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Three-Dimensional Numerical Simulation of
Field-Emission-Electric-Propulsion Back� ow Contamination

M. Tajmar¤

Austrian Research Centers Seibersdorf, A-2444 Seibersdorf, Austria
and

J. Wang†

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

A three-dimensional full particle particle-in-cell with Monte Carlo collision simulation model is developed to
study charge-exchange ion back� ow from a � eld-emission-electric-propulsion thruster using liquid cesium as
a propellant. Contamination from back� ow of low-energy charge-exchange ions generated in the plume is an
important spacecraft integration issue. Simulations show that the back� ow ion current is on the order of 0.01%
of the total emitting current under typical thruster operating conditions. Nearly all charge-exchange ions are
collected by the accelerator electrode close to the emitter. Operating a � eld emission thruster at lower neutral � ux,
lower emitter current, or higher emitter potentials helps to reduce the back� ow current and possible spacecraft
contamination. The operation of a neutralizer does not have a signi� cant effect on the back� ow current under
typical space plasma environments. A semi-analytical expression is also derived for quick estimations of the � eld
emission thruster back� ow current.

Nomenclature
Aacc = accelerator area, m2

Ae; Ai ; An = exit area of the electron, ion, and neutral
beam, m2

a = emitter–accelerator distance, m
b = half of accelerator aperature, m
C = proportional constant, sm¡2C¡1

c = neutralizer cathode accelerator distance, m
d = emitter slit depth, m
E = electric � eld, Vm¡1

e = electric charge, 1.602£ 10¡19 C
IB ; IB;loss; Ii = back� ow, charge-exchangecurrent lost in

domain, and ion current, A
k = Boltzmann constant, 1.381£ 10¡23 JK¡1

l = emitter slit length, m
me; m i ; mn = electron, ion, and neutral mass, kg
NCEX = charge-exchangenumber density, m¡3

ni ; nn = ion, and neutral number density, m¡3

r = radius from emitter slit, m
rc = neutralizer cathode radius, m
Tn = neutral temperature, K
Uacc = accelerator potential, V
UE = emitter potential, V
Uexit = potential in the exit area of the slit emitter, V
ve; vCEX; vi ; vn = electron, charge-exchangeion, ion, and

neutral velocity, ms¡1

w = emitter slit width, m
® = geometric divergence angle, deg
0 = thermal � ux, s¡1m¡2

° = neutral transmission factor, %
"0 = electric constant, 8.854£ 10¡12 Fm¡1

#i = divergence angle perpendicular to the slit
direction, deg

¸D = debye length, m
ºCEX = charge-exchangecollision frequency, s¡1

½ = charge density, Cm¡3
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¾CEX = charge-exchangecross section, m¡2

’i = divergence angle along the slit direction, deg
Á = potential, V

Introduction

A N advanced electrostatic propulsion concept that can pro-
vide high precision thrust at high speci� c impulse1 is � eld-

emission-electric-propulsion (FEEP). A FEEP device using liquid
cesium as a propellant consists of a positive emitter slit and a nega-
tiveacceleratorelectrode(Fig. 1), wherea potentialdifferenceon the
order of 10 kV is applied to generate a strong electric � eld at the tip
of the liquidmetal surface(Taylorcones) of theemitter.This electric
� eld extracts cesium ions from the tip of the emitter and accelerates
them through the accelerator. FEEP’s performance characteristics
make it ideal for missions that require precision spacecraft control
over a multiyear lifetime, such as interferometrymissions involving
multiple spacecrafts � ying in formation.

Whereas a FEEP thruster offers a unique propulsion capabil-
ity, it also raises concerns over potential contaminations because
a propellant of liquid metal can be a harmful contamination source.
In addition to the propellant ions, a FEEP thruster also emits a
neutral � ux. The neutral � ux consists of neutral atoms evapor-
ized from the liquid-metal surface inside the emitter slit due to
its temperature, as well as neutral microdroplets (with diameters
smaller then 2 £ 10¡9 m) and neutral atoms extracted during � eld
emission.2 Charge-exchangecollisionswill occurbetween the beam
ions and the atomic neutral components, producing low energy
charge-exchangeions that can back� ow to the spacecraft.

