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Ion-thruster-beam neutralization is an essential process of the operation of ion engines. By means of a three-
dimensionalelectromagnetic particle-in-cell simulation,we carry out parameter studies of the basicplasma physics
underlying this process. Special emphasis is paid to the role of the injection velocity ratio between electron thermal
velocity and ion bulk velocity. For the dependence of beam quantities such as electron temperature and beam
potential on the injection velocity ratio, we derive scaling laws, which are shown to be in good agreement with
measurements taken aboard the Deep Space 1 spacecraft. In particular, the experimentally observed discrepancy
between electron temperature and beam potential is reproduced by our simulations and is found to be caused by
a quasi-Fermi-deceleration of the electrons at the boundaries of the expanding ion beam.

Nomenclature
b = ion beam diameter
c = vacuum velocity of light
D = spring constant
dA = area element
E = electric � eld vector
e = elementary charge (e > 0)
F = force
f = electron distribution function
kB = Boltzmann constant
le = c=!0

pe , electron inertia length
me = electron mass
ne = electron density
ni = ion density
ni0 = ion density close to the injection plane
Q = total electric charge
R = beam radius
r = radial coordinate
Te = electron temperature
Te0 = electron temperature upon injection
Ti = ion temperature
t = time
vav = average velocity among forward-streaming

and re� ected electrons
ve = electron velocity
vth

e = electron thermal velocity
vth

e0 = electron thermal velocity upon injection
vi0 = ion bulk velocity upon injection
vre� = velocity of re� ected electrons
vx , vy , vz = electron velocity components
Ov = vx =vth

e0 , normalized axial velocity
1t = time-step length
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1x = grid spacing
18 = 8beam ¡ 8loc , potential difference
"0 = electric vacuum permittivity
´ = vth

e0=vi0 , injection velocity ratio
´crit = critical injection velocity ratio
· = 1 ¡ ne=ni , degree of nonneutrality
·OB = · as determined from outboard

magnetometer measurements
·18 = · as determined from potential measurements
¸D = Debye length
½ = charge density
¿ = oscillation period of meandering movement
8 = electric potential
8beam = potential inside the ion beam
8loc = local potential at Langmuir probe
8sc = spacecraft ground potential
80 = kB Te0=e , electric potential corresponding

to electron thermal energy
! = oscillation period of meandering movement
!0

pe = electron plasma frequency for ne D ni0

I. Introduction

E LECTRIC-PROPULSION devices are valued as very ef� cient
forms of space propulsion. Recently, interest in such devices

has grown considerably: The Deep Space 1 (DS1) spacecraft of
NASA and the European Space Agency’s Artemis satellite, which
was launchedin July2001,employ ion thrustersfororbitandattitude
maneuvers.

These engines derive their thrust from the electrostatic accelera-
tion of xenon ions.Outside the thruster the ejected ions form a dense
beam with a characteristic kinetic energy of about 1 keV. For the
ion beam to propagate, it needs to be electrically neutralized. For
this purpose a hollow cathode, mounted on the thruster periphery,
injects electrons into the beam. Apart from that, some unionized
neutrals escape from the thruster and—through collisions with en-
ergetic beam ions—generate a low-energycharge-exchangeplasma
plume around the thruster.

The process of neutralization,that is, the mixing of electronsand
ions, presents a challenging problem: To neutralize both the ion
charge density and the ion current, the electrons being emitted with
random velocities from a small cathodeon one side of the ion beam
have to spread out across the whole beam cross section and also
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have to adapt their average velocity to the ion bulk movement. The
detailed physics that govern ion-thruster-beam neutralization are
only poorly understood.Early treatmentsof this problem go back to
Buneman and Kooyers,1 Dunn and Ho,2 and Wadhwa et al.,3 who
carried out one- and two-dimensional computer simulations of the
mixingbetweencoldstreamingionsandcold or hot electrons.These
authors found that self-excited� uctuating space-charge� elds at the
electronplasma frequencyprovidedthe entropy increaseneeded for
a proper mixing of electrons and ions and thus led to the creationof
a stable streaming plasma.

Those investigations de� ned the state of the art in understand-
ing ion-beam neutralizationfor about 35 years. In a series of recent
papers, Othmer et al.4¡6 revisited this problem and started an in-
depth analysisof the physics underlyingneutralization.Their three-
dimensional electromagnetic particle-in-cell (PIC) simulations re-
vealed the governing role of the injection velocity ratio ´ :D vth

e0=vi0

between the electron thermal velocity and the ion bulk velocity.De-
pending on the value of ´, the overall beam behavior was found
to switch between two completely different scenarios: For ´ be-
ing smaller than a critical value ´crit , a moving electrostatic shock
emerges, which generates a fully thermalized electron component
downstream; whereas for ´ > ´crit , no shock occurs, and the elec-
trons are not thermalized. Such switching was shown also to occur
in the presence of an axial magnetic � eld, for example, by perma-
nent magnets inside the thruster chamber.6 In all cases the critical
injection velocity ratio ´crit correspondsto the downstreamelectron
thermal velocity equaling the ion bulk velocity.

