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Abstract. The formation of small carbon chains and molecusa the CNO cycle, and enhancement of helium and nitrogen as
lar precursors to silicon carbide grains is investigated in the hatresult. The hydrogen abundance reflects the completeness of
hostile environment of carbon-rich Wolf-Rayet (WC) windsthis process. The more evolved WC phase corresponds to helium
We consider only WC stars which produce dust on a continudugrning in the core via the triple-alpha process accompanied by
basis and develop for the first time non-equilibrium, chemiceleak s-processes. WC stars are rich in helium and carbon, have
kinetic routes to nucleating dust precursors in the outflow. Thesgying amounts of oxygen and are deficient in hydrogen and
can be used to calculate quantitatively the yield of such dust prérogen. Those with the most oxygen, whose spectra show con-
cursors for various outflow scenarios. Because WC stars hapicuous Qv emission lines, are classified WO stars. Therefore,
lost all their hydrogen in the WN phase, the chemical processhe elemental composition at the stellar surface resulting from
used in the model involve a pure helium, carbon, oxygen, sithe various nuclear burning stages governs the wind chemistry
con and sulphur chemistry which resembles that encounteredind the type of dust formed in the outflow. As WC stars have
graphite or metal vaporization experiments in the laboratory. We hydrogen left in their atmosphere, the wind elemental com-
derive abundances for small linear carbon clusters ugtan@ position is dominated by helium, carbon and oxygen, mainly in
silicon-bearing species for various wind parameters and cdheir ionic forms due to the strong stellar radiation field.
clude that high-density regions in the form of clumps or discs Dust was first observed in WC stars of spectral type WC9
are of paramount importance to the formation of dust in WKy Allen et al. (1972). Later photometric studies in the infrared
stars. by Williams et al. (1987, hereafter WHT) have shown that half
of the WC8 and most of the WC9 stars were condensing dust
Key words: molecular data — molecular processes — stars: diin- their wind steadily or episodically. The objects for which
cumstellar matter — stars: Wolf-Rayet the dust was always observed had to be forming fresh grains
on a continuous basis because dust particles were momentum-
coupled to the fast stellar wind and thus being continuously car-
ried away from the stars. WHT modelled the IR spectral energy
distributions of the dust-making WC stars, finding that these

Wolf-Rayet (WR) stars represent a late stage in the evolutieuld be wellfitted with shells of amorphous carbon (AC) grains
of massive stars before the supernova explosion episode. Wradiative equilibrium with the stellar radiation field. Other
stars are characterised by high effective temperatures~T condensates have also been considered with less success in re-
20000 — 90000K), fast radiatively accelerated winds {4 ~ Producing the near-IR stellar spectra (Dyck et al. 1984). New
1000—4000 kms~1), highmass loss rates(~ 10~> M yr—!) observations with the Short Wavelength Spectrometer (SWS)
which expel almost half of the initial ZAMS stellar masses to then board the ISO satellite were conducted for various WC stars
surrounding medium (van der Hucht 1998). The winds of theB# van der Hucht et al. (1996) and full spectral energy distribu-
objects are also the site of strong emission lines arising frdi@ns in the IR were obtained for these objects. Again, models
excited atoms and ions and continuum free-free emission atfy-Williams et al. (1997) can reproduce well the ISO data using
frared (IR) and radio wavelengths. WR stars experience thfz@mogeneous shells of AC dust grains.
phases of evolution corresponding to different emission spectra: In addition to the IR emission, dust formation in WC stars
the WN phase is characterised by hydrogen burning in the chigs manisfested itself by eclipse-like variations recently at-
tributed to episodic obscuration of starlight by blobs of dust
Send offprint requests 1.H. Le Teuff in the line-of-sight very close to the star (Veen et al. 1998).
" Appendix A is only available in electronic form at the CDSThese variations appear to be similar to those of the R Coro-

via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or Vigye Borealis (R CrB) stars but with smaller amplitudes and the
http://cdsweb.u-strasbg.fr/Abstract.html

1. Introduction
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Y 9 LY Fig. 1. The dominant structural pathways to the
/ 24 formation of AC grains in a hydrogen-poor gas
? adapted from Cherchneff & Tielens (1995). The
. route to fullerene via PAC molecules is now
guestionable in view of new experimental results
(see text).

mechanism triggering blob formation is still unknown. Com2. The nature of dust and its precursors

parison of the spectra of the archetypical dust-forming WCA?mor hous carbon grains can easily be formed in the labo-
star WR104 (Ve2-45) during such an episode and under normatl P! 9 . y o
ratory in a hydrogen-free environment from vaporisation of

conditions showed that the dust was forming rather close to the

o . . raphite rods. This type of experiment has led to the discov-
star (Crowther 1997) and within the inner dust shells derived g . oo
WHT and Williams et al. (1997). e¥y of fullerenes by Kroto et al. (1985). Graphite vaporisation

