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It is studied how dissociation and ionization of acetylene molecules in their collisions with argon atoms in excit-
ed states Ar* may affect properties of argon-acetylene plasma with growing inside of plasma volume dust particles.
The study is carried out using a volume-averaged model. To analyze the effects of Ar* atoms on the electron and ion
densities, the effective electron temperature and the densities of radical and nonradical neutral species, the values of
ionization and dissociation rates for collisions of acetylene molecules with Ar* atoms are varied in numerical calcu-
lations. It is found that the collisions of Ar* atoms with acetylene molecules affect essentially the argon-acetylene

dusty plasma.

PACS: 52.27.Lw, 52.25.Ya, 52.20.Hv, 52.27.Cm, 82.33.X]

INTRODUCTION

Reactive plasmas with growing inside of plasma
volume nano- and micro- sized particles (dust particles)
are of a great fundamental interest and are also useful
for various technological applications [1]. Carbonaceous
dust particles are usually formed in gas mixtures con-
taining methane, acetylene or ethylene and, therefore,
gas discharges in these gas mixtures have been investi-
gated in many works [2-9].

Experiments in Ar/C,H, plasmas showed that for-
mation of dust particles is accompanied by an increase
of electron temperature and density of metastable argon
atoms and by a decrease of electron and acetylene den-
sities [3, 4]. The degree of dissociation of acetylene in
an Ar/C,H, plasma at growth of nanoparticles was
found to be as high as 99 % [5]. It was also shown that
metastable argon atoms may affect essentially the elec-
tron density in argon and argon-acetylene dusty plasma
afterglows [5, 6]. However, effects of excited argon
atoms on properties of argon-acetylene plasma with
growing inside of plasma volume dust particles are not
well-studied at present. Moreover, the exact values for
the rates describing ionization and dissociation of acety-
lene molecules in collisions with excited argon atoms
are not known.

In this paper, we analyze how argon atoms in excit-
ed states, including those in the metastable states, affect
the densities of ions, electrons and neutrals in an argon-
acetylene plasma with growing inside of plasma volume
nanoparticles. The study is carried out using a volume-
averaged model. To analyze the effects of excited argon
atoms on plasma properties, we vary in our calculations
the magnitudes of the ionization and dissociation rates
for collisions of acetylene molecules with excited argon
atoms. The calculations are carried out for the same
external conditions as in the experiments in [7, 8].

1. MAIN EQUATIONS AND ASSUMPTIONS

We consider an argon-acetylene dusty plasma of
R =22 c¢cm radius and L = 32.4 cm height, as in [7, 8].
The gas-discharge plasma consists of electrons with

density ne, seven positive ions with densities n’ (where
the index a = C2H2, Ar, AI’H, C4H3, C4H2, C6H4, C2H3

corresponds to the C,H,", Ar*, ArH*, C4H;", C,H,",
CeH4" and C,H3" ions, respectively), four nonradical and
two radical neutrals with densities n_(where the index

a = Ar, C,H,, H,, C4H, corresponds to the nonradical
neutrals Ar, C,H,, H,, C4H,, respectively, and o = C2H,
H is for the radicals C,H, H, correspondingly), negative-
ly charged dust particles with density ng, radius a4 and
charge Zy (in units of elementary charge), and three
negative ions C,H", C4H and CgH" with densities Ncon.,
Ncan- and Neen., respectively. The gas-discharge plasma
also contains metastable argon atoms (Ar,,,) with density
Nm,, argon atoms in the resonance 4s states (3P1 and 1Pl)
(Ar,) with density n, as well as argon atoms in 4p states
(Ar(4p)) with density ng,. In this model, the metastable
and resonance atom densities ny, n, and ny, represent the
density of a composite (*P, and °P,) metastable level,
the density of a composite (°P; and 'P;) resonance level
and the density of a composite 4p state, respectively.

For the conditions considered in this study, the dom-
inant neutral species are argon atoms and their density
N, = PI(k;T,), where P = 4.2 Pa is the pressure of ar-

gon gas and k, is the Boltzmann constant. The input

fluxes of acetylene and argon are taken to be 1.5 sccm
and 11.0 sccm, respectively, as in the experiment of our
interest [7 -9]. It is assumed that the energy distribution
for ions is Maxwellian, and that the ions and dust parti-
cles are at gas temperature Ty (300 K), while the elec-
tron energy distribution function (EEDF) F is assumed
to be Druyvesteyn-like [7, 9]. The EEDF has the follow-

ing normalization J'F(g)dgzl and determines the
0

effective electron temperature

T = (Z/SE)IgF(g)dg, where ¢ is the electron en-
0

ergy.
It is assumed that the plasma is quasineutral, or

Zn; =N, + Mgy Ny +Negn +]Zg| Ny - 1)

The density of a species X (neutrals or ions) is calcu-
lated, using the balance equation
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where RMand R™) are, respectively, the reactions’

rates describing various generation and loss processes of
the species X and t is the time. The model accounts for
various processes of the loss and generation of the dis-
charge species, including the processes on dust particles
and plasma walls, the collisional processes in the bulk
plasma, as well as the pumping of gas in and out of the
chamber. The processes and their rates are described in
[7,9].

