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DUST IN THE EXPANDING WOLF-RAYET
STAR ATMOSPHERES. II. THE
MICROSTRUCTURE THEORY OF THE DUST
SHELL AND THE INFRARED SPECTRA
MODELLING

V. G. ZUBKO

Main Astronomical Observatory of the Ukrainian Academy of Sciences,
Goloseyevo Forest, Kiev, 252127, Ukraine

(Received 23 October, 1991; in final form December 9, 1991)

A simple theory of the microstructure of WR star dust shells is proposed. Under some plausible
assumptions, an analytic solution of the kinetic equation for the dust grain distribution function is
obtained. It is shown that the WC star infrared spectrum calculated from the theory can be adjusted
to agree with observations in the case of graphite (not amorphous) dust grains. The nucleation rate
and other parameters of the dust shell are estimated under the assumption that the grain growth
occurs via the implantation of impinging carbon ions into the dust particles.

KEY WORDS WR stars, infrared spectra, dust shells.

1. INTRODUCTION

The problem of dust formation and survival is one of the most intriguing
problems in the WR star astrophysics. Already the infrared photometric
investigations of Allen et al. (1972), Gehrz and Hackwell (1974) and Cohen et al.
(1975) showed the presence of dust around the latest subtypes of WC stars. It has
been found later that the stars earlier than WC8 have no permanent dust
envelopes (Pitault et al., 1983). The extended infrared photometry by Williams et
al. (1987) of galactic population I WC8-10 stars resulted in the discovery of a
heated dust around these stars. The episodic dust condensations have been
detected around two WC7 stars: WR137 in 1984 (Williams et al., 1985) and
WR140 in 1977 (Williams et al., 1978; Hackwell et al., 1979) and in 1985
(Williams er al., 1990). Moreover, recently Williams et al. (1990) observed
episodical dust in the WR19 star classified as WC4 in the Catalogue of WR stars
(van der Hucht er al., 1981). Thus, the dust condensation can take place even in
the stellar winds of the earliest subtypes. How these observations can be
explained? For the permanent dust around WC8-10 stars, Williams et al. (1987)
proposed dust shell models with spherical symmetry, an inverse square law for
the dust density distribution, and amorphous carbon as the dust material. These
models provide a good fit to the observed infrared spectra of WC8-10 but they are
physically unrealistic due to the adopted artificial dust density distribution.
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142 V. G. ZUBKO

Moreover, it is obvious that traditional dust condensation theories cannot account
for both the dust nucleation and the subsequent dust nuclei growth in the severe
conditions of WR winds. In our previous paper (Zubko et al., 1992) we proposed
and modelled a possible mechanism of carbon dust grain growth in a WR shell
due to collisions with positive carbon ions. In the present paper, we develop
further this idea. In Section 2 we derive the kinetic equation for the dust
distribution function and solve it analytically. In Section 3 we derive expressions
for the luminosities of the dust shell. In Section 4 we propose a physical criterion
for choosing the carbon material from which the grains are formed, either
graphite or amorphous carbon. And, finally, in Section 5 we analyze the resulting
infrared spectra and estimate dust shell parameters for a group of WR stars. It is
to be noted that the question of the nucleation mechanism remains to be open,
but the proposed fitting procedure allows us to calculate the nucleation rate and
distance.

2. KINETIC EQUATION FOR THE DUST DISTRIBUTION FUNCTION

Following our previous paper (Zubko et al., 1992), we shall use the following
equations governing physical parameters of an individual dust grain embedded in
the wind of a WR star:

dR
= =v+u, 1)
uS mun = (G 2*% C1(BY o ot @
T-a3 2 (e 2 (- 26w - ] @
N(i’f)( ) j 20,y dv i, @)
4Q(a, T))oT4= (I; >2Q(a, T.)oT3, (5)

where all the notation and definitions are the same as in Zubko et al. (1992).
Basing on this system of equations, one can consider an ensemble of dust grains.
Assuming spherical symmetry and quasi-steady state, the distribution function
@(R, a) can be introduced, which is the number density of dust grains of the size
a at the distance R from the star. If the diffusion and coagulation of dust grains
are negligible (this is the case for the conditions in the WR wind), then the kinetic
equation has the form

