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Simulation of discharging dust grains by laser excitation of neutral atoms
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We have simulated a method for changing the charge on dust grains in plasmas by exciting a small
fraction of the neutral atoms into highly excited states. The atoms can be preferentially excited near
a dust grain and quickly ionized by the hot electrons in the plasma. Because the neutral atom has low
speed when it is excited, the resulting positive ion strikes the dust with nearly unit efficiency and the
electron is repelled into the plasma. The rate for this process can be controlled by varying the state
excited and/or the density of excited atoms. Thus, this mechanism gives a controllable method for
varying the dust charge without substantially changing the other plasma properties.

© 2010 American Institute of Physics. [doi:10.1063/1.3500290]

I. INTRODUCTION

The charge on a dust grain in a plasma dependsl’2 on the
size of the grain and the parameters of the plasma: electron
temperature, ion temperature, mass of the ion, the ion and
electron masses, and the local ion and electron plasma den-
sities. However, the confinement™* and transport of a
charged dust grain in the plasma depends critically on its
charge. Also, the interesting collective phenomena (such as
plasma crystalss’6 and Coulomb clusters’) present in dusty
plasmas depend on the charge of the dust grain. Thus, there
is a strong coupling between the dust grains and the sur-
rounding plasma and what type of behavior is displayed. It
would be of great interest to develop a technique that would
allow the charge on the grain to be changed without chang-
ing the parameters of the plasma in which it is immersed,
since even many of the in situ diagnostic techniques can
perturb a dusty plasma.s’

Techniques for altering the dust grain charge without
modifying the surrounding plasma have been considered for
many years. From studies of astrophysical dusty plasmas, it
is generally accepted that ionizing radiation (e.g., ultraviolet
light) can cause the emission of electrons through the photo-
electric effect.'®!! Recently, Land and Goedheer'” performed
one-dimensional Monte Carlo simulations of a dusty plasma
that showed that for micron-sized grains, UV light could be
effective at controlling the grain charge; however, detailed
experiments have yet to be performed.

In this paper, we present an alternate method for control-
ling the charge on a dust grain by exciting atoms to a highly
excited state when they are near the grain. A highly excited
atom can be quickly ionized in a plasma from collisions with
hot electrons. For example, an atom excited to a principle
quantum number n=30 in a plasma with an electron density
103 ¢cm and electron temperature of 1 eV has a 1/e ioniza-
tion lifetime of ~20 ns; if the atom has a speed of 400 m/s,
it will travel less than ~8 um before being ionized. In typi-
cal laboratory dusty plasmas, micron-sized dust grains ac-
quire a net negative charge of several hundred to several
thousand electrons due to the higher mobility of the electrons
compared to the ions. Thus, if the atom can be preferentially
excited near the dust grain, it will be ionized close to the dust
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grain and the positive charge will be quickly pulled into the
grain. Also, highly excited atoms can be stripped of the
weakly bound electron by electric fields that depend on the
size of the binding energy. For atoms in a state with principle
quantum number 7, the field to strip the electron is approxi-
mately F,~3.2 X 103 V/cm/n*. The field rapidly de-
creases with increasing n; this field is ~2 kV/cm for n
=20 and is ~400 V/cm for n=30. Typical electric fields in
a plasma are a couple V/cm, but a 1 um radius dust grain
with a charge of 2000 electrons has an electric field of ap-
proximately 2 kV/cm at a distance of 3.8 um from the dust
center; the exact field strength depends on the Debye screen-
ing length. The field ionization of ground state atoms near a
small structure (carbon nanotube) has been seen in Ref. 13.
The basic mechanism we propose for exciting the atom
near the dust grain is the Stark shift of the excited state™
from the strong electric field near the dust. The deeply bound
states of the atom hardly shift in energy but the highly ex-
cited states have polarizabilities that strongly increase with
the principle quantum number, n: the polarizability scales
such as n’. The shift of the excited energy level is AE=
—(1/2)aF?* where a is the polarizability and F is the electric
field strength; by detuning a laser from the vacuum energy,
the atom will only be excited when it is near a region of
space where the electric field has the value F,=V-2AE/ c.
Figure 1 gives a schematic of how the method proposed
in this paper can work. An Ar atom with a kinetic energy of
a few 100 K will essentially move with constant velocity
until it reaches a position where the electric field is sufficient
to satisfy the resonant condition. When the atom reaches
such a field, it can be excited (Ar*) by a laser and quickly
thereafter is ionized by electron collisions or by the electric
field from the dust that can be large if the atom gets close.
Once the electron is stripped from the atom it moves radially
outward into the plasma and the positive charge is trapped in
the vicinity of the dust grain. This motion should be con-
trasted with that for a positive ion. The positive ion acceler-
ates as it approaches the dust grain that means that it can
easily miss a dust grain of radius 1 um if it reaches a radius
of 10 um. However, this is not the case for an atom stripped
at 10 um. For example, suppose the dust charge is 2000
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FIG. 1. A schematic sketch of the procedure described in this paper. An Ar
atom moves in a straight line. The Stark shift of a highly excited state (Ar®)
is used to preferentially excite an atom at a distance R, from the center of
the dust grain. After traveling a short distance, the atom is ionized from a
collision with a hot electron from the plasma. The high charge on the dust
grain causes the electron to be repelled into the plasma and the positive ion
to be attracted into the dust. The net effect is a decrease in the magnitude of
the dust charge.

