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This work examines the formation of wake fields caused by ions streaming around a charged dust particle, using
three-dimensional particle-in-cell (PIC) simulations with charge-neutral collisions included. The influence of
an external driving electric field, which leads to a non-Maxwellian distribution of ions, is investigated in
detail. The wake features formed for non-Maxwellian ions exhibit signiﬁc{& deviations from those observed
within the model of a shifted Maxwellian distribution. The dependence of t

of the wake potential upon the degree of collisionality is analyzed f
(Mach numbers). In contrast to a shifted Maxwellian distribution o

eak amplitude and position

ide ramge of streaming velocities
'gthe drift-driven non-Maxwellian
i eak with increase in collisionality
amplification is observed for

I. INTRODUCTION

Complex (or dusty) plasmas constitute a well-
studied' ™ interdisciplinary research area. Due to the
presence of micron-sized, highly charged dust particles
in addition to electrons, ions and neutrals, these pla:

crystal-structures®, low-frequency waves (dust acousti

mas are endowed with features like self-organization &d\

modes), or the formation of dust-free structures M

as h

in micro-gravity experiments’. Complex pla
close connections with astrophysics (e.g., dus
etary rings or cometary tails), low-tempergture
charge operation (dust inserted into or grownwin-si

gas discharges)®, fusion related researchi (dustygenerated
in plasma-surface interactions)? 1, watw- matter
(strong coupling physics)'21? as well as the broad regime

of material sciences (e.g., defects
dust crystals)415.

plasma, its potential is scre
In the sheath region of gag'dis
ically levitates, stronggeleetric
flows occur. It has heen Ned 617 that the deflec-
tion of streaming iofis @he electric field of the dust par-
ticle leads to quagi-perigdic waveforms downstream of the
grain. In the lidear respomge (LR) formalism, e.g.16:18:19,
the wake potentialfs lingarly proportional to the grain
charge, Qg4 Winskeset dl.'7, however, found a nonlinear
relationship between charge and wake potential utilizing
one- and t dim&ional PIC-simulations. Hutchinson
et al.f” also re ed the nonlinear suppression of the
peak tentia}in the oscillatory wake structure and a
agreement with linear response calculations
in }ylear regime.

tic?nodels that study the effect of streaming ions
on a system of dust particles often adopt a distribution
function that is a shifted Maxwellian. However, Lampe
et al.?2 have calculated the steady state distribution func-
tion f(¥) for ions subject to ion-neutral charge-exchange
collisions in the presence of an electric field, using Monte-

2 The

result is quite distinct from the shifted

axwelliam diStribution. The physical characteristics of
%Qﬂﬂiaxwellian distribution are due to the presence
of collisions and the force field that gives rise to the ion

ift. This modified distribution has been shown to influ-
ence'the ion drag on the grain®324, the ion-dust stream-
ing ifstability?®, and also affects profoundly the physics
of wake formation?6-28. While Maxwellian ions give rise
several potential minima and maxima downstream of
the grain??, non-Maxwellian ions usually exhibit only one
pronounced maximum?®. However, a detailed and sys-
tematic numerical analysis of non-Maxwellian effects on
the nonlinear wake potential is still missing.

Therefore, in this work, we provide such an analysis.
In particular, we present a wide-ranging numerical explo-
ration of the role of charge-exchange collisions and the
ion distribution function on the wake formation around
a grain in a uniform streaming plasma using the three-
dimensional Particle-in-Cell (PIC) simulation code COP-
TIC?°. In contrast to linear response calculations®”?8,
this allows us to fully account for nonlinear effects, which
are expected to play an important role in the close vicin-
ity of the grain. We calculate the wake potential for var-
ious conditions and study the effect of the distribution
function on the wake formation. One of the most inter-
esting results is that collisions do not necessarily weaken
or destroy wake effects, as is usually expected. In con-
trast, we report that charge-exchange collisions may even
enhance wake effects, and we present an explanation for
this observation.

