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Cryogenic effect on dust grain charging in a plasma 
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Charging mechanism of dust particles in a nonuniform discharge plasma under cryogenic environment is studied 
theoretically. The plasma density and temperature effects on dust grain charging are investigated with characteristic 
time scales of density variation and temperature relaxation in consideration. The charge of a dust grain, initially 
placed in a discharge plasma and cooled to cryogenic temperature, is governed by the time-dependent ion 
temperature and ion-neutral collisions. The magnitude of a dust charge decreases with the decrease of ion 
temperature. The charge at a cryogenic temperature is found to be much smaller than that at the room temperature, 
in agreement with experimental observation reported earlier. It is suggested that charged dust grains at cryogenic 
temperature make the formation of a strongly coupled system of dust particles. 
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1. Introduction 
Complex plasma including dust grains and plasma 

particles has attracted great interests to plasma community 
because of its novel feature as a strongly coupled system. 
Because of large charges carried by dust grains, Coulomb 
crystal could be formed in a plasma [1,2]. The strength of 
correlation is described by a coupling parameter   

€ 

Γd ,  
 

  

€ 

Γd =
Zd
2e2

4πε0dkBTd
exp(−κ ),           (1) 

 
where   

€ 

Zd  is the charge number of a dust particle, 

€ 

e  is 
an elementary charge, 

€ 

ε0 is a permittivity of free space, 
d  is an interparticle distance,   

€ 

kB  is a Boltzmann 
constant, 

€ 

κ  is a shielding parameter, and   

€ 

Td  is a dust 
temperature.   

€ 

Γd  could be much larger than 1 in a 
complex plasma, and strongly coupled system could be 
formed if the dust particles keep the charge with low 
kinetic energy level. The kinetic energy of dust particles 
could be effectively suppressed in a complex plasma in 
cryogenic environment [3,4]. 

Complex plasma has been studied extensively since 
the middle 1990s [5-7]. Study on the growth of dust 
particles during fusion plasma discharge was reported [8]. 
On the other hand, the study on a complex plasma in a 
cryogenic environment has only started. [3,9]. Earlier 
experimental studies suggested the production of cryogenic 
plasma by pulse discharge in liquid helium [10,11] and 
ultracold plasma by a method of laser cooling [12]. 
Rosenberg et al. suggested a unique nature of 
two-dimensional dust structure on the surface of liquid 

helium [13]. Two-dimensional structures on the surface of 
liquid helium have been observed as macroscopic electron 
dimples, each holding about 107 electrons, on the surface 
of liquid helium [14] and the phase transition on a liquid 
helium surface was reported [15]. Experimental results by 
Antipov et al. showed a decrease in the interparticle 
spacing in dust structure in cryogenic dc glow discharge 
and the increase in the density of dust particles with 
decreasing temperature of the gas in the discharge 
[16,17]. 

Dust charge and kinetic temperature of dust particles, 
which characterize a complex plasma, are still to be 
explored at cryogenic temperature. In an earlier work, we 
studied expansion process of dust particles placed in the 
center of a plasma based on kinetic theory, where a plasma 
is surrounded by cryogenic liquid helium vapor [18]. 
Recently dust charges in cryogenic environment were 
measured in the experiments [19,20]. In one experiment, 
dust charge was determined by the use of damping 
oscillation of dust particles near the equilibrium position 
balanced by the gravity and the sheath electric force [19]. 
In another experiment, a localized plasma was produced in 
the vapor of liquid helium above the surface of liquid 
helium. Dust charge was determined by the trajectories of 
dust particles [20]. Both experiments led to a conclusion 
that dust charge decreased as the decrease of ion 
temperature. Collisional effect by cryogenic neutrals 
greatly contributed to dust charge, because neutral density 
at cryogenic temperature becomes about 100 times larger 
than that at room temperature at the same neutral gas 
pressure. Dust grain charge is determined by the balance of 
the flux of electrons and ions flowing onto the dust surface. 
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Ion-neutral collision affects not only ion temperature but 
also electron and ion number density. At cryogenic 
temperature, it is important to consider the change of 
ambient plasma density and temperature including 
collisional effects affecting on the dust charge. Detailed 
analysis should be done to clarify the decharging process 
observed in the cryogenic complex plasma experiments. 

