PHYSICAL REVIEW E, VOLUME 64, 066404
Effects of dust charge fluctuations on current-driven dust-ion-acoustic waves
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The effects of fluctuating grain charge on current-driven dust-ion-acoustic modes are investigated in the
presence of various physical parameters which are varied in order to describe the behavior of the mode in
detail. Variation of the charge clearly influences the ion-acoustic mode by changing of its frequency and growth
rate. We report here the existence of a dust charge fluctuation mode in the system, and it is shown that the mode
is unstable for a negative charge on the dust per unit volume not exceeding some critical value.
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I. INTRODUCTION be affected by the charge dynamics. Therefore, the presence
of dust in a plasma introduces two widely separated and well
According to the present knowledge of processes in dustglefined time scales that can be studied separately.
and multicomponent plasmas, there are two main differences In the present paper we investigate the effects of the fluc-
that clearly distinguish these two systems, i.e., the dust patuation of the charge on dust particles on the current-driven
ticles are usually heavy compared to the standard plasm@ust-ion-acousti¢DIA) mode, first predicted in Reff8]. The
components, and there is a fluctuating charge residing ophysical interpretation of this mode is similar to that of the
them. Both effects have been investigated extensively in thétandard ion-acousti¢A) mode, with a modification caused
past decade. by the presence of a stationary background of charged dust
The large difference in masses has been used in analyticgrains. Both DIA and IA modes can be relatively easily pro-
studies in the past in two different limits. The first implies duced in laboratory conditions by applying a constant steady
dusty particles so heavy that they can be taken as stationagfate electric field. Recentljg], a detailed analysis of the
for frequencies much exceeding the characteristic frequerl?lA modes produced by a relative drift of electrons and ions
cies of the dusty plasma component, making in that way onlyas a result of a constant, externally applied electric field was
a stationary neutralizing background for the perturbationgerformed for various values of the physical parameters de-
propagating in the much lighter electron-ion component ofscribing the system. One conclusion is that the more dust in
the plasma. If, in the same limit, the dust density is nonunithe system, the easier is DIA mode excitation in the system.
form, this can cause an additional mode driven by the dusthe explanation of this effect follows from the fact that the
density gradienf1]. The investigation of nonlinear electro- bigger the number of dust particle@sually negatively
static[2] and electromagnet{@®,4] perturbations propagating charged by mobile electropghe smaller the number of elec-
in such a system reveals the possibility of formation of vari-trons required to neutralize the eventual space charge varia-
ous types of vortical structure. The other limit, valid for very tion of ions, and, therefore, the system becomes more un-
low frequencies that are of the order of, or less than, typicastable. This, and other results from REJ], are reexamined
plasma frequencies of the dusty fluid, includes the dynamic# the presence of a fluctuating charge on the dust particles,
of dust particleg5], and reveals the possibility for extremely and the corresponding dispersion equation is solved and dis-
low-frequency modeof the order of hertg and with wave-  cussed numerically. Also, we report here the existence of a
lengths that are visible to the naked eye. Predicted by theorgharge fluctuatiodCF) mode which not only influences the
these modes have been successfully detected in laboratoBJA mode but also has a frequency almost matching that of
conditions[6]. the ion-acoustic mode for certain values of the large wave-
The variation of the charge on dust particles introduces afength. This feature of the CF mode makes it an attractive
additional temporal scale in a dusty plasma. Owing to itscandidate for resonant excitation of the ion-acoustic mode.
high-frequency nature ~of the order of megahenizthe Recently, a similar analysis of the instability of current-
charge variation, on one hand, may not be dynamically imdriven DIA modes was performed in R€f10]. However,
portant for dust-acoustic waves-few hert, and yet it will only the threshold for the instability of current-driven DIA
influence the collective behavior of the plasma particles, ornodes was derived for the case of marginal stability, and
the other hand. Therefore, some of the very low-frequencyliscussed in detail. In the present analysis DIA and CF
processes in a dusty plasma are uninfluenced by the chargeodes are studied numerically by varying various param-
fluctuation, so that taking some average value of the chargeters that describe the system.
is usually a good enough assumptidn-5,7]. However, the
plasma modes with frequ.encies close_ to the average charging IIl. MODEL AND EQUATIONS
frequency of the grains, like the dust-ion-acoustic mode, will
As in Ref. [9], we study a plasma consisting of ions,
electrons, negatively charged dust grains, and neutrals. The
* Author to whom correspondence should be addressed. FAXeffects of neutrals will appear in the corresponding equations
+32-16-32-7998. Electronic address: jvranjes@yahoo.com via electron- and ion-neutral collision frequencigsandv; ,
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respectively. In describing small electrostatic perturbationdy inelastic collisions with electrons and ions, and generally
propagating in the system, we use the continuity and mok is not a constant. Its variation is usually a high-frequency

