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An on-ground measurement of dust-particle residual charges in the afterglow of a dusty plasma was per-
formed in a rf discharge. An upward thermophoretic force was used to balance the gravitational force. It was
found that positively charged, negatively charged, and neutral dust particles coexisted for more than 1 min
after the discharge was switched off. The mean residual charge for 200-nm-radius particles was measured. The
dust particle mean charge is about −5e at a pressure of 1.2 mbar and about −3e at a pressure of 0.4 mbar.
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I. INTRODUCTION

Dusty or complex plasmas are partially ionized gas com-
posed of neutral species, ions, electrons, and charged dust
particles. In laboratory experiments, these particles can be
either injected or grown directly in the plasma. Injected dust
particles are usually micron-size particles. Due to their mass,
they are confined near the bottom electrode where the elec-
tric force counterbalances gravity. The microgravity condi-
tion is necessary to study dust clouds of micrometer-size
particles filling the whole plasma chamber �1�. In the labo-
ratory, dense clouds of submicron particles light enough to
completely fill the gap between the electrodes can be ob-
tained using reactive gases such as silane �2,3� or using a
target sputtered with ions from plasma �4–7�.

Dust-particle charge is a key parameter in complex
plasma. It determines the interaction between a dust particle
and electrons, ions, its neighboring dust particles, and elec-
tric field. The determination of the dust-particle charge is
thus one of the basic problems in any complex plasma ex-
periments. Knowledge of dust charge will allow us to under-
stand the basic properties of dusty plasma, particle dynamics
in dust clouds, and methods to manipulate the particles.

The particle charge controls the dust dynamics both in
laboratory and technological plasma reactors, and also in
space plasmas. Thus one of the main dusty plasma chal-
lenges is to understand the dust charging in a wide range of
experimental conditions, which simulates industrial and
space plasmas. For example, in most industrial processes in
the microelectronics industry which uses silane as the reac-
tive gas, dust contamination is a vital problem �8�. The dust
dynamics and coagulation in space plasma are also phenom-
ena governed by dust-particle charges �9,10�.

There are many publications reporting on the investiga-
tion of dust charging in discharge plasma; see �11–18� and
references therein. However there are only a few papers de-
voted to dust charging, or decharging to be more specific, in
the discharge afterglow. In �19� a diffusion of fine dust par-

ticles �8–50 nm� in the afterglow of a dusty plasma has been
studied. From the afterglow decay of dust number density the
charged fraction of particles has been measured. It was found
that some particles carried a very small residual charge and
some were neutral. A model has been proposed to explain
charges on particles in the late afterglow of a dusty plasma.
An observation of decay, or “decharging,” of an rf plasma
with dust particles after switching off the discharge power
was reported in �20�. Experiments were performed in the
PKE-Nefedov reactor �1� under microgravity conditions on
board the International Space Station. The existence of nega-
tive residual charges has been shown. A simple theoretical
model that describes data obtained was proposed. The re-
sidual charges were attributed to the presence of an excita-
tion electric field that was used for dust charge measure-
ments. The limitations of the Space Station experiment
routine could not prove this hypothesis. Theoretical predic-
tions on an effect of rf plasma parameters on residual charges
has also not been verified.

So any new experimental evidence of residual dust
charges in afterglow plasma will lead to a better understand-
ing in the decharging of complex plasma. Indeed the value
and nature of residual charges after plasma extinction is of
great importance. The dust-particle charge in afterglow
plasma could induce a problem in future single-electron de-
vices where a residual charge attached on deposited nano-
crystals would be the origin of dysfunction. It could make
easier industrial plasma processing reactor decontamination
thanks to the use of specially designed electric fields. The
residual charges on dust particles in fusion reactors �such as
ITER� also can make the cleaning process much easier.

