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The cometary coma consists of neutral gas, plasma, and dust grains. Dust grains can influence both the
neutral and charged coma’s constituents. Usually, presence of dust particles in a plasma results in additional
losses of both electrons and ions due to the plasma recombination on the particle surfaces. Solar radiation
makes the impact of dust even more complicated, depending on the solar flux, the dust number density, pho-
toelectric properties of the dust particles, the dust particle composition, distribution of sizes, etc. We propose
a simple kinetic model evaluating the role of dust particles in the coma plasma chemistry and demonstrate
that this role can be crucial resulting in a nontrivial behavior of both the electron and ion densities of the
plasma. We show that coma’s dust particles can be negatively as well as positively charged depending on
their composition. These opposite charges of the grains can result in fast coagulation of dust particles forming

complex aggregate shapes of cometary grains.
PACS: 94.05.—a, 96.25.—y

The processes in a multi-component plasma con-
taining dust particles attract considerable attention at
present [1-3]. Interest in dusty plasma is stimulated by
its great abundance in Nature, important role in labora-
tory and technological plasmas as well as by the signif-
icant (sometimes crucial) effect of dust particles on the
medium where they are present. In this paper, we ana-
lyze the impact of dust grains on the plasma chemistry
of inner cometary comae. As we are mostly interested
in qualitative effects of the grain presence in the coma,
the simplified model of the cometary coma is used. The
comet is located at heliocentric distance equalling 1 AU
(1 AU ~ 1.5-10' cm is the average Earth-Sun distance).
Main ionization source for such a coma is photoion-
ization of water molecules by extreme solar UV light
(A < 98.4nm). Typical plasma densities considered are
e, ni ~ 102 = 10*cm™3. This imposes limitations on
the neutral densities of interest in our problem; the neu-
tral density is in the range of n, ~ 10!° = 10 cm—3.
As density decays with the distance as 72 from the nu-
cleus, the typical size of the region of interest is of the
order of 10% km.

In this study, we use the gas-to-dust mass ratio
equalling unity. A typical size a of dust particles is
believed to be 0.3 + 3 um, so the typical dust number
density is ng ~ 0.1 = 10>cm~2 for the neutral den-
sity nn, ~ 10" cem™ of interest here (we assume the
mass density of a grain to be 1g-cm ). As we focussed
mainly on the plasma chemical effects of dust grains, we
can neglect any transport effects, because dust-induced

plasma processes have the shortest timescales. We point
out that the cited parameters of the coma are quite re-
alistic (see, e.g., [4-T7]).

Micro-particles can affect the coma plasma composi-
tion via different ways. First, plasma recombination on
the surfaces of dust particles can constitute a significant
sink of the plasma. This effect, depending on the dust
number density, often results in strong depletion of the
plasma density. Second, the dust particle surfaces can
be the source of electrons due to the photoelectric effect.
We note that dependence of the efficiency of the radiation
absorption on the refractive index, size of a dust particle,
and the radiation wavelength, is quite complex. Figure
1 shows the absorption (scattering) efficiencies oups/5ca
calculated for 121-nm radiation (hydrogen Lyman-a ra-
diation) according to the Mie theory as functions of the
dust particle size a. We consider here the Lyman—a line
because it is the most important for the photoelectric ef-
fect on dust particles, see below eq. (5).

The inset shows the complex refractive index as a
function of the photon energy for several compounds (see
e.g. [8]). We point to a very small imaginary part of the
refractive index k (which determines the absorption of
radiation by a particle) in the optical range for ice par-
ticles. The values of k for the other compounds under
consideration are relatively large. We see that the ab-
sorption efficiencies of the radiation are close to 1 for the
grain sizes of interest (@ ~ 1 ym).

Effects of dust particles on the ionization balance in
the cometary coma can be estimated from the system
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Fig.1. Optical properties of various-composition micro-
particles as calculated using Mie theory. The efficiencies
of scattering osca and absorption oaps of 121-nm radia-
tion versus the particle size a for various micro- parti-
cle materials: ice, iron, silicon, and ice-coated silicon (at
the corresponding radius ratio 1:2). The known scaling is
shown for small a values (0sca a* and o.ps o a). The
inset shows both the (solid lines) real and (dash-dotted)
imaginary parts of the complex refractive index m versus
the photon energy hv for several compounds that can be
present in a dust particle

of the continuity equations for the number densities of

electrons n, and positive ions n; (H2O1, OHt, Ht, Ot
etc), as well as for the grain charge Qg = Zge. In the
local approximation, the set of equations is given by [9-
11]:

on
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Here, we divide positive ions into two distinct groups:
the atomic (superscript a) (O, HT, etc) and molecu-
lar (superscript m) ions (H,OF, OHt, COY, etc.). The
atomic ions recombine in three-body collisions which can
be neglected in comparison with other processes. The
recombination coefficient for molecular ions is ajo¢ ~
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~ 1077 cm®-s71. The introduced groups reflect the pres-
ence of atomic and molecular positive ions in the inner
coma. More detailed plasma chemistry of the cometary
coma is not necessary for the current study. The terms
Veq and vjq (j = a,m) describe the losses of electrons
as well as atomic and molecular ions on dust parti-
cles, respectively; 3, is the conversion rate of atomic
ions to molecular ones due to the charge transfer reac-
tion; ¢¢ = ¢2 + ¢ is the ionization rate due to pri-
mary sources of ionization (solar UV radiation, photo-
electron, fast particles, etc.) which provide a steady
state plasma density in the dustless coma at the level
Ne = ni & \/qe/ar®¢ ~ 102 +10* cm 3.

