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Weakly dissipative dust-ion-acoustic solitons

S. I. Popel, A. P. Golub’, and T. V. Losseva
Institute for Dynamics of Geospheres, Moscow 119334, Russia

A. V. lvlev, S. A. Khrapak, and G. Morfill
Centre for Interdisciplinary Plasma Science, Max-Planck-InstitutEutraterrestrische Physik, D-85740 Garching, Germany
(Received 12 December 2002; revised manuscript received 3 February 2003; published 9 May 2003

We investigate the possibility for dust ion-acoustic solitons to exist. Compressive solitonlike perturbations
are damped and slowed down, mainly due to the plasma absorption and ion scattering on microparticles. The
perturbations are shown to possess the main properties of solitons. There is a principal possibility to study
experimentally the role of trapped electrons in the soliton formation.
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I. INTRODUCTION ment of these perturbations. In Sec. Il we present the model
that describes nonlinear DIA perturbations and show the im-
A complex (dusty) plasma is the plasma containing elec- portance of electrons trapped by the soliton in complex plas-
trons, ions, neutrals, and solid or liquidush microparticles. mas. In Sec. Il we define a “weakly dissipative” regime for
The remarkable property of complex plasmas is the particl®!A solitonlike perturbations, study time evolution of the
charging proceskl]. Usually, in laboratory experiments the individual_ DI_A spliton, z_;md investigate the interaction of two
microparticles are negatively charged, due to the electroWeakly dissipative solitons. A summary of our findings is
and ion fluxes on the particle surface. Any fluctuations ingiven in Sec. IV.
plasma parameters can vary these fluxes and thus cause fluc-
tuations of the microparticle charge. Il. MODEL
Nonlinear coherent and dissipative structures in complex
plasmas can be formed by different means. These are not We use the modélI3,9] based on a set of fluid equations
necessarily restricted to the mode excitation due to instabiliéwhich take into account the variation of ion density and the
ties, or an external forcing, but can also be a regular collecion momentum dissipation due to interaction with micropar-
tive process analogous to the shock wave generation in gdigles), Poisson equation, charging equation for micropar-
dynamics. Theanomalousdissipation in complex plasmas, ticles, and include the ionization process. We assume that the
which originates from the dust particle charging processfollowing approximations are valid: plasma can be consid-
makes possible existence of a new kind of shocks related tred as uniform and unmagnetized; size of particles is much
this dissipatior{2,3]. In the absence of dissipatidor if the ~ smaller than the electron Debye length and the distance be-
dissipation is weak at the characteristic dynamical timeiween microparticles; microparticles can be considered as
scales of the systenthe balance between nonlinear and dis-stationary, so that their densityy is constant in the ion-
persion effects can result in the formation of a symmetricaicoustic time scalg8]; electron and ion temperatures are
solitary wave—a soliton. Investigation of the anomalous dis-assumed to be constant, and their ratidT; is sufficiently
sipation is especially interesting at the ion-acoustic timéarge(the latter allows us to neglect the Landau damping for
scales, when “massive” microparticles can be treated as moons[10,11)); charge variation on microparticles is solely due
tionless. The charging processes at these time scales are ud@-variation of the plasma potential, and the charging is de-
ally not in equilibrium and, hence, the role of anomalousscribed by the orbit-motion-limitedOML) model[1,12,13.
dissipation might be crucidP,4]. So far, study of nonlinear We do not take into account any heat transfer processes
structures at ion-acoustic time scal@s complex plasmags that might influence the propagation and evolution of ion-
was mostly related to shockg,3,5,d. There has also been acoustic perturbation—ion-neutral and electron-neutral colli-
an experimental investigation of dust-ion-acoustizlA) sions are neglected: Under the experimental conditions of
solitons[7]. The first theoretical study of DIA solitons in Ref. [6] (neutral argon gas pressure-is10™* torr and the
complex plasma$8] used an approximation neglecting ab- electron temperature i5,=1.5 eV), the electron mean free
sorption and scattering of electrons and ions by microparpath exceeds f0cm and the ion mean free path is of the
ticles. These processes, resulting in the anomalous dissiparder of 16 cm. These scales are much larger than the scales
tion, make the existence of “pure” steady-state nonlinearof the device(90 cm length and 40 cm diameter, REE4]).
structures impossible. For DIA shocks, this dissipation wadn another experimer{5], the neutral gas pressure was be-
shown to cause qualitatively new effe€®s3]. The influence low 10 torr and therefore the collisionless approximation
of the anomalous dissipation on DIA solitons is still an openis completely justified. Thus, the only important dissipation
guestion. in the system is related to the plasma absorption on micro-
The purpose of this paper is to determine and to investiparticles as well as the ion scattering on micropartif2s].
gate the situation where the compressive DIA solitonlike per- The evolution equations for the ion densityand the ion
turbations can exist in complex plasmas and to give a trea@rift velocity u are
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an;  a(nu) =ngf(u-v/u®)v[o(v) + ogv)]fi(v)dv. After the integra-
St Tax - vMit vohio, (D tion, we get the frequencies,, v=", and »%P, which are