In this paper, we report an on-ground experiment on the
residual charge measurement of dust particles after the decay
of a dusty plasma. The experiment was performed in the
PKE-Nefedov reactor where the dust particles were physi-
cally grown in the plasma. A temperature gradient was intro-
duced in the chamber to create an upward thermophoretic
force to balance gravity. The residual charges were deter-
mined from an analysis of dust oscillations, which were ex-
cited by applying a sinusoidal bias to the bottom electrode. A
coexistence of positively and negatively charged dust par-*Electronic address: lenaic.couedel@univ-orleans.fr
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ticles as well as noncharged ones was found for more than
1 min after the discharge was switched off. The residual
charges for 200-nm-radius particles have been measured for
two different pressures. It was revealed that dust particles
kept the residual charges only when the discharge was
abruptly switched off. In the case when the discharge power
is decreased slowly until the plasma disappeared, there was
no residual charge on the dust particles. It was also shown
that the presence of the low-frequency excitation electric
field did not play any role in keeping the charge on dust
particles in the afterglow plasma.

The article is organized as follows. Section II is devoted
to a general description of the experimental setup. In Sec. III
we analyze the forces acting on dust particles, paying most
attention to the thermophoretic force. In Sec. IV we discuss a
procedure of residual charge measurement and present ex-
perimental data obtained, and in Sec. V we analyze discharg-
ing of dust particle in afterglow plasma. Section VI is the
conclusion.

II. EXPERIMENTAL SETUP

The work presented here is performed in the PKE-
Nefedov �Plasma Kristall Experiment� chamber designed for
microgravity experiments �1�. It is an rf discharge operating
in push-pull excitation mode. It consists of 4-cm-diam par-
allel electrodes separated by 3 cm. The injected power varies
in the range 0–4 W. Dust particles are grown in an argon
plasma �0.2–2 mbar� from a sputtered polymer layer depos-
ited on the electrodes and coming from previously injected
dust particles �3.4 �m, melamine formaldehyde�. A detailed
description of this experiment and previous results are pre-
sented in Refs. �1,4,5�.

For the study concerning residual charges, the top elec-
trode was cooled �Fig. 1�. An upward thermophoretic force
was applied to dust particles in order to counterbalance grav-
ity �21� when the plasma is off. To study particle charges, a
sinusoidal voltage produced by a function generator with
amplitude ±30 V and frequency of 1 Hz was applied to the
bottom electrode. The induced low-frequency sinusoidal
electric field E�r , t� generated dust oscillations if they kept a
residual electric charge.

A thin laser sheet perpendicular to the electrodes illumi-
nates dust particles and the scattered light is recorded at 90°
with standard charge coupled device �CCD� cameras with 25
images per second. Video signals were transferred to a com-

puter via a frame-grabber card with 8-bit gray scale and
560�700 pixel resolution. In order to avoid edge effect, a
field of view over 8.53�5.50 mm2 restrained to the center of
the chamber was used for residual charge measurement. By
superimposition of video frames particle trajectories have
been obtained. The coordinates of the particles were mea-
sured in each third frame. The amplitude of the oscillations
was figured out from the measured particle positions. Abso-
lute values for the oscillation amplitude were obtained by
scaling the picture pixels to the known size of the field of
view.

III. FORCES ACTING ON DUST PARTICLES

Dust particles in laboratory plasmas are subjected to vari-
ous forces that confine them in the plasma or drag them out
�to the walls or pump outlet� �8�: the confining electrostatic
force, the gravity, the thermophoretic force, the ion drag
force, and the neutral drag force.

After the discharge is switched off, the forces still acting
on dust particles are the gravity Fg, the thermophoretic force
FT, the neutral drag force Fdn, and, if dust particles keep
residual charges, the electric force FE due to the electric field
induced by the sinusoidal voltage applied to the lower elec-
trode. In this experiment the thermophoretic force balanced
the gravity force and the electrostatic force was the reason
for the dust oscillations while the neutral drag force dampens
the last ones.