L) L) s 0

where J(R) is the nucleation rate, ao(R) is the condensation nucleus radius at the
distance R and & is Dirac’s delta-function. Equations (6) and (1)—(5) are
complicated enough as to justify some simplifications in order to obtain an
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analytic solution. Firstly, we adopt an inverse square law for the number density
distributions of all plasma components, in accordance with the assumption
v =const for R > 100R,. Secondly, we can ignore the evaporation term in Eq.
(3). The results of model calculations (Section 5) confirm this simplification: the
ratio of the thermal evaporation rate to the growth rate does not exceed
1078-107°. It should be noted that these simplifications are not used in the final
model calculations but only applied to solve the kinetic equation.

Concerning the problem of the dust grain material, it should be noted that,
following Williams et al. (1987), our original presumption was that the dust
consists of amorphous carbon. But the estimations of the characteristic condensa-
tion time (Section 4) and the comparison with infrared observations of WC stars
(Section 5) showed that this is not the case. A more suitable substance is
graphite.

Using the technique of Draine and Lee (1984), we calculated the optical
properties of graphite including the dielectric constant & and extinction
efficiencies Q,(a) and Q(a, T) for high-temperature region T =300-1800K and
for the size range a =0.0004-0.02 um typical of dust grains in the WR shells. It
should be noted that the original results of Draine and Lee (1984) are valid only
for the temperatures below 300 K. In our calculations, we used the conductivity
data for pure graphite from Kikoin (1976).

After some simplifications, we obtain

dR

=g(a), Q)
da _f(a)
Elf— R?’ )]
where functions f(a) and g(a) have the form:
gla)=v +u(a), ®)
1 2{,,2 8kT\'? c k
f@=1er:(w@+ ) S, (1 -2 6 - p@, 0

where nj is the number density of carbon ions at distance R,.

Thus, we have to solve the kinetic equation (6) together with equations
- (10) and with the boundary condition ¢ =0 (no dust gralns) at the inner edge
of the dust shell R;. Using the technique of characteristics it is easy to obtain first
integrals:

1_ g
F@tp=C, Fa=[%"d (1)
20 — " M_ ’ " _ ' [
f@R = [ |20~ FaR) 8aR) ~ aulR ))] R=C,. (12)
Since @ =0 at the inner edge R,, we obtain C, =0 and

L L ([IRORE o]
PR @)= s [ Sk FORD S@R) —ao®D [ aR". (13
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Inserting here a(R’) from the first integral (11) in the form
, - 1 1
a(R')=F F(a)+1—€_l—i’7 =®(a, R, R'), (14)

where F~' is the inverse function to F and employing the delta-function property

(a - a*)

o
Slx(@)] ==, (15)

where a, is a simple root of equation x(a) =0, we obtain after some transforma-
tions that

1
R (@)
R f@)f(®(a, R, R))g(®(a, R, R))
X, BRRIRY A\ f(@(a, R, R))g(®(a R, R"))
a, =®(as(R"), R', R). 17)

P(R, a) =

6(a—a,), (16)

Changing the integration variable in (16) from R’ to a, and integrating (16) we
obtain

J(Ro) R} 1
R, a)= — , 18
(R &) =73 e (18)

OR'"/ ri=p,
where R, is the nucleation distance for a dust grain of the size a at the distance R:
=+ F(a) ~ F(a) (19)
— = a) — F(ay).
R, R 0

It is easy to calculate the derivative of a, with respect to R’ in Eq. (18) using the
assumption that the nucleation radius a, is constant throughout the nucleation
zone:

e _1f(a)
B <aR'>R,=R0”R0g(a)' (20)

Thus, we obtain the following final form for @(R, a):

oy

It can be seen that this dust distribution law (21) is basically different from the
inverse square law adopted by Williams et al. (1987), with the factor 1/f(a). As
we shall see below, this difference is decisive for the choice of the dust material
(either graphite or amorphous carbon) which is made using fitting calculations of
WC infrared spectra (see Section 5).