Apart fromrevealingthepossibilityof a shock-likeneutralization,
which has never been reported before, the simulations of Othmer
et al.4¡6 provided some general insight into the complex process
of ion-thruster-beamneutralizationand its dependenceon injection
velocity ratio ´, beam diameter, and magnetic � eld. A major short-
coming of those investigationsis, however, the simpli� cation of the
simulated geometry to a quasi-one-dimensional con� guration. Dis-
regarding the actual spatial separation of electron and ion source,
Othmer et al. injectedboth particlespecies througha common open-
ing. The present study is therefore dedicated to an investigation of
ion-thruster-beamneutralizationunder full considerationof the spa-
tial separationbetween the electron and ion sources. The investiga-
tion � ndings are presented as follows. After brie� y introducing the
simulation setting in the next section, we present a detailed analy-
sis of the electron dynamics for the case ´ D 1 in Section III. The
injection velocity ratio ´ as a governing parameter of the neutral-
ization process is further discussed in Section IV, which features
simulation results for varying values of ´. For the ´ dependence of
basic beam quantities such as degree of nonneutrality,potential and
electron temperature,we derive scaling laws, which are shown to be
in good agreement with thruster-beam measurements aboard DS1
(Section V).

II. Simulation Setting
For the simulations to be presented in the following, we em-

ploy the same three-dimensionalelectromagnetic,collisionlessPIC
code as Othmer et al.4¡6 However, in contrast to their quasi-one-
dimensionalcon� guration with electrons and ions entering the sim-
ulation domain through a common quadratic opening, we now em-
ploy a geometry according to Fig. 1: electrons and ions are injected
in equal numbers per time step through spatially separated, round
ori� ces. Their diameters are � xed at 3 Debye lengths ¸D (corre-
sponding to 0.2 electron inertia lengths le), and 15¸D (1:1le), re-
spectively. The plasma conditions that determine the Debye length
are those of a fully neutralizedbeam, that is, with ne D ni0 , and with

Fig. 1 Simulation geometry
with completely separated, round
injection areas.

an electron temperature Te equal to the injection value Te0. For the
actual DS1 thruster ¸D is approximately 2 £ 10¡4 m (Ref. 4).

When measured in le, the simulated ion-beamdiameter is compa-
rable to the DS1 value (3:75le or 1500¸D , Ref. 4). As measured in
¸D , however, we actually simulate a scaled-down version of an ion
thruster. To be applied to actual ion engines, our results have to be
rescaled appropriately, for example, by matching ratios of charac-
teristic lengths (see Ref. 7 and Section V). The somewhat arbitrary
diameter ratio of 3

15 is determinedby numericalconstraints:1) beam
diametersof more than 15¸D are at present too computationallytax-
ing forour model and 2) the practicallypoint-likeelectronemitter of
the real ion thruster was extended to three grid cells, that is, to 3¸D ,
in order to have some spatial resolutionof the conditionsaround the
electron ori� ce.

Characteristic particle velocities for ion engines are vth
e0 D

4 ¡ 9 £ 105 m/s for the thermal velocity of the electrons and
vi0 ¼ 3:5 £ 104 m/s for the ion bulk velocity.8 However, the velocity
that determines the time-step size in our fully electromagneticcode
is the velocityof light of approximatelyc D 3 £ 108 m/s. Therefore,
in order to accommodate the processeson the timescale of the elec-
tron and ion velocities within a reasonable number of time steps
the original particle velocities have to be rescaled toward higher
values. As it is not the absolute values of the involved velocities
but rather their ratio, this should not alter the physics signi� cantly.4

The thermalvelocityof the electronsvth
e0 D

p
.kB Te0=me/, which are

injectedwith a half-Maxwellianvelocitydistributionin vx anda full-
Maxwellian in vy and vz , is therefore � xed at 0:1c throughout the
paper, where c is the velocity of light. Ions leave the injection plane
with a bulk velocity vi0 plus a small thermal spread corresponding
to Ti D 0:04Te0 (according to Ref. 7). The velocity ratio ´ D vth

e0=vi0

is varied between 1.0 and 8.0 by adjusting vi0 correspondingly.
Because of the original electron-to-xenon-ion mass ratio of

roughly1 : 250000, the timescalesof the respectiveparticle species
are widely separated.A common trick in numerical simulationsthat
allows the coverage of both timescales within the simulation run
time is to bring them closer together by increasing the electron-to-
ion mass ratio. With such a manipulation the simulation results are
quantitatively no longer correct, but—as long as the electron and
ion time scales are still separated enough to be distinguished—the
model qualitatively represents the characteristics of the simulated
system. In this paper, however, we rather use the originalmass ratio
and focus solely on the high-frequency electron dynamics, as did
Othmer et al.4¡6 in their quasi-one-dimensional studies. We run the
simulations typically for about !0

pet D 300, which corresponds to
0.1 ion plasma periods. Therefore, in our simulations the ion dy-
namics do not play a role at all, apart from their bulk movement that
generates the � elds with which the electrons interact.

The grid spacing 1x is set equal to the electron Debye length
¸D , and, in order to ful� ll the Courant criterion for electromagnetic
waves, the time-step length is chosen such that 1t D 0:41x=c. The
electron plasma frequency in the fully neutralized beam, that is, for
ne D ni0 , is !0

pe1t D 0:027, leading to an electron inertia length le

of le D c=!0
pe D 141x . For an assessmentof the numerical accuracy

of our simulation, we controlled the energy conservation for some
speci� c runs. With the settings just mentioned, energy was found to
be conservedto within about 0.2% after 1041t , which is a tolerable
level.

