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Three-Dimensional Numerical Simulation of
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A three-dimensional full-particle-simulation model is developed for simulation of a � eld-emission-electric-
propulsion (FEEP) thruster operation in an ambient plasma. Simulations are performed with ion-to-electron
mass ratios close to actual values (mi/me = 80,000) to resolve the basic characteristics of the propellant ions emitted
from a FEEP thruster and their neutralization in an ambient plasma environment or by a thermionic neutralizer.
The slit geometry allows a FEEP emitter to transmit reasonable values of emission current, even when no neu-
tralization mechanism is present. However, to neutralize the FEEP beam, one must either operate the FEEP in an
ambient plasma with a density comparable with the density of the FEEP beam ions and/or place a neutralizer at a
location suf� ciently far from the FEEP emitter. Because the electric � eld from the exposed high-voltageaccelerator
dominates the neighboring region of FEEP thrusters, a neutralizer placed on the spacecraft surface beside the
FEEP emitter will not provide effective neutralization.

Nomenclature
Ae, Ai = exit area of the electron and ion beam, m2

a = emitter–accelerator distance, m
b = half of accelerator aperature,m
c = cathode–accelerator distance, m
d = emitter slit depth, m
E = electric � eld, V¢ m ¡ 1

e = electric charge constant =1.602 £ 10 ¡ 19 C
Ie, Ii = electron and ion current, A
k = Boltzmann constant =1.381 £ 10 ¡ 23 J/K
l = emitter slit length, m
me , m i = electron and ion mass, kg
ne, ni = electron and ion number density, m ¡ 3

ne,a , ni,a = ambient electron and ion number density, m ¡ 3

q = electric charge
r = radius from emitter slit, m
rc = radius of neutralizer anode, m
T = temperature, K
UA = neutralizer anode potential, V
UACC = accelerator potential, V
UE = emitter potential, V
UExit = potential in the exit area of the slit emitter, V
UN = neutralizer grounding potential, V
ve , vi = electron and ion velocity, m¢ s ¡ 1

ve,a , vi,a = ambient electron and ion velocity, m ¢ s ¡ 1

w = emitter slit width, m
b = neutralizer divergence angle, deg
" i = divergence angle perpendicular to the slit direction,

deg
k D = Debye length, m
q = charge density, C¢ m ¡ 3

u = potential, V
} i = divergence angle along the slit direction, deg
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I. Introduction

F IELD-EMISSION-ELECTRIC-PROPULSION (FEEP) is an
advanced electrostatic propulsion concept1 that uses liquid

metal (usuallycesium) as a propellant.A FEEP deviceconsistsof an
emitter and an acceleratorelectrode (Fig. 1). The emitter consists of
two metal plates that form a slit with a width of » 1 l m. A potential
difference typically of the order of 10 kV is applied between the
slit emitter and the accelerator electrode, which generates a strong
electric � eld at the tip of the liquid metal surface (Taylor cones)
of the emitter. This electric � eld extracts cesium ions from the tip of
the emitter and accelerates them through the accelerator.Becauseof
the high emitter-acceleratorpotentialdifference, the propellant ions
are accelerated to a very high velocity, typically >105 m/s. Hence
a FEEP device can produce speci� c impulses of the order of 104 s.

One of the prerequisites in the applicationof any electric propul-
sion device is that the propellant ions must be adequately neutral-
ized in a space environment.During FEEP emission, the ion density
near the FEEP is » 1015 m ¡ 3 , whereas typical space plasma densi-
ties range from 1012 m ¡ 3 at low Earth orbit (LEO) to » 106 m ¡ 3 in
the solar wind. Because of the small dimensions of the FEEP exit
and the slit geometry, the propellant ions emitted by a FEEP will
form a very localized, high-density ion beam with properties that
differ considerably from the ion beam emitted by conventional ion
thrusters. High plasma densities create considerable space-charge
effects, which raises the issue of neutralizationfor a FEEP thruster.
Few plasma measurementshave been carried out to characterizethe
FEEP ion beam and its neutralization. The only relevant measure-
ment was a Langmuir probe measurement by Andrenucci et al.,2

performed for a laboratory FEEP thruster. The measurement was
carried out in a vacuum chamber with a relatively high background
pressure (10 ¡ 6 mbar). The ambient plasma density inside the vac-
uum chamber is of the same order of magnitude as the density
observed for the FEEP ion beam (1014 m ¡ 3 ) and is several orders
of magnitude higher than typical space plasma densities.Moreover,
the neutralizerused in this experimentwas a plasma-bridgeneutral-
izer that emits an electron current of up to 150 mA, a current much
higher than the 0.9-mA ion current emitted by the FEEP thruster.
Not surprisingly, the ion beam from the FEEP was observed to be
fully neutralized under this condition of high background pressure
and high electron emission.

