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Cosmic ray induced explosive chemical
desorption in dense clouds
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Abstract. The desorption due to the energy release of free radicals in the ice mantles of a dust grain is investigated theoretically
by calculating the ultraviolet radiation field inside the cloud, the free radical accumulation, the cosmic-ray heating of the grain
and then the desorption in this situation starting from the cosmic-ray energy spectra. This model can reproduce the observations
of the CO gas abundances and level of depletion in dark clouds such as L977 and IC 5146 with a combination of input parameters
which are either constrained by independent observations or have been derived independently from laboratory experiments. We
investigate other desorption mechanisms and conclude that they cannot explain the observations. The model also shows that the
energy input by the cosmic-ray induced ultraviolet field is almost one order of magnitude larger than the direct energy input by
cosmic-ray particles. This strengthens the conclusion that desorption due to the energy release by ultraviolet photon produced
radicals dominates over direct cosmic-ray desorption.
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1. Introduction Several mechanisms have been postulated to prevent the
. . oblem of complete freeze-out of heavy molecules in dense

”,:.S'Ei C?rlld den_se |fnter_stellar (.:IOUdS’ atIII heavy mt?llggules _\;‘E\Eouds. The first is photon-desorption, which is important at

stick 1o Ihe grain, forming an ice mantie upon cofiision Witly,o, 5,4 edge, where a lot of ultraviolet (UV) photons are

an e’ﬁm_ency clos_e to unity. Chemical models of these regio ‘?esent, but it is negligible in the inner part due to extinction
(e.g. Willacy & Millar 1998) show that all heavy molecules ar ielens & Hagen 1982; d’Hendecourt et al. 1985). Although

.removed from the gas phase Witmog/nH years, wherenH_ the cosmic-ray induced UV field (Prasad & Tarafdar 1983) may
is the total hydrogen number density. For a typical density Bay arole, itis far from sficient to maintain the observed gas

R . :
1]94 th ' th.'s tlmfe”s],calc;,- IS mu”ch STorteIrthatr;]theﬂ:estlr:sule: ase abundances (Willacy & Millar 1998). The second mech-
ot such regions. i heretore, all molecules other (hASbUd 5,5y s the cosmic-ray whole grain heating, which is also not

not be available in the gas phase in these clouds. However, . h by itself (Will Millar 1 . |
observations of these regions show that both solid phase i lent enough by itself (Willacy & Millar 1998). éger et al.

. 85) suggested that cosmic-ray spot heating could be very
gas phase molecules such as CO agiNexist (Alves et al. imé),\tl)rtant to maintain gas phase molecules in dense regions.

1999; Bergin et al. 2001). Thus some desorption mechanlspp ever, as will be discussed in Sect. 7, new estimates indicate

are needed to keep partof the heavy molecules in the gas phﬁ*?aq'this mechanismi is also quite ifisaient. Duley & Williams

Clarifying the desgrption mechapisms is important in_ ur('1993) proposed that the chemical desorption of weakly bound
derstanding the physical and chemical evolution of the int iolecules such as CO may occur in the vicinity eftdrming

stellar _clouds for a number of reasons. Flrs_t, they contrql t es on dust grains because a small release @bhation en-
allocation of molecules between gas and solid phase, which af-

f h h d surf ) I h may be stlicient to heat dust locally. However, this des-
ects t € gas phase and surface reac_t!ons as well as the ion only works for grains as small as 20 A (Takahashi &
properties. Second, the gas composition of dense cloud

W inl d4'by the kind of molecules th bl liams 2000), which is not the case in such dense regions.
strongly in uenced by the kind of mo ecules that su _|ma5§ desorption mechanism involving the release or even explo-
from the grains. The molecules that stick on the grain S

; q ¢ . ith oth s and ve release of the chemical energy stored in the ice mantles of
ace may undergo surtace reactions with other species, anayfle gt grain as free radicals by previous UV photolysis was
molecules that sublimate from the surface may well fEedi

¢ h h ick h ; Finallv. the d .proposed by Greenberg and co-workers on the basis of theoret-
entfrom those that stick on the surface. Finally, the desorptipn, arguments as well as laboratory simulation (Greenberg &

mechanism will determine the history and composition of tl\ﬁancha 1973; d’'Hendecourt et al. 1982; Schutte & Greenberg
ice mantles. 1991). In this paper we will further explore and compare these
Send gfprint requests toE. F. van Dishoeck, various mechanisms of desorption.
e-mail:ewine@strw.leidenuniv.nl
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Recently, Lada et al. (1994) developed a powerful tech- 10 " ' ' £, = 200 MeV
nique for mapping the large-scale distribution of dust us- 10? £0 2 6oo Mav o I

ing multi-wavelength near-infrared imaging. By measuring th“% 108 FT
near-infrared color excess of stars behind a cloud, the Iin§— '
of-sight dust extinction (and hence, the total column density
can be determined directly. The technique allows measurg-
ments over a large range of scales and extinction. Using this
method, the correlation between CO gas and dust in the defse 107
cores L977 (Alves et al. 1999), IC 5146 (Kramer et al. 1999@ 10°®
and B68 (Bergin et al. 2002) has been obtained. We inves- 107
tigate here which desorption mechanisms can reproduce tge 1010

observations. = o
In the very dense, shielded and quiescent regions of inter- ;512 g - 3 3 y » ]
stellar clouds, cosmic-ray particles are probably the only ener- 10 10 10 10 10 10 10

. . . . Energy per nucleon (MeV/nucl)
getic source which can induce desorption. Therefore, the des-

orption mechanisms related to cosmic-ray particles, includif@. 1. Differential cosmic ray flux for protons in the energy range 1-
the cosmic-ray whole grain heating (classical evaporation), tH& MeV nucleon™ in the interstellar mediunt, is a form parameter
spot heating of large grains and the chemical energy reled8dn Eq. (1). Changing, only afects the lower energy part of the
via radical reactions, must be the most important mechanistRECt'UM- LoweE, means more low energy cosmic-ray particles.
for maintaining the observed gas-phase molecules such as CO.