In this paper, we study the dust charge in a plasma 
embedded in the cryogenic neutrals. The temporal change 
of background plasma density and ion temperature are 
considered and we evaluate the characteristic time scales of 
density variation, temperature relaxation, and dust grain 
charging. Dust charge is found to decrease with the 
decrease of ion temperature and ion-neutral collisions. As a 
result, the charge at cryogenic temperature is much smaller 
than that at the room temperature, in agreement with 
results reported by complex plasma experiments under 
cryogenic environment. Our model may shed light on the 
decharging process of dust particles in a localized plasma 
at cryogenic temperature [20]. It is suggested that charged 
dust grains at cryogenic temperature can make the 
formation of a strongly coupled system of dust particles.  

This paper is organized as follows. Section 2 
describes our model and formulation. Numerical solutions 
are described in Section 3. We discuss the results and 
analyze the cryogenic effect on the dust grain charging in 
Section 4. Section 5 concludes the paper.  
 

2. Model 
2.1 Plasma model and basic assumptions 

Localized and nonuniform plasma at low temperature 
in background cryogenic helium neutrals in a finite system 
is considered. We consider dust grains embedded in the 
plasma. The initial plasma is characterized by 

€ 

Te >>Ti >> Tn , where 

€ 

Te  is temperature of electrons, 

€ 

Ti  
is temperature of ions, and 

€ 

Tn  is temperature of cryogenic 
neutral particles. Ions are considered to approach cryogenic 
temperature through collisions with neutrals at time rate 

€ 

τT , where 

€ 

τT  is a temperature relaxation time scale while 
electron temperature is assumed to be constant. We 
consider the transition process where the plasma will be 
characterized by 

€ 

Te >>Ti ≈ Tn  in the final state. Dust 
grains are massive and assumed to be immobile. They are 
assumed to have initial charges, 

€ 

Qd0  as a result of the 
flux balance of ions and electrons on the dust surface. Ion 
and electron number density 

€ 

n i  and 

€ 

ne vary due to two 
processes 1) ambipolar diffusion process in the system at 
time scale 

€ 

τD  and 2) absorption of plasma particles onto 
the dust grain surface at time scale 

€ 

τA . Dust number 
density 

€ 

nd  is assumed to be constant. In the model, dust 
number density is given, which is much smaller than ion 
and electron number density, namely, 

 

€ 

n i /ne = 1− ndZd /ne ≈ 1.             (2) 

 
For typical parameters in laboratory complex plasma 
experiments at room temperature, 

€ 

ne , 

€ 

n i  ~ 109 cm-3 and 

€ 

Zd  ~ 103 for dust radius 

€ 

a ~ 1 µm,	 Eq. (2) is satisfied if 

€ 

nd  is much less than 105 cm-3.  
 

2.2 Formulations 
Here we describe the formulation of characteristic 

time scales. Basic equations for ambient plasma density 
variation, temperature relaxation and dust grain charging 
are shown.  

The characteristic time scale of plasma loss by 
ambipolar diffusion, 

€ 

τD  is given by  
 

€ 

τD = Λ2 /Da ,                  (3) 
 

where 

€ 

Λ is a characteristic length of the system [21] and 

€ 

Da  is ambipolar diffusion coefficient given by  
 

€ 

Da ≡
µiDe − µeDi

µi − µe
,            (4) 

€ 

D j ≡
kBT j
m jν jn

, µ j ≡
e j

m jν jn
(j = e, i),    (5) 

 
where 

€ 

D j is diffusion coefficient and 

€ 

µ j is mobility. 