Recently, a hot-� lament neutralizer (Fig. 2) has been proposed
to be used with the FEEP thruster.3 The hot-� lament neutralizer

536



TAJMAR AND WANG 537

Fig. 1 Sectional view of the emitter–accelerator electrode con� g-
uration.1

Fig. 2 Sectional view of the neutralizer.

is more attractive than a plasma-bridge neutralizer because of its
much lower power consumption. The hot-� lament neutralizer uses
a low accelerationvoltage (100 V relative to the groundingpotential
of the neutralizer) to accelerate an electron beam into the cesium
ion beam. No plasma measurement has been performed for this
type of thermionic neutralizer.A few studies, both experimental or
theoretical, have been published to characterize the properties and
neutralization of the FEEP ion beam. However, there is no general
consensus on the basic properties of a FEEP ion beam in a typical
low-density space environment and the optimal way to neutralize a
FEEP ion beam in space.

Our objective in this paper is to understand the basic character-
istics of the propellant ions emitted from a FEEP thruster and their
neutralizationunder laboratoryand typical spaceenvironments.Be-
cause of the dif� culty of matching the conditionsof space environ-
ments in a vacuum chamber, computer particle simulations provide
the best means to address this problem. The emphasis of this pa-
per is on the interactionsbetween the threedifferentplasma sources,
the beam ions, the neutralizerelectrons,and the ambientplasma and
the resultingneutralizationof the propellantions.The neutralplume
emitted from the FEEP emitter and the resulting charge-exchange
collisionswill not be consideredhere because the charge-exchange
ions will only have a very minor impact on the neutralizationissue.
Under typical FEEP operating conditions, it has been measured1

that the neutral � ux from a FEEP emitter is » 1% of the beam ion
current, and the maximum charge-exchangedensity is estimated to
be more than 1 order of magnitude below the beam ion density.
Hence, neglecting the charge-exchange ions in the simulation will
not affect the results. The charge-exchange ion environments will
be discussed in a subsequent publication.

We present a three-dimensional full-particle-simulation model
for FEEP neutralization.The simulation model is similar to that of
Wang and Lai,4 which is used to simulate ion beam emissions in
space plasma, but includes a thermionic neutralizer and the details
of the slit FEEP geometry. In general,most full-particlesimulations
use arti� cial ion-to-electron mass ratios because of computational
constraints. In this paper, however, we perform simulations with a
very realistic heavy ion-to-electronmass ratio. We � nd that the use
of realistic ion-to-electronmass ratios and the resultingmore expen-
sive computationsare needed to resolve the detailsof the neutraliza-
tion process. We apply three-dimensional full-particle simulations
to predict the beam density and the potential near a FEEP emitter
under various FEEP operation modes and ambient plasma environ-
ments. We study beam ion neutralizationand suggest neutralization
examples for reducing the space charge of the FEEP ion beam.

II. Formulation
We consider a FEEP emitter and a thermionic neutralizer in an

ambientplasma environment.The FEEP thrusterconsidered(Fig. 1)
is similar to that testedat CENTROSPAZIO2 andotherFEEP emitter
experiments.1 Basic parameters for this thruster are summarized in
Table 1. The neutralizer considered is a thermionic cathode, which
consists of a hot � lament underneath a small accelerator cathode
(Fig. 2). Basic parameters for the neutralizer are summarized in
Table 2.

