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The surface temperature of the dust particle in cryogenic complex plasmas at gas pressure
0.6—10Pa is considered. It is shown that at low pressure the dust particle surface temperature is
significantly higher than that of the background gas, as a result of which the atom drag force is
comparable with the screened Coulomb interaction and even exceeds it for the large-size dust par-
ticles. As the gas temperature near the grain surface is a slowly decreasing function of distance
with asymptotic ~1/r behavior, for correct description of the cryogenic complex plasma at low gas
pressure, it is important to include effects related to the dust particle surface temperature.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982606]

Dusty plasma has been the subject of intensive research
since the beginning of the nineties. There is a large scope of
experimental data on static and dynamic properties of dusty
plasmas, which were successfully explained in the framework
of theoretical models and computer simulation.'* Most of the
dust plasma experiments were carried out under the conditions
of terrestrial laboratories at room temperature (300 K), where
plasmas are characterized by electrons with a temperature of a
few eV and ions with a temperature of about 0.03 eV. In such
plasmas, micron-sized dust particles have large negative
charges as a result of interaction with ambient plasma. One of
the main problems of such experiments is difficulty in realiz-
ing an extended three-dimensional isotropic structure of dust
particles. To avoid this problem, some experiments were
performed under microgravity conditions.” On the other hand,
the study of complex plasma in cryogenic environments
has only started.* Earlier experimental studies suggested
production of cryogenic plasma by pulse discharge in liquid
helium®® and ultracold plasma by laser cooling.” Rosenberg
and Kalman suggested a unique nature of the two-
dimensional dust structure on the surface of liquid helium.®

Cryogenic plasma with clusters of the dust particles was
experimentally realized by Antipov et al.® at p = 100700 Pa.
They found out that in the case of spherical dust particles with
a radius ~2.7 um, the mean interparticle distance does not
exceed 30 um and the dust cloud density is ~10” cm > (which
is extremely high for the dust structure). The authors
explained this result by smaller value of the dust particle
charge and shorter screening length in comparison with the
room temperature case,10 which means a weaker repulsion
between dust particles.

In the later experiments by Ishihara and his coworkers at
lower pressures p =0.6—10Pa (Ref. 11) with 0.4 um dust par-
ticles, the mean distance between dust grains was ~0.5 mm,
which is thousand times greater than the grain size. This find-
ing is rather unexpected as much shorter interparticle distan-
ces in the cryogenic environment were reported in other
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works.”!? Therefore, it is necessary to find an explanation to
the larger interparticle distance at low pressures. The dust par-
ticle charging at the conditions of experiments at low pres-
sures was considered in Refs. 13 and 14.

In this work, we consider the dust particle surface tem-
perature in the low pressure plasma p =0.6-10Pa in cryo-
genic conditions. Below, we will show that the dust particle
surface temperature can be significantly higher than that of
the background gas.

To calculate the electron flux to the grain surface, the
collisionless orbit motion limited (OML) expression can be
used

Jo =V 87ra2nev70 exp(—z), (1

where a is the grain radius, 7, is the electron density, vy, =
VkgT./m, is the electron thermal velocity, z = e|Qq4|/
(akpT,) is the normalized charge of the dust particle and kp is
the Boltzmann constant.

Khrapak et al. discussed the effect of ion-neutral colli-
sions on the steady-state dust charge in plasma.'> An approx-
imate expression for the ion flux in a weakly collisional
regime has the following form:

1

Ji ~ V8na’njvr, (1 + 21+ 0.1(z1)? lf) (2)

Here, t=1T,/T, is the ratio of the electron temperature to
the neutral atom temperature, /4 is the screening length, and
I; ~ 1/n,0;, with the cross section a;, ~ 10~ cm ™2 of the
resonant charge exchange of the helium ion with a stationary
atom. In our model, £ ~ ; = (kgT;/4mn;e?)"* and T; ~ T,.
The electron temperature and density, kzT, >~ 3 eV and n,
~ 10°cm >, are considered. The background neutral atom
temperature ranges from 300K to 4.2 K. Equating the electron
and ion fluxes, Egs. (1) and (2), we calculated z. The value of
z as a function of t for the pressures 2 Pa and 10 Pa is shown
in Fig. 1. A drastic decrease in the dust charge due to increase
in the number of trapped ions with an increase in T is
observed. Fig. 1 shows a comparison of the experimental

