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Virtual Anode in Ion Beam Emissions in Space:
Numerical Simulations
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The plasma interactions associated with the emission of an unneutralized ion beam in space are discussed.
Three-dimensional particle simulations, which follow the beam ions as well as the ambient electrons and ions in
the self-consistent electric � eld, are performed for various emission conditions. Classical theories and laboratory
experiments for one-dimensional beam � ow in diodes have shown that a potential hump will form when the
beam current density exceeds a critical value. When the potential hump becomes so high that the beam kinetic
energy is near zero there, it becomes a virtual electrode. We show that similar characteristics are also exhibited
in high-density ion beams emitted from spacecraft to space plasma, although three-dimensional effects and the
ambient plasma make the interaction more complex. Once a virtual anode has formed, it will partly block the
beam transmission and discharge the spacecraft potential.

Nomenclature
e = electron charge
f = fraction of Jb0 transmitted between two electrodes
Ib , Ie = beam ion current and electron current
Jb , Je = beam ion current density and electron current

density
Jb0 = beam ion current density at the emitter exit
Jc = current density: space-charge limit between two

electrodes
Jeinf = electron current density at the in� ection point
Je , Ji = ambient electron and ambient ion current density
L = distance between two electrodes
L inf = distance from electrode to in� ection point
Lm = distance from electrode to potential maximum
me , m i = electron and ion mass
nb , ne, n = number density: beam ion, electron, and ambient

plasma, respectively
nbVb , neVe = beam ion and electron � ux density vectors,

respectively
rb = initial beam radius
Te , Ti , Tb = temperature: ambient electron and ion and beam

ion, respectively
b = beam ion particle velocity
t e = ambient electron thermal velocity, Te m e

t i = ambient ion thermal velocity, Ti m i

xm = normalized potential peak distance, Lm L or
Lm L inf

D = Debye length
= electric potential

b0, bk0 = total energy and the initial kinetic energy of the ion
beam

inf = potential at the in� ection point
m = maximum potential within the beam
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s = spacecraft potential or electrode potential
pe = electron plasma frequency, 4 nee2 me

Introduction

M ANY space experiments and applications involve plasma
beam emissions. For instance, electron and ion beam ex-

periments have been conducted in space to study beam–plasma
interactions, neutralization processes, and spacecraft charging and
discharge.1 3 This paper is concerned with the physics of unneu-
tralized ion beam emissions from spacecraft to a low-density space
plasma.

Most ion beam emitters to date are similar to ion thrusters (see
Fig. 1). In an ion thruster, the ions are accelerated electrostatically
by a biased grid to form a high-velocitybeam, typically in the kilo-
electron volt energy range. When an ion thruster is used for propul-
sion purposes, the beam ions are emitted along with neutralizing
electrons emitted from the neutralizer. Hence, the ion beam is a
quasineutral beam, and there is little space charge effect on the dy-
namics of the beam ions. The plasma plume emitted from an ion
thruster has been the subject of many recent studies (Refs. 4–6 and
references therein). However, when an ion beam emitter is used for
ion beam experiments, the neutralizer is turned off. If the beam cur-
rent density far exceeds that of the ambient plasma, the beam is an
unneutralized beam with a net positive space charge. In this case,
the beam � ow characteristic is dominated by space-chargeeffects.

The propertiesof space-chargebeams were � rst studied for high-
current-density beams between two plane electrodes, i.e., diodes.
It is instructive to review the classical diode theory. In a diode, a
charged particle beam is emitted from an electrode toward another
electrode in a vacuumtube.The physicsof beam � ow in a diodewas
presented in the classical theories of Fay et al.7 and Salzberg and
Haeff.8 At low-currentdensity, the potentialpro� le along the charge
� ow is monotonic. When the current density increases, so does the
importance of the space charge. For the special case of zero initial
� ow velocity, the maximum current that can be transmittedbetween
the electrodesis limitedby Child’s law. In this case, the spacecharge
prohibitsfurther increasein currentdensity, and the potentialpro� le
is always monotonic. If the beam has a nonzero initial velocity, the
potential pro� le can become nonmonotonic with a potential hump
appearingin betweenthe two electrodes.At suf� ciently largecurrent
density, the potential hump may become so high that the kinetic
energyof the � owing charge is zero at the hump. When this happens,
some charges � ow backward and some forward. As a result, only
part of the emitting current can be transmitted while the rest is
re� ected backward. Therefore, this potential hump would behave

