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 Dust Charging in Collisional Plasma in Cryogenic Environment 
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Dust charging in a plasma in cryogenic environment is studied experimentally. RF helium plasmas are produced 
at cryogenic temperature as well as at room-temperature. Dust particles introduced into a plasma are tracked by 
CCD camera and analyzed by PTV (Particle Tracking Velocimetry) method. Dust charges in a wide range of 
temperature and pressure are determined by two ways, (1) oscillating trajectory of a dust particle around an 
equilibrium position in a sheath and (2) deflected trajectory of a charged dust particle coming out of plasma in DC 
electric field. Dust charge in cryogenic environment is found to be lower than the one at room-temperature. The 
observed lower charge states are explained by a model with cryogenic ion temperature and ion-neutral collisions. 
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1. Introduction 

Dust particles in a plasma have been studied 
extensively over the last few decades. A complex (dusty) 
plasma is a plasma with micron size dust particles and 
has been attracting much attention to the community of 
industrial plasma, space plasma as well as laboratory 
plasma [1,2]. Recent study of complex plasma has been 
extended to fusion plasma since dust particles originated 
from plasma-surface interaction were observed in fusion 
devices [3,4]. In fusion, industrial or space plasmas dust 
particles are born in a plasma, but laboratory complex 
plasma can be produced easily by injecting solid 
(conductive or dielectric) particles into a plasma. Dust 
particles immersed in a plasma are charged negatively 
because of higher mobility of electrons than ions. The 
charge of a dust particle with a radius of 1~10 μm is 
typically -103e~-105e, where e is elementary charge. 
Because of the nature of large charge of a dust particle, 
Coulomb coupling parameter Γ defined by a ratio 
between Coulomb potential energy and kinetic energy of 
dust particles could be higher than 1 under laboratory 
plasma conditions. Larger coupling parameters (Γ  1) 
characterize the ordered structure of dust particles called 
Coulomb crystal [5-7]. Recent experiments on complex 
plasmas are focused on microgravity condition to 
investigate the nature of a complex system in a 
three-dimensional symmetrical plasma [8,9]. 

A cryogenic complex plasma is an emerging field to 
study dust-plasma interaction in an extreme condition 
[10,11]. Earlier experimental studies suggested the 
possible production of cryogenic plasma by pulse 
discharge in liquid helium [12,13] and ultracold plasma 

by a method of laser cooling [14]. A DC discharge plasma 
with dust particles in cryogenic condition was produced 
and interparticle distance between dust particles was 
reported to decrease with decreasing temperature [15-17], 
while our experiment showed constant interparticle 
distance in a background temperature of 77K and 300K 
[18]. Figure 1 shows our recent experimental results in 
the range of 4.2K to 300K. Theoretical study on 
cryogenic complex plasma suggested two-dimensional 
dust structure on the surface of liquid helium [19] and a 
quantum effect on a pair of dust particles [11]. The 
Coupling parameter Γ could be much higher than 1 on the 
surface of liquid helium, so the two-dimensional system 
of charged dust particles is expected to be observed in the 
crystal phase. 

Dust charge is a fundamental parameter for a 
complex plasma and is needed to be explored in detail 
under a cryogenic condition. Interactions of dust particle 
with electrons, ions and dust particles are determined by 
their charge states. We determined dust charge 
experimentally by using two experimental setups. Dust 

Fig. 1. Observed Coulomb cluster of dust particles in 
horizontal plane for [Tn(K), P(Pa)] = (a) [4.2, 
0.9] (b) [77, 60] (c) [300, 60]. Interparticle 
distance is d~0.5mm. 
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particles are introduced to a helium plasma produced in
cryogenic gas [18,20] or in liquid helium vapor [21].

In this paper, we present background temperature
and collisional effects on dust charges. In Sec. 2,
experimental observation of dust oscillations under
cryogenic condition and a model for charge determination
are described. In Sec. 3, we show deflected trajectories of
dust particles in the vapor of liquid helium between
parallel electrodes and decharging process of dust
particles. In Sec. 4, determined dust charge state is
discussed. The paper is concluded with results and
discussion in Sec. 5.