(R, a) = (21)
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3. THE LUMINOSITY OF THE DUST SHELL

It is convenient to use for further analysis the moments of the distribution
function @(R, a) defined as

#(R)= [ a"9(R, ) da. @)
0
Using in (22) the form (16) for @(R, a), we obtain
R R’ 2 a’
«(R)=| dR'J(R' (—) . 23
eu(R) R ®N\R gla.) @)

Here we used the assumption that dust nucleation takes place in a thin layer of
thickness AR, << R, located at distance R, from the star. The corresponding
nucleation rate and radius of nuclei are denoted by J; and a,, respectively. Using
this assumption, we obtain from (23):
Ro\? a(R)"
R(R) = <—) Js AR .
@n(R) R) 0 Og @(R))

If the dust shell is optically thin (this assumption is confirmed by our caiculations)
~ and the dust grain radiates according to the Planck law with the absorbtion
efficiency Q,, then the dust shell luminosity is given by

(24)

Li=| 4aR? de 4ma*Q;(a, T,)aB:(T,(R))¢(R, a) da, (25)
Ry (1]
where B, is the Planck function
2hc? he -1
B,(T,(R)) = < ( ) — 1> .
(TR =S5 (e s 26)

For further applications, it is convenient to represent the graphite absorbtion
efficiency Q,(a, T) in the infrared region A >0.8 um as

A
Qi(a, T) = 25,4, 27)

where A, and A, are tabulated functions which depend on the graphite grain
temperature T, and the grain size a. We should note that the dependence of both
A; and A, on a is very weak. Allowing for this and using equation (24) with
n =3, we obtain from (25):

00 A a0
Li=16x*] dRR?B,(Ty(R)) 171 jo da a®@(R, a)

Rq

= A; a’*(R)
=16w°Ju,R3AR,| dR By(Ty(R)) — .
04r0 0 7o l( d( )) AAzg(a(R))
Equation (28) is used to calculate the model spectra of dust shells.
Since IR-observations are often done with different diaphragms at the different
wavelengths and we have already pointed out the importance of the ‘“‘diaphragm”

(28)
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effect (Zubko er al., 1992), a correction for this effect should be introduced in Eq.
(28) before comparing it with observations. If D, is the “diaphragm” radius at
wavelength A, the integration operator in (28) has to be replaced by the following
operators depending on the values of R, and D;:

=~ o Di 1/2

DA<R0:RdR...—>RdR<1—(1—E5) ), 29)

) o D2 1/2 D,
D,>Ry:| dR...— dR(1—(1——;) )+f dR. ... (30)

Ro D, R Ro

The total luminosity of the dust shell is given by
L‘=| 4nR? de 4xa*Q(a, T))oT4p(R, a) da. (31)
Ry 0

The mean Planck efficiency for graphite Q(a, T,) can be represented in the
ultraviolet region 4 <0.2 um as

O(a, T.) = AsaT%, (32)

where A; and A, are slowly varying with a and 7. After substituting Egs (5), (32)
and (24) in Eq. (31) and some transformations we obtain:

=dR a*(R)
LY =47°R2A;0TH“J)RZAR, | — . 3
TR A30L & oftg 0 RORZg(a(R)) (33)
The ratio of the dust luminosity L? to the stellar luminosity L* = 4xR%0T% is
L T =dR a*(R)
L= = TATEIREAR| o (34)