mentum equations for ions and electrons,

an, N
¢ T V(iv) == via(ni—nig), (1)
. - . . -
n;m E—i—vvai :_KTiVni‘l‘eniE_VinimiUi, (2)
an, N
W"FV(neve):_Ved(ne_ Neo)s 3
0= kTeVNe+ eNE + veneMeve . (4)

Here the terms on the right-hand sides of H4sand(3) are

the source or sink terms caused by inelastic collisions Witr}:
dust particles, and.q;q are the electron-dust and ion-dust
collision frequencies. In Eq4) the electron inertia on the
left-hand side is neglected, but kept in the collision term
which can be dong9] since in the collision term it is of a

lower order ~mZ2?).

(of the order of megahentprocess. As already pointed out a
dusty plasma introduces two widely separated time scales,
namely, the dust-acoustic and charge fluctuation scales, and
for many practical situations and for low-frequency modes,
the charge residing on the dust grains can be considered to
have some average val(ig] and its fluctuation can be com-
pletely ignored. The fluctuation of charge, however, is of
importance for normal plasma modes whose frequencies are
not so well separated from the charging frequency of the
grains, and the fluctuating charge on dust particles can give
rise to damping or growth of the mode in a reasonably short
time, which is of the order of the period of a plasma wave
oscillation.

In equilibrium, the charge on the dust particle is assumed
negative (due to the usually higher mobility of electrons,
ompared to ions and constantdue to the balance of the
electron and ion currentgg;o). However, in the presence of
collective perturbations propagating through the system,

'which cause the space-time variation of physical quantities

determining the amount of charge on the dust particles, the
charge becomes space-time dependent, and therefo(€)Eq.

Further, we use the charge conservation equation, Whicg to be studied self-consistently with E¢d)—(4). At the

can be written as

% 1%.1=0 5
V=0 ©)

where

p=en—en—eZny, j=envi—enw.—eZynguy-

Using Egs.(1) and(3), from Eq.(5) we obtain the following
charge fluctuation equation:

Q - - € Vey Vig
—tvq-VQ= Ne—Ngg— —(Nj—Njg) |, 6
ot vg-VQ Nuo e~ Meo Ved( i i0) (6)
where
PO Tt+Z Mg H2)
Ved™= T, Vig= \/ = TVeq€XN(2),
€ 1+ m €
andoKTe
c:—2
Ngo€
Ti Qe 2
T=T—e, zZ= anT,’ Qc=wpia(1+r+z)/cs\/2w,
2 KTi
ci=—mo,
m;

same time, in the present model, the heavy dust particles are
assumed to be stationary, so that the dust dynamics is de-
scribed only by the fluctuation of the charge, which is physi-
cally justified having in mind the difference of characteristic
frequencies in the dust and in the electron-ion plasma
component.