The expression for the gravity force is

Fg =
4

3
�rd

3�g , �1�

where g is the gravity acceleration, rd the dust particle ra-
dius, and � its mass density.

The neutral drag force was taken as �22�

Fdn = −
8

3
�2�rd

2mnnnvTn�1 + �ac
�

8
��vd − vn� , �2�

where mn is the neutral atom mass, nn the neutral atom den-
sity, vTn=�8kBTn /�mn the thermal speed with Tn=T the neu-
tral gas temperature, kB the Boltzmann constant, �ac the ac-
commodation coefficient, vd dust particle speed, and vn a
mean speed of neutral atoms. In our experiment vn can be
taken as 0 because there is no gas flow.

The electric force can be written as

FE�r,t� = QdE�r,t� , �3�

where Qd is the dust particle electric charge and E�r , t� is the
electric field between the electrodes after the plasma is
switched off. In the late afterglow the plasma density is very
small and E�r , t� can be approximated by the vacuum field
above a charged disk. Taking into account the size of the
camera field of view, the size of the electrode, and the fact
that camera was directed to the region near center of the
chamber, we are interested in the electric field vertical com-
ponent E�r , t��Ez�z , t�e�z	E�z , t�e�z only. The calculated
value of E�z , t� at the central axis is presented in Fig. 2.

The expression for the thermophoretic force must be cho-
sen carefully. Indeed, it depends strongly on the Knudsen
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FIG. 1. �Color online� Schematic of the experimental
apparatus.
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number Kn= l /rd �23� where l is the mean free path of buffer
gas species. In our experiment, we work at an operating pres-
sure around 1 mbar. In a previous paper �4�, the size of
grown dust particles was reported between 200 nm and
800 nm. It gives, using results from Varney �24� for an atom-
atom cross section, Knudsen number 250�Kn�1000. Con-
sequently we operate in a free molecular regime where a dust
particle is similar to a very large molecule. Many theories
have been developed �23,25–28� and used �21,23,29� for
thermophoresis in the free molecular regime. The most com-
monly used equation is the Waldmann equation �28� which
has been verified experimentally �30,31�:

FT = −
32

15
rd

2 ktr

vTn
� T , �4�

where �T is the temperature gradient in the gas and ktr the
translational part of the thermal conductivity given for a
monoatomic gas by �32�

ktr =
15kB

4mn
�ref� T

Tref
��

, �5�

where �ref is the reference viscosity at reference temperature
Tref =273 K and the exponent � results from a best fit of
experimental viscosity near the reference temperature. For
argon, �ref =2.117�10−5 Pa s and �=0.81 �32�.

Another important effect that must be considered in the
estimation of thermophoretic force is the influence of a finite
volume of gas. If the pressure is low enough, the gas mean
free path can become comparable to a length scale of experi-
mental apparatus and the gas can no longer be treated as a
continuous medium. Under such a condition, an additional
Knudsen number must be added �23�, KnL= l /L, where L is
the length scale of the reactor. In this experiment, the length
between electrodes is L=3 cm giving KnL
5�10−3 which
means the gas can be considered as a continuous medium.

The temperature gradient between the electrodes was cal-
culated with FEMLAB �steady-state analysis of heat transfer
through convection and conduction with heat flux, convec-
tive and temperature boundary conditions using the
Lagrange-Quadratic element�. The temperatures on the elec-
trodes were measured by a thermocouple and used as bound-
ary conditions for the problem. The contour plot obtained is

presented in Fig. 3. It shows that the vertical component of
the temperature gradient is constant near the reactor center.
The value of temperature gradient is about 2 K/cm for our
experiment. There is also a small horizontal component of
the temperature gradient. This is the reason for particle drift
in the horizontal direction. Such a drift allowed us to resolve
particle trajectories �see next section� and made particle
charge measurement more convenient.

