J. Plasma Fusion Res. SERIES, Vol. 8 (2009)

Charging of Dust in the Presence of a Directed Photon
Flux: Numerical Simulations

Wojciech J. Miloch™?, Sergey V. Vladimirov?, Hans L. Pécseli® and Jan Trulsen®

D Institute of Theoretical Astrophysics, University of Oslo, N-0315 Oslo, Norway
2) School of Physics, The University of Sydney, Sydney, NSW 2006, Australia
3) Department of Physics, University of Oslo, N-0316 Oslo, Norway

(Received: 25 August 2008 / Accepted: 19 January 2009)

The charging of conducting and insulating dust grains in flowing plasmas in the presence of a

directed photon flux is studied using Particle-In-Cell numerical simulations. We analyze the charge on
dust grains for different photon fluxes and different angles of the photon incidence with respect to the
supersonic plasma flow direction. For conducting grains we find that the total charge can be effectively
controlled by the photon flux. On insulating grains, an electric dipole moment associated with the
photoemission develops. A positive dust charge and photoelectrons distort several of the properties of
the plasma surrounding the dust particle, and electrons are no longer Boltzmann distributed locally.
Our results are compared with the case obtained without photoemission. The analysis is carried out in
two spatial dimensions, with electrons and ions treated as individual particles.
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1. Introduction

The studies of wakes behind charged objects in
flowing plasmas are of interest for understanding the
interactions between charged dust grains in plasmas.
Usually, dust grains in plasma devices are charged neg-
atively due to a high mobility of electrons. A char-
acteristic feature, that is due to a plasma flow, is the
region of an enhanced ion density in the wake [1, 2, 3].
In a space environment dust grains are exposed to ra-
diation, and therefore the photoelectric effect should
be also included in the analysis of dust charging [4].
Photoemission will change the total charge on the dust
and the surface charge distribution and can lead to
new types of interactions between dust grains. Struc-
tures comprising positively charged dust grains were
already observed in experiments [5, 6]. The possibil-
ity of electric attraction between positively charged
grains was also discussed [7, 8].

A theory describing the dust charging with photo-
emission in a self-consistent way is difficult to develop.
In particular, photoelectrons can modify the plasma in
the vicinity of dust. Eventually, the theories may con-
sider over-simplified models [9]. Therefore, one should
employ numerical simulations, which can account for
non-linear and stochastic phenomena, and model the
charging of the dust in plasma in a self-consistent
way. Numerical simulations usually treat electrons as
a Boltzmann distributed background [10, 11]. Here
we present a more realistic model by including both
background- and photoelectrons in the analysis.

2. Numerical Code
We use the numerical particle-in-cell (PIC) code
from our previous studies [12, 3], which is modified
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by including a photon flux and the photoelectric ef-
fect [13]. We consider collisionless plasmas in a two di-
mensional system in Cartesian coordinates. Both elec-
trons and ions are treated as individual particles, with
the ion to electron mass ratio 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,
and the plasma flow velocity is vq = 1.5 Cy, with Cj
denoting the speed of sound.

A massive, circular dust grain of radius of r =
0.375 in units of the electron Debye length Ap. is
placed inside a simulation box of size of 50 x50 Ape. It
is initially charged only by the collection of electrons
and ions. For a perfectly insulating grain, a plasma
particle hitting the dust surface remains at this posi-
tion at all later times and contributes to the surface
charge distribution. To model a small conductor in
this work, the charge is redistributed equally on the
dust surface at each time step. Details on this algo-
rithm are given in [13].

A directed photon flux is switched on after ap-
proximately 40 ion plasma periods 7;. At this time,
we can assume that the surface charge distribution
has reached a stationary level. Three different an-
gles between the incoming photons and the direction
of the ion drift are considered: o = {0°,90°,180°}.
For a conducting dust, the simulated photon flux is
®p, € (0.25,2.5) x 1019 m=2s~!
gies Eyp, of 4.8 and 5.5 eV. These photon parame-

with photon ener-

ters can be achieved by commercially produced UV
lamps (e.g., low pressure mercury lamps) [14]. The
work function W of the conducting dust grains is
W = 4.5 eV, which is close to work functions of many
metallic materials [15]. For an insulating dust, the
photon energies Ej, are 10.3 and 11.0 eV, and the
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Ep, =48¢V | Ep, =5.5¢eV
@, qt Agt qt Aq
(10"m=2s7 ) | (q0) | (%) | (90) | (%)
0.0 —752 | 4 | -752] 4
0.25 —163| 19 | —168| 17
0.50 19 173 12 258
1.25 251 18 273 18
2.50 795 8 1330 7

Table 1 The averaged total charge ¢: and relative charge
fluctuations Ag: on the conducting dust grain for
different photon energies Ey, and different photon
fluxes ®;,, for a = 0°.

work function is W = 10 eV.