The outline of the paper is as follows. In Sec. II, we
present a brief description of the distribution functions
and their physical interpretation. This is followed by de-
tails of the three-dimensional particle-in-cell simulations
(COPTIC), in Sec. III. In Sec. IV, we discuss the topol-
ogy of the potential, the influence of the ion distribu-
tion function (Maxwellian versus non-Maxwellian), and
present systematic results (comparison of peak heights,
peak positions) for a broad range of plasma parameters,
including a wide range of Mach numbers and collision
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ncies. Flnally, we present a summary and our con-
(:1 15ions in Sec. V.

Publls Ing

Il. 1ON DISTRIBUTION FUNCTION

The simple choice of a shifted Mazwellian distribution
is often a good description of streaming effects without
external fields and without any significant effect of col-
lisions. However, in the sheath region of discharges, the
ions undergo collisions with the neutrals and experience a
strong acceleration towards the electrodes by the sheath
electric field. This has been shown to affect their dis-
tribution function considerably!®. Even the inclusion
of a small degree of collisionality and a (uniform) ex-
ternal field (mean electric field) affect the distribution.
The main difference, compared to a shifted Maxwellian
with the same drift velocity, is that the self-consistently
calculated distribution retains a considerable fraction of
low-velocity ions. These distributions have been named
drift-driven distributions (non-Maxwellian distributions).
The nomenclature of shifted Maxwellian distribution and
drift-driven distribution that has been adopted in Ref.26

will be used throughout this paper. The form of the sel
consistent background distribution depends on the soutice whete cg
of the ion drift and the type of collisions incorpor tg& t

In the picture of the shifted Mazwellian distri
the drift velocity of the neutral particles is t
that of the ions. There is no external electric fi

In contrast, in the case of the
the drift velocity of neutrals i

charge-exchange collisions
velocity upon collision, s
For cases where the ]

ibuti
smaller than that of i H—Marge exchange collision
(i.e. for low degregfof 1onization), the drift solution of
the Boltzmann eguationéwith a BGK-collision term (re-
laxation time ion with constant ion-neutral

collision freque e presence of a uniform ex-
ternal drivimg.fiel be delineated analytically as2?
z
~ o2,

()
Mipu, — 1
5 [1 + erf (thuﬂ .

S \/thh

Herepd, :\vz /vt denotes the velocity in the streaming
1 (normalized to the thermal velocity of neutrals,
vtn ), and My, = vg/vyn the thermal Mach number, where
vg = qFo/(mui,) is the drift velocity (ion charge ¢) . The
ion Mach number M can now be defined in terms of the
thermal Mach number My, as M = vq/cs =

=/T;/Te M,

1-— 2Mthuz

(1)
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FIG. L« Shift dmt velocity distribution function along

the external field plotted versus velocity (normalized to the
neutral{thermaly velocity) for three different thermal Mach

mbers. ““Lhefull lines depict the drift-driven distribution
;i];nction Eq. (1)] while the dashed lines represent the corre-
S ing shifted Maxwellian distributions.

L -

= +/T./m; is the ion sound speed. To illustrate
two kinds of ion distributions, we present a com-
arison of the shifted Maxwellian distribution and the
drift-driven distribution in Fig. 1. One can clearly see
that the difference in the two distributions increases for
higher thermal Mach numbers.

I1l.  PARTICLE-IN-CELL SIMULATIONS

For our simulations, we have used the three-

dimensional Cartesian mesh, oblique boundary, parti-
cles and thermals in cell (COPTIC) code?®. COPTIC
is a hybrid particle-in-cell code in a sense that electron
dynamics are governed by the Boltzmann description,
Ne = Neoo exp(ed/T,), whereas ion dynamics are con-
sidered in six-dimensional phase space in the presence of
the self-consistent electric field and an optional external
field.