functions ofZ4 andu:

a(niu)  a(nju®) en do
+ +——==

@ v=2mavy Nl \w/2 erf(u/2)(1+ 272+ %)

at ax m oax  Vidhit _ ~
+u exp(—u?/2)],
Here ¢ is the electrostatic plasma potentia, is the fre- _ - ~ _
quency of ion recombination on microparticles, angis the Vg = V2matur ngu” {2 erf u/\2)u[1+02+ (1
momentum-transfer frequency due to ion-particle collisions. ~ _ _
The ionization rate is/yn;o (subscript 0 denotes unperturbed —U"?)(1+272)]+ (1+27z+U?)exp — U?/2)},

variables. The latter is chosen to be independent of the elec-

tron density and can be considered to be constant. This as- v{’= \2mavyng(272)2A(W)u~*[7/2 erf(u/\2)
sumption is valid 3] under the conditions of the experiments

on nonlinear wave excitation carried out oiQanachine/5] —Uexp(—U%/2)],

and a double plasma devi¢6,7]. Indeed, in the laboratory

experiments of Ref[5], a hot (~2000-2500 K) plate in- whereu=u/v; is the drift velocity normalized to the ion
stalled in the end region of the machine was irradiated with gnarmga) veIocitIy,rz T./T; is the electron-to-ion temperature
beam of cesium atoms, so that cesium ions in the plasm@atio, andz=Z4e%aT, is the surface potential of a micro-

were produced through ionization of cesium atoms at the,icie in units off, /e. Note, that the expression for the ion

plate surface. In the experiments of Rd#,7], the electrpn_ sorption current which corresponds to the obtaingdis
mean free paths were so long that the neutrals were |0n|ze%b orb

presumably in collisions with the wall. Thus, under the ex- ell known (see, e.g., Ref.18)). Also, viq"is determined by

rimental conditions of Ref§6,7] (the partial pressure of a well-known expression for the momentum-transfer fre-
perimental co ’ p P guency, which is used in ordinary electron-ion plagré.

. 74 _
neutral Argas is (3—6Y 10" torr and the electron 'gempera The only difference is that we use the modified formula for
ture isT,=0.1 eV), the electron mean free path with respect

to electron-neutral collisions is on the order of ton, which ~ the Coulomb Iogalrithm derived in Re|f13l:2A7(lu):ln[(1
is much larger than the length of the devi@® cm and its ~ +B)/(@/\p+B)], with B(u)=z7(a/\p)(1+u )_2 angzthe
diameter(40 cm) [14]. Consequently, under the experimental effective screening length is defined asp“=\p"(1

conditions of Refs[5-7], the ionization source term in the +u?)~1+\ 2 (wherehpe,; = \Te/4me’n,; is the electron

evolutionary equation for the ion density should be indepeny, i, Debye length This formula forA (U) differs from the

dent on the electron density. In other cases, in laboratory a”lgsual definition of the Coulomb logarithm, due to a much
space complex plasmas it is necessary to check whether t{ ger range of the ion-particle interacti¢targer Coulomb

source is due to conventional electron impact ionization o adiug. However, at3<1 it reduces to a usual expression
neutrals (a traditional approach when describing dusty[l7]_ '

pla_sma_ls—see,_ €.9., Re_[g_5,16|) or not. If this IS SO, the_ The kinetic equation for the microparticle charge is deter-
ionization rate is proportional to the electron density. The iONined by the OML model
momentum loss is due to collisions with microparticles and ’
is determined by the ion momentum-transfer frequengy 0Zglot=Jg—J;, ®)

In order to calculate the recombination and momentum-
transfer frequencies, one has to integrate the correspondinvghere the electron and ion fluxes on the particle surface are
cross sections over the ion distribution function. The magni-

tude of the ion drift velocity in DIA solitons can vary in a Je=2\/2wazuTene exp—z),
rather wide range—it can be of the order of the ion-acoustic
velocity (i.e., much higher than the ion thermal velocity, Ji=(n;/ng)v,.

