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Dynamics of the charging and motion of a macroparticle in a plasma flow
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The dynamics of motion and charging of a macroscopic “dust” particle in a plasma with an ion flow is
investigated by employing the particle-in-cell method. It is demonstrated that the charging and motion of the
dust particle levitating in an external parabolic potential is related to the ion flow. This situation is relevant for
the majority of experiments on the self-organization and crystallization of colloidal dust grains in a low-
temperature plasma.
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Recently, the properties of a low-temperature plasma con- Although ab initio modeling by the molecular dynamics
taining charged macroscopic colloidal “dust” particles has(MD) method is the most complete description of plasma
been the subject of increasing interest, associated primarilgrocesse§9], modern computer power is often not sufficient
with dust-plasma crystalfl] as well as with other self- for a full three-dimensional3D) study with real values of
organized formations such as dust clouds, “drops,”the plasma parameters even if we restrict ourselves to a sys-
“voids,” etc. [2—4]. For typical gas discharge conditions, tem consisting of a few tens of thousands of plasma particles.
the macroscopic colloidal particlésith size of order of 1 Consider a fully ionized plasmé neutral dissipative back-
um) inserted in the plasma acquire a negative charge an@round can be added if necessagonsisting of (singly
under certain conditions, levitate in the sheath or presheaﬂzl},“"‘rge‘)| ions with the charge and massn;, and electrons
region under the balance of gravitational, electrostétice with the charge.—e and massn, . We are interested n the
to the sheath electric fieldand plasmdsuch as the ion drag temporal ?"O'U“OU of the .system bl eIectron; and\; ions
forces. It was experimentally demonstrafé&d that the levi- confined In a CUb'C. box in the center of Wh'(.:h we place a
tation can become unstable because of an instability asso n]zicroscoplc spherical boiy of radi@and initial charge
ated with the charging of the dust; an analytical model sug=* _ ~Zoe (we assumeZ,=0) and large massng>m

. >m,. The time aver numbers of electrons and ions ar
gested that fluctuations of the dust charge may also affect_ ¢ e time averaged numbers of electrons and ions are

. ; . . Chosen to satisfy the quasineutrality conditigr-ng=(Z).
stability of the horizontal motlon_s of dust graif8]. More- Here,(Zy) is the time averaged charge of the macroparticle
over, the problem of the experimentally observed anoma.

) . defined as the sum of the electron and ion charges of those
lously high temperature of dust moti¢t] has attracted se- 1a35ma particles which reached the surface of the macropar-

rious attention recently7,8]; there are good reasons to cje (all electrons and ions hitting the grain surface are as-
assume that it is also related to the dust charging process.gmed to be attached to the macropariickhe trajectories

The full problem of the motion and charging of a macro- of the plasma particles are found by the solution of Newton’s
scopic body in the presence of plasma flows is highly nonequations

linear, and therefore its numerical analysis is of major im-

portance. In this Rapid Communication, we report the results d’r,  Fy qxQ(r—rg) R

found on the basis of a numerical particle-in-¢@&IC) simu- 2 m kT 3 > fa @

' : ! , dte Mg Ire—rygl i#k

lation of the dynamics of dust charging and thermal motion, g

using a self-consistent model of a plasma with an ion flowwherek=1,2, . .. N, and N, is the total number of par-

We solve Newton’s equations for pointlike charged plasmaticles. Furthermore, in Eql) r =r(t) is the radius-vector

particles in a box with thermal boundarié®flecting Max-  of the particlek with the chargegy, rg=rqy(t) is the radius

well distributed particles We take into account the interac- vector of the macroparticle with the char@e andf,, is the

tions of plasma particles with the macroparticle and the efCoulomb force of interaction between the plasma particles.

fects of the Debye screening of the macroparticle by therhe full set of Eq.(1) together with the equation of motion

plasma. Initially, we place the uncharged macroparticle abfthe macroparticle can be solved by a Runge-Kutta method

rest in the center of the box. The calculations of the macroof the fourth ordef10-12.