In a FEEP emitter, ion emission originates from the emitter sur-
face locatedat a distancea (emitter–acceleratordistance) behind the
acceleratorelectrode (Fig. 1). Typically the acceleratorelectrodeof
the FEEP emitter is placed on the spacecraft surface. The emitter
electrode has a positive potential UE with respect to the spacecraft
potential,and theacceleratorelectrodehasa negativepotentialUACC

with respect to the spacecraft potential. The geometry of the elec-
trodes creates a focused ion beam that is accelerated through the
accelerator. The velocity of the beam ions at the FEEP’s exit, vi ,
is given by

vi =
2(UE ¡ UExit)e

m i

(1)

where UE is the emitter potentialand UExit is the potentialwithin the
ion beam at the level of the acceleratorelectrode.Note that UExit is a
functionof UE , UACC, and the beam ion density, and needs to be de-
termined self-consistentlyby taking the space charge into account.
At a FEEP’s exit, to a good approximation, the propellant ions are
focusedinto a cosinedistribution1 squeezedto the divergenceangles
" i perpendicular to the slit direction and } i along the slit direction
because of the FEEP’s geometry (the ion density distribution ac-
cording to this squeezed cosine distribution is shown in Fig. 3 for a

Table 1 FEEP thruster parameters

Parameters FEEP thruster

Slit length, cm 3
Slit width, l m 1.5
Accelerator length, cm 4
Accelerator width, cm 1
Emitter–accelerator distance, mm 0.6
Accelerator voltage, kV ¡ 3
Ion divergence perpendicular to slit, deg 30
Ion divergence in slit direction, deg 15

Table 2 Neutralizer parameters

Thermionic
Parameters neutralizer

Inner cathode diameter, mm 3
Cathode–anode distance, mm 0.3
Electron divergence in all directions, deg 30

Fig. 3 Ionbeamdivergenceperpendicular to theslit direction at radius
r = 0.06 m (case 1).
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typical case). If the ions were perfectly neutralized and there were
no space-charge effects, they would form a beam according to this
divergenceangles. Under this condition, the cross section of the ion
beam near the FEEP exit would be

Ai = (l + 2a tan } i )(w + 2a tan " i ) (2)

With the ion current Ii , the ion density ni at the FEEP’s exit can be
expressed by

ni = Ii / eAi vi (3)

In a thermioniccathodeneutralizer,electronemissioncan be con-
sidered to originate from a point source in the middle of the acceler-
ator cathode where the electrons are then accelerated by the anode
potentialUA (Fig. 2). The exit electron velocity ve is a combination
of the thermal velocity of the hot-� lament-generated Maxwellian
velocity distribution with the cathode at temperature T and the ac-
celeration that is due to the anode:

ve = 8kT / me p + 2eUA / me (4)

The neutralizer is grounded to the neutralizergroundingpotential
UN that is usually negative with respect to the spacecraft surface to
enable the electrons to interactwith the ion beam. In the absence of
space-chargeeffects, the spatial distributionof the emitted electrons
at the exit can be modeled by a simple cosine distribution squeezed
in all directionsby a divergenceangle b . For a given cathode radius
rc, the cross-section area of the electron beam at the neutralizer’s
exit, Ae, is given by

Ae = (rc + c tan b )2 p (5)

where c is the neutralizercathode–acceleratordistance.The electron
density at the neutralizer’s exit can be expressed similarly to the
expression for the ion density in Eq. (3).

In this paper, we study two different FEEP operation modes:
FEEP emission without a neutralizerand FEEP emission in connec-
tion with a neutralizer, and three very different ambient conditions.
The ambient environments considered are 1) the laboratory plasma
environment, 2) the LEO plasma environment, and 3) no ambient
plasma.When a FEEP thruster is tested in a vacuumtank, the typical
background plasma density inside a vacuum tank is approximately
1% of the neutral density inside the tank.5 Under a typical vac-
uum tank pressure of 10 ¡ 6 mbar, the ambient plasma density inside
the tank would be 2.4 £ 1014 m ¡ 3. The typical electron tempera-
ture in the vacuum chamber was measured2 to be 4.2 eV, and the
ion temperature corresponded to the ambient room temperature.At
LEO, typical values of plasma parameters6 are: density 1012 m ¡ 3,
and electron and ion temperature 0.1 eV. These parameters, sum-
marized in Table 3, will be used for a laboratory or LEO plasma in

Table 3 Background plasma parameters2;6

Background Electron Ion
plasma Density, m ¡ 3 temperature, eV temperature, eV

Laboratory plasma, 2.4 £ 1014 4.2 0.05
10 ¡ 6 mbar

LEO orbit 1 £ 1012 0.1 0.1

Table 4 Simulation parameters

Neutralizer
Emitter Emitter Neutralizer Neutralizer grounding Background Neutralizer