As the densities of the charge-exchangeions and of the ambient
solar wind plasma are smaller than the DS1 ion-beam density by a
factor of 4 £ 103 (see Ref. 8) and 4 £ 109, respectively, these two
plasma populations do not have a signi� cant impact on the neu-
tralizationand are therefore neglected in our simulation.Moreover,
for the simulation time span of about 100 electron plasma periods
possible particle collisions are too rare to have a signi� cant in� u-
ence on the particle dynamics. Hence, for these simulation time
spans our inherentlycollisionlesscode describes the beam behavior
correctly. We further note that all physical quantities in the simu-
lation are dimensionless. They are normalized to basic quantities
such as the velocity of light c, the electron Debye length ¸D of the
fully neutralized beam, and the electron plasma frequency !0

pe for
ne D ni0 .
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III. Case ´ = 1
This section is devotedto the results of our simulation runs for the

case ´ D 1. The electric potential, the electron phase space, as well
as electron and ion density in the axial direction after !0

pet D 200
are shown in Fig. 2. By this time the thruster beam has expanded
from the injection plane at x D 10 up to x D 270. The potential was
computed by integrating the electric � eld in the axial direction,
averaging across the ion beam, and setting 8 D 0 in the injection
plane, and is normalized to 80 :D kB Te0=e. The electron and ion
densities are “slice densities,” that is, ne.x/ and ni .x/ are obtained
by counting all particles in the simulation domain slice between x
and x C 1x . The densities are normalized to the nominal ion slice
density of a nondivergingbeam ni0 .

The electron density is in the order of 0.45ni0 (Fig. 2, bottom
panel), whereas in the corresponding quasi-one-dimensional case
it was around 0.8ni0 (Ref. 4). This enhanced loss of electrons is a
direct consequence of shifting the electron source outside the ion
beam: the electrons are now born with a higher potential energy,
and thus a larger fraction of them have now enough total energy to
escape from the attractive potential of the ion beam. As a result of
the high degree of nonneutrality, the beam potential rises to 2480

with respect to the injection plane and to around 5280 with respect
to the ambient level (Fig. 2), as compared to 480 and 1080 for the
quasi-one-dimensional case.4

Fig. 2 Axial potential, electron phase space vx ¡ x, and slice densities
of electrons (——) and ions (. . . .) for a con� guration according to Fig. 1
with ´ = 1.0 and b = 15¸D . The – – – line indicates the injection plane
x = 10.

Fig. 3 Three components of the electron velocity distribution function at x = 220¸D for the simulation run of Fig. 2.

The structureof the potential is thatof a reversedpotential trough:
behind a sharp increase within an injection sheath of roughly 20¸D

thickness, it remains � at up to the front end of the ion beam where
it drops back to the ambient level. In contrast to the corresponding
quasi-one-dimensional run for ´ D 1, there is no sign of an electro-
static shock.

Despite the strong degree of nonneutrality, there is practi-
cally no axial electric � eld within the beam. Similar to previous
observations,4¡6 the electrons arrange themselves in such a manner
that the whole electric � ux associatedwith thevast excessof positive
charges within the beam emanates through the lateral surfaces.

One of the basic questions of ion-beam neutralization addresses
the adaptationof the averageelectronvelocity to the ion bulk move-
ment in the absenceof collisions.The electronphase space in Fig. 2
gives a clue on how this is accomplished: the potential increase in
the injectionsheathacceleratesthe electronsto form a beamat about
3vi0 . With this velocity the electrons overtake the ions and stream
up to the head of the ion beam, where they are re� ected. As the head
itself is moving at vi0 , the inelastically re� ected electrons acquire
a velocity of [¡.3 ¡ 1/ C 1]vi0 D ¡vi0 . They travel back to the sta-
tionary injection sheath, where they are again re� ected, and end up
with a velocity of vi0 , that is, they are streaming with the ion bulk
velocity.

In other words, after their initial acceleration in the injection
sheath the electrons undergo a sort of Fermi deceleration between
the expanding ends of the ion beam, which adapts their bulk ve-
locity to vi0. In the simulation run discussed here, this adaptation
mechanism seems quite fortunate: just two re� ections are needed
to provide the electrons with exactly the right velocity. For other
situations, where the electrons are not accelerated to roughly 3vi0

in the injection sheath, this velocity adaptation might not be so ef-
fective. More than two re� ections between the stationary injection
sheath and the moving head of the ion beam might be necessary,and
the electrons might not end up with exactly vi0. However, already
after a single re� ection at the head of the ion beam the electrons
streaming with ve in the Cx direction acquire an average velocity
among forward streamingand re� ectedelectronsthat exactlyequals
the ion bulk velocity:

vre� D ¡.ve ¡ vi0/ C vi0 ) vav D 1
2 .ve C vre� / D vi0 (1)

Hence, although being probably not always as effective as in the
run of Fig. 2, the quasi-Fermi decelaration represents a universal
mechanism of adapting the averageelectronvelocity to the ion bulk
movement in theabsenceof collisions,that is, as long as the distance
traveled by the electrons does not signi� cantly exceed their mean
free path. Later on, the re� ection of electrons at the head of the ion
beambecomesincreasinglyunlikelybecauseelectron–ioncollisions
will tend todiminishanyvelocitydifferencebetweenthetwo particle
species.The Fermi decelerationat the headof the ion beamwill then
become unimportant as a velocity adaptation mechanism and will
be replaced by particle collisions.