electrons, then the positive ion has a potential energy of ap-
proximately —3300 K and a kinetic energy of a few 100 K so
it is bound to the dust grain and will hit it within a short time.

The excitation of the atom near the dust is the compli-
cated aspect of the scheme we are proposing. This involves
the physics of highly excited atoms in laser fields and elec-
tric fields. In particular, the important question is how many
atoms are excited when they pass through fields that are
changing with position.

We first give a simple theory to estimate the effect on the
charge of the dust grain when electrons, positive ions, and
highly excited atoms are present. This allows us to estimate
the population of excited atoms that will be needed. We next
describe how the atoms are excited when they reach the cor-
rect radius. We discuss some of the general trends and scal-
ing for this system.

Il. CHARGE BALANCE

In this section, we give a simplified treatment of the
charge balance on a dust grain when electrons, positive ions,
and highly excited atoms are present. This treatment includes
the main effects in dust charging when the dust density is
low and should be sufficient to indicate what density of ex-
cited atoms will be needed to see a substantial change in dust
charge. The equations in this section are essentially the same
as for the orbit motion limited approach and, thus, have the
limitations of that method. However, the process described
below is taking place at a scale length much greater than the
dust radius but much less than both the ion and electron
Debye lengths. Since the screening from the plasma sur-
rounding the dust grain will be minimal, the ions created by
stripping the electron from the highly excited atom will
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travel in a nearly ballistic trajectory to the grain. For the
parameters we consider below, our estimates should accu-
rately reproduce the trends in the charge as a function of the
number of excited atoms (Debye length of ~120 wm and
excitation radius between ~20 and —28 wum); when the dis-
tance, r, is much less than the Debye length, \p, the frac-
tional change in the electric field is proportional to (r/\p).
To get the results of higher accuracy, a fully self-consistent
calculation that includes screening effects should be per-
formed; these effects will be more important for larger dust
grains that have larger charge and, therefore, a larger dis-
tance from the dust where the excitation takes place.

For this derivation, we will assume that the dust grain is
spherical with radius R and uniformly charged, the Debye
length is much larger than the radius of the dust, and the
mean free path of the charged particles is much larger than
the dust radius. We will define the charge on the dust grain in
terms of the electron charge to be —Z,e where e=1.602
X 107" C and Z, is the excess number of electrons.

First, we will obtain an expression for the rate that elec-
trons hit the dust grain. Only electrons with kinetic energy
KE=Z,?/(4meyR) can hit the dust grain. Because the dust
grain is much more massive than the electrons and with
much lower speed, we can approximate the grain as being
fixed in space. In this case, electrons hit the grain when the
impact parameter is less than

b2=R2<1—%>, (1)

where PE,=Z,e’/(4meyR). The collision cross section is o
=h%. Thus, the rate that electrons hit the grain is

PE,
Fe(v)=nea'v=nga'0<1 —K—Eo>v, 2)

where o,=7R? is the geometric cross section of the dust
grain. If the electrons have a Maxwell-Boltzman distribu-
tion, then the average rate for hitting the grain is

m 32
=47 —— j I, (v)v2e KEksTeqy (3)

27TkBTe

where T, is the electron temperature, m, is the electron mass,
kg is the Boltzmann’s constant, and the integration is only
carried out over speeds where I',(v) =0. The integration can
be analytically performed and the collision rate is

kgT, |8
Ty=nopy 2 e\ﬁﬁ"’"""”e- @
m, T

For a fixed PE,, the collision rate increases with increasing
T,. In practice, the charge on the dust depends on 7, and thus
PE|, can strongly depend on the electron temperature.