€ 

m j 
is mass, 

€ 

ee = −e,

€ 

ei = e and 

€ 

ν jn  represents collision 
frequency. In case of 

€ 

µe >> µi , ambipolar diffusion 
coefficient is described by   
     

€ 

Da = (1+Te /Ti )Di .              (6) 
 

Substituting (5) and (6) into (3) with thermal velocity of 
ions 

€ 

vTi = (kBTi /m i )
1/ 2, we find  

 

€ 

τD =
3 πΛ2

2 2linvTi (1+τ )
,             (7) 

 
where 

€ 

lin = vTi /ν in  is a mean free path of ion-neutral 
collisions and the dimensionless temperature ratio 

€ 

τ = Te /Ti  is introduced. 
The characteristic time scale of plasma loss by 

absorption onto the surface of a dust particle, 

€ 

τA  is given 
by 

 

€ 

τA = ndσ idv i
−1

=
nd
n i

dv∫ σ idvf i
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

−1

,       (8) 

 
where 

€ 

f i is the distribution function of ions, 

€ 

v i  is ion 
velocity and 

€ 

σ id  is dust cross section. If the distribution is 
assumed to be Maxwellian, Eq. (8) gives 

 

€ 

τA =
1

2 2πa2ndvTi (1+ zτ )
,         (9) 
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where 

€ 

a is a dust radius and 

€ 

z  is a normalized charge 
defined as 

 

€ 

z ≡
Zd e

2

4πε0akBTe
.                 (10) 

 
When dust number density is high, the loss by 

absorption onto dust surface becomes large resulting in 
decrease of 

€ 

τA . But absorption due to the dust grain is 
considered to be ineffective when the dust number density 
is sufficiently low. The absorption of electrons is 
considered to be negligible because electrons and dust 
particles repel each other.  

With two characteristic timescales 

€ 

τD  in Eq. (7) and 

€ 

τA  in Eq. (9), the time scales of plasma density variation 

€ 

τLe and 

€ 

τLi  for electrons and ions are described by 
 

€ 

τLe = (1/τD)
−1,                 (11) 

 

€ 

τLi = (1/τD +1/τA)
−1.            (12) 

 
With Eqs. (11) and (12), basic equations for plasma density 
variation are given by 

 

€ 

∂ne
∂t

= −
ne
τLe

,                (13) 

 

€ 

∂n i
∂t

= −
n i
τLi

.                (14) 

 
The ion temperature relaxation time scale 

€ 

τT  is 
considered to relate to ion-neutral collision frequency 

€ 

ν in  
because ions can be cooled down to cryogenic temperature 
through frequent collisions with background cryogenic 
neutral particles. The relaxation time scale is given by 

 

€ 

τT = lin /vTi,               (15) 
 

where mean free path of ions with neutral collisions is 
described by  

 

€ 

lin =
1

σ innn
, nn =

p
kBTn

.           (16) 

 
Here 

€ 

p  is a neutral gas pressure and 

€ 

σ in  is a cross 
section of ion-neutral collision. The cross section 

€ 

σ in  is 
on the order of 10-19 m2 for helium ions in helium gas and 
is independent of the ion temperature [22]. When the gas 
pressure and the temperature of neutrals are given, we 
obtain the mean free path of ions by Eq. (16). A basic 
equation for ion temperature relaxation process is given by 

 

€ 

dTi
dt

= −
Ti −Tn
τT

.              (17) 

 

The dynamics of dust grain charging is described by  
 

€ 

dQd
dt

= I e + I i = 2 2πa2 (−e)  

€ 

×[nevTee
−z − n ivTi (1+τ z +Η (β)(τ z)2 ( λ

lin
))],    (18) 

 
where 

€ 

Qd (= Zde)  is dust charge, 

€ 

I i  is ion current, 

€ 

I e  is 
electron current flowing onto the dust grain surface and 

€ 

vTe = (kBTe /me )
1/ 2 is electron thermal velocity. Khrapak 

et al. discussed the effect of ion-neutral collisions on the 
steady-state dust charge in a plasma [23]. Ion-neutral 
collision effect was incorporated in the balance of electron 
and ion current explicitly [24]. The collision term includes 
a function 

