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KINETIC SIMULATIONS OF ARGON DUSTY PLASMAAFTERGLOW INCLUDING METASTABLE ATOM KINETICSA. L. Alexandrov *, I. V. Shweigert, D. A. AriskinInstitute of Theoretial and Applied Mehanis, Siberian Branh of the Russian Aademy of Sienes630090, Novosibirsk, RussiaReeived July 16, 2012The afterglow of a dusty plasma of rf disharge in argon is simulated by Partiles In Cells�Monte Carlo Col-lisions (PIC�MCC) method. The experimental observation that heavy dust ontamination of plasma leads toan anomalous inrease in the eletron density at the beginning of afterglow is explained by release of eletronsfrom the dust surfae. Under the assumption that the �oating potential of partiles is in equilibrium withplasma onditions, the fast ooling of eletrons in afterglow plasma due to a rapid esape of hot eletronsfrom the volume leads to a derease in the magnitude of the �oating potential and hene to a loss of hargeby dust. The intensive desorption of eletrons from nanopartiles is the origin of anomalous behavior of theeletron density. At the next stage of afterglow, when the eletrons beome ool, the plasma deay is de�nedby ambipolar di�usion. The e�et of metastable argon atoms is also onsidered. Additional ionization due tometastable atom ollisions a�ets the eletron temperature but does not hange the behavior of the eletrondensity qualitatively.DOI: 10.7868/S00444510130401501. INTRODUCTIONThe afterglow of dusty plasma is an interesting�eld of investigation due to the omplexity of vari-ous nonequilibrium proesses that our in an unsteadyplasma ontaining harged nanopartiles after swith-ing o� the disharge [1�5℄. In the experiment [1℄, theanomalous behavior of eletron density was observed,namely, a fast inrease in the eletron density in thedusty plasma of the radio-frequeny (rf) disharge im-mediately after swithing o� the disharge voltage. Therelease of eletrons from harged dust partiles was sug-gested as a possible explanation. Analyti approahesto the desription of the proesses in a dusty after-glow plasma [4; 5℄ are usually restrited to the ase ofweak dust ontamination, when the dust spae hargeis small ompared to the eletron density (small Havnesparameter). The anomalous eletron density behavioris observed in the opposite ase of heavy dust ontam-ination.In [3℄, other possible mehanisms leading to theanomalous eletron density inrease were suggested,suh as ion�dust and metastable�dust seondary ele-*E-mail: a�alex�itam.ns.ru

tron emission, and the ionization due to metastableargon atom ollisions. The release of eletrons fromdust partiles was not onsidered, beause the authorsof [3℄ stated that the dust disharging rate is de�nedby the work funtion of the nanopartile material (4�5 eV for arbonaeous dust). On the other hand, itwas suggested in [6; 7℄ that the eletrons are kept onthe nanopartile surfae by a self-indued short-rangepolarization potential and hene the eletron bindingenergy is muh less than 1 eV and the harateristitime of dust disharging is of the order of 1 �s. Thisallows assuming that the eletrons adsorbed on dustan be released quikly and the dust �oating potentialan vary rapidly enough to be in equilibrium with theloal plasma environment even during the early after-glow.A promising approah is to study the afterglow bydiret simulation of ion and eletron motion, in parti-ular, by the Partiles In Cells�Monte Carlo Collisions(PIC�MCC) method, whih is appliable for plasmawith a large Havnes parameter. In this paper, the af-terglow of rf disharge in heavy dusted plasma is on-sidered using the PIC�MCC method, with the simplify-ing assumption that the dust partile �oating potentialis in equilibrium with the plasma environment and ateah instant is de�ned by the equality of eletron and759