829



830 WANG AND LAI

Fig. 1 Schematic of an ion beam emitter.

as a virtual electrode. The formation of virtual electrodes in diode
tubes has been con� rmed by laboratory experiments.8 9

Lai et al.10 and Lai11 suggested that this behavior may also occur
in beam emissions in space. During ion beam experiments in space,
the spacecraft is charged negatively with respect to the ambient.
Hence, the spacecraft serves as a cathode and the ambient serves
as an anode. Lai et al.10 studied the current-voltage characteristics
during positive ion beam emissions from the SCATHA satellite.
They found that the amplitude of the negative spacecraft potential
increased with the current emission at low-current levels. The po-
tential amplitudepeaked at an intermediatecurrent.However, when
the current was increased further, the potential dropped to a lower
value. Because the ambient current was not suf� cient to cause the
discharge, it was postulated that a virtual anode may have formed
in front of the beam device partly blocking the beam transmission.
Stannard et al.12 also applied the simple space charge limited diode
theory to analyze the charging of the SCATHA satellite.

However, ion beam emission in space differs from the classical
diode problem in two aspects. First, the beam � ow in diodes is in
a vacuum, and the electrodes are at � xed locations and potentials,
whereasfor ionbeamemission in space, the ionbeam� ows in a low-
density ambient plasma, and the location where the potential inside
the beam approaches the ambient potential is a variable controlled
by interactionsbetween the beam ions and the ambient plasma.Sec-
ond, the diode problem is a one-dimensionalproblem, whereas the
problemofbeamemissionin spaceis inherentlya three-dimensional
one due to beam divergencecaused by space-chargeeffects and the
potential sheath pro� le. It is obvious that the resulting interaction
is far more complex than the classical diode problem and cannot be
treatedadequatelyby theclassicaltheoryof space-chargebeam� ow.

In this paper we present the � rst three-dimensional full-particle
simulations of ion beam emission from spacecraft to space plasma
and examine thevirtualanodeconceptfor a three-dimensionalspace
charge beam. The simulation model differs from those used in pre-
vious simulations of ion thruster plumes4 6 in that we treat both
electrons and ions as test particles. A one-dimensional analytical
theory of space-chargebeam � ow is � rst presented, and then three-
dimensional particle simulation results are discussed.

Virtual Anode in One-Dimensional
Space-Charge Beams

Space-Charge Beam in a Diode
To illustrate the virtual anode concept, we � rst discuss the one-

dimensional theory of space-charge � ow of an ion beam. We � rst
consider the situation when an ion beam is emitted in a vacuum
from a plane electrode at x 0 and received by a plane electrode at
x L . The ion beam is unneutralized and cold. The initial beam
particle kinetic energy is e bk0

1
2
m 2

b0 , and the emitting current
density Jb0 enb0 b0. We take the potential at the two ends to be

0 s and L 0. The steady-statesolutionto thisproblem
follows the classical theory � rst presented by Fay et al.7

The governingequationsare Poisson’s equation, the current con-
tinuity, and the energy conservationequation,

d2

dx2
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where e b0 is the total beam particle energy.The particlevelocity is
given by b [ 2e m b0 ]. Hence, the electric potential
between any two points is given by
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One family of the solutionsto Eq. (4) is for a monotonicpotential
pro� le x . For instance, for the case s 0 and b0 0, i.e.,

b0 s and d dx 0 at x 0, the solution is

Jb0
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which is the well-known Child–Langmuir law of space-chargelim-
ited current in a plane diode.