The three distinct electron beams at vx D¡vi0 , vi0, and 3vi0

show up clearly in the velocity distribution function (Fig. 3). The
distributions of vy and vz are quite similar and represent � at-
tened Maxwellians. The standard deviation of all three velocity
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Fig. 4 Electron density cuts for the simulation run of Fig. 2. The coordinates are given in units of ¸D , and the density values are normalized to ni0.

components is roughly 5Te0 i.e., the electrons here are consider-
ably “hotter” than in the quasi-one-dimensional case4 , where the
downstream temperature was around Te D 0:35Te0 . The reason for
this increasein kineticenergy is again the enhancedpotentialenergy
of the electrons upon injection that is associated with the outward
shifting of the electron source.

The high electron temperature explains why the potential struc-
ture in Fig. 2 does not exhibit such a shock as in the corresponding
quasi-one-dimensional case:basedona simplemodel,Othmeret al.4

derived a necessary condition for the occurrence of the shock front
they observed:

vi0 > vth
e (2)

that is, the ion-beam velocity must be greater than the electron ther-
mal velocityon the downstreamside.The relatively“cold” electrons

of the quasi-one-dimensional case with Te D 0:35Te0 ful� lled this
condition:

vth
e D vth

e0

p
Te=Te0 D ´vi0

p
Te=Te0 ¼ 0:6vi0 (3)

The high electron temperature in the present run, however, corre-
sponds to vth

e D 2:2vi0 and thus violates Eq. (2). The electrons are
simply too hot for a shock-like neutralization to take place.

Figure 4 gives an impression of the three-dimensional behavior
of the electrons. It shows contour plots of the electron density for
the simulation run of Fig. 2 in four cross sections at x D 30, 80,
130, and 230¸D as well as in the x ¡ z plane and the x ¡ y plane.
The black lines roughly indicate the extent of the ion beam, which,
as a consequence of using the actual electron to ion mass ratio of
1:250,000, shows only a slight divergence.
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The highestelectrondensityis encounteredin frontof theelectron
source, where it amounts to about 1:2ni0 (exceeding the applied
grey scale of Fig. 4; see also Fig. 2). From there, the electrons are
acceleratedtoward the ion-beam center by the attractivepotentialof
the ions. This acceleration takes place within the � rst 10–20¸D in
axial direction (injectionsheath).The electronsovershootand build
up a density enhancement on the opposite side of the beam with a
maximum density of about 0:5ni0. From this region electrons are
accelerated back toward the beam center to follow a meandering
path between the top and bottom surfaces of the ion beam.

Up to around x D 70¸D or 5le , this path exhibits quite a coherent
structure, with the electron density being localized in the central
x ¡ y plane. Further downstream, it becomes more diffuse, and the
electrons gradually distribute over the whole ion-beam circumfer-
ence. As can clearly be seen from Fig. 4, the electronsdo not � ll the
beam homogeneously. They concentrate around the ion-beam sur-
face, while the center is practically void of electrons. It is the high
kinetic energy gained after falling from the injection plane into the
potential trough of the ion beam that makes the electrons circulate
around the beam rather than reside in its center.

The wavelength of the meandering path is in the order of 80¸D

or 5:7le . The meandering path structure can be understood as the
superposition of a lateral electron oscillation around the positively
charged beam with the electron movement in the Cx direction: we
consider a single electron at rest on the border of an in� nitely long,
positively charged cylinder. The electric � eld of such a cylinder
charge can readily be calculated by integrating Gauss’ law

Z
E ¢ dA D

Q

"0
(4)

which—assuming cylindrical symmetry—yields

E.r/ D

8
>><

>>:

½

2"0
¢ r for r · R

½

2"0
¢

R2

r
for r > R (5)

For r · R the force on the electron is

F .r/ D ¡.e½=2"0/r D: ¡Dr (6)

with the spring constant D. Hence, the electron will carry out a
harmonic oscillation around r D 0 with a frequency

! D
r

D

me
D

r
e½

2"0m e
(7)

Introducing the electron plasma frequency of a completely neutral-
ized cylinder

!0
pe D

r
e2n i0

"0me
(8)

and considering that the charge density of the cylinder is

½ D e.n i0 ¡ ne/ (9)

where ni0 and ne are the actual ion and electron densities inside the
cylinder, the oscillation frequency can be written as

! D !0
pe

q
1
2 .1 ¡ ne=n i0/ (10)

The wavelength of the oscillation in the x direction is

¸ D ¿vx D .2¼=!/vx (11)

We normalize vx to the electron thermal velocity upon injection

Ov :D vx

¯
vth

e0 (12)

and make use of

!0
pe D

¡
1
¯p

2
¢¡

vth
e0

¯
¸D

¢
(13)

to obtain

¸ D 4¼ Ov
p

1 ¡ ne=ni0

¢ ¸D (14)

The wavelength of the electron oscillation as measured in ¸D de-
pendson the normalizedstreamingvelocityof the injectedelectrons
Ov and the degree of nonneutrality1 ¡ ne=ni0 inside the ion beam.