Charge-exchange ion back� ow from conventional ion thrusters
has been a subject of extensive research (for example, Refs. 3–5).
All ion thrustersnow use noble gas, such as xenon, as a propellantto
minimize the contaminationpotential.Because FEEP is a relatively
new technology, there have been few experimental or theoretical
studies to characterizeFEEP’s plume and the inducedback� ow con-
tamination other than a mass spectroscopic measurement of FEEP
plume composition2 and recent ion current pro� le measurements.6

The objective of this paper is to develop a three-dimensional
numerical model for FEEP charge-exchange ion back� ow assess-
ment. In a previous study, Tajmar and Wang have developed
a three-dimensional numerical model for FEEP neutralization7

where a full particle particle-in-cell (PIC) model is used to sim-
ulate FEEP ions and neutralizer electrons under different ambi-
ent plasma conditions.That three-dimensionalsimulationcode was
tested against the ion density measurements obtained for a FEEP
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Fig. 1 Sectional view of the emitter–accelerator electrode con� g-
uration.1

emitter at Centrospazio,8 and the results show a good agreement
with measurements.9 Here, the model developed by Tajmar and
Wang7 is extended to included charge-exchangeion interactions.

The numerical model presented in this paper is based on a three-
dimensional, full-particlePIC with Monte Carlo collisionsbetween
the ion and the neutral particles. In this paper, we study the basic
characteristics of the propellant ions and neutrals emitted from a
FEEP thruster and the charge exchange ions generated within the
plume. We study the effects from ambient plasmas and neutralizer
electrons on the potential � eld and on the charge-exchange ions.
We investigate the effects of FEEP operating conditions on back-
� ow contaminations. The simulation results, combined with mass
spectroscopicmeasurements, are used to predict three-dimensional
spatial distributions of the back� ow ions on the spacecraft surface
and suggest FEEP design considerationsto reduce contaminations.
We also derive an analytical expression that allows one to scale the
results of contamination predictions for operating conditions not
considered in this paper.

Formulation
The numerical model is an extension from the one by Tajmar

and Wang to study FEEP neutralization.7 The FEEP thruster con-
sidered here (Fig. 1) is similar to that tested at Centrospazio8 and
other FEEP emitter experiments.1 Typical 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. 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 the acceleratorelectrode has a negative potentialUacc

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

vi D
p

[2 ¢ .UE ¡ Uexit/ ¢ e]=m i (1)

Note that Uexit is a function of UE , Uacc , and the beam ion density
and needs to be determined self-consistently by taking the space
charge into account.At a FEEP’s exit, to a good approximation, the
propellant ions are focused into a Gaussian distribution6 limited to
the divergence angles #i perpendicular to the slit direction and ’i

along the slit direction due to FEEP’s geometry. If the ions were
perfectly neutralized and there were no space charge effects, they
would form a beam according to this divergence angle. Under this
condition, the cross section of the ion beam near the FEEP exit
would be

Ai D .l C 2a ¢ tan ’i / ¢ .w C 2a ¢ tan #i / (2)

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

ni D Ii =.e ¢ Ai ¢ vi / (3)

Table 1 FEEP emitter parameters

Parameter FEEP emitter

Slit length l, cm 1.5
Slit width w, ¹m 1.5
Accelerator length, cm 4
Accelerator width, cm 1
Emitter–accelerator distance a, mm 0.6
Accelerator aperature b, mm 2
Ion divergence perpendicular to slit #i , deg 30
Ion divergence in slit direction ’i , deg 15
Neutral temperature Tn , K 305

Table 2 Neutralizer parameters

Thermionic
Parameter neutralizer

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

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
potential UA . The exit electron velocity ve is a combination of the
thermal velocity of the hot-� lament-generatedMaxwellian velocity
distribution with the cathode at temperature T and the acceleration
due to the anode:

ve D
p

8kT =m e¼ C
p

2eUA=me (4)

In the absence of space charge effects, the spatial distribution of
the emitted electrons at the exit can be modeled by a simple cosine
distribution squeezed in all directions by a divergence angle ¯. For
a given cathode radius rc, the cross-sectional area of the electron
beam at the neutralizer’s exit, Ae , is given by

Ae D .rc C c ¢ tan ¯/2 ¢ ¼ (5)

wherec is the neutralizercathode–acceleratordistance.The electron
density at the neutralizer’s exit can be expressed similar to the ion
density in Eq. (3).