2. Helium plasma in cryogenic gas (YD-1)
A. Experimental setup

Our experimental setup was described briefly in Ref.
[18]. In our earlier experiment, dynamics of dust particles
in RF helium plasma was studied in vertical long glass
tube at room-temperature [22] as well as at cryogenic
temperature [18,20]. The cryogenic experimental
apparatus YD-1 (Yokohama Dewar No. 1) is a double
silver-coated glass Dewar bottles with the inner diameter
of 9.6 cm and the height of 80 cm. Two Dewer bottles
have about 1 cm wide vertical uncoated slit on their sides
for observation of a complex plasma. The inner Dewar
bottle filled with liquid helium (LHe) or liquid nitrogen
(LN2) is placed in outer Dewar bottle. Outer Dewar bottle
filled with liquid nitrogen helps keeping cryogenic liquid
longer by avoiding inflow of heat. A discharge glass tube
set in inner Dewar bottle is shown in Fig. 2. The glass
tube is ~70 cm in length consisting of a thin upper part of
60 cm in length with 1.6 cm in inner diameter and a thick
lower part of ~12 cm in length with 5 cm in diameter. The
glass tube is connected to an external stainless steel pipe
at the flange attached to the inner Dewar bottle. An RF
helium plasma with a neutral gas pressure P= 0.1~100Pa
is produced in the lower part of the glass tube by applying

RF (13.56 MHz) voltage of ~50 V between two ring plate
electrodes of 4 cm in outer radius and 1 cm in inner
radius. Neutral pressure is measured by capacitance
diaphragm gauge placed above the flange. The plasma is
characterized by the electron density of ne ~ 1015 m-3 and
electron temperature Te of a few eV, while ions lose their
kinetic energy through collisions with cooled neutrals.
The background gas temperature is controlled by
containing the cryogenic liquid, liquid helium or liquid
nitrogen, in the inner Dewar bottle. Acrylic particles (dust
particles) of a = 0.4~10 μm in radius with a mass density
of ρd = 1.2 g/cm3 are dropped from dust dropper situated
about 80 cm high from the bottom of the glass tube. The
dust particles charged in the plasma are suspended around
an equilibrium position where the sheath electric force
balances with the downward gravitational force. The
equilibrium height from the bottom of the glass tube heq =
5~30 mm depends on the temperature and pressure
conditions. The dust particles illuminated by green laser
(λ = 532 nm) are visible by naked eyes.

To observe vertical motion of a dust particle in the
plasma, particles are dropped from the dust dropper. Dust
particles are accelerated in the long glass tube under the
gravity. The dust particles immediately charged after
entering the plasma go further below the equilibrium
position and go deeper in the sheath. The electric force
acts upward on a negatively charged dust particle in the
sheath moves the particle upward against gravity. Dust
motion is recorded by high-speed CCD camera from the
side at a frame rate of 100~400fps, and analyzed by using
PTV (Particle Tracking Velocimetry) method. In PTV
method velocity and acceleration are measured by
detection of the particle position in each frame. Our
earlier experiment showed two dust particles to form
vertical pair moving upward along the ion flow in the
sheath affected by the wake field [22].

Fig. 2. Experimental setup of YD-1. RF helium
plasma is produced in a glass tube
surrounded by cryogenic liquid.

Fig. 3. Damped dust oscillations around equilibrium
positions at 4.2K for (1) 0.6 Pa and (2) 0.9 Pa.
The equilibrium position, the oscillation
frequency and decay time constant depend on
the neutral pressure.
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B. Neutral temperature in helium plasma
Temperature of neutral particles in RF helium plasma

is determined by observing vertical dust oscillation in a
liquid nitrogen condition [18]. Figure 3 shows typical
damped oscillations around equilibrium positions of 2a=
0.8 μm in a cryogenic (LHe) condition for various
pressures. Dust trajectory under cryogenic temperature as
well as room temperature is described by the equation of
motion for a damped harmonic oscillator,
mdh+γh+k(h-heq)=0, where md is mass of a dust particle,
h is vertical height of a dust particle, γ is friction
coefficient of neutral gas and k is a spring constant in the
dust oscillation motion. Frequency of dust oscillation ω,
equilibrium height heq and damping time constant τd is
measured from the trajectories. The friction coefficient γ
determined by 2md/τd is typically ~10-15 kg/s for neutral
density nn ~ 1022 m-3 and background helium temperature
Tn ~ 4.2 K, which agrees reasonably well with the friction
coefficient given by Epstein [23] as