€ 

Η (β)  defined in Ref. 23 (

€ 

β = zτ (a /λ) ). Here 

€ 

λ  is a screening length. In our model, 

€ 

λ  ~ 

€ 

λDi , where 

€ 

λDi  is an ion Debye length defined by 

€ 

λDi = (ε0kBTi /n ie
2 )1/ 2 . Note that 

€ 

λDi  depends on time. In 
our model, 

€ 

β  ~ 100 - 102. For 

€ 

β  

€ 

>>  1, 

€ 

Η (β)  is 
estimated to be 

€ 

Η (β)  ~ 

€ 

β−2 ln β  ~ 0.01 - 0.1. With the 
temporal charge fluctuation time scale 

€ 

τQ , the charge 
variation may be given by 

 

€ 

dQd /dt ≅ −(Qd −Qdeq ) /τQ .             (19) 
 

Here 

€ 

Qdeq  is an equilibrium charge in steady state. 
Setting 

€ 

Qd =δQd +Qdeq  in Eq. (18) and expanding for 
small deviations 

€ 

δQd , we have [25-27], 
 

€ 

τQ ~[ 2πn0λDe0
2 (lin /λ) /(an ivTiτ

2Η (β)zeq
2 )],   (20) 

 
where 

€ 

zeq  is a normalized charge for 

€ 

Zd → Zdeq  (or 

€ 

Qd →Qdeq ) in Eq. (18) and 

€ 

n0  is initial plasma density 
or

€ 

n0 = ne, n i  at 

€ 

t = 0 . Initial Debye length 

€ 

λDe0 = (ε0kBTe /n0e
2 )1/ 2 is introduced. 

 

3. Numerical solutions 
3.1 Evaluation of characteristic time scales 

Here we consider the temporal change of 
characteristic time scales. It is convenient to introduce 
mass ratio of electron to ion 

€ 

m = me /m i  and initial 
electron plasma frequency

€ 

ωpe0 = (n0e
2 /ε0me )

1/ 2 . 
Normalized formulations of Eqs. (7), (9), (15) and (20) are 
given by 

 

€ 

˜ τ D =
3 π

2 2
˜ Λ 2 ˜ l in

−1 τ1/ 2

m1/ 2 (1+τ )
,           (21) 

 

€ 

˜ τ A =
( ˜ n d ˜ a 2 )−1

2 2π
τ1/ 2

m1/ 2 (1+τ z)
,            (22) 

 

€ 

˜ τ T = ˜ l in
τ1/ 2

m1/ 2 ,                       (23) 
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€ 

˜ τ Q =
2π

Η (β)zeq
2

˜ a −1 ˜ n i
−1m−1/ 2τ −3 / 2 ˜ l in ˜ λ −1.   (24) 

 
Here

€ 

˜ τ D =τDωpe0,

€ 

˜ τ A =τAωpe0,

€ 

˜ τ T =τTωpe0,

€ 

˜ τ Q =τQωpe0,

€ 

˜ l in = lin /λDe0,

€ 

˜ Λ = Λ /λDe0,

€ 

˜ n d = ndλDe0
3 ,

€ 

˜ a = a /λDe0,

€ 

˜ n i = n i /n0, and 

€ 

˜ λ = λ /λDe0.  When ion temperature 
decreases, ambipolar diffusion time scale and absorption 
time scale become shorter because of 

€ 

˜ τ D, ˜ τ A ∝ τ −1/ 2 . On 
the other hand, temperature relaxation time becomes longer 
due to 

€ 

˜ τ T ∝ τ1/ 2 , which implies that decrease rate of ion 
temperature becomes saturated with time. It should be 
noted that charging time scale depends on 

€ 

˜ n i
−1, 

€ 

˜ λ −1  and 

€ 

τ −3 / 2. When the ion number density decreases, charging 
time of dust grain becomes longer. When the ambient 
plasma density and ion temperature change, time 
dependent grain charging should be considered.   

