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ABSTRACT

Context. A 3.4 um absorption band (around 2900 cm™'), assigned to aliphatic C-H stretching modes of hydrogenated amorphous
carbons (a-C:H), is widely observed in the diffuse interstellar medium, but disappears or is modified in dense clouds. This spectral
difference between different phases of the interstellar medium reflects the processing of dust in different environments. Cosmic ray
bombardment is one of the interstellar processes that make carbonaceous dust evolve.

Aims. We investigate the effects of cosmic rays on the interstellar 3.4 ym absorption band carriers.

Methods. Samples of carbonaceous interstellar analogues (a-C:H and soot) were irradiated at room temperature by swift ions with
energy in the MeV range (from 0.2 to 160 MeV). The dehydrogenation and chemical bonding modifications that occurred during
irradiation were studied with IR spectroscopy.

Results. For all samples and all ions/energies used, we observed a decrease of the aliphatic C-H absorption bands intensity with the
ion fluence. This evolution agrees with a model that describes the hydrogen loss as caused by the molecular recombination of two free
H atoms created by the breaking of C-H bonds by the impinging ions. The corresponding destruction cross section and asymptotic
hydrogen content are obtained for each experiment and their behaviour over a large range of ion stopping powers are inferred. Using
elemental abundances and energy distributions of galactic cosmic rays, we investigated the implications of these results in different
astrophysical environments. The results are compared to the processing by UV photons and H atoms in different regions of the
interstellar medium.

Conclusions. The destruction of aliphatic C-H bonds by cosmic rays occurs in characteristic times of a few 10 years, and it appears
that even at longer time scales, cosmic rays alone cannot explain the observed disappearance of this spectral signature in dense
regions. In diffuse interstellar medium, the formation by atomic hydrogen prevails over the destruction by UV photons (destruction by
cosmic rays is negligible in these regions). Only the cosmic rays can penetrate into dense clouds and process the corresponding dust.
However, they are not efficient enough to completely dehydrogenate the 3.4 um carriers during the cloud lifetime. This interstellar
component should be destroyed in interfaces between diffuse and dense interstellar regions where photons still penetrate but hydrogen

is in molecular form.
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1. Introduction

Interstellar dust continuously interacts with its surrounding en-
vironment. Its chemical and physical composition is determined
by processes active in space, such as exposure to heat, shocks,
H atoms, UV photons, and cosmic rays. The equilibrium be-
tween formation and destruction processes varies within each
phase of the interstellar medium (ISM). Laboratory simulations
of dust processing in conditions close to those of the interstellar
medium may help to understand the evolution of carbonaceous
interstellar matter components and to investigate the continuous
cycle of organic matter between diffuse and dense regions of the
interstellar medium. Infrared spectroscopy is a powerful tool to
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probe the transformations that are undergone in the different en-
vironments of the ISM.

The 3.4 um absorption band (around 2900 cm™") is one of the
primary carbonaceous dust IR signatures observed in the ISM.
This band corresponds to the C-H bond vibrations, and in par-
ticular to the stretching modes in the methyl (CH3) and methy-
lene (CH,) groups. It is associated with the corresponding bend-
ing modes at 6.85 um (1460 cm™') and 7.25 um (1380 cm™).
These aliphatic C-H IR absorption bands are widely observed in
diffuse interstellar medium in the Milky Way and other galaxies
(Wickramasinghe & Allen 1980; Adamson et al. 1990; Sandford
et al. 1991; Pendleton et al. 1994; Whittet et al. 1997; Pendleton
& Allamandola 2002; Spoon et al. 2004; Dartois et al. 2007).
Hydrogenated amorphous carbons (a-C:H, also known as HAC
in the astrophysical literature) have proven to be good analogues
for this aliphatic interstellar dust component through identical
IR spectral signatures (Dartois et al. 2005; Chiar et al. 2000).
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Although dust is cycling between the different phases of the
ISM and although this aliphatic hydrocarbon component is ubig-
uitous in diffuse ISM, the only absorption observed in this range
in dense clouds is a large featureless band at 3.47 um whose
shape is different from the 3.4 ym band observed in diffuse ISM.
This 3.47 um band correlates with water ice. Its origin and at-
tribution is still debated (Allamandola et al. 1993; Chiar et al.
1996; Brooke et al. 1999; Dartois & d’Hendecourt 2001 ; Dartois
et al. 2002; Mennella 2010). The recent work of Bottinelli et al.
(2010) seems to confirm that this band could coincide with the
presence of ammonia hydrate in ice. The widespread distribu-
tion of the 3.4 um band in the diffuse interstellar medium and
its apparent disappearance or modification in dense clouds give
constraints for understanding the formation and evolution of the
interstellar aliphatic component. The effects of interstellar pro-
cessing on this important carbonaceous dust component need to
be investigated.

Irradiation by galactic cosmic rays (CR) is one of the inter-
stellar processes known to destroy aliphatic C-H bonds, and this
induces a decrease of the 3.4 um band intensity. Cosmic rays
are composed of highly energetic ions and electrons. Numerous
works have been devoted to the study of energetic ions effect on
hydrogenated carbonaceous matter by different diagnostic tools
such as infrared or Raman spectroscopy, or techniques allowing
one to measure the hydrogen content (e.g., Baumann et al. 1987;
Prawer et al. 1987; Gonzélez-Herndndez et al. 1988; Fujimoto
et al. 1988; Ingram & McCormick 1988; Zou et al. 1988; Adel
et al. 1989; Marée et al. 1996; Pawlak et al. 1997; Som et al.
1999; Baptista et al. 2004; Som et al. 2005; Brunetto et al.
2009). It is observed that the irradiation of these materials re-
sults in a decrease of the aliphatic C-H spectral signatures and
of the hydrogen content. The astrophysical implications of these
laboratory simulations of hydrogenated carbon dust have been
investigated by Mennella et al. (2003). The experiments were
performed using 30 keV He" ions. The effects of other ions and
energies (in particular higher energies that are more similar to
those of CR) have only been extrapolated. The authors have only
considered protons of 1 MeV energy to represent the whole cos-
mic ray elements and energies (i.e., the approximation of 1 MeV
monoenergetic protons). With the present work, we aim at per-
forming a comprehensive study of the effect of cosmic rays on
the interstellar aliphatic C-H features by combining the results
of experiments conducted with a wide range of swift (i.e., ener-
getic) ions and the use of a model describing the effective dehy-
drogenation of the irradiated material.

We report laboratory experiments aimed at studying ener-
getic ion irradiation of interstellar dust analogues. The different
hydrogenated carbonaceous analogue samples are presented in
Sect. 2, followed by a description of the irradiation set-up. The
experimental results are presented in Sect. 3. They are then im-
plemented in an astrophysical context and discussed in Sect. 4.
The conclusions are summarised in Sect. 5.

2. Experiments
2.1. Samples production

Two different types of analogues of carbonaceous interstellar
matter are produced for this study: hydrogenated amorphous car-
bons (a-C:H or HAC) and carbon soots.

The a-C:H samples were produced at the Institut
d’Astrophysique Spatiale (Orsay, France) using a plasma-
enhanced chemical vapour deposition (PECVD) system: a
microwave-induced plasma of hydrocarbon precursor gas is

A146, page 2 of 16

created in a vacuum chamber (pressure maintained at ap-
proximatively 1072 mbar) via an Evenson cavity coupled to a
2.45 GHz radio-frequency microwave generator. The precursor
gas used is either methane or butadiene. The radicals and ions
from the plasma are deposited on a substrate (KBr or KCl),
which is located a few centimetres from the plasma, during
a few minutes to approximately one hour depending on the
experimental conditions. The few micrometer thick a-C:H film
obtained can then be analysed ex situ.

The experiment “Nanograins” of the Institut des Sciences
Moléculaires d’Orsay (France) allows us to produce the sec-
ond kind of carbonaceous materials, hereafter named soot.
Incomplete combustion reactions in a fuel-rich, premixed and
low pressure (70 mbar) flame nucleate many polycyclic aromatic
hydrocarbons and three dimensional soots. For a more detailed
description, see Pino et al. (2008). A KBr substrate is placed in
front of the flame extraction cone to retrieve the condensable
phase. As a result, we obtain a homogenous few micrometer
thick sample that can be analysed ex situ.

For both material families, a wide variety of materials can
be produced by varying the experimental production conditions
(pressure, gas mixture, etc.). Two different types of a-C:H and
one type of soot are studied here. The a-C:H type called a-C:H 1
is produced with methane as precursor gas, while a-C:H 2 is
synthesised from a plasma of butadiene with addition of argon.
Samples of a-C:H 1 and a-C:H 2 are yellow and orange-brown
coloured, respectively. The soot is obtained by burning propy-
lene with dioxygen. Soot samples are dark black. In the fol-
lowing, we use a H/C ratio of 1.0 and 0.01, a density of 1.2
and 1.8 g cm™3, and a refractive index of 1.4 (Godard & Dartois
2010) and 1.7 (Bond & Bergstrom 2006), for a-C:H and soot
samples, respectively.