Furthermore, in (1) (...) means averaging over the
particle size distribution and V§h°t° describes creation
of photoelectrons when solar radiation is absorbed by a
single dust particle with the radius a. Expressions deter-
mining veq and v;q can be evaluated by using the Orbit
Motion Limited (OML) approach (see e.g. [1, 2]). We

have
8T, \ '/ 2z
mwa? (ﬂme ) Ne €Xp (eaTd) , Z4<0,
Veq = 1/2
8T, 2z
7ra2 (W) Ne (1 + eaTd) 5 Zd >0
(2)
and
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ma? (:m].) n;j (1 - eaT-d) , Z3 <0,
i J
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wa? 81 njexp _&Zd , Z4>0,
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3)

where T, and m, are the electron temperature and mass,
T; and m; (j = a,m) are the temperature and mass
of the j-th ion. In the inner coma, we typically have
T, ~T, ~ T, ~102=+10* K. Since the charging process
strongly depends on the electron-to-ion temperature ra-
tios, T, and T; are used as parameters in our model.
The dust induced photoelectric rate v5"°* can be

evaluated from expression
Aw
V1Y = ma? / Tabs (A, a,m)B\Y (A, m,a)dA,  (4)
0

where Ay is the maximum (threshold) radiation wave-
length for the photoelectric effect (he/Aw = W, where
W is the work function for a given grain material).
For example, Ay for ice, iron, sodium, potassium, alu-
minum, and silicon corresponds to the photon energy of
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8.7,4.7,2.4,2.3,4.1, and 4.85 ¢V, respectively. The pho-
toelectron yield Y (A, m, a) entering into expression for
VPR°% increases rapidly with the photon energy in the
above-threshold region (|A/Aw| < 1) and is often esti-
mated by the expression Y (A) = Yo (1—A/\*) (see, e.g.,
[12]), which interpolates experimental data. The charac-
teristic values are Yoo ~ 1072+ 101 and \* ~ Aw. It
is worth noting that Y increases when the grain size
a decreases. For our model, the yield Y appears as
an important parameter. We stress that Ay depends
on the charge of the particle, if particle is positively
charged only photons with energies hc/A — W — Zz€e?/a
create photoelectrons. In the case of particle with low
value of work function W photoelectrons can influence
significantly on electron flux onto the particle, because
mean energy of photoelectron is usually of the order
of a few electronvolts, i.e. much bigger than 7,. For
typical comae conditions the photoelectrons thermalize
quickly (with the timescale 7,) in comparison with charg-
ing timescales 7., ~ ma’nvr; > T. ~ (VenOen) !,
where v., and d., are the electron-neutral collision fre-
quency and the fraction of electron energy lost in a
collision. Here we take into account typical values of
8en ~ 1071 = 1072 for photoelectrons.

To describe the process of dust charging (and dust
induced sinks of both electrons and ions), we employ
the OML approach. In this framework, electron and ion
currents on an isolated dust grain are determined by us-
ing the energy and momentum conservations laws. The
currents are calculated by assuming that electrons and
ions are collected by the grain if their collisionless orbits
intersect the grain’s surface. The simple OML analyti-
cal expressions for the cross sections of the electron/ion
grain interactions are incorporated into above formulas
for veq and vj4. In the absence of photoelectric effect,
the OML currents lead to the net negative charge on
dust because of higher mobility of plasma electrons as
compared to that of ions.

The OML approach is fully collisionless, it can be
applied when the condition a € Ap; < A%, /a < Amsp
is fulfilled, where Ap; is the ion Debye length and Angp is
the mean-free path of electrons/ions in the neutral gas.
The spatial length A3,./a is the characteristic charging
length, that is all ion trajectories with the impact pa-
rameter p; < A%,/a are closed on the particle’s sur-
face. For typical coma parameters A}, /a can (signifi-
cantly) exceed Amgp, SO the impact of collisions on the
grain charging should be taken into account. It has been
shown (see, e.g., [2, 13]) that rare ion collisions increase
total ion current on an isolated grain due to ions trapped
in the vicinity of the grain, so that the effect results
in decrease of the negative dust charge. In collision-

dominated regime, the ion current decreases due to
strong decrease of the ion mobility, so that the parti-
cle negative charge increases (see, e.g. [14]). Within the
range of plasma coma parameters (of interest for the cur-
rent study) both decrease as well as increase of the grain
charge are possible. However, the associated change of
the charge in comparison with the (collisionless) OML
result is not much significant. Moreover, the presence of
other dust grains also leads to a change of their charges.
Thus, if we take into account decrease of dust charges
due to the presence of other grains (interparticle dis-
tance nlli/ ® & A%, /a), the effects of collisions become
less significant and use of the collisionless approach can
be justified.