A. L. Alexandrov, I. V. Shweigert, D. A. Ariskin ÆÝÒÔ, òîì 143, âûï. 4, 2013ion urrents to the partile surfae. The kinetis ofmetastable argon atoms is also taken into onsidera-tion. 2. DUSTY DISCHARGE MODELThe rf disharge and the afterglow plasma in ar-gon are simulated by the onventional PIC�MCC teh-nique. The PIC�MCC model of high-frequeny dis-harge dusty plasma is based on the eletron andion kineti equations, inluding their interation withdust nanopartiles and the Poisson equation. In thismodel, the veloity distribution funtions of eletrons,fe(t; x;v), and ions, fi(t; x;v), in the approximation ofthree-dimensional veloity spae and one-dimensionalreal spae are obtained by numerially solving theBoltzmann equations�fe�t + ve �fe�x � eEme �fe�ve = Je;ne(t; x) = Z fedve; (1)and �fi�t + vi �fi�x + eEmi �fi�vi = Ji;ni(t; x) = Z fidvi; (2)where ve, vi, ne, ni, and me, mi are respetively theeletron and ion veloities, densities, and masses, E isthe eletri �eld, and Je and Ji are the ollision inte-grals for eletrons and ions, whih inlude elasti andinelasti ollisions with the bakground gas and nega-tively harged dust partiles.The eletron and ion kinetis in the PIC�MCCmodel is simulated with test partiles with weight W ,whih is the number of eletrons or ions representedby this test partile. The equations of motion are in-tegrated for eletrons and ions in the disharge eletri�eld aounting for the ollisions with neutral atomsand negatively harged dust. The probabilities ofelasti and inelasti sattering events during an ele-tron/ion time step are set by the ross setions de-pending on the test partile energy. If an ionizationevent ours, the new eletron and ion test partileswith the same oordinates and weights are introdued.The test partile leaving the alulation area throughthe eletrodes or aptured by dust is exluded fromthe simulation. The intereletrode gap is overed witha alulation grid (one-dimensional in this ase). Themarosopi harateristis of the plasma suh as the

eletron and ion average energies ne and ni are alu-lated by integrating the eletron and ion distributionfuntions over the alulation grid nodes. The eletri�eld in plasma is alulated at eah time step from thePoisson equation�� = 4�e [ne � ni + Zd(x)nd(x)℄ ; E = �d�dx ; (3)where ne and ni are obtained from the PIC�MCC al-ulation. The boundary onditions are the sinusoidalapplied voltage on one eletrode and zero voltage onthe other, grounded eletrode. The spae harge ofthe dust partiles with the density nd(x) and the meanpartile harge Zd(x), depending on the spatial oor-dinate, are inluded. The partile harge and densityare found self-onsistently during the simulation, as de-sribed below.The ross setions for eletron�argon reations aretaken from [8℄. For argon ions, the resonant harge ex-hange is taken into aount. The in�uene of dust inthis model is inluded similarly to how this was donein the models in [9�11℄. In the kineti simulation, theross setions of eletron and ion apture by dust par-tiles are inluded, whih are taken from the OrbitalMotion Limit (OML) theory:�ed = ( �r2d(1 + eUd="e); "e > �eUd;0; "e < �eUd;�id = �r2d(1� eUd="i);where Ud = �eZd=rd is the (negative) �oating poten-tial of the dust partile surfae gained in the dishargeplasma, "e and "i are the kineti energy of eletronsand ions, rd is the radius of the dust partile, Zd isthe partile harge number, and e is the elementaryharge. The value of the �oating potential Ud mustprovide equal eletron and ion �uxes to the dust sur-fae, thus making the partiles harge steady. We usedtwo methods of �nding the Ud in the disharge sim-ulation. The �rst was to ontrol the number of ionsand eletrons olleted by dust aording to the men-tioned ollision ross setions and adjust the value ofUd to make them equal. The other method, more e�-ient for simulation of afterglow with rapidly hangingplasma parameters, was to use analyti expressions forthe eletron and ion �uxes onto a dust partile, derivedfrom the OML theory (see, e. g., [12℄):Ie = �ner2dvTe exp�eUdkTe� ;Ii = �nir2dvTi �1� eUdkTi � ; (4)760