Silicon carbide clusters are responsible for the emiE_suallyoccursattemperaturesofafewthousand degrees Kelvin

sion/absorption band at 11,8m in carbon-rich AGB stars. ut at high gas density as a buffer gas (usually helium) is used to

Such a feature is not detected in WC stars although silicon’ia'Y '_[he gaseous products out (.)f the hot_\_/aponsatlon zone. The
present in the stellar wind as proved by the detection of iOI'rEI%SlJltmg products represent various families of carbon clusters,

silicon forbidden IR lines in emission in the line forming regio rorr;.hnearhchg!ns to rmgsf and fuIIeren%molﬁculefs. d

(Williams et al. 1997). The absence of SiC signature is puzz"%rbéﬂcilﬁs?erlsszz\;ergu? l‘?n dr:;asrgnsé?n |ecs)f fi\lllirgr?gsaen dORC

and may hint at the fact that the chemical processes respons g

for the formation of SiC in late-type stars may be hindered

the hydrogen-deficient WC wind. i
In this paper, we extend the previous study of Cherchneff,

Tielens (1995) and describe the first steps of dust nucleatior s ; .
hydrogen-deficient environments using a chemical kinetic a%ii?%ﬁé%%i%i?{‘ elaiizgrrlzsilﬂp r?nm issrgfrileiir:;:gg i'gif’:}')t(?st
proach. Such a study has a more general relevance and could’hg"s" . . ' 9 .

. . ) along with the linear chains for clusters with 8, 9 and 10 car-
applied as well to the He-burning zones of supernova ejecta %n

to R CrB stars. We do not attempt to construct a wind mode?" atoms (von Helden et al. 1994). The ring structure becomes

for a WC star but we prefer testing the chemistry describing t o?ﬁ:ﬁg@g& rsizeigltf)sb\i,zmgl(icc;nij 1?):;&mt?ir;ogﬁgl;icnngs%\s/on
formation of small carbon clusters and silicon-bearing speciﬁs Y P ytney g

for the physical conditions encountered at the inner radius O?Iden etal. 1993; Shemilov et al. 1994). However, Shemilov

the dust shells used in the models of WHT and Williams et &' al. ShO\.NS _that a bicyclic ring can isomer qwckly_ o a large
. monocyclic ring for clusters witB4 < N(C') < 36 during an-

(1997). In Sect. 2, we discuss the nature of carbon dust condegnésé"ng and that graphitic fragments {arge polycyclic aro-

ing ina hydrogen-poor environmentand the potential precurs hatic carbons, or PACs) exist but in small quantities compared

to the nucleation of silicon carbides. The chemical and Ste"%amonoc clic rinas
models are described in Sect. 3. Finally, results are presenteE]oinT y gs. . .
hese results have changed our view on how fullerene is

.4 and we di h ible win metries leadin
Sect. 4 and we discuss the possible wind geometries lead ?t?ned from small carbon clusters. It was initially thought that

dust nucleation and condensation and related issues in Sect. 5. . .
ullerene grew from the curling of aromatic sheets due to the

€ ; : I
rains synthesis has been revised with time. Because of the

ack of hydrogen in the gas, the formation of pure carbon clus-
rs will proceed from the nucleation of very small clusters, as
IHstrated in Fig. 1. The most stable structure is linear up to 10
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Table 1. Stellar and wind parameters for the standard WC9 star us&able 2.Elemental composition (in mass fraction) of the stellar surface
in our model. (from Prantzos et al. 1986, 1987) and ionization fraction in the wind
(from van der Hucht et al. 1986).

Star Dust Inner Shell
T.sr = 19000 K Rinner = 760 R, Elemental Composition lonization fraction
R =12Rg Tgas = 4000 K A(He)= 0.6 [Hell/[Hel] =0.9:0.1
M=10"" Mg yr* Ngas = 10% cm™? A(C)=0.4 [CH/[Cll] =0.5:05
V flow = 1000 km s7* A(O)=0.23 [ci/[cu] =o
A(Si)= 0.1 [onyon =1:0
A(S)=0.03 [Sill/[Sil] =1:0=[SN)/[SI]

addition of G units and the inclusion of pentagon rings in
large PACs. However, new experiments suggest that fullerene

molecules are formed in a H-free gas from the coalescencegfpiqe clusters. Below, we discuss the stellar model and the
large monocyclic rings in the gas phase (Rubin et al. 1991; Vo&yiq,s chemical processes considered.
Helden et al. 1993; Kroto 1994) and rule out the role of PACs

as intermediates.
As for the formation of AC grains, the reactivity of large3-1. Stellar parameters