A similar treatment can be done for the positive ions.
Unlike the electrons, the ions can hit the grain even when
v—0. The ion collision rate is
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kgT; 8 PE,
I';=noy %\/;(I—Fk_;)’ (5)
[ Bti

l

where 7n; is the ion density, 7; is the ion temperature, and m;
is the ion mass. For many situations, the PEy> kzT; that will
give the collision rate scaling with ion temperature such as
Ti_” 2. Thus, colder ions will lead to larger collision rates.

The collision rate for the atoms to be excited is simply
the rate the atoms hit the radius, R,, where the photon is
absorbed. The electric field where the photon is absorbed is
defined as F,. Assuming that all of these atoms lead to a
collision with the dust gives a collision rate

[ksT, [8R2
L'y=n,0 —:1 g (6)
a 0

where n, is the density of excited atoms, T, is the atom’s
temperature, and m,, is the atom’s mass. Note that the colli-
sion rate scales with square of the excitation radius, R,,.
However, this cannot be arbitrarily large because atoms that
are ionized too far from the dust will not be captured and hit
the dust. Also, we will see below that there is a trade-off in
the excitation probability with R,. The excitation radius de-
pends on the charge of the dust grain and the excited state of
the atom. Using the excitation electric field defined above,
the excitation radius is

[ e =
R, = \|——\Z,, 7
477'60FaN d @

where F, is the electric field where the Stark shift puts the
laser transition into resonance and —Z e is the charge of the
dust.

The number of excess electrons on a dust grain, Z,, is
found by having the electron collision rate equal to the sum
of the ion and excited atom collision rate

Fe:Fi+rm (8)

where the charge on the dust grain is only in the terms with
PE,=Z,e*/(4m€yR) and in the excited atom collision rate
because the stripping radius is proportional to Z('/ 2,

In the discussion above, n, is the density of excited
atoms. This distinction is important because not all atoms
that reach the excitation radius will be excited by the laser. In
most dusty plasma experiments, the neutral density can be
several orders of magnitude larger than the ion density. As
will be seen below, large effects can occur when n, is com-
parable to the ion density. Thus, only a very small fraction of
the neutrals will need to be excited. The vast majority of
laboratory dusty plasma experiments are performed in either
dc or rf glow discharge plasmas with neutral pressures rang-
ing from 0.1 to 30 Pa and ion densities ~10' to
1015 m=3 1510 Therefore, in these experiments, the neutral
density is ~107 times that of the ion density; in this case,
less than 1 in a million atoms will need to undergo transi-
tions to highly excited states.
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FIG. 2. The number of excess electrons, Z,;, on a dust grain as a function of
the ratio of highly excited atoms to ions. The plasma parameters and the dust
radius are given in the text.

A. Example results

In this section, we will examine how the charge of the
grain varies with the density of excited atoms for an example
dusty plasma. In this example, we will take the dust to have
aradius of 1.0 wm, the electrons have a temperature of 1 eV,
the ions and atoms to have a temperature of 300 K, and the
atoms and ions having the mass of an Ar atom. We will
assume the electron and ion density are the same. The dust
charge will only depend on the ratio of the excited atom
density to the ion density and on the electric field chosen for
the laser transition. For this section, we will take F|,
=35 V/cm.

Figure 2 shows the charge on the dust grain as a function
of the ratio of the excited atom density to the ion density.
The charge is a monotonically decreasing function of the
ratio: as the number of excited atoms increases the charge on
the dust grain decreases. An important point is that the slope
decreases with increasing n, because the electrons can more
easily hit the dust as the charge decreases. For the range of
parameters shown, the charge on the dust decreases by a
factor of ~2 due to the presence of the highly excited atoms.