A more general solutionto Eq. (4) is for a nonmonotonicpotential
pro� le as illustratedin Fig. 2a.The potentialtakesa maximumat x
xm , xm m 0. Let us de� ne the following dimensionless
variables: x x L , b0, and Jb0 Jb0 Jc, where

Jc
4

9

2e

m
0

3
2
b0

L2
(5)

Then, the solution is given by

J0xm bk0 2 1 m bk0 1 m (6)

J0 1 xm 1 2 1 m 1 1 m (7)

a) Beam � ow between plane electrodes

b) Beam emission into an ambient plasma

Fig. 2 Nonmonotonic potential pro� les associated with a one-dimen-
sional unneutralized ion beam.
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where bk0 m 2
0 2e b0 1 s . Hence, the potential peak

location is given by

1 xm

xm

1 2 1 m 1 1 m

bk0 2 1 m bk0 1 m

(8)

In the limiting case 1 m 0, i.e., m m 2e 2
b0 s , the

ion beam comes to a halt at xm : xm 0. In this case, some ions
may be re� ected back at xm , whereas others are accelerated away
in the x direction. Let f be the fraction of J0 that is transmitted
through this potential barrier. Then, the beam number density is

nb
Jb0

e b

1 f Jb0

e b
0 x xm

nb
f Jb0

e b
xm x 1

The solution for this limiting case is

2 f Jb0xm

3
4
bk0 f Jb0 1 xm 1 (9)

and the potential peak location is given by

1 xm

xm

2 f

f

1
3
4
bk0

(10)

Note that f is determinedself-consistentlyby the space-chargecur-
rent limit stated in Eq. (9). The maximum current that can be trans-
mitted to x L is f J0 Jc regardless of the emitting current.
Hence, Jc represents a critical current density. When the emitting
current Jb0 Jc, the potential hump m serves as a virtual anode.

Space-Charge Beam in an Ambient Plasma
We next consider an ion beam emitted into a low-densityambient

plasma. In this situation, the ambient plasma replaces the receiving
electrode, and the electrons will move in to neutralize the excess
ion space charge and, thus, modify the potential pro� le. However,
because the electroncurrent Ie is limited by the ambient conditions,
a nonmonotonic potential pro� le can still exist for strong ion beam
emissions, Ib Ie. To satisfy the boundary condition imposed by
the ambient plasma,

0
d

dx
0

the nonmonotonicpotentialpro� le will be like that shown in Fig. 2b.
We candividethedomain into a region I, 0 x xinf, anda regionII,
xinf x , where xinf is the in� ection point where the net charge
is zero. There is a net ion charge surplus in region I (d2 dx2 0)
and a net electron charge surplus in region II (d2 dx2 0).

Let L inf denote the distance from xinf to the emitting electrode
(L inf xinf here), inf the potential at the in� ection point, Jeinf the
electron current � owing from xinf into region I, and ne the electron
density in region I. If one knew L inf , inf, and Jeinf a priori, the
analysis for an ion beam between two plane electrodes could be ap-
plied in region I. (Such an analysiscan be performedby substituting

with inf and nb with nb ne and normalizing the x with
L inf in all of the equations presented in the preceding section.) The
condition for the virtual anode is then given by

Jb0 Jeinf Jc
4

9

2e

m
0 b0 inf

3
2

L2
inf

(11)

However, xinf, inf, ne, and Jeinf themselvesare variablescontrolled
by the interactions between the ion beam and the ambient plasma.
Therefore, although the beam � ow in region I is similar to that in
the diode problem, the solution requires a self-consistent solution
of both region I and region II.

For ion beam emission in space, the one-dimensionalassumption
is usually not acceptable because of � nite beam size and beam di-
vergence due to the space charge. The effects of beam divergence,
which it is not possible to include in a self-consistent analytical
formulation,are especially important in the region where the poten-
tial hump develops. Therefore, particle simulations are needed to
resolve the problem of ion beam emissions in space.

Three-Dimensional Particle Simulations
We have developed a set of three-dimensional, particle-in-cell

(PIC) and PIC with Monte Carlo collision codes for large-scale
simulations of ion thruster plasma interactions5 6 and active space
plasma experiments.13 To resolve the interactionsbetween the beam
ions and the ambient plasma, a full particle, three-dimensionalelec-
trostaticPIC code,which followsboth thebeamionsand theambient
electrons and ions, is applied in this study.

