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Electrostatic modes in collisional complex plasmas under microgravity conditions
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A linear dispersion relation in a highly collisional complex plasma, including ion drift, was derived in the
light of recent PKE-Nefedov wave experiment performed under microgravity conditions onboard the Interna-
tional Space Station. Two modifications of dust density waves with wave frequencies larger than the dust-
neutral collision frequency were obtained. The relevance to the space observations was analyzed and a com-
parison of theory and observations was made for two different complex plasma domains formed by small and
large microparticles. Good qualitative agreement is found between the measurements and the theoretical
dispersion relations. This allows a determination of the basic complex plasma parameters.
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[. INTRODUCTION where the dust modes of frequencies smaller than the char-
acteristic frequency of the dust-neutral collisions were
Complex plasmas are characterized by the presence @ostly discussed, the focus of the present paper is on the
charged microparticles, besides the usual electron and iomodifications of the dispersion relation when dust density
species. Such particles usually accumulate charges that exerturbations have significantly higher frequencies and thus
ceed the electron and ion charges by orders of magnitudgyopagate at the phase velocities higher than the usual dust-
and in comparison have also much higher mass-to-charggcoustic velocity, in the range of small wave numbers. As
ratios. Hence, the appearance of very low frequencies, chafg|iows from this paper, the results are directly applicable to
acteristic for the charged microparticles, which move ingome of the recent experiments performed under micrograv-
space and time scales that differ vastly from the normal elecity conditions onboard the International Space StafioH,
tron and ion scales, should be expected. Among the manyamely, on dust density waves observed in a specific wave

new modes, the prime example is the electrostatic dusichannel arising in a complex plasma under microgravity con-
acoustic wave, which is associated with dust number densityjtions.

perturbations, and the dust-lattice wave, which occurs as a

result of coherent vibrations of microparticles organized in

crystal-like structures. These modes have been extensively Il. THEORY

studied in recent years both theoretically and experimentally

[1-14). Recently, the first experiment on dust-acoustic waves

performed under microgravity conditions onboard the Inter- In this study of complex plasma waves, we consider a

national Space StatiofiSS) and its theoretical interpretation four-component collisional complex plasma, consisting of

were reported15]. warm plasma electronsubscripte), ions (subscripti), neu-
Laboratory complex plasmas are usually weakly ionizedrals (subscriptn), and cold charged monodisperse micropar-

and thus are strongly collisional. Moreover, real complexticles (subscriptd). The plasma species obey the standard

plasmas are subjected to discharge electric fields, and asflaid equations

result the ions acquire drifts due to these fields and stream

through the more inertial microparticle component, leading 3 P 2 an e

to various kinds of streaming instabiliti¢$6—19. Incorpo- Ve Ueje + Vel + UredTe_ _ —E, (1)

rating all these effects simultaneously, we rederived the dis- Jt JX Ne X Me

persion relation for the dust density perturbations, allowing

us to consider a highly collisional regime, dust charge fluc- 5

tuations, and ion driff20]. Contrary to this previous work, dvj N dvi + v dn

+ i+ gl = vg) = —E, (2)
Vi — T Vjpuj T viglv; —vg) = —E,
It Io”X n 9x inYi id\Yi d m

A. Basic equations

*Permanent address: Institute of Radio Astronomy of the National P p 7
i i v v e
Acad_emy of Science of Ukraine, Chervonopraporna 4, Kharkov, d, vd—d + vg0g + vailvg = vi) = d E, (3)
Ukraine 61002. at dx my

1539-3755/2004/68)/0664017)/$22.50 69 066401-1 ©2004 The American Physical Society



