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Plasma kinetics around a dust grain in an ion flow
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The kinetics of plasma particles around a stationary dust grain in the presence of an ion flow is studied using
a three-dimensional molecular dynamics simulation method. The model is self-consistent, involving the dy-
namics of plasma electrons and ions as well as charging of the dust grain. The effect of ion focusing is
investigated as a function of the ion flow velocity. Distributions of electron and ion number densities, and
electrostatic plasma potential are obtained.
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The dust structures in a low-temperature weakly ionized Here, we present the results of a self-consistent molecular
plasma have attracted considerable recent attention assodiynamics(MD) three-dimensional3D) simulation of the ki-
ated with colloidal crystal§1—4] as well as with other self- netics of plasma particle@lectrons and ionsaround a dust
organized formations such as dust clouds, “drops,”grain, taking into account the dust charging. The technique
“voids,” etc. [5-9]. In a typical laboratory discharge, dust Of studying the properties of a classical Coulomb plasma
particles are negatively charged and usually levitate in thévolving numerical integration of the equations of multipar-
sheath or presheath region under the balance of gravitationdicle dynamics used in this work is described in Refs.
electrostatic(due to the sheath electric fieldind plasma [21,22. The core of the method includes consideration of the
(such as the ion dradorces. The ion flow provides not only time evolution of the system consisting of; positively
a direct(dragging influence(supporting, e.g., the formation (“ions” with Z;=1) and N, negatively (“electrons”)
of dust voidg 6,7]), but is also responsible for the generation charged particles confined in a region<@<L,, 0<y
of associated collective plasma processes which can strongtyLy, 0<z<L,, together with a macroscopic absorbing
affect the vertical arrangement of dust graji®—16. The  grain(“dust particle”) of radiusR with infinite mass and an
complete problem of plasma dynamics around a macroscopibitial (negative chargeQ=—Z,e, where—e is the electron
body in the presence of plasma flows is highly nonlinear angharge. The dust grain is placed »tx,, y=Yy,, andz
therefore its numerical analysis is of major importance.=2z,. The walls bounding the simulation region are elastic
Among various numerical methods, direct integration of thefor electrons; for ions, they are elastic in thendz direc-
equations of motions of plasma particles represents a nuions, i.e., aty=(0.L,) andz=(0L,). The ions are intro-
merical experiment whose significance approaches experéluced in the system at the plaxe 0 as a uniform flow with
ments in the laboratory. the Mach numbeM =V,/cs (Vy>0) and the temperature

Previously, various models of dust in the presence off;, wherecs=(5T./3m,)Y? is the sound speedl, is the
plasma flows were numerically considered, see, e.g., Reféemperature of electrongall temperatures are in energy
[11,13,17-20 Note that the previous models deal with the units, i.e., Boltzmann’s constant is unityandm; is the ion
fluid description of a plasmfl1], the kinetic(i.e., coupled mass; atx=L, the ions are removed from the system. The
Poisson-Vlasov equationsase 19] without collisions in the  paths of the ions and electrons are determined through nu-
vicinity of a dust grain, as well as with particle-in-cell simu- merical integration of the equations of motiaifr,/dt?

lations [18] of a uniform, steady state dc plasma where=F, /m,, WhereFk=21+Ni+Nefk| and the Coulomb force is

plasma par.ticlt_a Io_sses are assumed to be exactly bala}nced BN/en byfi = aliT/|Ta| 2. For the characteristic lengths we
a constant ionization source, or a hybrid modef] combin-  haye (for most calculations unless otherwise specifieg/4
ing Monte Carlo with fluid simulation, with the latter ignor- _ L,=L,=10xh,, with the characteristic grid step in the

ing the equa’gions of motio_n of t_he plasma_particles. In resented result$, = 4h, = 4h,=1.077um. Other initial
non-self-consistent three-dimensional descriptfd8], the 51 es are summarized in Table I. For the given values, the

ion-ion interactions were neglected and the charge of a duglaracteristic lengths in the plasma are: electron Debye
particle was fixed. In the latest simulatip®0], the structure

of the wake potential behind a stationary pointlike dust grain
with a constant charge was studied on ion time scales usin'g1
particle-in-cell simulation methods; the ion dynamiosn a P
background of Boltzmann distributed electrpmsas studied
in one and two dimensions.