carbon clusters was studied by Zhang and co-workers (19§64 consider for our model a ‘typical’, single WC9 star whose
who showed that odd-numbered, spherical clusters from thgrameters are listed in Table 1. The values are chosen to rep-
fullerene family could not form a perfectly closed, unreactiVessent a class of stars which are persistent dust makers but we
shell and were highly reactive due to their dangling, unsatisfigg ot try to reproduce any star in particular.
valences. This was observed in the final depletion of injected The value for the effective temperature was chosen in accord
radicals and odd-number fullerenes in the experiment. It W@ the stellar radiation fields and ionization ratios modelled
further suggested that these odd-number clusters were reaciigan der Hucht et al. (1986, hereafter HCW). We also list the
with small clusters present in large amount in the gas to forframeters characterising the inner dust shells from the mod-
large icospiral AC structures and grains. . els of WHT. The local gas number density at the inner radius
Therefore, we would expect chains, large rings, fullerengsgerived from the assumption of constant mass loss and that
and AC particles to form in the winds of cool WC stars. Aroge stellar wind has been fully accelerated before the dust form-
matic molecules are characterized by several vibrational stretﬁ{*g- region. More recent non-LTE modelling of the WC9 star
ing modes from their.carb(_)n ;keleton (Allamandola et al. 1983)r104 by Crowther (1997) gives a higher effective tempera-
searched for aromatic emission bands_ at 6.2 angim. SeV- ture (T, ~ 45000 K) and a smaller stellar radius (R= 3R.).
eral WC stars with the ISO SWS06 instrument. No obvioughe |yminosity, and therefore the inner edge of the dust shell (in
strong emission features were observed supporting the Vigisical units) and the wind density there would be comparable
that PACs may not represent a large carbon cluster populaigihose in Table 1 if WC104 was a single star heating the dust.
inthe winds. _ The chemical abundances in the wind listed in Table 2 are
Silicon carbide is a common condensate in the outflows ph, the evolutionary models of Prantzos et al. (1986, 1987)
carbon-rich, AGB stars. In a gas rich in hydrogen, solid SiC i, are comparable to the composition of WR104 determined
produced in the laboratory from various techniques, in particulgy, crowther (1997). The ionization fraction is that calculated
the_: combined IR pyrolysis of hydrocarbon_molecgles and silagg HCW for the emission line forming region at2 R,. They
(SiH,). Although the nucleation mechanisms still need to hgycylated that the ionization fraction should decrease by less
identified, it is observed that Si,;Cand SiG molecules are han 100 when reaching the radio photosphere but we ignore

among the gas phase intermediates in the condensation zZgResmall drop and adopt the values of the line forming region
where SiC clusters form (Fantoni et al. 1991). The synthesisgfjage radii.

SiC clusters in the laboratory usually involves the breakdown
of small hydrocarbons and their reaction with atomic Si. In a .
gas poor in hydrogen, the nucleation reactions are certainly vérg- The chemical model

different, but the intermediate species should be similar becayg$g chemistry involves 390 reactions listed in Appendix A and
they represent the only compounds which can be formed i chemical species listed in Table 3. We consider all types of
mixture of atomic silicon and carbon. reactions possibly taking place in a plasma bathed in a strong
radiation field, i.e., neutral-neutral reactions, ion-molecule pro-
cesses, electronic and radiative recombinations, radiative asso-
ciation reactions, associative detachment reactions, and photo-
In this paper, we restrict our study to the formation of precursqusocesses. The reaction rates were taken from the UMIST data
to dust grains, that is, small linear clusters up tp @/e also base (Millar et al. 1997) or derived from other sources. In par-
investigate the formation of silicon-bearing species, with spectaular, care was given to the temperature dependence of cer-
attention to potential intermediates in the formation of silicotain classes of reactions as the chemical rates are usually mea-

3. The model
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Table 3. Chemical species considered to be present or to form in thable 4. References for documented photo-process cross-sections.
wind of a WC9 star.

" " " Processes Reference
He He C.+ ¢ c c o O+ He — He"+e Band et al. 1990
(0] Si Si S S S C, o C T+ N
— " , + ol — Cr+e Canti et al. 1981
C G G Cy Ca € G Cs Hofmann et al. 1983
GG, G G G G co Cco" Co; ct — Cft+e Henry 1970
+ +
cof 0, Of cs ¢ s s SO .
; i . C, - C+C Pouilly et al. 1983
SOt SO, SOf oOoCs ocg Sio SOt Sis c Cr+e Padial . 1985
sist sic  SiCt Sic,  Sic 2 7 e adia et al
cO — C+O Letzelter et al. 1987
CO — CO"+e Hudson 1971
sured or calculated for low temperatures. For example, at - CO+O. Hitchcock et al. 1980
hi : : : — COy +e Hudson 1971
igh temperatures considered in our study, we have assigne

. . Hitchcock et al. 1980
an inverse temperature dependence to the associative detach-