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Kineti simulations of argon dusty plasma : : :where ne and ni are loal eletron and ion densi-ties, Te and Ti are their temperatures, all taken fromthe PIC�MCC simulation, k is the Boltzmann on-stant, and vTe and vTi are thermal veloities, taken asvT =p8kT=�m. Beause the partile harge must bein equilibrium, both �uxes are equal and the equationIe = Ii is solved by the Newton�Raphson method toobtain the established Ud for eah alulation grid ell.Also, during the afterglow simulation, the numbers ofions and eletrons olleted by dust are heked to ver-ify the validity of Ud. This shows good appliability ofsuh a method for alulating Ud.The transport equation for the nanopartile den-sity nd(x), inluding their di�usion and drift due tothe eletri �eld and ion drag fore, is solved to obtainthe equilibrium dust density pro�le:dnddt = ddx �Dd dnddx + Vd(x)nd(x)� ; (5)whereDd is the di�usivity of nanopartiles and Vd(x) istheir loal average veloity, determined by the eletro-stati fore, ion drag fore, and gas frition. The detailsof the dust transport model are desribed in [13; 14℄.The obtained spae harge of nanopartiles, Zdnd,is inluded in the Poisson equation to �nd the eletri�eld in plasma.In this paper, to take the e�et of metastable statesof argon atoms into aount, the equation of metastableatoms kinetis is added to the desribed model.3. METASTABLE ATOM KINETICSSimultaneously with the disharge kinetis simula-tion, the balane equation for metastable argon atomsAr� is solved. The model of metastable atom kinetis issimpli�ed. Beause argon atoms have two metastablelevels with lose exitation energies, they are regardedas one state with the energy o�set 11.5 eV. The rosssetions of the argon atom exitation to the metastablestate were taken from experimental measurements [15℄.We inlude the following main proesses into thebalane of metastable atoms:a) Generation of metastable atoms Ar�, alulatedin PIC�MCC simulations;b) Di�usion of metastable atoms with a sink on theeletrode surfae;) Reation of metastable pooling, leading to ion-ization: Ar� +Ar� = Ar+Ar+ + e;

d) Deay of a metastable state due to two-bodyAr��Ar ollisions,Ar� +Ar = Ar+Ar;e) Deay of metastable state by the three-body ol-lision mehanism,Ar� + 2Ar = Ar2 +Ar;f) Metastable states quenhing to resonant statesby ollisions with eletrons:Ar� + e = Arr + e;g) Stepwise ionization of metastable states by ele-tron impat: Ar� + e = Ar+ 2e;h) Exitation of metastable states to higher-lyingeletron states by eletron impat:Ar� + e = Arhl + e;i) Deay of a metastable state by ollision with thesurfae of dust partiles.The balane equation for the onentration n� ofmetastable atoms is written asdn�dt = ddxD� dn�dx +G� � 2Kin�2 �K2bn�ng ��K3bn�n2g � (Kq +Ks +Kex)n�ne �Kdn�nd;where G� is the generation rate of metastable atoms,taken from the PIC�MCC simulation, D� is their dif-fusion oe�ient, Ki is the rate onstant of metastablepooling reation (), ng is the gas density, K2b andK3b are the rate onstants of two-body and three-bodymetastable state deay reations (d) and (e), and Kq,Ks, and Kex are the respetive rate onstants of re-ations of eletron quenhing (f), stepwise ionization(g), and exitation to higher states (h). The last termmeans the metastable-state deay on the dust surfae,with the rate onstant Kd = �r2dvTg , where rd is thedust partile radius and vTg is the thermal veloity ofgas atoms.The di�usion oe�ient of metastable atoms wasassumed to be D� = 2:42 � 1018=ng m2/s, where ngis taken in m�3 [16℄. The values of rate onstantswere [17; 18℄Ki = 6:4 � 10�10 m3=s; K2b = 2:6 � 10�15 m3=s;K3b = 1:4 � 10�32 m6=s:The eletron quenhing rate onstant is Kq == 2 � 10�7 m3/s for glow disharge [16℄, and for the761