For the simulation run discussed here, Ov can be taken from Fig. 3
to be around Ov D 3 : : : 5. To compute the degree of nonneutrality
inside the beam, the slice density of Fig. 2 is now not the appro-
priate electron density. We rather have to take the electron density
within the ion beam, which was obtained to be around ne ¼ 0:25n i0

(not shown), giving a degree of nonneutralityof 1 ¡ ne=ni0 ¼ 0:75.
Substituting these values into Eq. (14) yields a wavelength of about
58¸D , as compared to 80¸D in the simulation. Considering that
Eq. (14) for the oscillation wavelength is based on a rather sim-
ple model, this correspondenceis quite good and con� rms that the
meandering electron path can indeed be understoodas the superpo-
sition of the axial electron movement with an oscillationaround the
positively charged beam.

IV. Dependence on Velocity Ratio ´

For quasi-one-dimensional con� gurations the injection velocity
ratio ´ D vth

e0=vi0 was already identi� ed as a crucial parameter for
the overall beam behavior.4¡6 To assess its impact in the case of
fully separatedparticle sources,we carriedout three simulationruns
similar to the one of the preceding section (from now on referred
to as run 1), but with ´ D 2; 4; 8 (run 2, 3, and 4) instead of ´ D 1.
The different injection velocity ratios were realized by keeping the
electron thermal velocity � xed at 0:1c and varying vi0 accordingly.
The total simulation time of each run was chosen such that the ion
beam reaches roughly the same axial extent by the end of the run.
This criterion led to simulation times !0

pet D 200, 400, 800, and
1600, respectively. To keep the ion density constant, we adapted
the number of injected particles per time step according to ´. In the
following, we will illustrate the ´ dependence of the overall beam
behavioron the basis of the simulationresultsof runs 2–4. However,
for the sake of brevity the display of results is restricted to run 4
(Figs. 5–9), whereas the main outcomes of runs 2 and 3 only appear
in Figs. 10 and 11.

The electron density shown in Fig. 5 is again the slice density.
The electron density rises from 0.45ni0 for ´ D 1 (Fig. 2) to 0.82n i0

for ´ D 8, meaning that for increasing ´ the number of electrons
with enough total energy to escape from the beam is decreasing
signi� cantly. As a consequence of this pronounced ´ dependence
of the neutralizationdegree, the potential within the ion beam also
varies strongly with ´ (Figs. 2 and 4). With respect to the ambient
level, the potential decreases from 5280 in run 1 to 2180 in run 4,
thereby following quite well a power law (Fig. 11) according to

8=80 D 51 ¢ ´¡0:43 (15)

The global structure of the potential � eld is still that of a reversed,
three-dimensional potential trough. In runs 3 and 4, however, the
trough “depth” was found to decrease along the axial direction
(Fig. 5) as a result of the decrease of the ion density in the x di-
rection (Fig. 10) that goes along with the lateral expansion of the
ion beam: Of course, the beam also expands laterally in runs 1 and
2. Within the shorter simulation times of these runs, however, the
expansion is not signi� cant.

The electronphase space for runs 2–4 (Fig. 5) is � lled much more
homogeneously than that for run 1, where three distinct electron
beams were identi� able, and the downstream distribution function
for the axial velocity component f .vx / is getting � atter for increas-
ing ´ (left panelsof Figs. 3 and 6). In all cases,despite the increasing
differencebetween electronand ion velocity upon injection, the av-
erage electron velocity is roughly equal to the ion bulk velocity. In
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Fig. 5 Axial potential, electron phase space, and slice densities of electrons (——) and ions (. . . .) for ´ = 8:0.

Fig. 6 Three components of the electron velocity distribution function at x = 220¸D for ´ = 8.

run 1 a sort of Fermi deceleration was found to be responsible for
this velocity adaptation.There is no reason to assume that this pro-
cess should not be at work also in the other runs. However, it does
not show up in the vx ¡ x phase space as obviously as in run 1. In
simulation run 4 we therefore traced a series of electrons from their
injectionup to the end. The generalpatternof their movement in the
vx ¡ x phase space is similar to the one shown in Fig. 8. Through
multiple re� ections between the moving head of the ion beam and
the injection sheath, the electrons indeed adapt their velocity to the
ion bulk movement.

Right after its injection, the electron of Fig. 8 gains a maximum
velocity vx of 21vi0 and, after a total of seven re� ections at the head
of the ion beam, its maximum velocity is around 8vi0 (bottom panel
of Fig. 8). This process amounts to an average absolute velocity
change per re� ectionof 1:6vi0 , which is quite close to the theoretical
value2vi0 for a re� ectionat a wall movingat vi0 . This result suggests
that the Fermi-deceleration mechanism is at work also in the case
of ´ > 1.

In general, the velocity change per re� ection shows up in the
distribution function f .vx / as the separationof electron beams that
arise through multiple re� ections. Hence, with a smaller vi0 the
electron phase space is � lled much more smoothly than with a big
vi0, which explains the more homogeneous phase space and the
� atterdistributionof theaxialvelocitiesfor increasing´, as observed
in Figs. 3 and 6.