We assume a stationary equilibrium in the uniform plasma
in the presence of a constant electric fielgl Equations(2)
and(4), together with the plasma quasineutrality condition in
equilibrium

Nio="Neot ZgoNdo> (7)

in that case vyield
eEy=vimivip=—reMeleo, )
Neo=(1—d)N;o. 9

Here 6=nypZ40/(Neot NgoZgo) IS @ parameter representing
the fraction of the total negative charfgust- electrong per
unit volume attributed to dust grains only.

The electric field introduced above can be easily achieved
in experimental conditions. In such situations it is respon-
sible for the electron and ion currents, resulting, e.g., in
current-driven ion-acoustif12] or dust-ion-acoustic waves
[9]. At this stage it is worth noting that the presence of an
electric field in a dusty plasma can be of importance for
space and astrophysical applications as well; namely, a
proper analysis of the equilibrium of a gravitatifor self-

ais the dust particle radius, and the other notations are stampravitating dusty plasma system requires the presence of a
dard. The value of the parametBg covers a rather broad large scale static electric field, resulting from the inevitable
range, especially in the case of astrophysical and space dustitarge separation caused by the difference of masses of

plasmas. It is 10* for Saturn’sk ring, 10 for Saturn’sG

ring, and 1 for Jupiter’s ring11]. In Eq.(6) Q=eZ, denotes

plasma components. This effect in ordinary astrophysical
plasma system§.e., for an electron-ion plasmaas been

the absolute value of the charge on the dust particles, caus&down for a long timgPannekoek-Rosseland fig¢ldL3]. In
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the presence of charged dust, however, the situation should 1 ZaoNdo Uo v
dramatically change; it can be shown that the ratio of dust to y~ = — ve( ) > 5 — EI
electron scale lengths (j/L,~myT./m.Ty) is very large. m; Neo | \CZ+(1+ZaoNgo/Neo)C;

For the electron scale length of a few kilometers, the dust
density scale length becomes of the order of a few parsecs, —

m ZgoNn P.Q
_e(l+ do dO>Ve+ ci&c

implying the existence of a large scale electric field that in 2m; Neo 2

fact could explain the large scale flows in astrophysical

systems. [c2+ ec(1+ZgoNdo/Neo) ] 4l 12
For a perturbed plasma and for small perturbations of the [c2+c%(1+ ZgoNgo/Neo) ]

form ~exp(—iwt+ikx), Egs.(1)—(6) are linearized yielding

the following dispersion equation, which will be the basic This mode is excited by charge fluctuation on the grain.

one for further analysis: Therefore, we shall anticipate the existence of a charge fluc-
tuation induced growing mode from our numerical analysis

i P.Q, of Eqg. (10). Note that fore<1, i.e., when the electron is the
(1-96)|1+ Q [Q(Q+ivi)—kzc§] prime cause of the charge fluctuation, the CF mode is very
1 small. However, wherr>1, the mode may become impor-
5 . me iE e tant.
—| K3 —ive ~(Q—kup) || 1+ 0, ) =0. (10 Next, we solve Eq(10) numerically. For this purpose, we
|

adopt the following numerical values for physical constants:

Here the following notations and definitions for parameters T.=2¢eV, T;=0.1 eV, »,=7.35<10°P (mtorr),
are used:
ve=3.5x 10°P (mtorn),
sz—kvio, Q]_ZQ‘FkUio, Ug=UVegoVio»

E
, Up (M/9=—5X10°—,
cr=kTe/m;, P

Cia= V(kTo+kT;)/m=2.2x10° m/s.
-
e=—2= TVMe/m; exp(z).