 
3.2 Temporal dust charge 

The dynamic nature of grain charging is shown by 
numerical solutions. A system of Eqs. (10), (13), (14), (16), 
(17) and (18) for dynamics of ambient plasma density, ion 
temperature and dust grain charge is solved numerically 
with characteristic time scales given by Eqs. (7), (9), (11), 
(12) and (15). 

Electron temperature and density, 

€ 

kBTe ~ 3 - 4 eV 
and 

€ 

n0  ~ 109 cm-3 are considered. Background neutral 
temperature 

€ 

Tn  = 4 K is chosen based on the cryogenic 
helium neutrals and 

€ 

m  is chosen to be on the order of 
10-4. The initial temperature ratio 

€ 

τ (= Te /Ti )  is set to be 
102. As we mentioned in 2.1, the number densities of 
plasma particles as well as dust particles are assumed to 
satisfy the condition, 

€ 

ne ≈ n i >> Zd nd . Finite system on 
the order of 

€ 

Λ /λDe0  ~ 10 is assumed here. We consider 
micron sized dust grains (

€ 

λDe0 /a  ~ 102) in our model. 
Figure 1 shows normalized dust charge 

€ 

z  versus 
temperature ratio 

€ 

τ (= Te /Ti )  for pressures 2 Pa and 10 Pa. 
In a collisionless regime, collision term (last term in Eq. 
(18)) is neglected indicating no contribution of ion-neutral 
collisions onto the dust surface directly. It is shown that the 
initial dust charge declines with the decrease of ion 
temperature. Charge in a collisionless regime is estimated 
to be much higher than that in a collisional regime as 
shown in the Fig. 1.  

Time evolution of dimensionless parameter 

€ 

ξ = (Η (β)τ z(λ / lin ))
−1  versus 

€ 

ωpi0 t  where 

€ 

ωpi0  is the 
initial ion plasma frequency, for pressures 2 Pa and 10 Pa 
is shown in Fig. 2. Here 

€ 

ξ  represents contribution by the 
ion-neutral collisions to ion current onto the dust grain. 
Neglecting unity compared to 

€ 

zτ  in Eq. (18), ion current 
is rewritten as 

 

€ 

I i = 2 2πa2en ivTiτ z[1+Η (β)(τ z)( λ
lin
)].      (25) 

 

Note that ion-neutral collision is dominant when 

€ 

ξ <1  
(

€ 

1 <Η (β)(τ z)(λ / lin )). In case of 2 Pa, collisional effect 
becomes dominant as time progresses. When the 
collisionality is high (10 Pa), collision term plays a major 
role from the beginning because the mean free path 
becomes shorter due to frequent ion-neutral collisions. We 
see that the dust grain charge decreases with ion 
temperature and decreases with increasing ion-neutral 
collisionality. The experimental results [19,20] were shown 
in Fig. 1 to compare with theoretical predictions. The 
charge of dust particles measured at room temperature was 

€ 

z  ~ 1.1, while the charge measured in a liquid helium 
vapor was 

€ 

z  ~ 0.2. We see that drastic decrease in dust 
charge 

€ 

z  with the temperature ratio 

€ 

τ  is well predicted 
by our collisional theory.  

 

Fig. 1. Normalized charge 

€ 

z  vs temperature ratio 

€ 

τ (= Te /Ti )  for various neutral gas pressures at 

€ 

kBTe = 3.4 eV  and 

€ 

a = 1 µm. Experimental results were 
shown with the error bars [19, 20]. 
 