The neutral � ux emitted by the FEEP thruster consists of 1) ther-
mal neutrals evaporized from the free liquid-metal surface (which
has a temperature of about 300 K) inside the emitter slit and 2) neu-
trals extracted by � eld emission. The second component includes
microdroplets with a diameter smaller than 2 £ 10¡9 m and atomic
neutral particles. The presence of the neutral atoms is theoretically
still unexplained.One hypothesis is that some microdropletswould
dissociateunder strongelectricforcesand becomeneutralatoms.2;10

For the FEEP emitter consideredhere, the neutralatom � ux has been
measured to be approximately1% of the beam ion � ux and is about
two ordersofmagnitudehigherthan thatof theneutralsfromthermal
evaporationat a temperature of 300 K. Hence, for charge-exchange
calculations,we shall consider only the neutral atom � ux from � eld
emission.

We assume that the � eld emitted neutrals follow a Maxwell–
Boltzmann distribution with a mean thermal velocity vn :

vn D
p

8kTn=mn¼ (6)

The propagation of the neutrals is not affected by the potentials
but by the accelerator geometry, which can be approximated to a
squeezed cosine distribution with a maximum divergence angle ®
both in the direction and perpendicular to the direction of the slit,
which is the limit given by the geometry.2 Hence, the cross section
of the neutral beam would be

An D .l C 2a ¢ tan ®/ ¢ .w C 2a ¢ tan ®/ (7)

The neutral mass emission rate dmn=dt was measured to be pro-
portional to the ion current Ii during � eld emission.2 Hence, the ion
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density n i and neutral density nn are related to the total emission
current:

ni D
Ii

eAi vi

¢ .100 ¡ ° /

100
; nn D

Ii ¢ °

eAnvn

(8)

where ° is the proportional constant between the beam ion and the
neutral � ux.

Resonant charge-exchange collisions will occur between the
beam ions and the neutrals. The collision frequency ºCEX and the
ion production rate per volume dNCEX=dt is given by

ºCEX D nnvi ¾CEX.vi /;
dNCEX

dt
D ni nnvi ¾CEX.vi / (9)

where ¾CEX.vi / is the velocity-dependent charge-exchange cross
section in square meters (we neglect the thermal neutral velocity vn

because it is four magnitudes below the ion velocity vi ), which can
be expressed by11

¾CEX.vi / D .k1 vi C k2/
2 (10)

For cesium, the constants are k1 D ¡1:492 £ 10¡10 s and k2 D
2:6997£ 10¡9 m. From Eqs. (8) and (9), we summarize the charge-
exchange production rate as

dNCEX

dt
D

I 2
i ¢ ° ¢ .100 ¡ ° /

e2 ¢ Ai ¢ An ¢ vn ¢ 100
¢ ¾CEX.vi / (11)

To study charge-exchange ion interactions, a full particle, three-
dimensional electrostatic PIC code12 has been developed. In this
code, all plasma particles (beam ions, neutralizer electrons, ambi-
ent ions, and ambient electrons) and neutral particles are treated as
computational test particles. Part of the spacecraft is modeled as a
box in the middle of the bottom area of the simulation domain.

Test particles representing the FEEP ions are injected into the
simulation domain (Fig. 2) along the FEEP slit on the spacecraft
surface with the velocity vi [Eq. (1)] and with a spatial distribution
given by Eq. (2). Test particlesrepresentingthe neutralizerelectrons
are injectedinto the simulationdomainfrom theneutralizerexitwith
the velocityve [Eq. (4)], which follows the spatialdistributiongiven
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

0 D .n=4/
p

8kT =m¼ (12)

A Neumann boundaryconditionfor Poisson’s equation is applied
on all open boundaries, while the potentials at the surfaces of the
spacecraftbox, theemitter,accelerator,andneutralizerare speci� ed.
The trajectories of each plasma particle, the space charge, and the

Fig. 2 Simulation domain.

self-consistentelectric � eld are obtained from Newton’s second law
and Poisson’s equation, respectively:

F D m
dv

dt
D E ¢ q (13)

¡r2Á D ½

"0

(14)

The neutral particlesundergoa free molecular � ow following the
initial neutral beam distribution given by Eq. (7).

