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Abstract. Measurements of molecular hydrogen formation oanatural iron-magnesium silicate, an olivine sample mechani-
an amorphous carbon sample have been carried out undercaly polished until shiny. This heterogeneous surface is poly-
trophysically relevant conditions, i.e., using low fluxes of coldrystalline and not amorphous as it has been deduced to be
(~200K) hydrogen-isotope beams, sample temperature beinterstellar space (Willner et dl.”1982), based on the mea-
tween 5 K and 20 K. The experiments were conducted using theed high width of the 10 and 18n band (Day 1949, 1981;
same methods as the ones employed for similar measurem&téphens & Russel 1979; Dorschner et al. 1995). Nonetheless,
on an olivine sample; therefore, results from the two expefi-represents a better analogue than any model surface that has
ments can be compared to each other. As in the case for the stoglgn proposed so far to estimate the production of molecular
of hydrogen recombination on a silicate surface, we find thaydrogen in the interstellar medium. Quantitative values of the
mobility of hydrogen is thermally activated. However, differefficiency of the process of recombination (defined as the ratio
ently from the olivine case, the activation energy for the overddetween the number of molecules formed and one half of the
process of diffusion and desorption is significantly higher, amiimber of hydrogen atoms sent onto the surface) were obtained
the recombination efficiency, at similar total fluence of impingn the temperature range betweer % K and 18 K. The main
ing atoms and sample temperature during irradiation, is al®sults were: a) at the lowest temperatures, hydrogen atoms that
higher. Implications of these measurements for astrophysistitk and accommodate on the surface do not recombine, but
environments are discussed. rather they remain adsorbed as atoms; b) there is clear evidence
in desorption kinetics studies that mobility of hydrogen adatoms
Key words: ISM: clouds — ISM: abundances — ISM: atoms gquires thermal activation, therefore it does not proceed by tun-
molecular processes — atomic processes — methods: Iaborapggyng alone, as commonly believed.

Our group used the results of a careful analysis of the des-
orption kinetics experiments to propose a new expression for
the rateRy, (cm~3sec™1) of Hy recombination irastrophys-

The relevance of dust grains in interstellar chemistry is naweal environments (Pirronello et al. 1997b). This expression is
well recognized (see e.g. Rawlings et[al. 1992, Hasegawavélid in the regime of low coverage (defined as the percentage
Herbsf 1998, Shalabiea & Greenberg 1995). The proper quahsurface sites occupied by hydrogen atoms), a regime that is
titative incorporation of their role in theoretical models needhe most important one in both diffuse and dense interstellar
experimental studies to provide the rate constants of chemickluds:

processes that take place on grains. Until a few years ago, lab- 1 )

oratory investigations were principally aimed at the study dftz = 5(”H“HU Etu) nga!, (1)

the chemistry occurring in icy mantles irradia_lted either by Uylhere ny and vy are the number density and the speed of
photo_ns (see e.g. Schut_te 1996 and Bernstein|et all 1995) OI—PXtoms in the gas phase respectivelythe average cross-
cosmic rays (seg €.9. P|rr9r_1ellq 1996). On th? other hand, %lé%tional area of a grairy is the residence time of adsorbed
to intrinsic expgnmental d.|ff|cult|es, the experlmental study cij| atoms on the surfacé,is the sticking coefficienty, is the
chemlcgl reactions occurring on surfaces of grains, \{vhose Climber density of dust grains,is the hopping rate of a single
calrole in astrochemistry has been discussed many times bEfo%l’datom.w takes into account the possibility that there is an

has been neglected. activation energy for recombination. Notice that the quantity

In recent laboratory experiments, Pirronello et al. (1997ﬁ1at is squared, i.e(pmonott), is the average numbe¥ of

1997b) investigated the formation of molecular hydrogen 90 atoms adsorbed on the surface at a given time