The simulation setup is shown in Fig. 3. Because our emphasis
is on the near-� eld interactions,we set the left-side boundary of the
simulationdomainto be thespacecraftsurface.The ionbeamemitter
is modeled as a three-dimensional box mounted on the spacecraft
surface. The spacecraft surface and the emitter surfaces are taken
to be conductingsurfaces with a surface potential s relative to the
ambient. All other boundaries of the simulation domain are taken
to be open boundaries, which represent the ambient. A Neumann
condition for electric potential is used at all open boundaries.

The simulationdomain is initially loadedwith test particlesrepre-
senting ambient electrons and ions. The ambient electronsand ions
follow Maxwellian distributions.Starting from t 0, the beam ion
test particles are injected into the simulation domain at every time
step from the emitter in the x direction.We considera uniformbeam
emission and neglect beam divergence caused by the curvature of
the emitter surface. The beam particles are injected to form a uni-
form cylindrical beam at the emitter exit with charge density qbnb0

and beam velocity b0x. The beam ions followa driftingMaxwellian
distribution.At every time step, ambient electrons and ions are also
injectedinto the domain from the openboundariesaccordingto their
thermal � uxes. Those test particles that hit the spacecraft or emitter
surfaces or � ow out of the simulation domain are deleted from the
particle list.

As in a standard PIC code, the trajectories of each test particle
are integrated from

dmV
dt

F q E V
B
c

dx
dt

V (12)

usinga standardleapfrogscheme.The particledensitiesaregathered
to the grid points to solve the self-consistentelectric � eld, which is
obtained from Poisson’s equation

2 4 (13)

Then, the electric � elds are scattered from grid points to particle
positionsfor particlepush at the next time step. The implementation

Fig. 3 Simulation setup.
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of the numerical algorithm is discussed in detail in Refs. 14 and 15.
The simulation is run until a steady state has been achieved.

We take the ambient plasma density n 5 105 cm 3 and
ambient plasma temperature Te Ti 1 eV. These parameters
are similar to a typical low-Earth-orbit environment. The ambient
Debye length is D 1 cm. The initial kinetic energy of the beam
ions is taken to be bk0

1
2
m 2

b0 1000 eV. The temperature of
the beam ions is taken to be Tb 4 eV. As summarized in Table 1,
we shall consider three different beam current densities at beam
exit, as well as three different beam sizes. We take the spacecraft
potential to be s 250 V, a reasonable charging potential for
a spacecraft emitting a 1-keV ion beam. Hence, the total energy of
the beam at the emitter exit is b0 bk0 s 750 eV.

Table 1 Simulation cases

Cases bk0 Te Jb0 Ji Jb0 Je rb D s Te b0 Te

A1 103 63.25 6.33 5 250 750
B1 103 316.23 31.62 5 250 750
B2 10
B3 2.5
C1 103 3162.3 316.2 5 250 750
C2 10
C3 2.5

a) Potential contours (contour levels are from = 250 to = 0 with
an interval of 12.5 and increases from left to right)

b) Beam ion current � ux vectors nbVb

c) Ambient electron � ux density vectors neVe

Fig. 4 Simulation case A1; � eld plots on the center x–y plane.

The simulation variables are normalized as follows: t t pe ,
x x D , t e, Te , and n n n , where

pe 4 nee2 me is the electron plasma frequency and te

Te me is the ambient electron thermal velocity. The number of
grid cells used ranges from 66 33 33 to 86 33 33 (grid
resolutiondcell D 1 cm). The spacecraft surface is at x 0 5.
The thruster body is located at 0 5 x 2 5, 11 y 23, and
11 z 23. The ion beam exit surface is at x 2 5, and the beam
exit center is at x 2 5, y 17, and z 17. The total number of
test particles used in the simulations ranges from 1.5 to 2 5 106

particles. There are about 20 particles/cell representing the initial
ambient plasma particles and up to 400 particles/cell representing
the beam ions near the emitter exit.