X ) , — CO"+0+e Hitchcock et al. 1980
ment processes involving the small carbon clusters, followi . CO+0O"+e Hitchcock et al. 1980
Moruzzietal. (1968). We have ignored at this stage ofthemogah, _, c++0,+e  Hitchcock et al. 1980
the dissociation and ionisation of species induced by cosmic —+ Ot +e Taylor & Burke 1976
rays. We also assume that there is no penetration of the UV@» —~ 0O+O0 Brion & Tan 1979
terstellar radiation field at the inner edge of the dust shell add  — OF +e” Brion & Tan 1979
just consider the stellar radiation field as the dominant source Ogawa & Ogawa 1975
of all photo-processes. Clark & Wayne 1970
- O+0t+e Brion & Tan 1979

We include bimolecular and termolecular processes afdl
consider that the chemical reactions proceed both in the for-
ward and backward directions. This is especially important for

the case of a high density wind. When no backward rate is d?ﬁbdelling the chemistry of silicon and sulphur-bearing species

umented, we estimate the rate from thermodynamical data“;ﬁh ; ;

. . e carbon-rich AGB star IRC+10216 and results in good
described by _Cherchne_ff etal. (1992) and Willacy & Cherchla'greements between theoretical and observational molecular
eff (1998). This results in a backward rate abundances

AGREQ}

@

ky = AT"CAY
b exp { RT

3.3. Photo-processes
whereA, n andE,, are the Arrhenius parameters for the forwargthe processes induced by absorption of radiation are photo-
reactionC' = N x 10°/RT is the conversion factor from atmo-gdissociation, photo-ionisation and photo-fragmentation. We cal-
sphere to cm? units,v the stochiometric factor of the forwardcylated the rates for each type of photo-processes based on ex-
reaction,V is the Avogadro numbef? the perfect gas constant,perimental cross-sections when available and have used the ra-
andT"the gas temperaturAG g is the Gibbs free energy for thediation field calculated by HCW at the pseudo-photosphere of a
forward reaction at 1 atmosphere of total gas pressure and is @& star with effective temperature Ty = 19000 K. The stel-
culated from the Gibbs free energies of formatidi@; ¢, of the  |ar spectrum differs greatly from that of a 19000 K blackbody
reactants and products. These data were taken from the JANfstause of the various edges due to ionisation of helium and
thermochemical data tables (Chase et al. 1985). Fo§,$i#€ carbon. The first ionisation of carboniGit 1100A provides
used data derived by Willacy & Cherchneff (1998). the dominant UV opacity in the wind and results in a drop of
Silicon and sulphur are present in the wind of WC stars aa@imost two orders of magnitude in the radiation flux. Therefore,
their abundances are not solar reflecting helium-core burnim@ CI edge enhances the chance of survival of most molecular
nucleosynthesis. As the star is also carbon-rich, one would ggecies against dissociation by UV radiation.
pectsilicon carbide to formin the wind as it formsin carbon-rich - The stellar radiation field was fitted by several polynomials
AGB objects. However, the 11/8m emission band is not seerof degree 4 as a function of wavelength from the far-UV to the
inthe near-IR spectral distribution of the star. In order to checkifsible parts of the spectrum. References for the documented
chemistry is partially responsible for the lack of SiC, we invegross-sections are listed in Table 4.
tigate the formation of gas-phase, silicon- and sulphur-bearing The cross-section data and the stellar radiation field were
species which are potential intermediates in the nucleation afighdivided in various wavelength bands and the rates for each
condensation of silicon carbide clusters, and consider the saga@d were then calculated assuming a constant cross-section
types of reactions as for the carbon-oxygen gas. Many rates @jer the band. The total rate is obtained as the sum of all the

not documented for the reactions involving Si and S and we Ugge contributions from all the spectral bands and is given by
the isovalence of silicon with carbon, and sulphur with oxygen

to derive unknown chemical rates from documented data. This +oo )
approach has been used by Willacy & Cherchneff (1998) fhphoto = W /O ax F(A) he dA (2)
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Table 5. Dominant formation (top line) and destruction (bottom line) processes in the chemical fodehtion — RA: radiative associa-
tion; AD: e~ associative detachment; RXXX: reaction No. XXX in Appendix A; CE: charge exchabgsstruction — PP: photo-processes
(dissociation, ionisation); R: recombination; HeHe™ attack; C": C* attack; O: O attack; RXXX: reaction No. XXX in Appendix A

Gas number € Cn CcO (o)) CS SiO SiC SO Chain
density lons
10 —-10%8 RA RA RA RA RA RA,CE RA RA RA
cm™3 PP,HE® PP,He PP,H&E PP,He& PP PP,HE PP,HE PP PP, R
10° — 10  RA RA,AD RA,AD RA RA, AD,CE R281 AD R305, AD RA
cm™3 Het Het, PP He Het,Cct He", PP C,Het Ct,Het PP,He,C"™ R
10'* —10'® RA,AD RA,AD RA AD RA,AD CE, R304 R281 AD R305 RA, CE
cm™3 O,He" O,He" Het ct O, Het O, He" ct ct R
A the inner radius of the dust shell. In order to test the chemistry
=W Z; 01 Fy(A) he Aid, ©) we vary the conditions at;R,., and study the effect on the nu-
=

