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INFLUENCE OF THE NEUTRAL SHADOWING FORCE ON THE PAIR CORRELATION
FUNCTION OF THE DUSTY PLASMA UNDER CRYOGENIC CONDITIONS

Abstract. The paper considers the influence of the neutral shadowing force on the radial distribution
function of a three-dimensional (3D) dusty plasma system under cryogenic conditions, i.e., at pressures below
1 Pa and at temperatures below 10K. The results of computer modeling by means of molecular dynamics
simulationsare presented. The origin of the neutral shadowing force is a consequence of the interaction of
dust particles with neutral plasma particles. More precisely, neutral particles created by the recombination of
charged plasma particles on the surface of dust particles. It was found that the additional force has a strong
effect on the structural properties of cryogenic plasma. Under cryogenic conditions, the neutral shadowing
force does not depend on the gas pressure. However, the mean free path of atoms depends on the pressure.
The mean free path of neutrals determines the range of action (radius) of the neutral shadowing force. When
evaluating the influence of the neutral shadowing force, the interaction potential was modified to include
an additional repulsion. The radial distribution functionwas calculated for different values of the coupling
parameter and screening parameter. A significant deviation of the radial distribution functions was observed
with an increase of the strength of neutral shadowing force. However, no changes in the radial distribution
function were observed at the cutoff radius r_ = 1, which is a consequence of the fact that the force has no
effect at small distances of the cutoff radius.

t

Key words: neutral shadowing force, radial distribution function, dusty plasma, cryogenic plasma.

Introduction. The increased interest in plasma under extreme conditions is due to the emergence of
interesting effects that require detailed study and discussion of possible applications of cryogenic complex
plasmas [1]. The realization of experiments with dusty plasma under certain conditions might be various,
including experiments under terrestrial conditions on laboratory setups, under microgravity and cryogenic
conditions. In this work, dusty plasma under cryogenic conditions is investigated, namely, the effects
influencing the structural properties of a system of dust particles are investigated.

In this regard, it became necessary to carry out experiments under cryogenic conditions in which it was
found that the surface temperature of a dust particle is several times higher than the temperature of the
background gas and can reach 4.2 K [2-3]. To be more precise, the temperature of dust surface is ten times
higher than the temperature of a neutral gasin case when the distance between them is large. The reason
for this effect is rooted in the high rate of ion-electron recombination which caused by a strong plasma flux
on the surface of dust particles due to the low temperature of the ions. During charging, dust particles are
exposed to flows of charged particles. Then charged particles after attaching to dust particles recombine
on their surfaces. This bombardment effect of dust particles by plasma particles creates attraction between
dust particles because of the shadowing effect. Thus, the temperature difference at low pressure leads to the
formation of a flux of neutral gas particles from the surface of dust particles, causing a neutral shadowing
force. This additional force was taken into account when evaluating the interaction of dust particles and acts
as an additional repulsion force:
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where a is the mean inter-dust-particle distance, T, is the temperature of neutral gas particles, T is the dust
particles’ surface temperature, d is the dust particles’ radius.

For instance, a group of researchers led by Ishihara is the first to give experimental data corresponding to
the conditions of cryogenic plasma, namely, at pressures of 0.6-10 Pa with a particle size of 0.4 microns and
the average distance between dust particles is approximately 500 um [4].Another experiment conducted by
researches in the work [5] with the 5.44 um size particles at pressures of 100-700 Pa and 4,2 K temperature
of background gas showed that the mean inter-dust particle distance does not exceed 30 um thereby forming
a very dense system of charged particles. At room temperature, the studied neutral shadowing force is not
observed in comparison with the screened Coulomb potential. Such a dense system arises for a number of
reasons, such as short screening length and small value of dust charge. In addition to the screening length
and dust charge, the mean free path of neutral gas particles plays an important role due to the range of neutral
shadowing force action and should be taken into account when calculating structural and dynamic properties
of dusty plasma under cryogenic conditions. Regarding to mean free path, after several collisions, atoms
give up energy to other atoms, which leads to attenuation of the atomic flux directed from the dust particle.
Also, the interaction of dust particles with neutral plasma particles can lead to attractive forces between dust
particles, both in the case when the distance between dust particles is less than the mean free path of neutral
particles, and in the case when it is greater. In the case of long-range interaction, the interaction between dust
particles can be considered as a collision less case, when the particles are attracted to each other when the
temperature of the background medium is higher. The reason is that the dust particles of the system act on
the background medium and cool it; at the same time, the neutral shadowing force pushes the particles of the
system towards other particles with a low temperature. Otherwise, the particles are repelled from each other
if their temperature is higher. In the case when the thermal equilibrium in the system is not changed by the
flux of dust particles, the particles do not interact with each other. For the interaction of particles to occur, a
violation of thermal equilibrium of the system plays an important role.