These mechanisms are investigated thoroughly from the the-Because of the strong modulation by solar winds, the lower
oretical point of view in this paper. To determine the desorgnergy tail of the galactic cosmic ray spectrum is verji-di
tion rates, several physical parameters, including the intergalt to determine by direct measurements. However, the results
ambient and cosmic-ray induced UV fields, compositions gbm balloon and space-probe experiments, especially during
grain ice mantles, dust grain properties and the propertiest@é sunspot minimum period, have substantially improved our
the cosmic-ray induced heating events of a dust grain, neeq¢@lerstanding of the cosmic ray spectrum below 1 GeV per
be determined. In the dense region of a cloud, the UV photafiscleon. If a solar modulation model is employed, the cos-
and the grain heating are both directly related to the cosmigic ray energy spectra can be inferred from the measurements
ray spectra. The primary cosmic-ray spectrum is discussethiglr the earth. Based on the measuremenitsl ofH, 3He and
Sect. 2. In Sect. 3 we describe the dust model. The UV radig4e made from balloon andoyagerexperiments, Webber &
tion field in dense clouds and the radical formation under thig;shak (1983) gave an approximated equation of primary cos-
UV field are described in Sect. 4. The grain heating by Cosmh‘;ﬁc ray spectra using the |eaky box model for cosmic ray prop-

ray particles and energy inputs to ice mantles are investigatgghtion and escape from the Galaxy:
in Sect. 5. The radical formation in the grain ice mantles is

covered in Sect. 6. In Sect. 7, the desorption rates of the vap _ _ CE>® particles cm? s srt (MeV/nucl)™ (1)
ious mechanisms are investigated. We compare the modeld&  (E + Ep)3

sults with the observations in Sect. 8, which is followed by a ) L .
discussion ywhereC = 9.42 x 10* is a normalization constant, arig) is

a form parameter which is between 0 and 940 MeV. Changes
in Ep will change the spectra of low-energy cosmic rays sub-
stantially but have almost nofect for the high-energy end.
Smaller values oE, represent more low-energy cosmic-ray
2. Primary cosmic ray spectra particles (see Fig. 1). Webber & Yushak (1983) found that
Eo = 300+ 100 MeV can explain the measuréde/*He ra-
Galactic cosmic rays (GCRs) are high energy particles comitig and their observed spectra very well. The energy spectra for
from outside the solar system, which can be measured directlifferent values oEg are shown in Fig. 1.
The GCR energy spectrum can be well represented by a power-The COMPTEL observations of broad gamma-ray lines of
law energy distribution for energies above 1 GeV nuctéona few MeV from the Orion complex (Bloemen et al. 1994) sug-
(Simpson 1983) but shows at low energies strong attenuatgest an unusually high flux 6f10-100 MeV C and O nuclei in
owing to the interaction between the solar wind and the cosmihis region and a rather flat energy spectrum (Ramaty 1996)
ray particles (Wiedenbeck & Greiner 1980). For our purposeshich is estimated to be several times the normal Galactic
it is important to constrain the cosmic ray energy spectra obsmic-ray components of these nuclei (Kozlovsky et al. 1997).
protons and alpha particles which determine the cosmic raliis observation of low-energy gamma rays from a possibly
ionization rate in the interstellar medium, and those of caenhanced intensity of 10-100 MeV nucledi€ and O nuclei
bon, oxygen and iron (maybe magnesium and silicon as wefijlicates that such regions associated with star-formation are
which can deposit enough energy on a dust grain upon a pgssssible sources for the low-energy cosmic rays.
ing through to heat it to a higher temperature that leads to the The energy spectra given by Webber & Yushak (1983)
desorption. are somewhat lower than the energy spectra given by
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Table 1. Galactic cosmic-ray (GCR) source abundances compared to 10 ' ' ' '
the Solar abundances (normalizedHe= 1.0 x 1¢F). . 103 F protons
g 100 bgiboio
Z Elem. GCR$ Solaf Emax(MeV/nucl)® S P S ———
() st oxygen
1 H 10x10° 10x10° - = w5
2 He 69x 10* 9.8x 10" 1.4 " L1 iron
6 C 3000. 355. 225 oo
8 O 3720. 741. 45.8 £ 10° N
12 Mg 734. 38.0 132.6 F 10° t e N
14 Si 707. 36.3 209.8 § 1010 b N
26 Fe 713. 31.6 00 S "
5 107 e
1 — Meyer et al. (1998); 2 — Grevesse et al. (1996). [m 1
3 — Emax is the maximum energy which can heat a o grain up to 0y 1
27 K by a cosmic ray ion. 107 5 X1 = — ) s
10 10 10 10 10 10

Energy per nucleon (MeV/nucl)

Ip & Axford (1985). Because O_f the b!g uncertalnt|e§ 'n_ _thgig.z. Differential flux of protons, carbon, oxygen and iron in the en-
measurements and the calculations, this may not be significaidi, range from 1 MeV to FoMeV usingE, = 400 MeV. The line
however, the spectra in the low energy range would also g carbon is multiplied by a factor of 10 for clarity.
much higher than the spectra given in these two papers as in-
dicated by the COMPTEL data (Bloemen et al. 1994). Ip &
Axford (1985) only took supernova explosions as the cosmity Li & Greenberg (1997), which is a trimodal dust model:
ray source, but there are also other sources available such adatge silicate core-organic refractory mantle dust particles; very
ambient interstellar medium and stellar flares (Eichler 1989mall carbonaceous particles responsible for the hump extinc-
Cowsik 1980; Fransson & Epstein 1980). Therefore, the cdign; and PAH's responsible for the far-ultraviolet extinction.
mic ray flux at low energies is still full of uncertainties. WeThe sizes, numbers, masses and volumes of the three dust
will use the approximation given by Webber & Yushak (1983jomponents of this model are given in Table 2. Such a model
because it is easy to adopt and in good agreement with gadisfies the observations for both the extinction curve and po-
older observations. However, we will allow some variations iiarization as well as the cosmic abundances. Because the polar-
the low energy range, i.e., increase the flux by a factor of 2iz&tion is not taken into accountin our calculations, we can use
(smallerEy in practice) to see the consequences on quantitiée equivalent spherical particles instead of the finite cylinder
such as the cosmic ray ionization rate and the UV radiatitised by Li & Greenberg (1997), which makes the calculations
field in the dense clouds as well as the resulting physical amdich easier with enough accuracy.
chemical structure. Because the dust grains accrete ice and small particles in
The elemental composition of the cosmic ray nuclei déhe denser region of the cloud at temperatures lower than 20 K,
pends on the composition of the source and on the propagatio®é properties of the dust inside dense clouds are quite dif-
through the interstellar medium. The elemental abundancedeyent from those at the cloud edge. In order to investigate
the most important cosmic-ray patrticles are listed in Table 1 sitich éfects, we consider threeftérent situations: 1) éuse
is clear that these are quitefiirent from the elemental abun-cloud dust without any accretion; 2) 50% of the adopte®H
dances in the solar system. From the measurements (Simpsamp particles and PAHs (see Table 2) are accreted onto the
1983), itis seen that the velocity distributions of heavy particlesre-mantle dust particles; 3) all the®l, hump particles and
are very similar to those of protons, with helium the exceptidPAHs are accreted onto the core-mantle dust particles. They
in the low energy range. It is assumed here that they are exaeatlg assumed to accrete onto the grain at the same percentage.
the same, which should not be a bad estimate. THerdn- Observations show that the relative abundance of water ice is
tial flux of protons, carbon, oxygen and iron ions under suabout 14 x 10~* per hydrogen nucleus (Schutte 1998). We as-
assumptions is shown in Fig. 2. sume that this value corresponds to the maximum available
amount of BHO molecules that can accrete on the core-mantle
grains together with hump particles and PAHs. The adopted
mass density of the silicate cores is 3.5 génthe organic re-
The UV photon flux in diferent regions of the cloud is the keyfractory mantle 1.8 g cn, the hump particles 2.3 g crhand
factor afecting the radical production in the ice mantle and withe PAHs 24x 10~" g cnm3 (Li & Greenberg 1997). Therefore,
be discussed in detail in the following sections. To determi@emean density for such a grain of 1.47 génand a typical
the UV field in the cloud, the scattering parameters in the Undius as 0.14m are obtained if half of the water and small
region are needed. Because the scattering properties in theffarticles have accreted onto the grain surface in the form of
ultraviolet are dificult to determine from the observations, wéce.
will derive them theoretically from a dust model. In particular, Following the method employed by Li & Greenberg (1997),
the grain albedw,, the Henyey-Greenstein asymmetry factahe albedow, asymmetry factoy and the extinction curve
g, and the extinction curvé(1)/A(V) are of great importance A(1)/A(V) are calculated for the threeftiirent kinds of dust
in determining the radiation field. Here we use the dust modghins (Fig. 3). In order to compare the extinction curves, all