Ved Ill. NUMERICAL RESULTS

Equation(10) comprises several physical parameters ke In the cas&1.=0 (no charge fluctuationEg. (10) yields
(i.e., vig,Ug), Q¢, €, &, the pressure of neutrals etc. ¢  two roots of the typed, + y;, —{,+ y,, wherey;>0 and
=1, i.e., when the ions and electrons are colliding with they><<0. The unstable physically interesting root was investi-
grains at the same rate, we should expect that the averag@ted in Ref[9].

charge on the grain will remain stationary and there should Here, we first solve E|10) in the ion reference frame for
be no effect of the dust grains on the ion-acoustic wavesthe realQ), and imaginaryy parts of the DIA mode fre-
Indeed, fore=1, we see from Eq(10) that the charge fluc- quency{}, by varying the charging frequend. up to 5
tuation effect factors out and we have the usual collisional

instability of the acoustic mode with 2r
o~ ime ( Zdo“do) Ug Vi
2m " ° Neo | \JCE+ (1+ZgoNgo/Neo)C? 2
m Zgon 1F
SR R G S L -
Zmi neo ~
~
\\
which is similar to the result in Ref9]. Here, while deriving [ -
the above equation, we have assumed that(), and ig-
nored the terms~O(y? vy). Next, whene#1, we first o ) , ,
_solve_ Eq. (11 perturzbanvely. Assu_mlng agaiw<<(, and 001 010 1.00 10.00
ignoring terms~O(v; ¢, o), We find that charging frequency [MHz]
FIG. 1. The nondimensional reat ), (solid line) and imagi-
ZgoNgo
Qr2=k2 C§+ 1+ —) c,z} nary y part (dashed ling of the frequencyQ, in units ofkc;,, of
Neo the DIA wave driven by the current, as a function of the charge
variation frequency).. The values of parameters are given in the
and the growth rate is given by text.
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FIG. 4. The negative DIA frequency Q, /kc;, versus the ap-
plied electric fieldE,. Herek=63 m !, P=50 mtorr, P,=0.9.
The solid line is fore= 3, the dashed line for=0.3, and the dotted
line is in the absence of charge fluctuations.

FIG. 2. The negative DIA frequency (), versusk, for e=3
(solid line), e=0.3 (dashed ling and in the absence of charge fluc-
tuation (dotted ling. Parameters aré=0.5, Eq=250 V/m, P,
=0.9, P=10 mtorr,Q,=10° Hz.

x10f Hz, and forP,=0.9, P=10 mtorr, e=0.3, §=0.5, results in a rapid fall of the DIA growth rate. At the same
E,=250 V/m, andk=63 m L. The result is presented in time_ charge fluctuation infcrodu.ces a certain inertia in the be-
Fig. 1. Both the frequencie®, (the solid ling and y (the havior pf the DIA mode since its frequency. becomes almost
dashed ling are in units ofkc,,=138.6<10° s L. The in- half of _|ts va_llue_ without the charge fluctuation.

crement y has maximum valuey,,.,~0.93 at Q =2 In Fig. 2 is given the real part of the fre_qugnﬁy. of the

X 10° Hz. The horizontal line gives the value p=0.837 in  PIA mode versus wave numbée The solid line is fore

the absence of charge fluctuation. As a result of charge fluc= 3+ the dotted line is for constant charge on the dust par-

tuation the increment of the DIA mode is increased for aticles, and the dashed line is fer=0.3. In the absence of
charging frequency not exceeding a critical value6 charge variatioridotted ling two DIA modes(one stable and

X10° Hz. It can be shown that this critical value grows for ON€ unstableare present in the system, with frequencies of
bigger intensity of the applied field; fd,=100 V/m it is opposite signs, corresponding to two possible directions of
~2.6X10° Hz, and forE,=500 V/m it is 1.2<10° Hz. propagation. Fore=0.3, the same two DIA modes, albeit

Above these values the increment decreases considerabfPmewhat modified, are identified, along with a charge fluc-