4. GRAPHITE OR AMORPHOUS CARBON?

Gail and Sedlmayr (1984) proposed a rough physical criterion to decide what is
the material of the grains, graphite or amorphous carbon. They introduced the
surface hopping time ¢, (the settled lifetime of an impinged carbon ion at the dust
grain surface before it jumps to a lattice site) and the mean capture time ¢, (the
time between two subsequent successful stickings of impinging carbon ions to the
dust grain). It is clear that a crystalline carbon (graphite) grain starts to grow
when ¢./t, > 1 because in this case the incident carbon ion will be imbeded into
the crystalline lattice prior to the next ion impinging and otherwise, an
amorphous carbon grain starts to grow if ¢./t, < 1.
For t, Gail and Sedlmayr (1984) propose the following expression:

1 U, >
- =21, 35
th Vo exP(kT;, (35)

where v, is the carbon ion mean oscillation frequency at a settled place and U, is
the mean surface-energy barrier for the migration along the dust grain surface.
We adopt vo=3.8-1025! and U, =2.9 eV (Gail and Sedlmayr, 1984).
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However, the expression for f, obtained by Gail and Sedimayr (1984) is
inapplicable here because it is valid only in the case of the Maxwell distribution of
gas particles colliding with the dust grain. In our case, the dust grains move in
plasma environment at supersonic velocity and we can write:

o1
°_4Jta2d_a ’
atl,

where da/dt|, (the term on the right-hand side of Eq. (3) responsible for the
grain growth) is proportional to the mean thermal velocity of plasma particles in
the Maxwellian limit and da/dt is proportional to the drift velocity of a dust grain
within the shell in the highly supersonic limit.

QOur calculations of the WC dust shell models show that t./t, >>1, that is,
graphite dust grains can grow. This conclusion is in agreement with the fitting
results (see Section 5).

(36)

5. RESULTS OF THE DUST SHELL SPECTRA MODELLING

We attempted to model the IR-spectra of eight late WC stars: WR69, WR70,
~ WR76, WR80, WR95, WR96, WR118 and WR48a using the corresponding data
of Williams et al. (1987) and Danks et al. (1983). We are based on the
assumptions, ideas and formulae described by Zubko et al. (1992) and the above
arguments. It has been adopted that the shell velocity, v, is 2000 km/s; the gas
temperature in the shell, 7, is 10000K; the mass loss rate is M, =
8 - 107° My /year; the stellar radius is 10 Ry; the chemical composition (by mass)
is: C/He=0.9 and O/He =0.08 (this is typical of the late WC stars—Nugis,
1991); the photoelectric efficiency g is 0.01 (Williams et al., 1987); the sticking
probability s is 1.0 (we supposed that carbon ions are implanted into the dust
grains with the probability about 1); the effective stellar temperature, T, is
26000 K for WCS8 stars, 22000 K for WC9 stars and 20000 K for WC10 stars
(Williams et al., 1987). The variable parameter is the nucleation distance R,. We
have calculated the dynamics, growth and the dust shell luminosities using Egs.
(1-5), (7-10), (28-30), and (34-36). To find the total luminosity, the stellar
luminosity and the free-free luminosity of the stellar wind should be calculated.
But for WR stars, these luminosities are interconnected and to calculate the
“star + wind” luminosity we used the theory of Nugis (1977).

It has been adopted that the radius of condensation nuclei equals 0.0004 um.

The fitting technique is the following: at the first stage we calculate the dust
shell model and all the luminosities; at the second stage, it is necessary to
calibrate all the luminosities using the observed optical (b, v) data; and at the
third stage, we vary Jo AR, in Eq. (28) for the dust shell luminosity in order to
obtain the best fit.

The main results of our calculations are presented in Table 1 where the names
of WR stars in the first column refer to the Catalogue of WR stars of van der
Hucht et al. (1981); T, is the stellar effective temperature in 1000K; L,/L with
(*) is the ratio of the dust shell luminosity to the total luminosity expressed in per
cent, according to Williams er al. (1987); L,/L is the same ratio from our
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Table 1 The calculated parameters of WC star dust shells.