1. Introduction

Send offprint requests to: G. Vidali The physical rationale behind this expression is the follow-
* Research supported in part by NASA under grants no. NAG5-498%. For an adatom that is localized on an adsorption site on
and NAG5-6822. the grain surfacey represents the number of hops it makes in
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of sites it explores by a random walk in the unit of time; theiew, see Papoular et al. 1996). In particular small carbonaceous
probability for such an adatom to encounter another H adatgarticles have been invoked (see e.g. Mathisetal.l1977; Hong &
is, of course, proportional to the number of other H adaton®eenberg 1980; Draine & Lée 1984; Sorrell 1990; Papoular at
that are on the grain surface (i.e., to the total numiesf H al.[1993; Blanco et al. 1996a; Li & Greenbérg 1997) to explain
adatoms on the surface minus one, that is neglected in Eq. 1 tirelexistence, position and width of the ubiquitous 2A7&x-
is important only when very few H atoms are adsorbed). Thisiction hump, discovered in 1965 by Stecher & Dohn (1965).
probability is then(V — 1)« for each single H adatom; the to-Graphite grains, whose bulk optical properties were measured
tal rate of encounter between H adatoms on the surface is tladiout thirty years ago (Taft & Phillip_1965; Tosatti & Bassani
N(N —1)/2a because there are N adatoms on the surface. TE#E/0), fit the average extinction curve, but are not able to repro-
factor 1/2 arises to avoid counting the number of encountetsce the band width (Draine & Malhotra 1993). Furthermore,
twice. The fraction that recombines is givenfyn, gives the amorphous carbon seems more easily formed in astrophysical
rate of H, recombination per unit volume in a cloud. conditions than graphite (Donn et al. 1981; Duley & Najdowsky
Subsequently Biham et al. (19@83howed analytically, by [1983). The role of hydrogenation of carbon amorphous grains
means of a rate equations approach, that expregdion (1) forithéhe physics of the interstellar medium and the evolution of
formation rate of molecular hydrogen in interstellar clouds prgrains due to UV and cosmic ray irradiation from the circumstel-
posed by Pirronello et al. (1997b) and the well-known expréesyt to the interstellar medium have been considered by Sorrell

sion (1990).
We used carbon samples prepared by A. Blanco and S. Fonti
Ry, = 5”H”H"577”g7 ) (University of Lecce) using an arc-discharge between two amor-

given by Hollenbach at al._(1971) are just two extreme cases':’tnlo us carbon rOth Ic;] a”1.0. mbﬁ‘r Qrgt?]n gtmisphers. Carbog
the same general analytical solution to the steady state pr0b|¥ﬁ»{3°r3 are guenched coflisionally by the background gas an

Heren is the probability that two H adatoms on the surface me Qndense mto_grams that_ are then collected on a copper Sub-
strate. The optical properties of these types of grains have been

and recombine to forml,. Expression[{]l), that is quadratic in . N

the total number N of |2_| adgtoms h[gllt)js whenqthe covera étenswely studied in the laboratory (Blanco et al. 1991, 1993;

is low. Expression[{2) is independent of coverage and rea langeli et al. 1.99‘0?; Mennella et al. 1995) gnd it has bee_n

states that any two H atoms that stick on the grain are alw glnd that the extinction spectra of.carbon grains condensed in

released as molecular hydrogen. Expression (2) holds eit &ure_l—i atmosphere show a cpntlnuoous decr_ease with wave-
ydrog pression (2) ngth in the absorbance (there is no 2BAsump in this case).

when mobility is extremely high (as is the case if tunneling ¢ b . q di Ar at here d
effective) or when coverage is very high (in this case there'i WEVET, carbon grains condensed in a pure Ar atmosphere do
AW the interstellar bump, but around 2400

gghgrete: a?thh;?/r;nr? rg:glgt glicrael;if V%ggtno?:ya;:grﬁfsrfomgg, Recentresults of Blanco gt al: ( 19'96b), relative to the forma-
The measurements on the formation of molecular hydrogzé?ln ofamorphous carbongrains |n_m|xed atmospheres of Arand

on silicate surfaces need to be extended to other surfaces of _show that_an amount of% or higher of hyd“’ger? content

terials likely to be part of interstellar grains (carbonaceous, otHBrt € quenching atmasphere already causes the d|sappearance

types of silicates, and icy and dirty ice UV irradiated residue rhe hump, probably.due to the fact th_at P electron.s responsi-

in order to obtain quantitatively the efficiency of heterogeneo e for the UV apsorptlon become localized, accordmg t'o Fink

al. (1984), while with a lower percentage of the position

catalysis for astrochemical applications. Furthermore, it nee%ffh h . duced. T . lect )
to be checked whether the same kinetics observed for hydror%eﬁ € hump IS reproduced. fransmission electron microscopy

recombination on olivine holds also in the case of these ot rformed on these samples_have shown that, as in the case of
substrates. carbon grains produced in either Ar ox lgure atmospheres,