IV. EXPERIMENTAL PROCEDURE AND RESULTS

In this section, dust-particle size estimation and residual
charge measurement are presented. The residual charge mea-
surements have been performed by the following routine.
First the chamber was pumped down to lowest possible pres-
sure �base pressure 
2�10−6 mbar� and the cooling system
was turned on. After this, argon was injected up to the oper-
ating pressure, the discharge was started, and particles were
grown, forming familiar structures such as a void �see, for
example, �5��. Then, the discharge was switched off and the
bottom electrode was biased by sinusoidal voltage.

In afterglow plasma, the dynamics of dust particles is de-
termined by a temperature gradient and excitation electric
field. Figure 4 presents a superimposition of images taken
after discharge had been switched off. There are two differ-
ent types of motion observable. Dust particles drift upwards,
downwards, and to the side due to existing temperature gra-
dients and they oscillate due to electrostatic force. It is obvi-
ous that the thermophoretic force acts on any dust particle in
the chamber, while the electrostatic force acts only if par-
ticles have charge in afterglow. Thus the presence of oscil-
lating particles �see Fig. 4� clearly indicates that dust par-
ticles do have residual charges after the discharge has been
switched off. Dust particles oscillating in opposite phases as
well as nonoscillating dust grains have been observed, indi-
cating that negatively charged, positively charged, and non-
charged dust particles coexist after plasma extinction. It is
worth mentioning that in order to observe dust oscillations
the discharge must be switched off abruptly. It was shown
that if the power was decreased slowly until the plasma dis-
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FIG. 2. �Color online� Vertical component of the electric field in
the camera field of view.

FIG. 3. Temperature profile and gradient.
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appears, there are no residual charges �no oscillations of dust
particles in the sinusoidal electric field were observed�. An-
other interesting fact is that the residual charge on dust par-
ticles has a long relaxation time and does not depend on time
when the excitation electric field was applied. Dust oscilla-
tions were observed for more than 1 min after plasma extinc-
tion and in both cases when the function generator was
switched on during the discharge or a few seconds after the
discharge is turned off.

As can be seen in Fig. 4, there are dust particles falling
after the discharge is switched off. These particles are too big
to be sustained by the thermophoretic force. Other particles
are horizontally adrift at constant height; this means that for
these particles the gravity force is balanced by the thermo-
phoretic force. These particles have been used to measure
residual charges. It is clear from Fig. 4 that use of a large-
field-of-view camera gives us a nice overall picture of decay-
ing dusty plasma but it is not suitable for residual charge
measurement because edge effects cannot be neglected. Thus
a camera with a small field of view was used for the charge
measurement �see Fig. 4�. The superimposition of images
from this camera is presented in Fig. 5. These images give us
a clear track of the dust oscillations, so dust grain trajectories
can be reconstructed �Fig. 6�.

A. Size and mass of levitating dust grains in discharge
afterglow

Particle size �mass� and residual charge measurement are
strongly related in this experiment. Charge, size, and mass of
dust particles have to be determined. Considering that dust
particles levitating in a reactor at a constant height after
plasma extinction are the ones for which the gravity is ex-
actly balanced by the thermophoretic force, the dust particle
radius can be found using Eqs. �1� and �4�:

rd = −
8

5��g

ktr

vth
� T . �6�

Dust grains are supposed to be spherical and mainly made of
carbon �sputtering of a carbonaceous polymer material� �4�

so that the mass md can be deduced from Eq. �6�:

md =
4

3
�rd

3� , �7�

where � is the mass density of graphite. In our experimental
condition, the radius of levitating dust grains is estimated to
rd�190 nm and their mass is md�6.5�10−17 kg.

B. Dust-charge measurement

From the measurement of oscillation amplitude, the re-
sidual charge on a dust particle can be obtained. As the grav-
ity is compensated by the thermophoretic force, the equation
of motion for one dust particle, neglecting its interactions
with other dust particles, can be reduced to

mdz̈ = FE�z,t� + Fnd�ż� . �8�

Taking E�t�=E0�zmean� cos��t� �the amplitude of the electric
field E0 is the one at the mean dust levitation height zmean�
and using Eqs. �3�, �2�, and �8�, the dust-particle oscillation
amplitude b can be obtained �33�:
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FIG. 4. Superimposition of video frames taken with a large-
field-of-view CCD camera. Arrows 1 and 2 represent, respectively,
the vertical and horizontal components of the temperature gradient.
Edge effects as well as falling dust particles can be seen.