YAROSHENKO et al. PHYSICAL REVIEW E 69, 066401(2004

Via  _ ZdNod

(Vin + Vig) Noj

* %(vanog =o0. @ (10

Herev, andn, refer to the fluid velocities and densities of The equilibrium equations indicate that for stationary states
the different speciesa=e,i,d), having massm,, tempera- o 3 homogeneous dusty plasma without dust flow, the ion-
tureT,, and thermal velocitiesr,=T,/m,. FurthermoreE  qyst collision frequencyy (or vg) is not an independent
denotes the electric fle|d,AWhICh includes the steady statBlasma parameter but is self-consistently specified by the
(zero-ordey dc field Eg=Egx. For simplicity of the subse- dust charge density. Introducing the Havnes parameter for
quent analysis, the wave propagation is also consideregns p,=|Znyq/ng: it is possible to specify one of the most

along thex axis. Keeping in mind the application of our yncertain parameters in complex plasmas — the momentum-
results for microgravity studies of complex plasma wavesyransfer frequency,y — as

Eq. (3) does not incorporate the gravitational fofeg=m,g.

Regarding the particle charges, we mdt—q;=—e for the pi

plasma electrons and ions, while for the dust grains, the Vig = W p (11)
chargeqy=eZ, results from the electron and ion currents !

flowing to the dust grain surface. Moreover, the ion drift velocity is now determined by the

Collisions with the neutral gas occur with collision fre- yomentum-transfer frequeney, and the ion Havnes param-
QUENCIES Ven=NnOelTer ¥in = MTinUTis and vg,= MnTdnlTn eterp;,
for the electrons, ions, and dust particles, respectidedye
n, denotes the neutral number density angl is the effec- eEy(1-p)
tive collisional cross sectign The others dissipative terms voi= T - (12)
via(vi—vg) andrg(vg—v;) account for the drag of the ions on VinMh
the dust grains angice versa with v,4 being the ion-dust
momentum-transfer frequency andy=w,ymn,/myny the
dust-ion momentum-transfer frequency. Note that electron-
ion and electron-dust collisions are not considered dynami- Following the standard procedure, we linearize the basic

C. Dispersion equation

cally. equations(1)—«(5) with respect to small perturbations
Finally, the set of equationd)—<(4) is closed by the Pois- —v0i*+vi; vg—vg, andn,— Noa*+ Ny — o+ 1y, where the
son equation for the electrostatic potential values with the subscript “0” refer to the equilibrium state of

the plasma. All the first-order quantities are supposed to vary

_lg = — dae(n, - N+ Zyng). (5) as «exp( |mt.+|kx). Introducmgzthe su§cept|pll|t|es for. all
dX plasma species ag,=—4mq,n,/k“y, and inserting these into
the Poisson equatiofd) gives the dispersion law
B. Equilibrium consideration 1+xi+xet xa=0. (13
Letting 9/ t=a/ 3x=0 in the basic equations, E) gives  Furthermore, we use the common assumption that compared
the charge neutrality condition to the heavy ions and dust grains, the plasma electrons can

6) be considered as effectively massless. Then only the Boltz-

Ngi — Noe + ZqNgg = 0, istributi
oi ~ Moe ™ 4dllod mann distribution

while Egs.(1)—3) yield

e
e Ne = Nge exp< —d/) (19
Voe =~ Eo, ) Te
VenMe
remains of Eq(1) with an equilibrium electron density,.
_ e E 8 This actually means that we have omitted the zero-order ve-
voi = (Vi + Vi) My 0 ® locity for plasma electronér), which is justified when deal-
ing with the plasma regime, corresponding to the ambipolar
Ze diffusion. The electron susceptibility reduces with the help of
Vanvod + Vai(vod ~ voi) = ——Eo. (9 Eq.(14to
my
In typical experiments on low-frequency waves in complex __ 1
. . . I Xe— 22 (15)
plasmas under microgravity conditions, the dust particles do KN\ pe

not reveal any visual drift inside a dust cloud. It is reasonable

then to assume that, the ion drag is balanced by the electrighere\p=1T./47€ N, is the electron Debye radius.

force, yieldingugg=0 in Eq.(9). Elimination of the ion ve- The ion drift influence, on the other hand, will be kept in
locity vy between the two momentum equatig®s and(9)  the main equations. Indeed, elimination of all quantities in
gives a simple relation between the dust charge density arfdvor of the ion density fluctuations; from Egs. (2)—«5)
collisional frequencies, viz, yields
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2 2 1,2y 2
w5 k s KON
Xi=- (16) = = 200,525 (23
| I I
(0 = kvg)(w — kvgi +ivj) — KT K« (wr + o))

with the effective ion collision frequency given by=w,,  This set of equations can be solved to yield the real and