In this paper, we address some of these needs by presenqi}? samples consist of “clustered spheroidal amorphous carbon

experimental results on the formation of molecular hydrogeng gins having an average dlameter of about 10 nm” (Blanco et
carbonaceous surfaces. The plan of the paper is as follows? 1996b) and clustering of grains has been shown to have great
ance on their optical properties (Schnaiter et al./1998).

i
the next section we describe the carbonaceous surfaces we Iﬁ%l? . .
or our experiments on the formation of molecular hydro-

used in our experiments and their relationship with interstella(ran o carbonaceous surfaces we chose to Use samples of amor
grains; this is followed by a brief review of the experimentaﬁ us su w u P )

apparatus and methods; in Sect. 4, we present our experimepl%us carbon congjeqsed iha pure Argqn atmosphere. The rea-
an for such a choice is related to the evidence that even a small

results, while a discussion of these results and implicationsst .
astrophysics is given in Sect. 5. amoqnt of hydrogenation sweeps out the presence of the hump,
certainly the most relevant observable feature of the presence
of carbonaceous grains in the interstellar medium.
We postpone to a future investigation the task to check the

Several forms of carbon existin nature and several carbonacegsresting prompt reaction model proposed by Duley (1996).

models of cosmic dust have been proposed (for an extensiveyig-syggested that impinging H atoms from the gas phase could
! |nBiham etal.s paper, a slightly different definitionefvas used. '€act (without being adsorbed and thermally accommodated on

In that paper the hopping rate was:2 the surface) with “interstitial” H atoms at grain temperatures

2. Carbon grains
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below 40 K, and with -CH, -CH, and -CH groups in warm dust, sample temperature is quicki 0.6 K s~ 1) ramped and the HD

to form, by H abstraction,  The probability of such a processsignal is measured. This latter experiment is called Temperature

should be proportional to the surface hydrogen concentratiBrogrammed Desorption (TPD).

and should become particularly efficient in the case of a high By measuring the amoud'(¢) of HD that comes off the

hydrogen content in the grains. surface as a function of time, as well as the temperature of
In future experiments we will measure the formation effthe surface as a function of time, information on the kinetics

ciency of molecular hydrogen on organic residues of photolyzefidesorption can be obtained. The desorption rate is given by

ice mixtures. According to Greenberg’s model of interstellgvidali et al.[.1998R):

grains, such residues contain most of the carbon in solid form

(Li & Greenberd 1997). AN (t)/dt = —N'(t)" k"™ exp(—Eq/kpT), 3)
where N’ on the right-hand side is the number density of re-
3. Experimental actants on the surface is the order of desorptiory; is the

The experimental apparatus and measurement methods gaac\}g/anon energy for desorption afid= T'({) is the tempera-

been described previously by Pirronello et a@l. (1997a, 199 € of th_e sample. For m=L, 1S qssomated, n f[he _S|mplest
. S . e ©odel, with the frequency of vibration of the particle in the ad-
and in greater details in the review paper by Vidali et al. (1998a : o1 (2) 1/2 .
; i ) . orption well. For m=2k'¢) ~ d(xkgT/M)'/%, where d is the
here we give a brief outline. The apparatus consists of a Ultra-

High Vacuum (UHV) chamber pumped by a cryopum andcross—section diameter aid is the mass of the adatom. Notice
9 T pumped Dy & Cryopump andg.:.) has the dimension of chsec .., i.e. the dimension of
turbomolecular pump (operating pressure in the low'fQorr

; ; a diffusion constant.
range). The sample is placed in the center of the UHV chamber Second order desorption curves are characterized by a shift

and is mounted on a liquid helium continuous flow cryosta(t),rthe desorption peak tower temperaturesand a common high

By varying the flow of liquid helium and with the use of . - i
heater located behind the sample, temperatures can be n?te%mperature tail as the coverage is increased; the peak shapes

. . : are symmetric, while first order ones have a sharp drop-off after
tained in the range of 5-30 K. For cleaning purposes, the temé maximum (see Fig. 6 in Vidali et 41 1998a)

. . . Al ~ .
pera_tur!a of t_he s_ample can be raised to abOUtOZqD(W'th' The so-called efficiency of the process, whichis proportional
out liquid helium in the cryostat). The temperature is measurfzodt

; . . he ratio of the HD yield and the number of H and D atoms
by a iron-gold/chromel thermocouple and a calibrated SIIICOsrclent on the target, is computed by taking into account the fact
diode placed in contact with the sample. Two triple differe get, P y 9