FIG. 5. Superimposition of video frames 10 s after plasma ex-
tinction. Dust-particle oscillations can clearly be seen. The tempera-
ture gradient has a slight horizontal component. Therefore, oscilla-
tions are in the two-dimensional laser plane.
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b��,Qd,E0� =
QdE0�zmean�

md���2 + 4	2/md
2

, �9�

where 	= �4/3��2�rd
2mnnnvTn�1+�ac�� /8�� is the damping

coefficient and �=2�f where f is the frequency imposed by
the function generator. Equation �9� can easily be inversed to
derive the dust residual charge:

Qdres
=

mdb„�,Qd,E0�zmean�…���2 + 4	2/md
2

E0�zmean�
. �10�

The sign of the dust-particle charge is deduced from the
phase of the dust-particle oscillation with respect to the ex-
citation electric field. Oscillation amplitudes up to 1.1 mm
have been measured �depending on the operating pressure�
and charges from −12e to +2e are deduced where e is the
elementary charge. It has been found that at high pressure
dust particles keep a higher mean residual charge �Table I�
but uncertainties are of 
2e for each measurement.

V. DISCUSSION

The charging �discharging� process of dust particles in a
plasma is governed by the contributions of all currents enter-
ing �or leaving� the dust surface, involving plasma electrons
and ion currents, photoemission and thermionic emission
currents, etc.

dQd

dt
= � Ia + � Il, �11�

where Ia and Il are currents absorbed and emitted by the
particle �with appropriate sign�. In most cases for discharge
plasmas we can ignore the emission current and the kinetics
of the particle charge can be expressed as

dQd

dt
= Ji − Je = − �erd

2�nevTe
e−
 − nivTi

�1 + T̃e
�� , �12�

where Je and Ji are the fluxes of electrons and ions onto the
particle, vTi�e�=�8kBTi�e� /�mi�e� the thermal velocity of ions

�electrons�, T̃e=Te /Ti is the electron to ion temperature ratio,
ni�e� is the density of ions �electrons�, and 
=
−eQd /4��0kBrdTe is the dimensionless surface potential of a
dust particle where �0 is the vacuum dielectric permittivity.
According to Eq. �12�, charge on a dust particle depends on

the electron-ion masses, temperatures, and density ratios
me /mi, ne /ni, and Te /Ti. Thus to analyze the decharging of
dust particle in afterglow plasma one needs to consider the
kinetics of plasma decay.

The plasma diffusion loss and electron temperature relax-
ation determine the kinetics of the discharge plasma decay
�34�. In the presence of dust particles, plasma loss is due to
diffusion onto the walls completed by surface recombination
on dust particles. The equations for the plasma density and
electron temperature relaxation are �34,35�

dñ

dt
= −

ñ

�L
, �13�

dT̃e

dt
= −

T̃e − 1

�T
, �14�

where ñ=ni,e /n0 with n0 the initial plasma density, �L the
time scale of the plasma loss, and �T the time scale for elec-
tron temperature relaxation. The expressions for the time
scales are �34,35�

�L
−1 = �D

−1 + �A
−1, �15�

�D
−1 �

linvTi

32 �1 + T̃e� 	
1

2
�1 + T̃e�

1

�D
� , �16�

�A
−1 � �rd

2ndvTi
�1 + 
T̃e� 	 �1 + 
T̃e

1 + 

� 1

�A
� , �17�

�T
−1 =��

2
�me

mi

vTi

len

�T̃e 	
�Te

�T
� , �18�

where �D is the ambipolar diffusion time scale onto the walls,
�A the particle absorption time scale, li�e�n the mean free path
of the ion- �electron-� neutral collision, and  the character-
istic diffusion length �
1 cm in this experiment�. The �
exponent stands for the limit at very long time.