The equation to delineate the ion dynamics in six-
dimensional phase space in the presence of the self-

consistent electric field —V¢ and an optional external
force D is?6

dv

= D.
mi— eVo +

(2)
For the shifted Mazwellian distribution, this extra force
D is zero, and ions are driven solely by a flow of neu-
trals. On the other hand, for the drift-driven distribu-
tion (non-Maxwellian distribution), the neutrals are sta-
tionary, and the non-zero force field D is responsible for
the ion drift. The force D thus represents the effect of
the background electric field of Sec. II. However, it is
not taken into account in the calculation of the electron
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menn factor This preferred choice leads to a uni-
m ele ctron density in the absence of the dust grain,
che discussion in Ref.26.

Publl&

While the simulations are performed in 3D Cartesian
coordinates, the grain potential ¢(r, z) has a cylindrical
symmetry around the flow, which is here along the pos-
itive Z direction. In order to improve statistics, the full
three-dimensional potential from the simulation is aver-
aged over the cylindrical angle. The radial coordinate
r = y/x2 + 3?2 is limited by the box size and given by
V21, where [, is the box half-width. For r = [, the
grain potential is increasingly affected by the finite box
size.? In this work, the component of potential gradient
along 2 direction is set to be zero on the computational
boundary. For the other two directions, the potential
gradient is set to be zero in the M2 + 7 direction, where
7 is the radial direction®’

The simulation runs are performed with more than
30 million ions on a 64 x 64 x 128 cell grid. Note that
some figures have been obtained with finer grid resolution
and non-uniform mesh spacing?®. Length scale, velocity
and other normalizations are adopted from the paper by
Hutchinson et al.?%, i.e., the space coordinate is norma

ized as r — r/rp, velocity as v — v/cs, and potentia!ﬁs\

¢ = ¢/(T./e), where ro = (Ape/5) is the normalizing

simulation parameters in Table I.

In this work, we have considered onlmcharge
grains using the particle-particle-particle-meshe(PPPM)
scheme3? implemented in COPTIC?Y re, the grain po-
tential is treated analytically in herelof a predefined
radius r, around the graingShielde pposite charge
cloud®'. The field due t alytic potential is zero
outside this predefined fdius. 1edfemaining potential
is represented on the grid solving the discrete Pois-
son equation. The tage of this method is that the
mesh does not haye lve the grain potential near the
ed in analytic form, thus allow-
ut sacrificing accuracy?%:2!.

with fixed velocity-independent col-
, i.e., the same assumption as is used in
n'of Eq. (1) (BGK-type collisions). Charge-
collisions of ions with neutrals are performed
anging the velocity of the colliding ion with the
velocityof a neutral chosen randomly from the (uniform)
neutral velocity distribution®?. As we will see in sec. IV,
collisions substantially alter the dynamics by changing
the wakefield potential amplitude as well as the number
of oscillations behind the grain.

TABLE I. Detailed list of the simulation parameters.

T./T; 100

Mach Number, M 0.2-1.5

v/ wpi 0.002 - 2

ADe 5

grid size 64 x 64 x 128
number of particles 30 x 10°

total number of time steps 1000

®a 0.05-0.2
dt Voo 0.1
XN
IV. ANALYSIS THE'WAKE POTENTIAL

We have ‘pefforimed a systematic study of the wake
potential as a ction of both, the Mach number and
the collisi

bequency. The electron-ion temperature
at T./T; = 100. To delineate the dif-

ratio

lé(rences in the wake potential for the Maxwellian and
ot axwellian distribution, we performed simulations
patameters in the range M = vq/c; = 0.2 — 1.5 and
; = 0.002-2.0.

Scaling with grain charge

The potential ¢, is equal to the potential of a point
charge placed at the origin, i.e., ¢, = Q/(4megr,). Writ-
ing the normalized charge Q) as

Qa = Qae/(4meoAp.Te), (3)

one obtains?!