As in all full-particle simulations, computational limitations re-
quire the use of an arti� cial ion to electron mass ratio. The arti� cial
mass ratio compresses the relative electron and ion time scales but
does not affect the steady-statesolution.An arti� cial ion to electron
massratio m i me 100 isused ( pe pi 10). Hence, thenormal-
ized initial beam velocity is b0 [ me m i ek Te ] 10.
The simulation timescale is based on the electron plasma pe-
riod 1

pe . The time step used in the simulation is taken to be
t t pe 0 08. This also ensures b0 t dcell . We � nd that a

steady state is achieved after about 600–700 time steps. A series of
test runs was performed with variousdomain sizes and resolutions,
time steps, and numbersof testparticlesto ensurethat the simulation
variables do not affect the steady-state solutions.

a) Ambient electron positions

b) Beam ion positions

c) Beam ion vbx vs x phase space

Fig. 5 Simulation case A1; particle plots on the center x–y plane.
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a) Potential contours (contour levels are from = 250 to = 12.5
with an interval of 12.5 and potential peak is at x 15)

b) Beam ion current � ux vectors nbVb

c) Ambient electron � ux density vectors neVe

Fig. 6 Simulation case B1; � eld plots on the center x–y plane.

Results and Discussion
We � rst considerion beam emissionswith a � xed beam radiusbut

varying beam current densities (simulation cases A1, B1, and C1).
The beamradius is taken to be rb 5. The ratiosof the beam current
density, Jb0 qbnb0 b0, to the ambient ion current density, Ji

en ti , are Jb0 Ji 63 25,316.23,and3162.3,respectively.[The
ratio of Jb0 to the ambient electron current density, Je en t e,
is Jb0 Je me m i Ti Te Jb0 Ji .] Because Jb0 is much
larger than the ambient electroncurrentdensity, the beam is initially
unneutralized.

In Figs. 4–9, we show simulation results for cases A1, B1, and
C1 on an x – y plane cutting through the emitter center at z zemit

17 (the center x – y plane). The results displayed include potential
contours, the vector plot of the beam ion � ux density nbVb and
ambient electron � ux density neVe, particle positions of the beam
ions and ambient electrons, and the x vs x phase space plot for the
beam ions. In Fig. 10, we compare the potential pro� les along the
downstream axis of the emitter.

In case A1 we consider a relatively low-density beam emission:
Jb0 Ji 63 3 (Jb0 Je 6 33). Results for case A1 are shown in
Figs. 4 and 5. The potential structurein this case is dominatedby the
sheath due to the surface potential. However, the sheath thickness
is contracted within the beam region due to high beam density.
The ambient electrons are repelled toward the far right side by the
negative surface potential. The ion beam space charge causes the

a) Ambient electron positions

b) Beam ion positions

c) Beam ion vbx vs x phase space

Fig. 7 Simulation case B1; particle plots on the center x–y plane.

beam to diverge near the right side of the simulation domain and
draws ambient electron currents into the downstream beam region.
As the x vs x phase space plot shows, the beam velocity decreases
monotonicallyas beam ions escape the sheath region. The potential
along the downstreamaxis of the emitter (Fig. 10a) shows a familiar
monotonic pro� le for a sheath.

In case B1 we increase the beam current to Jb0 Ji 316 2
(Jb0 Je 31 62). Results for case B1 are shown in Figs. 6 and 7.
In this case, a positive potential hump develops near the beam exit
( m 24at adistance Lm x xemit 12 5).A populationof elec-
trons is trapped within that potential hump. The x vs x phase space
plot shows that the beam ions decelerate to a min at x 15. The
potential along the downstream axis of the emitter (Fig. 10b) shows
a nonmonotonic pro� le. Because m b0, the beam still � ows
in the x direction. Because of the larger beam density, the space-
charge effect is stronger than that in case A, which causes a larger
beam divergence. The beam divergence locally shielded the effect
of the spacecraft potential and results in a much thinner sheath. As
a result, electrons move into a region much closer to the spacecraft.