Experiments under cryogenic conditions are motivated by the realization of the highest coupling parameters
in a two-dimensional system of dust particles [5-7] and the further study of the influence of quantum effects
on the interaction of dust particles with each other. It should be noted that promising research in this area
is not limited to a two-dimensional system of dust particles, but also a three-dimensional one, which is
characterized by scalability [5-7].

In view of the fact that the field of research of plasma physics under cryogenic conditions has been little
studied, the physical properties inherent in a cryogenic gas discharge remain unstudied. Therefore, in our
work, for observing the dependences inherent in plasma under cryogenic conditions, the strength of the
parameter describing the thermophoretic force was varied from zero to 0.1xI'and to 0.2 XT.

This paper discusses the intriguing effects that occur in many-body systems such as dusty plasma under
cryogenic conditions. The effect of the neutral shadowing force is estimate dby calculating structural
properties such as the radial distribution function. Even if radial distribution function is a simple structural
characteristic, it makes it more possible to evaluate in more detail the effect of the neutral shadowing force on
a dust particle system under cryogenic conditions.

Materials and modeling method. In this work, using Molecular Dynamics simulations we calculate
the properties of a dusty plasma. Molecular dynamics simulations enable us to calculate the structural,
equilibrium and transport properties of classical many-particle systems. The application of the molecular
dynamics simulations provides a number of advantages, since it has an analogy with the existing experiments
[8-9]. Therefore, the algorithm of actions in the calculation by the molecular dynamics simulations is similar
to a real experiment. We have to prepare the system and then do the necessary calculations. After choosing
a model system consisting of 8000 particles, we solve Newton’s equations of motion for our system until
the system reaches an equilibrium state. After reaching the equilibrium state, one can start calculating the
properties of the dusty plasma. In addition, it is necessary to assign positions and velocities to all particles
in the system. In molecular dynamics modeling, it is important to keep track of the state of stability of the
system.

In the molecular dynamics simulations, one usually starts by initializing the model system by assigning
coordinates and velocities to a desired number of particles:
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r;, vi, [ = 1,2,3, ,N (2)

The next step involves describing the interaction potential between particles. For charged dust particles in
plasmas the interaction between dust particles is governed by screened Coulomb potential (Yukawa potential)

V(r) = M’ 3)

4meyr

where Q — dust particle charge, k — inverse screening length. Knowing the interaction potential, the
equation of motion,

d?r;
M = =Wy (), @

where m, — is the mass of the i-th particle,can be numerically integrated. In our simulations integration is
done by Beeman algorithm

AF(t) — F(t — at) 2

r(t + At) = r(t) + v(t)At +
6m

: ©)

2F(t + At) + 5F(t) — F(t — At) At
6m

v(t+4t) = v(t) + , ©6)

Radial distribution function gives structural information of the system and describes the relative probability
of particles appearing from a test particle at a distance R. The radial distribution function can be found both
experimentally by direct optical control and indirectly by measuring the static structure factor. In our studies,
to examine the structural state of the system, we calculated the radial distribution function as follows [10]

N
1

9 =3¢ 8G=ry), ™

=1
i#j

where 7;; = |Ti - Tj|. .