=/T;/m;). Therefore, “true” ion (shifted Maxwellian dis- ) ) )
tribution, fi(v)=(27rv$_)‘3’2exr[—(v— u)2/2v$_] should be EQquations(1)—(3) are closed by the Poisson equation,

used. The recombination frequency is given by PPl 9x2=dme(Ng+ Zgng—N;). (4)
=ngfvo(v)fi(v)dv, with o(v) the OML expression for

the collection (absorption cross section[1,12,13. The  In the absence of perturbations, the quasineutrality condition
momentum-transfer frequency consists of two parts—n,,=ng,+ Z4on4 holds.

collection and orbital:vjg= v+ »%P [17]. Absorbed ions We emphasize here that for the description of DIA soli-
lose entire momentum on a particle and, therefore, theéons we use the modé¢B] that enabled us to describe suc-
momentum-transfer cross section due to collection (). cessfully the laboratory experimen(s,6] on DIA shocks.
The orbital cross section corresponds to the elastic ion scanother approach for the description of nonlinear perturba-
tering in the particle field, and we use the Coulomb scattertions in complex plasmas invokes viscosity in dusty motion
ing cross sectiorry(v) with modified Coulomb logarithm (see, e.g., Ref6]). However, in a classical approach to de-
[13]. Thus, the momentum-transfer frequency igq scribing complex plasmasee, e.g., Ref.1]) by Eq.(3) for
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microparticle charging, it is impossible to derive the general 10 —
hydrodynamic equation that describes the evolution of the 8
ion momentum and contains the viscosity term in a conven- 6 (a)
tional hydrodynamic form. 4
M max n
[ll. WEAKLY DISSIPATIVE SOLITONS )
DIA solitons can be accompanied by either positive or —
negative electrostatic potential [8]. The positivep is the
potential well for electrons. The commonly used assumption 12
in this case is that the electrons are not trapped in the poten- a0 ' ' | !
tial well. However, this assumption is violated when the fol- -
lowing inequality is valid[20]: 20 (b)
10 —
tso= I—soI/UTea 5) Po g §
wheret,, is the characteristic time of the soliton formation 47
andLg, is the soliton width. The magnitude o, is of the 2
order of a feWw,;i1 (where wpe,i=\/4we2ne,i/me,i is the 1 /
electron or ion plasma frequengythe spatial scalé o is I | ' | '
about severah . Thus,LSO,/vTe~w,;el, and therefore in- 0 1
equality(5) normally holds. In this case, distribution of elec- P

trons is modified due to themdiabatic trapping[20] and is
described by the Gurevich formula:

ol o]
— =exXp =—|er -
Neo Te Te

where erfc¢)=1—erf({) is the complimentary error func- Here we use the following normalizatiomip/T.— ¢ and
tion. The first term in Eq(6) corresponds to free electrons, X/Ape—X, the Mach number is determined &=U/c;,
while the trapped electrons are represented by the secondith Cs=Te/m; being the ion acoustic velocity. The so-
term. Note that the Gurevich distribution presumes trappedalled “Havnes parameter,P=Z4ng/ne, is a measure of
electrons to be collisionless. For practical purposes, thighe volume particle charge. Figure 1 shows that the maxi-
means that the average time between electron-neutral collltum soliton amplitud¢maximum of possible nonzero roots
sions should be longer than the time during which the solitor?f Eq. (8)] for the Gurevich electron distribution is much
exists in the experimenta| Setup/ (—set/U! Wherel—set is the hlgher than that for the Boltzmann distribution. The range of
setup size andl is the soliton velocity. This requirement is  Possible Mach numbers is much wider for the “Gurevich”
well satisfied under the experimental conditi¢fs-7]. soliton as well. Indeed, for the “Boltzmann” soliton the
We start our analysis with the “conservative” case, ne-range of possible Mach numbers is rather nar{@y e.g.,
glecting ionization and dissipative terms on the right-handor P=2 we have 2.1&M>1.73. The analytical expression
side in Egs.(1) and(2) and assumingy= const in Eq.(4). for the range of possible Mach numbers of the Gurevich
Solitary solutions depend on the variale Ut. For rarefac-  soliton valid forP>1 is
tive solitons(which can exist only in complex plasmds))
¢ is negative, which corresponds to a potential heel for elec- S7(1+ 3P)=M?>1+P. 9
trons. Therefore, electrons obey the Boltzmann distribution.
This case was studied in detail in Rg8]. For the case of ForP=2, Eq.(9) gives the range 75M>1.73. This dem-
compressive solitons, electrons have the Gurevich distribuenstrates the principal possibility to study experimentally the
tion [Eq. (6)]. From Egs.(1), (2), and (4), we derive the role of trapped electrons in the soliton evolution.