Fig. 2. Temporal evolution of dimensionless parameter 

€ 

ξ . The 
parameter 

€ 

ξ  is defined as 

€ 

ξ = [Η (β)τ z(λ / lin )]
−1  in the 

equation of charge dynamics. One curve is in collisional 
regime at 2 Pa (

€ 

Λ / lin =

€ 

9.0 ×101) and the other curve is the 
same regime at 10 Pa (

€ 

Λ / lin =

€ 

4.5 ×102).  
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4. Discussion 
4.1 Effect of ion temperature on ion flux 

As shown in Fig. 1, dust grain reduces the charge due 
to the decrease of ion temperature. The ion current, with 
the assumption of Maxwellian ion distribution without 
collisions, is given by 

 

€ 

I i ~ dv v3σ id f i (v)
0

∞

∫ ~
Ti → 0

1
Ti
,        (26) 

 
indicating the enhancement of the ion current flowing onto 
the dust surface with decreasing ion temperature. Such an 
enhancement of ion current results in the decrease of 
magnitude of dust charge. As seen in Fig. 1, the value of 
normalized charges decreases with increasing temperature 
ratio. It should be noted the charge in a collisional regime 
is much less than the chare in a colissionless regime at 

€ 

τ >> 100 . We discuss the effect of ion-neutral collisions 
next section. 

 
4.2 Collisional effect on the dust charge 

We have considered ion-neutral collision effect on the 
dust charge. Here we discuss the dust charge in more detail 
and compare with numerical solutions. As shown in Fig. 1, 

€ 

z  = 0.2 - 0.3 at 

€ 

τ  = 9 × 103. Since the ion-neutral 
collision is dominant in 10 Pa, Eq. (25) is approximated by 

€ 

I i = 2 2πa2en ivTiΗ (β)(τ z)
2 (λ / lin ),  while electron current 

is given by

€ 

I e = 2 2πa2 (−e)nevTe  under assumption 

€ 

z <<1 . Using the ion and electron currents with 

€ 

dQd /dt = 0 , the normalized dust charge is given by  
 

€ 

z ~ ne
n i

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 2
vTe
vTi

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 2

Η (β)τ 2( )
−1/ 2 lin

λ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1/ 2
.     (27) 

 
In our model, 

€ 

ne /n i  = 1 (both densities decrease by 
ambipolar diffusion process), 

€ 

Η (β)  = 0.01, 

€ 

τ  = 9 × 103, 

€ 

lin /λ  = 1, and 

€ 

m−1 = 7 × 103 are considered, so we 
obtain a normalized charge 

€ 

z  = 0.1, which is close to the 
numerical solution result as shown in Fig. 1. For 

€ 

kBTe = 3 
- 4 eV, 

€ 

a = 1 µm, 

€ 

z  = 0.1 - 0.3, the charge 

€ 

Zd  is on 
the order of 102. Initial dust charge, 

€ 

Zd  ~ 103 decreases 
by one order of magnitude in a plasma at cryogenic 
temperature in our model. 

The accurate dust charge should be determined with 
accurate values of the mean free path of ions. Ion-neutral 
collisions affect not only the dust grain charge but also the 
decrease of ion temperature. Screening length is also 
important factor not only to the dust grain charge but also 
Coulomb crystal of dust particles. Interparticle distance is 
comparable to the screening length. In our model, 
screening length is dominated by ion Debye length. The 
screening length is a scale length for the formation of dust 
structure. 

 

4.3 Complex plasma experiment  
According to the complex plasma experiments at 

cryogenic temperature [20], decharging of dust particles 
was observed. In the experiment, dust particles go through 
a localized plasma in liquid helium vapor near the liquid 
helium surface. When dust grains pass the localized plasma, 
drastic change of ambient plasma in density and ion 
temperature will occur around dust grains. In this case, we 
have to consider the dynamics of grain charging taking 
time-dependent ambient plasma state into account. Our 
model explains the decharging mechanism in the complex 
plasma experiment at cryogenic temperature.  

Background plasma parameters and neutral gas 
temperature are important parameters to determine dust 
motion or dust charge. Spatial temperature gradient of 
neutral gas affects on the dust particle as thermophoretic 
force, 

€ 

Fth ~ (a
2η /vTn )∇Tn  [28], where is 

€ 

a is dust radius, 

€ 

vTn  is thermal velocity of neutral particles, 

€ 

η  is 
coefficient of heat conductivity, and 

€ 

∇Tn  is a temperature 
gradient. 