The effective electron temperature is found from the
power balance equation

d(3 1
—|ZenT, |==(P, - P.) 3
dt(Z e eff) V( abs Ioss)

where Ps = 9 W is the absorbed power as in [7], V is
the volume of the discharge chamber, the power
108S Pjoss = Peon + Py + Py, where Py, is the power loss
due to elastic and inelastic electron-neutral collisions [7,
9], Py, and P4 are the power losses due to charged parti-
cle fluxes to the walls and to the dust particles, respec-
tively [7, 9].

The dust charge Zy is found, assuming that the
charging of dust particles is due to electron and ion
fluxes onto their surfaces, taking into account for the
non-Maxwellian shape of the EEDF and collisions of
ions with neutrals in the sheaths around dust particles
[7, 9]

Considering the collisions of argon atoms in excited
states Ar* (Arn,, Ar, or Ar(4p)) with C,H, and C;H,
molecules, we assume that there are the reactions ac-
companied by ionization and dissociation of acetylene
molecules, as well as by only deexcitation of excited
argon atoms: Ar* + C,H,(C4H,) — C,H,"(C,H,") + Ar
+e” With the rate Ke'1.8:10°cm®/s, Ar* + C,H,(C,4H,)
— C,H(C4H) + Ar + H with the rate kee3.5:10° cm?/s,
Ar* + CHy(C4Hz) — CoH, (CaHy ) + Ar (or CoHy(CaHy)
+Ar+ hip) with the rate (1 - keo)5.310 “°cm®s, where
0<Kexc<1, inthe model, ke is a parameter.

Note that the exact values of the rates for Ar*- C,H,
reactions are not known at present. In [10], [5] and [11],
the rate describing electron production in Ar*- C,H,
collisions was taken to be 3.5-107° cm%s, 0.3k, and
0.1k, respectively, where k, = 5.6:10° cm%s [12].
Since the threshold energy for ionization of C,H, is
larger than that for dissociation of acetylene molecules,
it is assumed here that the rate for dissociation of C,H,
in collisions with Ar* atoms is nearly 2 times larger
than the ionization rate. More information on the rates
for various generation and loss processes, considered in
our model, can be found in [7, 9].

The balance equations for neutrals and ions (2), the
power balance equation (3) and the equation for dust
charge are solved by using the DVODE package [13].
First, the system of first order differential equations is
allowed to reach a steady state, i.e. d/dt = 0, for the case
when the dust particles are absent in the plasma. After
reaching the steady state, it is assumed that the dust ra-
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dius increases linearly from 10 up to 70 nm at a fixed
dust density (~ 10’ cm™) during 88 s (in agreement with
experiment in [8]). At the end of the phase (when a4 =
70 nm), we suppose that the dust particles leave the
plasma (because of effect of different forces on the dust
grains). After the particle leaving, it is assumed that the
dust particles do not affect much the plasma (hg = 0)
during next 20 s. After that, a new growth cycle starts.

2. NUMERICAL RESULTS

Using the theoretical model presented in section 2,
we have analyzed how the neutral, ion and electron den-
sities and effective electron temperature in an Ar/C,H,
plasma evolve as dust radius increases with time. These
simulations have been performed for conditions similar
to experiments on nanoparticle growth presented in [7-
9]. To analyze how the plasma properties depend on
collisions of excited argon atoms with acetylene mole-
cules, we have varied in our calculations the coefficient
Kexe, Which determines the acetylene loss in collisions
with Ar*,

Carrying out these simulations, on the base of exper-
imental observations [8], we have made the following
assumptions concerning the time variation of a4 The
duration of a nanoparticle-growth cycle is 108 s. During
the first 20 s (phase 1), the nanoparticles do not modify
any plasma properties (in the model, a4 = 0), while the
dust radius increases linearly from 10 nm up to 70 nm at
a fixed dust density for the next 88 s (phase II). At the
end of a growth cycle, dust particles leave the plasma
and a new growth cycle starts.