For a charging time scale lower than the plasma decay or
temperature relaxation time scales the charge on the dust
particle is in equilibrium—i.e., ion and electron fluxes bal-
ance each other—
�
eq, and using Eq. �12�, 
eq is given by

ne

ni

�T̃ee
−
eq =�me

mi
�1 + T̃e
eq� . �19�

In this case, the expressions for the charge fluctuation and
charge fluctuation time scale �Q are

dQd

dt
� −

Qd − Qdeq

�Q
, �20�

�Q
−1 �

vTi
rd

4�i0
2 �1 + 
eq�ñ 	

ñ

�Q
0 , �21�

where �i0=��0kBTi /n0e2 is the initial ion Debye length.
It should be noted that the time scale for dust charge

fluctuations strongly depends on the plasma density and can

TABLE I. Measured maximum, minimum, and mean dust-
particle residual charges for the two operating pressures.

P=1.2 mbar P=0.4 mbar

�T −190 K m−1 −177 K m−1

rd 194 nm 180 nm

md 6.9�10−17 kg 5.4�10−17 kg

	 1.36�10−13 kg s−1 0.39�10−13 kg s−1

Qdresmax +2e +2e

Qdresmin −12e −4e

Qdresmean −5e −3e
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vary from microseconds for the initial stages of plasma de-
cay up to seconds in the case of almost extinguished plasma.
Taking into account Eqs. �13� and �21�, the time dependence
of �Q can be expressed as �20�

�Q
−1 =

1

�Q
0 exp�− t/�L� . �22�

To understand the dusty plasma decharging dynamics we
have to compare different time scales. In Table II, the time
scales for this experiment are presented. It can be seen that
the initial charge fluctuation time scale is the shortest. The
temperature relaxation time scale is shorter or becomes com-
parable �for 0.4 mbar� to the plasma density decay time scale
and plasma losses mainly determined by diffusion. The latest
means that for our experimental conditions dust particles did
not affect the plasma decay at the initial stage. Figure 7
presents the qualitative dependence of the main plasma and

dust particle parameters during the afterglow. Four stages of
the dust plasma decay can be labeled. As we can see, the first
stage of the plasma decay �t��T� is characterized by the
electron temperature Te drop down to room temperature,
while the plasma density �especially in case �T

0 ��L
0� is

slightly decreased. As the charging time scale is almost in-

dependent of T̃e �Eq. �21��, the charge is still determined by
its equilibrium value �Eq. �12��. During the temperature re-
laxation stage the particle charge should decrease to the
value �20�

QrT =
1

T̃e0
� 
eq�1�


eq�T̃e0�
�Q0 �

Q0

62
� − 15e , �23�

where Q0 is the initial dust charge in the plasma and QrT the
value of the dust residual charge at the end of the first decay
stage. The dust charge in the plasma Q0 was estimated as
Q0=−950e, solving numerically Eq. �19�, with the given pa-
rameters Ti=300 K and Te�3 eV, for argon plasma with
nine. At the next stage of decay, the electron temperature is
stabilized while the plasma density is still decreasing �see
Fig. 7�. So �Q continues increasing according to Eqs. �12�
and �21�. When �Q becomes comparable to �L, the particle
charge cannot be considered as in equilibrium and to deter-
mine particle charge we should use Eq. �12�. The time scale
when the particle charge starts sufficiently deviating from the
equilibrium can be estimated as �Eqs. �15� and �22��

td 
 − �L
� ln�8

3
��i0


�2 lin

rd
� 
 6�L

�. �24�

However, according to Eq. �12�, as long as the plasma is
neutral �ne=ni� the charge on the dust particle does not
change. The plasma will keep quasineutrality until decaying
rates for the electrons and ions are the same. It will be true in
the case of ambipolar diffusion. When the nature of the dif-
fusion changes, electrons and ions start to diffuse indepen-
dently, which will lead to a changing ne /ni ratio and conse-
quently the dust charge change.