. . . h hat H and D vyield also Kland Dy; in the figures below, the
tially pumped atomic beam lines are aimed at the surface of the .
. S . results are given for the total number lnfdrogen molecules
sample. Each has a radiofrequency cavity in which the molec-
O . : produced.
ular species is dissociated, cooled~+0200 K by passing the ) - .
e . This efficiency depends, in general, on the total fluence of
atoms through a cooled Al channel, and then injected into tﬂe
! : 2 . ; and D atoms.
line. Dissociation rates are typically in the 75 to 90range, : .
. As in the case for olivine, and at the lowest sample tem-
and are constant throughout a run. Estimated fluxes are as low )
5 9 1 g peratures, most of HD detected is formed because of thermal
as 102 atomscm?s~! (Vidali et al.[1998bh). - : ) :
. ! ; . activation during the heat pulse. Only a small fraction of HD is
The reason for using two different lines and two isotopes . : L !
ormed during the irradiation process, showing that, at least un-

(one line for H and the other for D) is dictated by the fact thaé, r our experimental conditions, prompt-reaction mechanisms

N prghmmary runs using only one Im?' it became ewdent th uley[1996) or fast tunneling (Hollenbach etlal. 1971) are not
the signal of H formation was hidden in the background given important

by the undissociated fraction of molecules coming directly from
the beam source. The possibility of using a second line is un-
doubtedly one of the most important features of this equipment.Results
By using H atoms in one line and D atoms in the other,
we can look at the formation of HD on the surface, knowin
that there are no other spurious sources of HD. The signal

Fig. 1, the efficiency of formation of molecular hydrogen as
frunction of temperature is shown for a sample of amorphous
HD is collected by a quadrupole mass spectrometer moun bon. The sample was irradiated with an estimated flux of H

21 H
on a rotatable flange. The experiment is done in two phasggfj D atoms of 1{,? atom; cm=s (N 0.1 layer/min) for
First, H and D are sent onto the surface for a given period % seconds of equivalent irradiation time (see also footnote 2).
time (from tens of seconds to tens of mim&%bthis time any The total recombination efficiency is the sum of the contribution

HD formed and released is detected. In the second phase rﬂg@sured during H and D irradiation and after a TPD run. In the
'former case we measure HD production due to fast processes,

2 Note: the irradiation times given in the figure and elsewhere #uch as the fast migration of H and D atoms across the surface
this report areequivalent irradiation times. With respect to the data or the direct reaction of an H atom from the gas phase with a D
presented in Pirronello et al. (1997a), the amount of gas admitted véa8m at the surface. In the latter case, we set H and D atoms in
slowed down by using mechanical choppers with duty cycle & 5
instead of 507%. For example, as the number of atoms reaching tlwnfiguration here employed, corresponds to an equivalent irradiation
sample is concerned, an exposure of 4 minutes withtachopper, the time of 24 sec. with a 50 chopper used in Pirronello et dl. (1997a).
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Fig. 1. Hydrogen recombination efficiency as a function of temperatuFeég. 2. Hydrogen recombination efficiency as a function of temperature
on a surface of amorphous carbon. Circles: total recombination etin a surface of amorphous carboop) and olivine pottom). Lines are
ciency; triangles: contribution during irradiation; squares: contributigquides to the eye.

due to TPD runs. Equivalent irradiation time: 48 sec.
0.34

motion with a heat pulse, so as to probe the amount of H anc %1

that would have formed by H and D migration if we had waite .
an amount of time that is technically impossible to reprodu .
in the laboratory. 2 sl .

As discussed in Pirronello et dl. (1997b), the irradiation coj
tribution is obtained by computing the difference of the HI§ ;5 |
background signal before and during irradiation. Thus, such cfg
ference represents an upper limit to the amount of HD forme o4 |
promptly on the surface of the sample vs. other contributio§
due, for example, to recombination on the walls of the chamb® 022 |

In Fig. 2, the total recombination efficiencymblecular hy-
drogen on olivine (Pirronello et al. 1997a) and on an amorphot 02
carbon sample is compared.