3. Dust models
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Table 2. Sizes &), numbers 1f), massesr() and volumesY) of each dust component in the trimodal dust model (Li & Greenberg 1997)
together with the maximum 4O in the ice mantles.

core-mantle (cm) hump PAH 10
size n(a ~ exp[—S(%)q] n@ ~a’ n@ ~a"
distribution a, = 0.070um,a = 0.066um,q=2 ac[15120]A,r=3 aec[6,15]A,r=3
n/ny 3.89x 10718 2.03x10° 3.11x107 14x104®
m/Mem 1.00 0.11 0.12 1.01
V/Vem 1.00 0.2336 0.2548 2.394

(1) — Schutte (1998).

curves are normalized to the visual extinction without accretion 0.7
as unity. It is clear that as the grains accumulate mantles, their
albedo increases and there is also a small increase in asym-
metry factor, but the biggest enhancement is in the visual and
infrared region for the extinction curve compared with the ex-
tinction curve of the dust grains at the edge of the cloud whi
have no such ice mantle. The bigfdrence for the extinction 3
curve between the grains with ice mantles and those without ieg
mantles is due to the reduction of small particles which become
part of the mantle of the big grain.

Teixeira & Emerson (1999) showed that there are threshold
extinctions below which the $#0 mantles cannot survive and
this threshold is aroundy = 3 mag in the case of the Taurus
cloud. There is also a linear correlation between the column
density of water ice and the visual extinction fay > 3 mag.

This points to fast accretion of water ice onto the dust grains

in the clouds aroundy, = 3 mag. We assume no ice mantl%
whenAy < 3 mag and a constantB ice abundance whenevergy
Ay > 3 mag.

o
(o]
T
|

g=<co

4. Ultraviolet photons inside dense clouds

4.1. Cosmic-ray ionization rate

When cosmic-ray particles travel in the interstellar medium,
they lose their energy by exciting and ionizing atoms. For
dense clouds, the interstellar UV field cannot penetrate into the
dense regions of the cloudédy( = 5mag) due to the absorp-
tion and scattering by dust. Thus the cosmic ray ionization a@
the cosmic-ray-induced UV field (Prasad & Tarafdar 1983) arg
thought to be the sole drivers for the gas phase and grain s
face chemistry in this kind of region. Both of these process£
are characterized by the cosmic-ray ionization rate. In order®@
get the primary cosmic ray ionization ragg the distribution of <

0
the primary electron energy spectrum produced by the interac- 1F 0%
tion of cosmic-ray particles (mostly protons) and the interstel- o5 | _
: ; : SHEY 100% -
lar medium (mainly molecular hydrogen and helium) needs to o L A . ;
be known: 0 2 4 6 3 10
dne
= | =—=dw 2
and such a spectrum is given by Fig. 3. The albedo, asymmetry factor and extinction curve for three
) kinds of dust: the grains at the edge of the cloud with no water ice, no
dne do dn . X
= — —dE. (83) hump particles and no FUV particles accreted onto the large core-

dw MW/4m dw dE mantle grain, 50% of the small particles and water molecules ac-
Here, dr/dW is the diferential cross section for producing arereted on the large grains and 100% of the small particles and water
electron of energyV by proton impact on molecular hydrogenmolecules are accreted
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M/mis the mass ratio between proton and electron aidd@ can be very important both in the physics and chemistry of the

is the cosmic ray proton flux. Theftirential cross-section for clouds where the diuse galactic radiation field cannot pen-

ionization is given by the relation (Opal et al. 1971) etrate diciently. The resulting spectrum is quite complicated

consisting of many individual lines. It is, however fiscient

dor(E, W) = F(E) , (4) forour purpose to neglect the individual lines by smoothing the
dw 1+ (W/Wo)>* spectrum over a sficiently large wavelength interval (Roberge

whereE is the energy of the incident particled/ is the en- 1990).