] . ] cleation of dust precursors. We consider gas number densities
whereo; is the constant cross-section over band;(\) is the 4t the inner radius ranging froir0® to 1013 cm~3, allow the
fit to the radiation field over bang A; X is the width for band gas temperature to vary from 1000 to 6000 K and introduce an

andiW = i (R /r)? is the dilution factor at large distances fro”brbitrary wind opacity in the UVX < 1100A) for a gas number
the star. The resulting rates are very large compared with Wéhsity of10%° cm~3.

usual rates encountered in circumstellar or interstellar models The results after integration betweep,R... and Ryner + 5

because of the very strong radiation field and the fact that Y€ and for various gas number densitiesit,,.... are shown
have ignored wind opacity at UV wavelengths (see Appendi Figs. 2—4. A constant gas temperature of 4000K and no wind
A). ) o ~ opacity are assumed. It is clear from inspection of these figures
Photo-fragmentation of molecular species is usually impQfyat the chemistry is highly dependent on the gas number den-
tant at energies of 10 eV, i.e., for photons in the far-UV part sjty At the low density given by the spherically symmetric wind
of the stellar spectrum and cross-sections have been measygfle| (see Table 1), the dominant species in the gas are atomic
for many species. It involves the breaking in various ionic fragsns while as the gas number density increases, the recombina-
ments following photo-ionisation of the neutral species in exyn of ions takes place and the gas composition is governed by
cited states. However, as the stellar radiation field drops Sharﬁ%tral-phase chemistry, that is, the dominant species are neu-
at wavelengths smaller than 1180 fragmentation is never y5| atoms and molecules although electrons and some ions are
among the dominant photo-processes. still present in relatively large amounts (for example;,, ©*
For a few molecules there are no available data on croggyy Her).
sections and we make use of the photo-rates from the UMIST \yie can identify three density regimes over which the dom-

database (Millar et al. 1997) estimated for the interstellar radigznt formation and destruction processes vary: the low density
tion field of Draine (1978). We then rescale the value to the Wr%nge (Bas = 106 — 108 cm~3), the intermediate density win-

stellar radiation field, assuming a constant cross-section oygfy (Nyas = 10° — 10'° cm~3), and finally the high density
the entire wavelength range. This method was tested on a fgyge (Bas = 101! — 103 cm~3). The processes at play for

molecules for which experimental cross-sections were knoWRese three density windows are summarized in Table 5 and we
and gave rates which were off by at most a factor five frofscyss in turn results on carbon and silicon species below.
the initial values. Such discrepancy has no dramatic effect on

the calculation as photo-processes are the dominant destruction ) ]
channels in our model only for low gas number densities (s&é- Carbon-bearing species

Sect. 4). As illustrated in Fig. 3, small carbon chains are extremely sen-
We expect carbon monoxide to self-shield against photgtive to the gas density as all the chain abundances vary by
dissociation by UV photons if formed but have not included gy orders of magnitude over the density range considered. This
treatment of CO self-shielding in the present calculations. Odriation is due to the shift in the chemistry as the gas density
results on CO abundances canthen be considered as lower lifjfiiS.eases from ionic to neutral, and the changes in formation

and destruction processes shown in Table 5.
4. Results At low gas densities, the dominant formation processes for

A system of coupled, stiff, first-order differential equations deQQ’ the carbon chains and the dominant C-bearing molecular

scribing the chemistry has been solved between the inner radif§c'es (CO, CS) are radiative association (RA) reactions, such
ofthedustshell B,,.,- and R, +5 Ry, assuming the constant®®

gas temperature of Table 1 and the wind chemical composition

of Table 2. We assume that no molecules are initially presentGt C — Cy + hv (4)
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" Fig. 2. Abundances of atoms and their

L L L ‘ ions as a function of gas number density
8 8 10 12 at the inner dust shell radius. The gas
log n (cm?) temperature is that of Table 1.
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Fig. 3. Molecular abundances as a func-

-20 tion of gas number density at the inner
./ L s ‘ o ‘ L ] dust shell radius (The gas temperature is
6 8 10 12 6 8 10 12 that of Table 1) — Left: carbon chains —
log n (em™?) log n(em™?) Right: C and O-bearing species.

