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Influence of the ambipolar-to-free diffusion transition on dust particle charge in a
complex plasma afterglow
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The influence of diffusive losses on residual dust charge in a complex plasma afterglow has been
investigated. The residual charge distribution was measured and exhibits a mean value Qg,., ~
(—3e — 5e) with a tail in the positive region. The experimental results have been compared with
simulated charge distributions. The dust residual charges were simulated based on a model developed
to describe complex plasma decay. The experimental and simulated data show that the transition
from ambipolar to free diffusion in the decaying plasma plays a significant role in determining the
residual dust particle charges. The presence of positively charged dust particles is explained by a
broadening of the charge distribution function in the afterglow plasma.

PACS numbers: 52.27.Lw
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I. INTRODUCTION

Dusty plasmas (also called complex plasmas) are ion-
ized gases containing dust particles. These dust parti-
cles are electrically charged due to interaction with ions
and electrons of the surrounding medium. In labora-
tory experiments, these particles can be either injected
or grown directly in the plasma. Injected dust parti-
cles are usually micron-size particles. Due to their mass,
they are confined in the sheath region where the electric
force counterbalances gravity. Microgravity conditions
are thus necessary to study dust clouds of micrometer
size particles filling the whole plasma chamber [1]. In
the laboratory, dense clouds of sub-micron particles light
enough to completely fill the gap between the electrodes
can be obtained using reactive gases such as silane [2, 3]
or using a target sputtered with ions from the plasma
[4-9]. The dust particles are also subject to other forces
in the plasma such as the ion drag force, the neutral drag
force and the thermophoretic force [10, 11].

Dust particle charge is a key parameter in a complex
plasma. It determines the interaction between a dust
particle and electrons, ions, its neighboring dust parti-
cles, and electric field. [10, 11]. Data of the dust charge
will allow us to understand the particle dynamics in dust
clouds, and methods of manipulating the particles. The
knowledge of the dust charge is very important in every
dusty medium (complex plasmas, colloidal suspensions,
fog). For example, in gas flow containing dust particles
the dust charge and dust charge distribution are studied
because of their consequences (safety hazard, dry coat-
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ing, etc) [12, 13]; the charging of fog particles is also
studied as the electrical properties of fog are very im-
portant for the fog forecast and control; and aerosol and
dust systems influence the electric fields and currents in
the atmosphere [14].

There are many publications reporting on the investiga-
tion of dust charging in a discharge plasma; see [10, 15—
22] and references therein. However there are only a few
papers devoted to dust charging, or discharging to be
more specific, in the discharge afterglow [23-25]. These
papers report that dust particles retain residual electric
charges when the power of the discharge is switched off.
Nevertheless, the discharging phenomenon was not to-
tally understood. The models proposed do not predict
accurately residual charge values observed in those ex-
periments, nor do they explain the existence of positively
charge particles.

One of the main reasons is that the models are working
with simple assumptions. For example it was assumed
[24] that ambipolar diffusion continues until the ionic De-
bye length Ap; reaches the diffusion length A, and then an
abrupt transition to free diffusion of ions and electrons
occurs. In contrast, it has been shown that diffusion
of charged species in a plasma afterglow deviates from
ambipolar diffusion as soon as the ratio (A/Ape) ~ 100
where Ape is the electron Debye length [26-29]. These
results indicate that electrons and ions are lost at differ-
ent rates very early in the decay process and one has to
expect that this will strongly affect the value of residual
dust charge. As the charge on dust particles is related to
the ratio n;/n. where n;) is the ion (electron) density
[10], this must result in a different dust particle charge
evolution in the afterglow compared to the predictions
based on previous assumptions [24, 25]. For this reason,
a model taking into account the actual transition from



ambipolar to free diffusion of electrons and ions is vital
for the correct calculation of dust charges in afterglow
plasma.

