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Wake behind dust grains in flowing plasmas with a directed photon flux
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The wake behind conducting dust grains in a supersonic plasma flow with a directed photon flux is studied
by the particle-in-cell method. The electron emission leads to a positive charge on the dust. The resulting
plasma wake differs significantly from the case without photoelectrons. This wake is studied for different
photon fluxes and different angles between the incoming unidirectional photons and the plasma flow velocity.
The simulations are carried out in two spatial dimensions, treating ions and electrons as individual particles.
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The studies of wakes behind charged objects in flowing
plasmas are of general interest for understanding the interac-
tions between charged dust grains in plasmas [1]. Usually,
dust grains in plasma devices are charged negatively due to
the high mobility of electrons. A characteristic feature, which
is due to the plasma flow, is a region of enhanced ion density
in the wake [2—-6]. The corresponding potential enhancement
is considered to be responsible for the alignment of dust
grains in a direction of the flow [7-9].

In a space environment, dust grains are exposed to radia-
tion, and therefore photoelectric effects should also be in-
cluded in the analysis of dust charging [10-13]. Photoemis-
sion will change the total charge on the dust and the surface
charge distributions and can lead to new types of interactions
between dust grains. It was recently shown that the charge of
the dust cloud in a plasma discharge can be modified by uv
light [14]. Structures comprising positively charged dust
grains have already been observed in experiments [15,16].

Despite the relevance of the problem, there are only a few
studies on dust charging with photoelectron emission and
interactions with the surrounding plasma. In particular, theo-
retical analyses describe oversimplified models, while ex-
perimental studies have limited diagnostics [17-19]. Here,
we address this problem by numerical simulations.

We have modified the numerical particle-in-cell (PIC)
code used in our previous studies [6,20] by including a pho-
ton flux and the photoelectric effect. The code is two-
dimensional in Cartesian coordinates for simulations of dust
charging in collisionless plasmas. Both electrons and ions are
treated as individual particles, with the ion to electron mass
ratio being m;/m,=120, and the electron to ion temperature
ratio T,/ T;=100, where T,=0.18 eV. The plasma density is
n=10'"m=2 in the present two-dimensional model. A mas-
sive and immobile circular dust grain of radius r=0.375 in
units of the electron Debye length A\p, is placed inside a
simulation box of size 50 X 50 Ap.. The dust grain is initially
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charged only by the collection of electrons and ions. A di-
rected photon flux is switched on after approximately 40 ion
plasma periods 7;. At this time, we can assume that the sur-
face charge distribution has reached a steady state. The code
is run typically up to 50 ion plasma periods.

To model a small conductor, the charge is redistributed
equally on the dust surface at each time step. Such an algo-
rithm is simple to use and is found in other numerical studies
[21], but it does not account for the electric dipole moment
on the conducting dust as induced by the anisotropic poten-
tial distribution in flowing plasmas. The equally distributed
surface charge will not necessarily cancel electric fields in-
side the dust, and thus the algorithm is not adequate for
grains larger than the Debye length or for grains of shapes
different from spherical (or circular). An algorithm that en-
forces constant potential within the dust was used in our
previous studies of the charge distribution on larger, complex
shaped objects in flowing plasmas [20]. The computational
expenses of that algorithm were lengthy simulations and
strict constraints on shapes and sizes of simulated dust
grains.

In this work, we present results from studies of the influ-
ence of the directed photon flux on the dust charging and
wake formation in a supersonic plasma flow. Due to the large
thermal velocity of electrons, the plasma flow is measured in
units of the ion drift velocity v, which is set to be vy,
=1.5C,, where C; is the speed of sound. Three different
angles between the incoming photons and the direction of the
ion drift are considered: a={0°,90°,180°}, where a=0°
denotes photon flux along the ion flow. The simulated photon
flux is taken here to be ®,, e (0.25,2.5)x 10" m2s7!,
which, with photon energies E;,, of 4.8, 5.5, and 7.2 eV, give
photon power densities of H € (1.9,28.8) W m™2. These pho-
ton power densities can be achieved by commercially pro-
duced uv lamps (e.g., low-pressure mercury lamps) [22]. The
work function W of the dust grain is W=4.5 eV, which is
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FIG. 1. The total charge g, on the dust grain as a function of
time for different photon fluxes and photon energies. «=0° for all
cases. The solid line corresponds to photon energy E,,=5.5¢eV,
while the dashed line corresponds to Ej,=4.8 eV. The charge is
normalized with the unitary two-dimensional charge ¢
=e[nysp)]"?, where e is an elementary charge and nogp) is the
plasma density in the three-dimensional system. The unit of g is
[¢o]=C/m. The results are smoothed with the moving box average
filter for presentation.

close to the work functions of many metallic materials [17].
When a photon hits the dust, a photoelectron of energy E
=FE,,—W is produced at distance /=svA¢ from the dust sur-
face, where s is a uniform random number s € (0,1], At is
the computational time step, and v is the photoelectron
speed. Photoelectron velocity vectors are uniformly distrib-
uted over an angle of 7 and directed away from the dust
surface.

