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Kinetics of plasma flowing around two stationary dust grains
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The characteristics of plasma particle kinetics in the presence of ions flowing around two stationary dust
grains aligned in the direction of the flow are studied using a three-dimensional molecular dynamics simulation
code. The dynamics of plasma electrons and ions as well as the charging process of the dust grain are simulated
self-consistently. Distributions of electron and ion number densities, and the electrostatic plasma potential are
obtained for various intergrain distances, including those much less, of the order of, and more than the plasma
electron Debye length.
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I. INTRODUCTION most of experimental techniques are complicated, requiring
special measurement procedures and, on the other hand, do
The fundamental question of importance for the undernot always give the precise results. Moreover, it is especially
standing of processes involving the formation and evolutiordifficult to determine the particle charges ftwo particles,
of various self-organized structures such as colloidal crystalespecially in the sheath region in the presence of the ion
[1] and other formations like dust clouds, dust voids, etcflow. In this case, theb initio numerical simulation, being
[2—6] in a complex “dusty” plasma, is the interaction of dust one of the most complete model description, can provide
grains with themselves and the surrounding plasma. Since Wery important information on the character of the plasma
a typical laboratory discharge dust particles are negativelkinetics and particles’ charging.
Chal’ged and USUa”y levitate in the sheath or presheath I’egion The mode"ng of the p|asma response to the presence Of
under the balance of gravitational, electrostatéfe to the  ¢qjioidal dust particles in the presence of plasma flows is
sheath electric fieldand plasma(such as the ion drag usually performed by particle-in-cell methofi22,23. The
forces, these interactions involve collective processes assogiis; report on the self-consistent three-dimensional molecu-
ated with the flowing plasma. The ion flow, providing a di- |5 qynamics simulatiofi24] of plasma kinetics around one
rect dragging influencésupporting, in particular, the forma- stationary dust grain demonstrated strong ion focusing, with

tion Of. dust v0|ds. [34), is "‘.‘ISO responsible for the the ion density in the focus exceeding the ion density in the
generation of associated collective plasma processes such as

the formation of the plasma walg-13. The latter can ow by a factor of 5_‘.5' Thus, .the charglng of the second
strongly modify the interactions of dust grains betweendUSt grain chat_ed behmd. the first one, will be strongly af-
themselves and with the plasma, in particular, supporting (Ij‘ected by thls(hlgh[y nonlineay effect. Qn the other hand,
Cooper-pairing-like attraction of grains of the same sign ofin€ Plasma dynamics around and behind the second macro-
the chargd7,14]. The complete problem of plasma dynamics SCOPIC quy isa functlo_n of its charge and, therefore, the full
around a macroscopic body in the presence of plasma flongelf-consistent simulation of such an arrangement should
is highly nonlinear and therefore its numerical analysis is offecessarily take into account the charging of the second dust
major importance. Various numerical methods can be emparticle in the wake of the first one. It is natural to expect that
ployed to solve the problem. Among them, direct integrationthe charge of this second particle will, therefore, differ from
of the equations of motions of plasma particles represents the charge of the first particle. Here, we note that the anisot-
numerical experiment with significance approaching experivopy of the forces appearing, e.g., in two-dimensional chains,
ments in the laboratory. is important for the proper modeling of processes in these
The problem of plasma kinetics in the presence of a macstructures levitating in the floy25,26], also, the ion charge
roscopic body is also connected to the charging of the bodyaccumulated behind dust grains, associated with the plasma
For a typical situation of a low-temperature laboratory dustywake, can also drive some instabilities in the dust chains
plasma, the macroparticle charge appears as a result [#7]; on the other hand, the analytical modeling can hardly
charging plasma currents onto the particle surfd&. Sev-  provide the relevant number because of the high nonlinearity
eral models of particle charging were developed, the orbitof the processes involved.
limited theory(OLM) being the basic onfl6]. Also, a num- Here, we present the results of a self-consistent molecular
ber of experiments[17-21] have been performed to dynamics(MD) three-dimensional simulation of the kinetics
elucidate the character of the charge of an isolated particlesf plasma electrons and ions around two aligiiedthe di-
rection of the flow dust grains, taking into account the dust
charging and the supersonic ion flow. We present the simu-
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TABLE I. The intial values for the dust grain and plasma par- TABLE Il. The charges on the dust grains depending on the
ticles. my=1842m, is the proton massm,=9.11X 10?8 g is the  distance between them.
electron mass, and=4.8x 10 1° statcoul is the(absolutg elec-