Case current, mA voltage, kV voltage, V current, mA potential, kV plasma (position)

1 0.9 6 —— —— —— —— No
2 1.4 7 —— —— —— —— No
3 0.9 6 —— —— —— LEO No
4 0.9 6 —— —— —— Laboratory No
5 0.9 6 100 1 0 —— Yes (1)
6 0.9 6 100 1 0 —— Yes (2)
7 0.9 6 100 1 ¡ 3 —— Yes (1)
8 0.9 6 100 1 ¡ 10 —— Yes (1)

our model. In this study, both the facility ambient plasma and the
LEO ambient plasma are assumed to follow a Maxwellian distri-
bution. In addition, we also consider different neutralizeroperating
conditions, including two different neutralizer positions.As shown
in Fig. 4, the neutralizer can be either mounted on the spacecraft
surface or mounted above the spacecraft surface with a look angle
into the FEEP beam. The differentsimulationcases are summarized
in Table 4.

A full-particle three-dimensional electrostatic particle-in-cell
(PIC) code7 has been developed to study FEEP-induced plasma
interactions. In this code, all plasma particles (beam ions, neutral-
izer electrons, ambient ions, and ambient electrons) are treated as
computational test particles. The trajectories of each test particle,
the space charge and the self-consistentelectric � eld, are obtained
from Newton’s second law and Poisson’s equation, respectively:

F = m
dv

dt
= Eq (6)

¡ r 2 u = q / e 0 (7)

The simulation setup is shown in Fig. 5. Part of the spacecraft is
modeled as a box in the middle of the bottom area of the simulation

Fig. 4 Neutralizer position.

Fig. 5 Simulation domain.
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domain. Test particles representing the FEEP ions are injected into
the simulationdomain along the FEEP slit on the spacecraft surface
with the velocity vi [Eq. (1)] and with a spatial distribution given
by Eq. (2). Test particles representing the neutralizer electrons are
injected into the simulation domain from the neutralizer exit with
the velocity ve [Eq. (4)] that follow the spatial distributiongiven by
Eq. (5).

For simulations with an ambient plasma, test particles represent-
ing the ambient plasma are loaded uniformly into the domain with
a Maxwellian velocity distributionat the start of the simulation. All
domain boundaries except the spacecraft box are considered to be
open boundaries.At the open boundaries, ambient plasma particles
can � ow into the simulation domain with a thermal � ux

C = n /4 8kT / m p (8)

A Neumann boundaryconditionfor Poisson’s equation is applied
onall openboundaries;thepotentialsat the surfacesof the spacecraft
box, the emitter, accelerator, and neutralizer are speci� ed.

In most full-particlesimulations,an arti� cial ion-to-electronmass
ratio of » 100 is typicallyused becauseof computationalconstraints.
However, to simulate the neutralizationprocess accurately, we � nd
it necessary to use an ion-to-electron mass ratio close to the real
value. This is because the neutralizationprocess studied here is for
a mesothermal plasma, i.e., the beam ion velocity is much larger
than the ion thermal velocity but much smaller than the electron
thermal velocity. Under the mesothermal condition, the ion beam
is neutralized by thermal electrons. However, an arti� cial ion-to-
electronmass ratioof » 100woulddestroythismesothermalvelocity
orderand lead to a beamion velocitylarger than the electronthermal
velocity in the simulation. Hence a small ion-to-electronmass ratio
would change the problem into a completely different one, i.e., the
interactionsof an ion beamwith an electronbeam. In the simulations
presentedhere, we use an ion-to-electronmass ratio of 80,000.This
mass ratio ensures the mesothermal velocity order and is necessary
for correctly simulating the problem.