As Fig. 2 clearly shows, at equal substrate temperatures,
efficiency of molecular hydrogen formation on the amorphot
surface is higher than that measured on olivine, especially at uie
lowest sample temperatu[ﬁ-:-ﬁ'his may be due to the following Fig. 3. Molecular hydrogen recombination efficiency vs. exposure
factors: the intrinsic difference in the depth and surface disttime. Sample temperature 7 K. The recombination efficiency is
bution of adsorption sites; the probable increase in sticking agficulated using only the thermal desorption contribution.
decrease in mobility of H atoms on the amorphous carbon sur-
face with respect to the olivine polycrystalline surface; and the

difference between the total area of the two exposed surfacéd, HD desorption for several irradiation time intervals, corre-

The recombination efficiency vs. exposure is presented§AONding to several values of H and D coverages. Fig. 4 shows
Fig. 3. Irradiation with H and D beams was carried out with thHig€ kinetics of desorption of molecular hydrogen as a function
surface at- 7K. Data in Fig. 3 are obtained from the therma?f atomic hydrogen exposure (i.e, irradiation time at constant

desorption contribution only; at this temperature the irradiatid)- . . ) )
contribution is small, see Fig. 1. An analysis of desorption runs (see also previous section)

In order to better understand in detail the processes involvaPWs that the desorption kinetics is marginally of the second

in the formation of molecular hydrogen, we studied the kineti@der. especially for the curve obtained at the highest exposure.
Exposure times considered in these experiments are not quite

3 This is also true, particularly for temperatures below 10K, if wghort enough to see a dramatic Shiﬁ of peaks. tOWardS lower
assume that the recombination efficiency is given only by the THBMperatures as the exposure is increased, which is one of the
contribution. hallmarks of second order kinetics, and as it was clearly seen

en

0.18

0 20 40 60 80 100 120 140 160 180 200 220

Exposure Time (seconds)
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amorphous carbon confirms the trend seen on olivine, although
there are some differences, as explained below.

As can be seen from Fig. 4, the temperature for the begin-
ning of significant HD production, and hence for mobility of
adsorbed hydrogen atoms, occurs at a higher value than the one
observed for olivine (about 14K instead of Qﬁi)l.'his is an
important piece of evidence of the fact that the technique we
are using is sensitive to surface peculiarities; it shows that even
if the regime of adsorption is dominated by long-range physical
adsorptionforces, (“physisorption”, see Vidalietal. 1991), there
are important differences between olivine and amorphous car-
bon. The mostrelevantis that on carbon grains desorption of HD
occurs at higher temperatures than on olivine, or, equivalently,
bk ; " that the activation energy for the overall combined process of
0 - : B diffusion, recombination and desorption is higher.

5 10 15 20 25 30 This observation might lead one to think that, at least in
some environments, it is more difficult to form molecular hy-
drogen on carbon surfaces than on silicate ones. In our opinion
Fig.4. HD desorption rate vs. surface temperature of an amorphass is not necessarily the case. Although the effective energy
carbon sample during TPD runs following adsorption of H and D Qg rier for HD formation and desorption (as obtained from TPD
amorphous carbon at 7 K for (bottomtotop): 24, 48, 96, and 192 s€C. ) is higher on amorphous carbon than on olivine, one has to
consider that, if we look axperimental work on single-crystal
surfaces, H is more strongly held on a carbon surface than on
in the experiments on olivine (Pirronello et @l. 1997b). Thughe one of an insulator (Vidali et al. 1991). Thus, the residence
Fig. 4 shows, in the case of amorphous carbon (and as alregifhe of H atoms on amorphous carbon is longer and this might
discussed in the olivine paper), that at higher coverage (but siiflow them more time to overcome the higher energy barrier for
much less than a layer) we are close to a transition from a sec@ggbmbination/desorption. Fig. 2 shows that this should be the
order to an “apparent” first order kinetics. Here the term “agase.
parent” refers to the fact that the kinetics is still of the second Depending on the physical conditions of the region in which
order because atoms are still separated from each other but gesins are immersed, their “steady-state” temperatyréob-
so close that they need to migrate for a short distance to forraged by the balance between the energy they absorb from the
molecule. In such a case it is hard to see, from an experimentgliation field and the one they re-emit in the infrared) dictate
point of view, a clear shift of peaks. how efficiently recombination takes place, given the size and

Second order kinetics should conceivably hold for evathemical composition of the grain.
lower coverages that are encountered in dense and diffuse inter-t js possible to envisage two main scenarios for the forma-
stellar clouds because at higher exposure the kinetics becom&sof molecular hydrogen on grains, depending on the mobility
of the first order. Qualitatively, this means that desorption gf H adatoms on the grain surface and hence on the valug of k
the molecular species occurs after atoms are set in motion gndyith respect to the energy barrier for their diffusion.
recombine; in the first order desorption, the desorbing molecule |f kT, is such that diffusion of H adatoms on the grain
was already present on the surface in that form. surface occurs efficiently, Hsynthesis may proceed without