However, the simple Fermi mechanism with multiple re� ections
between a stationary wall and one moving at vi0 does not give the
whole picture of the actual electrondecelerationprocess: As can be
seen from the bottom panel of Fig. 8, the electron is not re� ected
elastically at the injection sheath, but ususally gains some energy
there, and at the front end of the ion beam it loses more than 2vi0.
Moreover, among the phase space traces recorded in run 4 were
also such as depicted in Fig. 9, where the electron transitionally

gains kinetic energy at both ends before slowing down via the Fermi
mechanism. Such accelerations were, however, quite rare. Hence,
althoughour simple model captures the proper trendsof the electron
decelerationmechanism it cannot explain the details just discussed,
which will be investigated in future studies.

We note from the middle panels in Figs. 8 and 9 that the “bounc-
ing” of electrons between the ion-beam boundariestakes place both
in the axial and radial directions.Becauseof the lateral expansionof
the ion beam, this radial bouncing is connectedwith a loss of kinetic
energy of the electrons. In other words, a quasi-Fermi deceleration
also takes place in the radial direction. In contrast to the axial Fermi
deceleration,which is important only in early times when electrons
are likely to reach the front end of the ion beam collisionlessly, the
radial Fermi process is undergone by each injected electron, and
at later times as well. Thus, the radial Fermi process has a strong
impact on the energy budget of the electrons, as will be shown at
the end of the next section.

The widths of the velocity distributions, that is, the electron tem-
peratures,aredirectlyrelatedto theamountof potentialenergythat is
transformed into kinetic energy upon falling from the injectionarea
into the potential trough of the ion beam. With decreasing trough
depths for growing ´, the electron temperaturesdecrease (Fig. 11).
A logarithmic regression yields the following power law for the
´ dependence of the electron temperature (Fig. 11):

Te=Te0 D 5:1 ¢ ´¡0:3 (16)

whereas for runs 1 and 2 the temperatures are essentially constant
along the x direction, there is an appreciable axial decrease of Te

in runs 3 and 4 (both in the axial and the radial temperature; see
Fig. 5). This is a consequence of the axial potential slope in these
runs: The electrons gain potential energy at the cost of their kinetic
energy.
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Fig. 7 Electron density cuts for ´ = 8.

The three-dimensionaldistributionof electrons(Figs. 4 and7) and
their � ow pattern exhibit a remarkable development from runs 1 to
4. The very structured electron distribution of run 1, which is dom-
inated by the meandering path, is gradually replaced by a rather
homogeneous spreading of the electrons over the ion beam. Ap-
parently, the higher frequency of electron re� ections at the head of
the ion beam associated with an increase of ´ not only provides a
smoother � lling of the phase space (see the preceding), but also in
physical space.

Even though it does not dominate the electron distribution any-
more, themeanderingpath of the electronsis still visible in runs2–4.
At least1 C 1

2
oscillationscan be tracedbeforethe � ow� eldbecomes

more turbulent and the density of the meandering electrons disap-

pears in the “background” electrondensity(Fig. 7). The wavelength
¸ of the meanderingmovementdecreasesfor increasing´ according
to

¸=¸D D 81 ¢ ´¡0:35 (17)

As can be seen from Fig. 11, Eq. (14), which is based on quite a
simple model, does not re� ect the decreasing trend for increasing´
very well, but still gives the right order of magnitude for ¸.

While in runs 2 and 3, the electrons still tend to avoid the ion-
beamcenter—albeit not as extremelyas in run1 (Fig. 4), theelectron
density in run 4 actually peaks in the center and decreases radially
outward (Fig. 7). In the discussionof run 1 in the precedingsection,
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Fig. 8 Dynamics of a representative test electron for ´ = 8 (white and
grey sections correspond to right-goingand left-goinglegs of the electron
path, respectively).

Fig. 9 Sameas Fig.8,butof another, nonrepresentativeelectron, which
transitionally gains kinetic energy in the axial direction.

Fig. 10 Ion densities in the center of the beam for ´ = 1 (——), 2 (. . . .),
4 (– – –) and 8 (-.-.).

we explained the observationthat the beam center is practicallyvoid
of electrons with the high kinetic energy of the electrons. These
electrons circulate around the beam rather than reside in its center.
Because the kinetic energy gained when falling into the potential
trough of the ion beam is decreasingfor increasing´, the electrons’
tendencyto avoid the beam centergraduallyvanishesas ´ increases.

V. Comparison with DS1 Data
The scalinglaws [Eqs. (15–17)] thatwereobtainedfrom the series

of simulation runs of the preceding section re� ect the impact of the
velocity ratio ´ on the various beam quantities.Although not being
as decisive as in the case of a quasi-one-dimensional geometry,4;6

´ still seems to be an important parameter for the overall beam
behavior also in the case of spatially separated particle sources. In
general, a higher ´ leads to a lower degree of nonneutrality, colder
electrons, and a lower potential with respect to the ambient. The
electron meanders become shorter and less distinct. Whereas Te ,
8, and ¸ follow the obtained power laws very well (Fig. 11), the
electron density exhibits a more complicated behavior and only
slowly approaches a complete neutralization.