particle dynamics demonstrate that in the process of its In a dusty plasma, the macroscopic size of the dust grains

charging it acquires a significant kinetic energy which canand their charging play an important role, thus demanding

exceed the plasma ion and electron temperatures as well &shg runs in systems of many particles. To take into account

the energy of the flowing ions. these effects under conditions of reasonable simulation times
we employ the less(computef power-consuming PIC
method. The difference to the above outlined MD method is

*Email address: S.Vladimirov@physics.usyd.edu.au URL: http:/in a more time saving computation of the interaction forces

N

www.physics.usyd.edu.atiladimi. (naturally, this comes at the cost of more approximate phys-
"Permanent address: Department of Theoretical Physics, Generils), thus allowing us to study a longer time evolution of the
Physics Institute, Moscow 119991, Russia. system. Thus, we assume
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wherer,4=r—rg. In Eq.(2), we take into account the mac-
roparticle screening by plasma particles and effectively com-
pute only interactions of plasma patrticles inside the Debye
cloud around the macropartidighe sum is calculated in Eq.
(2) only for those plasma particles that are closer to the mac-
roparticle than théth particlg. The force acting on the mac-
roparticle due to particle interactions is defined using New- Ly
ton’s third law, and there is an additional force proportional 0 20 40 60 8 100 120 140 160 180 200
to the deviation of the particle position from the center of the Time step 1 (3.25x109%)
simulation box(i.e., the macroparticle is in an external para-
bolic potentia). This model allows us to simulate macropar- FIG. 1. Charging dynamics of the macroparticle of
ticle levitation under the experimental conditions where the=10°m, with and without an ion flow. The time step is=3.25
equilibrium is achieved under the action of gravity, the x10 '°s; the total simulation time ig,=200r=6.5x10"8 s. Ex-
sheath electric force and the ion drag fof@8,14. In addi-  ponential fits to the computed charging curves are presestsl
tion, the dynamics of the macroparticle takes into accounglso Table ). The asymptoptic charge i$¢a) Z..=842 in the ab-
the momentum transfer due to the attachment of plasma elegence of the ion flowM?=0; (b) Z..=1067 forM?=0.6; and(c)
trons and ions. To check the model we also compared th@-=1146 forM?=2.4.
results of MD (1) [10-12 and PIC (2) simulations (for
shorter times after the initial moment tial with a minimum in the center of the simulation box. The
The initial particle number density distribution was cho- depth of the potential well is 20 V. We stress that for sim-
sen to be homogeneous inside the simulation box. The initigplicity we assume that the parabolic potential does not apply
velocity distribution of plasma particles corresponds to ato the plasma electrons and ions, i.e., it acts only on the
Maxwellian distribution at infinity. Depending on the dis- Mmacroparticle. An exponential fit was applied to the simu-
tance to the macroparticle, the Maxwellian velocity distribu-lated curves, and demonstrates an extremely good fit to
tion is shifted according to the interaction energy with thecharging with an exponential character,
macroparticle. The initial distribution of the plasma par-
ticles’ velocity directions is isotropic. The macroparticle is (Zg)(t)=Z..—Z; exp( — vqt). ()
initially uncharged Z,=0); it absorbs every plasma particle
hitting its surface. To account for the electron-ion recombi-The asymptotic values of the macroparticle chae as
nation at the surface and preserve quasineutrality, the eletvell other fitting parametersz andv,) are given in Table
trons and ions are inserted in the simulation volume aftet- Note that the asymptotic dimensionless charge increases
absorption by dustthus modeling ionization effects and the With the increase of the velocity of the ion flow; qualita-
dynamical character of the equilibrium when the plasma profively, this can easily be understood since for more energetic
duction is balanced by the electron and ion flows to the dusons, fewer of them participate in the macroparticle charging,
surface. The boundaries of the simulation box are thermo-Which leads to a larger negative chai@ge., largerZ..).
static. Thus, the initial and boundary conditions of the prob- In Fig. 2, we present the time dependence of the kinetic
lem allow us to take into account the finite size of the mac-energy of the macroparticle of the same mass as for Fig. 1
roparticle as well as fluctuations of its charge. (mg=10"m,) and for the same plasma parameters. Note that
For the simulation we have chosen a helium plasma witithe energy level is higher for subsonic velocities of the flow.
singly charged ions and the ion number density=2 Qualitatively this can be understood by noting that the ion
% 10'2 cm™ 2. The electron temperatureTa=1 eV and the drag force has a maximum for flow velocities of the order of
ion temperature i§;=0.025 eV. The simulation time i,  the ion thermal velocity, decreases when the velocity of the
=6.5x10"? s, which significantly exceeds the ion plasmaflow approaches the speed of sound, and for highly super-
period t,;=6.7x10° s. The ion Debye length for such a Sonic velocities it increases agaisee, e.g., Ref3)). o
plasma normalized to the average distance between ions is Figure 3 presents the dependence on time of the kinetic
roin®=1.06, while for electrons we havg,.n'*=6.6. energy of a more massive particle,=10°m,. The simu-
In Fig. 1, we present the dependence of the macropatrticle o
charge as a function of time. The macroparticle has a mass ABLE I. The parameters for the exponential fit H8) of the
my=10'm,, wherem, is the proton mass, and radiug charging dynamics of the macroparticle.
=0.5 uwm. We present three casda) a plasma without ion
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flow (M?=0, whereM is the Mach number (b) a plasma Squared Mach number 0.0 0.6 24
with a subsonic ion flow12=0.6); and(c) a plasma with a ChargeZ., 842 1067 1146
supersonic ion flow 12=2.4). The number of ions in the Chargez, 510 838 900
system corresponds to charge neutrality. The motion of the Ratey,, 108 52 1.85 2.59 2.32