Destruction of the chains, CO and CS results from photahile He™ and C" attacks become less important. This result
processes (dissociation and ionisation) at low densities whilastrates the shift in the chemistry as the gas density increases
Het attack as and the fact that ions recombine more efficiently at higher den-
5) sities. Once the neutral gas phase dominates, the destruction
processes for molecules and their ions arise from atomic oxygen
starts to play a role as the density increases. attack. Because we have ignored CO self-shielding in the treat-
In the intermediate density range, a new type of formatigfient of our photo-processes, more atomic oxygen not locked
channel appears, that is, associative detachment (AD) reactighsn CO is available in the flow, leading to more effective de-
such as struction of carbon chains.
C+C —Cyde (6) Apartfrom G, the final abunbances of small carbon clusters
. . o . andtheirions are never large even at high gas number densities,
where C" is formed from radiative recombination reactiongy e (g the fact that the formation processes involved are slow
_However, ra@atlve assoqlatlon reactions _St'" represent the_domdiative association and associative detachment reactions. Car-
inant formation mechanism for the chains and the domingf§, monoxide is the dominant molecular species to form at high
carbon-bearing species. Destruction is now essentially gove”&%%sities, but unlike late-type, carbon stars, it does not lock up
by He attack and C attack such as the entire oxygen in this carbon-rich environment. The wind is
Ct+ 0, — CO+O* (7) still rich in free He, C and O atoms and their ions, and the ob-
servational evidence for the absence of other types of dust, such

while photo-processes become less important. . . . . . I
photo-p - . P . . . as oxides, is puzzling. We shall discuss this point in Sect. 5.
For still larger densities, formation occurs mainly via radia-

tive association reactions and to a less extent, associative de-
tachment processes. As for the destruction of molecules, a e®. Silicon and sulphur species

destructive channel becomes dominant and involves the attgck . . . . .
: . éveral silicon and sulphur-bearing species are considered, in
by atomic oxygen, i.e.,

particular molecules involved in the process of SiC cluster con-
O0+C, —C+CO (8)

Het +Cy, — C+ CT + He
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Fig. 4. Molecular abundances as a func-
tion of gas number density at the inner
dust shell radius (The gas temperature is
that of Table 1) — Left: Silicon species —
Right: Sulphur species.
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Fig.5. Left: Molecular abundances
as a function of gas temperature at
the inner dust shell radius. The gas
number density isl0'® cm~3 and
v = 0. Right: Molecular abun-
dances as a function of gas optical
depth at the inner dust shell radius.
T= 4000 K, n(gas)= 10'° cm~3,
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densation. The formation and destruction processes for siliadremical species in the wind. Apart fromy,GCS and SO, the
and sulphur species are summarised in Table 5 and are siatémic and molecular abundances do not show much variation
lar to those involved in the formation of carbon species, excepith temperature. This is mainly due to the fact that the de-
for a few specific reactions at play in the formation of CS, Si€truction and formation processes for these species are similar
or SO. Results on chemical abundances are presented in Fat lbw and high gas temperatures and that their chemical rates
and indicate that the dominant species are CS, SiO, SO auwdnot depend strongly on temperature. The situation is differ-
SiC and that the trend displayed by carbon-bearing moleculest for G,, CS and SO which show higher abundances at low
that is, increasing abundances with increasing gas number demperatures. For{the destruction processes remain the same
sities, is also followed by these molecules. However, the finater the temperature range considered, but an extra formation
abundances are quite low at large densities, especially for thennel (associative detachment) adds up to radiative associ-
species which could act as intermediates in the nucleation of silion reactions at low temperatures and increases the total net
icon carbide (e.g., Si SiCJ). As previously mentioned, SiC formation rate. For CS and SO, the formation processes are very
has not been observed at 113 in the wind of WC stars, but different at high and low temperatures. At high temperatures,
this can be understood in the light of the present results. AgaRi reactions dominate while neutral-neutral reactions are more
the difficulty in building SiC dust molecular precursors maimportant at low T. As the latter channels are usually character-
reside in the slow chemical reactions governing the formatiared by faster chemical rates than RA processes, this results in
mechanism. a greater net formation rate at low temperatures. These results
hold at lower and higher gas densities thaf® cm=3 and im-

ply that the chemistry of dust precursors is quite temperature
independent.

Variation of the gas temperature at the inner dust shell was alsoResults induced by considering an arbitrary wind opacity
considered for the various density regimes to check if the cheim-the UV are also presented in Fig. 5. All molecular species
istry was very sensitive to temperature. Results are presenéddw increasing abundances with increasing wind opacity and
in Fig. 5 for the intermediate density range and the dominathis is understood quite simply by the fact that the"Hsbun-