A. L. Alexandrov, I. V. Shweigert, D. A. Ariskin ÆÝÒÔ, òîì 143, âûï. 4, 2013afterglow simulation, when eletron temperature islow, it is taken as in [3℄, with exponential attenuationby the fator exp(�0:075=Te), where Te is the eletrontemperature in eV and 0.075 is the energy gap betweenthe metastable and resonant states. The valuesKs = 6:8 � 10�9T 0:67e exp(�4:2=Te) m3=s;Kex = 8:9 � 10�7T 0:51e exp(�1:59=Te) m3=sare taken from [19℄. For Kex, only the exitation tothe nearest 4p state is taken into aount.4. SIMULATION ALGORITHMThe proposed disharge model is hybrid, ombin-ing partile simulations for the eletrons and ions andsolving the di�erential equation for the balane ofmetastable atoms. Kineti equations (1) and (2) for theeletron and ion energy distribution funtions (EEDFand IEDF), Poisson equation (3), equations of harg-ing of dust partiles, equation of dust-partile trans-port (5), and the balane equation for metastable statesare solved self-onsistently.The EEDF obtained from the PIC�MCC simula-tions provides the metastable generation rate G�. Theionization in disharge now onsists of two proesses,the �rst is the eletron impat on argon atoms and theseond is due to reations of metastable states. Aftersolving the balane equation for metastable atoms ateah rf yle, new test partiles are added to the PIC�MCC simulations, aording to the rate of ion gener-ation by reation (). Preliminary alulations haveshown that for the relevant pressure and disharge volt-age, negleting the ion prodution by reation (g) leavesthe results pratially unhanged, and therefore the ad-ditional ionization from this reation was omitted.In the ase of a low reation rate, if the metastabledensity is small, in order to avoid very small weightsof test partiles, the number of produed ion�eletronpairs is aumulated for eah grid ell during a few rfyles until it beomes large enough to introdue a newpair of test partiles with a hosen minimal weight. Thenew eletron test partiles from reation () are initi-ated with the kineti energy 7.3 eV, in order to onserveenergy in the reation and the isotropi veloity dire-tion distribution. After this, the PIC�MCC simulationproeeds further.Kineti equations (1) and (2) are solved with theadded test partiles, providing a new value of meta-stable-state generation rate G�. Other equations in-luding the Poisson equation and dust-partile hargingand transport equations are then solved with the new

EEDF and IEDF. For disharge simulation, the alu-lations proeed until a steady solution is ahieved. Inthe ase of afterglow, the previously ahieved solutionis used as the initial on�guration and the further evo-lution of plasma parameters with zero voltage on theeletrodes is simulated.5. MODEL OF DUST DISCHARGINGTo desribe the derease in the harge of dust parti-les during plasma afterglow, a few simpli�ations wereadopted. The �rst onerns the rate of eletron desorp-tion from the partile surfae. In [6; 7℄, the mehanismof eletron binding with a harged-partile surfae wasonsidered and attempts were made to estimate the sur-fae binding energy and desorption rate assuming thatthe eletron is bound to the surfae by a self-induedshort-range polarization potential. For a large dustpartile of 4.7 �m in size, the estimate of the bindingenergy was on the order of 0.5 eV and the desorptionrate time was less than 10�6 s. For the nanometer-sizepartiles onsidered in the present model, these param-eters would be even smaller. Also in [4℄, an estimatefor the harateristi time of partile harge �utua-tions is made from plasma parameters, and it has thesame order of magnitude of 1 �s. Beause the timesale of most of the proesses in the afterglow plasmais larger, we assume that the eletron desorption is fastenough for the dust partile harge to be de�ned atevery instant by equilibrium of eletron and ion �uxes.The seond simpli�ation was to apply the OMLtheory expressions to alulate the dust harge, al-though the eletron energy distribution in afterglowmay be not Maxwellian. But the ontrol of simulatedeletron and ion �uxes to the dust surfae shows thatthis assumption gives su�iently orret values of Ud.In our model, during the afterglow simulation, af-ter eah �xed number of time steps, the dust �oat-ing potential Ud was rede�ned aording to OML ex-pressions (4) using the loal plasma parameters. Be-ause the dust harge was dereasing, the eletronsdesorpted from dust surfae were inluded in the sim-ulation. First, for the alulation of the new re-dued dust potential, the additional eletron densityÆne = �ndrdÆUd=e produed by desorpted eletronswas inluded into OML expressions (4) in de�ning thenew potential Ud, and hene obtaining it required it-erations. Seond, after onverging of iterations, the�nal number of released eletrons (known from the dif-ferene between the initial and the new approved Ud)was taken into the PIC�MCC simulation by introdu-762