The structure differences between the different kinds of sam-
ples (a-C:H 1, a-C:H 2, and soot) result in different IR transmis-
sion spectra as seen in Fig. 1. The C-H bonds have stretching
modes between 2800 and 3100 cm™!, and bending modes be-
tween 1300 and 1500 cm™". The region around 1600 cm™! cor-
responds to the C=C (sp?) stretching modes, that between 1000
and 1500 cm™! to the C-C (sp®) stretching motions with some
contributions of sp> C=C modes, and that below 1000 cm™!
to the C-H “out-of-plane” bending. Small oxygen contamina-
tion (either when the sample is produced or when it is analysed
ex situ) can be observed through the C=0 around 1700 cm™".
The a-C:H 1 samples are highly hydrogenated and they con-
stitute aliphatic materials that reproduce the IR bands ob-
served in the diffuse interstellar medium very well. The type 2
of a-C:H has a different structure with more olefinic bonds,
a higher sp?/sp® hybridisation fraction, a lower hydrogen con-
tent, and a lower optical gap than type 1. The two materials
also differ by their photoluminescence properties (see a more
detailed characterisation of the produced a-C:H in Godard &
Dartois 2010). The soot samples are analogues aiming at repro-
ducing a more aromatic PAH-like carbonaceous phase of inter-
stellar dust. They are far less hydrogenated materials, composed
of polyaromatic units linked by aliphatic bridges. The sp? do-
mains dominate largely the carbon skeleton. As seen in Fig. 1,
the soot samples have an absorption continuum owing to elec-
tronic transitions, but the a-C:H samples do not.

2.2. lon irradiation

Ton irradiations of these samples were performed at room tem-
perature with different ions and energies at the Tandem accel-
erator of the Institut de Physique Nucléaire in Orsay (France)
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Fig. 1. Infrared spectra (before irradiation) of the different a-C:H and soot samples: IR spectra of samples a-C:H 1 (thickness d = 10 um) and
a-C:H 2 (d = 7 um) are in the left panel and the soot IR spectrum is in the right panel (d ~ 5 um). Spectrum of a-C:H 1 is offset by 1.5 for a better

clarity.

in March 2009 (with 10 MeV H*, 50 MeV C>*, 85 MeV Si’*,
and 100 MeV Ni’*) and in February 2010 (with 20 MeV He?*,
91 MeV C%*, and 160 MeV I'?*). A lower energy irradia-
tion series was conducted at the Laboratory for Experimental
Astrophysics (INAF-Catania, Italy) in October 2007 and
February 2009 (with 200 keV H*, 200 keV He*, and
400 keV Ar**). The samples were irradiated on a diameter of
5 mm and 1.5 cm in Orsay and in Catania, respectively.

For the irradiation experiments at the Tandem facility,
the samples were placed in a vacuum chamber (few 10~ mbar)
that faced the ion beam. The IR transmission spectrum of the
samples was recorded during irradiation by a Bruker vector
22 FTIR spectrometer, between 6000 and 600 cm~! with a res-
olution of 2 cm™!. The acquisition time for one IR transmission
spectrum was between 5 and 10 min. The IR beam formed an
angle of 45° with the normal of the sample.

The configuration for the irradiation experiments in Catania
was similar, but with the ion and IR beams both at 45° of the
sample surface (Strazzulla et al. 2001). The irradiation occurred
at a typical pressure of 10~7 mbar. The IR spectra were recorded
between 8000 and 400 cm~! with a resolution of 1 cm™".

The different ions/energies allow us to explore a wide range
of stopping cross sections S = S. + S, where S and S, are the
electronic and nuclear stopping cross section, respectively. The
electronic stopping cross section S, is the electronic stopping
power dE/dx (i.e. the energy deposited by the ion to the target
electrons per unit path length as it moves through the sample) di-
vided by the target density. The electronic stopping power dom-
inates over the nuclear stopping power at high ion speeds (that is
the case for cosmic rays). For each experiment, these variables
are calculated using the SRIM code (the Stopping and Range of
Ions in Matter) (Ziegler et al. 2010) and reported in Table 1.

In this table we also report the ion flux @y (the ion flux was
carefully monitored all along the experiments) and the maxi-
mum ion fluence Fjmax (from 10'? to 10'° ions cm™2) that was
reached within a few hours of irradiation. The corresponding en-
ergy flux @ and maximum deposited energy Fgmax are calcu-
lated by multiplying ®; and Fmax by Se. Each sample received
from a few 10° to a few 10'> MeV mg~! s™! and a total energy
ranging from 10'* MeV mg~! to 10'© MeV mg~'. The flux of
ions was between 10® and 10'2 ions cm™2 s~!, but most of these

experiments was done with fluxes of a few 10'* ions cm=2 s

In the interstellar medium, cosmic ray fluxes are very low!.
We avoided excessively high fluxes to prevent the heating of the
samples. Brunetto et al. (2004) estimate that the temperature in-
crease caused by ion irradiation of diamond samples with fluxes
of 10'3 ions cm™2 5! (i.e. at least one order of magnitude higher
than those we used) is only 5-10 K. We did not observe dif-
ferent regimes in the reduction of the C-H bands when differ-
ent fluxes were explored for the irradiation of a same sample.
During irradiation by 10 MeV H ions, we did not observe any
difference in the hydrogen loss behaviour between fluxes of 10'!
and 10'? ions cm™2 s~!. In the experiment with 91 MeV car-
bon ions, the irradiation of a-C:H 1 sample was stopped for
few hours and then restarted without any remarkable disconti-
nuity in the evolution.

Because in the astrophysical context the cosmic ray stopping
powers are mostly electronic, we checked that the same is true in
the irradiation experiments and that the ions are not implanted in
the samples. We thus need to calculate the samples thicknesses d.
When the interference pattern is visible in the IR spectra, the in-
terfringe Ao is measured and the sample thicknesses d are cal-
culated using the formula d = 1/(2 n Ao cos(ar)), with n the
refractive index of the sample, and ajr the angle of the IR beam
incidence with the normal of the sample (ajr = 45°). When this
pattern is not visible, the sample thicknesses are estimated from
the continuum absorbance for soot, and from the 3.4 yum ab-
sorbance for a-C:H. The values are given in Table 1. These esti-
mated thicknesses show that for most of the samples, the ions are
implanted in the substrate, located behind the sample (the pro-
jected ranges R, calculated with SRIM, i.e. the length the ion
covers in the target material before stopping, are greater than the
samples thicknesses), and the irradiation beam can be considered
mono-energetic within the sample (i.e. AE/E < 1, with AE the
ion energy difference between each of the two sample surfaces).
However, this is not the case anymore for 400 keV Ar?* ions
in a-C:H, and 200 keV H" ions in soot, where the ions are
implanted in the sample and the nuclear part of the interac-
tion at the track end becomes substantial. Among the exper-
iments performed in Catania, only the projected range of the
200 keV H* ions in the a-C:H sample is clearly greater than the
sample thickness. Therefore, we will not use the results of these

! The galactic CR flux is of the order of 20 ions cm~2 s7!.
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Fig. 2. Examples of the destruction of the aliphatic C-H stretching
IR absorption feature around 2900 cm™! during ion irradiation of a-
C:H 1 a), a-C:H 2 b), and soot ¢). The upper (red) line is the initial spec-
trum, before irradiation. The optical depth decreases (from green to pur-
ple lines in the online coloured version) as the fluence rises. The fluence
between two spectra is of the order of few 10'? and few 10'* ions cm™
for the Si’* and C®* irradiations, respectively.

ions with R,/d < 1, which show different behaviours compared
to the other irradiation experiments.

P = Tpr + (/pi— 1pr) exp(= oa F)’

We observed no significant modification of the sample thick-
ness (through the interfringe) during irradiation. Therefore,
the sputtering that occurs at the sample surface reduces the thick-
ness by only a few percents at most. We do not consider this
effect in the following.

3. Results

For all carbonaceous samples, the different irradiations result in
an effective? destruction of the aliphatic C-H component. The
optical depths of the sp® methyl and methylene C-H stretching
(around 3.4 pm or 2900 cm™') and bending modes (6.85 and
7.25 pum, 1460 and 1380 cm™! respectively) are decreasing dur-
ing the irradiation (see Fig. 2). The evolution of the optical depth
integrated over the aliphatic C-H stretch band (between 2760 and
3140 cm™') as a function of the deposited energy for different
ions/energies is represented in Fig. 3. The evolution of a-C:H 1
(left of Fig. 3) and that of a-C:H 2 (not represented on the figure)
for a same ion and energy are very similar (see also Fig. 5).

Other bands appear or disappear with the ion dose as a con-
sequence of the chemical structure modifications induced by ion
irradiation. Here, we focus on the dehydrogenation of the mate-
rial seen through the destruction of aliphatic C-H bonding.

3.1. Determination of the aliphatic C-H destruction
parameters by ion irradiation: the recombination model

The integrated optical depth A = f 7 do of the sp? C-H stretch-
ing band around 3.4 um (and bending bands around 6.9 and
7.3 um) decreases with the ion fluence, and thus with the de-
posited energy (Fig. 3). This evolution can be fitted by a function
of the form

1
A=
1/As + (1/A; — 1/A) exp(— oq F1)’

ey

where Fp is the ionic fluence (ion cm™), and oy the effective
C-H destruction cross section (cm? ion™!). A; and Ay are the ini-
tial and asymptotic value at an infinite dose of the integrated
optical depth, respectively. The value of A is assumed to be pro-
portional to the hydrogen concentration p. The Eq. (1) results
then of the equation

1

©))

where p; and pr are the initial and asymptotic value of the hydro-
gen concentration.