A Monte Carlo collision scheme is used to model charge-
exchange collisions. The probability P for the collision between
an ion and a neutral beam particle is calculated for every ion parti-
cle using the following equation13:

P D 1 ¡ exp[¡vrelative ¢ ¾CEX ¢ nn.x; y; z/ ¢ dt] (15)

where vrelative is the velocity difference between the ion and the
neutral particle and dt is the time step used in the simulation. We
can approximate vrelative D vi because the neutral velocity is three
orders of magnitude smaller than the ion velocity. The probability
is multiplied by the test particle ratio between beam and charge-
exchange ions. If P is greater than a random number Rn between
0 and 1 (P > Rn ), a collision occurred and a charge-exchange test
particle is created at that position. This can be done because the
charge-exchange ion density is order of magnitudes below the ion
and neutral density and, therefore, does not affect them.

The number of ions emitted from the FEEP emitter 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 that it does not affect the steady-state situation. The
time step for the ions and electronswas basedon the electronplasma
frequency.Becausethe calculationof the neutralparticletrajectories
is independentfrom that of the plasma particles,we choose a larger
time step for the neutral. The time step for the neutrals is chosen so
that they do not move more than one grid cell during each neutral
particle time step. The simulation was performed until a steady
state was reached, that is, the number of particles in the simulation
domain remainedconstant.In a typicalcase, the number of particles
at equilibrium was 270,000 with 255,000 ions and 15,000 neutrals
using a test particle weight of 6E4, 1E2, and 1.5E6 for beam ions,
charge-exchangeions, and neutrals, respectively.The time step was
1:8 £ 10¡8 s, and the number of time steps to reach equilibrium
was 2000. In all cases the collision frequency is well above the
electronplasma frequency required for this Monte Carlo method. A
typical run takes about 3–4 days on a 400 MHz personal computer
workstation.

Results and Discussion
Code Veri� cation

As already mentioned, few experimental studies exist that char-
acterize the FEEP plume. Recently Marcuccio et al.6 published ion
beam pro� le measurements using electrostatic stainless-steel wire
probes biased at ¡200 V. We implemented such wire probes in our
simulation by collecting the current at the probes distance using
the wire’s diameter of 0.8 mm, which we compared with the mea-
surements. The FEEP emitter used in Ref. 6 is an old model with
small manufacturing irregularities, which resulted in larger diver-
genceanglesperpendicularto the slit. However,all other parameters
are comparable to the recent designs. The ESA emitter parameters
are summarized in Table 3. Figures 3 and 4 compare the ion cur-
rent obtained from simulation with the measurement reported in
Ref. 6. In Fig. 3, the probe is positionedhorizontally (perpendicular
to the slit) at a distance of R D 61 mm from the thruster. In Fig. 4,
the probe is positioned vertically (parallel to the slit) at a distance
of R D 92 mm (at Z D ¡41 mm from the exit). In both cases, the
agreement is very good, con� rming our numerical approach.

Additionally,we havealso comparedthe potential� eld calculated
from this code with that obtained from a � nite element model from
Centrospazio,14 and the results are shown in Fig. 5. In this case,
the parameters for the FEEP thruster used here are UE D 8 kV and
Uacc D ¡4 kV. Again, the results are in good agreement.
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Table 3 Code veri� cation simulation parameters

Parameter FEEP emitter

Slit length, l , cm 5
Slit width w, ¹m 1.2
Accelerator length, cm 4
Accelerator width, cm 1
Emitter–accelerator distance a , mm 0.5
Accelerator aperature b, mm 4
Ion divergence perpendicular to slit #i , deg 66
Ion divergence in slit direction ’i , deg 20
Neutral temperature Tn , K 305
Ion current, mA 0.51
Emitter potential UE , kV 8
Accelerator potential Uacc , kV ¡2
Transmission factor ° , % 1

Fig. 3 Horizontal electrostatic wire probe comparison with data from
Marcuccio et al.6

Fig. 4 Vertical electrostatic wire probe comparison with data from
Marcuccio et al.6