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Kineti simulations of argon dusty plasma : : :ing new eletron test partiles. Beause the releasedeletron must be aelerated by the repelling partilepotential, the new test partile has the kineti energyde�ned by the loal dust potential (equal to �eUd) andthe isotropi veloity diretion distribution. Similarlyto ion�eletron prodution in metastable pooling, toavoid very small test-partile weights, the number ofdesorpted eletrons is aumulated in eah grid ell un-til it beomes su�ient to introdue a new test parti-le. This routine was performed at eah grid ell witha nonzero dust density.6. RESULTSThe 13.56 MHz rf disharge was simulated in Ar atthe pressure 75 mTorr, gas temperature Tg = 300 K,disharge voltage 150 V, and intereletrode distaneL = 3:3 m. Dust with a di�erent size of the parti-les was added to the disharge volume. The alula-tions proeeded until a steady plasma parameters andmetastable-atom density were obtained, whih usuallyrequired up to 30000 rf yles. The �nal dust den-sity pro�le was lose to a half-sinusoidal shape with themaximum of 2�107 m�3, with zero density in eletrodesheaths. After this, the disharge voltage was swithedo� and the further evolution of plasma was simulated.For simpliity, the dust density redistribution was notonsidered and the density pro�le was held onstant.The simulations of deay were limited by the �rst twomilliseonds.Figure 1 shows the result of disharge simulation indust-free argon, showing the eletron and ion density
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Fig. 1. Spatial pro�les of densities of eletrons ne(urve 1 ), ions ni (2 ), and metastable atoms n� (3 )in an rf disharge in argon without dust