In this paper we report numerical simulations of residual
electric charge on dust particles in an afterglow plasma
for various transitions from ambipolar to free diffusion.
These numerical results are compared to the experimen-
tal data. The importance of the transition from ambipo-
lar to free diffusion in the decaying plasma for deter-
mining the dust particle residual charges is shown. The
broadening of the charge distribution function is found
to be responsible for the presence of positively charged
particles.

II. MODELING OF DISCHARGE AFTERGLOW

In this section, we first describe a qualitative model
which helps us to explain the existence of residual
charges. Then we consider dust-free plasma decay
taking into account the experimental transition from
ambipolar to free diffusion. Then we discuss the plasma
decay in the presence of dust particles using a model for
particle charging (discharging) in a afterglow plasma.

A. Four stage model

The evolution of dust charge in afterglow plasma will
depend on the evolution of plasma parameters. In a de-
caying plasma (afterglow plasma), the kinetics of plasma
losses is mainly governed by the electron temperature re-
laxation process and plasma diffusion and recombination
processes [30]. The proposed model in Ref.[25] predicts
evolution of dust residual charge after the discharge is
switched off. Based on the plasma decay kinetics we can
define four stages in a discharge afterglow during which
the different processes (electron temperature relaxation,
ambipolar diffusion, free diffusion) govern the evolution
of dust charge:

1. Electron temperature relaxation stage: the electron
temperature decreases to the gas temperature while
the plasma density remains almost constant result-
ing in a strong decrease of dust particle charges (
t ~ 500 us for an argon pressure Py, ~ 1.2mbar).

2. Ambipolar diffusion stage: the dust particle charge
stays almost constant while plasma particles (ions
and electrons) are lost by ambipolar diffusion on to
the walls of the reactor. The ambipolar diffusion of
ions and electrons continues until the Debye length
Ap equals the diffusion length A of the reactor or
until the Havnes parameter Py = |Qgna/enc| ~ 1(
t ~ 40 ms for an argon pressure P4, ~ 1.2mbar)

3. Free diffusion stage: this stage begins when diffu-
sion changes from ambipolar to free, i.e. electrons

and ions start diffusing independently. As electrons
diffuse faster than ions, the ratio m;/n. becomes
more than one resulting in a decrease of the dust
particle charge( t ~ 60 ms for an argon pressure
Py, ~ 1.2mbar).

4. Finally, ion and electron densities become too small
to influence dust particle charges which can be con-
sidered as frozen (i.e. charging time tends to infin-

ity).

This model predicts the existence of a negative resid-
ual charge of a few electrons but is unable to predict
a positive residual charge. The limits of the model are
the step transition from ambipolar to free diffusion and
the failure to properly take account of the influence of
dust particles. Indeed the effect of the dust particles is
ignored until the dust charge density is the same as the
electron density, which leads to an abrupt change from
ambipolar to free diffusion of ions and electrons. The
assumption of the step transition from ambipolar to free
diffusion is quite unphysical and contradicts existing
experimental data [26-29]. These data indicate that
electrons and ions are diffusing at different rates very
early in the decay process. This smooth transition must
lead to a change in dust charges as the ratio n;/n. will
be modified early in the decaying process. Under the
conditions of our experiments, the ratio (A/Ape) ~ 50
when the discharge is switched off. Consequently, this
must result in a different dust particle charge evolution
in the afterglow compared to previous assumptions
[24, 25]. For this reason, in the next sections, a modified
model taking into account the gradual transition from
ambipolar to free diffusion is used to simulation of
complex plasma afterglow.

B. Dust free plasma decay

In a dust-free plasma of monoatomic gas, losses of the
plasma are mainly due to diffusion to the walls. At the
very beginning of the afterglow when the discharge is
switched off, plasma density n follows:

dn n
Tt (1)
dt D
where 7 = n/ng with ng the initial plasma density and
7p is the time scale for ambipolar diffusion given by [30]:

-1 Da ~ liani
DT AT T T3A2
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where D, is the ambipolar diffusion coeflicient, T, =
T./T; with T, the temperature of electrons, T; = T the
temperature of ions and 7' the temperature of neutral

atoms, vy, = +/8kpT/mm; the thermal speed of ions
with kp the Boltzmann constant and m; the ion mass



and l;, = 1/(npo4,) the mean free path for ion-neutral
collisions, n, the density of neutral atom and o, the
ion-neutral cross section.