tron charge(wheren/a denotes data not applicalhle DistanceD ChargeQ ChargeQ,
Macroparticles lons Electrons 0.06.x=0.2%\pe 1390 840
0.10L,=0.41\p, 1420 860
Charge 1256 —e e 0.19.,=0.62\p, 1390 840
Mass o 4m, 100m, 0.20.,=0.82\p, 1430 1010
Number 1 5000 2500 0.29.,=1.03\p, 1470 1040
Temperature n/a 0.025 eV lev 0.39.,=1.45\p, 1500 1080
0.40L,=1.64p, 1410 1020
0.50L,=2.05\p, 1480 1130
Il. NUMERICAL PROCEDURE 0.60L,=2.46\p, 1450 1230
The details of the technique used for the numerical inte-  0-63.x=2.67pe 1430 1180
gration of the equations of multiparticle dynamics are de- 1.00,=4.10\p¢ 1460 1200

scribed in[24,28. The numerical method used involves % 1450 n/a

simulation of the time evolution of the fully ionizedZ{(
=1, i.e., the ions are single charggdasma consisting df; ) ) S
positively (ions and N, negatively(electrons charged par- Point on the front wall with the chosen velocity distribution
ticles confined in a simulation box <Ox<L,, O<y function (the latter is assumed to be shifted Maxweljian

<L,, 0<z<L,, together with two macroscopic absorbing The dust grains are placed &tx,=L,/4 andx=X,+D,
grains(dust particlel each of radiu®R= 0.5 um, with infi- such thaD is the distance between the grains, with the other
nite masses and initialnegative chargesQ,,=Z4 e,  coordinates beiny=yo=L,/2 andz=2z,=L,/2; thus, the
wheree is the electron charge. The details are given in Tablgdrains are aligned in the direction parallel to the ion flow.
. The initial distributions of the coordinates of plasma elec-
Although in the computational model the electron mass igrons and ions is chosen to be homogeneous within the simu-
assumed to be 106, see Table |, we note that when simu- lation box, the initial velocity distributions correspond to
lating the charging process, we effectively take into accounMaxwellian for electrons and shifted Maxwellian for ions at
the real electron/ion mass ratio by renormalizing the electroffinity. Depending on the distance to the colloidal particles,

current and therefore the absorbed charge in the process the distributions are distorted because of the interactions
the electron-dust charging collision, so that the charge a with the macroparticles. Thus, the initial distributions do not

pearing on the grain corresponds to its value for the reainclude finite ion orbits which can strongly affect the kinetic

electron/ion mass ratio, see for detdi4]. In the simula- characteristics under certain circumstani@d.
tion, the ion number density was calculated by averagin The trajectories of the plasma electrons and ions are de-

within the spherical layer around the macroparticle. The rel€rmined through numerical integration of the equations of
sults for an isolated particle in the presence as well as in thE10tion
absence of the ion flow demonstrate good agreement with the

analytical OLM result§24]. dry  Fy

The ions are introduced in the system at the plare F: ﬁk @
as a uniform flow in thex direction with the Mach number
M=Vy/V4(Vy>0) and the temperatureT;, where 1NN