The nature of the plasma diffusion changed when the par-
ticle volume charge cannot be ignored or when the plasma
screening length becomes comparable to the chamber size. In
the first case the ion diffusion will be influenced by the nega-
tively charged dust particles, while the electrons will be free
to go. In the second case, large density differences appear
over distances less than the screening length and electrons
and ions diffuse independently. Let us estimate the charac-
teristic times for both cases.

The influence of the overall particle charge is determined
by the value of the Havnes parameter Pe=−NQd /ene. Based
on the model discussed, the qualitative evolution of the
Havnes parameter Pe in dusty plasma afterglow can be
plotted as shown in Fig. 8. The initial value of Pe is small
�
0.06 with an estimated dust density N
2�105 cm−3 and
n0�ne0
5�109 cm−3� and there is no influence of dust. At
the first stage of decaying �temperature relaxation stage� Pe
decreases due to a dramatic decrease of the dust charge while
the plasma density decreases by a factor of 1.1. At �T, Pe
reaches its minimum value of about 1�10−3. After this Pe
starts increasing. During this stage the dust particle charge

TABLE II. Values of the different time scales for the two oper-
ating pressures.

P=0.4 mbar P=1.2 mbar

�D
0 30 �s 90 �s

�D
� 1.5 ms 5 ms

�A
0 0.4 ms 0.4 ms

�A
� 30 ms 30 ms

�L
0 30 �s 90 �s

�L
� 1.4 ms 4.3 ms

�T
0 100 �s 34 �s
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FIG. 7. �Color online� Qualitative time evolution of dust charge,
plasma density, and electron temperature during the afterglow. Four
stages of the dust plasma decay can be identified: I: temperature
relaxation stage up to tT. II: plasma density decay stage up tp. III:
dust charge volume stage tc. IV: frozen stage.
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changes slowly while the plasma number density decays fast
�see Fig. 7�. The time at which Pe becomes 
1 can be esti-
mated as �Eqs. �13�–�18��

tp 
 �L
� ln��Te0

Tn
��− en0

QdN
�� 
 8�L

�. �25�

The screening length becomes comparable to the chamber
size—i.e., �i�ñc�
—when the density drops down to
ñc=�i0

2 /2. This occurs at �20�

tc 
 �L
� ln ñc

−1 
 10�L
�. �26�

At time min�tp , tc�, electrons start running away faster than
ions and the ratio ni /ne grows. For our experimental condi-
tions tp� tc; thus, the neutrality violation due to the presence
of dust particles happens before the Debye length exceeds
the chamber size. So the third stage of dusty plasma decay
starts at tp. During this stage the charge on the dust particles
is changed due to the changing of the ne /ni ratio. At this
stage td� tp, thus, the kinetic equation �12� should be used
for estimations of the charge variation. The upper limit of the
charge change can be estimated ignoring the electron current
and considering the time interval between tp and tc,

�dQ

dt
� Ji�

tp

tc
�27�

��erd
2ni�tp�vTi

��1 −
e

4��0kBrdTi
Qd��

tp

tc
. �28�

Solving Eq. �28�, the charge should evolve as follows:

Qd = �QdT −
1

�
�exp�− K��t� +

1

�
, �29�

where �=e /4��0kBrdTi
0.28/e, K=�erd
2ni�tp�vTi


190e,
and thus �K��−1
20 ms
�t= �tc− tp�.