FIG. 1. Maximum value of Mach numbev ., (8 and the
maximum amplitude of the dimensionless electrostatic potential in
the solitong, (b) versus the Havnes parameteifor compressive

2 € solitons with Gurevich electrori&qg. (6), thin lineg and with Bolt-
+—=\/ = (6) -
\/; Te zmann electrongbold lines.

following equation for the electrostatic potential: The time scaletyss, Which characterizes dissipation, is
determined by the processes of microparticle charge varia-
7Pl ax*=— iVl de, (7)  tions and ion-particle collisions. It can be defined tas
~min{y, *,v4}. If the characteristic time scale for dynami-
where the Sagdeev potenti(¢) is given by cal processes is much shorter thgg,, one can introduce a
weakly dissipative system. For the DIA soliton the dynami-
2\e 432 cal time scale is~w;i1 and the dissipative time scale is
Vig)=1-expg)erfol ) N Po— 37 ~P Y (\pi/a)(Ti/Twy'. Thus, we can refer to a weakly
dissipative soliton whemtqise>1 (€.9., sufficiently small
+M(1+P)(M—+MZ=20). (8) microparticles or/and low particle density
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FIG. 3. (Color) Interaction of two weakly dissipative compres-
0 sive solitons. In(a) we show the interaction of the solitons whose
temporal evolutior{in the absence of interactipis given in(b) and
N R D DL L L (c). The red and black lines correspond to the soliton profiles di-

mensionless electrostatic potentiglversus dimensionless coordi-
nate x before and after the interaction, respectively, for different
values of dimensionless tinte=0,6,12,18,21,24,30,3@ime is nor-
malized toy1+Pwy;"). Initially, both perturbations have the form

0 20 40 60 80
X

100 120

FIG. 2. (Color) Temporal evolution of the compressive soliton- - Ve soii luti 4(8 he initial
like perturbation. Initial perturbation has the form of conservative® conservative™ soliton solutionEgs. (7) and (8)]. The initia

soliton containing trapped electrons. It is given by the solution ofSOIiton amplitudeo=2 (b) and 1(c), the Mach numbeM =2.8
Egs. (7) and (8) for the Mach numbeM=2.8 and the Havnes (b) and 2.44(c), the Havnes paramet&=2. The blue and green

parameterP=2. (a) Mach number of the perturbation versus curves in(a) .represent the amplit.ude evolution of individue_ll soli-
dimensionless timet (time is normalized toy1+ Pw;il). (b) _tons sho_wn |n£b) angs(c), Eegspectl_vely. P!asrrla parameters: argon
Dimensionless electrostatic potentiab versus dimensionless 'O" qen3|tynio—3><l cm °, particle radiu=4.4 um, electron
coordinatex. The red lines represent the numerically calculatedand ion temperatureB,=1.5 eV andT;=0.1 eV.
profiles of the evolving perturbation §=0,6,12,18,24,30,36. The
blue lines show the conservative soliton solutions corresponding téthe Mach numbeM) decreases monotonically with time, as
M(t;). Plasma parameters: argon ion density=3x10% cm™3, shown in Fig. 2a). However, Fig. Pb) demonstrates that the
particle radiusa=4.4 um, electron and ion temperaturéb,  form of the evolving perturbation at any moment is given by
=15eVandl;=0.1eV. the “conservative” soliton solutiofEgs.(7) and(8)] for the
corresponding Mach number. Investigation of the interaction
We investigated the evolution of the solitonlike perturba-of two weakly dissipative solitons containing the trapped
tions in complex plasmas, taking into account the dissipatiorlectrons(see Fig. 3 shows that, after the interaction, each
processes. The evolution of weakly dissipative compressivperturbation keeps the form of the soliton propagating indi-
perturbations containing the trapped electrons occurs in theidually from the beginning. That property is inherent in all
following manner: The perturbation is damped and its speedolitons.
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[V. CONCLUSIONS AND SUMMARY For example, the initial perturbation in the form of a motion-