In Fig. 1, the densities of C,H,, H, and C4H, as a
function of time are shown for different Keyc.
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Fig. 1. The densities of C,H, (a), H, (b), and C4H, (c)
for different ke.: 1.0 (solid line), 0.5 (dashed line),
0.3 (dotted line), and 0.0 (dash-dotted line)

The time-dependencies are obtained assuming that
the phases | and Il start at t =8 s and t = 28 s, respec-
tively, and the dust density in the phase Il is 10" cm™®.
Note that Fig. 1 shows cycles taken in a middle of a
long sequence (before 8 s it is the end of phase Il from
another cycle). One can see from Fig. 1,a that the acety-
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lene density decreases with increasing the coefficient
kexe. This is due to an enhancement of ionization and
dissociation of C,H, molecules in different collisions. In
[14], it was shown that the loss of C,H, molecules in the
plasma is mainly due to their collisions with metastable
atoms, positive ions, C,H radicals and electrons. The
C4H, and H, production is related to the C,H, density
[3, 7], and, as a result, the densities of C4H, and H, also
decrease with increasing ke (excepting the case of
small ke, and large times in phase Il for C4H,)
Figs. 1,b,c. In [9], the calculated time dependencies for
C,H, and C4H, at ke, = 0.5 were found to be in a good
qualitative agreement with those obtained by mass spec-
tra measurements.

The densities of C,H,, C4H,, and H, increase during
phase I. For phase Il and large ke (> 0.3), C,H, and
C,H, densities are first decreasing, reach a minimum
and then increase. For the case ke = 0, the densities of
C,;H, and H, are monotonically decreasing during phase
Il. The time dependency for C,H,, H, and C4H, is
caused mainly by the time variation for argon atoms in
excited states, for positive ions, C,H radicals and for
electrons since the nonradical species are mainly lost in
collisions with these species [14].
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Fig. 2. The densities of C,H (a), argon metastable atoms
(b), electrons (c) and Ar™ ions (d) for different Key:
1.0 (solid line), 0.5 (dashed line), 0.3 (dotted line)

and 0.0 (dash-dotted line)
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The decrease of the densities of nonradical species
with increasing ke is accompanied by the increase of
the densities of C,H radicals, metastable argon atoms
and Ar" ions because of decreasing the losses of these
species in collisions with neutrals (Fig. 2) and because
of increasing n, (see Fig. 2,c). The electron density in-
creases with an increase of ke due to the decrease of
the power loss in electron-neutral nonelastic collisions
(since the densities of C,H,, C4H,, and H, decrease and
the input power is fixed). For ke # 0, the loss of C,H,
molecules is essentially affected by their collisions with
excited argon atoms and C,H radicals [7, 14] and, as a
result, the time dependencies for Ar,, and C,H are near-
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ly inverse to that for acetylene molecules
(see Figs. 2,a,b). The density of electrons drops with
time for most of phase Il (see Fig. 2,c) due to enhance-
ment of electrons’ collection by dust particles with in-
creasing dust radius. The increase of dust radius is ac-
companied by the growth of the effective electron tem-
perature (Fig. 3,a), which causes the increase of the den-
sity of argon ions in phase Il (see Fig. 2,d).
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Fig. 3. The effective electron temperature (a) and the

densities of C,H,"(b), H (c), and C,H  (d) for different
Kexe: 1.0 (solid line), 0.5 (dashed line), 0.3 (dotted line)
and 0.0 (dash-dotted line)

The effective electron temperature becomes smaller
with increasing ke (see Fig. 3,a). In our opinion, the
decrease of Te is due decreasing the loss of electrons
and positive ions in collisions with nonradical neutrals,
since their densities decrease (see Fig. 1). Similarly to
the Ar* density, the densities of C,H," ions and H radi-
cals become larger with increasing Ke.. The increase is
mainly due to enhancement of the production of these
species in collisions of Ar", Ar, and electrons (their
densities increase) with neutral species and due to de-
crease of the loss of these species in collisions with neu-
trals species (their densities decrease). The density of
negative ions C,H" decreases with increasing ke (see
Fig. 3) because the anion loss in collisions with positive
ions and hydrogen atoms (which are the main loss
mechanisms for C,H" [14]) becomes more intensive, as
well as due to decreasing the acetylene density (the pro-
duction of the anions is due to collisions of electrons
with acetylene molecules). The density of C,H anions is
larger than the densities of C4H and CgH" anions [9].

Note that the time-dependencies for n,, and C,H,"
density at ke, = O are slightly different from those ob-
tained at ke # 0. In particular, at large times of phase 11,
the densities of Ar,, and C,H," are increasing with time
at kexe = 0, while they decrease in the case Key # 0.