+vq and the ion plasma frequency determined by; imaginary parts of the wave frequency,
:4we2n0i/m._ For Iqw frequencie&)< kvgi, we can negleqt , wzdkz)\zDe 1 +k2)\%e
w in comparison withkvg in EQ. (16). On the other hand, if wp ) = > B * 2 ,
the wave number satisfies the inequality 24/ +(1+k2)\2De)2 = +(l+k2)\2De)2
k< 20 (17) (24)
UTi ~ Vg

where the sign “plus” in the brackets correspondsafo
the termk?(v%,—v3) in the denominator of Eq16) can also  while the “minus” sign is related t@?. The latter generalizes

be neglected and the ion susceptibility reduces to the solutions obtained in Reff20].
For wave number&<k. or k>k =1/k\3,, the general
, w,z)i L solution (24) represents a weakly growin@, > ;) analog
X g _—Ik)\zDieEO’ (18)  of the dust-acoustic mode, in which the role of the lighter
component is played by the plasma electr¢ine electron-
where\p; =\ T;/4me’ny is the ion Debye radius. dust-acoustic mode

Calculating in the same way the dust density perturbations

2 1,2y 2
ng, one easily gets the dust susceptibility as 2 _ oK Ape

~ ¢ "De 25
Wy 1+k2)\2De, ( )

2
= od 19
XO™T (w+ivg 19 2 opdNoe (26)

_ 2 AT A1)
Here the dust plasma frequencyagy= VAmZiePneg/ my and . . . 5
the effective collision frequency for the microparticles is in- Since in complex plasmas typicallyh,> Mg, the phase ve-

troduced byvy=vy,+vg. Usually, in complex plasmasyy, locity of the perturbation$25) can be much higher than the

> vy and, thereforepy~ vgn. usual dust-acoustic speeg,=wpd\pi- .
Substituting the derived plasma susceptibilities into Eq. In the case of intermediate wave numbdsssk<k', the
(13) gives the dispersion relation solution (24) is simplified to
2 Ape® k(1 + K2\ 2
1ot T % _y (g ) = D—%p—d\’m{l + TDQ SN )
kA3, K\3eE w(w+ivg) v

. i . . ) describing a highly unstabley, ~ ;) dust density wave with
A similar dispersion relation, but accounting for dust charge,,;4coustic dispersiom= \k [20]. It is easily seen that for

fluctuations in highly collisional complex plasmas, was re-) obeying k<2 k./2\2. =eE,/2T,, the phase velocity of
cently discussed in connection with the ultra-low-frequencyﬂ’1e mode(27) echeeedsu? v
a

waves (w<wvy, observed under microgravity conditions
[15,20. In the present analysis, we will concentrate on an-
other limiting case, assuming that the wave frequency satis-

fies the inequalityw > v, OF evenw> vy As will be shown The relevance of the calculated dust density perturbations

later, this is the case in the latest experiments on plasmg=qs. (25)(27)] for real dusty plasmas will now be investi-

waves observed in the wave channel under microgravity. gated using the data obtained by the PKE-Nefedov labora-
Introducing a valuek. =eEgnoe/ Teng with dimension of @ tory onboard the International Space Statf@d]. In these

Ill. EXPERIMENT

wave number, we rewrite E¢20) as experiments, the plasma was produced in a symmetrically
2 22 driven parallel plate capacitively coupled radiofrequency dis-
1 +K2\2 —ih— wgdk Koezo_ (21) charge. Plastic spherical grains of two different radii,
De k. w? =1.7um and a=3.4um, were injected into an argon

plasma. The microparticles formed two adjacent clouds be-
tween the electrodes with a lentil-shaped v@iegion free of
D. Solutions of the dispersion relation particleg in the center of the chambégFig. 1). The inner
small grain cloud SGQ and the outer cloud formed by the
larger particlegLGC) revealed ordered structures with aver-
age interparticle distances of 178n (SGO to 270um
W2 ION2 (02— ) (LGC). The argon background neutral pressure was 12 Pa,
pd 2De 5 5 = ~0, (22)  leading to dust-neutral collision frequencigg~ 30 s* and
(o] + ) 15 s for small and large microparticles, respectively. Ap-