This function, which describes the hydrogen content evolu-
tion with ion fluence, results from a model developed by Adel
et al. (1989) and Marée et al. (1996). This model is based
on the fact that hydrogen leaves the a-C:H films in molecular
form (Wild & Koidl 1987; Moller & Scherzer 1987). Therefore,
the hydrogen evolution is based on a second order kinetic pro-
cess. In this approach, the recombination of two hydrogen atoms
into molecular hydrogen, which results from the breaking of
two C-H bonds by the electronic energy deposition of a passing
ion occurs in the bulk of the irradiated material. The resulting
H; molecule then rapidly diffuses to the surface and is lost from
the material without further interactions. When a C-H bond is
broken, the hydrogen atom diffuses within a characteristic dis-
tance [ in the ion track before it is either trapped by a reactive

2 As explained in Sect. 3.1, C-H bonds are broken by impinging ions,
but some of the free H atoms form new bonds in the material.
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site in the irradiated material, or is recombined with another free
H atom. This distance defines a recombination volume V, inside
the track of radius r, in which two free hydrogen atoms that are
released by the energy deposition of the same ion can recombine
as a Hy molecule. The probability of breaking a C-H bond with
one ion is Py, and the probability of molecular recombination
of two H atoms diffusing in the volume V is Py... The number
of possible pairs of H atoms that can be formed by one ion in
the volume V is % - pVPpreak - (0V — 1)Ppreak. The number of
H atoms lost as H, molecules per energetic ion in the volume V
is thus pV(pV — l)PﬁreakPreC. The differential equation that de-
scribes the hydrogen depletion of the film with the ion fluence F

is given by
dp = —p(pV — )P}, Prec - 11 dF. A3)

Equation (2) is the solution for this differential equation with
oq = P% ceak Prec T r* and ps = 1/V. When only one hydrogen
atom remains in the recombination volume, then pV = 1 and
the H release via hydrogen molecular recombination ceases or
becomes very improbable. The latter explains the link between V
and the final hydrogen density ps. Equation (3) can be written as

dp o 2( pf)
GP __9d oy Py, 4
dF; Pt P P @

Equation (4) is valid for an irradiation perpendicular to the sam-
ple surface. Otherwise, the angle of incidence should be taken
into account in the section of the ion track. In the irradiation
performed in Catania, the ion beam has a direction of 45° with
respect to the sample surface, oy in previous equations be-
comes = %z.

This model can explain the hydrogen depletion induced by
ion irradiations in hydrogenated amorphous carbon films. It has
been applied for such materials by Adel et al. (1989), Marée
et al. (1996), Som et al. (1999), and Baptista et al. (2004), and
also to other organic layers (e.g., in Adel et al. 1989; Marée et al.
1996; and Baptista et al. 2004).

We applied to our data fits corresponding to the recombi-
nation model, based on Eq. (2), using o4 and pf as adjustable
parameters. The best-fit parameters and the associated errors
are determined by a y* minimisation. The obtained destruction
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cross section o, relative final hydrogen content A¢/A;, and cor-
responding recombination volume V = 1/p¢ values for the dif-
ferent experiments are reported in Table 2 (for explanation about
the estimation of V, see Sect. 3.3).

Alternatively, the hydrogen concentration decrease can also
be fitted assuming a first-order kinetic process (Mennella et al.
2003; Pawlak et al. 1997), with an exponential function and an
added constant representing the aliphatic feature residual inten-
sity at high ion fluences. This fit is a simple phenomenological
function. In the Appendix, we report the results obtained with
this exponential fit and show that Eq. (2), which corresponds to
the recombination model, fits our data better.

3.2. Destruction cross section

We represent in Fig. 4 the different values of o4 as a function of
the electronic stopping cross section S, for the a-C:H and soot
irradiation experiments. For a-C:H, the destruction cross section
estimated from the aliphatic C-H bending bands are also plot-
ted. These o4 are, as expected, very similar to those determined
through the stretching band. The fairly large error bars illustrate
the strong dependence of oq on Ay with Eq. (1). Effectively,
the values of Ay are not always well constrained in our data be-
cause we lack experimental points at higher fluence. These un-
certainties largely depend on the asymptotic behaviour, which
requires high ion fluence. The latter is strongly limited by the
instantaneous fluxes that should not induce heating of the sam-
ple, and by the available time on the ion irradiation facility. The
irradiation by 20 MeV helium ions (S, ~ 0.2 MeV/(mg/cm?))
sets only an upper limit on the destruction cross section because
a higher fluence is required. For low S experiments, this high
fluence was difficult to reach without obtaining excessively high
ion fluxes.

3.2.1. Influence of the material irradiated

a-C:H 1 and a-C:H 2 have similar values of o. It appears that,
although the carbon skeleton and the hydrogen density of these
two materials are slightly different, this does not have a strong
influence on the destruction cross sections within the explored
range. In the case of soots, the oq values are also comparable
to those of a-C:H, within the experimental uncertainties (higher
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Table 2. Results of ion irradiation experiments obtained with the recombination model fits.

Sample Ton E Se T4 Ar/A; \%4
(MeV)  (MeV/(mg/cm?)) (cm?) (A3)
a-C:H 1 H* 10 4.580 x 1072 <3.5x 10716 - -
a-C:H 1 H* 10 4.580 x 1072 (0.3)1.9(5.6) x 1077 (0.02)0.66(0.82) >22
a-C:H1 He** 20 3.207 x 107! <53 x 1075 - -
a-C:H 1 H* 0.2 7.092 x 107! (0.3)1.2(3.6) x 10716 (0.01)0.50(0.62) >29
a-C:H 1 Co+ 91 2.07 (0.7)3.2(7.8) x 10716 (0.17)0.35(0.45) (40)51(104)
a-C:H 1 c* 50 3.274 (0.3)1.7(3.9) x 1071 (0.23)0.47(0.55) (32)38(78)
a-C:H1 Si’* 85 15.91 (0.6)1.0(1.5) x 1074 (0.21)0.23(0.25) (73)79(83)
a-C:H1 Ni** 100 46.98 (1.2)6.8(15) x 107 <0.37 >49
a-C:H1 I 160 89.33 (0.3)4.1(12) x 10714 (0.01)0.10(0.18)  (98)184(1470)
a-C:H2 He* 20 3.207 x 107! <1.0x 107V - -
a-C:H2  C°* 91 2.07 (4.0)8.8(16) x 1071¢ (0.46)0.55(0.61) (29)33(38)
a-C:H2 I'** 160 89.33 (0.02)1.8(12) x 10713 (0.01)0.38(0.68)  (26)47(1220)
Soot H* 10 4.109 x 1072 (0.001)2.2(6.1) x 1071 (0.00)0.65(0.67) >27
Soot Cc* 50 2.864 (0.008)5.5(14) x 107 (0.00)0.62(0.68) >26
Soot Si’* 85 13.7 (5.9)7.8(30) x 1071 (0.00)0.18(0.32) >55
Soot Ni%* 100 39.35 (0.02)8.3(23) x 107 (0.00)0.35(0.40) >45

Notes. The aliphatic C-H destruction cross section o, the relative asymptotic optical depth A¢/A;, and the recombination volume V are given
(see text for explanation). These values are determined from the C-H stretching modes at 3.4 um. The extreme values of each parameters are given

between parenthesis.
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Fig. 4. Aliphatic C-H destruction cross section o4 obtained with the re-
combination model as a function of the electronic cross section S for
the different ion/energy irradiation of our a-C:H (filled dots for a-C:H 1,
and squares for a-C:H 2) and soot (black asterisks) samples. Cross sec-
tions calculated from data of different a-C:H irradiation studies are rep-
resented with blue diamonds (Adel et al. 1989; Baptista et al. 2004;
Baumann et al. 1987; Fujimoto et al. 1988; Gonzalez-Herndndez et al.
1988; Ingram & McCormick 1988; Marée et al. 1996; Mennella et al.
2003; Pawlak et al. 1997; Prawer et al. 1987; Som et al. 2005, 1999;
Zou et al. 1988). See text for details.

for soot than a-C:H). This similarity seems surprising because
of the large difference in the H/C ratio, for instance. Soot and
a-C:H strongly differ in their carbon skeleton and hydrogen den-
sity, the soot being mainly composed of polyaromatic units,
poorly organised, and cross-linked by aliphatic bridges. It im-
plies that the aliphatic domains are localised at the edge of the
aromatic domains, and that the (aliphatic) hydrogen density is
far from being homogeneous within the material. Thus, as long
as the recombination volume is smaller than or comparable to
the aliphatic domain extent, the hydrogen experiences an envi-
ronment similar as in a-C:H. It may also indicate that this ionic
irradiation does not create efficient reactive sites in the aromatic

domains as suggested by the infrared spectra of the irradiated
soot. These findings show that only the local environments ex-
perienced by the hydrogen atoms, which is identified as the re-
combination volume, determined the effective destruction cross
section.