Published by AIP Publishing.
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FIG. 1. Normalized charge z vs. temperature ratio t =17,/T, at T, >~ 3 eV for
neutral gas pressures 10Pa (dashed line) and 2 Pa (solid line). The experi-
mental result is shown with error bars.'"*1®

result for the cryogenic dusty plasma'"'® with the results of

our calculations. It is seen that the result of the experimental
measurement of the dust particle charge can be described by
collisional charging theory. The calculated value of z at 300 K
is also in agreement with the results of the previous
studies.'+131°

The relative temperature difference between the dust
particle surface and the surrounding gas in the low-pressure
weakly ionized complex plasmas is calculated using the for-
mula derived by Khrapak and Morfill'”

AT/T, = (1/2“)(”e/nn)(TE/Tn)(UT,:/UT,?)

1 _
X (“”kBTe)(”R) Yexp(—z), (3)

where AT =Ts — T, Ts is the dust grain surface temperature,
R(Ty) =Tg/T'y is the ratio of the energy fluxes due to radia-
tion I'g ~ 4na’ao(T* — T*) and neutral gas Ty = 22v/87a?
nyvr,kg(Ts — Ty), 09 is the Stefan-Boltzmann constant, o ~ 1
is the accommodation coefficient, p is the neutral gas
pressure, and [ is the ionization potential. In Ref. 17, the
ratio T'g/T'y is approximately taken in the form R ~ /87
(a0/apur, )(T,)*, as in the case of neutrals at room tempera-
ture in a gas discharge AT/T,, < 1. At 300K and 20 Pa in gas
discharge, it was obtained that AT/T,, ~ 0.2."7'® At the given
pressure, the number density of neutral atoms increases with
a decrease in gas temperature as ~1/T,. Therefore, we have
AT /T, ~ +/T./T, dependence of the relative temperature
difference between the dust particle surface and the sur-
rounding gas on the parameter t=7,/T,. The temperature
at normal conditions 300K and temperatures at the cryo-
genic conditions 30K and 4.2K correspond to 7~ 100 and
7~ 1000, 7~ 8000-10000, respectively. In Fig. 2(a), the
values of the relative temperature of the dust particle surface
T¢/T, at different values of pressure 7 for p = 10Pa, p =2Pa,
and p = 0.6 Pa are shown. One can see that in a low pressure
cryogenic dusty plasma, the grain surface temperature is more
than two times higher at 7,=30K and ten times higher at
T,=4.2K than the surrounding gas temperature. Apparently,
the increase in the grain surface temperature is caused by the
increase in the ion-electron recombination rate on the surface
of the dust particle with decreasing gas temperature.

Phys. Plasmas 24, 050701 (2017)

FIG. 2. Top: Relative temperature of the dust particle surface Ts/T), vs. tem-
perature ratio t=7T,/T, at T, ~ 3 eV for neutral gas pressures 10 Pa (dashed
line), 2 Pa (solid line), and 0.6 Pa (dashed-dotted line). Bottom: Gas temper-
ature as a function of the distance from the grain surface for Ts/T,, =9: solid
line was obtained using Eq. (4) and dashed line was obtained taking into
account the slip coefficient.?!

Recently, using the drift-diffusion equations, Totsuji'’
proposed the model for evaluation of the dust particles’
cloud size, i.e., the mean interparticle distance, which
depends on the value of parameter 7 inside the dust cluster.
One can assume that the mean temperature of ions (atoms) in
the cryogenic environment is higher in the space inside the
dust cluster than outside the dust structure due to dust surface
heating. Therefore, it is interesting to evaluate the gas tem-
perature distribution near the dust particle surface. In gen-
eral, as it is well-known, dust particle charge fluctuates with
time, as a result of which the temperature difference between
the dust particle surface and the surrounding gas is a function
of time AT = AT(¢). If the dust particle is supposed to be
immersed into the plasma at time = —oo, the value of the
gas temperature at the distance » from the dust grain surface
at time ¢ can be obtained from?°

., . _alr—a ! T:i(¢) (r—a)2 ,
T = e o )

“4)

where y is the gas thermal diffusivity (here by the asterisk
symbol, we indicate that the temperature is measured starting
from the value of the gas temperature at r > a).