V= (T./m;)*2is the speed of the collisionless sound waves VNere Fk==21 *fii and the Coulomb force is given by
T, is the temperature of plasma electrdiadi temperatures Tki=diiT/|Fi|®. For the Coulomb force at very small dis-
are in energy units, i.e., Boltzmann’s constant is upignd ~ tances, we used the corre;ponding expression for finite
m; is the ion mass; at=L, the ions are removed from the (Smal) size mutually penetrating spherk3].
system. The walls bounding the simulation region are elastic The equations of motion are solved by the Runge-Kutta
for electrons; for ions, they are elastic in th@ndz direc- ~ Method of the fourth order with an automatically chosen time
tions, i.e., aty=(0,L,) andz=(0L,). This means that elec- ste;p. For the charactgrlstlc Iengths, we héoe most cal.cu-
trons are specularly reflected from the walls in all directions Jations unless otherwise specifidd /2= L, =L,=20h, with
on the other hand, since the ions are moving inxtrec-  the spacingh,=2h,=2h,=0.5375um. For the given val-
tion, for them the specular reflection condition applies in theu€s, the characteristic lengths in the plasma are: electron
y andz directions. Debye length A\p=5.256um and ion Debye length
The total number of electrons and total number of ions infpi=0.831um. The ion number density im;=2x 10"
the system is fixed; it is chosen on the basis of test simulacm °, and hence the ion Debye length in term of the average
tion runs to satisfy the given number densities and to makéon-ion distance p;n{"*=1.06; the number of ions in the ion
sure that the system is neutral as a time average. In the plagebye sphere is-5. Note than since the ions are supersonic,
of the ion absorbed by the dust graiios at the back wall of their energy exceeds, and they are really weakly coupled.
the simulation box a new one is introduced at a random For electrons, we haveDen§’3=5.25 that corresponds to
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FIG. 1. Surface plot of the normalized ion density, showing ion
focusing, for three different separatiobsbetween two dust grains.
The plot is presented in the greyscale topograph style; reglons
correspon .d o the normallze(db. the unperturbed ion den3|tqu) formed behind the dust grain and starts to form between the grains
lon denS|_t|_es below 1, and regloﬁiscorrespor!d to _the normfallzed when the separation exceeds the electron Debye length.
ion densities above 1. The distances are given in the units of the
total length of the simulation box in the direction of the ion flow
L,~4.1\p. used in the calculation; the physical distance corre-
sponding to the electron Debye length, is also presented.

FIG. 2. Contour plot of the plasma potential for five different
distances between two dust grains. The plot is presented in the
greyscale topograph style. Note that the potential wetjionB) is

second(i.e., downstreamparticle; its charge is significantly
(typically, 4099 less than the charge of an isolated particle
(see the last line of the tableAs soon as the distance be-
tween the particles is increased, the second charge exhibits a

more than 500 electrons in the electron Debye sphere, anrgoticeable increase; it is interesting to note that the first

we can consu_:ler the system as an ideal plasma. Fmally, thc arge is increased, too, although by a lesser value. We also
electron and ion number densities are chosen to be higher . . .

. i . See that when the interparticle separation exceeds the elec-
than those in real experiments for numerical readtmsle-

tron Debye lengthD =1.03p.— 1.45\ ), the increase of
crease the plasma Debye length S e
The total simulated time of the physical processes is Q.éhe charge of the first-particle stops, on the other hand, the

%10-° s. which should be compared with the inverse ionc"€ase of the charge accumulated on the second particle
’ b 9 ) located downstream continues to grow until the distance ex-
plasma frequency,; = l/w,;=3.4X10"" s. The time step of

the numerical simulation is %10 2 s which is not only
much less than the inverse ion plasma frequency, but is also N D=0.06L,
much less than the electron plasma frequemgy=1/w;e
=8x10 1s. The speed of the ion flow corresponds to the
Mach numbeiM =2. The Landau length for scattering of the
ions on the dust particle by the angle/2 is r_
EZdezlmivé, for our parameters, ~0.5 um (for the di-
mensionless chargé,;= 1400).

IIl. SIMULATION RESULTS

Table Il demonstrates the dependence of the charges ac- FiG. 3. Surface plot of the plasma potential for two different
cumulated on the dust grains as functions of the intergraifelocities distances between the dust graimsich less than the
distance. We see that when the particles are very close f@ectron Debye length and more than the electron Debye length
each other, their charges are influenced by the presence The potential well due to the wake is formed on the distance of the
the other particle. This influence is especially strong for theorder of the electron Debye length behind the gigiin
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FIG. 4. The distribution of the normalized ion density parallelto  FIG. 5. The distribution of the normalized electron density par-
the ion flow, for four linesyy=5.4h, (solid curve, corresponds to allel to the ion flow, for four linesy=5.4h, (solid curve, corre-
the middle of the simulation box in direction, y=>5.7h, (dashed  sponds to the middle of the simulation box jndirection, y
curve, corresponds to the distance of 0.96 from the middle of ~ =5.7h, (dashed curve, corresponds to the distance ofiN},0&rom
the simulation box iny direction, y==6.4n, (dotted curve, corre- the middle of the simulation box ig directior), y=6.4h, (dotted
sponds to the distance of 026, from the middle of the simulation curve, corresponds to the distance of 0.g0from the middle of
box iny direction), andy=7.8h, (dash-dotted curve, corresponds to the simulation box iry direction, andy = 7.8n, (dash-dotted curve,
the distance of 0.46,, from the middle of the simulation box in  corresponds to the distance of O\ from the middle of the simu-
direction. Five different distances between two dust grains are prelation box iny direction. Five different distances between two dust
sented as well as the distance corresponding to the electron Debggains are presented as well as the distance corresponding to the
length in the directiorx parallel to the ion flow. electron Debye length in the directionparallel to the ion flow.