In Fig. 4 we also plotted the effective destruction cross sec-
tion (seen through the aliphatic C-H stretch band) of previ-
ous a-C:H irradiation experiments (Adel et al. 1989; Baptista
et al. 2004; Baumann et al. 1987; Fujimoto et al. 1988;
Gonzélez-Herndndez et al. 1988; Ingram & McCormick 1988;
Marée et al. 1996; Mennella et al. 2003; Pawlak et al. 1997;
Prawer et al. 1987; Som et al. 2005, 1999; Zou et al. 1988).
These cross sections were deduced from the available data and
using Eq. (1). We did not represent in this figure the experi-
ments where the nuclear cross section plays arole (S,/S > 0.5),
or where implantation in the sample occurs (d/R, > 0.9) in or-
der to compare experiments pertaining to the same irradiation
conditions. Even if it is difficult to compare results from differ-
ent experiments, our results and those from previous works are,
for most of them, on the same order of magnitude and show the
same behaviour with S.. These materials span a wide range of
hydrogen atomic concentration, from few to about fifty percents.
Therefore, the measured destruction cross sections for aliphatic
C-H bonds seem weakly dependent on the irradiated carbona-
ceous material and may be used as a general characteristic.

Below we will use only our results on a-C:H 1 because they
were better explored and thus have lower uncertainties.

3.2.2. Dependence on the stopping power

The aliphatic C-H destruction cross section seems to vary as a
power law of S.. We fitted the results with:
o4 = K-S¢. (5)
The best and extreme fits for our a-C:H results obtained with
the recombination model are shown in Fig. 5. The parame-

ters of this fit for a-C:H and soot are given in Table 3 (for S.
in MeV/(mg/cm?) and o4 in cm?).
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Fig. 5. Aliphatic C-H destruction cross section oy as function of the
electronic cross section S for the different ion/energy irradiation of the
a-C:H samples. The values corresponding to the C-H stretching modes
at 3.4 um (in black), the CH, bending mode at 6.85 yum (in red), and
the CH;3 bending mode at 7.25 um (in green) are represented for both
a-C:H 1 (filled dots) and a-C:H 2 (squares). The best fit and the fits
with extreme values of « are plotted (the corresponding values of @ are
written). The coloured arrows represent the S. range of the few major
cosmic ray elements.

Table 3. Values of the o fit parameters from Eq. (5).

Material a K

a-C:H  1.3(x04)  5(x4)x 10716
Soot  1.0(x0.5) 2.2(x1.2)x 10715

Notes. K is given in cm>~2* MeV ™ mg® units. o4 are obtained from the
recombination model.

The value of « is not completely determined and lies be-
tween 0.5 and 1.7, but the values matching the a-C:H and soot
data are between 0.9 and 1.5. In the following, we will use « val-
ues of 1.0, 1.2 and 1.4 to show the consequences of different oy
behaviours. Mennella et al. (2003) assume a power of 1 (i.e. pro-
portionality between o4 and S.), while Baptista et al. (2004)
found a power of approximately 2. The model of Marée et al.
(1996) not only explains the hydrogen release as a second-order
kinetic process, but also explains the dependence of the release
rate on the ion stopping power in the material. As they explained,
the stopping power appears to be proportional to 7. We saw
above that the recombination model predicts values of o4 that
are also proportional to 2. Thus, in the description given by the
model developed by Marée et al. (1996), oq should be propor-
tional to S, (i.e., @ = 1). This is compatible with our experimen-
tal results.

To compare the stopping cross sections S, explored by our
experiments with the S. of cosmic rays, we represented in
Figs. 5 and 6 the S, range of a few major cosmic ray elements
(coloured arrows in the bottom plots). These ranges are deter-
mined for each element, from the S . distribution as a function of
the energy (calculated with the SRIM program for each projec-
tile, for H/C ratio and density corresponding to our a-C:H tar-
get material) and the cosmic ray distribution of energy. The
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Fig. 6. Final relative integrated optical depth A¢/A; of C-H stretching
modes, obtained after infinite irradiation as function of the electronic
cross section S for the different irradiation ion/energy of a-C:H 1 sam-
ples. Two different fits corresponding to the linear increase of the re-
combination volume V with S, (Eq. (6)) are plotted: the solid line (fit 1)
is the best fit, and the dashed line (fit 2) represents an extreme fit for
which the asymptotic A¢/A; are the highest for low S.. The coloured
arrows represent the S. range of the few major cosmic ray elements.

CR energy from 100 eV/nucleon up to 10 GeV/nucleon are con-
sidered because, below and above this energy range, the CR flux
becomes either too low and/or the induced destruction is ineffi-
cient (cf. Sect. 4.1 and Fig. 8).

3.3. Residual H content and recombination volume

We found that the asymptotic values at infinite fluence of the
integrated optical depth of the aliphatic C-H bands is not zero,
and thus a fraction of the initial hydrogen content remains in the
irradiated material. This residual H content is reached when the
C-H bond concentration is low enough so that the free H atoms
liberated by an ion are too far from each other to recombine
(i.e. the mean distance between H atoms in the material is greater
than the radius defined by the recombination volume), and can-
not form H, molecules. The hydrogen is captured by the mate-
rial and does not escape. In Fig. 6 the parameters A¢/A; obtained
from the recombination model fits of a-C:H are represented as
a function of the electronic stopping cross section S.. The fi-
nal hydrogen content decreases when the stopping cross section
increases. For the experiments with the lowest stopping cross
section (i.e. those with S. < 1 MeV/(mg/cm?)), the value of A;
cannot be well determined and only upper limits are obtained.
Assuming an initial hydrogen volumic concentration p;
around 5.6 x 10%2 H at. cm™ for a-C:H (estimated from the val-
ues of density and H/C ratio given in Sect. 2.1), we obtain ps
from A¢/A;. In the recombination model, the recombination vol-
ume V is the inverse of the hydrogen concentration ps. The esti-
mated values of V are given in Table 2. With the same method,
we obtain an estimated mean hydrogen density for soot of 9.0 x
10%° H at. cm~>. However, contrary to a-C:H, the aliphatic hy-
drogen density is not homogeneous in soot, and is higher in the
aliphatic bridges that link the aromatic units. The V estimates for
soot given in Table 2 are thus calculated with a local hydrogen
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density equal to the a-C:H p; value. The obtained volumes are
equivalent to volumes of spheres with angstrom-sized radii.

The diffusion volume values found by Marée et al. (1996) for
a-C:H are similar (slightly higher) to ours for equivalent stop-
ping powers. In the a-C:H ion irradiation literature, a residual
hydrogen content is also observed at high fluence. These resid-
ual content seems compatible with our results. The correspond-
ing diffusion volumes were not estimated because the hydrogen
densities of the different samples may not always be homoge-
neous, and thus pr cannot be correctly determined. In previous
studies, different observations were made concerning the final
hydrogen content variation with the stopping power. Adel et al.
(1989) report that the final hydrogen content does not depend
on the ion beam used in the analysis, and that this final value is
approximately 5 at.%. This disagrees with the increase of the re-
combination volume with the stopping power observed by us and
Marée et al. (1996). Baptista et al. (2004) found an opposite cor-
relation, i.e., an increase of the final hydrogen content when the
stopping cross section is raised. It should be noted, however, that
some of the experiments in this study are driven by an important
part of nuclear interactions, thus mixing different mechanisms at
work in the interaction with ions.

3.3.1. Dependence on the stopping power

We found that the recombination volume V increases linearly
with S.. The corresponding equation for a-C:H 1 recombination
volume is approximately (V in A3 and S in MeV/(mg/cm?2))

V=20 (13) Se+50 (336)- (6)

The best fit of A¢/A; corresponding to Eq. (6), called Fit I from
now, is represented in Fig. 6 by the solid line. The dashed line
represents an extreme fit, called Fit 2, for which the asymp-
totic A¢/A; are the highest for low S. (see Eq. (6)). The fits are
determined from the experimental data obtained with a-C:H 1,
but the results obtained with soot samples seem also compatible
with both fits. These best and extreme fits of the residual hydro-
gen content at high fluence are compatible with the recombina-
tion model. Marée et al. (1996) explained that the recombination
volume should be proportional to S . if the stopping cross section
is proportional to 72 as explained above.

The minimum diffusion volumes V corresponding to the
maximum Ag/A; value, i.e. the constant in Eq. (6) of 50 A3 for
fit 1 and 32 A3 for fit 2, is also coherent with the recombination
model. These minimum volume values are equivalent to the vol-
ume of a sphere with a radius of 2-3 A, i.e., the approximate
distance a between two adjacent hydrogen atoms’. Because the
radius of the diffusion volume cannot be lower than a, this ex-
plains the presence of a maximum Ag/A; value at low S.. We
can also notice that if we assume we can estimate the ion track
radius r from the destruction cross section oy by 7> ~ oy,
the transition at S, ~ 1 MeV/(mg/cm?), under which A¢/A; is
roughly constant, corresponds to the S where the diffusion vol-
ume is equivalent to a sphere with a radius that equals the ion
track radius r.

In the following, if nothing is indicated, the values used
for oq and A¢/A; are those determined from the a-C:H data using
the recombination model.