Star T, Ly/Ly,, L4/L ~ R, Tyo AR, a

WR 10°K % % % R, K em™s™! nm %
48 26 54 63 4.2 1870 1134 1.5-10° 2.7 3.0
69 22 2.0 1.6 0.02 645 1008 4.0-10* 6.1 6.5
70 26 0.6 0.8 0.03 2620 1283 5.8-10* 2.7 64
76 22 68 7 3.7 902 1266 4.8-10° 6.1 3.1
80 22 9.6 9.9 0.12 711 1375 2.5-10° 6.1 4.0
95 22 3.7 42 0.04 602 1458 1.2-10° 6.1 6.0
96 22 9.5 9.7 0.1 613 1448 2.8-10° 6.1 42

118 20 71 74 3.8 659 1300 2.3-10° 9.8 5.0

Note: For WR48a, the model applies to the 1979.5 data of Danks et al. (1983).

calculations; N,/N is the ratio of the number of solid carbon atoms to that of
gaseous carbon in per cent; R, is the nucleation distance in R,; T, is the dust
temperature at R, in K; J, AR, is measured in cm™%s™'; 4y is the final size of a
dust grain in nm; 7 is the root-mean-square fitting error in per cent.

The dust shell models for all the considered stars are presented in Tables 2-9
where R is the distance of the dust shell to the star in R,; a is the dust grain
radius in nm; T, is the temperature of a dust grain in K; u is the drift velocity of a
dust grain in km/s; ¢./¢, is the ratio of the characteristic condensation times (see
Section 4); y is the mean sputtering yield for the incident ions on a dust grain,
measured in the number of sputtered atoms (or ions) per incident ion; A; and A,
are the parameters appearing in Eq. (27) for the absorbtion efficiency of a
graphite grain with a and A measured in um. It can be seen that £./¢, >1 in the
zone of intensive dust grain growth for practically all analyzed stars and, as a
consequence, graphite dust grains should start to grow. However, at far distances
from the star, an amorphous carbon mantle may grow as well. As a rule, the
mantle is too thin for producing a visible effect in the dust shell spectrum.

The mechanism of the dust grain growth is the collisions with impinging carbon

Table 2 The dust shell model for the WR69 star (WC9).

R a T, u t./t, y A, A,

645 0.4 1422 192 2.8-10° 0.0 3.32 1.73
647 0.4 1421 20.2 2.1-10° 0.0 3.28 1.71
654 0.6 1418 236 9.6 - 10 0.0 3.19 1.69
674 1.3 1405 34.1 1.3-10% 23-1002  3.00 1.63
740 3.8 1361  58.9 4.7 - 107 46-107'  2.83 1.57
948 5.9 1243 735 2.4-10 95-107' 279 1.54
1610 6.1 1027 747 2.2-107! 1.0 2.79 1.54
3700 6.1 760 747 1.2-1073 1.0 2.78 1.54
10300 6.1 525 74.7 22-10713 1.0 2.77 1.54
31200 6.1 352 74.7 «1 1.0 2.77 1.53
97400 6.1 233 74.7 «1 1.0 2.76 1.53
307000 6.1 154 747 «1 1.0 2.76 1.53

968000 6.1 101 74.7 «1 1.0 2.76 1.53
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Table 3 The dust shell model for the WR76 star (WC9).

R a T u t./t, y A A,

902 0.4 1266  19.2 3.0-10* 0.0 3.31 1.72
904 0.4 1265 19.7  2.5-10* 0.0 330 172
910 0.5 1261 214 1.6-10* 0.0 329 172
931 0.8 1252 267 45-10° 53-107* 3.18 1.68
996 2.0 1224 426 27-17 11-107! 2.82 1.57

1200 4.9 1141 666 57-10° 7.1-107! 279 154
1860 6.0 974 741 52-10"%2 9.8-107! 279  1.54
3960 6.1 742 746  46-107° 1.0 2.78 1.54
10600 6.1 520 747 13-1002 1.0 2.77 1.54
31500 6.1 350 74.7 «1 1.0 277 153
97600 6.1 233 74.7 «1 1.0 276  1.53
307000 6.1 154 747 «1 1.0 276 1.53
968000 6.1 101 74.7 «1 1.0 276  1.53

Table 4 The dust shell model for the WR80 star (WC9).