Insertingw=w, +iw; into EQ.(21) gives two equations for
the real and imaginary parts of the dispersion relation:

1+KN\Be -
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mechanism responsible for the void formation is the ion drag
force, which can exceed the electrostatic force in the limit of
weak electric fields and, hence, pushes the particles out of
the central region of the dischar§26—29. Inside the dust
cloud the ion flow is decelerated by the ion-dust collisions
(both absorption and scatteringnd the ion drag force is
reduced. This makes possible the existence of stationary dust
cloud — inside the cloud the ion drag force is balanced by
the electric forcgas discussed in Sec. 1)B

To make further progress in studies of the described com-

f=3.3 Hz plex plasma structures, a low-frequency modulational volt-

16:52:17:14 age was applied to the rf electrodes. The excitation frequency
was varied by steps in the range from 2.7 Hz to 47 Hz. The
grains were illuminated by a laser sheet perpendicular to the
electrodes and imaged by a side video camera at 25 inter-
laced frames per seconps). The video frames were re-
corded with a video camera and digitized, producing a se-
guence of images at 25 fps at a standard resolutig8
X 576 pixels.

This experiment would have been in many ways similar
to the recently reported orjd5] if the gas pressure was not
two times lower. It turns out that a decrease in the neutral gas
pressure can play a crucial role in complex plasma. It leads

f=10.0 Hz not only to the reduction in the dust-neutral collision fre-

16:52:38:86 quency(by a factor of 3 and modifications in other plasma
parameters as compared to R@f], but the most surprising
feature is an appearance of the specific waveguide in the
complex plasma: when the positive part of the voltage fluc-
tuation was superimposed to the electrodes, the void under-
goes depletion, resulting in its opening through a narrow
region—a wave channel. Figure 1 illustrates a typical picture
of the specific plasma structures and the wave channel. The
region inside the wave channel is highly interesting from the
theoretical point of view because it exhibits density waves at
different excitation frequencies in both plasma clouds
formed by the smaller and larger particlgsigs. Xb) and

P e 1(c)]. Note that in the wave experiment of RéL5] only
B small grain cloud supported the density perturbations. The

FIG. 1. Experimentally observed typical plasma structures an Jvaves propagate in the direction of the electric field from the
the wave channel at different excitation frequencies: 3.3(&z VF"O,' boundary ms.'de the Complex plasma channel' q_une
10 Hz (b), and 22 Hz(c). similar to wave dlst_urbances in weakly ordered fluidlike

complex plasmas. It is reasonable to assume that the double
plying the previous calculations of the plasma densities in dayer potential differences present at the boundaries between
argon discharge complex plasma under microgravity condithe void and different complex plasma regiong
tions [15] to the lower pressure the ion density is estimated~ (1-2)Te/e [23], are smoothed over the channel length,
to be in the range fronmg; ~5x 10° to 1® cm™2 in the vi-  leading to an increase of the discharge electric figjéh this
cinity of the SGC andhy ~3x10% to 5xX10% cm2 in the  region. The values ofg, can be roughly estimated as
cloud of larger particles. The electron temperature was aboufl—2)Tc/eL, whereL is a characteristic length of the plasma
T.~ 3 eV, while for the ionsT;~0.03 eV. The ion-neutral channel(L~0.8 cm in SGC and. ~0.4 cm for LGQ. This
momentum transfer frequency can be estimatedvgs gives values ofEg~5 V/cm in the small grain cloud and
~(2-2.59x 1P s! and the ion-dust momentum transfer fre- E,~10 V/cm in the large grain cloud.
quencyry we expect to be of the same order of magnitude as Analyzing the recorded video sequences at the given fre-
v, for both complex plasma domains. Such parameters indiquency, we determined an average wavelerfgiéve num-
cate a complex plasma which could be considered to béen and thus reconstructing the dispersion relatigk). Fig-
highly collisional. ure 2 shows the dispersion dependencies for the two different