4.3. Temperature and opacity variations
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dance drops of two orders of magnitude as the opacity becornvisst of episodic dust makers appear to be members of binary
larger. In the intermediate density region, the main destructiepstems (Williams 1998) and one of them, the WC7 + O4-5
processes are Heand C" attacks (see Table 5) and photosystem WR140, has had an orbit determined. The orbit is very
processes, and a higher wind opacity results in less ionisatemtentric and this star makes dust for a few months only during
of helium and carbon and lower photo-rates. Therefore, molesach periastron passage. Since the WR and O star winds in
ular destruction is hindered by the opacity of the wind. WR140 collide and compress wind material all the time, the
episodic dust formation is attributed to the greater pre-shock
density ¢ 100 times that during most of the orbit) at this phase,
when the wind-collision region has moved closer to the WC7

Previous studies of dust formation in WC stars (Zubko 1998tar (Williams 1998).
have considered the growth of grains via collisions of charged The chemistry describing the formation of small carbon lin-
particles with carbon ions but did not tackle the nucleation 68" clusters appears to be quite independent of temperature,
grains from the gas phase_ As winds of Wo|f-Rayet stars are MIHICh |mpI|es that molecules could form closer to the star as
from equilibrium, the investigation of dust formation require¥ng as they are shielded from the stellar radiation field. A closer
a non-equilibrium approach using a specific chemical reacti¢ation would also result in higher gas densities and perhaps
scheme. The present study based on a chemical kinetic desdflper ionisation fraction if high opacities are provided either by
tion shows that dust precursors and molecular species fornfiHmps or WCZs.
Signiﬁcant amounts for h|gh gas densﬁWy There has |ong Under the wind conditions considered in this StUdy, our
been observational evidence for inhomogeneities in the wisiémical scheme cannot account for the formation of large
of WR stars. Clumps have been proposed to explain the tr@founts of carbon clusters, @ the only carbon chain which
sient narrow emission features appearing in the optical emissfefms quite efficiently at high densities, while the abundance
spectra of these stars (Moffat et al. 1988; Brown et al. 199%9f. Cs remains always very low. The chemical model is robust
Furthermore, theoretical models aiming at explaining the radrough because we have included all possible reaction channels
tive acceleration of the wind above the stellar surface predict thieplay in a hydrogen-deficient gas. However, it is important to
formation of strong shocks which would trigger the formatioR€ar in mind that many of the chemical reaction rates used in the
of high density regions in the acceleration zone (Owocki et &hemical scheme have been theoretically predicted or measured
1988). These clumps would then be momentum-coupled to fieé the low gas temperatures encountered in the laboratory or
wind and travel with the terminal outflow velocity. Brown et althe interstellar medium. High temperatures may generate higher
proposed an average gas density enhancement in the C|um[§§1@fﬂical rates and rate predictions at elevated temperatures are
a few hundreds compared to the homogeneous wind in the [fherefore badly needed. It is also possible that metals such as
forming region, that is, a region much closer to the star th#@n or aluminum could act as catalysts in the building-up of
the inner dust shell radius considered in the present study. T@bon clusters as it is known to happen with hydrocarbons and
eclipse phenomena observed by Veen et al. (1998) and Crow@matic molecules (Chaudret et al. 1991) and this point should
(1997) occur also quite close to the stellar surface and prove thgtnvestigated in more details.
dust formation in WC9 stars does occur in C|umps_ Notwith- If carbon clusters are difficult to nucleate, the situation for
standing the fact that the location of these observed clunfgicon carbide looks even more drastic. Although the formation
imply harsher conditions for grain formation than those consi@f SiC. and SiG species increases at larger gas density, wind
ered in this study, we consider that clumps in WC9 stellar win@pacity and lower gas temperature, it seems difficult to form
can play a significant role in the formation of their dust shelldarge amounts of silicon bearing species. Again, this is mainly
Another source of density enhancement which might heffyie to the fact that the formation processes for these molecules
molecule formation and dust condensation is the “wind'e the slow radiative association and associative detachment

compressed zone” (WCZ), resulting from the transfer of matt@actions. The situation is quite different in the wind of carbon-
to the equatorial plane from high latitude regions due to tfi€h, AGB stars where AC and SiC solids are observed to form
star's rotation and wind (Cassinelli 1995; Ignace et al. 199@) a continuous basis and are responsible for the large mass
The eduatoria| to “uniform wind” density contrast depends dﬁSS rates of these objects. The inner wind where the dust forms
the relative rotational and wind velocities and is of the order &f hydrogen-rich and characterised by high gas densities and
a few. However the higher opacity in the WCZ allows dust foeooler temperatures than in WC winds. A wealth of hydrogen-
mation to occur closer to the star, raising the density advantd@ring molecules, in particular acetylenef), is already
to about an order of magnitude over the uniform wind case, aptesentin the stellar photosphere at thermal equilibrium and due
spectropolarimetry provides evidence for such flattened win@sthe ubiquity of hydrogen in the wind, hydrocarbon radicals
around some WR stars (Schulte-Ladbeck et al. 1991). form and react with other neutral species. These neutral-neutral
Finally, one type of structure in the stellar wind which coul@actions are characterised by much higher reaction rates than
provide the density enhancements required for dust formatit@se of the processes active in WC stars and trigger the efficient
is the compressed material formed in colliding wind binarieBucleation of carbon dust (Cherchneff et al. 1992).
Compression of the wind by a factor f103 can occur within Another surprising fact is the non-detection of other possible
the shock if the wind cools sufficiently by radiation (Usov 1991y0ondensates in WC wind. If higher gas densities are considered