In addition to above-described steps we exploit the Langevin dynamics. In calculations N = 8000 particles
are used to obtain the equilibrium properties. Initialization is carried out by placing particles on a cubic lattice
along with the periodic boundary conditions.

The Langevin’s equation reads [11]:

d>r; _
m; FZL = Z =VV;;(r) — mov; + fryi, ®)

where U is the coefficient of frictionwhich in our case is set equal to ¥ = 0.01w,, F; is the interparticle
repulsive forceand Y;(t) is the Gaussian distribution with zero mean and with a standard deviation

(Vai (t0)yp,j (to + 1)) = 2kpTmi6;;8,56 (1), ©)

where [a, 8 € {x,y, x}].
The considered neutral shadowing force in cryogenic plasma is the result of the temperature gradient
between the dust particles and the surrounding gas which reads [12]

C
Un(r; T,, Ts) = E: (10)

3
¢ = () @mar/my, (an

where a, istheradiusof thedust particle, R is the distance between dust particle, p is thegas pressure, AT
= Ts — Tnis the temperature difference between the surface of a dust particle and the temperature of neutral
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particles located at a distance far from the dust particles. To assess the effect of the neutral shadowing force,
we use the following form of interaction between dust particles:

VR) I p(—RE )+ 2
kT, R R (12)
where,
ifR<I/a
a=1kT,
0 ifR>1/a

Results and discussion. In a nonideal classical Coulomb one-component plasma, thermodynamic
properties depend on one parameter - the coupling parameter I. In contrast, in the model under consideration,
when the pair interaction is screened by background charges, the thermodynamic state, which depends on the
interaction range, is taken into account through the screening parameter & [13-16].

We took the value & = 2. With an increase in the screening parameter, the interparticle bonds weaken. The
value of the coupling parameter I" varied from 100 to 150, which characterizes the liquid phase.The results of
calculating the RDF of cryogenic plasma are presented in Figures 1 and 2.

2,0+ —a=0 7
== a=0.1IxI
......... o= 02xl—‘
Lot =100,k =2 |
/(? r == 1
S cut
= Lo}
0,5}
0’0 - " 1 s 1 1 " 1
0 1 2 3 4 5 6
r/a
(a) case withr_ = 1;
4 T T T T T
ll a=0
3 ‘[‘ ......... o = lel—‘
I & o = DI
_ i I =100,k =2
g 2L i ; Tout = 2 .
& il
H
1L
0
0

r/a
(b) case withr, = 2.
Figure 1. Radial distribution function at I' = 100; herer_ defines the radius of action of the neutral

shadowing force.

With a cutoff radius r_ = 1, it was found that the neutral shadowing force does not affect the RDF (Fig.
1(a)).The influence of the neutral shadowing forceis significant at cutoff radius r, =2. Thus, the radius of
action of the neutral shadowing force is limited and acts at a distance more than r_ >2. In the case at T> 100,
the RDF is non-monotonic. It can be seen that the system becomes more ordered if we increase the additional
force, the maximums of the radial distribution function increase, and the minimum ones decrease. Radial
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distribution function is usually described by the ratio of the value of the first maximum to the value of the
first minimum. The curves have a significant deviation in the values of the first maximum and minimum at
a=0.2xT" rather than at 0=0.1xI". With an increase in the coupling parameter (increase in the plasma density),
the curve has a sharp jump(Fig. 2(a)), and the corresponding peak characterizes the most probable case
of finding a high concentration of particles. Thus, it was also found that with an increase in the coupling
parameter, the effect of the neutral shadowing force becomes pronounced. The plasma coupling parameter
was selected taking into account the effective coupling parameter I'/[10]:

re// (T, k) = f(k) - T, (13)

with 0 < k < 2,1 <T,zr < 100, where k is the screening parameter, f (k) = 1-0.309aK>+0.0800k’ is the
scaling function.
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t
Figure 2. Radial distribution function at I' = 150; Herer_ defines the radius of action of the neutral

shadowing force.