3 3

a = p;m = 2.6 A with our estimate p; = 5.6 x 102 at. cm™
for a-C:H.
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Fig. 7. Abundance of elements in cosmic rays as function of their atomic
number Z at energies around 0.1-1 GeV/nucleon, normalised to hydro-
gen (from http://galprop.stanford.edu/, Simpson 1983; Meyer
et al. 1998; Fig. 3 of Horandel 2008, and references therein).

4. Astrophysical implications

Using our ion irradiation experiments, we can determine the ef-
fective aliphatic C-H destruction cross section o4(Z, E») and the
asymptotic hydrogen content at high fluence p¢(Z, E») for each
ion of atomic number Z and energy per nucleon E5. Below we
use these results to infer the evolution of the interstellar aliphatic
C-H component exposed to cosmic rays. For this, we take the
sum of the entire different cosmic rays ions and energy contribu-
tions into account.

4.1. The interstellar cosmic ray flux

We first need to set how many cosmic rays of each ion type and
of each energy irradiate the dust components in the interstellar
medium. We call ;TA/:(Z, E ) the differential flux of cosmic rays

(particles cm~2 s sr! (MeV/nucleon)™!) of atomic number Z
and energy per nucleon E4.

The Z dependence of this flux is given by the cosmic ray
relative abundance of each element A,y(Z) (normalised to hy-
drogen). Different distributions A;i(Z) found in the literature
are represented in Fig. 7 (http://galprop.stanford.edu/,
Simpson 1983; Meyer et al. 1998; Fig. 3 of Horandel 2008,
and references therein). Some differences exist between exist-
ing distributions in the literature, and we report their resulting
effects on ionisation and destruction by cosmic rays in Table 4.
We compared the results to the expected ionisation rate by cos-
mic rays (see Sect. 4.2) and chose to use the CR distribution at
100 MeV/nucleon given by the GALPROP code (reacceleration
model, http://galprop.stanford.edu/, Vladimirov et al.
2011). All elements lighter than copper are considered (Z < 29).

In the following, we used the CR energy distribution given
by Webber & Yushak (1983), providing the protons differential

flux %(E A) (particles cm~2 57! sr! (MeV/nuceD)™!) as

dNy CEY’

—(Ep) = ————, 7
iE (Ea) En+ Eop (7
where E, is the cosmic ray energy per nucleon

(in MeV/nucleon), C = 9.42 x 10* is a normalisation con-
stant, and Ey = 400 MeV/nucleon is a form parameter that
modifies only the low-energy CR spectra. Because of the solar
modulation, the distribution of low-energy CR is not directly
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Fig. 8. Differential flux dN/dE distribution with the cosmic ray energy
per nucleon E, for some of the cosmic ray elements (hydrogen, helium,
oxygen, and iron) (Webber & Yushak 1983; Shen et al. 2004). The
dotted lines are the values given by GALPROP (http://galprop.
stanford. edu/webrun/, Vladimirov et al. 2011).

measurable from Earth, and is not fully determined below
10-100 MeV. Padovani et al. (2009) compared two extreme
low-energy CR spectra, with CR fluxes either strongly decreas-
ing or strongly increasing below 10 MeV. These minimum
and maximum distributions are taken from Webber (1998) and
Moskalenko et al. (2002), respectively, and are extrapolated
below 10 MeV by a power-law in energy. The adopted max-
imum distribution appears to be a very high upper limit. The
distribution we adopted is between these two extremes, but
more importantly, Padovani et al. (2009) have calculated that
both these initial distributions obtain roughly constant CR fluxes
at low energies (as the one we adopted) once the CR have
traversed and interacted with interstellar matter.

The velocity spectra of different elements are quite similar to
each other, hence, as in Shen et al. (2004), we assume the same
normalised CR energy spectra for each element (when repre-
sented as a function of the energy per nucleon). The GALPROP
CR energy distribution data (dotted lines in Fig. 8) show that this
assumption is reasonable. The differential flux of cosmic rays
for each element (see Fig. 8) is obtained by combining the dif-
ferential energy spectra to the cosmic rays relative abundance

(Z Ex) =Am(2)- (EA) We consider the CR energy per
nucleon E A between 100 eV and 10 GeV, where the CR flux is
not too low and the induced destruction is efficient (out of this E'p
range, the electronic stopping power is low and the destruction
cross section is thus also low).

4.2. lonisation rate

To check if the chosen abundance distribution is coherent, we
can link the cosmic ray fluxes to an astrophysical observable.
The interstellar ionisation rate by cosmic rays Rj cr (s™!) can be
estimated with the equation

Ricn =1+ kg )47 3 [e@Ey @ Ende. ®

where the cosmic ray spectra ;TA;(Z, Ep) is determined

as explained in the previous section. The cross sections
0i(Z,Es) (cm?/ion) for the ionisation by energetic ions are
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estimated from the Bethe equation reported by Spitzer &
Tomasko (1968)

1.23x 10720 72 2
1202 520+ 10,y 2
BZ

where 3 - ¢ is the velocity of the energetic ion. kapq .- is the frac-
tion of the ionisation rate due to the secondary electrons, i.e., the
free electrons produced by the ionisation process and contribut-
ing then to ionise other atoms when their energy is high enough.
This factor has a value around kypg .- = 0.7 (Cravens & Dalgarno
1978). With the adopted cosmic ray flux, we found an ionisation
rate of Ricp =2 x 10717 71,

Most of the HJ observanons in the diffuse interstellar
medium give values of cosmic-ray ionisation rate between 2 X
1077 s7" and 4 x 10716 s7! (Webber 1998; Dalgarno 2006;
Indriolo et al. 2007, 2009). However, a value of 1.2 x 10~1 ‘1
is inferred by McCall et al. (2003). The ionisation rate calcu—
lated from the different CR abundance distributions of Fig. 7 are
all equal to a few 1077 s~!. Moreover, the contribution of the
CR heavy ions (other than hydrogen) in the ionisation rate is
often considered to be a factor about equal to 1.8 of the con-
tribution of hydrogen (Spitzer & Tomasko 1968; Shen et al.
2004). This factor can be calculated as the sum n = 3. A/u(Z) Z>
(cf. Egs. (8) and (9)). With the adopted GALPROP distribution,
we found 17 = 1.8, which agrees reasonably well. Table 4 shows
a comparison of 77 and R; cr found with the different CR distri-
butions A/x(Z).

oi(Z, Ep) = -0438 ) (9)

4.3. Destruction rate

The destruction rate Ry cr (s™") of the interstellar aliphatic
C-H component by cosmic rays can be calculated as defined by
Mennella et al. (2003).

Rycr = 4n Z fO'd(Z EA)

Using the SRIM code to calculate the expected stopping cross
section S as a function of the atomic number Z and of the energy
per nucleon E4, and the relation established in the previous sec-
tion linking 04(Z, Ea) to S<(Z, E»), we determined the aliphatic
C-H destruction cross section for each ion and energy of cos-
mic rays. By applying Eq. (10), we find an interstellar aliphatic
C-H destruction rate by cosmic rays Rgcg = 3.1 x 10717 57!
(correspondingto @ = 1.4), Rycr = 6.1 x 1077 s7! (correspond-
ingtoa = 1.2) and Rycr = 1.6 X 10719 57! (@ = 1.0). These
values are one order of magnitude lower than the value found by
Mennella et al. (2003). R4 cr found with the different CR distri-
bution A/y(Z) are compared in Table 4. This destruction rate as
calculated by Mennella et al. (2003) does not consider the value
of the residual C-H aliphatic content at high fluence.

(z E)) dE,. (10)

4.4. Comprehensive description of the aliphatic C-H
evolution under interstellar cosmic ray irradiation

We now describe in more detail the evolution of the interstellar
aliphatic C-H component under cosmic ray irradiation, repre-
sented by the variable p(7).

pt+dn = p(0) + dp(r)

o) + Z fdpz,EA(f)

p(1) + Z fdp”*‘o@dm
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Table 4. Comparison of the values of 7, the ionisation and destruction rates corresponding to the different cosmic ray distribution A ;4(Z).

Au(Z) distribution n Tonisation rate (s7!) Destruction rate (s™!)
a=10 a=12 a=14
GALPROP reacceleration model ~ 1.84 2.3 x 1077 1.6 x 1071 6.1x 1077  3.1x 107"
GALPROP plain diffusion model  1.76 22 %1077 1.5x 1071 59x%x 1077  3.0x 1077
Meyer et al. (1998) 2.47 3.1 x 1077 21x1071%  1.0x 1071  6.5x 107"
Simpson (1983) 3.93 4.9 x 10777 33x107%  1.6x 107"  9.9x 1077
Horandel (2008) 3.88 4.9 x 1077 32x 107 1.6x 107"  1.0x 1076
Table 5. Percentage of destruction %y at a typical cloud time scale t = Log: ‘ ‘ ‘ ‘ 1
3 x 107 yrs for the different fits adopted concerning oy and A¢/A;. R\Y ]
0.8 Y. B
Fits adopted A;/A; =0 A;/Ai: Fitl Ag/A;: Fit2 [ ]
oe:a=10 14% 21% 13% 0.6 e *
ocea=12 6% 10% 7% g [ Fit2
ocera=14 3% 6% 5% R LT
04! Fit 1
The units of STF,L are ions cm~2 (MeV/nucl)~! and this variable 0.2 ~ ~
can be expressed as a function of the cosmic ray differential flux: L E
ool o o T ]
dFy _ dN dr -4 0 200 400 600 800 1000
dEA dEA . Time (10° yr)

The equation describing the evolution of the aliphatic C-H con-
centration in interstellar materials becomes

p(t+dt) =p(r) + dt d;O(t)

d dN
with —(r)_4 pr”‘* () g & Ex) dEx.