TABLE I. The initial values for the dust grain plasma particles.
=1842n, is the proton massan,=9.11x 10?%g is the electron
mass,e=4.8x 10" 1% statCoul is thgabsoluté electron charge.
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FIG. 1. Contour plot of the ion density, showing ion focusing,
for three different velocities of ion flow. The plot is presented in the
grayscale topograph style; regions A correspond to ion densitieg
below 1, and regions B correspond to ion densities above 1. The

ions are focusing behind the grain thus forming the region with . . 2
highly enhanced ion density. The distances are given in the units o lon density (normalized to ny) M"=24
h,~1.077um used in the calculation; the physical distance corre-
sponding to the electron Debye lengtk, is presented. 65t \
5.5 '\.\\
length rp=5.256um, ion Debye lengthrp;=0.831um, 45¢ ,,’%
and the Landau length for scattering of the ions on the dus| a5 h’n\\\\\
- > 21 2. mi 0N
particle by the angler/2 isr =Z4e/m;V§; for our param- 25 42 ,,ll,l,lo;\
2 0 VLIS
etersr  =0.6M“ um. 15
We note that the direct particle-particle interaction consti-| 45
tutes the most appropriate method for the numerical integra

5
tion of the equations of motion in studies of basic plasma x/hy 15 o0
kinetics. The particle-particle integration method is flexible

enough but at a high computational cost. In an implementa- £ 5 surface plot of the ion density for three different veloci-

tion of this technique, an algorithm taking advantage of th&;es of ion flow. The ion focus is mostly formed within the electron
specific properties of classical Coulomb plasmas was elab@yepye length behind the grain.

rated to significantly decrease the number of arithmetic op-

erations. Central to the method is the determination of thexamic characteristics, kinetic coefficients, micro-field distri-
particles nearest to every particle and inclusion of their inbution and correlation functions, and the plasma particle
teraction by using a computational scheme of high-order acdistribution functions.

curacy (Runge-Kutta of fourth order with an automatically ~ Simulating the charging process, we effectively take into
chosen time step The code realizing the outlined algorithm account the real electron/ion mass ratiee note that in the

is written in FORTRAN-9g and it can also be used for studies computational model the electron mass is assumed to be
of various physical objects by varying the particle character100m,, see Table)lby renormalizing the absorbed charge in
istics as well as the initial and boundary conditions. In parthe process of the electron-dust charging collision, so that the
ticular, simulations using the code have been done for a hyeharge appearing on the grain corresponds to its value for the
drogen plasma, a plasma with multiply charged ions, an iomeal electron/ion mass ratio. In the simulation, the ion num-
plasma, a solid-state plasma, and a system of gravitatinger density was calculated by averaging within the spherical
masses. The code is supplied with extensive diagnostics ddyer around the macro-particle. The results in the absence of
plasma properties based on the tracing of the paths of indthe ion flow demonstrate good agreement with the analytical
vidual particles. It also includes the calculation of thermody-result for the ion-macroparticle correlation functi¢3].
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FIG. 3. Surface plot of plasma potential for three different ve- -2 J 3
locities of the ion flow. The plot is presented in the gray scale M =24
topograph style. Note that the positive potential wsé#le the closed 0 5 10 15 x/hy
contourg is formed behind the dust grain; the lines corresponding o ) )
to V=0 are marked. As the Mach number increases, the well deep- FIG. 4. The distribution of the logarithm of the ion and electron

ens and increases, compare the corresponding regiondifor ~densities and the plasma potential along the ligesh, andy
—0.6. M2=1.2. andMi?2=2.4- the maximum positive values of the =5hy, for three different velocities of ion flow. The solid curves

normalized potential in the well are given. correspond to the electrostatic plasma potential, the dashed curves
to the(normalized to 1 Vlogarithm of the electron density, and the
gotted curves to the similarly normalized logarithm of the ion den-
Sity. The solid lineV=0 is also presented.