The size of the simulation domain was 0.1 £ 0.1 £ 0.2 m. In the
simulations related to FEEP operationswith a neutralizerand FEEP
operations in a laboratory environment, the number of grid cells
used was 20 £ 20 £ 40 with a cell size of 5 mm. Incidently, this
size corresponds to the Debye length generally corresponding to
the plasma condition in the middle of the simulation domain during
neutralizeroperation.The simulationresults showthat in thedomain
center, theelectrondensityis » 1 £ 1013 m ¡ 3 (Fig.6) and theelectron
temperatureis » 5 eV (Fig. 7). In the simulationsof FEEP operations
in LEO plasma, the number of grid cells used is 20 £ 20 £ 80 and
the cell size corresponds to the Debye length of k D,LEO ¼ 2.5 mm.
We have performed extensivenumerical tests to ensure that our grid
resolution does not affect the steady-state solution. As an example,
Fig. 8 compares the results from simulations with different grid
resolutions. The number of grid cells compared are 20 £ 20 £ 40,

Fig. 6 The x–z plot of neutralizer electron density (cases 6 and 7).

20 £ 20 £ 80, and 40 £ 40 £ 40. We � nd that the results are not
sensitive to the grid size used.

The number of ions emitted from the FEEP thruster varied from
case to case but the number of particles per cell was always larger
than 100 to minimize the effectsof numericalnoise.Numerical tests
were also performed to ensure that the number of particles we used
is suf� cient so it does not affect the steady-state situation. The time
stepwas basedon the electronplasmafrequency.The simulationwas
performed until a steady state was reached, i.e., the number of par-
ticles in the simulationdomain remained constant. In a typical case,
the number of particles at equilibrium was 80,000 and the number
of time steps to reach equilibrium was 30,000. A typical run takes
» 3–4 days on a Silicon Graphics Power Challange XL computer.

Fig. 7 Velocity distribution f (vz ) of neutralizer electrons in simulation
domain (case 7).

Fig. 8 Grid resolution variation of potential from middle of slit.
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The three-dimensional simulation code has been tested against
the ion density measurements obtained for a FEEP emitter at
CENTROSPAZIO.2 The results show a very good agreement be-
tween simulations and measurements.8

III. Results and Discussions
A. FEEP Emission Without Neutralizer

Our � rst set of simulations (cases 1–4) concern the operation of
a FEEP emitter without a neutralizer. In cases 1 and 2, the emission
occurs in a vacuum environment.Because there is no neutralization
mechanism in these cases, it is expected that the emission will be
dominated by space-charge effects from the beam. Figure 9 shows
the beam ion positions for case 1 on a y–z plane along the FEEP

Fig. 9 The x–z and y–z plots of FEEP ion positions (case 1).

Fig. 10 The x–z plot of FEEP ion density and electric � eld (case 1).

Fig. 11 Beam ion � ux nivi plot x–z at plane y = 0.05 m and plot y–z at plane x = 0.05 m (case 1).

emitter slit and on an x –z plane across the center of the slit, Fig. 10
shows the ion beam density and the electric-� eld distribution on an
x –z plane, and Fig. 11 shows the associated beam ion � ux vectors.
The ions emitted from the FEEP emitter form a divergentbeam. The
asymptotic divergence is 15.9 deg along the slit and 32.1 deg per-
pendicular to the slit. Figure 3 shows the divergence perpendicular
to the slit at a radius of r = 0.06 m. The potential along the z axis is
also shown in Fig. 12, which exhibits a nonmonotonic pro� le with
a maximum of 373 V at a distanceof 9.5 cm from the FEEP emitter.
The buildup of a substantial positive potential inside the beam is
obviouslydue to space charge effects. However, because the poten-
tial hump is 1 order of magnitude below the emitter and accelerator
potential and the location of the potential hump is 9.5 cm above the
FEEP slit, the ion beam divergence does not increase signi� cantly
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(recall that the initial beam divergence is 15 deg along the slit and
30 deg perpendicularto the slit).

Space-charge effects associated with one-dimensional ion beam
� ows in a diode is a classical problem.9 In a diode, the maxi-
mum current that can be transmitted between the electrodes is lim-
ited by the well-known Child’s law. If the current emitted exceeds
this limit, a virtual anode (with a potential equal to the beam ki-
netic energy) will form in between the electrodes to block part
of the emitting current. Recently, Wang and Lai4 studied space-
charge effects associated with ion beam emissions in space by us-
ing three-dimensional full-particle simulations. They found that a
nonmonotonic potential pro� le, or even a virtual anode, can also
form for beam emissions in space if the emitted current is suf� -
ciently large. However, compared with the one-dimensional diode
problem, beam divergence that is due to space charge and neu-
tralization by the ambient electrons make the conditions for vir-
tual anode formation much less favorable. In particular, the effects
from beam divergence and ambient neutralizationare more promi-
nent for beams with a smaller beam radius because of higher beam
densities.