In caseC1, the ionbeamemitted is Jb0 Ji 3162 3 (Jb0 Je

316 23). Results for case C1 are shown in Figs. 8 and 9. In this case,
a potential peak is formed at a distance of Lm x xemit 2 5
from the beam exit. As the x vs x phase space plot shows, some
of the beam particles are re� ected back toward the emitter by the
potential maximum. Hence, the potential peak has become a virtual
anode in this case. As evident from the nbVb vector plot and ion
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a) Potential contours (contour levels are from = 250 to = 700 with
an interval of 47.5 and potential peak atx 5)

b) Beam ion current � ux vectors nbVb

c) Ambient electron � ux density vectors neVe

Fig. 8 Simulation case C1; � eld plots on the center x–y plane.

positionplot, thebeamhas lost its coherentstructure.The ioncurrent
seems to originate from the virtual anode rather than � owing out
from the thruster. On the other hand, the ambient electrons � ow
toward the virtual anode and � lls in the vicinity of the spacecraft
surface.The virtual anode re� ects about 60% of the beam ions back
to the spacecraft and locally shields out the ambient plasma from
the spacecraft potential.

We have also run simulations for different spacecraft potentials,
and the results are similar to those displayed in Figs. 4–9. Figure 10
also plots the potential pro� les along the emitter downstream axis
for simulationswith a less negative spacecraftpotential, s 50.
As evident from Fig. 10b, the effect of s is mainly on the location
of the potential hump. (A more negative s moves the potential
hump away from the emitter.) This is similar to the effects of the
electrode potential on the one-dimensional beam � ow in a diode.
However, the overall interaction is still controlled by the emitting
current density.

We next consider the effects of the beam radius. In cases B2 and
B3, we take Jb0 to be the same as that for case B1. However, the
initial beam radius in B2 is twice that in B1, rb 10, and the
initial beam radius in B3 is half of that in B1, rb 2 5. The results
(potential contours with beam ion � ux vectors) are compared in
Fig. 11. (Contour levelsfor B2 are from 250 to 300 with
an interval of 50 and 320. Potential peak is at x 11. Contour

a) Ambient electron positions

b) Beam ion positions

c) Beam ion vbx vs x phase space

Fig. 9 Simulation case C1; particle plots on the center x–y plane.

levels for B3 are from 250 to 0 with an interval of 25
and increases from left to right.) We � nd that a positive potential
hump much larger than that in B1 develops in B2 ( m 322 at
Lm x xemit 8 5), whereas the potential hump disappears in
B3. Similarly, in cases C2 and C3, we take Jb0 to be the same as that
for C1 but rb 10 in C2 and rb 2 5 in C3. The results are shown
in Fig. 12. (Contour levels for C2 are from 250 to 700
with an interval of 50. Potential peak is at x 6. Contour levels for
C3 are from 250 to 250 with an intervalof 25. Potential
peak is at x 7.) As in C1, a virtual anode is formed in C2 at a
distance of Lm x xemit 3 5 from the beam exit. However,
the virtual anode in C2 is stronger than that in C1 in that only 17%
of the beam ions are transmitted to the ambient (about 70% of the
beam ions are re� ected directly back to the emitter surface). On the
other hand, only a positive potential hump forms in C3 ( m 268
at Lm x xemit 4 5). Note that in C3 the beam radius is smaller
than Lm .

The results shown in Figs. 11 and 12 are not surprising.For beams
with a smaller beam radius, the effects of beam divergenceare more
prominent, and positive potential buildup within the beam is more
easily wiped out by ambient electrons. Hence, a virtual anode or
a nonmonotonic potential pro� le is more likely to form for beam
emissions with a wider beam radius.

Although the one-dimensional space-charge theory does not ap-
ply to ion beam emissions in space, it is still interesting to compare
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a) Jb0 /Ji = 63.25 (Jb0 /Je = 6.33)

b) Jb0/Ji = 316.23 (Jb0/Je = 31.62)

c) Jb0 /Ji = 3162.3 (Jb0 /Je = 316.2)

Fig. 10 Potential pro� le along the emitter downstream axis: ——,
s = 250 and , s = 50.

the simulation results with the one-dimensional theory. From the
simulation results, we de� ne L inf to be the distance from the beam
exit to the point where the plasma � rst becomes quasineutralalong
the beam axis and inf to be the potential at that point. The fraction
of Jb0 transmitted, f , is calculated from the test particles emitted
and re� ected by the virtual anode. To apply Eqs. (8) and (10), we
use inf as the potential reference and L inf as the length normali-
zation.