pro�les and also the metastable-atom density pro�lein the disharge gap. The maximal plasma density inthe gap enter is 2:4 � 109 m�3, the metastable-atomonentration is 9:2 � 1010 m�3, and the eletron tem-perature in the bulk plasma is 2.2 eV. This is the initialon�guration when the voltage is swithed o� and sim-ulation of afterglow is started. We also note that theionization rate in disharge due to metastable poolingis an order of magnitude smaller than the eletron�argon impat ionization rate, and it therefore a�etsthe plasma on�guration weakly.Figure 2 shows the behavior of the eletron den-sity in the enter of the disharge gap after swithingo� the voltage for dust-free plasma. To reveal the roleof metastable atoms and also to verify the model, thedeay of the same initial plasma on�guration, shownin Fig. 1, was simulated twie, inluding and omit-ting the metastable e�ets, mainly the ionization dueto metastable pooling. It an be seen from Fig. 2that the main mehanism of plasma deay is ambipo-lar di�usion. For the simpler ase of afterglow withoutmetastable e�et (urves 2 in Fig. 2), the harateristitime of the eletron density deay an be estimated as�a = �2=Da, where in one-dimensional ase the di�u-sion length is � = L=� (L is the disharge gap equal to3.3 m) and the ambipolar di�usion oe�ient isDa = vTi3ng�ig �1 + TeTi� :The ion thermal veloity is vTi = 4 � 104 m/s, the gasdensity is ng = 3 � 1015 m�3, and the ion transportross setion �ig is of the order of 10�14 m2. At the�rst 0.1 ms of afterglow, the plasma deay is fast (seeFig. 2a) due to departure of hot eletrons, but afterthe loss of the main part of the eletron energy, for thenext stage of afterglow, when the ratio Te=Ti dereasesto unity, the obtained harateristi deay time for theurve 2 in Fig. 2b beomes about 1.25 ms, whih is verylose to the estimated value �a = 1:3 ms.The behavior of the eletron temperature is shownin Fig. 3 (urve 2 for a simulation without metasta-bles). It an be seen that after 0.3�0.5 ms after voltageswithing, Te beomes pratially equal to the gas tem-perature. This is in agreement with estimations of theeletron ooling rate during afterglow in [3℄.The inlusion of metastable atoms makes the be-havior more ompliated. The role of additional elet-ron�ion pair prodution is learly seen (urves 1 inFig. 2). The eletron density is now larger due tometastable pooling, and the derease in the eletrontemperature an be divided into two stages (see urve1 in Fig. 3). For the initial 0.1 ms, the ooling of dis-763
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Fig. 4. Spatial pro�les of densities of eletrons ne(urve 1 ), ions ni (2 ), dust spae harge jZdndj (3 ),and metastable atoms n� (4 ) in rf disharge ontainingdust partiles with the radius rd = 50 nming rates of density deay look similar. The anomalousinrease in ne at the beginning of afterglow is not ob-served (Fig. 2a), whih means that metastable poolingis not su�ient to generate it.The next simulation orresponds to the ase of aheavily dusted plasma, with the maximal dust densitynd = 2 � 107 m�3 and with rd = 50 nm. The re-sult of disharge simulation is presented in Fig. 4. Thedisharge voltage was the same, but the maximal ele-tron density was two times smaller and the eletrontemperature in the gap enter was 3.5 eV instead of2.2 eV in the dust-free disharge. This e�et of de-reasing in the eletron density together with the heat-764
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and ion �uxes, immediately dereases, leading to in-tensive desorption of eletrons from dust. The eletrondensity reahes its maximum at 30�50 �s after voltageswithing o� and after this begins to derease. The dustharge behavior is shown in Fig. 6. It an be onludedthat the fast derease in the dust harge during the �rst50 �s of afterglow is the reason of the eletron densitymaximum. The di�erene between two urves in Fig. 5shows that the e�et of metastable pooling enforesthe anomalous eletron density behavior, reating ad-ditional ionization. However, in the framework of thepresented model, the main role in the eletron densityinrease belongs to dust disharging. The produtionrate of eletrons released from dust an be estimatedas dnedt = �ndrde dUddtand the time derivative of Ud has the same order ofmagnitude as the eletron temperature measured in eV.This is muh larger than the ionization rate of themetastable pooling reation.Figure 6 shows the alulated dust harge for bothsimulations. It an be seen that its initial dereaseis independent of the e�et of metastable atoms, be-ause the �rst stage of eletron ooling is not sensitiveto metastable pooling. At the next stage of afterglow,the e�et of metastable-produed ionization enlargesthe dust harge due to an inrease in the eletron tem-perature (shown in Fig. 7) and also to the additionaleletron density.Figure 7 shows the evolution of the eletron tem-perature, whih is lose to the ase of dust-free plasma,765
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Fig. 6. Charge of dust partiles in the disharge gapenter for afterglow of disharge plasma ontaining dustpartiles with rd = 50 nm for simulation inluding themetastable atom kinetis (urve 1 ) and negleting it(urve 2 )but Te after 0.1 ms is somewhat larger due to the en-haned abundane of metastable atoms. To eluidatethe behavior of Te, the evolution of the EEDF in thegap enter in the ase with metastable pooling is shownin Fig. 8. Curve 1 in Fig. 8 for t = 0 orresponds to theEEDF in glow disharge. Other urves illustrates theremoval of hot eletrons from the plasma volume, dueto their fast loss on the walls. The high-energy tail ofthe EEDF depletes during the �rst 30 �s after swithingo� the disharge. At the next stage of afterglow, twogroups of eletrons an be seen on the EEDF, the oldeletrons, leaving the volume via ambipolar di�usion,and a relatively small amount of hot eletrons produedby metastable pooling (urves 5 and 6 in Fig. 8).Similarly to dust-free simulation, in the absene ofthe e�et of metastable atoms, the eletron tempera-ture and hene the dust-partile harge beome almostonstant after the �rst 0.3�0.5 ms of afterglow and thefurther deay is governed by ambipolar di�usion (seedashed urves in Figs. 5�7). Here, the estimate of theeletron density deay time, taking the sink on dustsurfae into aount, must be�d = �Da�2 + nd�r2dvTi �1� eUdkTi ���1 ;where the �rst term denotes ambipolar di�usion andthe seond term desribes the ion �ux on the dust-partile surfae, given by the OML theory, whih isequal to the eletron �ux in our model. For the �-nal stage of afterglow with a onstant eletron tem-
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Fig. 7. Normalized eletron temperature Te=Tg in thedisharge gap enter for afterglow of disharge plasmaontaining dust partiles with rd = 50 nm for simula-tion inluding metastable atom kinetis (urve 1 ) andnegleting it (urve 2 )perature, the expressions from the OML theory giveeUd=kTi � �3 and the estimated �d � 1 ms, whihis in agreement with the deay time of about 0.9 msobtained for the urve 2 in Fig. 5b.The e�et of metastable atoms looks similar to theone in the previous ase, inreasing the plasma densityand maintaining the eletron temperature at several Tgafter the �rst 0.5 ms of afterglow (see Fig. 7). Beausethe metastable density in dusty plasma is larger, theionization from reation () retards the plasma deaymore e�iently and the di�erene of the slopes of theurves in Fig. 5b is more notieable than in the dust-free ase.The next simulations were performed for a di�erentdust-partile size, with the e�et of metastable atomsinluded. Figure 9 shows the behavior of the eletrondensity in the gap enter during afterglow of plasmawith the dust partiles with rd from 10 to 50 nm. It islearly seen that inreasing the dust size enhanes theanomalous eletron density behavior, as was observedin experiment (shown in Fig. 7 in [1℄). The maximumof the eletron density during afterglow inreases withthe dust-partile size. To illustrate this more learly,the densities are plotted in Fig. 9a only for the initial0.2 ms of afterglow, also inluding the dust-free ase.The disharge voltage was hosen �xed and equal to150 V in all ases, but it is known that adding dustleads to a derease in the eletron density in disharge,and hene the initial values are di�erent for eah dustsize. Besides, adding dust inreases the eletron tem-766
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12 0 0:5 1:0 1:5 2:0t; mst; �sFig. 9. Eletron density in the disharge gap enter for afterglow of disharge plasma ontaining dust partiles with sizerd = 10 nm (2 ), 25 nm (3 ), 35 nm (4 ), 50 nm (5 ) (inluding the dust-free ase, urve 1 ), (a) for the beginning of afterglowand (b) for the entire simulated periodperature in the disharge bulk plasma and hene pro-dues a larger onentration of metastable atoms, asis illustrated in the next �gures. To make the resultsmore omparable, the dust density pro�les were ho-sen equal for all sizes, with a maximum of nd equal to2�107 m�3. Figure 9b shows the eletron density deayfor the whole simulation time (we note that the urve2 for rd = 10 nm pratially oinides with the dust-free one, and is therefore omitted). The enhanementof the anomalous ne behavior with the inrease in dustsize is due to the larger amount of released eletrons.Figure 10 shows the evolution of the dust-partileharge in the enter of the gap, plotted for all onsid-ered dust sizes. The initial fast drop of harge duringthe �rst 30�50 �s is responsible for the anomalous be-havior of the eletron density, due to the very intense