Fig. 5 Potential comparison with data from Andrenucci et al.14

Back� ow ContaminationAssessment
There are two major factors that will in� uence charge-exchange

ion interactions.The � rst one is the potential distributionsurround-
ing the plume and spacecraft, which determines the trajectory of a
charge-exchange ion. The second one is the charge-exchange ion
production rate, which is a function of the properties of the beam
ions and neutrals.We are not able to simulate all possible scenarios
due to computationalconstraints.Our previousstudyhas shown that
the potential � eld in the vicinityof FEEP can differ signi� cantly un-
der different neutralizationenvironment.7 Hence, we � rst simulate
charge exchange ion back� ow at the same operating condition but
with different beam neutralizationenvironments.We then simulate
charge exchange ion back� ow at different operating conditions un-
der the same neutralizationenvironment. The operating conditions
are chosen to follow a measured FEEP current-voltagecharacteris-
tic. Finally, we derive an analytical expression that can be used to
estimate charge-exchange ion back� ow under other circumstances
based on simulation results and analytical calculations.

Charge-Exchange Ion Back� ow Under Different
Neutralization Environments

We consider the following three operation scenarios: case A, no
neutralizer in vacuum environment; case B, neutralizer in vacuum
environment located at 2.5 cm next to the FEEP emitter in the x
direction; and case C, no neutralizer in laboratory plasma envi-
ronment, as listed in Tables 4 and 5. In Ref. 7 the potential � eld
under these three scenarios have been studied in detail in the ab-
sence of charge-exchange ions. In this work we concentrate on
the region above the emitter slit and set the simulation domain to
0:05 £ 0:05 £ 0:05 m and the number of grid cells to 20 £ 20 £ 20.
Extensive numerical tests have been performed to ensure that the
grid resolution does not affect the steady-state solution.7

Figure 6 comparesthepotentialalongthe middleof the slit emitter
in the z directionfor casesA, B, and C. These resultsarevery similar
to those presented in Ref. 7. The inclusion of charge-exchangeions
does not change the potential� eld appreciablybecausespacecharge
effects from charge-exchange ions are negligible compared to that
of beam ions due to the low charge-exchangeion density. Figure 7
shows the potential distribution on an x – z plane across the beam.

As shown in Figs. 6 and 7, the potential near the slit is dominated
by the exposed FEEP accelerator electrode. Because of the FEEP
con� guration, the beam ions cannot be neutralized effectively by
electrons emitted from a neutralizer close by.7 Hence, the potential
� eld in case B does not differ signi� cantly from that in case A. The
ion beam can only be neutralizedef� ciently in case C because a lab-
oratoryenvironmentprovidesambient electronswith a densitycom-
parable to the FEEP ion density (in this case7 ne D 2:4 £ 1014 m¡3 ).
Space plasmas such as those in low Earth orbit (ne D 1 £ 1012 m¡3 )
contribute much less to neutralization having an effect, similar to
the presented case B as shown in Ref. 7.

Table 4 summarizes the back� ow charge-exchange ion current
fromsimulationsof the three cases.The back� ow currentsare calcu-
latedby integratingtestparticlesdepositedover the entire spacecraft
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Table 4 Simulation parameters and back� ow currents in neutralized environment

Neutralizer Neutralizer Background Back� ow current
Case voltage, V current, mA plasma Neutralizer IB , mA

A —— —— —— No 4.01 § 0.01E¡5
B 100 1 —— Yes 3.90 § 0.11E¡5
C —— —— Laboratory No 2.90 § 0.04E¡5

Table 5 Simulation results

Emitter Accelerator Transmission
Ion current potential potential factor Back� ow current CEX current loss