Therefore, the charge during the third stage decreases to
−3e. At the fourth stage of plasma decay, t� tc, the plasma
density decreases such that any further changes of the dust
charge become negligible and the charge remains constant
for a while. Thus the final residual charge for our condition is

expected to be about Qdres

−3e which is well correlated

with the charges measured in the experiment �Table I�.
The observation of neutral and positively charged par-

ticles in our experiments can be explained by the particle
charge distribution. The charge distribution in a dust-particle
ensemble is due to charge fluctuation on every individual
dust particle. It has been shown �36–40� that the rms of
stochastic charge fluctuations varies as ���Qd�, where � is a
parameter depending on the plasma conditions and close to
0.5. Thus for mean charge around −3e the charge distribution
should lie mainly between −1e and −5e. However, in our
case we can expect a broader distribution, taking into ac-
count two reasons. First for small particles with a charge of
about a few electrons the image force �polarizability� correc-
tion starts playing role; see �37�. And for electron tempera-
ture less then 0.1 eV the correction factor can be up to 3.
That is a significantly broadened distribution, so dust par-
ticles can experience fluctuations to neutral and positive
charges; see Fig. 9. Another reason for the broadened distri-
bution could be the earlier freezing of the charge distribution
so it remains the same while the mean charge decreases.
Indeed as t� td the charge is not in equilibrium with the
surrounding plasma, so the existing charge distribution
should remain unchanged or changed slightly during the later
stages. Unfortunately, in this experiment the ratio between
positively and negatively charged particles has not been mea-
sured due to experimental limitations concerned with the fact
that dust grains do not stay in the laser sheet for a sufficiently
long time due to their out-of-plane thermal motion. Thus to
elaborate on the true reason for the presence of residual
charges of different polarities one needs additional measure-
ments of the charge distributions.

The considered decharging model predicts a higher re-
sidual charge for lower pressure. For low pressure the tem-
perature relaxation time scale exceeds the plasma density
decay time �see characteristic times for 0.4 mbar in Table II�.
This leads to a quick increase of the charging time and
makes charge freezing at an early stage of decay keeping
charge at a relatively high value. In fact larger charges were
measured for the higher pressure. A possible explanation for
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FIG. 8. Qualitative time evolution of the Havnes parameter after
the power is switched off.
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this is an electron reheating in late afterglow from metastable
atoms �41�. The presence of a significant amount of argon
metastables in PKE discharge have been established by
plasma modeling �42� and by experimental measurements
�43�. Due to reheating, the electrons can have temperatures a
few times more than room temperature which will lead to an
increase of the residual charge on dust particles. As reheating
is more effective for high pressures, larger charges are thus
expected.

VI. CONCLUSION

Residual dust-particle charges have been measured in the
late afterglow of a dusty plasma. Dust particles have been
grown directly in the plasma by sputtering of a polymer ma-
terial previously deposited on electrodes. Dust particles with
a radius of few hundreds of nanometers are levitating after
the power of the discharge is switched off. The gravity was
balanced by an upward thermophoretic force. Residual
charges were determined from an analysis of dust oscilla-
tions, which were excited by applying a sinusoidal bias to the
bottom electrode.

Positive, negative, and noncharged dust particles have
been detected. The mean residual charge for 200-nm-radius
particles was measured. The particle charge is about −5e at a
pressure of 1.2 mbar and about −3e at a pressure of
0.4 mbar. A model for the dusty plasma decay was exploited
to explain the experimental data. According to this model the
dusty plasma decay occurs in four stages: temperature relax-

ation stage, density decay stage, dust-charge volume stage,
and frozen stage �ice age IV�. The main decrease of the dust
charge happens during the first stage due to cooling of the
electron gas. The final residual charge established during the
third stage when the density of ions exceeds the density of
electrons and the plasma density is still high enough to affect
the charge. Measured values of the dust residual charges are
in good agreement with values predicted by the model. How-
ever, the residual charge dependence on discharge conditions
and the detection of positively charged particles show that a
more detailed model taking into account various phenomena
�electron reheating, electron release �44�, afterglow chemis-
try� in decaying plasma has to be developed for a better
understanding of dusty plasma afterglow.
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