There are a couple of scaling relations that arise from the
simplified treatment of this section. The scalings should not
be thought of as exact relations but as indicating the trends of
how the charge changes with various parameters. For ex-
ample, if both the radius, R, and the ratio n,/n; are decreased
by the same factor, C, then the charge on the dust grain will
also be decreased by the factor C. This means that if the
radius is ten times smaller (0.1 wm), then n,/n; needs to be
0.1 for a factor of ~2 decrease in the charge on the dust
grain. Thus, the effect on the charge is larger when the dust
grain has a smaller radius. Another important scaling relation
is that the charge of the dust grain depends on the combina-
tion of excited atom density divided by the electric field, F,,
where the atom is excited. Thus, increasing F, from 35 to 70
V/em with a simultaneous increase in excited atom density
by a factor of 2 will give the same effect.
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lll. ATOMIC TRANSITION

The transition to highly excited states of atoms has been
accomplished many times over in different laboratories. This
section examines the details of how this can be done.

Often, the highly excited states are reached by using
more than one photon. For example, if the initial state is the
Ar 3s23p54s J=2 metastable state, then a photon of
~4.19 eV is needed to directly reach highly excited states
near n=25. However, these states can also be reached by first
exciting to the 3s23p°5p J=1 state using a 2.916 eV photon
and then using a second photon with energy ~1.27 eV.
These photons are relatively easy to produce. The 2.916 eV
laser does not need to be very strong because this is a strong,
dipole allowed transition. The 1.27 eV laser needs to be
stronger because the dipole transition matrix element to
highly excited states scales such as 1/n%2. The only danger
with this system is that the 2.916 eV laser depletes the
3523p4s J=2 state.

The laser that is to cause the transition to the highly
excited state is detuned so that the atom is only resonant
when it is in the appropriate strength electric field. In this
picture, the energy of the highly excited state is changing
with time. Thus, the effective detuning of the laser is chang-
ing with time. To compute the size of the transition, we nu-
merically solved the optical Bloch equations17 using a time
dependent energy for the upper state; we used the rotating
wave approximation for the interaction between the ground
and Rydberg state.

Depending on the target state to be excited, the detuning
cannot be arbitrarily chosen. There are two important consid-
erations. The detuning should be substantially larger than the
Doppler width of the line; the reason for this is that we are
proposing to excite only near the dust and we do not want
atoms in random places in the plasma to be excited because
they are Doppler shifted into resonance. The Doppler energy
width (full width at half maximum) is

[8kyT In 2
AEDOPplar = I;MTEO, )

where E is the transition energy. Taking 7=300 K and E,
=1.27 eV gives a Doppler width of 2.5 weV. Thus, a detun-
ing greater than ~25 ueV should be sufficient. This corre-
sponds to a detuning of ~6 GHz. However, there is a com-
peting effect that must be taken into account. The detuning
cannot be larger than the spacing of the energy levels of the
highly excited atom that is ~27.21 eV/n®. This gives the
condition that n<<(27.21 eV/AE)'3. Typically, this condi-
tion is easy to satisfy, but it must be satisfied otherwise the
electric field is doing more than shifting the state. A different
way of stating this energy shift condition is that the electric
field must be small enough so that the eigenstates from dif-
ferent n do not mix. This condition is that F,<<1.7
X 10° V/em/n’.

The transition probability to the highly excited state has
scaling properties that can be used to establish the trends
with F, and with n. If the laser is strong enough, then all
atoms will transition to the highly excited state when the
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FIG. 3. The probability for an atom to be in an excited state as a function of
time relative to the time when the resonant condition is satisfied. The solid
line is from numerically solving the optical Bloch equation. The dotted line
is the analytic expression equation (10).

field at the atom increases through F,. If the laser is not this
strong, then the transition probability can be computed using
the Landau—Zener formalism'®

(FlasD/2)2>

10
h|dE/d1| (10)

P=1- exp(— 2
where F, is the laser electric field, D is the transition dipole
moment, and dE/dt is the time dependent variation of the
upper state energy when the resonant condition is reached;
the combination F,,D/2 equals () where () is the Rabi
frequency. Figure 3 shows the probability for an atom to be
in the excited state as a function of time when
dE/dt/ (2mh)=(10° Hz)? and Q/(27)=(1/2) MHz (the rea-
son for choosing these parameters is given below). The time
t=0 is when the upper level is shifted into resonance. As can
be seen, the population in the excited state increases from O
only during a small time when the resonant condition is sat-
isfied.