ergy of the ejected electron, aRqE) is a normalization factor ~ The source function in a particular Lyman or Werner line

defined as can be expressed as:
; 1 n(H
F(E) = o(E) , ) SW=, ( j) Lp(), (11)
W arctan[€ — E;)/2Wo] 7 ad(d)
whereW, is a shape parameter which is 8.3 eV for moleculglrnd AQ)

hydrogen, andg, is the ionization potential which is 15.4 eVagy(1) = ag(V) —— (12)
for molecular hydrogen. In the above equatioffE) is the _A(V) _
cross section for ionizing collisions due to proton impact witiheren(Hy) is the density of b molecules,aq the dust ex-

molecular hydrogen, which is given by Rudd et al. (1985) astinction per i molecule, andy(1) the line emission profile.
The total number of photons emitted in all the Lyman and

o= (ot +o)t (6) Werner transitions is about 0.3 per primary cosmic ray ioniza-
oh = 4nag[paIn(l+ X) + p] /X (7) tion (Prasad & Tarafdar 1983; Cravens et al. 1975). As men-
o = dradpax® (8) tioned above, we smooth it between 850 A'to 1750 A. We de-

fine the smoothed value gs= 0.3/900. Then Eq. (11) can be
whereag = 0.529 A, x = mev?/E; = E,/1836€E,. For molecular written as:
hydrogenE, = 154 eV,p; = 0.71,p, = 1.63,p3 = 0.51 and _, 1 N(H2)/AV) —
ps = 1.24. S'(A) = B ¥ (13)
It remains to estimate the contribution of the heavy NYehere N(H,)/Ay is taken equal to 0 x
clei cosmic rays to ionize molecular hydrogen. As discussed i621 crm2mag  (Bohlin et al. 1978).
Sect. 2, the velocity distribution of heavy particles follow that
of protons. Therefore, we can just multiply with a correctiog_& Radiative transfer in dense clouds

factor to take their ect into account: _ T
An evaluation of the radiation field inside a dusty cloud re-

n= Z AZZ, (9) quires solution of the radiative transfer equation involving dust
k scattering. The problem of radiative transfer inside interstellar

whereAy is the relative number of nuclei with charggein the clouds has been studied by a number of authors. The spher-

cosmic-ray particles. Although such assumptions are not coffl harmonic method has proved to be a good way to treat

pletely valid, they can give a rough estimate of the contributich'c? transfer problems with dust scattering in homogeneous
of heavy particles. Using the values Af listed in Simpson media (Flannery et al. 1980; Roberge 1983). We solve the ra-
(1983), we obtain ~ 1.8. diative transfer equations in a plane-parallel cloud with embed-

In aweakly ionized gas, which is the case in the dense cloglﬁd photon sources due to .cosm|c-rag/|l_=llter_act|on_ (Prasad
interior, secondary electrons also lose energy in ionization aﬁ&'arafda_r 1983) by expressing th? specific intensity as a trun-
excitations. The number of secondary ionizations jrid-hbout cated series in Legendre polynomlals_._ . . _
0.7 for each primary ionization (Cravens & Dalgarno 1978). | In a plane-parallel cloud th.e §peC|f|c Intensity (_)f radiation
is also necessary to take the small modification arising from t ) is the solution of the radiative transfer equation,
ionization of helium in the interstellar gas into account with and!(r, i) (. 1) — S(z. 1) (14)
assumed ratio of about 0.1 (Cecchi-Pestellini & Aiello 1992’)‘. or  \°H oH
Because of the high threshold, the second ionization of heliwmerer is the extinction optical depth andis the angel co-
is rare. Therefore, an estimate of the total ionization rate shogiéle with respect to the direction of decreasing@he opacity
be is assumed to be due to the dust scattering in this paper, and is

taken to be coherent, nonconservative and anisotropic so that
¢=n(+0.7+01)p. (10)  the specific intensity does not depend on wavelength. By ex-
pandingl(z, 1), the embedded sourc® (r, 4) and the phase
4.2. Cosmic ray induced photons function with Legendre polynomials and truncating the series

at a finite odd order oE (P_ approximation), the equation of

Collisions of H with cosmic-ray particles and secondary eleGzanster is reduced to a set offidirential equations (Roberge
trons can produce excitedhh the B'E) andC'Il, states and ;g3

these states instantaneously undergo radiative decay in lines gf ,
the Lyman and Werner system which produce UV photonslifi-s + (I + Dy = (2 + D)1 - wo)fi + (2 + 1) = 0
molecular clouds (Prasad & Tarafdar 1983). This mechanism (1=0,1,...,L). (15)
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10° 5. Energy deposition to the grain
5.1. Grain heating by cosmic ray particles

When a cosmic ray particle collides with a dust grain, it will

Y 1 deposit energy into the grain, and such energy will partly go to
”g heat the grain. eger et al. (1985) made an approximation for
2 1 the volumic specific heat of interstellar grains:
S Cv(T) =14x10%T2Jcm3K110<T <50K
B Eq = 200 MeV =22x10°%T8¥Iem3K150< T < 150K

10* b E,=400Mev 7 and we will use this formula in our calculations. Therefore, the

‘ Eg = 600 MeV energy needed to heat a dust grain of raditsstemperaturd@
10° : : : : : is given as follows
0 5 10 15 20 25 30

Ay 3 3
a T
Fig. 4. The UV field in a dense cloud with the center visual extinctio%E(eV) = 317x10° (0.1 ,um) (30 K)

Ay = 30 mag for the dferent cosmic-ray spectr&, is the form

parameter as in Eq. (1). The incident field at the cloud edge is theom the above equation, it is found thaR2 x 10* eV is

standard ISRF as given by Mathis et al. (1983). needed to heat a 04dm grain to 27 K. The energy loss of a
cosmic ray particle when passing a distansthdough material
is given by the Bethe-Bloch formula (Fano 1963):

T <50K. (23)

Roberge (1983) solved this set of equations with embeddegQ(E) ,Z0 c 1
sources with isotropic emission. The results are as follows: —— o~ =< KK(ﬂ) {f(ﬁ) —In(l)ev - Z 55}
L MeV gt cn? (24)

I(t,n) = 2l + Dfi(0)Py (), 16

(7.11) 2;‘ + DR)P(w) (16) oo

fi(r) = (1) + (-1)' (1), (17) K(8) = 0.307/42

M . f(8) = In|1.022x 108/(1 - B%)| - 2.
fi'(r) = Z Rm {Cm expkm(r — 27¢)] + Wm(T)} ) (18) [ ]
m=1 In the above equationg, is the velocity relative to the speed

M R of light, Z is the charge of the incident particleg/A is the
fi(x) = Z Rm [C—m expkmr) + Zm(T)] , (19) number of electrons per atomic weight of the matetias, the
m=1 mean excitation potential per electron of the matefidl, is

L the shell correction parameter aids the density ffect cor-
wherep, () are the Legendre polynomiats, is the central op- .rection. Figure 5 shows the result for such a calculation for an

t|;;al depth ag% "’?”d R arte th? eEeanSIues anlg tge ma;rgl ergetic iron particle passing a Qufin dust grain. It is seen
of corresponding eigenvectors for Eq. (15) (see Roberge at in the energy range of interest, 1-1000 MeV, the energy

for ge;a(ljllsé. The fun.ct|onW andz are as follows for isotropic loss, which partly goes into heating the dust grain, decreases as
embedded sources: the energy of the particle increases.