reation of desorbed eletrons. We also note that afterthe �rst stage of afterglow, when eletrons lose the mainpart of their energy, the �oating dust potential Ud es-tablishes as approximately proportional to the eletrontemperature Te: eUd � �3kTe.Figure 11 show the behavior of the eletron temper-ature. It is similar for all sizes, whih shows that theeletron ooling mehanism is the same during the �rst0.1 ms, although the initial temperature is higher forlarger dust sizes. This initial fast derease of Te, whihbeomes several times less during the �rst 30�50 �s,is the origin of the fast drop of the dust �oating po-tential Ud and hene of the dust harge, as an beseen in Fig. 10. In the time interval 0.1�1 ms, thetemperature is maintained at (5�10)Tg by produtionof hot eletrons in metastable reations. The larger767



A. L. Alexandrov, I. V. Shweigert, D. A. Ariskin ÆÝÒÔ, òîì 143, âûï. 4, 2013

1

2

3

4

0 0.5 1.0 1.5 2.0
t, ms

1

10

100

−Zd/e

Fig. 10. Dust harge evolution in the disharge gapenter for afterglow of disharge plasma ontaining dustpartiles with size rd = 10 nm (1 ), 25 nm (2 ), 35 nm(3 ), 50 nm (4 )
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Fig. 11. Normalized eletron temperature Te=Tg in thedisharge gap enter for afterglow of disharge plasmaontaining dust partiles with size rd = 10 nm (2 ),20 nm (3 ), 35 nm (4 ), 50 nm (5 ) (inluding the dust-free ase, urve 1 )the size of dust partiles is, the greater the abundaneof metastable atoms, and hene the larger Te for thistime interval. After 1 ms of afterglow, the tempera-ture begins to derease toward the gas temperature dueto gradual depletion of the abundane of metastableatoms.Figure 12 shows the deay of the metastable-atomdensity, taken in the gap enter and again plotted fordi�erent dust sizes. The higher densities orrespond tothe larger dust ontamination, whih is in agreement