The important feature of the experiment is the presence ofomplex plasma clouds obtained by these means. It is seen
the void. Similar structures with the central void were ob-that the wave perturbations are pronounced in different wave
served in most of the experiments under microgravity condinumber domains: 30 cth<k<100 cm! (SGO and
tions [15,21-25%. Presently it is believed that the main 30 cmil<k<65 cni! (LGC) and demonstrate nonacoustic
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250 v mum applicable plasma density; ~5 X 108 cm 2 and rather
(@ SGC large electric fieldE,~ 10 V/cm, this givesk” ~100 cn™.
200 - Larger plasma density and smaller electric field will lead to
even largerk’. Hence the electron-dust-acoustic ma@é)
< 150f could manifest itself only in weakly ionized complex plas-
~ mas under moderate electric fieltsg., ng<10° cm™ and
S 100t Eo~5 V/cm leads tok” <50 cni?). It is unlikely that this
iy ® Experiment mode is of importance for the discussed complex plasma
50 Theory experiment. So we have to use the square root solut®ns
appearing in the rangé >k> k. which covers the range of
025 50 73 100 observations in the experiment. Also, we take into account
1 the possible difference in plasma parameters in SGC and
k(cm?) LGC for interpretation of the experimental data in these two
150 complex plasma domains separately.
(b) LGC
o A. Waves in a small grain cloud
. 100r Inside the small grain cloud the ion density is assumed to
T be close to its average value. Hence we uggp=7
‘s’ X 108 cm 3, which leads to the ion Debye lengtRp,
501 o Experiment =50 um. For definitenesg, we put thg electric fieli)
Theory ~5V/cm. The dust dens_lty can be est_lmated throu_gh the
average particle separatiohg~175um in SGC, which
0 , givesng=1.9x 10° cm3. As for the dust charge, the stan-
25 50 75 dard orbit motion limited approactOML) predicts Z{M-
k(cm'l) ~5X10%. However, we cannot rely on this estimation be-

cause of possible electron depletion in the dust cloud. An-

FIG. 2. Comparison of the experimentally measured dispersiorﬁ)_ther Important "_"SpeCt is that we deal W'_th a highly CO"",
relations with the theoretically predicted square root d(apendenci«3'§!0nal case and ion charge exchange collisions can result in

of Eq. (27). Plot (a) refers to the complex plasma formed by small Significant decrease of the grain charge in comparison with

grains (SGO, while plot (b) corresponds to the complex plasma the OML predictions{30,3]]. So t_he value of the dust c_:harge_
domain formed by larger grain&GC). has to be obtained by matching the measured dispersion

curve (Fig. 2) with theoretically calculated dispersion rela-

dependences(k) in both cases. One of the most interestingt'orlli(zl?eforath:hgx:?hrgizgﬁ%?rsagﬁt?rrlz;[chm verv 0ood
feature is the existence of a wave number range, where the gure 23) 9. Very 9

. : I ualitative agreement between measurements and theory is
density modes propagate at higher phase velocity in th%btained in the range of wave numbéks-30—100 cri*

larger grain plgsma than in the medium of t.he smallgr 9Ny hen the dust charge is of the ordgy~3x 10°. The latter
Although the dispersion curves revealed different dispersion : : .
4 . . is almost half that estimated from the OML theory in quali-
properties, the measurea k) dependences could be identi- . .
fied only for > vy, in both cases. This is another principal tative agreement with Ref$30,31,
. y 1oro = vgn >TSS : PriNCIpal * rhe particle chargey~3x 10° immediately yields the
difference when compared with the previous wave experi-

=~ =1 i -
ment[15], where the wave perturbations were observed onlydUSt plasma frequenaypg=450 s°. Furthermore, substitut

. ng the ion and dust charge densities in E8). we find the
at w <wyy,. Finally note that the length scales of the observed : _ 3
waves, A\=27/k~0.2-0.06 cm, are significantly shorter electron densitynge=10°cni™® and the Debye lengtho,

- =0.12 cm. The ion Havnes paramefgr|Zyngq/ No; is then
than the characteristic S.Call?§ (0.4-0.8 cm of .the plasma ﬁi =0.85 and the ion drift velocity12) can be estimated as
channel. The latter can justify our one-dimensional approacl)

-~ i 06 =1.25x 10* cm/s, which is a few times smaller than the
for the description of the wave perturbations propagating,. ihermal velocityv;=2.7x 10 cm/s. These complex
along the wave channel. !