. o In order to determine how frequent a dust grain will un-

Win(7) = 7= (R )mo {1~ expl-km(2rc — 7]}, (20) dergo explosive release of its stored chemical energy, the

R S+ time interval for cosmic ray particles heating a grain to
—1

Zm(1) = 7= (R Imo[1 - exptkm7)], (21)  >27 K (d’Hendecourt et al. 1982), which is the trigger tem-

perature for free radical chain reactions, needs to be calculated.
whereS* is the embedded source function. For the interstellBecause the energy deposition is proportional to the square of
radiation field, we use the analytical representation of the the incident particle chargé (see Eq. (24)), heavy ions in the
diation mean intensity obtained by Mathis et al. (1983), whiatosmic rays play a crucial role in heating the graiagkf et al.

forms the boundary condition at= 0. (1985) obtained such a time scale by using only Fe ions. In
The UV flux in dense clouds can be obtained from the spedr calculation, several other heavy ions which can contribute
cific intensity of radiatior as: to such heating are taken into account. These include C, N,

O, Mg, Si, and Fe which are the most abundant heavy ions in
the cosmic rays. The abundant protons and alpha particles can-
not deposit enough energy to heat a o grain to 27 K (see
Table 1). The rate of such events for a grain of radiis

Figure 4 shows a calculation of the UV field in a dense cloud c i@

with a central visual extinction of 30 mag using the methods: _ _ 2 [T, dn

discussed above. qheat_ ZZ: Re = ZZ: a fEmm e fdE, (25)

me=fwmma (22)
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Table 3. The energy deposition to water ice by cosmic rays and by
UV photons for several cosmic-ray spectra wif = 200 400 and

: 600 MeV.

5 =r | Eo Edep(CR) Edep(UV)

E MeV eV molecule’ st eV molecule! s
7 i 200 317x104 347x 10713

g L.l | 400 616x10°%S 6.13x 10714

2 600 241x 10715 220x 1071

Eo = 200 400 and 600 MeV are listed in Table 3. It is seen

that the energy input by UV photons is about an order of mag-

. ‘ : nitude higher than the energy input by cosmic ray particles.
! 10 100 w0 Therefore, from the energy input point of view, the cosmic-ray

ner er nucleon (MeV/nucl) . . . N . . .
Feer " induced UV field is more important for the chemistry in the ice
Fig. 5. The energy loss of an energetic cosmic ray iron particle whepantle.
passing through a 04m dust grain.

0.5 - q

where fz is the fraction of energy lost by heating the grainf,s' Radical formation on the grain surface

g—g is the cosmic ray fluxEmin is the lowest energy neededWhen illuminated by ultraviolet radiation, free radicals con-
to penetrate into the dense clouds dfghx is the maximum taining potential chemical energy are formed inside the ice
energy up to which the particle can heat a grain to 2EK,x mantles. The radicals are stored in the ice due to dissociations
is a function of grain radiua. Table 1 gives values dEnax  Of molecular bonds and eventual addition of the “hot” dissoci-
for the elements of interest. Hese means that iron ions canation products to CO in the ice mantle (Schutte & Greenberg
deposit enough energy in the entire energy range. The ratel®91). In order to estimate the concentration of free radi-
heating events is about twice that used tBgef et al. (1985). cals as a function of time, the UV flux in dense clouels,

The reason for this dierence, as outlined above, is that thegphotons cm? s™1) is obtained from the radiative transfer cal-

exclusively relied on Fe nuclei to heat the grains, while we takelation discussed above. The concentration of free radicals

all heavy ions into account in our calculation. can be written as:
- _ _ & = emax[1 — exp{—aR(H20)[H20]/emaxt] (27)
5.2. Energy deposition to ice mantles by cosmic ray
particles and by UV photons where
The source of the energy which is deposited in the ice mant&120) = ouv(H20)Fuvt. (28)

is crucial for understanding the processes occurring in ice MAN i the maximum radical concentratiofis the ef-
tles. The energy deposited by cosmic ray particles and thatgyc){ max ,

: . ficlency of free radical production by UV photonisjs the
absorbing UV photons are thought to be the two main contri e interval for grain heating by a cosmic-ray particle to at

east 27 K, and [HO] is the concentration of O in the
grain. emax was found to be B x 1072 for a CO concentra-
1 E- dQ(E) dn tion of 16% (Schutte & Greenberg 1991). The storage capacity
Eaer(CR) = Nice Z 4ﬂpice'7fE ds dE fzdE of the ice for radicalgnax probably depends considerably on
z ) the ice composition, in particular the CO concentratigfx
in eV molecule! s71, where Q(E)/ds is the energy lost by is therefore expected to be lower for ice having a lower CO
a heavy ion passing through the water ice per centimeter, awhcentration. For this reason we also made calculations using
pice = 1.0 g cnt3 is the density of the ice mantleE[:E,]is  &max = 0.01. Schutte & Greenberg (1991) derived- 0.5 for
the energy range of the cosmic-ray spectrum. Here wEuse H,O. Differences may exist between the situation in the inter-
1 MeV andE, = 10* MeV. Nice ~ 1/(18x 1.66x 102%) cm™2  stellar medium and that in the laboratory. Therefore we conser-
is the number density of water ice. vatively adopted some lower values fom our calculations as
To calculate the energy input via UV photons absorptiomell.
we assume the ice mantles are pure water ice and use the cross
sectionoyy(H20) ~ 2.0 x 107 cn? (Okabe 1978). The UV .
field Fyy is obtained using the method discussed in the pre\7i'— The desorption rates
ous section. As discussed above, we can calculate the cosmic ray ionization
_ ~ 11 rate, ultraviolet photon flux and then the heating time scale of
EaerlUV) = v (H20)Fuv Epnoton €V molecule™s (26) 2 dust grain by a cosmic-ray particle from an assumed cosmic
where Ephoton ~ 6 eV is the average energy of UV pho+tay energy spectrum. Equation (1) was used with several values
tons. The calculated results for cosmic-ray energy spectra wittEy from 200 MeV to 600 MeV for the cosmic-ray spectra as

utors in dense shielded regions of clouds  5). The energy |
deposition to the water ice by all cosmic-ray particles is
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shown in Fig. 1. The spectra of species other than protons are A RN
scaled with the relative abundances in Table 1 (Sect. 2) and ex- L /
amples of spectra are shown in Fig. 2 Ey= 400 MeV. When \ .
the cosmic-ray particles travel into the clouds, they lose the ‘ — ’ o
energy by collisions with the gas and the dust grains. The mau.
loss mechanism is through the ionization of molecular hydro- ',/ h
gen. Léger et al. (1985) showed that such energy loss does n@finitial mixed (b)Selective desorption (c)Recondensation of
Change the energy Spectrum significantly as Ion@\a& 50. condensation (e.g. cosmic-ray induced) volatile molecules.
Therefore, the cosmic-ray energy spectrum change due to kg 6. Formation of layered ice mantles by selective desorption mech-
energy loss while passing through the cloud was neglectedaitisms.
the calculation.