macroparticle is also defined by the external parabolic poten
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FIG. 2. Kinetic energy of the macroparticle wf;= 10“mp ini-

tially placed at rest in the center of the simulation box. The eXternalarger massn, = 105mp . The time step in this case is bigger than in
parabolic potential centered in the middle of the box is 20 V. Threerigs. 1 and 2:7=1.25x10°° s; the total simulation time is,

cases related to the absence of the ion fldl#€0) as well as to

the subsonic M?=0.6) and supersonicM?=2.4)
sented.

perature of the plasma iorieoting thatT;=0.025 e\j. The

flows are pre-
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FIG. 3. The same as Fig. 2 but for a macroparticle of ten times

The reported numerical study is the first step of a simula-
tion from first principles of the kinetic energy of a macropar-
lation time in this case ig,=2.5x10 ' s. We see that in this ticle in the presence of an ion flow. The numerical results
case there is also an increase of the grain kinetic energy iagree with the experimental ddth| that in a dusty plasma
the process of its charging. It is interesting that the kinetidhe dust temperaturé.e., the mean kinetic energy of the
energy of the macroparticle significantly exceeds the temdusd is notin equilibrium with the temperature of the plasma

ions. The numerical results also agree with the recent experi-

period of the energy fluctuations of the macroparticle is offental findingg5] that dust grains levitating in the plasma

the order of the ion plasma peridg;=6.7x 10 % s. This
allows us to conclude that the kinetic energy of the macro
particle is related to the kinetic energy of the plasma iond

hitting its surface; on the other hand, the k

inetic energy o

sheath can develop oscillations in the vertical direction,
the direction of the ion flow We have demonstrated that this
nstability can be related to the ion flow, and is strongly
1dependent on the velocity of the plasma ions.

the plasma ions at the surface of the grain is related to the This work was supported by the Australian Research
floating potential of the grain and therefore to the electronCouncil. The work of S.A.M. was also partially supported by
NWO (the Netherland Organization for Scientific Research

temperature.
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