. - . lasma parameters give the lower and upper limits of wave
Let us now consider the validity of the two different so- P P 9 0P

i oS (251427 f ooint of the af numbers ask.=0.3 cnT! and k" =200 cn1!, which cover
ytlons[ gs.(25)~27)] from a stan point of the aforemen- o range of experimentally found wave numbers. Now we
tioned plasma parameters. We start with the analog of th

fiave only to check the validity of the specific form of the ion
electron-dust-acoustic mod@5). With an electric fieldg, e : - ;
~1-10 V/cm and the assumptiog ~ ny, we get the maxi- susceptibility (18). Putting appropriate values in E@l7)

. AR
mal value ofk.~0.3—3 cm?. The wavelengths associated yields k<200 cnt’, which is the case.
with k<<ks turn out to be very largéx =2-20 cm), far ex-
ceeding the dimensions of the complex plasma structures,
while the observations revealed perturbations corresponding It is reasonable to assume that the plasma density de-
to k~30-100 cm'. Another possibility for the solutiof5)  creases outside the discharge central region and we can as-
to exist requiresk> k' =1/k\3,=4mery/Ey. For the mini-  sumeny=4x 10° cm 3 inside the large grain plasma cloud,

B. Waves in a large grain cloud
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while the electric field grows and we tak&~10 V/cm. wave frequencies larger than the dust-neutral momentum
The ion Debye length is nowp; =60 um and the dust den- transfer frequency. Taking into account a relation between
sity determined by the average particle separatipn  plasma parameters in an equilibrium state, two unstable
~270 um is ngy=5x 10* cm3. Since the size of the larger modifications of the dust-acoustic mode have been obtained.
particle is twice the smaller one, we assume that the dusthe relevance of these perturbations to the observations of
charge, carried by the particles in LGC is also twice thedust density waves in a specific wave channel has been ana-
charge of the small grains, and herit;e- 6 X 108, This leads  lyzed. It is shown that a new mode, characterized by a
to the dust plasma frequenay,q=170 sl The electron Square-root depgndence of the wave freql_J_ency_on the wave
density can now be estimated ag=0.75x 1¢f cm™3 and number, can satisfy the propagation condlt_lons in the_gl\_/(_an
the Debye lengthp.=0.14 cm. The ion Havnes parameter range of wave numbers gnd thus'can explain the peculiarities
becomesp;=0.82 and the ion drift velocity12) is of the o ?ﬁeﬂ%ﬁgﬁigodr:sgf :ilg Qrfgf;goghd the observations was
e e e ot s o e Separtely for o iferentcomplex lasna domans
to bek. ~0.7 cnT® andK' — 70 cnr, respectively. It should rmed by small and large microparticles. Good qualitative

b inted hat the i i . tulfilled agreement is found between the measured dispersion rela-
e pointed out that the inequalitg7) is now fulfilled auto-  ions and the theoretically predicted square-root dependence
matically, becauser;~vy.

i of the wave frequency on the wave number in both domains.
Contrary to what has been done for the SGC, we will notthjs allows a determination of the basic complex plasma
match the dispersion curves, but just calculate @d) for ~ parameters. We found that the grain charges in SGC and
the present plasma parameters and compare this with thesC are smaller than predicted by the OML theory. This is
experimental data. This could be considered as an additiongi qualitative agreement with recent studies of the effect of
verification of our interpretation. Comparison of the calcu-ion-neutral collisions on particle charging.
lated dispersion relatiof27) with the measured one is pre-
sented in Fig. 2. Very good qualitative agreement between ACKNOWLEDGMENTS
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