As in our model we do not consider the dust charge
fluctuations, in Fig. 2(b), the gas temperature is shown as a
function of the distance from the grain surface at r = co. Eq.
(4) was derived for the case //a < 1. However, the compari-
son with the result derived by Liu er al.?' for any value of
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the ratio //a shows that Eq. (4) gives good qualitative
description of the temperature distribution at large times.
According to Liu et al., the static distribution of tempera-
ture around the grain is T — Ty= (T, — T,)(1 — c/r), where
¢ ~ 0.86 is the constant determined by the so-called slip
coefficient and describes the temperature jump at the parti-
cle surface.”’ It should be noted that this result was
obtained under the condition of a small temperature differ-
ence or constant thermal conductivity and is valid at large
distances from the particle. However, it is useful for a quali-
tative description of the temperature distribution as nonmo-
notonic behavior of the temperature distribution in
considering case is not expected.

In Fig. 2(b), the distance is given in the units of the dust
radius and the gas temperature in the units of its value T, at
r>>a. The gas temperature near the grain surface is a slowly
decreasing function of distance with asymptotic ~1/r behav-
ior. It is clearly seen that the dust surface heating does
not strongly affect the gas (ion) temperature at the length
scale comparable with the average interparticle distance.
Therefore, this mechanism cannot explain the observed large
mean interparticle distance. However, the dust surface heat-
ing is important for space around the dust particle with a
radius ~2 X a. As in the cryogenic conditions the screening
length is of the order of the dust particle size,'®'*'* the dust
surface heating can be important in more precise calculations
of the dust particle charging® and can have a strong impact
on the wake effect.>>2¢

The other factor that may cause the large mean interpar-
ticle distance is the so-called neutral shadowing interaction,
which appears due to the temperature difference between the
dust surface and the surrounding gas. This interaction is the
result of the net momentum flux carried by neutrals to (from)
the grain and has the following form:*’

Ua(r) = (3n/8)(a’p/r)(AT/Ty), ©)

where the interaction is repulsive as AT >0 and a slowly
decreasing function of distance ~1/r.

The ion shadowing interaction Uy, is attractive; thus, it
cannot be responsible for the large interparticle distance. The
relative magnitude of the neutral and ion shadowing interac-
tions can be derived by the following expression: |U,/Us|
~ 0.6/ (zt)*(a/2)(n,/n;)|AT/T,|."" Taking zt~10°, AT/T,
~ 10, and assuming that the ionization fraction n,/n; ~ 10° is
the same as in experiments at room temperature, as the ioni-
zation is caused by electrons and its temperature is nearly
independent of the gas temperature, we obtain the following
expression for p = 0.6 Pa:

|U11/Ush| ~ 6 % ((l/)), (6)

where it should be noted that the ionization fraction n,/n; can
have lower value due to electrons release during binary colli-
sions between metastable helium atoms in cryogenic
environment.'?

For the relative magnitude of the neutral and bare
Coulomb interactions |U,/Uc| ~ 0.1/(zt)*(a/2)*(n./n;)
|AT/T,|,"” for p = 0.6 Pa, we obtain the following relation:

Phys. Plasmas 24, 050701 (2017)

U,/ Uc| = (a)2)*, 7

where it is worth noting here that this ratio increases if one
considers more realistic screened Coulomb interaction.

For the dust particle with the radius 0.4 um taking
T;~T,, one can obtain a/4 ~ 0.1-1. It means that, in contrast
to the experiments at room temperature, the atom shadowing
interaction is comparable with the screened Coulomb inter-
action and even exceeds it for the dust particles with larger
size, as in dusty plasma experiments the grain size is up
to 10 um. For comparison in the experiments at room tem-
perature, |U,/Uc|~2 x 107°-2 x 1072, The atom drag
interaction is not screened by plasma ions and electrons, in
contrast to Coulomb interaction, and affects all dust particles
around the considered one (but not to all dust particles in the
system). Therefore, we conclude that in the experiments by
Kubota er al.'' on the cryogenic dusty plasma, the neutral
shadowing interaction is crucial and can be responsible for
the large interparticle distance at low pressure p = 0.6 Pa.