less region with a constant enhanced ion den@imilar to

Thu§, We can conclpde that “weakly dissipative .Spl'tonsdthat excited in the experimenf§] on DIA shocks$ does not
can exist. We emphasize, however, that some specific con I

tions for their excitation should be fulfilled. First of all, the tgﬁ:%'rnr;he trapped electrons and may not evolve in the soli-
\'\/Aeell(():(rz]ltr)]/uor;tbf;erslncl)tflet\rl]gecrgﬁrrgsggg dsirr]]guslgi?g;lsgéhe(ég fr; %e of In summary, our calculations show a possibility for the
the “Gurevich” soliton in theP>1 case. We have performed so-called “weakly-dissipative” DIA compressive solitons to

numerical investigations of different initial solitonlike pertur- exist. Their form is given by the “conservative” soliton so-
bations of both the “Boltzmann” and “Gurevich” type. In all lution at the appropriate Mach number. Interacting solitons

T : conserve their form. However, in contrast to the usual soli-
cases, Boltzmann solitonlike initial perturbations were con-

. ; tons, the total energy and the total momentum decrease
verted to shocklike structures. We have shown the eX'Sten.C%onotonically with time. The role of trapped electrons in

of the damped solitons only for the Gurevich electron distri- . o
bution. We explain this by the fact that the speed of thesuch solitons is significant, hence the study of observable

X . I properties can be used as a diagnostic tool to investigate
perturbations decreqses monotonically with time. If themicroscopic properties of the electrons.
Mach number range is rather narré¢tat takes place always
for “Boltzmann” solitons), then during a short period of time
the speed of perturbation becomes less than the minimum
soliton speed, and the soliton disappears. Consequently, for This work was supported by INTASGrant No. 01—
the existence of the damped solitons the perturbation should391). S.I.P. acknowledges the Center for Interdisciplinary
have the initial form, so that it would allow the presence ofPlasma SciencéGarching, Germanyfor kind hospitality
both free and trapped electrons. Otherwise, there is a possiuring his stay. We are grateful to S. V. Vladimirov for help-
bility of an appearance of DIA shocks in complex plasmasful discussions.

ACKNOWLEDGMENTS

[1] V.N. Tsytovich, Phys. Usp40, 53 (1997). Contr. Fusion 26B P-4.202(2002.

[2] S.I. Popel, M.Y. Yu, and V.N. Tsytovich, Phys. Plasns [12] F.F. Chen, inPlasma Diagnostic Techniqueedited by R.H.
4313(1996. Huddlestone and S.L. Leonafédcademic, New York, 1965

[3] S.I. Popel, A.P. Golub’, and T.V. Losseva, JETP L&#, 362 Chap. 4.
(200D). [13] S.A. Khrapaket al, Phys. Rev. B56, 046414(2002.

[4] V.N. Tsytovich and O. Havnes, Comments Plasma Phys. Con14] v, Nakamura and H. Bailung, Rev. Sci. Instru0, 2345
trolled Fusioni15, 267 (1993. (1999.

[5] Q.-Z. Luo, N. D’Angelo, and R.L. Merlino, Phys. Plasm@s [15] J. Goreeet al, Phys. Rev. E59, 7055(1999.

3455(1999. _ [16] N.F. Cramer and S.V. Vladimirov, Phys. Scr.89, 122(2001.
[6] Y. Nakamura, H. Bailung, and P.K. Shukla, Phys. Rev. Lett.[17] M.S. Barneset al, Phys. Rev. Lett68, 313 (1992.

83, 1602(1999. .
18] E.C. Whipple, Rep. Prog. Phy49, 1197(1981).
[7] Y. Nakamura and A. Sarma, Phys. PlasrBa8921(2001. %19} L SpitzeIF:pJer Psfl)sicsrogf FuI)I/y Ionized( Gajs)eﬁ/viley New
[8] S.I. Popel and M.Y. Yu, Contrib. Plasma Phg§, 103(1995. York, 1962.

9] S.I. Popelet al, Phys. Plasmag, 2410(2000. e . - . o
[EO} M Ros?anberg Pla);]et Space St 22(9(19%3 [20] E.M. Lifshitz and L.P. PitaevskiiPhysical Kinetics(Perga-
| ' ' ' mon, Oxford, 1981

[11] S.1. Popelet al, in 29th EPS Conference on Plasma Phys. and

056402-5