When a photon hits the dust, a photoelectron of
energy F = Ey, — W is produced at distance [ = svAt
from the dust surface, where s is an uniform random
number s € (0, 1], At is the computational time step
and v is the photoelectron speed. Photoelectron ve-
locity vectors are uniformly distributed over an angle
of m and directed away from the dust surface. The
code is run typically up to 50 ion plasma periods.

3. Results

With the onset of the photon flux, the charge on
the conducting dust grain becomes more positive, and
it reaches a saturation level within one ion plasma
period. The saturation charge, averaged over a time
interval of nine ion plasma periods, is summarized in
Table 1 and presented in units of the elementary two
dimensional charge: gg = e [n0(3D)] 1/3, where e is an
elementary charge, and ng3p) is the plasma density
in the three dimensional system. For a sufficiently
high photon flux, the dust is positively charged. For
low fluxes, the saturation charge does not depend on
the photon energy. For higher fluxes, photoelectrons
with higher energies lead to a more positive dust grain.
The relative fluctuations of the charge are largest for
the dust with lower charge. The absolute and relative
charge fluctuations are smallest for the case without
photoemission.

For low photon fluxes we observe the ion focus-
ing, which is weaker than for the case without the
photoemission. The ion focusing is destroyed for pos-
itively charged grains. In this case, ions are slowed
down in front of the grain and deflected by the dust.
Consequently, the region of an enhanced ion density
can be formed in front of the grain, while downstream
from the grain a distinct boundary between the wake
and the undisturbed plasma is present. This can be
inferred from Fig. 1 where the ion density around a
conducting grain is shown for a = 0°.

The wake in the ion density, which we refer to
as the region where the density is reduced by more
than 50% with respect to the undisturbed ion density,
scales behind a conducting dust with the photon flux
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Fig. 1 The ion density around the dust grain exposed to
the photon flux &5, = 2.5 - 10 m™2s7! of en-
ergy En, = 4.8 eV averaged over nine ion plasma
periods ;. a = 0° and the plasma flow is in the
positive x direction. The white region corresponds

to ion densities below 0.5n0;.

Eh,/ =4.8 eV Eh,/ =5.5eV
Dy w d w d
(1019m_25_1) (Ape) | (Ape) | (Ape) | (Ape)
0.50 0.7 3.1 0.7 3.5
1.25 2.1 6.8 2.3 7.5
2.50 3.6 7.0 5.9 11.1

Table 2 The width w and length d of the ion wake behind a
positively charged dust grains for different photon
energies Ej, and different photon fluxes @, for
a = 0°. The ion wake was not observed for ®;, <
0.5-10" m~2s!

and photon energy, being larger for higher fluxes and
energies. The measured spatial extent of the wake is
summarized in Table 2. The ion wake corresponds to
the white region behind the dust in Fig. 1.

The potential around the positively charged con-
ducting dust becomes polarized for higher photon
fluxes. In Fig. 2, the potential distribution around
the conducting dust is shown for different angles of
incidence of photons with the high flux. The polariza-
tion of the plasma is the largest for o = 180°. Here
the potential is negative behind, and positive in front
of the dust.

For the case of an insulating grain, we observe
the charge saturation for lower photon fluxes, when
the total charge on the dust remains negative. For
fluxes high enough to change the sign of the total dust
charge, the charge does not saturate. In all cases, the
charging depends on the angle of incidence, see Fig. 3.
For lower fluxes the charge is less negative f or larger
«. For higher fluxes, the charge can become positive,
and then negative within a few ion plasma periods.
This is not the case for a = 180°, where the charge
is getting more positive. Here, the positive surface
charge on the shado w side can not be balanced by
the electron current because of the development of a
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Fig. 2 The averaged potential around the dust grain ex-
posed to the photon flux &, = 2.5:10" m2s7! of
energy Ep, = 4.8 eV and for a = 0° (a), a = 90°
(b), and a = 180° (c).
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Fig. 3 The total charge on the insulating dust grain as

a function of time for different photon fluxes and
angles of photon incidence «. Squares correspond
to the photon flux &5, = 2.5 - 109 m_QS_l, while
triangles to ®p, = 0.5 - 10 m~2s7'. The photon
energy is Ep, = 11.0 eV. The results are smoothed
with the moving box average filter for presentation.