The total simulation time of the computed physical processe
is 3.36x 10 °s which is approximately equal to half of the
oscillation period of plasma ions oscillating with the ion
plasma frequency,;=6.76x 10 °s. The charge of the dust pograph style. A strong ion focus is formed at the distance of
particle was found to fluctuate aroundy~1000-1100 a fraction of the electron Debye length behind the dust grain.
weakly depending on the ion flow velocity. Figure 2 gives the surface plot of the ion density, with
In Fig. 1 we present contour plots of the ion density n;/ny~6.5 at the maximum. We see that the maximum value
normalized tony=N;/L,LL,, for three values of the speed of the density at the ion focus is almost independent of the
of the ion flow (one is subsonic wittM?=0.6, and two su- flow velocity, whereas the characteristic distance of the ion
personic, withM2=1.2 andM?=2.4). For better visualiza- focus from the dust grain increases with increasing flow ve-
tion, parts of the simulation volume wherg/n,<1 and locity, being approximately equal to 05 for M?=2.4.
n; /ny>1, respectively, are presented in tfggay scal@¢to-  This characteristic spacing corresponds to an ion focus effect
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in the near zone of the dust grain, which is a purely kineticalong the same lingghe line closest to the dust grain has the
effect[9] not associated with the collective wake field for- largest ion density in the ion focusing regjon

mation. We note that the oscillating wake field which is To conclude, we have self-consistently demonstrated
formed in the wave zone behind the gr&i0] cannot form  from first principles by MD calculations that the plasma ki-
for the considered simulation tinf@alf of the period of the netics around a charged macroscopic btlyst grain in the
ion oscillations. Another kinetic effect seen from Figs. 1 and Presence of an ion flow indeed involves a strong ion focusing
2 is the appearance of precursors in front of the dust grairP€hind the grain. We have also confirmed that the most im-
which can be attributed to those ions reflected backwardBortant for the processes involved is the ion time scale; the
within the radius(around thex axis) of order of the Landau KInetics of the electrons follows a Boltzmann distribution
length. with good agreement. We note that the time constraints in-

Figure 3 presents a surface plot of the plasma electrostat?écs)lcviﬁgtigzg ;??hé'?;ﬁ Islagrng]ﬁeorl?eeb:ageghﬁo??aﬂg\?v 8; ;gn
potential(in Volts) in a box which is two times shorter in the P q

. . . see the formation of the wake associated with the collective
x direction, i.e., for G<x<L,/2. The parts where the poten- standing ion-acoustic wavén the case of supersonic flow

tial becomes positive, thus forming an attractive region for_velocities) within the Mach cone. However, our conclusion

negatively charged partlcles, can be seen behind th? 9rajd that the electron kinetics are not so important for the ion
(closed contours at distances h,@ 20h,). The potential  ¢y05ing, and even longer timescale processes such as wake
well behind the dust grain deepens, and the characteristi¢y mation, and therefore, to save computer time, future MD
distance of the potential minimum increases with the in'simulations can assume that the ions and the dust are im-

H H 2__
crease of the flow velocity, approaching, for M“=2.4. argeq in an electron background which obeys a Boltzmann
Figure 4 demonstrates the calculated potential distributionyitinytion. Another interesting feature observed in our

(the solid curvepalong the lineg/=h, (a deep well around reqent simulations is the formation of an ion precursor in
the particlg¢ andy=5h, (a shallow well. The dashed curves font of the (stationary grain; this appears to be a kinetic
almost coinciding with the potential distributions correspondeftact which hardly can occur in a fluid description. How-

to the(normalized to 1 Y logarithm of the electron distribu-  gyer more studies are necessary to better understand this
tion. We clearly see that the electrons follow with good aC-phenomenon.

curacy the Boltzmann formula.=ngeexp(—ed/Ty). The
upper dotted curves correspond to the logarithms of the ion This work was supported by the Australian Research
density distribution(normalized in the same waytaken  Council.
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