Qa = da/(Te/€) X (ra/Ape). (4)

The effective charge Qg in the simulation is varied by
varying the potential ¢, since r,/Ap. = 0.1 is kept con-
stant. Further, we have the relation between capacitance
and charge for a small spherical object with radius 7,
(rp/Ape < 1),

C =Q/¢p = dmegry. (5)

Since OML theory predicts grain floating potentials as
¢p ~ —2T./e (ignoring the ion flow and collisions), the
potential ¢, is representative of the effective grain ra-
dius?!. Those ions which enter the grain radius are re-
moved from the simulation?!. Considering typical dusty
plasma parameters, for an electron temperature of 2.585
eV and electron Debye length A\p. = 845um, the grain
charge is Q4 = 1.51 x 10%e for ¢, = —0.1T, /e.

Typical examples for the wake potential, as obtained
from COPTIC, are shown in Fig. 2. The flow is in the
positive Z direction. The potential shows one or sev-
eral oscillations along the streaming direction, depend-
ing on the plasma conditions. By definition, in the linear
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FIG. 2. Wake potential along the streaming axis for M =1
(M, = 10) and v/wp; = 0.02. The solid (dashed) line corre-
sponds to the shifted Maxwellian (non-Maxwellian) distribu-
tion.
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FIG. 3. Variation of the makimum of thefwake potential with

the shifted Maxwellian

object charge in normali nits
distribution (solid linein red celor) and the non-Maxwellian
field-driven distributj nTaZshed in blue color) at M = 1

In order to investigate the scaling behavior
with PIC si ulaticﬁs, we varied the input grain charge
is definédywin COPTIC, in terms of the grain po-
as diséyssed above) and calculated the height of
tential peak.

\eyend of the wake peak height with grain charge is
showwn in Fig. 3. To observe the relation between charge
imum wake potential, we spanned a wide range
of grain charge values and limit the following discussion
to a maximum grain charge of Qg = 1.51 x 10° e which
is here equal to Qg = 0.1. Note that the amplitude of
the peak, for the shifted Maxwellian distribution, is sig-

[““““topology of the potential.

\

nificantly higher than for the non-Maxwellian case. This
is due to the fact that ion focusing behind the grain is
stronger in the shift case than in the drift case. This
behavior is found for very small charge on the dust also.
Note, however that, for very small grain charges, the de-
termination of the exact wake peak potential is difficult
due to numerical limitations.

Nonlinear effects should be particularly important for
slow ions whose kineti energy is insufficient to escape
from the potential W?; created by the dust grain. From

Fig. 1 it is evident in the Maxwellian case, the

ionsWis very low in the shifted
hile/in the non-Maxwellian distribu-

ction of low velocity ions remains

r to minimize the non-linear effects
ing computational accuracy.

In@lce of collisionality

Figure 4 shows the qualitatively similar physical roles

The vertical dashed lines in
the contour plot denote the half-width of the box be-
yond which the region is subject to distortion due to the
boundary. Maxwellian ions with low ion-neutral damping
lead to pronounced oscillations of the wake potential in
the streaming direction, which is well known from linear
response calculations'®!® and PIC simulations!®20:31:32,
However, these oscillations are almost completely absent
in the case of non-Maxwellian ions?®. As can be seen from
Fig. 4, this effect on the wake potential can be closely
mimicked in the Maxwellian case by increasing the ion-
neutral collision frequency. Even though the damping
mechanisms are very different, the eventual effect on the
wake oscillations is the same and clearly visible.