(1)

12)

The value %(r) represents the destruction of the interstellar
C-H aliphatic component at instant ¢ by the whole distribution
of cosmic ray ions and energies. For the recombination model,
we can write

(5= if p(t) < pr(Z, En)
T\ =@ En) p0) - (555 1) i p() > pr(Z.En).

When p(?) is beyond the asymptotic value ps(Z, E), the cosmic
rays of atomic number Z and of energy per nucleon E5 do not

dpzk,
dF

participate anymore in the destruction. As a result, p7 FA ® =

for p(t) < pe(Z, Ep). The 04(Z, Ep) and pe(Z, Ep) values are cal-
culated for each ion and energy from the behaviour of irradi-
ated a-C:H samples with the stopping cross section S. (Figs. 5
and 6, respectively). The temporal evolution of the C-H aliphatic
component of the interstellar matter under cosmic ray is rep-
resented in Fig. 9. Note that the destruction rate Rycr defined

1 dp

above corresponds to the value of 5 if p follows an expo-

nential decrease with py = 0. This exponential decrease p/p; =
exp(—Rqycr - 1) (only the values of 04(Z, E5) are considered in
the previous equations, and p¢(Z, E5) = 0) is also reported in
Fig. 9 (black line) for sake of comparison. The relative destruc-
tion of the C-H aliphatic component %4 corresponding to a typ-
ical cloud time scale t = 3 x 107 years (McKee 1989; Draine
1990; Jones et al. 1994) are given in Table 5 for the different
adopted fits.

4.5. Heavy ions contribution

In the destruction rate calculation (i.e., exponential decrease
not taking into account the residual hydrogen content), the

Fig. 9. Evolution of the C-H aliphatic component of the interstellar mat-
ter under cosmic ray irradiation. The values of oy were determined from
a-C:H 1 data with @ = 1.0 (see Fig. 5). The black curve corresponds to
an exponential decrease without residual hydrogen content taking into
account (o/p; = exp(—Rycr - 1)). The red solid (fit 1) and dashed (fit 2)
curves are obtained when the asymptotic values ps/p; # 0 are consid-
ered. Values of p;/p; are determined from a-C:H 1 data and two different
fits (see Fig. 6 and text for details). The dotted vertical line corresponds
to a typical cloud time scale ¢ = 3 x 107 yr. (McKee 1989; Draine 1990;
Jones et al. 1994).

cosmic ray heavy ions contribution to ionisation and destruc-
tion are constant in time. These contributions are summarised in
Table 6.

Taking into account the residual hydrogen content after long
irradiation, the destruction caused by the contribution of ions
heavier than hydrogen and helium increases with time (see
Fig. 10). The contribution of abundant light CR elements be-
comes insignificant when the corresponding A¢/A; is reached,
and then, only heavier elements pursue the destruction. In Fig. 10
we can see that for @ = 1.0, this transition where heavy ele-
ments begin to dominate the destruction occurs after irradiation
of few hundreds of million years. This corresponds to a time
greater than or of the same order as an interstellar cloud life-
time. When @ = 1.4, heavy elements contribution is dominant
from the beginning of the CR exposure. This is the case when
« > 1.3 for the fit 1, and when a > 1.2 for the fit 2.

In every case, the contribution of heavy elements, and par-
ticularly of iron ions, is important. Although the Fe ions are
less abundant by four orders of magnitude than hydrogen in cos-
mic rays, they represent a contribution to the aliphatic C-H de-
struction by cosmic rays between 5% and 40% (with ¢ <
108 years).

4.6. Evolution of the 3.4 um feature between diffuse

and dense phases of interstellar medium

In this paragraph we discuss the contribution of cosmic rays in
the destruction of the interstellar aliphatic C-H component. This
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Table 6. Contribution of each major CR element in the abundance, ion-
isation, and destruction when A;/A; = 0 is considered.

Element Abundance Ionisation Destruction, for A;/A; =0

(%) (%) (%)
a=10 a=12 a=14
H 91.4 54.3 55.7 38.7 22.7
He 8.1 19.1 19.5 17.8 13.6
(0] 0.2 6.3 6.1 9.3 11.4
Fe 0.01 5.6 4.8 10.8 19.3

Notes. The cosmic ray elemental abundances used are those given by
GALPROP, at 100 MeV per nucleon, using the “reacceleration model”.
The contribution of different CR elements in the destruction, when
A¢/A; # 0 is considered, can be seen in Fig. 10.

o4t a =10 A/A :Fitl 04t o =10 A/A :Fit?2
1.0 1.0
—~ H s H
5 0B e 5 08 ge ]
< <
2 o6l 2 o6l 1
~ Fe N Fe
T 04f o4 T 9
o il
< <
< 0.2} < 0.2} ]
0.0 . . 0.0 . .
1 10 100 1000 1 10 100 1000
Time (10° yr) Time (10° yr)
oqta =14 A/A :Fit1 oqta =14 A/A :Fit2
1.0 " . 1.0 . :
~ H s H
5 0Bl e 5 08 ge ]
< <
2 o8l 2 o6l 1
~ Fe ~ Fe /_/
04l F/ o4 1
s )
< - <
< o0.2f p < o0.z2f ]
R —
0.0 ‘ L 0.0 ‘ ‘
1 10 100 1000 1 10 100 1000
Time (10° yr) Time (10° yr)

Fig. 10. Variation of %(Z) / %, the part of the destruction caused by el-
ement of atomic number Z at instant #, as a function of the time for the
few major cosmic ray elements. The dotted vertical lines correspond to
a typical cloud time scale t = 3 x 107 yr. (McKee 1989; Draine 1990;

Jones et al. 1994).

will be compared to the interstellar destruction by UV photons,
and to the formation by H atoms exposure. These processes are
confronted in the different environments of the ISM. The exami-
nation of the diffuse and dense interstellar regions will show the
need to consider the intermediate regions, too. This discussion is
summarised in Table 7.

As shown in Fig. 9, the characteristic destruction time #4 cr
of the interstellar 3.4 ym absorption feature by cosmic rays is of
few 10® years, a time greater than the typical lifetime of inter-
stellar clouds fqoug = 3 % 107 yr. Moreover, by considering in
an astrophysical model the asymptotic values at infinite fluence
Ar # 0, we found that, even at a longer time, the destruction by
cosmic rays is not total (after 1 x 10° yr, the destruction did not
go further than 65%). These results are valid for both the diffuse
and dense interstellar medium because the CR flux is the same
in both regions. This clearly confirms that cosmic ray irradiation
cannot be the only process responsible for the 3.4 um absorption
feature disappearance in the dense interstellar medium.

Indeed, when they are present, the UV photons dominate
the destruction. The destruction of C-H bonds by UV irradi-
ation has been studied by Muifioz Caro et al. (2001) in hydro-
carbon molecules and by Mennella et al. (2001) in hydrocarbon
grains. They found a destruction cross section oquyy = 1.0 X
107! cm?/photon. They also found that this dehydrogenation
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process is still efficient with a thin ice layer, without apparent
modification of oy yy.

4.6.1. Diffuse interstellar medium

In diffuse clouds, an interstellar radiation flux of about 8 X
107 photons cm=2 s~ (Mathis et al. 1983), combined with og v
found by Mennella et al. (2001), gives a characteristic destruc-
tion time by exposure to UV radiation tgfg‘{;“e = 4 x 103 years,
a time much shorter than for the destruction by cosmic rays. The
destruction of the interstellar 3.4 um feature in diffuse medium
is thus most probably caused by the UV field in these regions
rather than by CR interactions. The ubiquitous presence of the
aliphatic 3.4 um feature in the diffuse interstellar medium re-
quires an efficient formation mechanism in these regions to bal-
ance the destruction by UV and cosmic rays, possibly by expo-
sure to atomic hydrogen (Mennella et al. 1999, 2002; Mennella
2006). Mennella (2006) found a cross section of C-H bond for-
mation by exposure to H atoms oy = 1.7 x 1078 cm?/H atom
for a temperature of 100 K of H atoms in diffuse clouds (this
cross section decreases when the temperature drops). A flux
of 8 x 10° H atoms cm™2 s~! in diffuse clouds (Sorrell 1990)
corresponds to a characteristic formation time in diffuse clouds
t‘fiﬁuse = 2 x 10% yr. Thus, in diffuse clouds, the evolution of the
interstellar 3.4 um absorption feature is governed by its forma-
tion due to exposure to H atoms, and its destruction mainly due
to UV irradiation. The resulting balance between formation and
destruction is in favour of the formation in these diffuse regions.