From a quantitative point of view the experiment does n@koblems following the Langmuir - Hinshelwood mechanism
give the values of the energy barriers that enteiand+/  in which adatoms migrate, meet and then recombine (see for
of Eq. (1) separately. However, we can get that the overall afetails Vidali et al. 1998a). If, on the contraryz K, is much
tivation energy for formation of HD on amorphous carbonawer than the barrier for diffusion, atomic hydrogen impinging
~ 45 meV, while it is~ 26 meV for olivine. We also get: from the gas phase on the grain surface will remain substan-
k@ ~ 1073 cm? sec™! (see Vidali et al.[(1998a) for details),tially immobile. H atoms will then accumulate on the surface
which is in the range of values for hydrogen desorption frognd tend to saturate available adsorption sites. Progressively
most surfaces. another mechanism, the so-called Eley-Rideal mechanism (in
which atoms impinging from the gas phase react directly with
adsorbed ones), will become more important, because its effi-
ciency is proportional to adatom coverage. This latter mecha-
The fact that the desorption kinetics is of the second orderfism (which resembles the prompt reaction model proposed by
the low coverage regime of H adatoms gives additional support
to the expressiorL{1) to evaluate the rate of farmation in 4 These values depend in general on the coverage and the heating
interstellar conditions. Such analysis is not valid only for olivingate (Vidali et al_1998a); however, they can be compared in this case
but also for amorphous carbon grains. Thus, recombination gince both the coverage and the heating rate were the same.

o1
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~
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N w
L L
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Temperature (K)

5. Discussion
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Duley (1996) and was also discussed by Guillois et al. (199R¥fer ences

in connection with the possible pr.esence on gfa'”s of H atoré]esrnstein M.P., Sandford S.A., Allamandola L.J., Chang S., Scharberg
that have stronger and more localized bonds with surface atomsy; o 1995 ApJ 454, 327
than in the physisorption case) will assure, after an initial delaynam 0., Furman 1., Katz N., Pirronello V., Vidali G., 1998, MNRAS
amore or less steady production of molecular hydrogen at arate yg6, 869
limited by the gas-phase H flux of H atoms. Blanco A., Bussoletti E., Colangeli L., Fonti S., Stephens J.R., 1991,
The fact that two different mechanisms of, Fbrmation ApJ 382, L97
might be operational, depending on grain temperatyren@s Blanco A., Bussoletti E., Colangeli L., et al., 1993, ApJ 406, 739
interesting consequences in the case of very small grains @#nco A., Fonti S., Orofino V., 1996a, ApJ 462, 1020
instance, of the size required to explain the Cirrus cloud infrar8nco A., Fonti S., Muci A.M., Orofino V., 1996b, ApJ 472, 419
emission). It is interesting to analyze what would be the eﬁe%?laﬂgf“ '1"9'7'\ge2n§”2a3\£"fslgnco A. etal., 1993, ApJ 418, 435
on H, formation of the absorption of UV photons by such sm ay Bk P '
2 . . .-Day K.L., 1981, ApJ 246, 110
grains if they are at temperatures in which H adatom mobili

; “Bonn B., Hecht J., Khanna R., Nuth J., Anderson A.B., 1981, Surf.
is extremely low or almost absent and only the E-R mechanism g 106 576

might allow some synthesis of molecular hydrogen. For thesgrschner J., Begemann B., Henning Thgér C., Mutschke H., 1995,
small grains the recombination processes outlined above can beaga 300, 503

totally perturbed by temperature spikes induced by the absobpaine B.T., Lee H.M., 1984, ApJ 285, 89

tion of single energetic UV photons. Such spikes can incred®ine B.T., Malhotra, 1993, ApJ 414, 632

the temperature of grains to several tens or hundreds K in tinktgey W.W., 1996, MNRAS 279, 591

of the order of 1010 seconds. The effect of such a sharp rise [Ruley W.W., Najdowsky 1., 1983, Ap&SS 95, 187

to desorb H adatoms directly into the gas phase without allof/"K J-» Mueller-Heizerling T., Pflueger J., et al., 1984, Phys. Rev. B
ing them to recombine. The spikes will reset the population 8f 30, 4713