We now investigate the influence of ion-neutral colli-
sions in greater detail. In Fig. 5, we present wake po-
tential contours, for various collision frequencies, for the
shifted Maxwellian distribution. Similar to observations
made in linear response calculations'®, here we also ob-
serve that the role of collisions is to reduce and damp the
wake oscillations behind the grain, for moderate to high
Mach numbers?”. Figure 6 depicts the same results but
now for the non-Maxwellian drift-driven distribution. As
observed by Hutchinson et al.?6 and in Fig. 4, the wakes
are strongly damped, and only one positive peak be-
hind the grain remains. Unlike in the shifted Maxwellian
case, there are no trailing oscillations behind the grain.
As we increase the collisionality from v/w,; = 0.02 to
v/wp; = 0.4, we have increased noise due to the injection
of ions in the highly collisional regime, which is visible
as a potential maximum upstream of the grain. We have
performed rigorous convergence tests w.r.t. the number

k\ played by collisional and collisionless damping for the
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FIG. 4. Wake potential contours e¢/T., averaged over the azimut
collisionless, v/wp; = 0.001); (b) the field-driven non-Maxwellian
The Mach number is identical

with collisions (v/wp; = 0.5).
normalized grain charge is Q4 = 0.02.
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FIG. 5. Contour ofﬂle grain potential e¢/T. for various collision frequencies: (a) v/wp; = 0.02; (b) v/wp; = 0.2, and
(c) v/wpi = 0.4 with stegaming velocity M = 0.8 for the shifted Maxwellian case. Here, the grain is at the origin and the
normalized grain chatge is Q4 = 0.01
—_—
of partigles as)well as the box size to avoid boundary  collisionality®®. A similar discussion with regard to the
e on ake potential. calculation of drag forces on the grain can be found in

A g'l.;e.f collisionality, there is an appreciable frac-
tion offglow ions which eventually lose their energy due
to collisions. These slow moving ions cannot escape the
potential well and become trapped. The density of these
trapped ions builds up over time, and they contribute to
the enhancement of the peak amplitude with increased

Ref.26.

The variations of the maximum peak height and the
peak position with collisionality, for Maxwellian as well
as non-Maxwellian ions, are shown in Fig. 7. First, we
consider the regime of slow streaming velocity, M = 0.2,
cf. Fig. 7 (left column). Collision-induced amplification
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FIG. 6. Contour plots of the grain potential e¢/T., for various collision freq
v/wp; = 0.4 with streaming velocity M = 0.8 for the non-Maxwell case

grain charge is Qq = 0.01.
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increase by a factor 3 from v/w,; = 0.01
; ~ 0.8. For larger v/wy,;, we observe a drop
of the peak height, indicating a broad maximum around
v/wy; ~ 0.8 —1.5. The peak position is almost constant
up to v/wy; ~ 0.8 but starts increasing with increasing

(top row) and peak amplitudes (bottom row) of the wake potential as a function of collision frequency
(solid) and non-Maxwellian (dashed) drift-driven distributions for T./T; = 100 and M = 0.2,0.8,1 for

collisionality. For the shifted Maxwellian case also, we
observe collision-induced amplification up to v/wy; ~ 0.5.
However, the maximum is much more narrow, and the
wake amplitude strongly decreases for v/wy; 2 0.5. The
peak position is slightly shifted towards the grain when
compared with the non-Maxwellian case. It should be
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®--® non-Maxwellian
9 Maxwellian

peak position

FIG. 8. Peak position (top) and peak amp Wmm) of
the wake potential in normalized units for Te%Z; = 100 as
a function of Mach number, for a shi Maxwellian (solid)
and a non-Maxwellian (dashed) d#ift-driven distribution, for
the collision frequency v/wp; = 0.2 Qq = 0.01.

£
noted that at higher cou/ nality; Aerical noise is high
which puts a constraint z‘rﬁk%simulations. Grid resolu-
tion puts a limitatién on the precision up to which one
can accurately determiné the value of peak position.

colwnn), we present the variations
ge'fht and the peak position with

collisionalit§, “fer t er flow velocity, M = 0.8. As
in the cas¢ M = 0.2 we observe collision-induced am-
plification small collisionality, v/w,; < 0.3, for the

tribution. When the collisionality in-
the peak amplitude begins to show a slow
The peak position is constant only for very
llisionality (up to v/wp,; = 0.2) and increases
that collisionality. On the other hand, for the
Taxwellian case, damping of the peak potential
amplitude is observed!® with increase in collisionality.
The peak position is almost constant up to v/wp; ~ 0.8
but starts increasing slightly, at higher collisionality.