4.6.2. Dense interstellar medium

In dense molecular clouds, the 3.4 um feature with a profile as-
sociated with the methyl and methylene substructures, which is
characteristic of diffuse ISM hydrocarbons, is not observed. This
3.4 um band with substructures must not be confused with the
featureless broad band at 3.47 um that is seen in dense clouds,
and whose the optical depth is correlated with the water ice one.
Observations with high signal-to-noise ratio show that the upper
limit on the 3.4 um optical depth in dense clouds is low. It sug-
gests that the carriers of this band are absent from these regions,
or at most present in very small quantities.

In dense clouds, the 3.4 um feature formation process is im-
peded by several factors: (1) most of the hydrogen is in molecu-
lar form, the flux of H atoms is reduced by two orders of magni-
tude compared to diffuse ISM. (2) Dust grains in dense regions
are expected to be covered by an ice layer that prevents the
hydrogenation of the material by H atoms. (3) The formation
cross section for a temperature of 10 K of H atoms in dense
clouds is expected to be three orders of magnitude lower than
for the H atom temperature in diffuse clouds (Mennella 2006).
Therefore, the methyl and methylene aliphatic C-H formation
process probably remains ineffective in dense regions, while the
destruction by cosmic rays still proceeds (the presence of an ice
layer does not seem to affect the destruction cross section by CR
as shown by Mennella et al. (2003)).

Recently, another hypothesis concerning the exposure to
H atoms in dense clouds has been proposed in Mennella (2008)
and Mennella (2010). He exposed carbon particles covered with
a water ice layer to H atoms. These experiments, under sim-
ulated dense ISM conditions, result in no observed formation
of aliphatic C-H bonds in the CH, and CHj3 functional groups
(i.e., those responsible for the 3.4 um absorption feature ob-
served in diffuse ISM), but a large absorption band around
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Table 7. Synthetic table giving the characteristic times of destruction and formation processes of the aliphatic hydrogenated carbon component in
the different phases of the interstellar medium.

Interstellar phase Diffuse Interface ¢ Dense

N

1074 0.01 1 Av .

Ice coated grains
Bare grains H
H2
4
10~ Av 0.01 1

Visual extinction Ay (mag) <10 1074-1 >1
Density n(cm™) 1-100 10>-10* 10*-108
Energy deposited UV > CR UV(R induced ~10 X CR?
Atomic or molecular hydrogen H> H, H<H, H < H,
Dynamical time fagn (years) 108¢ <1074 ~few 107¢
Destruction time by CR tacr (years) 10% 108 108
Destruction time by UV photons  #,yy (years) 4 x 103/ 24.10° exp(Ay) 21079
Formation time by atomic H trn (years) 2 x 103" less efficient than in diffuse ISM inefficient?
Destruction/Formation Efficient formation Efficient destruction? Slow destruction

Notes. The destruction and formation characteristic times can be compared to the dynamical time, i.e., the approximate time spent in each of
these phases.  The figure is adapted from Le Petit et al. (2006). The blue zone emphasises the transition zone between atomic and molecular
hydrogen. ® The local UV field induced by cosmic rays deposits more energy than cosmic rays themselves (Shen et al. 2004). However, because
the penetration depth of photons is smaller, the ice mantles are more UV processed, whereas the internal part of grains is dominated by cosmic ray
energy deposition. © E.g., Jones et al. (1994).  E.g., Goldsmith et al. (2007); Glover & Mac Low (2007). © McKee (1989); Draine (1990);
Jones et al. (1994); Tassis & Mouschovias (2004); Mouschovias et al. (2006); Elmegreen (2007). ¢ Mennella et al. (2001) (cquv = 1.0 X
107! cm?/photon), Mathis et al. (1983) (interstellar radiation flux of about 8 x 107 photons cm™2 s7!). @ Mennella et al. (2001) (oquy =
1.0x107" cm?/photon), Prasad & Tarafdar (1983) (flux of internal UV field due to CR of 103—10* photons cm™~2 s™!). This results in a characteristic
destruction time by an internal UV field of 107-10% yr. Once the ice mantles appear on the dust grains (Ay 2 3, (Whittet et al. 1988; Smith
et al. 1993; Murakawa et al. 2000)), the refractory material is partly protected from the UV via the photochemical interaction in these mantles.

™ Mennella (2006) (g = 1.7 x 107'® cm?/H atom), Sorrell (1990) (flux of 8 x 10° H atoms cm™2 s~! in diffuse clouds).

@ See the first two paragraphs of Sect. 4.6.2 for details.

3.47 um appears in the IR spectrum. He assigned this band to
the C-H stretching vibration of tertiary sp® carbon atoms and
proposed that the interstellar aliphatic 3.4 ym band observed in
diffuse regions becomes the 3.47 um in dense clouds after inter-
stellar processing.

Although the 3.4 um feature destruction prevails in dense in-
terstellar medium, this work shows that cosmic rays alone cannot
account for its apparent disappearance within the cloud lifetime.
The galactic UV field cannot penetrate the dense clouds and
thus cannot account for an additional destruction. Interestingly,
the interaction of galactic cosmic rays with the interstellar
medium creates an internal UV field owing to CR-induced
H; fluorescence (Prasad & Tarafdar 1983). The corresponding
flux is estimated to be of about 10°~10* photons cm™2 s~!. The
related destruction time is ~107—108 years. Above a certain Ay,
when ices appear, a majority of these UV photons is proba-
bly absorbed by the ice layers and does not affect the aliphatic
C-H component. In dense clouds, the destruction time by inter-
nal UV field is thus longer than ~107—108 years, except when the
ice does not cover the dust grains yet, i.e. for Ay < 3 (Whittet
et al. 1988; Smith et al. 1993; Murakawa et al. 2000). In this

case, the effect of UV induced by CR can be 10 times greater
than that of CR themselves. This internal UV field is thus a non
negligible indirect destruction process induced by cosmic rays,
but still does not seem to be enough to account for the entire
(or almost entire) 3.4 um destruction.

4.6.3. Interface between diffuse and dense regions

It seems that the disappearance of the 3.4 um absorption band
does not occur in either dense molecular clouds or in the
diffuse ISM, but rather in intermediate regions, such as translu-
cent clouds and photon dominated regions. In these interstel-
lar phases, the recombination of H atoms into molecular hydro-
gen occurs and the atomic hydrogen quantity begins to decrease
for visual extinction Ay ~ 107*—1073 (Le Petit et al. 2006).
The lower abundance of H atoms makes the “rehydrogenation”
become less efficient in these regions, with a characteristic for-
mation time that is probably much longer. The external UV field
decreases as exp(—k Ay). As shown in Table 7, between Ay ~
1073 and Ay of a few magnitude units, the atomic hydrogen
quantity is lower than in diffuse ISM, and the UV flux is still
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intense to dehydrogenate the 3.4 um feature carriers. In these
regions, the destruction of this component should be efficient
enough to make the 3.4 um feature disappear in dense regions.
Unfortunately, in these regions at the interface between diffuse
and dense ISM, observations would not easily provide additional
constraints on this scenario because an eventual 3.4 ym absorp-
tion feature would be masked by other strong emission features.
Mennella et al. (2001, 2003) have proposed the material circu-
lation in the dense cloud (only 1% of the cloud lifetime in the
cloud edges is necessary to process the dust by external UV field)
or the penetration of the external UV field in filamentary struc-
tures as alternative possible explanations.

5. Conclusion

We have performed experiments of irradiation by energetic ions
of carbonaceous interstellar analogues (a-C:H and soot). The
progressive dehydrogenation of the materials induced by the ir-
radiations was measured through the monitoring of the aliphatic
C-H vibration bands in the near- and mid-infrared. The topic
has been previously investigated by Mennella et al. (2003) us-
ing low-energy ion irradiation (30 keV He ions) coupled to an
extrapolation. In this study, we went beyond by addressing in
particular the following points: (i) different elements and ener-
gies were used, allowing us to explore a wide range of electronic
stopping cross sections, comparable to those of cosmic rays.
(ii) The recombination model, which explains the observed de-
hydrogenation through the molecular recombination of two lib-
erated hydrogen atoms in the bulk of the irradiated material,
was used to extract the characteristic C-H destruction parame-
ters (destruction cross section and residual hydrogen content at
high fluence). (iii) The behaviour of these parameters with the
electronic stopping cross section was deduced from our exper-
iments. (iv) In particular, the observed residual hydrogen con-
tent at infinite irradiation dose, in agreement with the recombi-
nation model, were taken into account in our analysis, and we
found that the corresponding recombination volumes are related
to the electronic stopping cross section by a linear expression.
These results were used to infer the effect of cosmic rays on
the interstellar aliphatic C-H component. (v) Although a-C:H
and soot samples have a different structure and hydrogen con-
tent, no significant difference in the destruction parameters was
observed, suggesting that a slightly different material than our
a-C:H samples as carrier for the 3.4 ym band would not modify
these results.