Case Ii , mA UE , kV Uacc , kV ° , % IB , mA IB;loss, mA

1 1 3.5 ¡5 1 4.01§ 0.01E¡5 1.35§ 0.55E¡8
2 2 4.5 ¡5 1 1.54§ 0.02E¡4 2.71§ 0.56E¡7
3 3 5.5 ¡5 1 3.44§ 0.04E¡4 1.73§ 0.23E¡6
4 4 6.0 ¡5 1 6.01§ 0.06E¡4 4.49§ 0.56E¡6
5 5 6.5 ¡5 1 9.30§ 0.02E¡4 8.51§ 0.18E¡6
6A 2 3.5 ¡5 1 1.59§ 0.02E¡4 6.00§ 0.65E¡7
6B 3 3.5 ¡5 1 3.56§ 0.04E¡4 3.27§ 0.26E¡6
6C 4 3.5 ¡5 1 6.24§ 0.05E¡4 7.56§ 0.34E¡6
6D 5 3.5 ¡5 1 9.81§ 0.07E¡4 1.45§ 0.12E¡5
6E 6 3.5 ¡5 1 1.40§ 0.01E¡3 2.21§ 0.14E¡5
7A 1 4.5 ¡5 1 3.95§ 0.04E¡5 1.15§ 0.36E¡8
7B 1 5.5 ¡5 1 3.89§ 0.03E¡5 1.60§ 0.65E¡8
7C 1 6.5 ¡5 1 3.83§ 0.03E¡5 1.92§ 0.47E¡8
7D 1 7.5 ¡5 1 3.79§ 0.02E¡5 1.34§ 0.67E¡8
7E 1 8.5 ¡5 1 3.73§ 0.05E¡5 1.06§ 0.49E¡8
8A 1 3.5 ¡3 1 4.09§ 0.02E¡5 5.99§ 1.58E¡8
8B 1 3.5 ¡4 1 4.07§ 0.03E¡5 3.03§ 1.03E¡8
8C 1 3.5 ¡6 1 3.96§ 0.04E¡5 1.19§ 0.44E¡8
8D 1 3.5 ¡7 1 3.92§ 0.05E¡5 1.54§ 0.68E¡8
8E 1 3.5 ¡8 1 3.90§ 0.04E¡5 1.09§ 0.44E¡8
9A 1 3.5 ¡5 2 7.98§ 0.07E¡5 2.40§ 1.21E¡8
9B 1 3.5 ¡5 3 1.20§ 0.01E¡4 4.38§ 0.78E¡8
9C 1 3.5 ¡5 4 1.60§ 0.01E¡4 4.94§ 1.52E¡8
9D 1 3.5 ¡5 5 2.00§ 0.01E¡4 6.14§ 1.51E¡8
9E 1 3.5 ¡5 6 2.40§ 0.01E¡4 7.90§ 1.08E¡8

Fig. 6 Comparision of potential from middle of slit emitter between
cases A, B, and C.

surface. The currents from case A (vacuum emission) and case B
(operation of a neutralizer) are very similar (>97%); only case C
(emission in laboratory plasma) shows a reduction of 28%.

The result of the back� ow current is consistent with that for the
potential � eld. Most charge-exchange collisions occur just above
the slit, where both the ion and neutral density are at their maxi-
mum. Therefore, the region above the emitter slit will contribute
most to the back� ow current. Placing a neutralizer 3 cm above the
spacecraft surface (case B) does not change the potential near the
FEEP emitter’s exit. Therefore, back� ow currents in cases A and
B are similar. On the other hand, the back� ow current in case C
differs from that in cases A and B due to the small debye length,
¸D;laboratory ¼ 1 mm from the ambient plasma. The ambient plasma
shields the negative accelerator electrode, and thus, fewer charge-
exchangeions will be attractedby the exposedFEEP electrode.This
reduces the total back� ow current.

Fig. 7 Cases 1 and A, x–z potential plot at plane y = 0.025 m.

In the following sections, we shall concentrate on the in-space
conditionandneglect thebackgroundplasma.Furthermore,because
including a neutralizer will only have a minimum effect on the po-
tential � eld and charge-exchange ion back� ow, we shall consider
only the no-neutralizer scenario.

Charge-Exchange Ion Back� ow Under Different Operating Conditions
We next consider charge-exchange ion back� ow under differ-

ent operating conditions. In all cases, the ion emission occurs in a
vacuum environment without a neutralizer. Our � rst set of simula-
tions (cases1–5)concernoperatingconditionsfor thewell measured
FEEP current-voltagecharacteristic.1 An increase of the ion current
Ii alongthe current-voltagecharacteristicwill result in an increasein
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Fig. 8 Beam ion � ux ni ¢ vi; plot x–z at plane y = 0.025 m and plot y–z at plane x = 0.025 m: case 5.

Plot of x–z at plane y = 0.025 m Plot of x–y over spacecraft surface

Fig. 9 Electric � eld plots: case 5.

Plot of x–z at plane y = 0.025 m Plot of x–y over spacecraft surface

Fig. 10 Charge-exchange ion � ux nCEX ¢ vi plots: case 5.
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Phase plot of x–vx

Phase plot of y–vy

Phase plot of z–vz

Fig. 11 Charge-exchange ion phase plots: case 5.