ceeds two electron Debye length® € 2.46\p,). We can In Fig. 1, we present surface plots of the ion density
attribute this phenomenon to the fact that the ion wake of the@@ormalized ton;o=N;/L,L,L,, for three different distances
first particle is spreading at distances significantly exceedingetween the charged colloidal particles: the first ¢Rig.
the electron Debye length, on the other hand, the influence df(@)] corresponds to the short distance®#0.25p,, the
the secondi.e., downstreamparticle on the charge of the second ongFig. 1(b)] is of the order of the electron Debye
first one in the simplest approximation is limited to distancedength: D=0.82\p,, and the third ondFig. 1(c)] corre-
of the order of the electron Debye length. Note that otheisponds to the relatively large distance exceeding the electron
charge variations express fluctuations always present in thHeebye lengthD =2.7\p. For better visualization, parts of
particle charges as well as the plasma parameters, see ald® simulation volume wherg; /n;o<1 andn;/n;g>1, re-
[23]. Another interesting phenomenon is that the charge opectively, are presented in tligreyscalg topograph style,
the second particle, at the considered distanegsto D i.e., partAis for n;/n;;<<1 and part B is fom;/n;;>1, so
=4.1\p,), is always less than the charge of the first particle that the change from lowegwith respect ton;q) to higher
thus confirming the long-range influence of the ion wake. densities is clearly seen. A strong ion focus is formed at the
To compare the results for two particles with the case ofdistance of a fraction of the electron Debye length behind the
an isolated particle, we present in the last line of Table Il thefirst dust grain; depending on the position of the second
result of the special simulation run for the charge of the firstgrain, the wake maximums are either combined, see Fig.
particle when the second particle is removed from the systerii(a), or clearly separated, see FigciL
(D=x). The particle charge in this cas® € 145®) coin- Figure 2 gives the contour plot of the plasma poteritial
cides with other numerical M)24] as well as particle-in- V) for five different distances between the graife: corre-
cell (PIC) [23] simulations, moreover, this result also agreessponds to a short distance which is much less than the elec-
to the model OLM calculation for a particle levitating in the tron Debye lengthD =0.25\p,, (b) is for the increased dis-
sheath region in the presence of the ion flR@]. tance D=0.82\pe, (€) is for D=1.43p., (d) is for D
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FIG. 7. The distribution of the normalized electron density per-
pendicular to the ion flow, for four linex=0 (solid curve, corre-
sponds to the left wall of the simulation boxxrdirection and to the

FIG. 6. The distribution of the normalized ion density perpen-
dicular to the ion flow, for four linesx=0 (solid curve, corre-
sponds to the left wall of the simulation boxxrdirection and to the J : na g
distance 1.0y, before the center of the first grain, i.e., in the distance 1.0bp. before the center of the first grain, i.e., in the
upstream direction x=8.1h, (dashed curve, corresponds to the UPstream direction x=8.1h, (dashed curve, corresponds to the
distance of 0.5p, after the center of the first grain, i.e., in the distance of 0.5p. after the center of the first grain, i.e., in the
downstream directionx=16.1h, (dotted curve, corresponds to the downstream directionx=16.1h, (dotted curve, corresponds to the
distance of 2.0y, after the center of the first grain, i.e., in the distance of 2.0bp, after the center of the first grain, i.e., in the
downstream direction and x=19.4h, (dash-dotted curve, corre- downstream direction and x=19.4, (dash-dotted curve, corre-
sponds to the distance of 2)6§, after the center of the first grain, SPONdS to the distance of 266, after the center of the first grain,
i.e., in the downstream directiprFive different distances between -6 in the downstream directipnCompare with Fig. 6.
two dust grains are presented as well as the distance corresponding
to the electron Debye length in the directipiperpendicular to the In Fig. 4, we present the cross sections of the normalized
ion flow. ion density in the direction parallel to the ion flow. For better