Nevertheless, it has been shown that the plasma diffu-
sion deviates from ambipolar diffusion as soon as the
ratio (A/Ape) ~ 100 [26-29]. From this moment, ions
and electrons must be treated separately. In our model,
the deviation from ambipolar diffusion is derived from
the results of Gerber and Gerardo [29] or Freiberg and
Weaver [26]. Both experiments performed in helium at
different pressures exhibit similar evolution of the diffu-
sion coefficients . Though these results where obtained
with helium, they can be used to estimate the transi-
tion in an argon plasma. Indeed, the ambipolar diffusion
coeflicient is:

\3/2
(kBTz)l/Q 3)

%

D, x
Pamm

where P is the neutral gas pressure. As oy, 4~
2.50:,, . [31] and my, . ~ 10m;, ., Do, ~ (1/8)
D, for equal pressures. Comnsequently, it can be as-
sumed that the diffusion of an argon plasma with ar-
gon pressure P4, is the same as a helium plasma with
helium pressure Pg. =~ 8 - P4,. The experimental re-
sults obtained for Helium are in the range of pressure
0.4 — 4 Torr [26] or 9 — 22.8 Torr [29] which correspond
to 0.05 — 0.5 Torr and 1.13 — 2.85 Torr respectively in
equivalent argon pressure. Consequently, these sets of
data can be used for upper and lower estimation in the
simulations which are performed in the range 0.3 —1 Torr
(0.4 — 1.3 mbar).

In the model, electron and ion densities are treated sep-
arately and follow:

dnl- n;
= - 4
dt TDi ( )
dne Te
= — 5
dt TDe ( )

where n;(.) is the ion (electron) density and 7p;) is the
ion (electron) diffusion time. The diffusion times are
function of the ratio (A/Ap.)? and are calculated using
experimental results from Gerber and Gerardo [29] or
Freiberg and Weaver [26] (see Fig.1) (only results from
Ref.[29] are available for ions and, consequently, there
have been used).

The electron temperature relaxes due to energy ex-
change in collisions with neutrals. At the initial stage
of plasma decay the electron temperature T,y is much
higher than the neutral temperature T and will decrease
and tend asymptotically to T'. The equation for electron
temperature relaxation is [30]:

dT, _Te -1

dt r

where 7! = \/7T/2\/me/mi'UTi/len\/Te = VTe /7%, me

is the electron mass and I, is the mean free path of

(6)
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FIG. 1: (Color online) Evolution of the ratio Ds/D, (s = i,€)
as a function of (A/Ape)?. These data are extracted from
Refs.[29] and [26].

electron-neutral collision. It can be deduced from Eq.6
that the electron cooling time decreases when increasing
the pressure.

C. Plasma decay in the presence of dust

In the presence of dust particles in the plasma, the tem-
perature relaxation and diffusion losses could be different
from dust-free plasma. However, no experimental data
nor theoretical estimations of the transition from ambipo-
lar to free diffusion in dusty plasma exist. Consequently,
for our simulation we will assume that the electron tem-
perature relaxation and diffusion processes of ions and
electrons are not significantly affected by the presence of
dust particles, allowing us to treat ion and electron diffu-
sion in a similar way to dust-free plasma. This restricts
the validity of our simulations to the case of low dust par-
ticle densities. In this case, the influence of dust particles
can be restricted to plasma absorption losses on the par-
ticle surface. Indeed, when immersed in a plasma, a dust
particle acquires a net electric charge due to ions and
electrons "falling” on its surface [10, 11, 32]. In dusty
plasmas, ions and electrons captured by dust particles
can be considered as ”lost” by the plasma and thus the
charging process of dust particles is also a loss process.
In the Orbital Motion Limited (OML) approach [10, 11,
32], the charge on a dust particle can be calculated from
the ion and electron currents ignoring emission currents:

Wt povn, (7)
where ()4 is the charge on the dust particle and I, is the
electron (ion) current. In a typical laboratory discharge,
dust particles are negatively charged due to higher mo-
bility of the plasma electrons. The ion current can be
expressed as:

kgT;\1/2 qi%d
Ii:“r?miqi(zfm-) (1_kBT-> (8)




and the electron current as:

kT, \1/2 .
= (320) o (- 2

where ¢4 is the surface potential of the dust particle, r4
is the dust particle radius and g;() is the ion (electron)
charge. In steady state, the charge on a dust particle can
be obtained:

i 1/2
Qq = ¢ AmeorakpTe <ﬂ (meTe) ) (10)

e ne \m;T;

For typical argon plasma m./m; ~ 1.4-107° and 1 <
T./T; < 100 and the correction factor C' ~ 0.73 [33].

A dusty afterglow plasma is not a steady case but the
OML approach can be used to obtain the charge on dust
particles. A Fokker-Planck model of dust charging due to
the discreetness of the charge currents (ion and electron)
can be used to obtain dust particle charge distributions.
Indeed, the plasma particle absorption time interval as
well as the sequence in which electrons and ions arrive
at the dust particle surface vary randomly but observe
probabilities that depend on the dust particle potential
¢4. The probability per unit of time for absorbing an
electron pe(¢q) or an ion p;(¢q) are calculated from the
OML currents [34]:

pe = —I./e (11)
pi = Li/q (12)

The ion and electron currents can be calculated using
Eq.8 and Eq.9 only when the dust particle charge is neg-
ative. For positively charged dust particles, the ion cur-
rent is calculated by Eq.9 with all subscripts changed
to ¢ and electron current is calculated by Eq.8 with all
subscripts changed to e. In the simulation, electron and
ion densities are studied in a fluid manner solving nu-
merically Egs.4 and 5 using the same constant time step
ty << Tpi(eyo Where Tpj(e)o is the diffusion time for ions
(electrons) at the beginning of the simulation (i.e the very
beginning of the decaying plasma).

The contribution of dust particles to plasma losses is
taken into account in the following way:

The charges of Ny dust particles are computed. Knowing
the dust density ng in the plasma, an equivalent volume
Veq to these Ny dust particles can be calculated.

For a dust particle, a time step ¢, for which the proba-
bility of collecting an ion or an electron of the plasma is
computed [34]:

In(1 - R1
ty, = _In(1-R1) (13)
Ptot

where 0 < R1 < 1 is a random number and pior = pe + ps
is the total probability per unit of time to absorb an ion
or an electron.

While Zj tp;, < ty, an electron or an ion is absorbed
during the time step ¢, and the nature of the absorbed

particle is determined comparing a second random
number 0 < R2 < 1 to the ratio pe/piot- If R2 < pe/Prots
then the collected particle is an electron otherwise it is
an ion. The probability p. and p; are recalculated and a
new time step t,,,, is computed.

When Ej tp, > ty, one more iteration is applied to
the dust particle.  Nevertheless, the probability of
collecting an ion or an electron in the time interval
At = tp — 377 e, is p(At) = 1 — exp(—At - pror) (if
tp, > ty then p(t,,) is computed). A random number
0 < R3 < 1 is then generated and if R3 < p(At) a
plasma particle (ion or electron) is absorbed. The
choice between ion and electron is decided as previously
described.

When all the N; dust particles have been treated,
the number of absorbed ions and electrons N,q.,s and
Neaps respectively by the Ny dust particles during
the time step t; is known and can be transformed
using the equivalent volume V,, into absorbed ion and
electron densities njqps and neqps respectively which are
subtracted from the ion density n; and electron density
ne before the next iteration of time step ;.