The neutral shadowing force leads to a stronger repulsion between dust particles at R < r_ . Thus, the
simulation results show that the neutral shadowing force can have a strong effect on the structuralproperties
of dust particles at low cryogenic gas discharge pressures.

Conclusion. The neutral shadowing force at room temperature is negligible; therefore, the appearance
of the neutral shadowing forcesshould be investigated in a cryogenic medium, where it exhibits its unique
properties. The effect of the neutral shadowing forceon the structural properties of dust particles under
cryogenic conditions at low temperatures is investigated. The studied effect of the neutral shadowing forceon
the radial distribution function using three-dimensional modeling of molecular dynamics gave a representation
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of the particle behavior in three-dimensional system. By adding an additional force to the Yukawa system, the
influence of other parameters, such as the coupling parameter, the screening parameter, on the character of the
radial distribution function was found. Three-dimensional molecular modeling with initialization of particles
at the vertices of a cubic lattice made it possible to visualize the movement of particles.

Definitely research area of cryogenic plasma is a new and up to date. Since experiments under cryogenic
conditions are difficult to implement, it is important to carry out research through molecular modeling, which
may later reveal new intriguing phenomena of this exotic state[17-19].
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KPUOTEHJIIK JKAFJAMJAFBI TO3AH/IbI IIJIABMA BOJIIIEKTEPIIH KYITHIK
KOPPEJSILUSUIBIK ®YHKIUSICBIHA TEPMO®OPETUKAJIBIK KYIITHIH OCEPI

Annoranus. JXyMmpicTa yIn enmieMji IIaH IUIa3MacChIHBIH JKYITHIK KOPPENSIUSIBIK (YHKIHICHIHA
(IIK®D)1 Ila-gan a3 kpickiM Ke3iHge koHe 10 K-HeH a3 Temmeparypa Ke3iHIE aTOMJBIK KYUIIHIH ocepi
KapacThIPBUIIbI. ATOM/IBIK KYIIIHIH 1aii/1a 00ITybl IIaH O6JIIIEKTEPiHiH OeiTapart Imia3MalibiK OeJIIeKTepMEH,
JIQITIpeK alTKaH/1a, aH 0eJIIeKTepiHiH OeTIHACT] 3apsATaIFaH IJ1a3MaJIbIK OOJIIICKTEPIH PEKOMOMHAIIHASCHI
HOTWKECIHE Takiaa 0oJaThIH HEUTpamgapMeH opeKeTTeCyiHiH camaapsl 00bn Tadsuiaasl. KockiMima Ky
KPHOTCH/IIK TIa3MaHbIH KYPBUIBIMIIBIK KACHETTEPIHE KATThI 9CEP €TETiHI aHBIKTAIIbl. KpHoreHaiK sxaFaaina
TEPMO(POPETHKAIBIK KYIII Ta3 KbICHIMBbIHA TOYEIAl eMec. AJaiiia aToMaapblH epKiH XKYTipiCiHIH Y3bIH/IBIFbI
KbBICBIM MeJIIIepine OainanbicTsl. HeliTpangapabiH epKiH KYTipiCiHIH Y3bIHIBIFB TEPMO(OPETHKAIBIK KYIITIH
ocep eTy ayKbIMbIH (paJiiyChiH) aHBIKTalAbl. TepMoQOpeTHKaNIbIK KYIIiHIH 9cepiH Oaranay Ke3iHJe e3apa
OpeKeTTeCy MOTEHIMAIbI KOJJaHbULIBI. JKYNTacThIphUIFAaH KOPPENSLIHUSUIBIK (QYHKIHS pTYpii OaiaHbic
rmapameTpiepi, dKpaHmay NapaMeTpiepi VIniH ecentenmi. JKymTackaH KOPPEIAIUSIIBIK (PYHKIIMSHBIH
alTapipIKTall aybITKybl TepMO(OPETHKAJIBIK KYIIiHIH JKOFapblUlaybIMEH OaifKamamasl. Ocep €Ty paanychl
r_ =1 GonFanaa )YNTHIK KOPPETAUHMAIBIK QyHKIMACBIHBIH ©3repici OaiKanMabl, OYJ1 9CEp €Ty pajinyChIHbIH
a3 MoHiHE 0ailJIaHBICTHI.