R a I, u L/t y Ay Ay
711 0.4 1375 192 1.5-10° 0.0 332 173
713 0.4 1374  20.1 12-10° 0.0 3.31 1.72
719 0.6 1370 228  6.0-10° 0.0 328 171
740 1.1 1359 315 1.0-10* 1.1-1072  3.04 1.64
805 3.2 1320 541  4.0-10° 33-107!  2.83 157

1010 5.7 1214 723 1.6 - 10! 9.1-107!  2.79 1.54
1670 6.1 1012 746 1.5-107! 1.0 279  1.54
3770 6.1 756 747  9.3-107° 1.0 2.78  1.54
10400 6.1 524 747 19-1071 1.0 2.77 1.54
31300 6.1 351 747 «1 1.0 277 153
97400 6.1 233 74.7 «1 1.0 2.76  1.53

307000 6.1 154 747 «1 1.0 276 1.53

968000 6.1 101 747 «1 1.0 276 153

Table 5 The dust shell model for the WR95 star (WC9).

R a T, u t./t, y A, A,

602 04 1458 192 4.4-10° 0.0 3.33 1.73
604 0.5 1456 204  3.1-10° 0.0 332 173
610 0.6 1452 24.2 1.3-10° 0.0 320 1.69
631 1.4 1440 364  1.5-10* 39-1072 293  1.60
696 4.2 1391 622  5.4-107 56-107! 281 1.56
905 6.0 1265 740  3.4-10! 9.7-10°* 279  1.55
1570 6.1 1037 747 29-107! 1.0 279  1.54
3660 6.1 764 747  1.4-107° 1.0 278  1.54
10300 6.1 526 747  24-1070 1.0 277 1.54
31200 6.1 352 747 «1 1.0 277 153
97300 6.1 233 747 «1 1.0 276  1.53
306000 6.1 154 747 «1 1.0 276 153

968000 6.1 101 747 «1 1.0 276  1.53
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Table 6 The dust shell model for the WR96 star (WC9).

R a T, u t./t, y A, A,
613 0.4 1448 192  3.9.10° 0.0 3.33 1.73
615 0.5 1448 204 29-10° 0.0 3.26 1.71
621 06 1444 241 12.10° 0.0 3.17 1.68
642 1.4 1431 358 1.4-10* 3.4.1072 295 1.61
707 4.1 1383  61.4 5.2-10% 54.100 281 1.56
916 6.0 1260  73.8 3.2-10 9.7-107'  2.79 1.55

1580 6.1 1035  74.7 2.7-1071 1.0 2.79 1.54
3670 6.1 763 747 1.3-107° 1.0 2.78 1.54
10300 6.1 525 747 23107 1.0 2.77 1.54
31200 6.1 352 747 «1 1.0 2.77 1.53
97300 6.1 233 747 «1 1.0 2.76 1.53

307000 6.1 154 747 «1 1.0 2.76 1.53

968000 6.1 101 747 «1 1.0 2.76 1.53

Table 7 The dust shell model for the WR48a star (WC8)

R a T, u t./t, y A, A,
1874 04 1134 29.1 3.9-10° 22-107%  3.29 1.72
1881 04 1134 29.4 3.7-10° 27-107% 329 1.72
1889 0.4 1132 303 3.0-10° 4.6-107 326 1.71
1900 0.5 1128 332 1.7 10° 1.5-1002  3.17 1.68
1970 0.8 1114 421 4.0-10% 89.107% 3.07 1.65
2170 1.8 1075  60.9 2.5-10* 50-107" 297 1.62
2830 2.6 977  73.5 72-107*  93.107! 285 1.58
4930 2.7 800  75.1 9.9-107* 1.0 2.83 1.57