Using the dust model discussed in Sect. 3, the radii of the **%
grains are obtained in theftrent regions of the clouds, and” /\ Explosive + whole grain heating |

then the time intervatea:to heat such a grain to a temperatures
of at least 27 K can be calculated using the cosmic ray spe?— 1e-06 ¢ E
trum. The radical concentration attained during this time integ |~
val can then be obtained using the UV flux calculated above [gy
means of Eq. (27). There are two energy sources for heating theie-o7 | 1
grain and then sublimating molecules from the grain surfacé.
They are the cosmic-ray direct heating and the chemical energy
released by the radical reactions. Radiative cooling and coolig , o, |
by sublimation are the two main ways to remove excess energy
from the grain. Schutte & Greenberg (1991) showed that aboge Whole grain heating
26 K the cooling by sublimation is dominant, while below 26 K& ‘ ‘ ‘ ‘ ‘ ‘
radiative cooling plays the main role. Due to the exponential 1609, 6 10 14 18 22 26 30
decay of the sublimation with temperature, it can be approxi- Ay

mated that above 26 K the cooling is exclusively due to subfiiy 7 pesorption rate cdcients as a function of visual extinction
mation. For interstellar grains, the sublimation takes place pfdr spot heating, whole grain heating and chemical explosions.
marily from the outer ice mantle consisting of the most volatile

compounds such as CO. Its sublimation rate at 26 K is about

107° times higher than that of GOthe next most volatile com- 5pservations indeed confirm that in dense clouds most solid
pound, and at 100 K around8mes. Therefore, the releaseqcg js embedded in an ice mantle which is dominated by CO
chemical energfcnemand energy deposited by cosmic-ray colygaf (Chiar et al. 1995; Pontoppidan et al. 2003).

lision Ecg minus the energy needed to heat the grain to 26 K In Eq. (29), the whole grain heating is integrated in the
E,s are assumed to be consumed by CO sublimation. Therefpég-e codficient calculation. SettingEcnem = O will exclude

the rate cofficient for such desorption can be written as: the chemical energy release, thus the ratefiments become

Spot heating

Nsolig(CO) molecules graift s R>1 equal to the rate by the whole grain heating.
Kexpl = 3 Eoe o molecules araift s R < 1 (29) Léeger et al. (1985) proposed that the desorption due to
kAHcotheat 9 ’ cosmic-ray spot heating could play an important role for dust

Igrains greater than 0.24m. The evaporation rate for CO by

Here R = CEaemtBer-Br)/kiHco 5 the ratio between the tota . . ,
. Neaiig(CO) ) . ak -
solid CO that will be sublimated and the total solid CO on g‘; spot heating wis g|\_/en_b;_eger et al. (1985) pot —
molecules c? st which is independent of the grain size.

grain. ForAHco, we adopt the binding energy of CO on C . . S .
ice, AHco = 960 K (Sandford & Allamandola 1990). ThiSNe take this desorption due to spot heating into account in the

binding energy rather than that of CO on®lice is used be- S|mu_lat|on. The_calculate_d rates are shown in Fig. 7. The spot—
heating desorption rates increase due to the increased grain ra;

ﬂiﬂs after accretion fof, > 3. However, the whole grain heat-

ning of the condensation, all atoms and molecules (oR@ H . : . .
and CO are shown in Fig. 6) likely condense onto the gra||ng desorption rates decrease due to the larger radius. The rise

. . : orf]chemical explosive desorption rate (including whole grain
in mixed form, where also new species are formed throu

. . . : eating desorption) is due to the increasing number of CO
grain-surface reactions. When selective desorption such as 1 ; S
olecules in a grain ice mantle fé, < 5. The decrease of

due to the release of chemical energy occurs, the most vol rr]% rate forAy > 5 is due to the decrease of the penetrating
molecules such as CO are desorbed and the molecules su P hotons ~

H,O still remain on the surface as the mantle. After the des- P '
orption, there is re-condensation. Because the desorption time

scale is much shorter than the lifetime of the qlouds, _theg_a Comparison with observations

are several rounds of desorption and condensation, which re-

sults in the onion structure of the ice mantles with the mosing the desorption mechanism discussed above, we will

volatile molecules in the outermost layer as shown in Fig. 6model the observations of two dense clouds, L977 and IC 5146.
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Fig. 8. The relative abundance of gaseous CO to total hydrogen akig: 9- The column density of €0 as a function of visual extinction
function of visual extinction. Ay using the desorption due to cosmic-ray whole grain heating only