The beam divergence will greatly relax the condition for virtual
anode formation.We have run simulations for various emission cur-
rent values. For instance, in case 2, we increase the emission current
and the accelerationvoltageby following the current–voltage emis-
sion characteristicsof the CENTROSPAZIO thruster.2 Even though
the emissioncurrent in case 2 hasbeen increasedfrom0.9 to 1.4 mA,
we � nd that the FEEP emitter is still able to transmit out all the cur-
rent. However, in this case, the maximum potential inside the beam
also increases to 573 V (see potential pro� le in Fig. 12) because
of the higher emission current. This potential hump is still small
compared with the emitter potential of 6000 V and hence does not
signi� cantly affect ion emission or increase the beam divergence
to a great extent. We � nd that, in general, the slit geometry al-

Fig. 12 Comparison of potentials from middle of slit emitter among
cases 1, 2, 3, and 4.

Fig. 13 The x–z plot of ambient ion � ux ni;avi;a and ambient electron � ux ni;avi;a at plane y = 0.05 m (case 3).

lows a FEEP to transmit any reasonablevalues of emission current,
even when no neutralization mechanisms are present, although its
performance will suffer because of the reduced beam velocity and
increased beam divergence.

We next consider FEEP emission in an ambient plasma environ-
ment (Table 3). In case 3, we consider FEEP operation in a typical
LEO environmentin which theplasmadensity is » 1 £ 1012 m ¡ 3 (the
Debye lengthis k D,LEO = 2.5 mm). This densityis more than3 orders
of magnitudes below the maximum ion beam density (Fig. 10). In
case 4, we consider FEEP operation in a vacuum chamber. Particle
collisions, ion sputtering, and secondary electron emissions inside
a vacuum chamber will create a laboratory plasma. Under typical
vacuum chamber operatingconditions,the density of the laboratory
plasma is only » 1 order of magnitude below the maximum density
of FEEP ions (k D,Laboratory ¼ 1 mm).

The potential pro� les are compared in Fig. 12. The ambient
plasma provides a neutralization mechanism to the space charge
generated by FEEP emission. In both cases, the ambient electrons
are attracted into the ion beam region by the positive potential from
the ion beam’s space charge,whereas the ambient ions are attracted
to the FEEP accelerator region by FEEP’s high negative potential.
We � nd that a LEO plasma with an electron density of 1012 m ¡ 3 is
not suf� cient to neutralize the space charge of the FEEP beam. In
case 3, the FEEP beam becomes an electrostatic trap for the am-
bient electrons. The ambient electron � ux vectors are concentrated
in the space-charge region whereas the ambient ion � ux vectors
are directed to the FEEP accelerator region (Fig. 13). On the other
hand, case 4 shows that the high-density laboratory plasma will
completely neutralize the beam’s space charge. In this case, the
FEEP potential is shielded by the plasma. The potential inside the
beam also monotonically increases from the negative potential at
the accelerator surfaces to the ambient potential.

Both the beam divergence and the beam potential will have sig-
ni� cant implications for the performance of a FEEP. For instance,
the maximum � ux vectors (measured at z = 0.1 m) along the thrust
direction for cases 1, 3, and 4 are 2.45 £ 1018 , 2.88 £ 1018, and
3.13 £ 1018 s ¡ 1m ¡ 2 , respectively.This difference is a direct re� ec-
tion of the effects of the beam potential on the beam ion velocity.
Using the potential at z =0.1 m from the simulations and Eq. (1),
we � nd that the maximum beam velocities among these three cases
are 90,525, 92,449, and 93,754ms ¡ 1 , respectively.Not surprisingly,
case 4, i.e. the case with complete neutralization,provides the max-
imum thrust for FEEP.

B. FEEP Emission with Neutralizer

Our second set of simulations (cases 5–8) concerns the operation
of a FEEP emitter in connection with the operation of a neutral-
izer. In space, a spacecraft’s potential with respect to the ambient
plasma is a � oating variable controlled by the net current received
by the entire spacecraft. Under nominal operating condition, the
electron current from a neutralizer equals the FEEP ion current
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Fig. 14 The x–z plot of beam ion and neutralizer electron positions (case 5).