11500 2.7 580  75.2 1.6-107° 1.0 2.82 1.56
32500 2.7 405  75.2 7.2-107% 1.0 2.80 1.55
98600 2.7 272 752 «1 1.0 2.80 1.56

308000 2.7 179 752 «1 1.0 2.76 1.54

969000 2.7 119 752 «1 1.0 2.77 1.54

Table 8 The dust shell model for the WR70 star (WC8)

R a T, u t./t, y A, A,
2625 0.4 1008 29.1 1.9- 107 22-107° 328 1.71
2632 0.4 1008  29.2 1.8-10% 25-100* 328 1.71
2639 0.4 1007 29.7 1.6 - 107 33.107° 327 1.71
2650 0.5 1004  31.2 1.2-10? 701072 324 1.70
2720 0.6 995  35.8 4510 29-1072  3.15 1.68
2920 1.1 968  48.3 45-10° 1.9.-107*  3.00 1.63
3580 2.1 898  66.9 91-1072  7.0-107' 286 1.58
5670 2.6 762 74.1 1.7-107%  9.6-107" 285 1.58

12300 2.7 576  75.0 50-107° 99.107! 2.82 1.57
33200 2.7 402 751 39-107% 1.0 2.80 1.56
99400 2.7 271 751 «1 1.0 2.80 1.56

309000 2.7 179 752 «1 1.0 2.76 1.54

970000 2.7 119 752 «1 1.0 2.77 1.54
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Table 9 The dust shell model for the WR69 star (WC10)

R a T; u t./t, y Ay A,

659 0.4 1300 151 4.0-10* 0.0 331 171
61 0.4 1298 158  3.2-10* 0.0 329 172
667 06 1294 177 1.7-10° 0.0 323 170
687 1.0 1282 239  3.1-10° 0.0 3.04 164
752 3.1 1242 418 9.7-10 1.0-107Y 283 157
9%60 7.8 1135 66.6  1.2-10° 7.1-107 279 1.54
1620 9.5 938 736 41-107% 97-107' 279 1.53
3710 9.7 695 743  7.5-1078 1.0 279 153
10300 9.7 480 744 22-1071 1.0 278 153
31200 9.8 322 744 «1 1.0 278 153
97400 9.8 213 74.4 «1 1.0 277 153
307000 9.8 141 744 «1 1.0 278 153

968000 9.8 93 744 «1 1.0 278 153

ions. At sufficiently far distances, the sputtering effect balances this growth effect
and results in the relaxation of the dust grain size.

The resulting ratio of the number of solid carbon to that of gaseous carbon is in
the range 0.01-5%.

The characteristic final radius of the dust grains moving away into the
interstellar medium is less than 0.01 ym.

The accuracy of the fits (3—7%) is quite satisfactory.

A more refined model of the dust shell is required in order to reduce the fitting
error. Such a model should incorporate the details of the nucleation layer
structure. The calculated values of J, AR, can be used to search for the effective
nucleation mechanism.

6. CONCLUSIONS

We propose a simple quasi-steady theory of the microstructure of a WR star dust
shell. This theory allows to calculate the dust shell luminosity which can be
compared with the observational data. For the special case of geometrically thin
nucleation layer (which seems to be quite realistic) we have carried out a fitting
procedure for the spectra of some late WC stars. We obtain the best-fit models
and the main parameters of the dust shells including the nucleation rates. It turns
out that the grains consist of graphite and have excessively small final sizes of
0.002-0.01 um. The nucleation problem remains to be open. New observations of
WR stars ranging from ultraviolet to infrared region are required to clarify the
situation.
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