Equations (15–17) can be used to extrapolate the plasma param-
eters toward higher values of ´ and thus allow a comparison of the
simulation results with actual measurements aboard DS1. A quite
complete set of DS1 data was recorded during the so-calledS-Peak:
an operationspeci� cally designedfor ion engine diagnostics,where
the thrusterstepsconsecutivelythroughthreedifferentthrust levels.8

The S-Peak operationwas startedon 22 January1999at 21:36UT
and lasted until 22:17 UT of the same day. Among the instruments
that collected data during the S-Peak are a Langmuir probe (LP),
a retarding potential analyzer (RPA), and the pair of inboard and
outboard � uxgate magnetometers (IB, OB). The LP and RPA are
colocated at about 0.5 m from the thruster center, while the IB and
OB are situated on a boom at a radial distance of 0.8 m and 0.9 m
from the thruster center, respectively (Fig. 12).

The LP measures the electron temperature Te as well as the dif-
ferencebetween local potential8loc and spacecraftground 8sc. The
potential of the thruster beam 8beam relative to spacecraft ground is
determinedby the RPA from measurementsof the kinetic energy of
incomingchargeexchange(CEX) ions: as these are borncold within
the ion beam, their kinetic energy upon reaching the grounded RPA
is directly related to 8beam ¡ 8sc . Hence, by combining RPA and
LP data one can calculate the difference between the local and the
beam potential8:

18 D 8beam ¡ 8loc D .8beam ¡ 8sc/ ¡ .8loc ¡ 8sc/ (18)

18 serves as a proxy for the beam potential with respect to the
ambient.

Judging from our simulations, the electrons can be expected to
have the same average velocity as the ions. Therefore, any nonneu-
trality of the thruster beam constitutes an electric current, which
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should show up in the OB magnetometer readings (Fig. 12). As the
magnetic � eld signature of such a current is largest in the azimuthal
direction,we basedour estimateof the nonneutrality· D 1 ¡ ne=n i0

on the azimuthal componentof OB. This method is of questionable
value, especially in view of the magnetically very disturbed envi-
ronment of DS1.9¡11

A more credible way of estimating the degree of nonneutrality is
to treat the thrusterbeamagainas an in� nitelylong,chargedcylinder
and to use Eq. (5) for the electric � eld of such a cylinder in order to
relate the measured potential difference to the charge density of the
beam:

18 D ½R2
¯

4"0 ¢ [1 C 2 .r=R/] (19)

Table 1 summarizes the measurements and the derived quantities
duringthe threedifferentthrust intervalsof the S-Peak.The valuesof
vi0, ni0 , Te , and 18 were providedby Wang et al.,8 ·OB is computed

Table 1 Measurements and derived beam quantities during the three
thrust intervals of the DS1 S-Peak (columns 1, 2, 4, and 5 after Ref. 8)

vi0 , km/s ni0 , 1015m¡3 ´ Te , eV 18, V ·OB ·18

29.8 1.54 20: : : 28 1.17 9 0.2 1:7 ¢ 10¡5

37.0 1.96 16: : : 23 1.33 9 0.26 1:3 ¢ 10¡5

38.7 3.22 15: : : 21 2.09 15 0.24 1:3 ¢ 10¡5

Fig. 11 Dependence on ´: ¦, simulation results from runs 1–4; ++, meander wavelengths according to Eq. (14); and ¤, derived values from DS1 data.

Fig. 12 Side view of the DS1 spacecraft. Note the locations of the
� uxgate magnetometers (FGM IB and OB), Langmuir probe (LP),
and retarding potential analyzer (RPA).
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from the magnetometer records of Richter,11 and ·18 is calculated
from 18 as just outlined. The injection velocity ratio ´ is esti-
mated by assuming an initial electron temperature Te0 of 1–2 eV
(Ref. 7).

Before comparing them with the results obtained from our simu-
lation, we emphasize that the beam quantities as derived from DS1
measurements are only of a very limited signi� cance. They have
been obtained in a rather indirect way, and the quality of the data
from which they were derived is quite poor.8 This is especially true
for the magnetic � eld data.9¡11

Therefore, the large discrepancy between ·OB and ·18 (Table 1)
is of no surprise. A nonneutrality of the DS1 beam corresponding
to ·OB D 0:25 can readily be calculated to lead to lateral expansion
velocities vastly exceedingvi0 directly behind the thruster exit, that
is, to a strong radial divergence of the beam, which is clearly not
observed. Hence, as already noted, ·18 can be expected to be the
more realistic value.

The experimentallyderivednonneutrality·18 is much lower than
we would expect from an extrapolation of the simulation results
(¼0:15, see Fig. 11). Rather than attributing the discrepancy in our
results to poor data quality, this disagreement is to be attributed
to shortcomings of our simulation: as mentioned in Section II, the
simulated ion-beam diameter of 15¸D or 1.1le is comparable to
actual ion beams in units of le; when measured in ¸D , though, it is
scaled down by a factor of about 100. Even though the quasi-one-
dimensionalsimulationresultsofOthmer et al.4¡6 with shockwidths
and injection sheath thicknesses all in the range of 1le suggest the
electron inertia length as the governing spatial scale, it might well
be that for quantities, such as the nonneutrality, the Debye length
¸D is the relevant length scale. Hence, in order to produce realistic
degreesof nonneutralitysimulationswith greatlyenlargedion-beam
diameters are required.

