential. A least-squares fit through Kaufman's data yields
a temperature of 3 eV. For the variable-temperature results, two
temperatures can be deduced: one from the beam plasma (higher
density and potential), and one for the CEX plasma (lower density
and potential). The corresponding temperatures are 5 and 2.6 eV.
The computed temperature of the CEX plasma is close to what was
observed.9 The electron temperature actually plays an important
role in the magnitude of the backflowing current, since potentials
scale with Te. In a companion paper, the sensitivity of the backflow
current to the electron temperature is examined.8

Plasma Flow Angle
Based on the CEX ion velocities, CEX plasma flow direction

vectors can be mapped out. Figure 10 shows the computed CEX ion
current-density vector flowfield, with the vectors normalized so that
only direction is indicated, and not magnitude. CEX ions that are
created in the beam near the centerline do not see a strong radial
electric field, and hence they are carried downstream by the axial
potential gradient in the beam. However, as they move farther out
radially in the beam, the radial potential gradient starts to turn the
CEX ions towards the beam edge, and as shown in Fig. 10, the CEX
ions that reach the beam edge leave completely radially. Outside of
the beam, at and behind the thruster exit plane, the electric fields
turn the CEX ions towards the backflow direction. Also, it can be
seen that CEX ions that are close to the top edge of the thruster
body are turned back the most, and some are even pulled down
toward the thruster-body top. In addition, CEX ions are shown to
be directly attracted back to the negatively biased accelerator grid,
which constitutes the grid impingement current.

Figure 11 shows a vector plot of the electric field, normalized so
that only direction is indicated. A comparison of Figs. 10 and 11
clearly shows how the CEX ions are influenced by the electric field.
Note that the electric field is almost radial at the beam edge even
though the beam is divergent, and is axial in the backflow direction
90 deg above the thruster exit. In addition, the electric fields in the
sheaths surrounding the thruster body that serve to accelerate CEX
ions to the surfaces can be seen. Above the thruster body for z < 30
cm, the electric field is noisy because of differencing of the potential,
which is noisy because the CEX ion density is low in that region.

The CEX plasma flow angles31 were measured at distances of 48
and 66 cm from the plume centerline. Measurements up to 51 cm
in both the upstream and downstream directions were taken. The
experimental error on measurements was assessed to be ±2-5 deg.
We have performed simulations with both variable and isothermal

aooo.
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Fig. 13 Phase-space plot of CEX ions: radial vs axial velocity for thruster in Ref. 9. Two-dimensional ion thruster plume simulation, phase space
plot (variable Te).
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models, and the computed flow angles are shown with experimental
data in Fig. 12 for a radial distance of 65 cm. The simulation results
shown are displaced 1 cm radially with respect to the experimental
data because of the computational grid structure.

In the region behind the thruster exit in Fig. 12, which is of most
concern for contamination, there is excellent agreement with exper-
iment, with very slight difference between variable-temperature and
isothermal results. Differences can be attributed to the fact that with
the isothermal model, the CEX ions are turned back more by the
stronger electric fields. This is indeed the case; flow angles with
the isothermal model are slightly higher (~l-3 deg). We note that
the smaller the radial distance to the plume, the greater the turning
angle. The flow leaves at 90 deg to the plume axis at about 10-20 cm
downstream of the thruster, which gives the appearance of a point
source located about one thruster radius downstream. However, the
flow that enters the backflow region leaves from the beam much
closer to the thruster. These backflowing ions leave radially, and are
then turned back by the electric fields—giving the appearance that
they originated from a point farther downstream in the beam.

Last, it is of interest to examine a phase-space plot of the propel-
lant CEX ions. In Fig. 13, a plot of the radial and axial velocities of
mercury CEX ions from the Kaufman case A thruster is shown that
clearly shows two different populations. There is a lower-energy
population that is created within the beam with a thermal velocity
distribution, and there is a high-energy population representing the
CEX ions that have gained energy from being accelerated by the
radial beam electric fields. The radial velocity of the energetic CEX
population is around 4500 m/s, which is due to the radial beam po-
tential drop of about 20 V. In addition, the energetic CEX ions have
a backstreaming velocity component up to 3500 m/s. These ions
constitute the backflow towards the spacecraft.

Conclusions
We have developed a physical and numerical model of the back-

flow contamination of an ion-thruster plume. Detailed models for
all the thruster effluents and plume components, including the beam
ions, neutral propellant, CEX propellant ions, sputtered grid ions,
and neutralizing electrons, were developed and integrated into a
comprehensive numerical model for axisymmetric geometry. Sim-
ulation results were compared with experimental data, and compar-
isons of ion density, electron potential and temperature, and CEX
ion flow angle showed good agreement. However, these data are
for mercury, an obsolete propellant. What is most important is a
modern experimental effort to characterize the plume backflow of
xenon thrusters by using modern diagnostic techniques to provide
a complete database of the plume densities, current densities, elec-
tron temperatures, and potentials in the backflow regions that can
be used to validate plume contamination models. These models will
enable spacecraft designers and integrators to more confidently as-
sess, and control if necessary, the contamination of EP thrusters and
will thus help EP emerge as a commonly accepted form of spacecraft
propulsion.
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