For each iteration, the mean time ¢, necessary for one
particle to collect a plasma particle (i.e. an ion or an
electron) as well as the ratio Tioss = Te(i)a s /Me(i)ass
where n.;),,;, is the density of electron (jong lost by
diffusion. The program is stopped when ¢, >> 7p; (
fp > 10 7p; in this simulation) when the charge on dust
particles can be considered as frozen due to a plasma
loss time becoming faster than the particle charging time.

IIT. RESULTS AND DISCUSSION

In this section, the experimental dust charge distribu-
tions as well as the simulated ones are presented.Then
we discuss the validity of our results and role of the
transition from ambipolar to free diffusion.

A. Experimental results

The experimental residual charge distributions have
been obtained using the PKE-Nefedov reactor [1]. An
upward thermophoretic force was applied to dust par-
ticles in order to counterbalance gravity [35] when the
discharge is off. To study particle charges, a sinusoidal
voltage produced by a function generator with amplitude
430 V and frequency of f = 1 Hz was applied to the
bottom electrode. The induced low frequency sinusoidal
electric field generates dust oscillations if the dust par-
ticles have a residual electric charge. A thin laser sheet
perpendicular to the electrodes illuminates the particles
and the scattered light is recorded at 90° with standard
charge coupled device (CCD) cameras. By superimposi-
tion of video frames, particle trajectories have been ob-



tained. The coordinates of the particles were measured in
each third frame and the amplitude of the oscillations was
determined from the measured particle positions. Abso-
lute values for the oscillation amplitude were obtained by
scaling the image pixels to the known size of the field of
view.

The charge of a dust particle Q4 can then be obtained
from the oscillation amplitude b [25]:

mgbw/w? + 4~2 /m?2
Qu,,, = Dby H A g (14)

Ey

where my is the mass of the dust particle, Ey is the
amplitude of the electric field at the mean height of the
dust particle, w = 27 - f the angular frequency of the
sinusoidal electric field and v the damping coefficient.
The electric field Ey was taken as the one above the axis
of a polarized disk. For a levitation height of 1.5 cm the
electric field is Ep=6 V/cm [25]. The total error on the
residual charge measurement (taking into account the
error on the dust mass, dust size, Fy, and the damping
force) is about ~ 49%. The sign of the dust particle
charge is deduced from the phase of the dust particle
oscillation with respect to the excitation electric field.
A more detailed description of this experiment can be
found in Ref.[25].

Following and measuring oscillations of many dust
particles, the dust particle residual charge distribution
in a afterglow plasma can be constructed. In Fig.2,
dust particle residual charge distributions are presented
for two operating pressures. It can be seen that for
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FIG. 2: (Color online) Experimental dust charge distribution.
Top: P = 0.4 mbar. Bottom P = 1.2 mbar. A gaussian fit is
superimposed to the experimental distributions

both pressures the mean residual charge is negative and
corresponds to a few electrons (—5e for 1.2 mbar and
—3e for 0.4 mbar). In both cases, the measured residual
charge distribution has a tail that extends into positive
residual charge region.

B. Numerical results

The numerical dust particle charge distributions are re-
constructed simulating the charge of Ny = 500 dust par-
ticles corresponding to a dust density ng = 5 - 10%em™3.
The dust particle radius was rq = 190 nm correspond-
ing to the experimental ones. The initial ion density is
N0 = 5-10%m ™3 and the initial dust particle charge dis-
tribution is computed using a Cui-Goree algorithm [34]
and the quasi-neutrality condition:

Zang + ne = n; (15)

where Z; = |Qg/e|. The initial electron density n.q is
deduced from this calculation. Many iterations of the
algorithm are necessary to obtain the initial dust charge
distribution and the initial electron density: the first it-
eration assumes neg = ny = 5 - 10%cm =3, and for the
next iteration neg is calculated using Eq.15 and the dust
particle charges of the first iteration. A new dust parti-
cle charge distribution is then computed. This process is
performed again and again until neyp and the dust charge
distribution are stabilized. The obtained dust particle
charge distribution is presented in Fig.3 The mean charge

70

3
B
/

3
3

Number of dust particles
oW A
CH .