dsorbed hvd i th f f I ins t uillois O., Ledoux G., Nenner I., Papoular R., Reynaud C., 1998,
adsorpe ydrogen atoms on the surrace or small grains ozero,Faraday Discuss. 108, in press

leaving to the numerically smaller population of larger graiqqasegawa T. Herbst E.. 1993, MNRAS 261, 83

the duty of forming molecular hydrogen. The involvement Qfiong S.S., Greenberg J.M., 1980, A&A 88, 194

small grains in the production of His then dictated by the Hollenbach D.J., Werner M.W., Salpeter E.E., 1971, ApJ 163, 165

competition of two processes: a) collision and adsorption of lléger A., Klein J., de Cheveigne S, et al., 1979, A&A 79, 256

atoms; b) absorption of energetic UV photons. Only when théA., Greenberg J.M., 1997, A&A 323, 566

timescale for adsorption Mathis J.S., Rumpl W., Nordsieck K.H., 1977, ApJ 217,425
Mennella V., Colangeli L., Blanco A., et al., 1995, ApJ 444, 288

4) Papoular R., Breton J., Gensterblum G., et al., 1993, A&A 270, L5

is much shorter than the time for the absorption of a single poular R., Conard J., Guillois O., et al., 1996, A&A 315, 222
P 9 irronello V., 1996, In: Greenberg J.M. (ed.) The Cosmic Dust Con-

photon (assuming that the grain behaves like a black body at nection. Kluwer Acad. Publ., Dordrecht, The Netherlands, p. 505

toa = (npvgoé) ™

UV wavelengths) Pirronello V, Liu C., Shen L., Vidali G., 1997a, ApJ 475, L69

_ -1 Pirronello V., Biham O., Liu C., Shen L., Vidali G., 1997b, ApJ 483,
tov = (e0uv) ©) L131
where®y is the UV flux, then small grains will be able toRawlings J.M.C., Hartquist T.W., Menten K.M., Williams D.A., 1992,
participate to the production of molecular hydrogen. MNRAS, 255, 471

In diffuse clouds that are permeated by almost unscreengdinaiter M., Mutschke H., Dorschner J., Henning Th., Salama F.,

UV radiation field, formation of B on small grains can be aI_Sch:LLj?tge)S\}VAAF\)J fggéd'ﬁf Greenberg J.M. (ed.) The Cosmic Dust Con
most certainly ruled out if their equilibrium temperature is be- nection. Kluwer Acad. Publ., Dordrecht, The Netherlands, p. 1

low that for efficient mobility of H adatoms on their sgrface. I alabiea O.M., Greenberg J.M., 1995 A&A 303, 233

dense clouds UV photons do not penetrate, but grain cores gt& W.H., 1990, MNRAS 243, 570

covered by a dirty ice mantle, hence itis important to delay sughecher T.P., Donn B., 1965, ApJ 142, 1681

discussion when measurements of molecular hydrogen rec@&wphens J.R., Russell R.W., 1979, ApJ 228, 780

bination will be performed on water ice (one of the aims of ouaft E.A., Phillip H.R., 1965, Phys. Rev. 138, A197

future work). In clouds of intermediate density, between diffus@satti E., Bassani F., 1970, Il Nuovo Cimento 65, B161

and dense ones, there may be room f@rgynthesis even on VidaliG., Ihm G., Kim Y-J., Cole M.W., 1991, Surface Science Reports

small grains. 12,133 .
Vidali G., Pirronello V., Liu C., Shen L., 1998a, Astrophys. Lett.

Acknowledgements. We thank Profs. Armando Blanco and Sergio Comm. 35, 423

Fonti of University of Lecce for carefully preparing and donating th¥idali. G., Roser J., Liu C., Pirronello V., Biham O., 1998b, Proceed-
amorphous carbon samples we used in this set of measurements andngs of the NASA Laboratory Space Science Workshop, Harvard-
for helpful discussions. We thank Prof. Ofer Biham of the Hebrew Uni-  Smithonian Center for Astrophysics, Cambridge, Mass. April 1-3
versity in Jerusalem for helpful discussions. V.P. acknowledges sup- 1998, p. 60

port from the Italian National Research Council (CNR) through graktiliner S.P., Gillett F.C., Herter T.L., et al., 1982, ApJ 253, 174
CN96.00307.02.



	Introduction
	Carbon grains
	Experimental
	Results
	Discussion