At 10 Pa, for the surface temperature of the dust particle,
we have AT/T,,=0.5, which is still more than two times
higher than that at room temperature. The importance of the
atom drag interaction for the considered system of the dust
particles is determined by the ratio of the atom drag interac-
tion to the characteristic kinetic energy of the dust particle’s
chaotic motion. Unfortunately, Kubota et al. did not present
the characteristic kinetic energy of the dust particle in their
experiment. It is worth noting that at the given pressure, the
friction due to neutral particles approximately 8-9 times
higher in the cryogenic environment than in the case of room
temperature atoms. Furthermore, in the cryogenic environ-
ment, the parameter which stands for the ratio of the energy
fluxes due to radiation and neutral gas is R ~ 10 °—10"% < 1
and, therefore, as R ~ n a slight change in the pressure (num-
ber density) does not affect the value of the factor (1 +R)!
in Eq. (3), which is in contrast to the room temperature case
where R ~ 1. Taking into account this fact, from Eqgs. (3) and
(5), one can find that in the cryogenic environment the neu-
tral shadowing interaction is ~a* and independent of pres-
sure. However, the change in the pressure affects the mean
free path [ of the neutrals. In the free molecular regime //a >
1, this parameter is in fact the length scale of the neutral
shadowing interaction due to grain surface heating. It is
physically unreasonable to consider this kind of interactions
at larger distances. At p =0.6 Pa, one can find that / ~ 2 mm,
which is larger than the mean interparticle distance. At
p=10Pa, the mean free path of the neutrals is / ~ 0.1 mm,
which is still comparable with the mean distance between
dust grains. Therefore, the neutral shadowing interaction is
important at considered parameters of the cryogenic dusty
plasma and has to be taken into account in the future works
in this field. For the parameters of the experiments by
Antipov et al.,9 which was carried out at p = 100-700 Pa,
one can find that / ~ 1072=10 "> mm. Therefore, in the
experiments by Antipov er al.,” the characteristic scale of the
neutral shadowing interaction is at least hundreds times
smaller than that in the experiments by Ishihara and
coworkers.''
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In general, the mean inter-dust particle distance is deter-
mined not only by the interaction forces between dust grains
but also by the collective effects and, in particular, by the
external electric field that captures the negatively charged
particles into the cloud in the central part of the discharge. In
the cryogenic regime, the screening length is of the order of
the dust particle size and, in the absence of other mecha-
nisms which can cause strong inter-grain correlations, weak
confinement by external fields leads to the so called gaseous
state of the system of dust particles (i.e., disordered chaotic
motion of dust particles). Such a gaseous state was noticed
in the experiments by Antipov er al.” whereas Kubota
et al."" observed the ordered structure of dust particles. On
the other hand, strong confinement by external fields, in the
absence of strong dust particle-dust particle repulsion, con-
stricts structure. Therefore, the inter-dust particle distance
becomes comparable with the screening length as in the
experiments by Antipov et al.’

Cryogenic complex plasma is an emerging field for
studying dust-plasma interaction in extreme conditions.
The main goal of the experiments on dusty plasma in the
cryogenic environment is to create strongly coupled two
dimensional systems with unique features® and with possi-
ble quantum effect on a pair of dust particles.”® The grain
surface heating has not been considered in the previous
works. The result presented in this work is rather unex-
pected as the surface heating effect in the experiments at
room temperature is negligible and important only in hot
plasma of tokamak.?’ Finding of the strong atom drag
interaction between the dust particles in the cryogenic
environment at low pressure is of high importance, as, in
general, understanding of interparticle interactions is a fun-
damental problem.**3?

To summarize, we have shown that at cryogenic condi-
tions the dust particle surface temperature is significantly
higher than that of the background gas. This can affect ion
temperature and energy distribution function, dust particle
charge screening, the neutral shadowing force, and charac-
teristic temperature of the dust particle motion as a whole.
Using the Boltzmann equation, the authors® > showed that
the impact of dust particles on the surrounding plasma can
be significant. This implies that self-consistent consideration
of the cryogenic complex plasma must include the effect of
the dust particle surface temperature. In general, the cryo-
genic gas discharge is poorly investigated and accurate simu-
lation of the dusty plasma in the cryogenic environment is a
subject of the future work.

This work has been supported by the Ministry of Education
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