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Abstract

A numerical model for dusty plasma afterglow has been developed. Comparison with

experimental data shows that the transition from ambipolar to free diffusion plays a major

role in the decharging process

Dusty or complex plasmas are ionised gases composed of electrons, ions and neutral species

in which macroscopic charged dust particles are immersed. The dust particle charge (Qd) is

related to the ion and electron currents (Ii and Ie respectively) onto the surface of the dust

particle:
dQd

dt
= Ie+ Ii (1)

These currents depend on the particle radiusrd, the electron (ion) density and the electron (ion)

temperature [1]. At equilibrium, currents compensate eachother. In laboratory plasma, these

particles are negatively charged due to a higher mobility ofthe electrons. The dust particle

charging process is thus highly dependent on plasma speciesdensities and temperatures.

Many publications are devoted to the study of dust particle charge (see for example [2, 3, 4]).

Recently the decharging of dust particles in complex plasma afterglow raises interest as well as

the dust particle residual charge [5, 6, 7]. Indeed it has beenobserved that dust particles do keep

residual electric charges when the power of a RF discharge is turned off. Moreover, negatively

charged, neutral and positively charged dust particles have been obeserved in the late afterglow

of the RF discharge. A four stage model has been proposed in order to explain these results

(Fig.1)[6]:

• Firstly, the electron temperature decreases while the plasma density remains almost con-

stant resulting in a strong decrease of dust particle charges.

• Secondly, the plasma density decreases but ion and electrondensities remain equal lead-

ing to almost no change in particle charge.
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Figure 1:Left: 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 totT II -
plasma density decay stage uptp, III- dust charge volume stagetc, IV - frozen stage.
Right: Evolution of the ratioDs/Da (s= i,e) as a function of(Λ/λDe)

2 (Ds is diffusion coefficient of thesspecies
andDa is the ambipolar diffusion coefficient). These data are extracted from Refs.[8] and [9].

• The third stage corresponds to the charge volume stage when the charge on dust particles

can not be neglected anymore or when ion and electron densities are too small allowing

large density differences to appear over distances less than the screening length. In both

cases, this leads to a change in the diffusion regime, i.e. electrons and ions diffuse inde-

pendently. As electron are running faster away than ions, the rationi/ne becomes more

than one resulting in a decrease of the dust particle charge.

• Finally, ion and electron densities are too small to influence the dust particle charges

which can be considered as frozen (i.e. charging time tends to infinity).

This model predicts the existence of residual charges about−3ewhich is in agreement with the

experimental mean residual charges but is unable to predictpositive residual charges. Further-

more, influence of dust particles is taken into account in a very poor manner: the dust particles

play a role only when their total charge volume is of the same order as the electron density

which leads to an abrupt change from ambipolar to free diffusion of ions and electrons.

It has been shown that diffusion of charged species in a dust-free plasma afterglow deviates

from ambipolar diffusion as soon as the ratio(Λ/λDe) ∼ 100 whereΛ is the diffusion length

andλDe is the electron Debye length. [9, 10]. These results indicate that electrons and ions are

lost at different rates very soon in the decay process (Fig.1).

Consequently, a numerical model taking into account the transition from ambipolar to free

diffusion has been developped: plasma losses due to diffusion onto the wall of the reactor are

simulated using a 0D fluid model in the same way as in a dust freeplasma. The transition

from ambipolar to free diffusion is simulated using either experimental results from Gerber
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Figure 2:Decay of an argon plasma atP = 0.4mbar. From the left to the right: Electron temperature relaxation;
density evolution; evolution of diffusion time.

−20 −15 −10 −5
0

20

40

60

80

100

Charge (e)

N
u
m

b
er

o
f
d
u
st

p
a
rt

ic
le

s

 

 

−20 −18 −16 −14 −12 −10 −8 −6
0

20

40

60

80

100

Charge (e)

N
u

m
b

e
r 

o
f 

d
u

st
 p

a
rt

ic
le

s

 

 

−8 −6 −4 −2 0 2 4
0

20

40

60

80

100

120

Charge (e)

N
u

m
b

e
r 

o
f 
d

u
s
t 
p

a
rt

ic
le

s

 

 

−25 −20 −15 −10
0

20

40

60

80

100

120

Charge (e)