—_
(=]

- 1%00 -980 960 -940 -920  -900

Charge (e)

FIG. 3: (Color Online) Dust charge distribution for 190nm
radius dust particles with n;,o = 5 - 10°%cm™ and ng = 5 -
10*em™®

i8 Qumean =~ —952¢ and the variance o(Q4) ~ 17e. Eq.10
predicts dust particle charges Q4 = —950e which is in
total agreement with our simulation results.

The decay of a dusty argon plasma is then simulated us-
ing the algorithm previously described for two gas pres-
sures (P = 0.4mbar and P = 1.2mbar (Fig.4)). The ion-
neutral mean free path is calculated using the cross sec-
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FIG. 4: (Color Online) Decay of an argon plasma at P =
1.2 mbar with a fast ambipolar-to-free diffusion transition.
a) Electron temperature relaxation; b)density evolution; c)
evolution of diffusion time.

tion from Varney [31] and the electron-neutral mean free-
path is calculated using the cross section from Kivel [36].
The initial electron temperature is taken as T, = 3eV
and the ion temperature is supposed to be equal to the
neutral temperature T; = T, = T = 0.03eV. The diffu-
sion length is taken A = lem which is approximately the
diffusion length of the PKE-Nefedov reactor in which ex-
periments on residual dust charge have been performed

[24, 25]. The transition from ambipolar to free diffusion
is based on either experimental results from Gerber and
Gerardo [29] or experimental results from Freiberg and
Weaver [26] (the former suggest a slower transition from
ambipolar to free diffusion than the latter, see Fig.1).
As it can be seen in Fig.4, the first decrease of the dust
particle charge corresponds to the electron temperature
relaxation. Then, while electrons and ions diffuse am-
bipolarly, the charge remains constant. Finally, when
the transition occurs (after tens of ms), electron and ions
densities deviate from each other and the dust charge
deacreases until it freezes.

For a pressure P = 0.4mbar (P = 0.3 Torr), the simu-
lated final dust charge distributions (i.e. ¢, > 10-7p;) are
presented in fig.5. The residual charge is Qq,,, ~ —16e¢
when no transition in the diffusion process is taken into
account (Fig.5a). When using a model based on an
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FIG. 5: (Color Online) Numerical results for 190nm radius
dust particles with argon pressure P = 0.4 mbar (P =
0.3 Torr) and ng = 5-10*ecm™. a) Ambipolar diffusion
until the end of the decay process. b) Abrupt transition from
ambipolar to free diffusion when Py = 0.5. ¢) Using data
from Gerber and Gerardo for transition from ambipolar to
free diffusion [29]. d) Using data from Freiberg and Weaver
for transition from ambipolar to free diffusion [26]

abrupt transition from ambipolar to free diffusion at a
Havnes parameter of Py = 0.5, the residual charge is
smaller (in absolute value) Qg,... ~ —13e but still far
from experimental value (Fig.5b). It should be noted
that, typically, the Havnes parameter reaches 0.5, af-
ter 10 ms; it corresponds to a A/Ap. ratio close to
unity. Using Gerber and Gerardo data (slow transi-
tion, lower curve in Fig.1) , the mean residual charge
Qa,.. ~ —13e(see Fig.5¢) whereas it is Qq,,. ~ —1le (see
Fig.5d) using Freiberg and Weaver data (fast transition,
higher curve in Fig.1). In the slow transition case, there
are no positive particles observed in the simulated dust
particle charge distribution whereas there are ones in the
case of the fast transition. The residual charge distribu-
tion for the fast transition is similar to the experimental
results. (see Fig.2)

For a pressure P = 1.2 mbar (P = 0.9 Torr), the simu-
lated final dust particle charge distributions are presented
in fig.6. The residual charge is (g,,, ~ —16e when no
transition in the diffusion process is taken into account
(Fig.6a). When using a model based on an abrupt tran-
sition from ambipolar to free diffusion (at a Havnes pa-
rameter of Py = 0.5), the residual charge is smaller (in
absolute value) Qq,.. ~ —7e but still far from experimen-
tal value (Fig.6b) . A dependence on the ambipolar to
free diffusion transition is again seen with Qg,,, ~ —14e
for the slow transition and Qq,., ~ —2e for the fast tran-
sition. The latest charge distribution is the closest to
experimentally measured distribution.