Much larger beam diameters are, however, beyond the present
numerical capabilities of our model. But in order to obtain at least
the trend on the effects of the beam diameter, we ran a simulation
with ´ D 8, where we reduced the ion-beam diameter to 7¸D , that
is, to about one-half. Although electron temperature and potential
rose only slightly (by roughly 10%) as compared to run 4 (where
the beam diameter was 15¸D), the degree of nonneutrality almost
doubled.

Even though this comparison does of course not allow one to
derivea quantitativescaling law for an extrapolationtoward realistic
beam diameters, it clearly exhibits the trend of strongly increasing
neutralizationwith growing beam diameters.The effect of the beam
diameter on the beam potential, though, is not as dramatic, because
the potential is not only a function of the nonneutrality but rather
of the total charge per length, that is, the product of nonneutrality
times beam cross section. In other words, smaller beams are less
neutral, but also have less charge, such that the beam potential rises
only slightly upon decreasing the beam diameter.

Hence, our simulationwith a downscaled ion beam tends to over-
estimate potential and temperature. Having that in mind, one con-
cludes from Fig. 11 that these quantities � t reasonably well with
the measurements of Deep Space 1. This conclusion becomes par-
ticularly clear when considering the ratio between potential and
temperature 8=Te that partly compensates the overestimating of
both quantities: it is almost perfectly consistentwith our simulation
results (Fig. 11, � fth panel).

The fact that the ratio 8=Te stays quite constant, while 8 and Te

themselves drop roughly by an order of magnitude for ´ ranging
from 1 to around 20 (Fig. 11), is a consequenceof their close con-
nection: deeper potential troughs provide the electrons with more
kinetic energy, that is, with a higher Te . The proportionality be-
tween 8 and Te does therefore not come as a surprise. What is
remarkable, however, is the constant of proportionality: it is in the
order of 10, meaning that only about 10% of the electron initial
potential energy is converted into kinetic energy. The reason for
this startling discrepancy, which has been observed also in other
measurements of ion-thruster plumes (Katz, I., private communi-
cation, 2001), is the quasi-Fermi deceleration, by virtue of which
the electrons lose kinetic energy to the ions. More precisely, the

radial Fermi deceleration is the cause of the trends just mentioned
becausein contrast to axialFermi deceleration,radialFermi deceler-
ation continues during stationary thruster operation (see preceding
section).

As a result, the ratio between the power values of the scaling laws
for potential and temperature,Eqs. (15) and (16), can be explained.
Their absolutevalues, however, as well as the one of Eq. (17) for the
meanderwavelengthare yet to be understood.These threequantities
are complex functions of the degree of nonneutrality, which itself
was found to have a dependence on ´ that could not be cast into
a simple powerlaw and therefore needs to be addressed in future
parameter studies.

VI. Summary
We employed a three-dimensionalelectromagneticPIC code for

an investigationof theplasmaphysicalprocessesaccompanyingion-
thruster-beam neutralization. Re� ning the quasi-one-dimensional
studies of Othmer et al.,4¡6 we considered a more realistic simula-
tion geometry with fully separated electron and ion sources and a
practicallypoint-likeelectron emitter. Special emphasis was paid to
the role of the injection velocity ratio ´ D vth

e0=vi0 between electron
thermal velocity and ion bulk velocity.

Contrary to the simulation results of quasi-one-dimensional ge-
ometries,for spatiallyseparatedelectronand ion sources the thruster
beam does not exhibit a shock structure: the electron temperature
is too high to ful� ll the necessary condition Eq. (2) for shock-like
neutralization. Instead, the potential pro� le rather resembles a fea-
tureless reversed potential trough, and the electrons do not adopt a
Maxwellian distribution.After their injection the electrons perform
a meandering movement between the top and bottom surface of the
ion beam before spreadingoutmore homogeneously.A quasi-Fermi
decelerationbetween the expandingends of the ion beam was found
to be responsible for the adaptation of the average electron velocity
to the ion bulk movement, as long as collisions are not important,
that is, at early times. In the radial direction the Fermi deceleration
takes place as a steady-state phenomenon that causes the electrons
to lose energy to the ions.

Albeitnotas substantiallyas in thequasi-one-dimensional case,4;6

the injection velocity ratio ´ continues to control the electron be-
havior also for spatially separated particle sources. In general, in-
creasing ´ results in a higher degree of neutralization, lower beam
potentialswith respect to the ambient, colder electrons, and a more
homogeneous electron distribution within the ion beam. Based on
our � ndings, we derived quantitative relations for the exact depen-
dence of these parameters on ´, which—in combination with the
availablemeasurementsaboard Deep Space 1—give a coherentpic-
ture of the impact of ´ on the overall beam behavior. In particular,
the experimentallyobserveddiscrepancybetweenelectrontempera-
ture and beam potentialwas con� rmed by our simulationsand could
be attributed to the radial Fermi deceleration of the electrons at the
boundariesof the expanding ion beam.

Because of numerical constraints, we simulated a thruster beam
with only a small lateraldimension.This was shown to lead to unre-
alistically high degrees of nonneutrality.We were able to show the
qualitativetrend on the effect of the beam size by discussingsimula-
tion results for a smaller beam diameter, but future studies will have
to focus on more realistic beam diameters and on the quantitative
impact of the beam diameter on the neutralizationprocess.
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