For M = 1, the peak positions (top right figure) re-

main constant (within the grid resolution) over a broad
range of collision frequencies (up to v/wy = 1) con-
sidered here, for Maxwellian distribution and exhibits a
rapid increase in peak position for non-Maxwellian dis-
tribution. For a non-Maxwellian distribution, the peak
is substantially closer to the dust grain, compared to the
shifted Maxwellian case for smaller collisionality. Con-
sider now the peak height (bottom right figure). While
an increase in collisionality from the collisionless case to
vijwp = 04 decreasghe height, for the shift distribu-
tion, we find that thétamplitude for the drift distribution
increases significanfly;dby a or ~ 3. The trend of wake
potential peak and position at higher streaming speeds
(ie. M =1 ad = 0.8) is qualitatively similar but
differs significantlyfrom*small streaming speed M = 0.2.
We ob rv§ decrease of the peak height (as in
= 08).for Mach number larger than 0.4

ellian distribution in contrast to non-
, Whereas for smaller values of streaming
€ L&otential height exhibits a non-monotonic
chavier with collisionality for both Maxwellian as well
asaon- wellian distribution but for different values of
wpi(é%e left column of Fig. 7 for M = 0.2). The qual-
ive behavior of peak potential amplitude is similar
for both the distributions at very small streaming speeds
‘e~ M = 0.2). These results are in agreement with the

--...___Qata presented by Hutchinson?® (see, in particular, figure

2 in??). We note that the difference in consecutive values
of the peak positions and the peak height is due to the
constraint on the grid resolution.

This peculiar behavior of the wake pattern for the two
different distributions?® can be understood as follows. In
the shifted Maxwellian case, after an ion-neutral charge-
exchange collision, the new ion is born with an average
velocity equal to the flow velocity. For higher Mach num-
bers, irrespective of collisionality, fast ions have enough
energy to overcome the potential barrier and reduce the
ion shielding near the grain, which eventually results in
an enhanced shielding length. This is why we do not
observe any collision induced amplification of the wake
for higher flow velocities in the shifted Maxwellian case.
On the other hand, in the drift case, an ion that has
undergone a collision, is “reborn” with zero average ve-
locity. In order to leave the potential well, the ion must
first gain a sufficient amount of kinetic energy. At sub-
sonic flow velocities, the behavior is similar to the shifted
Maxwellian case. Here also, we see collision-induced am-
plification of the wake. However, at higher flow veloci-
ties, the features are altogether different. At higher flow
speeds, the drift-driven non-Maxwellian distribution con-
tains a large fraction of streaming ions in the subsonic
range. These subsonic flow ions contribute to shielding
and enhancement of the wake amplitude with collision.
Thus, collisions lead to an amplification of the maximum
wake amplitude, even for high Mach numbers, for a non-
Maxwellian distribution.

In Fig. 8, we present the magnitude of the potential
peak position and peak height as a function of Mach
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FIG. 9. Spatial profiles of the ion density (normaliz \ﬁ?he distant unperturbed ion density), for a Mach number M = 0.8, for
ni\drift

a shifted Maxwellian (top row) and a non-Ma: clha

(left column) and v/wp; = 0.2 (right column).