Beam ion density

Charge-exchange ion density

Neutral density

Fig. 12 The x–z density plots at plane y = 0.025 m: case 5.
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Fig. 13 Distribution of monolayers/s on the spacecraft surface: case 5.

beam ion densities,neutraldensities,and potentials.The parameters
are given in Table 5.

We � rst evaluatethe back� ow characteristicsfrom the parameters
given in case 5. Figure 8 shows vectorplots of the beamions emitted
from the FEEP emitteron an x –z planeand on a y–z planeacross the
center of the slit. Figure 9 shows the electric � eld vectors on an x –z
planeacross the centerof the slit and two x– y planesat two different
z locations away from the thruster’s exit. Figures 10 and 11 show
charge exchange ion vectors and phase plots respectively.Figure 12
shows the beam ion density, neutral density, and charge-exchange
ion density on an x –z plane across the center of the slit.

In the region immediately outside the FEEP emitter’s exit, the
electric � eld is dominated by the negative accelerator potential and
the � eld lines are directed toward the accelerator(Fig. 9). Most slow
charge-exchangeions are generated immediately outside the FEEP
emitter’s exit, where both ion and neutral density are at their max-
imum (Fig. 12) and back� ow directly to the accelerator (Fig. 10).
Their density is more than three orders of magnitude below the
beam ion density (Fig. 12). Few charge-exchange ions will leave
this accelerator-dominated area, as indicated by the phase plot in
Fig. 11. When starting at a distance of about 3 cm from the FEEP
emitter’s exit, ion space charge effects become more dominant, and
a positive potential hump develops in the center of the beam. As
the electric � eld develops a larger component in the direction per-
pendicular to the thrust direction, the ions emitted from the FEEP
emitter form a divergent beam and charge exchange ions generated
farther away from the FEEP emitter are pushed out of the plume
with an initial velocity transverse to the beam direction. Once out-
side of the beam region, the charge exchange ions fall under the
electric � eld of the spacecraft and can back� ow to contaminate the
spacecraft surface. Here, we take that the spacecraft surface has a
potential of 0 V as a boundary condition. The back� ow current is
so small (order of microampheres) that we neglect charging effects
on the spacecraft surface (the in� uence would be in the order of
microvolts as calculated in Ref. 15). Hence, the charge-exchange
ions will only back� ow toward the spacecraft surface due to the
in� uence of the accelerator’s potential.

We calculate the back� ow current by integrating the number of
test particles collected by the spacecraft. The total back� ow cur-
rent for this case is IB D 0:93 ¹A, or 0.02% of the emitter current,
compared to the charge-exchangeion current lost in the simulation
domain and thus escapingthe acceleratorpotential IB;loss D 8:51 nA.
Hence, nearly all charge-exchangeion � ow back to the surface.The
distribution of back� ow deposit on the spacecraft surface is shown
in Fig. 13 in terms of monolayer. One monolayer corresponds to
1019 particles/m2. Not surprisingly, the distribution of monolayers
is concentrated at the accelerator, due to the negative accelerator

voltage. The location of the valley corresponds to the location of
the highly positive emitter, which repels the back� owing slow ions.
At the maximum concentration,the back� ow deposit is 3:5 £ 10¡3

monolayers/s. The regionoutsidethe acceleratorreceivesa homoge-
nous back� ow deposit of 7 £ 10¡7 monolayers/s, about four orders
of magnitudeless than that receivedby the accelerator.This reduces
the contamination risk to other parts of the spacecraft considerably.

We next change the operating conditions according to the ob-
served current-voltage characteristics1 (case 1–4). The calculated
back� ow current is listed in Table 5. Because both the ion current
Ii and the emitter potential UE are decreased, whereas the accel-
erator potential Uacc remains constant, the back� ow current also
decreases as expected. The back� ow current calculated for case 1
is IB D 0:04 ¹A, more than one order of magnitude less than that
in case 5. Figure 14 shows the distribution of back� ow ion deposit
on the spacecraft surface. The distribution is similar to that shown
in Fig. 13. In this case, the back� ow ion deposit is 2 £ 10¡4 mono-
layers/s at the location of the maximum distribution. Outside the
accelerator, the back� ow ion deposit is also four orders of magni-
tude less than the maximum value.