We showed that the destruction of aliphatic C-H bonds by
cosmic rays occurs in characteristic times of few 10% years
and is not complete even at longer time scales. The contri-
bution of heavy elements (of the iron element in particular)
to this destruction is important. We compared these results
to the processing by UV photons and H atoms in the differ-
ent interstellar phases. As shown by Mennella et al. (2003),
in the diffuse ISM the destruction by cosmic rays is negligible
compared to the destruction by UV radiation. The hydrogenation
by H atoms exceeds the dehydrogenation (mainly by UV pho-
tons) in these regions, which explains the 3.4 um band obser-
vations. In dense clouds, the formation by H atoms exposure
is ineffective, the galactic UV field cannot penetrate, and only
destruction by cosmic rays (directly and indirectly through the
created internal UV field) can process the dust grains. However,
the diffuse ISM 3.4 um band is not observed in dense regions and
the cosmic rays only cannot account for this disappearance. We
conclude that the destruction (or modification) of the interstellar
aliphatic C-H component most probably occurs in intermediate
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regions, where UV and cosmic ray destruction dominate the for-
mation by hydrogen atoms.

The irradiation of interstellar dust by cosmic rays is not the
most efficient process to dehydrogenate, but cosmic rays are al-
most never shielded, and this processing is thus present in all in-
terstellar regions. To fully understand the evolution of interstellar
dust under this energetic processing, some work still needs to be
done. In the experiments presented here, we took care to irradi-
ate our samples with low fluxes to avoid heating the materials.
Even if the temperature effect should not be major, it would be
interesting to perform these experiments in conditions closer to
those of the interstellar medium, i.e., at low temperature (the hy-
drogen mobility decrease could influence the value of the de-
struction parameters). The destruction effect of secondary elec-
trons (created by the cosmic rays) was not taken into account
in this work. These low-energy electrons (~30 eV) have a short
projected range. In dense regions, they are stopped in the ice
mantles, and only alter the surface of dust grains in diffuse re-
gions. Even if only a small fraction of the dust in diffuse medium
is affected, it would be interesting to explore the effect of these
secondary electrons. The recombination model we used to de-
scribe the dehydrogenation process is valid when the interac-
tion of the ion can be considered to be continuous along the
track in the material. This could not be the case for ions with
low stopping power. More irradiation experiments with high flu-
ence of these ions would allow to check if a different regime oc-
curs at low S.. Moreover, we only discuss the destruction of the
aliphatic C-H bonds, but we saw the variation of other IR bands
under ion irradiation. Another step in the study will explore these
variations, which should give us information about the structural
modifications induced by ion irradiation.
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Appendix A: The exponential fit

Alternatively, the hydrogen concentration decrease seen through
IR absorption bands or other analysis methods can also be fit-
ted assuming a first-order kinetic process (Mennella et al. 2003;
Pawlak et al. 1997), with an exponential function and an added
constant representing the aliphatic feature residual intensity at
high ion fluences. This fit equation is
p=pt + (pi—ps) exp(= oq F1). (A.1)
The corresponding rate equation for the hydrogen density as a
function of the ion fluence is

(-5
—oqp|l1-=]
o

This equation can be used with the IR feature integrated optical
depth A instead of the hydrogen concentration p of the material.
It is a simply phenomenological function that does not result
from a model.

iF = (A2)
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Table C.1. Results of ion irradiation experiments obtained with the exponential fits.

Sample Ton E Se T4 At /A; 1/p¢
(MeV)  (MeV/(mg/cm?)) (cm?) (A%
a-C:H 1 H* 10 4.580 x 1072 (0.05)1.9(3.5) x 10716 - -
a-C:H 1 H* 10 4.580 x 1072 (0.7)3.2(7.0) x 10717 (0.00)0.72(0.83) >21
a-C:H1 He* 20 3.207 x 107! (0.4)3.8(5.3) x 1071° - -
a-C:H 1 H* 0.2 7.092 x 107! (0.8)2.6(5.5) x 1071 (0.26)0.56(0.64)  (28)32(69)
a-C:H 1 Co* 91 2.07 (3.7)9.4(17) x 10716 (0.29)0.45(0.50)  (35)40(61)
a-C:H 1 c* 50 3.274 (1.5)3.4(6.1) x 1075 (0.42)0.52(0.56)  (32)34(42)
a-C:H1 Si’™* 85 15.91 (1.6)3.6(5.7) x 107'*  (0.21)0.30(0.31)  (58)59(82)
a-C:H1 Ni™* 100 46.98 (1.2)2.1(2.9) x 10713 <0.45 >40
a-CH1 1 160 89.33 (2.6)4.6(7.2) x 10713 (0.24)0.31(0.36)  (50)57(72)
a-C:H2 He* 20 3.207 x 107! <1.0x 1071 - -
a-C:H2 C°* 91 2.07 (1.0)1.93.1) x 10 (0.56)0.63(0.68)  (26)28(32)
a-CH2 I'* 160 89.33 (1.3)6.1(18) x 10713 (0.00)0.54(0.71) >25
Soot H* 10 4.109 x 1072 (0.2)2.8(7.2) x 1071 (0.00)0.65(0.67) >26
Soot c* 50 2.864 (0.9)8.3(19) x 10713 (0.00)0.64(0.68) >26
Soot Si’* 85 13.7 (1.6)4.2(6.8) x 10°'*  (0.16)0.31(0.33) >55
Soot Ni%* 100 39.35 (0.9)1.93.3) x 103 (0.31)0.39(0.40) >45

Notes. The aliphatic C-H destruction cross section o, the relative asymptotic optical depth A¢/A;, and 1/ps are given (see text for explanation).

The extreme values of each parameter are given between parenthesis.

T T
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Fig. B.1. Comparison between the two different best fits of the hydrogen
release induced by ion irradiation. This example corresponds to irradi-
ation by 85 MeV Si’*.

Appendix B: Comparison of the recombination
model with the exponential fit

We performed the two kinds of fit with our data, based on
Egs. (2) and (A.1), using o4 and ps as adjustable parameters.
For all experiments, the best fit based on the bulk molecular re-
combination (Eq. (2)) has a value of 2 lower or equal to the one
corresponding to the best fit using Eq. (A.1). Therefore, even if
the fits using Eq. (A.1) agree well with the experimental data,
Eq. (2) provides a better representation of hydrogen concentra-
tion in the irradiated films than Eq. (A.1) (see a comparison
of the two different best fits determined with each method in
Fig. B.1). This is why we use the recombination model results in
this article.

The uncertainties on the hydrogen release cross section de-
termined by Eq. (2) are greater than those determined with
Eq. (A.1) because o4 is more dependent on the value of pr in
Eq. (2) than in Eq. (A.1). To reduce these uncertainties, it would
be necessary to determine the asymptotic behaviour more pre-
cisely and thus irradiate with fluxes that are too high (very far

Table C.2. Values of the o fit parameters from Eq. (5).

Material a K

a-C:H 1.3(x0.3)  1.0(x0.4)10715
Soot 1.0(x0.3)  4.0(+2.3)107%

Notes. K is given in cm>~2* MeV™® mg” units. o are obtained from the
exponential fits.

from the interstellar one, and that induce heating of the sample)
or during times that are far longer. Such a long time was not
possible to reach within the available time on the ion irradiation
facility.

Appendix C: Aliphatic C-H destruction parameters
determined by the exponential fit

The obtained destruction cross section oy, relative final hy-
drogen content A¢/A;, and corresponding volume 1/p; values
obtained for the different experiments with the exponential fits
are reported in Table C.1. The obtained oy values are plotted as
a function of S in Fig. C.1, for a-C:H and soot samples. As with
the recombination model, oy increases with S. as a power law,
and this correlation can be fitted by Eq. (5). The correspond-
ing values of @ and K are given in Table C.2 for a-C:H and
soot. The oy values obtained with the exponential fit are slightly
higher than those obtained with the recombination model, but
the @ possible values obtained with the exponential fit agree with
those obtained with the recombination model.

In Fig. C.1 we also represented o4 values obtained with
the exponential fit for a-C:H from data found in the litera-
ture (Adel et al. 1989; Baptista et al. 2004; Baumann et al.
1987; Fujimoto et al. 1988; Gonzdlez-Herndndez et al. 1988;
Ingram & McCormick 1988; Marée et al. 1996; Mennella et al.
2003; Pawlak et al. 1997; Prawer et al. 1987; Som et al. 2005,
1999; Zou et al. 1988). In the article of Pawlak et al. (1997),
many o4 have been calculated with exponential fits, but data of
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Fig. C.1. Aliphatic C-H destruction cross section o4 obtained with the
exponential fit as a function of the electronic cross section S, for the
different ion/energy irradiation of our a-C:H (filled dots for a-C:H 1,
and squares for a-C:H 2) and soot (black asterisks) samples. Cross sec-
tions calculated from data of different a-C:H irradiation studies are rep-
resented with blue diamonds (Adel et al. 1989; Baptista et al. 2004;
Baumann et al. 1987; Fujimoto et al. 1988; Gonzélez-Hernandez et al.
1988; Ingram & McCormick 1988; Marée et al. 1996; Mennella et al.
2003; Pawlak et al. 1997; Prawer et al. 1987; Som et al. 2005, 1999;
Zou et al. 1988). See text for details.

the hydrogen depletion as a function of the fluence does not ap-
pear for most of these experiments. These data appear thus with-
out error bars in Fig. C.1. As in Fig. 4, we did not plot results
with §,/S. > 0.5, ord/R, > 0.9.
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