The charging of dust grains for different photon energies
and fluxes is illustrated in Fig. 1. After the onset of the pho-
ton flux, the dust charge becomes less negative. It saturates
after approximately half an ion period for low photon fluxes
and approximately one ion plasma period for large fluxes.
The saturation charge is slightly negative for the low photon
flux and becomes more positive as the flux increases. For
lower fluxes, there is no apparent dependence of the satura-
tion charge on the photon energy, while for higher fluxes,
higher photon energy gives rise to a more positive dust
charge. The charge fluctuations increase with the photon
flux. The relative charge fluctuations are largest for grains
with the lowest absolute charge value. The absolute and rela-
tive charge fluctuations are smallest for the case without pho-
toemission. We find no dependence of the average charge on
the direction of the photons with respect to the ion drift «
because of the charge redistribution on the dust surface. For
the case of E,,=7.2 eV, the total charge results are almost
identical to the case of E,,=5.5 eV, and they are therefore
not presented here.

The variations of plasma density and potential behind the
dust grain depend on the photon flux and photon energy. For
low photon fluxes, the total charge on the dust surface is
negative and a localized region of enhanced ion density in
the wake (ion focusing) is observed. The peak value of the
ion density is lower than for the case without the photon flux.
The ion focusing characteristic for a negatively charged dust
is destroyed when the dust is charged positively. In this case,
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FIG. 2. The x-v, and x-v,, phase-space plots for electrons (a) and
ions (b). The photon energy was Ej,=7.2 €V, and the photon flux
®,,=2.5% 10" m™?s7! with a=0°. The plots correspond to an av-
erage over a narrow slice of the simulation box along the x axis of
width of 0.25\p, going through the center of the dust. The center of
the dust is at x=19A\p.. We use a narrow slit also in order to have a
relatively low phase-space particle density to obtain a transparent
presentation.

ions are slowed down in front of the grain and deflected by
the dust, which can be inferred from the x-v, , phase plots
shown in Fig. 2. As a consequence, a region of enhanced ion
density is formed in front of the dust. When the correspond-
ing ions drift downstream with respect to the dust, they form
a distinct boundary between the wake and undisturbed
plasma; see also Fig. 3. The shape of the enhanced ion den-
sity region depends on the angle between the incoming pho-
tons and the ion flow «. It is more pronounced and located
closer to the dust surface for a=0°, and further from the dust
for a=180°. For a=90°, an asymmetry in the enhanced ion
density is observed: the enhancement has a larger spatial
extent on the side of the dust where photoelectrons are pro-
duced. Slight asymmetries observed for a=0° and 180° are
due to the statistical noise in the simulations.

Downstream from the positively charged dust, ions are
accelerated toward the wake by the ambipolar electric fields.
As a result, a region of strongly reduced ion density is ob-
served. The ion wake, which we refer to as the region where
the density is reduced by more than 50% with respect to the
undisturbed ion density, scales with the photon flux and pho-
ton energy, being larger for higher photon fluxes; see also
Table I. It is also larger for photons with higher energies. The
ion wake corresponds to the white regions behind the dust
grains in Fig. 3.

We note that the ion depletion behind the grain can also
be associated with ion absorption on the dust surface [23,24].
Although such an effect is of minor importance for the con-
sidered case of supersonic ion drift velocities, it is worth
mentioning here since it can lead to the superfluidlike behav-
ior of complex plasmas [25].
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FIG. 3. (Color) The ion den-
sity around the dust grain
exposed to the photon flux &,
=2.5%10" m2s7!  of energy
E,,=4.8 eV averaged over nine

y [units of Ae]
y [units of Aa]

15 ion plasma periods 7; for a=0°
(a), @=90° (b), and a=180° (c).
The plasma flow is in the positive

i 1.2 x direction. The white regions be-
s hind the dust correspond to ion
9 10" - densities below 0.5n;.
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The photoemission provides an electron source on the
side facing the photon incidence. Photoelectrons localized in
the vicinity of the dust surface are attracted by the positively
charged dust grain and redistributed to cancel the positive
charge region in front of the dust; see also Fig. 2. If the
photoelectron energy is lower than or comparable to the elec-
tron thermal velocity, the electrons can easily be lost on the
dust surface, while electrons with larger energies are more
likely to escape. This, together with the photoemission rate,
which is proportional to the photon flux, explains the higher
positive charge on the dust for higher energetic photons and
higher fluxes.