Simple Expression for Back� ow Current Calculation
The three-dimensionalparticle simulations performed in the last

two sections are computationally expensive. For engineering ap-
plications, it would be desirable to derive a simple, approximate
scaling expression that can be used for a quick estimation of FEEP
charge-exchange ion back� ow. Here, we derive such scaling based
on simulation results.

The total charge exchange ion current is given by ICEX D ¡e ¢
dNCEX ¢ VCEX=dt where VCEX is the volume of charge-exchangeion
production.Onlypartof itwill be collectedas a back� owcurrent,de-
pending on the accelerator speci� cations. The charge-exchangeion
production is dominated by that in the proximity of the emitter slit
where both the beam ion and neutral density are at their maximum.
Hence, the total back� ow current is then approximately given by

IB D dNCEX ¢ VCEX

dt
¢ e D VCEX ¢

I 2
i ¢ ° ¢ .100 ¡ ° /

e ¢ Ai ¢ An ¢ vn ¢ 100
¢ ¾CEX.vi /

¼ C .Aacc; Uacc/ ¢ I 2
i ¢ ° ¢ .100 ¡ ° /

100

¢
µ

k1 ¢
³r

2 ¢ e ¢ UE ¡ Uacc

m i

´
C k2

¶2

(16)

whereC is a proportionalconstantdependingon the acceleratorarea
Aacc and the accelerator potential Uacc , which together with space
charge effects de� ne the emitter exit potential.



TAJMAR AND WANG 77

Fig. 14 Distribution of monolayers/s on the spacecraft surface: case 1.

Fig. 15 Comparison of simulation and approximation from cases 1
and 6 (ion current variation).

Fig. 16 Comparison of simulation and approximation from cases 1
and 7 (emitter potential variation).

In cases 6–9 from Table 5, we vary one parameter per simulation
set (ion current,emitterpotential,acceleratorpotential,transmission
factor) and plot the simulationdata against the approximationgiven
by Eq. (16), shown in Figs. 15–18. Different emitter and accelerator
designs require another evaluation for a new set of correction and
proportional factors. The correction factor C was determined from
a curve � t as C D 4:3 £ 1016 sm¡2C¡1. For very quick estimations,
the order of magnitude can be determined from C ¼ e ¢ v¡1

n , which

Fig. 17 Comparison of simulation and approximation from cases 1
and 8 (accelerator potential variation).

Fig. 18 Comparison of simulation and approximation from cases 1
and 9 (transmission factor variation).

in these cases leads to 2:83 £ 1016 sm¡2C¡1. In all plots, Eq. (16)
corresponds very well to the data obtained from simulation. Only
the variationof the acceleratorpotentialshows a deviationdue to the
strong in� uence on the volume VCEX , which was assumed constant
in Eq. (16). The maximum deviation is 2%, which is still acceptable.
Our � nal comparison with the current-voltage characteristic from
cases 1–5 is shown in Fig. 19. The agreement between approxima-
tion and simulation is very good.
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Fig. 19 Comparison of simulation and approximation from case 1 to
case 5 (points along the current-voltage characteristic).

Conclusions
We have developed a three-dimensional numerical model based

on full particlePIC with Monte Carlo collisionsto study the induced
environment from a FEEP emitter in an ambient plasma environ-
ment. The simulation model follows the propellant ions and neutral
particles emitted from a FEEP emitter and electrons emitted from
a thermionic neutralizer, as well as charge-exchange ions gener-
ated in the plume. Comparisons between simulations and electro-
static wire measurements show very good agreement. This model
is used to evaluate charge-exchange ion back� ow contamination
on the spacecraft surface under different operating conditions and
to investigate the effects of beam neutralization on the back� ow.
For engineering applications, a simple, semi-analytical expression
is also derived using simulation results for a quick estimation of the
back� ow current.

Simulations show that the back� ow charge-exchangeion current
is in the order of about 0.01% of the current emission. Nearly all
back� ow ions are concentratedon the acceleratorelectrodebecause
it has a high negative potential with respect to the spacecraft sur-
face. The back� ow current increases with the increase of emission
current. To signi� cantly reduce the back� ow contamination, more
ef� cientFEEP emitterswith signi� cantly less neutral � ux emissions
need to be developed.
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