One important scaling is that D is proportional to 1/n
(Ref. 14) that means the transition probability decreases like
1/n? for a fixed laser power and dE/dt. The square of the
laser electric field is proportional to the laser intensity. The
time variation of the upper energy depends on the geometry
and the detuning. For small detunings compared to the en-
ergy spacing 27.21 eV/n?, the energy variation of the upper
state is from the polarizability. The detuning
AE=—(1 /2)aF§ that is proportional to l/Ri where R, is the
distance where the electric field from the dust equals F,.
From this dependence, the energy variation

dE dR,/dt
dt R

3/2

=4|AE , (11)

a

where dR,/dt is the velocity of the atom dotted into the unit
vector from the atom to the dust center. The dE/dt is pro-
portional to the speed of the atom and proportional to 1/ RZ.
Since the transition probability decreases as |dE/di| in-
creases, there will be more transitions if the transition dis-
tance can be increased; doubling the transition distance will
increase the transition rate by a factor of ~30. The transition

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



103708-5 Simulation of discharging dust grains...

probability can also be increased if the speed of the atom is
less. However, this effect is canceled by the fact that the flux
of atoms is proportional to their speed; thus, there is not a
strong motivation for controlling the speed of the atoms due
to this consideration.

A final condition is that we are assuming that once the
atom is ionized, the positive ion will be trapped to the dust.
This sets an upper limit on the distance from the dust that the
atom can be excited. When the atom is ionized, the total
energy of the ion is the original kinetic energy of the atom
plus the potential energy from the interaction with the dust.
Roughly, the total energy is

2
E=KE- 24 (12)
41reyr;

where r; is the distance to the dust center when the ionization
occurs. To be captured by the dust, this energy needs to be
negative. Most of the ions will be captured if the potential
energy is a few times kzT,. This gives the rough condition
that

Zdez

r<——. (13)
4areySkgT,

For the example of Z;=2000 and 7,=300 K, this gives a
limit on r;,~20 um.

IV. CONSISTENCY CHECK

In this section, we show that all of the conditions are
satisfied for a specific case. In this case, we will assume that
we are exciting a state with n=30 at a detuning such that the
electric field where the excitation occurs is F,,=35 V/cm.
Assuming the electron and ion density is 10% cm™ with
electron and ion temperatures of 1 eV and 300 K gives a
Debye length of ~120 wm.

For n=30, the maximum electric field that can be ap-
plied before the states of different n start mixing is 1.7
X 10° V/ecm/n®~70 V/cm; thus, the electric field is small
enough.

At the maximum ratio in Fig. 2, the excitation radius, R,
is less than 20 um. For that charge and radius, the potential
energy is ~—800 K that should be compared to thermal en-
ergy of 300 K for the atoms. Only atoms with kinetic energy
larger than 800 K will escape the dust. If the atoms are from
a Maxwell-Boltzmann distribution, approximately 90% are
trapped to the vicinity close to the dust grain.

The check whether the energy shift is outside of the
Doppler width depends on the polarizability of the state that
will depend on the atom and the particular state excited. A
conservative estimate of the shift when the electric field is
~1/2 needed to mix states of adjacent n is ~1/10 the en-
ergy spacing of the n-levels. Taking this as the value gives
~25 GHz for the shift. This is well above the 6 GHz ob-
tained from the Doppler estimate.

Finally, we address what fraction of atoms can be made
to transition to the highly excited state. For small transition
probabilities, we can rewrite Eq. (10) using the Rabi fre-
quency of the transition
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P =27hO|dE/dt

; (14)

where 7Q=F,D/2. As an example, Ref. 19 obtained
Q/(2m)=(1/2) MHz for a laser power of 3.4 kW/cm? for a
transition to n=43 state. The state in our example is n=30
that means a laser power of ~(40/30)°~2.4 less (ie.,
1.4 kW/cm?) would give the same Rabi frequency. From the
discussion about calculating dE/dt/(27h), we obtain
~10'"® Hz? if we use AE/(27h)=10 GHz, R,=22 um, and
dR,/dt=500 m/s. Combining all of these numbers gives an
excitation probability of ~1075; see Fig. 3 for the time de-
pendence of the upper state population. If the laser intensity
is increased by an order of magnitude from 1.4 kW/cm? to
14 kW/cm? then the transition probability increases by an
order of magnitude. Although this transition probability is
small it should be large enough to substantially change the
charge on the dust.

V. CONCLUSION

We have simulated a possible mechanism for changing
the charge on a dust grain in a dusty plasma. The mechanism
involves exciting a small fraction of the neutral gas to a
highly excited state that acts to discharge the dust grain. We
have examined the main aspects of this scheme and found
that it should be within the current state of technology.
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