),(
3

4)( nn
2

nnn TcamnT (1)

where δ is a constant value with 1.0~1.44 depending on
the type of reflection, mn is mass of a neutral particle and
cn=(πkBTn/8mn)1/2 is mean velocity of neutrals (kB : the
Boltzmann constant). The background helium gas
temperature in the glass tube is sufficiently cooled by
surrounding cryogenic liquid while producing RF helium
plasma [18].

C. Dust charge in cryogenic helium plasma
Experiment at cryogenic temperature is carried out.

Various sizes of dust particles with 2a= 0.8, 1.5, 3, 5, 10,
20 μm are dropped from the dust dropper and are fully
charged in the plasma. Smaller dust particles are

suspended in the sheath electric field, while lager dust
particles reach the bottom of the glass tube without
suspension. The dust suspension is observed for 2a ≤
10μm at 300K, 2a ≤ 5μm at 77K and 2a≤ 3μm at 4.2K.

Dust charge number |Zd| is determined by [18,24,25]

,/)(2|| 22
d

22
0d0d ehamZ (2)

where ε0 is permittivity of vacuum and h0=heq-mdg/k (g:
gravitational acceleration). Typical values of ω =
30~150 rad/s, τd-1 = 2~15 sec-1 and heq = 5~30 mm depend
on temperature and pressure. Dust frequency ω and
inversed decay time constant τd-1 are found to increase
with pressure, while equilibrium height heq is lowered.
Figure 4 shows dust charge with 2a= 0.8 and 1.5μm. The
charge is found to decrease with decreasing background
temperature Tn. Dust charges with 2a= 0.8μm are smaller
than the values of dust charges with 2a=1.5 μm in the
temperature range of 4.2K to 300K.

3. Plasma above liquid helium surface (YD-2)
A. Experimental setup

The cryogenic apparatus YD-2 (16 cm in inner
diameter and 1 m in height) is used to produce a plasma
in a liquid helium vapor as shown in Fig. 5. A localized
plasma in the liquid helium vapor is produced by
applying RF voltage between needle electrodes. The RF
discharge plasma is produced by applying voltage (10kHz,
~6kV) to tungsten wire needle electrodes. The two
needles are separated by 1~2 mm and mounted on an
acrylic plate having the central hole 18 mm in diameter.
The liquid helium is kept in a superfluid state by
decreasing the pressure below 0.1 atm. The plasma with
neutral density of nn ~ 1026 m-3 is produced locally near
the electrodes in high gas pressure (6~8kPa) with the
electron density ne ~ 1015 m-3 and electron temperature Te

~ 5 eV, characterizing the electron Debye length De ~ 0.5

Fig. 5. Experimental setup of YD-2. Plasma is
produced in the liquid helium vapor.

Fig. 4. Dust charge with diameter 2a= 0.8, 1.5 μm as
a function of pressure for 300 K, 77 K and 4.2
K. Dust charges change with temperature
while dust charges remain nearly constant
with the variation of pressure.
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Fig. 6. (a) Charge variation in y direction. (b) Deflected dust trajectory in (x, y) plane. Distance y is measured from the
lower edge of the localized plasma. Dust charge decreases with distance away from the plasma. Time interval
between recorded points is 2.5 msec and dust particles are shown to move faster at 4 K than 300 K.

mm. Dust particles are supplied from a dust dropper near
the flange and fall through thin stainless steel tube of 1 m
in length with 2 mm in diameter. Once dust particles
reach the needles, they are charged by the plasma. Dust
particles gain enough energy by gravitational field before
reaching the plasma to move through the plasma and go
downward further away from the plasma. Then charged
dust particles enter the region where two parallel plates
produce electric field in the horizontal direction. Dust
particles are deflected in the electric field and their
trajectories are recorded by CCD camera. Since the
plasma extends hardly to the region between the parallel
electrodes, as confirmed by a probe, electric field
between two parallel electrodes is approximated by the
vacuum field.