Whereas the enhancement of the DIA growth rate due t(gu'ation induced mode. The existence of the third mode,
charge fluctuation is not significant, the suppression of th&@mely, the charge fluctuation induced mode, was reported

growth rate is rapid. Clearly then, when the grain chargingear“er in studies of DIA modes in the presence of charge

frequency(), is below a certain threshold value, the electric Variations|14]. The growth rates of the unstable DIA modes,
field in the vicinity of a fluctuating charge is in phase with 7> &€ Erlesented in Fig. 3, normalized to the valuekat
the externally imposed field and this results in enhancement 0* m™. Here yj-1009=0.98X10° Hz (for e=3),

of the growth rate. However, when the fluctuation of the Y(k-1000=1.74X10° Hz (for €=0.3), andy- 1000~ 1.54
charge becomes too rapid, the repulsive field of the grain<10° Hz (in the absence of charge fluctuatiokror e=3
aligns itself opposite to the externally imposed field and this(the solid ling, we find that aroun¢~30 m™" the real part

15 06
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0.0 e

1 10 100 1000
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FIG. 3. Normalized incremeny/ y(k=1000) versu for fre- FIG. 5. The increments/|Q,| versusk, for the frequencies
quencies from Fig. 2. from Fig. 4.
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=3; dotted line, for the absence of charge fluctuatiéh,€0);
dashed and dash-dotted lines & 0.3. The last onédash-dotteq
represents the dust charge fluctuation mode. The parameters are
given in the text.

FIG. 6. Critical electric fieldg; for the onset of the instability
versus the amount of dust char§én the system. Dotted line is for
the absence of charge fluctuation and the solid linesfe3. Here
k=63 m !, P=100 mtorr,P,=0.9.

of the CF mode frequency becomes very close to the fre=0.3, and (1.=0, respectively. The curves foe=0.3
quency of the DIA mode. The signature of this is seen in thgdashegl and e=3 (solid) (both corresponding to the pres-
growth rate of the DIA modéFig. 3), as after attaining a ence of the charge fluctuatipare at different sides of the
maximum (solid line) the DIA mode decays. The matching dotted line. For the higher values efthe mode is almost
of the CF and DIA mode frequencies suggests that a DlAalways unstable. This can be explained by recalling (.
mode can be excited in a dusty plasma when the variation ovhere e=v;q/v.q=3 implies that the fluctuation of the
the charge on the dust grains is predominantly carried bgharge is mainly due to the collisions with ions; thus the
ions. Notice that= 3 physically means that the variation of electrons are already attached to the dust grains. In this situ-
the charge on the dust grains in this limit is predominantlyation eventual ion space charge variation cannot be effi-
caused by iongsee Eq.(6) and the definition ok], i.e., the  ciently screened by electrons. The resultant electric field is
electrons are already mostly attached to the negativelpigger and thus more free energy is available for the insta-
charged grains. As the presence of a negative charged gralility to grow. The increment therefore is bigger.
in a positive ion background is tantamount to introducing an A similar effect of the electric field is presented in Fig. 6,
electric field, the excitation of the DIA mode by charge fluc- where the critical values of the electric fidig for the onset
tuation is equivalent to its excitation by an applied electricof the instability as a function of (the ratio of the negative
field. charge on the dust and the total negative charge per unit
In Figs. 4 and 5, we preseft, andy of the DIA mode as volume are given. We see that the greater the charge on the
functions of the intensity of the applied electric fidlg. The  dust particles the smaller the number of electrons per unit
dotted lines in the figures correspond to the case withoutolume, and the excitation of the DIA mode becomes easier,
charge variation. Obviously the applied electric field has a.e., for smaller values oE,. The corresponding phase ve-
destabilizing effect, and can be used as well for the excitalocities are given in Fig. 7. The solid line in Fig. 6 is beneath
tion of DIA mode. The mode becomes unstable B the dotted one for the same reason as in Fig. 5, i.e., it is for
~70 VIm, Eg~230 V/m, andEy~170 V/m, fore=3, €