visualizing of the scale, we also plot the grain siz&cle).
=2.1\p., and(e) is for a distance relatively large with re- Five different distances between the grains are prese(ded:
spect to the electron Debye lendih=2.7\p.. We see that D=0.25p,, (b) D=0.4I\p,, (¢) D=0.82p., (d)
for short distancefFigs. 2a) and 2b)], the wake is practi- 1.64\p,, and(e) D=2.45p,. Note that here, we have pre-
cally corresponding to that of one combined particle; on thesented more cases for distances less than and of the order of
other hand, for distances of the order of, Figd)2or more the electron Debye length. We plot four curves correspond-
than, Fig. 2e), the electron Debye length, the formation of ing to z=L,/2 and: (1) y=5.4h,=L/2 (solid curve. This
quasiwake features can be seen after the first grain, i.e., béne is parallel tox and is in the middle of the simulation box
fore the second one. The characteristic distance for the ren y direction, and it crosses the centers of the grai@sy
gion of the attractive potential to appear in theirection is ~ =5.7h, (dashed curve This line is at the distance 0.8§
of the order of the electron Debye length, thus, coincidingfrom the centers of the grains in the direction perpendicular
with the linear theory7]. The three-dimensional surface plot to the flow ); (3) y=6.4n, (dotted curve This line is at
of the plasma potential is presented in Fig. 3, for two dis-the distance 0.20,, from the centers of the grains in the
tances:(a) is for a distance which is much less than thedirection perpendicular to the flowy]; and (4) y=7.8n,
electron Debye length =0.25\, [see also Fig. @], and (dash-dotted curyeThis line is at the distance 0.4, from
(b) is for a distance which is more than the electron Debyehe centers of the grains in the direction perpendicular to the
lengthD =2.7\p, [see also Fig. @)]. flow (y). We see that the major maximums of the ion den-
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sities in the wake are typically formed at distances of a frac- IV. CONCLUSION
tion of the electron Debye length. Figure 5 presents the cross
sections of the electron density normalized 1o,

=N¢/LiLyL,, in the direction parallel to the ion flow. Other q h d ic bodid insin th
parameters and curves are the same as in Fig. 4. Here, we <3@und two charged macroscopic bodidast grainsin the

that the electron screening length corresponds to the electrdf€Sence of an ion flowand therefore involving strong ion
Debye length; also, distortions of the electron density appedPCcusing behind the grainswe have demonstrated that the
behind the grains at a distance of the order of the electrolPn wake strongly influences the charge of the second grain
Debye length due to the plasma wake formation, as showtpcated downstream with respect to the first particle. This
also by the plasma potential in Figs. 2 and 3. influence is especially strong for intergrain distances small
Finally, Figs. 6 and 7 present the cross sections of the€ompared to the electron Debye length. It is interesting that
normalized ion(Fig. 6) and electror(Fig. 7) densities in the there is also an influence of the downstream particle on the
direction perpendicular to the ion flow; the distances be-charge of the particle located upstream; this influence, how-
tween the grains are the same as in Figs. 4 an@5{e), ever, is limited to distances of the order of the electron De-
and four curves are presented=(L,/2): (1) x=0 (solid  bye length, in agreement with the Debye approximation. The
curve). This line corresponds to the left wall of the simula- charge of the second particle, for the distances considered
tion box (where the ion flow is introduced in the system (up to four electron Debye lengthds always less than the
and it is at the distance 1.B5, from the center of the first charge of the first particle, and this is attributed to the long-
grain in the upstreartwith respect to the ion flondirection;  range influence of the plasma wake. The simulated plasma
(2) x=8.1h, (dashed curve This line is at the distance glectron and ion densities as well as their cross sections pro-

0.5\p from the center of the first grain in the direction jge details of the corresponding distributions within and
downstream with respect to the ion floy) x=16.1h, (dot-  gutside the wake.

ted curve. This line is at the distance 2.0§. from the

center of the first grain in the direction downstream with

respect to the ion flow; and finally4) x=19.s, (dash- ACKNOWLEDGMENTS

dotted curve This line is at the distance 2.8g. from the

center of the first grain in the direction downstream with  This work was supported by the Australian Research
respect to the ion flow. Council.

To conclude, we have self-consistently simulated from
first principles by MD calculations the plasma Kkinetics
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