Since photoelectrons are being attracted by the dust grain
and the enhanced ion density region in front of the dust, the
photon incidence angle « has little effect on the wake pattern
behind the dust. It effects, however, the region in front of the
dust; see again Fig. 3. The enhanced ion density region is
located closer to the dust for photons with @=0°, in which

TABLE 1. The width w and length d of the ion wake behind
positively charged dust grains for different photon energies Ej, and
different photon fluxes ®;, for =0°. The unit of w and d is the
electron Debye length \p,. For ®,,<0.5X 10" m=2s~!, the dust
grains were negatively charged.

Ehy=4.8 eV EhV:S'S eV EhV=7'2 eV

b, w d w d w d
(10" m™2s™)  (\pe) (\pe) (Ape) (Ape)  (Ape)  (Ape)
0.50 0.7 3.1 0.7 3.5 0.9 3.7
1.25 2.1 6.8 2.3 7.5 2.5 73
2.50 3.6 7.0 59 11.1 6.3 12.7

x [units of A]

case the photoelectrons can partially screen the charge on the
dust grain. For a=180°, there is no such screening, and pho-
toelectrons need to go through the potential barrier of the
dust. The enhanced density region is located at a distance
from the dust surface for this case. Further away from the
dust, the electrons closely follow the decelerated and scat-
tered ions.

The electron density is reduced in the region correspond-
ing to the ion wake, but it is still large enough to give rise to
the negative potential region behind a positively charged
dust; see Fig. 4. This potential enhancement is more pro-
nounced than the one associated with the ion focusing behind
the negatively charged grain, and may lead to strong interac-
tions between positively charged grains along the ion flow.
The potential in front of the dust depends on the photon
incidence angle a. A positive potential region can develop in
front of the dust, provided that the local electron density is
insufficient to fully neutralize the enhancement in the ion
density. In this case, the plasma becomes polarized and can
have an associated electric dipole moment. The highest po-
larization degree is found for a=180°. We note again that in
our approximation the electric dipole moment on the dust
grain itself is assumed to be negligible.

An interesting question is to what degree electrons are
Boltzmann-distributed in the vicinity of dust grains. In Fig.
4, we illustrate also the difference & between the density of
Boltzmann-distributed electrons that would correspond to the
calculated potential and the actual electron density: o6
=n,, exp(—eWV/kT,)—n,, where ¢<0 is the electron charge.
Before the onset of the photon flux, the electrons can be well
approximated by the Boltzmann distribution. With photo-
emission, the electrons are no longer Boltzmann-distributed.
The largest discrepancies are associated with the surplus of
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FIG. 4. The potential ¥ profile along the x axis through the
center of the dust grain for the case with (dotted line) and without
(dash-dotted line) the photoemission. The difference & between the
density of Boltzmann-distributed electrons that would correspond to
the calculated potential and the actual electron density is shown for
both cases (dashed line, without photoemission; solid line, with
photoemission). ®,,=2.5%X10"” m2s~!, E,,=48¢eV, and «a
=180° for the cases with photoemission.

electrons due to the photoelectron emission, and to the re-
gion of the enhanced ion density in front of the dust, where
electrons are underrepresented.
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To summarize, we have presented numerical results for
charging of an individual conducting dust grain in the pres-
ence of a directed photon flux in a collisionless, supersonic
plasma flow. We showed that uv radiation allows for an ac-
curate control of the charge on a metallic dust grain in
plasma devices. By an appropriate selection of the photon
flux intensity, coagulation of the small dust grains can be
induced due to the large fluctuations in their total charge in
the presence of the photon flux. The photoemission should
also allow control of the height of a dust grain levitated in
the sheath of dc discharges.

Photoelectrons together with the positive dust charge
modify and polarize the surrounding plasma. There is a nega-
tive potential region in the wake, and a positive potential
region in front of the dust, the latter corresponding to the
enhancement in the ion density. Such a polarization of
plasma can lead to interactions between positively charged
grains that are stronger than for the corresponding case with
negatively charged dust. Finally, it was shown that with pho-
toemission, the electrons have a non-Boltzmann distribution,
which makes relevant theoretical analysis of the problem dif-
ficult.
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