strong electric dipole moment antiparallel to the ion

flow and the electron and ion density wakes behind

the grain.
The

around an insulating grain evolve in time. For a pos-

ion density and potential distributions

itively charged dust, the ion focusing region in the
wake is destroyed, and the wake behind the dust with
a = 0° is similar to the case of the conductor. How-
ever, when the charge is negative again, the wake be-
comes smaller, and the ion focus can be retrieved, see
Fig. 4. The wake is strongly asymmetric for o = 90°.
This asymmetric charge distribution is present also
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Fig. 4 The ion density around insulating dust grains ex-
posed to the photon flux ®,, = 2.5-10'° m~2s7 1,
a = 0° (a) and a« = 90° (b) of energy Epn, =
11.0 eV averaged over two ion plasma periods:
t € (39.5,41.5)7; (top) and ¢ € (48.0,50.0)7; (bot-
tom).

after the closure of the wake, see Fig. 4b).

With the onset of the photon flux, we observe the
development of an electric dipole moment on the insu-
lating dust surface which is antiparallel to the direc-
tion of incident photons. This electric dipole moment
does not saturate for large photon fluxes, and it is
larger than the electric dipole moment due to the ion
flow.

In Fig. 5, we illustrate the difference 6 between
the density of Boltzmann distributed electrons that
would correspond to the calculated potential and the
actual electron density: § = negexp[—eV/kT.] — ne,
where e < 0 is the electron charge. Before the onset
of the photon flux the electrons can be well approxi-
mated by the Boltzmann distribution. With photoe-
mission, the electrons are no longer Boltzmann dis-
tributed. The largest discrepancies for conductors are
associated with the surplus of electrons due to the
photoelectron emission, and to the region of the en-
hanced ion density in front of the dust, where elec-
trons are underrepresented. For insulators the electric
dipole governs the potential in vicinity of the dust.

4. Discussion

The photoemission provides an electron source on
the side of the photon incidence. Photoelectrons local-
ized in the vicinity of dust surface are being attracted
by the positively charged dust grain and redistributed
as to cancel the positive charge region in front of the
dust. If the photoelectron energy is lower or com-
parable to the electron thermal velocity, the electron
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 propor-
tional to the photon flux, explains the higher positive
charge on the dust for high energetic photons and high
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Fig. 5 The difference § between the density of Boltzmann
distributed electrons that would correspond to the
calculated potential and the actual electron den-
sity is shown for both cases (dashed line - without,
solid line - with photoemission). Both conduct-
ing (top) and insulating (bottom) dust grains are
considered for oo = 0°.

fluxes.

The electron density is reduced in the region cor-
responding 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. 2. This poten-
tial enhancement is more pronounced than the one
associated with the ion focusing behind the negatively
charged grain, and may lead to strong interactions be-
tween positively charged particles along the ion flow.
A positive potential region can develop in front of the
dust, provided the local electron density is insufficient
to fully neutralize the enhancement in the ion den-
sity. In this case, the plasma becomes polarized and
can have an associated electric dipole moment. The
highest polarization degree is found for a = 180.

The region of the reduced ion density behind a
positively charged conducting grain scales with the
photon flux and photon energy. The ion density wake
behind a positively charged insulating grain changes
in time, and the ion focusing can be recovered when
the total charge on the grain becomes negative. In cer-
tain parameter regime, the depletion in the ion density
due to absorption can have important implications.
In particular, it can lead to a superfluidlike motion of
dust grains in plasma [16].

The UV radiation allows for an accurate control of
the charge on a metallic dust grain in plasma devices.
By an appropriate flux selection the coagulation of
small dust grains can be induced due to their large
fluctuations in the total charge in the presence of the
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photon flux. The photoemission should also allow to
manipulate the height of a dust grain levitated in the
sheath of dc discharges.

For insulators, the charge control is more diffi-
cult, because of the development of the electric dipole
moment which direction depends on the angle of pho-
ton incidence on the dust surface. With a = 180°
the saturation of the charge is not observed within
the simulation time, while for other angles the charge
recovers to negative values. Rotation of dust can re-
distribute the surface charge on the dust surface and
make it more even. The analysis of the rotating insu-
lating grain can resemble the case for conductors. The
rotation of the dust was not simulated in the present
work.

Finally, it was shown that with the photoemission,
the electrons have non-Boltzman distribution, which
makes solely theoretical analysis of the problem diffi-
cult.
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