Fig. 15 The x–z plot of the electric � eld (cases 5 and 7).

and the net current collected by the spacecraft from the ambient
plasma to prevent spacecraftcharging.To concentrateon the effects
from the neutralizer, here we consider a FEEP thruster operating
in a vacuum environment. Furthermore, because our interest here
is to study local ion beam neutralization, we assume that the po-
tential at the spacecraft surface is held at the ambient potential in
all the simulation cases presented here. However, in reality a varia-
tion of neutralizer conditionsmay lead to changes of the spacecraft
potential.

Parameters that will affect the neutralization include the neu-
tralizer grounding potential (with respect to the spacecraft poten-
tial), the neutralizer voltage, and the neutralizer position. Simula-
tion cases 5 and 7 concern the effect of the neutralizer grounding
potential. In these cases, a neutralizer is taken to be mounted on the
spacecraft surface beside the FEEP thruster. In case 5, we assume
that the neutralizer grounding potential is the same as the space-
craft surface potential (0 V). Figure 14 shows the positions of the
beam ions and the neutralizer electrons, and Fig. 15 shows the vec-
tor plots of the electric � eld. In the absence of plasma shielding
provided by a dense ambient plasma, the high negative FEEP ac-
celerator potential will dominate a very large neighboring space of
the FEEP. Hence the electrons will immediately fall into the elec-
tric � eld produced by the FEEP accelerator potential. As this � eld
is much stronger than the electron kinetic energy, all electrons are
pulled away from the beam ion region by the FEEP emitter. Hence
there is no interaction among the neutralizing electrons and FEEP
ions, and no neutralization of the FEEP beam. The potential pro-
� le along the z axis for case 5 is compared with the no-neutralizer
case (case 1) in Fig. 16. These two potential pro� les are almost
identical.

Fig. 16 Comparison of potentials from middle of slit emitter among
cases 1, 5, 6, 7, and 8.

For the neutralizing electrons to interact with the FEEP ions, an
initial energy suf� cient to overcome the electric � eld produced by
the FEEP acceleratormust be providedto the neutralizingelectrons.
In case 7, we take the neutralizer grounding potential to be equal
to the negative FEEP accelerator potential (UN = ¡ 3 kV). Figure 6
shows the electron density for this case, which indicates that the
electrons start to interact with the FEEP ions. As a result, the max-
imum positive potential in the beam is reduced to 345 V. In case 8,
we further increase the neutralizer grounding potential to ¡ 10 kV,
and the maximum positive potential in the beam is further reduced
to 297 V.

In Fig. 7, we show the electron velocity distribution for case 7.
The distribution indicates two peaks, one at 113 V, corresponding
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Fig. 17 The vz vs z phase space plot (case 7).

to the initial neutralizer anode potential acceleration, and the other
one at 2143 V, which corresponds to the energy gained from the
potential difference between the neutralizer’s exit to the middle of
the ion beam where the neutralization process is at its maximum.
A curve � t of the velocity distribution at this peak obtained from
the simulation shows that it is composed of two Maxwellian distri-
butions, one with a temperature of 5 eV and the other one with a
temperature of 0.1 eV. As the composition ratio from the curve � t
is (99.9% 5 eV) + (0.1% 0.1 eV) the total distribution is dominated
by the 5 eV electron component. Recall that the initial tempera-
ture of the emitted electrons is 0.1 eV; this result indicates that
electron heating has taken place during the neutralization process.
The positive space charge of the FEEP beam forms an electro-
static trap for the neutralizing electrons. Interactions between the
electrons and this potential further randomize the electron velocity,
leading to an increased electron temperature.This can also be seen
from the vz vs v phase space plot in Fig. 17, showing the increase
of the electron velocity from the neutralizer’s exit toward the ion
beam where the initially sharp line broadens because of heating.
The 5 eV temperature is also consistent with laboratory measure-
ments of the electron temperature for a similar FEEP emitter and
neutralizer con� guration.2 Considering this behavior, the electron
dynamicsassociatedwith the neutralizationprocessand their effects
on the macroscopic potential distribution can be resolved only by a
full-particle model.