 
4.4 Coupling parameter of dust particles 

To estimate the coupling parameter, we consider 

€ 

Γ  
defined by 

€ 

Γ =Γd exp(κ ) . Shielding parameter 

€ 

κ  = 

€ 

d /λ  
is typically in the range of 0.3 - 10. Here interparticle 
distance is governed by the screening length as 

€ 

d  ~ 

€ 

λ  ~ 

€ 

λDi  and 

€ 

Te /Td  ~ 

€ 

τ  for 

€ 

Ti  ~ 

€ 

Td . The ratio of 

€ 

Γ /Γ0  
(subscript 0 indicates the value at initial state) is described 
by 

€ 

Γ /Γ0  ~ 

€ 

ε z
2 /(εTdεTi

1/ 2 ) , where 

€ 

ε z  = 

€ 

z /z0 , 

€ 

εTd  = 

€ 

Td /Td0 , 

€ 

εTi  = 

€ 

Ti /Ti0 . Considering 

€ 

ε z  ~ 10-1, 

€ 

εTd  ~ 
10-2 and 

€ 

εTi  ~ 10-2 in our model, 

€ 

Γ /Γ0  ~ 10 is obtained, 
indicating the value of coupling parameter could increase 
in cryogenic condition. For example, dust charge number 
at room temperature is 

€ 

Zd  ~ 102 - 103 with 

€ 

a ~ a few 
µm, 

€ 

d  ~ 100 µm to 1 mm and 

€ 

kBTe ~ a few eV, while 
the dust charge number at a liquid helium temperature is 

€ 

Zd  ~ 102. Thus the coupling parameter 

€ 

Γd  becomes 
much larger than 1 at 

€ 

Td  ~ a few K. 
 

5. Conclusion 
Charging mechanism of dust grains in a plasma under 

cryogenic environment was studied by solving a system of 
equations, involving the time-dependent nature of 
characteristic time scales as plasma density variation and 
ion temperature relaxation. We revealed that both ion 
temperature and ion-neutral collisions play important roles 
in the dust grain charging. With the decrease of ion 
temperature due to ion-neutral collisions, the magnitude of 
dust grain charge decreased accordingly. The grain charge 
in a collisionless regime is estimated to be much higher 
than that in a collisional regime. It is found that the dust 
grain charge at cryogenic temperature was determined by 
the change of ion temperature and the ion-neutral collisions. 
The magnitude of the grain charge at cryogenic 
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temperature was smaller than that at a room temperature, in 
agreement with the results observed decharging of dust 
particles near a localized plasma in cryogenic environment. 
 

Acknowledgements 
 
This research is supported by the Asian Office of 

Aerospace Research and Development under 
AOARD-084116 and the Japan Society for the Promotion 
of Science Grant-in-Aid for the Scientific Research (B) No. 
19340173. 
 
References 
 
[1] O. Ishihara, J. Physics D: Appl. Phys. 40, R121-147 

(2007). 
[2] G. E. Morfill and A. V. Ivlev, Rev. Mod. Phys. 81, 1353 

(2009). 
[3] O. Ishihara, in Multifacets of Dusty Plasmas, edited by J. T. 

Mendonça, D. P. Resends and P. K. Shukla, AIP 
Conference Series, vol. 1041 (Melville, N.Y., AIP, 2008) 
pp. 139-142. 

[4] O. Ishihara, W. Sekine, J. Kubota, N. Uotani, M. Chikasue, 
and M. Shindo AIP Proceeding, ed. by B. Eliasson and P.K. 
Shukla (Melville, N.Y., AIP, 2009) pp. 110-126. 

[5] H. Chu and L. I, Phys. Rev. Lett. 72, 4009 (1994). 
[6] H. Thomas, G. E. Morfill, V. Demmel, J. Goree, B. 

Feuerbacher, and D. Mohlmann, Phys. Rev. Lett. 73, 652 
(1994). 

[7] Y. Hayashi and K. Tachibana, J. Appl. Phys. 33, L804 
(1994). 