B. Model of charge determination
The trajectories of the dust particles with dust charge

Q= Zde and mass md in the electric field E are described
by

,)(
2

d E
γ

m
Q xxΕ (3)

where x and x are velocity and acceleration of a dust
particle at location x, respectively. And x = (x,y), x is in
the horizontal direction and y is in the gravitational
direction with the origin at the center of the needle
electrodes. The friction on a dust particle is caused by
collisions between dust particles and neutral helium
atoms. The friction coefficient γ is given by

.1
2

2 xg
xg g

g
(4)

By setting E=Eex and g=gey. Eq. (3) can be expressed in
terms of velocity components as

],tan)([1
yx

d
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where tanθ=vx/vy. The values of θ, v x and yv are
measured by PTV method. The variable DC voltage in
the range of ±300 V is applied between the two parallel
plates (8 cm by 3.4 cm) separated by 4.2 cm. The electric
field under the plasma is produced uniformly in the x
direction. Any effect by the diffused plasma to the electric
field is negligible because of the localized nature of the
plasma. Charged dust particles are observed to fall
without deflection in the absence of electric field.

C. Deflected trajectory between DC electrodes
The bright discharge plasma extends to a region of

about ~1 mm in thickness and ~1 cm in width. The falling
dust particles pass through the hole on the acrylic plate
with the thickness of 5 mm. The period to cross the
plasma region is about 0.01 sec, which is sufficiently
longer than charging time ~10-7 sec. Observed positions
of typical dust particles and their charges at the point are
shown in Fig. 6. Deflected direction of trajectories
confirms the charging state of dust particles as negative.
Charges of dust particles are found to decrease
exponentially as dust particles leave the plasma. To
confirm the cryogenic effect on the decharging process,
we produced helium plasma at 300 K, 1~10 kPa with the
same background neutral density in the liquid helium
vapor and measured charges of dust particles. Charges of
a dust particle are found to be several times larger than
the one in cryogenic environment. The friction
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coefficients are estimated as γ ~ 10-12 kg/s at 300 K and γ
~ 10-13 kg/s at 4 K. The viscosity of helium gas decreases
as temperature reduction. We found Q~ -500e for a= 1.5
μm, ρd = 1.2 g/cm3.

Since many electrons are attached to dust surface a
massive dust particle behaves as a negative charge career
in a plasma. Charge to mass ratio of a particle
characterizes its dynamics in a complex plasma. Charge
to mass ratio of a dust particle |Q|/md ~5×10-3 C/kg is
much smaller than electron charge to mass ratio e/me =
1.76×1011 C/kg. But the charge of dust particle is enough
to respond to electric force.

It should be noted that some dust particles are
observed to be trapped in the plasma or deflected by the
plasma in spite of injecting velocity ~15 cm/s at the upper
plasma boundary. Dust particles fall through a thin
stainless tube of 1 m in length with 2 mm in diameter.
Dust particles collide with the tube while they fall and the
velocities of dust particles at the exit of the tube are not
uniform. Dust particles having velocity less than 15 cm/s
are trapped easily in the plasma. There may be neutral
flow over the plasma by thermophortic force.

4. Discussion
A. Decharging process in the liquid helium vapor

Decharging process in a vapor above the superfluid
liquid helium as well as in a helium gas at
room-temperature is discussed in this section.
Experiments on decharging process were conducted in
discharge afterglow under microgravity condition [26] as
well as an on-ground condition by using thermophoretic
force [27]. Electric field with a frequency of a few Hz
was applied to the dust particle floating in the afterglow
plasmas, and a rest charge on a dust particle was
estimated based on the dynamics of dust motion. It
should be noted that dust particles stay in afterglow
plasma in these experiments, while dust particles pass
through the localized plasma and move out of the plasma
in our experiment.