TABLE I: Dust particle residual charges for two operating
pressures.

P =1.2 mbar P = 0.4 mbar

Experimental results —be —3e
Ambipolar diffusion —16e —16e

Havnes transition —Te —13e
Slow transition [29] —14e —13e
Fast transition [26] —2e —le

The results for both pressures are summarised in Tab.I
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FIG. 6: (Color Online) Numerical results for 190nm radius
dust particles with argon pressure P = 1.2 mbar (P =
0.9 Torr) and nq = 5 - 10*ecm™2.a) Ambipolar diffusion un-
til the end of the decay process. b) Abrupt transition from
ambipolar to free diffusion when Py = 0.5. ¢) Using data
from Gerber and Gerardo for transition from ambipolar to
free diffusion [29]. d) Using data from Freiberg and Weaver
for transition from ambipolar to free diffusion [26]

IV. DISCUSSION

We now discuss the results and limits of our model. In
general, we found that the transition from ambipolar to
free diffusion plays a major role in the discharging pro-
cess of the dust particle. It is instructive to see how the
transition affects the residual dust charge, in particular,
the width of dust charge distribution. The fact that elec-
trons and ions began to diffuse independently at an early
stage of afterglow changes the dust charge distribution
function drastically.

As we can see from data in Fig.5(a,b,c) for the pressure of
0.4 mbar the distributions for ambipolar diffusion, abrupt
and slow transitions do not differ significantly. So any

difference in diffusion in the late afterglow (low ratio of
A/Ape) has little effect on residual charge. In contrast,
a slight difference at an early stage has a large influence
on the final dust charge distribution and leads to the
appearance of positively charge particles (Fig.5d). For
the higher pressure (1.2 mbar) this effect is not so pro-
nounced, and the diffusion in the late afterglow plays a
noteworthy role. In this case an abrupt transition di-
rected due to the influence of the dust charge particle
volume effect tends to decrease the residual dust particle
charge (Fig.6b). It does not, however, give us the experi-
mentally observed value of residual charge or the positive
tail of the charge distribution. So the results obtained let
us conclude that the four stage model can be used only
for the rough estimation of residual charge. For a more
accurate calculation one has to take into account the ac-
tual diffusive rates for the electrons and ions.

We now discuss the validity of the presented model. This
model is valid only for low dust particle density. As the
losses by diffusion are treated as in a dust-free plasma,
the influence of dust particle has to be very small com-
pared to the total process. Indeed if losses on dust par-
ticles are similar or bigger than those by diffusion, this
last process must be significantly affected. It has thus
been shown that the presence of a high density of dust
particles significantly reduces the plasma loss time [37].
Moreover, if the total dust charge is not negligible com-
pared that of ions and electrons, the diffusion process
must also be modified as the dust particles will repel the
electrons and attract the ions.

Consequently, the influence of dust particles can be
treated independently from the other loss processes only
if the total charge carried by the dust particles is small
compared to the charge carried by electrons or ions dur-
ing the decay process. Furthermore, losses on dust par-
ticle surfaces must not be the main loss process (i.e.
Tloss >> 1) to allow ion and electron diffusions to be
treated in the same way as in dust-free plasma. This
condition is definitely satisfied for a discharge plasma but
could change during the afterglow so we have to calculate
evolution of the ratio n;,,,,/n;,,, in discharge afterglow
where n;,, . is the ion density lost by diffusion and n;,,,
the ion density lost by absorption onto the dust particle
surfaces.