5. Discussion
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(for example, the intermediate density regime), inspection Ofierchneffl., Tielens A.G.G.M., 1995, In: van der Hucht K., Williams
Fig. 2 shows that there is still a large amount of atomic oxygen P.M. (eds.) Wolf Rayet Stars: Binaries, Colliding Winds, Evolution.
in the outflow. Furthermore, certain elements like silicon, mag- AU Symposium 163, Kluwer, Dordrecht, p. 346
nesium and aluminum are present in the stellar wind with refgberchneff |, Barker J.R,, Tielens A.G.G.M., 1992, ApJ 401, 269
tively large abundances. Therefore, some solid oxides as@iO Clark I.D., Wayne R.P., 1970, Mol. Phys. 18, 523
MgO.,, alumina (ALO3) and silicates, which typically form in Croyvther P.A., 1997, MNRAS 290, L59
oxygen-rich AGB stars, could theoretically form because of t Draine B.T, 1.978’ APJS 36, 595

. . . o . . Dyck H.M., Simon T., Wolstencroft R.D., 1984, ApJ 277, 675
wind chemlcgl composition. Howeyer, the difficulty in forming=_ 1+ i R., Bijnen F., Djuéi N., Piccirillo S., 1991, Appl. Phys. B 52,
oxygen-bearing dust may be again a consequence of the lack;7g
of hydrogen. In AGB winds for example, the formation of dustjeath J.R., 1992, In: Hammond G.S., Kuck V.J. (eds.) Fullerenes. ACS
precursor molecules such as SiO or Siolves reactions with Symposium 481, ACS, p. 1
atomic silicon and the hydroxyl radical, OH. Henry R.J.W., 1970, ApJ 161, 1153

We conclude that dust formation in single WC9 stars mugtn Helden G., Gotts N.G., Bowers M.T., 1993, Nat 363, 60

take place under physical conditions very different from then Helden G., Gotts N.G., Palke W.E., Bowers M.T., 1994, Int. J.
“very favourable” wind parameters considered in this study as Mass Spect. and lon Proc. 138, 33

the chemistry leading to grain nucleation and condensation dﬂWZgiCk A.P., Brion C.E., van der Wiel M.J., 1980, Chem. Phys. 45,

only ocur via slow chemical processes. Indeed, with new ejor 2y sanap.p, Treffz ., 1083, Ag 126,415 Hudson R D.,
9 P 9 1971, Review of Geophysics & Space Physics 9, 305

fig]ds character?s.ing late WC stars, it seems that very large dfﬂ?face R., Cassinelli J.P., Bjorkman J.E., 1996, ApJ 459, 671

sities and opacities are required for molecule and dust formagto H.W., Heath J.R., O'Brien S.C., Curl R.F., Smalley R.E., 1985,
tion. These densities and opacities could be found in the clumps Nat 318, 162

forming close to the stellar surface and future studies on dusbto H.W., 1994, Int. J. Mass Spect. and lon Proc. 138, 1

in WC9 stars will include a chemical kinetic treatment of dugietzelter C., Eidelsberg M., Rostas F., 1987, Chem. Phys. 114, 273
formation in clumps close to the stellar surface with treatmeMeikle W.P.S., Allen A.A., Spyromilio J., Varani G.-F., 1989, MNRAS
of the ionisation fraction, temperature and opacity for inho- 238,193

mogeneities bathed in a strong radiation field. Finally, the prdillar T.J., Farquhar P.R.A., Willacy K., 1997, A&AS 121, 139
diction that large amounts of carbon monoxide form in thedé°ffat A.F.J., Drissen L., Lamontagne R., Robert C., 1988, ApJ 334,
hydrogen-poor, high density regions is not too surprising as 1038

. . oruzzi J.L., Ekin J.W., Phelps A.V., 1968, J. Chem. Phys. 48, 3070
has been detected in other hydrogen-poor environments suc Sgwas Ogawa M., 1975, Canadian J. Phys. 53, 1845

the ejecta of type Il supernova (Meikle et al. 1989). Thereforg, )i S.P., Castor J.I., Rybicki G.B., 1988, ApJ 335, 914

the present results call for the observational detection of carlegyig| N.T., Collins L.A., Schneider B.l., 1985, ApJ 298, 369
monoxide in the winds of late, carbon-rich Wolf-Rayet stars. pouilly B., Robbe J.M., Schamps J., Roueff E., 1983, J. Phys. B 16,
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