We take cases B2 and C2 as an example. For B2, we � nd
L inf 13 5 and inf 297. ApplyingEq. (8), we � nd thatxm 0 77.
The simulationresult is Lm L inf 0 63.For C2, we have L inf 11 5
and f 0 83. ApplyingEq. (10) we � nd thatxm 0 27.The simula-
tion result is Lm L inf 0 3. Hence, the potential peak locations are
in generalagreementwith theone-dimensionaltheory.Using the L inf

and inf along the beam axis, we also estimate the one-dimensional
space-charge limit current density in Eq. (11) to be Jc Ji 33
for B2 and Jc Ji 40 for C2, respectively. Hence, Jb0 Jc in
both cases. Not surprisingly, because the one-dimensional theory
does not include the effects of beam divergence and the neutraliz-
ing electron current surrounding a three-dimensional ion beam, the
one-dimensional space-charge limit is much lower than that for a

Case B2

Case B3

Fig. 11 Simulation cases B2 and B3; potential contours and beam ion
current � ux vectors nbVb on the center x–y plane.

Case C2

Case C3

Fig. 12 Simulation cases C2 and C3; potential contours and beam ion
current � ux vectors nbVb on the center x–y plane.

three-dimensional ion beam in space. Hence, the one-dimensional
space-charge current limit only provides a necessary but not suf-
� cient condition for virtual anode formation. On the other hand,
once a potential peak has formed, we � nd that the one-dimensional
theory providesa good prediction of the potential peak location for
those situations with rb Lm . This is because, in these situations,
the beam ion � ow within the distance Lm is still approximatelyone
dimensional.
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Conclusions
We havedevelopeda three-dimensionalparticlesimulationmodel

to study thephysicsof ion beamemission fromspacecraftintoa low-
density space plasma. Unlike the situation of an ion thruster where
the plasma plume is quasineutral and the beam ions simply travel
along their line of sight, the ion beam emission studied here is an
unneutralizedbeam with a net positivespacecharge.Our simulation
follows both the beam ions and the ambient electrons and ions. A
series of simulation results is presentedfor various emitting current
densities, beam radii, and spacecraft potentials. The characteristics
of the problem sensitively depend on the beam density and kinetic
energyas well as the beam radius.We havedemonstratedthat, as the
emitting current increases,thepotentialpro� le in the ion beamemit-
ted from a negatively charged spacecraft changes from monotonic
to nonmonotonic with a positive potential hump near the emitter.
At a suf� ciently large beam current, the potentialhump can be high
enough so the beam kinetic energy there is near zero. Hence, a vir-
tual anode is formed. The spacecraftpotentialaffects the locationof
the potential hump. These characteristics are similar to that of the
one-dimensional space-charge beam � ow in a diode. However, for
ion beam emissions in space, beam divergence due to space charge
and interactions between the beam and the ambient plasma make
the problem much more complex. The ambient condition controls
the neutralizing of the ion beam and, thus, modi� es the potential
pro� le on which the critical current for virtual anode formation de-
pends. Comparing to the one-dimensionalspace-charge� ow, three-
dimensional effects and the self-adjustmentby the ambient plasma
make the conditionsfor virtualanode formationless favorablein ion
beam emission in space. Nevertheless, the nonmonotonic potential
pro� le is a stable potential structure. As the effects of beam diver-
gence and electron neutralization are more prominent for beams
with a smaller beam radius, a virtual anode or a nonmonotonic po-
tentialpro� le is more likely to form for beam emissionswith a wider
beam radius. Whereas the one-dimensional theory does not apply
to the problem of ion beam emission in space, it may be used to
predict the virtual anode location if the beam radius is suf� ciently
large. Once a virtual anode has formed during ion beam emission,
it will partly block the beam transmission, and the beam current
re� ected by the virtual anode can partly discharge the negative po-
tential of a spacecraft.Hence, the formation of a virtual anode may,
indeed,be the cause of the nonmonotoniccurrent-voltagecharacter-
istics observed during several ion beam emission experiments.This
paper only considers the interactions at near � eld of the ion beam
emitter. In the future, the analysis will be extended to study global
interactionsand spacecraft charging and dischargeduring ion beam
emissions.
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