N
u
m

b
er

o
f
d
u
st

p
a
rt

ic
le

s

 

 

a) b)

c) d)

−22 −20 −18 −16 −14 −12 −10
0

20

40

60

80

100

120

Charge (e)
N

u
m

b
er

o
f
d
u
st

p
a
rt

ic
le

s
 

 

−15 −10 −5 0
0

10

20

30

40

50

60

70

80

Charge (e)

N
u
m

b
er

o
f
d
u
st

p
a
rt

ic
le

s

 

 

−20 −15 −10 −5
0

50

100

150

Charge (e)

N
u

m
b

e
r 

o
f 
d

u
st

 p
a

rt
ic

le
s

 

 

−8 −6 −4 −2 0 2 4
0

20

40

60

80

100

Charge (e)

N
u
m

b
er

o
f
d
u
st

p
a
rt

ic
le

s

 

 

a) b)

c) d)

Figure 3: Numerical results for 190nm radius dust particles with argon pressureP = 0.4 mbar (P =
0.3 Torr)(Left) or P = 1.2 mbar (P = 0.9 Torr) (Right) andnd = 5 ·104cm−3. a) Ambipolar diffusion until the
end of the decay process. b) Abrupt transition from ambipolar to free diffsusion when Havnes parameterPH = 0.5.
c) Using data from Gerber and Gerardo for transition from ambipolar to free diffusion [8]. d) Using data from
Freiberg and Weaver for transition from ambipolar to free diffusion [9]

and Gerardo [8] or experimental results from Freiberg and Weaver [9] (the first ones point out

a slower transition from ambipolar to free diffusion than the second ones). The dust particle

charge as well as the plasma losses due to recombination ontothe surface of dust particle are

computed trough a modified Cui and Goree algorithm [11].

The initial electron temperature is taken asTe0 = 3eV and the ion temperature is supposed to be

equal to the neutral temperatureTi = Tn = T = 0.03eV. The diffusion length is takenΛ = 1cm

which is approximately the diffusion length of the PKE-Nefedov reactor in which experiments

on residual dust charge have been performed [5, 6].

It can be seen in Fig.2, that the electron density deviates from the ion density very soon in the

decay process. This effect is very important for the dust particle residual charges. Indeed the

speed of the transition influences strongly the mean residualcharge of dust particles (see Fig.3).
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For a pressureP = 0.4mbar (P = 0.3 Torr), the simulated final dust distributions (when the

charging time becomes much bigger than the plasma diffusiontime (typically∼ 10 times in our

simulation) are presented in Fig.3. The residual charge isQdres ≃−16ewhen no transition in the

diffusion process is taken into account. When using a model based on an abrupt transition from

ambipolar to free diffusion when the Havnes parameterPH = 0.5, the residual charge is smaller

(in absolute value)Qdres ≃ −13e but still far from experimental value. It can be seen that the

way the transition from ambipolar to free diffusion is takeninto account has a great influence

on the final dust charge distribution. Indeed, using Gerber and Gerardo data, the mean residual

chargeQdres ≃−13ewhereas it isQdres ≃−1eusing Freiberg and Weaver data. Furthermore, in

the first case, there is no tail in the positive region of the dust particle charge distribution as there

is one in the second case. The second residual charge distribution is similar to the experimental

one [6].

For a pressureP= 1.2 mbar(P= 0.9 Torr), the simulated final dust particle charge distributions

are presented in fig.3. The residual charge isQdres ≃ −16e when no transition in the diffusion

process is taken into account. When using a model based on an abrupt transition from ambipolar

to free diffusion when the Havnes parameterPH = 0.5, the residual charge is smaller (in abso-

lute value)Qdres ≃−7ebut still far from experimental value. A dependance on the ambipolar to

free diffusion transition is again seen withQdres ≃ −14e when using Gerber and Gerardo data

andQdres≃−2ewhen using Freiberg and Weaver data which is close to experimental results [6].

The decharging process of dust particles is strongly dependent on the transition from ambipo-

lar to free diffusion as their charges depend on the rationi/ne. It has been shown that the speed

of transition influences the final residual dust charge distribution in a strong manner. The faster

the transition occurs, the smaller the mean dust particle residual charge and a positive charge

tail can even be obtained.
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