2 -
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.-‘? 3 r 1 F
@]
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o >
D 2 F
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1 1 '1 L 1
0.0 0.5 1.0 0.0 0.5 1.0
) 0
FIG. 7. The phase velocity (), /kc;, versusé corresponding to FIG. 9. Increment/decrementkc;, for the modes from Fig. 8.
Fig. 6. The dust(CF) mode is unstable fo6<0.6.
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e= 3, implying the lack of free electror{¢hat are attached to of hertz, and the dust charge fluctuation scédé the order
graing which results in a more unstable system. of megahertg The charge fluctuation frequency can become
The mode behavior as a function of the negative chargef the order of other plasma modes naturally appearing in
on dust particles per unit volumé is presented in Figs. 8 such a system, like IA or DIA modes, and can severely
and 9. Herek=63 m ', Eq=250 V/m, P;=0.9, andP  modify their behavior. In Sec. Il we discussed the effects of
=50 mtorr. The solid line in Fig. 8 represents the DIA fre- the dust charge fluctuations on the model investigated in Ref.
quency— (), /kci, for =3, the dotted line is for the absence [9]. we showed that the increment of the current-driven DIA
of charge fluctuations, and the dashed and dash-dotted linggode is dependent on the dust charging frequency, having a
are _fore=0.3. The _da;h-dotted line is the dust charge flucyaximum at some value dd.. We demonstrated the pres-
tuation mode, and it disappears 1. =0. The correspond-  gnce of a dust charge fluctuation mode, which is unstable for

ing growth ratesy/kci, are in Fig. 9. Only the CF mode st charge concentrations not exceeding a certain given
(dash-dotted line becomes stabilized by increasing the

value.
amount of dust in the system, i.e., decreasing the amount 01‘a -
) ; The origin of the mode can be seen from the charge fluc-

electrons. This happens for approximatély 0.6. The DIA g g

: tuation equation(6) where charging(due to collision$ is
mode becomes unstable for approximateély 0.8, and & . . . )
~0.5 for e=0.3 andQ,=0, respectively. One should note proportional to the density of electrons and ions. In the pres

that the dashed and solid lines are at opposite sides of the <€ of perturbations, i.e., th‘? D.IA mo(mmch_ physically
dotted one. represents a sequence of periodic compressions and rarefac-
tions of the plasma charging becomes space-time depen-
dent, with a certain phase shift compared to the space-time
dependent densities of electrons and ions, as can be clearly
Clearly, an externally applied constant electric field can beseen from Eq(6), and it propagates as a mode.
used as an efficient generator of the ion-acoustic mode in a In the regime when the charge fluctuation on dust par-
plasma containing electrons, ions, dust particles, and neutréicles is mainly due to the ion-dust collisiofthe parameter
gas. This has been known for a long time for the ordinary 1Ae=3) this CF mode strongly influences the behavior of the
mode[12], and recently it has been discussed in detail for theunstable DIA mode for wave numbeksin the interval ap-
mode in the presence of stationary dust parti¢s proximately 10-100 m'. The effects of the intensity of the
However, our model suggests that charge fluctuation ompplied electric fields, were investigated and, as one might
the grain may also cause the excitation of the DIA modeexpect, the increment of the mode grows with increasing
This feature suggests not only the possibility of investigatingntensity of the driver. In the case when the electrons are
the DIA mode by using the CF mode as a probe, but also thatepleted €= 3) the mode is almost always unstable, and the
the reverse can be done, i.e., the CF mode can be studigacrement is higher that usual. We also showed that the criti-
using the DIA mode. Therefore, charge fluctuation offers arcal value of the driverlE, decreases with increase of the
interesting method of probing the high frequency dynamicgelative charge on the dust particles, which one might expect
of a dusty plasma. since in that case the ion space charge variations are less
We again emphasize the fact that the presence of the dusfficiently screened by electrons. We believe that the present
introduces two widely separated time scales into the systenstudy should be useful in eventual experimental studies of
i.e., the dust-acoustic time scdlef the order of hertz or tens the processes discussed in the text above.

IV. CONCLUSIONS
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