In our opinion, this difference is due to the effects of
kexc Variation on the time dependencies for C,H, and
C,H, (See Flg 1)
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CONCLUSIONS

Thus, collisions of argon atoms in excited states
with C,H, and C4,H, molecules affect essentially proper-
ties of argon-acetylene dusty plasma. With increasing
the acetylene loss in their collisions with Ar* (which is
characterized here by the coefficient k), the densities
of C,H,, C4H,, and H, decrease (see Fig. 1), while the
density of electrons increases (see Fig. 2,c) because of
decreasing the electron energy loss in collisions with
neutrals. The increase of n, is accompanied by increas-
ing the densities of positive ions, excited argon atoms
and C,H radicals (see Fig. 2) because the production of
these species in collisions with electrons becomes more
intensive. However, the density of negative ions de-
creases with increasing ke (see Fig. 3,d). This is due
decreasing the anion production in collisions with acety-
lene molecules (nc,n, decreases) and due to enhance-
ment of the anion loss in collisions with positive ions,
those densities increase. Our calculations also show that
the time dependences for plasma parameters obtained in
the case of taking into account the dissociation and ioni-
zation of C,H, and C,H, molecules in their collisions
with Ar* strongly differ from those obtained in the case
when these processes are not taken into account. The
results presented here are relevant to many applications
involving reactive plasmas [15, 16], especially gas dis-
charges used for the synthesis of various nanomaterials.
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BJINSTHUE ATOMOB APTOHA B BO3BY KIEHHOM COCTOSIHUM HA CBOMCTBA API'OH-
AIIETUWJIEHOBOM IBIJIEBOM I1JIA3MbI

U.b. /lenucenxo, C. Hexo, H.A. A3apenkos, I. Bypmaka

HccenenoBaHo, Kak JUCCOLMALIAA M MOHU3ALMS MOJIEKYJI alleTUIIEHA [IPU UX CTOJIKHOBEHMM C aTOMaMHU aproHa B
BO30YXK/IEHHOM COCTOSIHUM Ar* MOTYT BIMSATh Ha CBOMCTBA aproH-alleTHJICHOBOM IUIa3Mbl C PACTYIIMMH BHYTPH
IUIa3MEHHOTO 00beMa MBIIEBBIMU YacTHIAMH. FlccienoBaHUWE NPOBEJEHO C IOMOLIBIO IPOCTPAHCTBEHHO-
ycpenHeHHo# Mozenu. [l aHanu3a BIAMSHUS aTOMOB Ar* Ha IJIOTHOCTh 3JIEKTPOHOB M HOHOB, 3((EKTUBHYIO TEM-
neparypy 3JIeKTPOHOB U IUIOTHOCTh PaJUKaIbHBIX W HEPAJUKAIbHBIX HEHTPAIbHBIX YACTHI 3HAYCHUS KO PUITHEH-
TOB MOHMW3AalMU M TUCCOLMALNK JUIl CTOJIKHOBEHHH MOJIEKYJ alleTWIEHa ¢ aTOMaMu Ar* B YHCIEHHBIX pacderax
BapbHUPOBAINCH. Y CTAHOBJICHO, YTO CTOJKHOBEHHUSI aTOMOB Ar* ¢ MOJIEKyJlaMy alleTHJICHA CYIIECTBEHHO BIHMSIOT Ha
IBLUIEBYIO APIrOH-aLETUIICHOBYIO ILIa3MYy.

BIIJIUB ATOMIB API'OHY B 3BYJ)KEHOMY CTAHI HA BJJACTUBOCTI API'OH-
ALIETUJIEHOBOI 3AIIOPOILIEHOI IJIAZBMU

Lb. /lenucenxo, C. Iéxo, M.O. A3apcukos, I. Bypmaka

JlocmimkeHo, Ik TUCOIIiallisl Ta i0Hi3allisl MOJIEKYJ alleTUIeHY MPH iX 3iTKHEHHI 3 aTOMaMU aproHy B 30yKEHO-
My cTaHi Ar* MOXXYTb BIUTMBAaTH Ha BIACTHBOCTI apTrOH-allETHIICHOBOI TIa3MH 31 3pOCTAlOYMMH BCEPEINHI MIa3Mo-
BOTO 00’eMy mopomuHKamMu. JlocTiKeHHsT POBEACHO 3a JIOTIOMOTOI0 TIPOCTOPOBO-ycepeaHeHo1 Moemi. J{is aHa-
Ji3y BIUIMBY aTOMiB Ar* Ha I'yCTHHY €JICKTPOHIB Ta 10HIB, €()eKTHBHY TEMIIEPATYPY €IEKTPOHIB Ta I'yCTHHY PaJHKa-
JBHUX 1 HepaJIMKaJIbHUX HEHTPaJIbHUX YaCTHHOK 3HAYEHHs KoeQilieHTIB 10HI3alil 1 Ancomiamnii AJst 3iTKHEHb MoJie-
KyJl alleTWIEHY 3 aToMaMH Ar* y YHCIIEHHUX po3paxyHKax BapitoBajiics. BcraHoBiieHO, 110 3iTKHEHHS aToMiB Ar™ 3
MOJIEKyJIaMH1 alleTHJIEHY ICTOTHO BIUIMBAIOTh HA 3aIlOpPOLIEHY aprOH-alleTHICHOBY ILIa3MYy.
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