[8] J. Winter, Plasma Phys. Control. Fusion 40, 1201 (1998).  
[9] V. E. Fortov, L. M. Vasilyak. S. P. Vetchinin, V. S. 

Zimmukhov, A. P. Nefedov, and D. N. Polyakov, Doki. Phys. 
47, 21 (2002). 

[10] K. Minami, Y. Yamanishi, C. Kojima, M. Shindo, and O. 
Ishihara, IEEE Trans. on Plasma Sci. 31, 429 (2003). 

[11] C. Kojima, K. Minami, W. Qin, and O. Ishihara, IEEE 
Trans. on Plasma Sci. 31, 1379 (2003). 

[12] T. C. Killian, S. Kulin, S. D. Bergeson, L. A. Orozco, C. 
Orzel, and S. L. Rolston, Phys. Rev. Lett. 83, 4776 (1999). 

[13] M. Rosengerg and G. J. Kalman, Europhys. Lett. 75, 894 
(2006).  

[14] P. Leiderer and M. Wanner, Phys. Lett. 73A, 189 (1979). 
[15] C. C. Grimes and G. Adams, Phys. Rev. Lett. 42, 795 

(1979). 
[16] S. N. Antipov, E. I. Asinovskii, V. E. Fortov, A. V. Kirillin, 

V. V. Markovets, O. F. Petrov, and V. I. Platonov, Phys. 
Plasmas 14, 090701 (2007). 

[17] S. N. Antipov, E. I. Asinovskii, A. V. Kirillin, S. A. Maiorov, 
V. V. Markovets, O. F. Petrov, and V. E. Fortov, JETP 106, 
830 (2008). 

[18] W. Sekine, O. Ishihara, and M. Rosenberg, J. Plasma Fusion 
Res. Series 8, 0290 (2009). 

[19] J. Kubota, C. Kojima, W. Sekine, and O. Ishihara, J. Plasma 
Fusion Res. Series 8, 0286 (2009). 

[20] M. Shindo, N. Uotani, and O. Ishihara, J. Plasma Fusion 
Res. Series 8, 0294 (2009) 

[21] Y. P. Raizer, in Gas Discharge Physics (Springer, Berlin, 
1991) p.67. 

[22] S. C. Brown, in Basic Data of Plasma Physics (MIT Press, 
Massachusetts, 1966) p. 57. 

[23] S. A. Khrapak, S. V. Ratynskaia, A. V. Zobnin, A. D. 
Usachev, V. V. Yaroshenko, M. H. Thoma, M. Kretschmer, 
H. Höfner, G. E. Morfill, O. F. Petorov, and V. E. Fortov, 
Phys. Rev. E 72, 016406 (2005). 

[24] M. Lampe, R. Goswami, Z. Sternovsky, S. Robertson, V. 
Gavrishchaka, G. Ganguli, and G. Joyce, Phys. Plasmas 10, 
1500 (2003). 

[25] V. N. Tsytovich, G. E. Morfill, S. V. Vladimirov, and H. 
Thomas, in Elementary Physics of Compllex Plasmas 
(Springer-Verlag, Berlin, 2008) p. 91. 

[26] A. V. Ivlev, M. Kretschmer, M. Zuzic, G. E. Morfill, H. 
Rothermel, H. M. Thomas, V. E. Fortov, V. I. Molotkov, A. P. 
Nefedov, A. M. Lipaev, O. F. Petrov, Yu. M. Baturin, A. I. 
Ivanov, and J. Goree, Phys. Rev. Lett. 91, 055003 (2003). 

[27] L. Couëdel, M. Mikikian and L. Boufendi, Phys. Rev. E 
74, 026403 (2006).  

[28] H. Rothermel, T. Hagl, G. E. Morfill, M. H. Thoma, and  
H. M. Thomas, Phys. Rev. Lett. 89, 175001 (2002). 

421

W. Sekine and O. Ishihara, Cryogenic Effect on Dust Grain Charging in a Plasma