(dotted line), cosmic-ray spot heating only (dashed line) and chemical
energy released from free radicals combined with the other two (solid
8.1 1977 line). The points are the observations of L977 made by Alves et al.
(1999). The dash-dotted line is the calculation using the desorption
L977 is part of dark globular filament GF7 in the Cygnus conglue to cosmic-ray heating by the Hasegawa & Herbst (1993) approxi-
plex and lies against a rich background of field stars toward tf@tion (see text for details).
wrapped plane of the Galaxy. There is no obvious sign of on-
going star formation in this cloud. For the density structure of
the cloud, we use the analysis in Alves et al. (1998), who shéf¢ decreasing UV field and the increasing number density of
that the extinction (or column density) gradient in the cloud &€ cloud. Because the accretion rate is proportional to the den-
nice|y reproduced by a Cy|indrica| geometry W}I(T) oc r—2 in Slty of the mOleCUle, the accretion rate increases as the visual
the range 2< Ay < 40 mag (or roughly 1 p& r < 0.1 pc). extinctionAy increases. However, the desorptionitioeent is
To be consistent with their results, which show a large syBroportionalto the heating frequency. The heating time scale of
tematic increase in volume density from low to high extinc grain depends only on the cosmic-ray particle density and size
tion, we adopt the following density profilay = no(r/ro)2 = of the grain, which is barely changed between the edge and the
10°(r/0.061 pcy2. The density profile is in reasonable agreecore of the cloud. The energy that will sublimate CO in the ice
ment with the average radial profile of extinction (Alves et amantle includes the energy released via radical reactions and
1998, Fig. 11). Alves et al. (1999) also observedihe (1-0) the energy deposited by a cosmic-ray particle passing through
C80 emission line toward L977 to check the correlation b@ grain particle minus the energy needed to heat the dust grain
tween G80 emission and dust extinction. They found a lined® 26 K. This energy is almost constant with cosmic-ray energy
correlation between the'®0 column density and that of dustsPectrum whery > 5. As more and more CO molecules stick
for cloud depths Corresponding 1y, S 10 mag. For |arger onto the ice mantle a&y increases, the energy available is not
cloud depths, there is a notable break in the linear correlati§ough to sublimate all the CO in the ice mantle, which means
They suggested several causes to explain such a break, withhes 1 in Eq. (29). Therefore, the relative abundance of gas
CO depletion the most likely one. Using the model discuss@fiase CO decreases faster whgn< 1, that is, solid CO is
above, we seek to explain these observations. only partially sublimated for one heating event. Thus, in Fig. 8
Using the desorption rate obtained in Sect. 7 and takitigS Seen that aroundy = 10, the relative abundance of CO
the sticking cofficient for CO upon collision with a grain sur-décreases even faster.
face as unity, the gas phase CO abundance can be obtained a¥/e integrate the column density of CO along the line of
a function of visual extinction to the edde,. In this simplest Sight and scale to €0 using [CQC®0] = 560 (Wilson &
Ca|cu|ation’ 0n|y the Sticking onto and desorption of CH OROOd 1994) to compare our calculations with the observations.
the grain surface are considered to demonstrate flleeteof The calculated results are shown as the solid line in Flg 9.
the desorption. Because the total CO abundance is quite stabReY fit quite well with the observations for the dense region
the gas phase CO is onlyfacted by the desorption and acL977 (Alves et al. 1999). The adopted parameters are listed
cretion. Thus, gas phase reactions and surface reactions calf jéble 4. The model shows an apparent flatteningvat>
excluded for simplicity. Figure 8 shows the relative abundané® mag caused by the depletion of CO (Fig. 8).
of gas-phase CO to total hydrogen = n(H) + 2n(H,) varying
with the visual extinctionAy. At the edge of the cloud, most8_2_ IC 5146
of the CO is in the gas phase due to the strong UV field com-
ing from the outside as seen from Fig. 4. Going into the clouSiimilar studies have been performed for the dense core of
the relative abundance of gaseous CO decreases quickly dubéodark cloud IC 5146. Lada et al. (1999) investigated the
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Observations - by varyingEy (see Fig. 1)Eg = 200,400 600 MeV are used
Model . for the model calculations keeping the other parameters the
2571 v 7 same as in Table 4. As seen in Fig. 1, smaller valueBqof
. represent more low energy cosmic-ray particles and vice versa.
T T 1 ltis clear that the desorption is much mofgéa@ent when more
. o e AN low energy cosmic-ray particles are available. There are two
15+ LR o 1 factors contributing to this result. On the one hand, because
e T low energy cosmic-ray particles deposit more energy than high
P T 1 energy patrticles (see Fig. 5), more low energy cosmic-ray par-
- {'*ﬁ*ﬁw ticles will heat the dust grain more frequently, which means
g that the heating time scale is shorter and thus the desorption
more dficient. On the other hand, more low energy cosmic-ray
ol ‘ ‘ ‘ ‘ ‘ ‘ particles can excite more molecular hydrogen which result in
0 5 10 15 20 25 30 35 more UV photons in the region (see Fig. 4). Thus more free
Visual extinction in line-of-sight(mag) radicals are made at the same time on the grain surface. The

Fig. 10. The total G20 column density along the line of sight as £€Sorption is enhanced as more energy is released to sublimate

function of visual extinction for the dense core of IC 5146. The poini¥latile mol_ecules from the grain sun_‘ace. The density profile
are the observations of IC 5146 made by Kramer et al. (1999). of IC 5146 is adopted in the calculation. The results together

with the observations for IC 5146 are shown in Fig. 11. It can

N(c*®o) (10° cm®)

05 F |

Table 4. Standard parameters used in the calculations be seen that the cosmic-ray energy spectrum has a prominent

effect on the depletion of gas phase CO. We can try to con-

Parameter  Value strain the cosmic-ray energy spectrum and thus the ionization

=N 2400 MeV rate from the observations. From Fig. 11, the best fit for the

«(H;0) 0.5 observations resulted iy ~ 400 MeV, which means that the

AH(CO) 960K cosmic-ray ionization rate in this region is abouid10~1" s,

ouv(H0)  20x 108 cn? This is consistent with the average value@1.8)x 1017 s1

Erad 15eVv derived by van der Tak & van Dishoeck (2000).

n(COyny  4x10°
co/ctéo 560

K 20 molecules crr? s-1 As mentioned above in Sect. 6, the maximum radical con-
pot

centrationemax depends on the CO concentration in the ice
mantle. The consequence oftdrente,« are investigated in
Fig. 12 foremax = 0.026 andemax = 0.01. It is seen that dif-
infrared extinction and the structure of the dense cloud as$grent e, only have a smallfect on the column density of
ciated with IC 5146 and find that the volume density profileg in the line of sight. This is because the radical concentra-
is similar to L977,n(r) ~ r~2 over a size scale.07 < 1 < jon generally stays well belowmay between subsequent cos-
0.40 pc to reproduce the derived extinction gradient in the rgyic ray heating events. Only when using very small values
gion. We adopt the following density profiley = no(r /o) = femax < 0.001) will the desorption rate drop considerably.
10°(r/0.052 pc)y?, which is in good agreement with the radia

profile of total column density (Fig. 8 in Lada et al. 1999).  The dficiency of free radical production by an ultraviolet
Using this density profile and the parameters in Table 4, th@otona is also a source of uncertainties. Several values of
model can also fit the observations very well as seenin Fig. 105re ysed to investigate itsfects. Figure 13 shows the re-
The relatively smaller abundance of gas-phase CO in IC 5145 for similar calculations wite = 0.5,0.25 and OL. It is
compared to that in L977 (Fig. 8) is due to the higher numgpen that changing has no &ect on the column density for
ber density of the IC 5146 cloud. The model shows aflatteniggS phase CO fof, < 15, which is due to the fact that the
at Ay > 20 mag, which is consistent with the observationg|ajlable energy can sublimate all the CO in the ice mantle,
points. i.e.R > 1in Eqg. (29). Someféects are found for the region
Ay > 15, caused by the change of radical production.