a maximum with the Mach nu
the wake potential initially i
the streaming velocity. At
saturate. Here, we also ose

a nondmonotonic behav-
ior of the peak potentidliwith lgfach number. The
overall peak amplitude an e is higher, for the
shifted Maxwellian dlS ution, The peak position for
non-Maxwellian i t for smaller streaming speeds
and shows a j = 0.6 and then remains con-
peeds. On the other hand,
n-Maxwellian case is constant

increasing ion flow velocity. The plot of

s.flow speed compares fair with previous
16,18

numerical wo

inctions between the shift and drift distribu-
s can also be elucidated clearly with the density
profiles for the two cases. In Figure 9 subplots (a) and
resent the density profile for two different col-
lision frequencies (v/wy; = 0.02, 0.2), in the Maxwellian
case. The density contours also show a wake pattern sim-
ilar to the potential wake (for v/wp; = 0.02). With in-
creasing collisionality, the peak of the density decreases

distribution bottom row), for a collision frequency of v/wp; = 0.02

which is in agreement with the potential profiles. For
lower collisionality, there is a large fraction of stream-
ing ions that overcome the potential barrier and assist
in wake formation, whereas at higher collisionality the
number of fast ion accumulation is reduced slightly. For
v/wy = 0.2, the ion focusing does not produce a wake
pattern, rather there is big zero density region around
the grain. The shielding of ions around the grain can be
observed in the upstream direction as well.

In subplots (¢) and (d) of Figure 9, we present the den-
sity profile for two different collision frequencies (v/wp; =
0.02,0.2) for the drift-driven non-Maxwellian distribu-
tion. Here, with increase in collisionality, the peak of the
density increases, in contrast to the shifted Maxwellian
case. In accordance to the corresponding potential pro-
files, here we do not observe ion density variations be-
hind the grain. Moreover, slow ions create ion shielding
around the grain, an effect that is missing for the shifted
Maxwellian distribution?®

V. SUMMARY AND DISCUSSIONS

In the present work, we have investigated the electro-
static potential distribution around a point-like charged
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w? in a streaming plasma for a Maxwellian as well as
or a non-Maxwellian ion distribution function, for a wide
$8 8f ion-neutral collision frequencies and Mach num-
bers. We have presented a comparative study of both
cases, using accurate 3D particle-in-cell simulations.

The simulations are based on certain assumptions, i.e.,
we have ignored the role of plasma inhomogeneity, sec-
ondary electron emission, etc., which could be of impor-
tance for experimental systems. Nevertheless, we pro-
vide here an improved numerical work by including the
effect of an external electric field and collisions on the
wake potential and ion density. The electric field mim-
ics the conditions encountered in real discharges, where
the sheath electric field accelerates the ions towards the
electrodes. Its effect has been neglected in many previ-
ous works, e.g., Refs.16:1820 byt has received increasing
attention in recent years, e.g.,?%2% 2% Compared to a
situation where the ion flow is caused by a flow of neu-
trals, which gives rise to a shifted Maxwellian ion distri-
bution, the inclusion of an external electric field yields a
non-Maxwellian drift distribution. The high population
of low-velocity ions, which persists even for high Mach
numbers, strongly modifies the wake potential and t
accumulation of the ions behind the dust grain.

In agreement with earlier simulations®®, our r

show that in the non-Maxwellian case only a single pote
tial maximum remains, even for weak ion-neutr
ing. The higher order potential extremagfound

ear response calculations'®!® and simulations?? with a
shifted Maxwellian distribution disappear. An fmpor-

this paper, we find collision-ind
wake potential for the non-M

amplitude initially becom
the collisionless limit. ?on

a maximum and finall

shifted Maxwellian ion
maximum only for low stream-
.2)For higher streaming velocities
, ‘2& wake amplitude was found to
v Avith the collisionality.

ing velocities
(M = 0.8 and
decrease

Particle a
ported in many eriments, e.g.,333%3738 " In order to
verify the collision-induced amplification of the wake po-

rimentally, the ion-neutral collision rate must
iently small. Our simulations show that only in
this regime, an increase of the collisionality leads to am-
n of the wake. The constraints on the ion Mach
number are less severe since the effect occurs over a wide
range. Nevertheless, it should be most pronounced for
small M. Thus, the particle would ideally be located in
a region with subsonic ion flow, i.e., in the presheath.
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