Tyiiinai ce3mep: TepMOPOPETHUKANIBIK KYII, KYITBHIK KOPPEISIHMSIBIK (YHKIHS, TO3aHJBI TUIa3zMma,
KPHOTEHJIIK IJIa3Ma.
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BJIMSIHUE CUJIbI ATOMHOT'O YBJIEYEHUSA HA TAPHYIO KOPPEJIAIIMOHHYIO
®YHKIUIO MBLIEBOM IJIA3MBI B KPUOTEHHBIX YCJIOBUAX

AnHoTauus. B pabore paccmarpuBaeTcs BIHSHHE CHJIBI aTOMHOTO VYBJICUCHHUS HaA MapHYIO
koppernsiuonnyro  pyakmuio ([IKD) TpexmepHOW ThIIEBOH IUIa3Mbl B KPHOTEHHBIX YCIOBHUSX, T.€ IPH
naBienun mesble 1 Ila u mpu temneparypax menee 10K. Bo3HukHOBeHHE CHIIBI aTOMHOTO YBJIEUEHUS
SIBJISIETCSI CJICACTBUEM B3aMMOJEUCTBUS MBUIEBBIX YACTHUI[ C HEHUTpaJbHBIMU IUIa3MEHHBIMU YaCTHUIIAMH,
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TOYHEEe, HEWTpajaMHu, CO3JaBacMbIMH DPEKOMOMHAIMEH 3apsUKeHHBIX YacTHIl IJIa3Mbl Ha IOBEPXHOCTH
MBUIEBBIX YaCTUIl. YCTAHOBIEHO, YTO JOIMOJHHUTENbHAs CHJIA UMEET CHJIBHOE BIMSHUE Ha CTPYKTYpHBIE
CBOMCTBa KPHOT'€HHOH IJ1a3Mbl. B KpHOTEHHBIX yCIOBUSX CHIJIa AaTOMHOTO YBJICUCHHUS HE 3aBUCUT OT AABJICHUS
raza. OqHako AIMHAa cBOOOTHOTO Mpobera atoMoOB 3aBHCHUT OT BEJMYMHBI JaBiieHHs. J[nmnHa cBOOOAHOTO
npobera HEHTPaJIOB OIpeAesieT TUana3oH IeHcTBUS (paanyc) CHITBI aTOMHOTO yBiedeHus. [Ipu onenrnBanun
BJIMSIHUS CHJIBI aTOMHOTO YBJICUCHUS MCIIOIB30BAJICS TOTECHINAN B3auMmozeiicTBus. [lapHast koppensuuoHHas
(GYHKIMST pacCUMThIBaJach MPH Pa3HBIX IapaMeTpax CBsI3H, MapameTpax dKkpaHupoBaHus. CyliecTBEHHOE
OTKJIOHEHHUE MapHON KOPPESIIMOHHON (PyHKIMN HAOIIOAAETCS IPU YBETUUEHHH CHUIIBI AaTOMHOTO YBIICUCHHMS.
IIpu panuyce obpesanus r, =1 nsmenennii B [IK® He Habmromanock, YTo ABJIAETCSA CIEACTBHEM TOTO, YTO
CHJia HE OKa3bIBACT BIMSIHUS HAa MaJIbIX PACCTOSHUAX pajuyca oOpe3aHHus.

KiroueBble cj10Ba: Crjia aTOMHOIO BBaI/IMOI[ef/iCTBHSI, paaualibHasa (I)yHKLII/IH pacrpeaeicHus, nbliceBas
IJjiasMa, KpuoreHHas 1jiasma.
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