It shows that this ratio stay more or less above 5 during
the whole decay process regardless of the conditions of
pressure or data used to take into account the transition
from ambipolar to free diffusion (only results using Ger-
ber and Gerardo data are presented in fig.7). It means
that during the plasma decay, losses on dust particles are
very small compared to the losses to the reactor walls and
our model for plasma decay is valid to the end of the af-
terglow. Furthermore, looking at the ratio |Q4ng/en;|
presented in Fig.8, it can be seen that, except at the
very end of the afterglow (i.e. a few ms before the resid-
ual charges freeze), the total dust charge volume is much
smaller than the total charge of ions. The charge onto
the dust particles thus represents a negligible part of the
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FIG. 7: (Color Online) Evolution of n;,,,, /n,,, using data
from Gerber and Gerardo for transition from ambipolar to
free diffusion [29]. a) P = 0.4 mbar. b) P = 1.2 mbar

total charge during the major part of the decay process.
The data presented in Figs.7 and 8 confirmed that, in our
case, the overall influence of dust particles on the plasma
decay can be neglected and, consequently, the assump-
tion of dust-free plasma diffusion can be considered as
valid for the whole decay process.

It should be noted that the transition from ambipo-
lar to free diffusion is not the only process that in-
fluence the dust residual charge. Indeed, it has been
shown that in reactive plasmas such as Cy Hy/Ar plasma
[38, 39] in which the dust density can be very high
(na =~ 4.5-10% em=3) [39]), the afterglow electron den-
sity shows an unexpected increase at the very begin-
ning of the decay process. Berndt et al. attributed
this increase to an electron release by the dust parti-
cles [38, 39]. However, as a such increase has already
been observed in pulsed helium discharges and attributed
to a re-ionization due to metastable-metastable collisions
[40, 41], and as the presence of high dust particle den-
sity in a argon dilution plasma enhances the metastable
density [42], the increase of the electron density at the
very beginning of the afterglow is still not clear. In all

cases, these ”extra electrons” must affect the charge on
dust particles and consequently the residual charge dis-
tributions.

Moreover, it has been shown that the pressure in no-
ble gases such as argon and neon significantly influences
the diffusion coefficient [43]. Indeed, at low pressure the
electron diffusion cooling process, i.e. the fast loss of
energetic electrons to the walls of the reactor which are
imperfectly compensated through elastic collisions of the
electrons with gas atoms resulting in an electron temper-
ature below that of the gas, causes a reduction of D, P
and thus an enhancement of the ambipolar diffusion time
7p = A?/D,. As mentioned previously, the dust particle
charges are related to ion and electron density. Diffusion
cooling can also affect dust particle charge distribution
evolution. Nevertheless, the present model (see Eq.6)
does not take into account the phenomena of diffusion
cooling and its importance has to be investigated in a
future article.
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FIG. 8: (Color Online) Evolution of |Q4na4/en;|. a) P =
0.4 mbar. b) P = 1.2 mbar



V. CONCLUSION

To conclude, the decharging process of dust particles
is strongly dependent on the transition from ambipolar
to free diffusion as their charges depend on the ratio
n;/ne (see Eq.10 for equilibrium charge). In this article,
it has been shown that the character of the transition
influences the final residual dust charge distribution in
a strong manner. The faster the transition occurs (the
earlier electrons and ions start to diffuse separately), the
smaller the mean dust particle residual charge and a pos-
itive charge tail can even be obtained. Consequently, it
may be possible to use the dust particle charge distribu-
tion as a probe to study the transition from ambipolar
to free diffusion in decaying plasma as this distribution
is strongly dependent on the transition. Further investi-
gations are being carried on about this possibility.

It has to be noted that the proposed model is valid only
in a limited range of parameters as some important is-
sues such as the influence of dust particle charge volume,

possible metastable re-ionization, low pressure diffusion
cooling, have been ignored. Consequently, further studies
are needed for a fuller understanding of the decay process
in dusty plasmas.
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