0 0.5 1.0 1.5 2.0
t, ms

0.2

0.4

0.6

0.8

1.0

1

2

3

4

5

1.2
1.4
1.6
1.8
n∗, 1011

cm
−3

Fig. 12. Density of metastable argon atoms in the dis-harge gap enter for afterglow of disharge plasmaontaining dust partiles with size rd = 10 nm (2 ),25 nm (3 ), 35 nm (4 ), 50 nm (5 ) (inluding the dust-free ase, urve 1 )with experimental observations [23℄. The generation ofnew metastable atoms pratially terminates after the�rst 10 �s of afterglow, when Te dereases by severaltimes.We note that the urves in Fig. 12 are not straightand parallel as it seems. The behavior of n� is a-tually lose to an exponential deay, but only for thesimulation times longer than 0.5 ms, when metastablelosses in eletron reations (f)�(h) beome negligibledue to the derease in the eletron temperature. Be-sides, the rate of pooling reation () dereases as thesquare of the density, and hene the di�usion to thewalls and ollisions with dust remain the main meha-nisms of the metastable-atom deay. This was alreadydisussed in [3℄. For the deay time more than 0.5 ms,the slope of urves in a logarithmi sale orrespondsto �� = �D��2 +Kdnd��1 ;where the �rst term results from di�usion and the se-ond aounts for the deay on dust surfae. Reations(d) and (e) of metastable atoms with gas atoms are tooslow to make e�et, whih was also previously notedin [3℄. 7. CONCLUSIONThe proesses in the afterglow plasma of argon dis-harge ontaining dust were simulated by the PIC�MCC method, inluding kinetis of metastable atoms.768



ÆÝÒÔ, òîì 143, âûï. 4, 2013 Kineti simulations of argon dusty plasma : : :The harge of dust partiles was assumed to be in equi-librium with loal plasma onditions. The simulationsexplained the anomalous behavior of the eletron den-sity after turning o� the disharge voltage by desorp-tion of eletrons from the dust-partile surfae due toeletron ooling. The proess of afterglow an be di-vided into two stages: the �rst 0.3�0.5 ms, during whihthe eletron temperature rapidly dereases due to en-ergy losses, and the next one, when the eletron tem-perature is maintained by prodution of hot eletronsin metastable pooling reations, gradually dereasingto the gas temperature as the metastable density is de-aying. If the metastable pooling reation is negleted,the eletron temperature at the seond stage of after-glow would be equal to the one of the gas.At the beginning of the �rst stage of afterglow, whenthe eletron temperature rapidly dereases, the magni-tude of the �oating potential of the dust surfae andhene the partile harge also derease and the ele-tron density inreases due to the intense eletron des-orption from the dust partiles. The main produtionof desorbed eletrons ours during the �rst 30�50 �sof afterglow, when the eletron temperature dereasesby several times, thus produing a maximum of theeletron density.At the seond stage of afterglow, as the eletrontemperature and dust harge derease relatively slowly,the main mehanism of plasma deay is the ambipolardi�usion and also the sink of eletrons and ions on thesurfae of dust partiles. The deay is partially om-pensated by reation of additional eletron�ion pairsin the metastable pooling reation, but this does nothange the eletron density behavior qualitatively. Thedensity of metastable atoms is mainly determined bydi�usion to the hamber walls. At the �rst stage ofafterglow, they are also onsumed in reation with hoteletrons, but at the seond stage, when the eletronsare too ool to partiipate in reations, the only reli-able metastable-atom deay mehanism is the di�usiontogether with the de-exitation on the dust surfae.The results of simulation explain the anomalousbehavior of the eletron density in dusty plasmaafterglow and show qualitative agreement with experi-mental observations.This paper was supported in part by the RFBRprojet No. 13-02-00242 a, the bilateral RFBR�Ukraine projet No. 10-02-90418, and the Integrationprojet No. 39-2012 of the Siberian Branh of the RAS.
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