8.3. Parameters change o ) )
The sticking co#ficientSco of CO on a grain alsoféects

We investigate the influence of varying the values of the modék desorption of gaseous CO. We investigate tHisce with
parameters on the calculated CO depletion. We compare thg8sg = 1.0, 0.5 and 0.1 using the standard parameters as shown
alternative results to the CO column density for IC 5146 ia Fig. 14. The &ects of lowering the sticking céiicient are
study which parameters are most constrained by the obseryaite apparent, although they are smaller than those due to dif-
tions and to test the robustness of our model. ferent cosmic-ray spectra (see Fig. 11). From Fig. 14b, it is
As discussed in Sect. 2, the energy spectra of cosmic-ien thaBco = 1.0 fits the obervations better than lower val-
particles have considerable uncertainties. We investigate hees since the curve becomes flat far > 23 mag. A sticking
the consequence of depletion due tfietient cosmic-ray spec- codficient close to unity is consistent with recent theoretical
tra. Using Eq. (1), dferent cosmic-ray spectra can be obtainextudies by Al-Halabi et al. (2003).
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Fig. 11. The relative abundance of gaseous CO to total hydr@en Fig. 12. The relative abundance of gaseous CO to total hydrogen

and the ¢®0 column densityb) as a function of visual extinction a) and the ¢80 column densityb) as a function of visual extinc-

along the line-of-sight for dierent cosmic-ray energy spectra. tion along the line of sight for dierent maximum radical concentra-
tion may.

9. Discussion o . .
papers, the approximatid@q(i) = (70 K)kevadi, 70 K) pro-

There are three desorption routes related to the cosmic-pysed by Hasegawa & Herbst (1993) was used. Figure 9 shows
particles traveling through a dust grain. They are the whaiee result obtained using this description of the whole grain
grain heating for the grains of medium size (around and lessating. The approximation assumes that the sublimation of
than 0.1um), spot heating for bigger grains and the releaselatile species such as CO occurs near 70 K, after passage
of chemical energy stored as radicals for grains with ice magf-an energetic Fe nucleus through the G grain. f (70 K)
tles. Separate calculations using only whole grain heating dgsthe fraction of time spent by grains in the vicinity of 70 K
orption, only spot heating desorption and all three mechandkeyadi, 70 K) is the evaporation rate cfieient at 70 K for
nisms were performed with the standard parameters for L93[fecies. However, in the dense core of the cloud, dust particles
to compare the mechanisms (Sect. 8.1, Fig. 9). If the desogecrete ice mantles, which increase the size of the dust grain.
tion due to cosmic-ray spot heating is the only way to desoTthe cosmic-ray particles can only heat a bigger grain with ice
CO molecules from the ice mantles, it is impossible to maimantles to a lower temperature. For example, a relativistic Fe
tain the observed gas phase CO abundance (see Fig. 9, daitetleus with energy 50 MeV nucledhcan only heat dust par-
curve). This may imply that grains smaller than 0/2% are ticles of radius 0.14m up to 40 K. Because the sublimation
dominant in dark clouds like L977, because the other two deate depends exponentially on temperature, the approximation
orption mechanisms do not work for such big grains. made by Hasegawa & Herbst (1993) thus strongly overesti-
It is surprising to see that cosmic-ray induced whole gramates the #ect of the desorption due to cosmic-ray heating.
heating is only &ective at the edge of the cloud and is nedgur treatment, using all the energy deposited by cosmic-ray
ligible inside, because Bergin et al. (1995) and Willacy &articles and chemical energy release of radicals besides the
Millar (1998) have shown that this desorption mechanism énergy to heat the grain to 26 K to sublimate CO, is more
effective throughout cloud cores. The cause of this discrepamepsonable and accurate, because the reasonable energy range
is the formulation of the desorption rate ¢oeent. In both of cosmic-ray spectra of several elemental nuclei, the size
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Fig. 13. The relative abundance of gaseous CO to total hydragen Fig- 14. The relative abundance of gaseous CO to total hydragen

and the G®0 column density) as a function of visual extinctioa, ~and the €*0 column density) as a function of visual extinctioAy
for different values of thefBciency of free radical production by UV for different values of the sticking cigientsSco of CO.
photonsa.
the calculated CO column density is very sensitive to the
L . . _ cosmic-ray energy spectrum and thus the cosmic-ray ioniza-
d|str|bgt|on of dUSt. grains af‘d the |ce-mar_1tle accretion a8, rate. Therefore some clues on the cosmic-ray ionization
taken into account in calculating the desorption rates. rate can be obtained by fitting the observation using this model.

If the desorption due to the energy release of radicals pro- ging the same parameters except the density profile, the
duced by the cosmic-ray induced UV field is included, the 0B, e| can fit the observations for both L977 and IC 5146. This
servations can be fitted very well. The solid line in Fig. 9 ig55orts the validity and robustness of our model. This model
a calculation using all three desorption mechanisms. We CqOiy,y tar the best fitting model to both sets of observations.
clude that the desorption due to the chemical energy relegse; ,jication to future observations may therefore deepen our
is the most important desorption mechanism in the core gf jerstanding of the nature of the balance between gases anc
a dense cI(_)ud. _The cosmic-ray heatm_g is onffeetive for ;..<in dense clouds.
smaller grains without ice mantle accretion.

An important result of our model is that the cosmic ray inAcknowledgementsie thank Dr. A. Li for providing the optical con-
duced UV field is about 10 times moréieient in depositing Stants and some of the computer codes as well as fruitful discussions.
energy in the ice than the direct cosmic ray energy depositicYH? also ackn_owledge Dr. O. M. Shalabiea for helpful discussion;. One
This again emphasizes that the energy stored by UV photongws (CS)_ wishes to thank the World Laboratory for a fellowship to
the form of free radicals in the ice is considerably larger tha‘i’r?rform this research.
the energy deposited by cosmic-rays, and strengthens our re-
sult that chemical desorption is the most important desorptiBeferences
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