The ionization rate q§h°t° induced by the photoelec-
tric effect on dust particles can be roughly estimated
from

O** ~ 1a’ngoaps F(Lya)Y (Lya,m, a). (5)
For the assumed parameters of cometary coma, viz. the
dust number density ng ~ 0.1 + 10? cm 3 and the grain
size @ ~ 1pum, the value of ¢5"* can achieve 102 +
10* cm—3-s71, which can be much higher than the steady
state ionization rate g ~ a***n? ~ 0.1+ cm 357! for a
dustless coma.

Figure 2 shows results of kinetic simulations for the
studied dusty coma. We solve the set of equations (1)
numerically for the assumed realistic conditions. The
case study presented in Fig.2 shows the dust particle
charge Z; (bottom panel), the electron density n. (top
panel), and the molecular ion density n,, (middle panel)
versus the grain number density n4 and the effective (re-
sulting in the photoelectric effect) cumulative solar flux.
We can clearly see that strong influence of dust parti-
cles on the plasma composition occurs at fairly moderate
values of dust number densities ng ~ lem—3. As a re-
sult, both depletion and increase of the electron density
can be observed in the dusty coma (depending on the
grain properties and number density of dust particles)
complemented by complicated behavior of the molecu-
lar ion component. This ion behavior can be explained
by competition of ionization/recombination processes.
Indeed, in the case of a positive charge on dust parti-
cles, the enhanced (as compared with the steady state
level of dustless coma) ion number density can be re-
lated to repulsion of ions from dust grains which results
in reduced ion losses. On the other hand, increase of
electrons leads to increased losses of ions due to recom-
bination processes. Thus the steady state appears as a
non-trivial balance of these processes.

The charge on dust particles can be rather large
(|Z4] > 1), and it can change drastically transport prop-

rec
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Fig.2. Plasma composition of a cometary coma from nu-
merical simulations of Eq.(1). The dust particle charge Z4
(bottom panel), the electron lg(n.) (top panel) and mole-
cular ion Ig(n{") (middle panel) densities of the cometary
coma at 1 AU are presented versus the effective solar flux
and the dust particle number density ng. The neutral gas
number density is about 10'% cm™3, the dust particle size
is 1 pm, the ionization rate is g¢ ~ lem 3.s~1. Strong
influence of grains on the plasma composition occurs at
fairly moderate values of the dust number density ng

erties of such a plasma. This means that any quantita-
tive analysis of cometary plasma environment (e.g., by
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using the multiscale MHD model [15]) should take into
account the dust-related effects.

We stress that the charge on dust particles can be
positive as well as negative, cf. red (upper) and blue
(bottom) regions in Fig.2, respectively, depending on the
grains photoelectric properties and their concentration.
The effect is shown in more details on Fig.3.
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Fig.3. Impact of particle number density ng and composi-
tion (ice/iron) on plasma parameters. Top panel (a) shows
the variations of charges of both icy (Zi*®) and iron (Zi°"

micrometer size particles versus ng at different ice/iron
particles mixing ratio. Bottom panel (b) shows electron
ne and ion n; densities at different dust number density

ng and different ice/iron particles mixing ratio

Fig.3 shows case study of the impact of particle num-
ber density ng and composition (ice/iron) on plasma pa-
rameters. Top panel (a) shows the variations of charges
of both icy (Zif°) and iron (Z°") micrometer size parti-
cles versus ng at different ice/iron particles mixing ratio
Yii (13 = nife/nifon, nite 4 piron = p;). Bottom panel
(b) shows electron n. and ion n; densities at different
dust number density ng and different ice/iron particles
mixing ratio. The value of ice/iron mixing ratio v; varies
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from 0 to 1. It is clearly seen from Fig.3 that both posi-
tively and negatively charged particles are present in the
coma at wide range of ng and ~y;;.

The effect of bipolar charges on dust particles can
result in coagulation of the oppositely charged grains,
which in turn makes strong influence on the composition
of the coma plasma. Because of relatively strong elec-
tric forces, the characteristic times of the coagulation
are relatively short. As a result of coagulation, larger
particles form, with more probable negative charge re-
siding on them due to plasma absorption (with higher
electron mobility). The formed aggregate particles can
be of complex fractal shape. It is important that these
aggregates are formed directly in coma bulk and not
introduced there by expanding neutral gas drag from
evaporating nucleus’ surface. Recent optical observa-
tions [16] support our result on the complex shape of
coma grains. In future modeling of cometary environ-
ment, the effects of time-dependent distribution of grain
sizes (and their influence on the coma plasma) should be
taken into account.

To conclude, we have proposed here the kinetic
model describing impact of dust grains on cometary co-
mae. We have shown that dust particles, depending on
the particle size, number density and photoelectric prop-
erties, can strongly affect plasma composition of the
dusty cometary coma. It is important that positively
as well as negatively charged dust particles can appear
in the coma. These opposite charges result in coagu-
lation of dust particles. The shape of these aggregated
grains can be complex.

This work was partially supported by the Australian
Research Council.
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