Deflected dust trajectory and spatial variation of dust
charge are shown in Fig. 6. As can be seen in Fig. 6, dust
charge decreases exponentially with time as
|Zd(y)|=|Zd|exp(-y/ly), where ly is decharging length and ly
= 10~100 mm at 4 K and ly ~ 4 mm at 300 K.

The charging frequency ωc in a collisionless plasma
is given by ωc~(a/λDi)ωpi [1], while ωc~(li/λDi)ωpi in
collsional plasma [28], where ωpi=(nie2/ε0mi)1/2 is ion
plasma frequency, ni is ion density and mi is a ion mass.
In the plasma above liquid helium surface, charging
frequency is ωc ~ 106 rad/s. Since dust particles have
velocity on the order of vy ~ 10cm/s, ωc/2π is much higher
than the value of vy/ly ~ 10 sec-1. Time dependence of
decharging process of dust charges was studied in an
afterglow plasma [26,27], while we have measured space
dependence of dust charges above liquid helium surface

by observing dust trajectories passing through a localized
plasma.

B. Lower charge state in a cryogenic plasma
The dust charges determined by two different

methods suggest that charges decrease with decreasing
temperature. Comparing the results of YD-1 and YD-2 at
the same temperature condition, charge obtained by YD-2
is smaller than YD-1. Lower charge state of dust particles
is discussed in this section.

It was shown by simulation that charge exchange of
ion on neutrals affects the charge state at
room-temperature [29] as well as cryogenic temperature
[17]. A cross section of charge exchange collision σ is σ~
5×10-19 m2. Ion mean free path li in YD-1 is estimated as li
~ 1 mm at 300 K, li ~ 1mm at 77 K and li ~ 0.1mm at 4.2K.
In YD-2 with higher neutral pressure the ion mean free
path is li ~ 0.1μm at 4 K, li ~ 0.01mm at 300K. Ions in the
plasma are assumed to be cooled by neutral-ion collisions
(Ti ~ Tn) since dimensions of plasma L (L ~ 50 mm in
YD-1 experiment, L ~ 10 mm in YD-2 experiment) are
much larger than the ion mean free path (L li). Because
of the energy supplied to maintain the plasma and the
longer nature of mean free path of electrons than ions,
electrons keep their thermal energy. For our experiments,
electron Debye length λDe of our plasma is λDe ~ 0.5 mm,
while ion Debye length λDi changes its value λDi = 4~40
μm at 4~300 K.

The effect of ion-neutral collisions on charging was
shown in series of experiments [30,31]. Ion current in the
presence collisions is given by [31]

)],/(0.1+[18π iTii
2

i lλzτzτvnaI (6)

where vTi=(2kBTi/mi)1/2 is thermal velocity of ions, τ is
temperature ratio τ=Te/Ti , z is normalized dust charge

Fig. 7. Normalized dust charge z as a function of
collision parameter λD/li. Experimental
values, theoretical values of collisionless
OML theory and collisional OML theory
are shown.
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To calculate the dust charge it is necessary to equate the 
ion flux to the electron flux Ie= 8 a2nevTeexp(-z), where 
where vTe=(2kBTe/me)1/2. The dust charges by collisionless 
OML theory and collisional OML theory are compared to 
our experimental data. Figure. 7 shows normalized dust 
charge z as a function of normalized collision parameter 
λD/li. The ambiguity of our experimental data in 
normalized collision parameters is derived with λDe or λDi. 
The lower charge state in cryogenic condition and in 
collisional situation is clearly shown to agree with 
theoretical predictions as shown in Fig 7. 
 
5. Conclusions 

RF helium plasmas are produced in cryogenic gas as 
well as in liquid helium vapor. Dust particles introduced 
into the plasmas are tracked by CCD camera and 
analyzed by PTV method. Dust charges in a wide range 
of temperature and pressure are determined by two ways, 
oscillating trajectory of dust particles around equilibrium 
position and deflected trajectory of charged dust particles 
in DC electric field. The dust charge in cryogenic 
environment is found to be much lower than the one at 
room-temperature. Background cryogenic temperature 
and collisions lead lower charge state at cryogenic 
condition. 
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