We have also run simulations with a different neutralizer anode
potential UA . This potential is necessary to accelerate the electrons
out of the thermal cathode. Typically, the variation of UA is within
100 V. Such a small variation will have only a very minor effect on
the total electron accelerating potential, UN ¡ UA . For instance, we
have run case 7 with an anode potential of UA =10 V instead of
100 V, and the results are essentially the same.

Our results suggest that, if a neutralizer is placed besides a
FEEP emitter on the spacecraft surface, increasing the total neu-
tralizer accelerating potential (UN ¡ UA) by even several kilovolts
will not have a very signi� cant effect on the beam neutralization
in a low-density ambient plasma. Hence, for the electrons emit-
ted from the neutralizer to interact with the beam ions, one must
carefully choose the neutralizer location so that the emitted elec-
trons can avoid the region of high negative potential produced
by the FEEP accelerator. We have tested various neutralizer lo-
cations with simulations. We � nd that placing a neutralizer above
the spacecraft surface and pointing the neutralizer emitter toward
the FEEP beam will signi� cantly improve the FEEP beam neu-
tralization. Such a con� guration is used in case 6. Here, we take
UA = 100 V and UN =0 V. Figure 6 shows the electron density
and Fig. 7 compares the potential for this case against the other
simulation cases discussed. The results show that the electrons are
attracted toward the beam region, and the positive space charge
is the lowest among the no-ambient-plasma cases with the maxi-

mum positive potential inside the beam reduced to 278 V. Hence
the second neutralization position facilitates a much better FEEP
neutralization.

IV. Conclusion
We have developed a three-dimensional full-particle-simulation

model for a � eld-emission-electric-propulsion(FEEP) thruster.Our
focus in this paper is to understand the basic characteristics of the
propellantions emittedfroma FEEP thrusterand theirneutralization
in an ambient plasma environmentor from a thermionicneutralizer.
The simulation model includes ion emission from a FEEP, elec-
tron emission from a thermionicneutralizer,as well as ambient ions
and electrons.Simulations are performedwith ion-to-electronmass
ratios close to actual values (m i / me =80,000) so that the neutral-
ization processes are resolved accurately.

The slit geometry and the small dimensions of a FEEP emitter
allow the emission of almost any reasonable values of ion current
even when no neutralizationmechanisms are present. However, the
spacechargeof the beamwillproducea substantialpositivepotential
inside the beam. The increased beam divergence and the reduced
emission velocity that are due to the beam potential compromise
FEEP’s thrust performance.

When a FEEP emitter is operated by itself in an ambient plasma,
the beam ion characteristics and neutralization are strongly in� u-
enced by the ambient plasma density. Our simulation results sug-
gest that only ambient plasmas with a density comparable with
the ion density near the FEEP emitter provide a complete neutral-
ization of the FEEP ions. Situations of such a high-density am-
bient plasma are only relevant to laboratory tests. As the density
of typical space plasmas is always orders of magnitude smaller
than the FEEP density, laboratorymeasurements of the FEEP beam
must be interpreted with care as they cannot be easily extrapo-
lated to space conditions. For a FEEP operating without a neu-
tralizer in space, the emitted beam ions can never be completely
neutralized.

We have investigated the effectiveness of neutralization by a
thermionic neutralizer. We � nd that this effectiveness is primarily
controlled by the neutralizer position because of the exposed high-
voltage surface of the FEEP. Our results show that, if a neutralizer
is placed next to the FEEP emitter on the spacecraft surface, it will
have only a very marginal effect on the FEEP beam ions even when
the neutralizer is groundedseveralkilovoltsnegativewith respect to
the spacecraft.This is because the electric � eld surroundinga FEEP
emitter is dominated by the � eld produced by the FEEP’s accelera-
tor. Hence, rather than being attracted by the beam’s space charge,
the electronsemitted by the neutralizerwill be pulled away from the
FEEP beam. For the same reason,changing the neutralizeraccelera-
tor voltagewill not help theneutralization.The only way to facilitate
interactionsamong the neutralizerelectronsand the FEEP ions is to
place the neutralizeroutsideof the region dominatedby the FEEP’s
acceleratorpotential.We suggest that a neutralizershould be placed
above the spacecraft surface and pointed toward the FEEP beam re-
gion. Simulation results suggest that such a con� guration provides
the best beam neutralization for FEEP operation in a near-vacuum
environment.
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