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ABSTRACT
Methane (CH4) ice is found in the interstellar medium and in several bodies of the Solar system,
where it is commonly exposed to cosmic rays and stellar winds. The chemical, physical and
structural effects induced by fast heavy ions in thin layers of pure CH4 ices at 15 K are
analysed by mid-infrared spectroscopy (Fourier transform infrared). Different pure CH4 ice
samples were irradiated with 6 MeV 16O2 +, 220 MeV 16O7 +, 267 MeV 56Fe22 + and 606 MeV
70Zn26 + ions at Grand Accélérateur National d’Ions Lourds/France. Results show that CnHm

molecules, where n = 2–4 and m = 2(n − 1) to 2(n + 1) and radical species CH3, C2H3 and
C2H5 are formed. The destruction cross-sections of CH4 ice and the formation cross-sections
of new molecules CnHm are reported. The extrapolation of current results allow us to estimate
the half lives of CH4 ices in the interstellar medium and the Solar system (Earth orbit) as about
600 × 106 and 600 yr, respectively. This huge ratio strongly suggests that the vast majority of
chemical or even biochemical processes induced by ionizing radiation occur close to stars.

Key words: astrochemistry – methods: laboratory – techniques: spectroscopic – circumstellar
matter.

1 IN T RO D U C T I O N

Methane (CH4) is an astromolecule observed in solid phase in many
bodies of the Solar system, such as Triton (Cruikshank et al. 1993),
Pluto (Owen et al. 1993) and planetary-sized Kuiper Belt objects
(Brown, Trujillo & Rabinowitz 2005; Licandro et al. 2006), in gas
phase in the atmospheres of the Jovian planets and in liquid phase
in Titan (McKay et al. 1997). This molecule has also been observed
in comets (Mumma et al. 1996), indicating that it is possibly abun-
dant in Oort cloud objects (Gibb et al. 2003). Recently, CH4 was
detected in the atmosphere of an extrasolar planet (HD 189733b,
Swain, Vasisht & Tinetti 2008). Since its first detection in the inter-
stellar medium (ISM) in the early nineties (Lacy et al. 1991), solid
and gaseous CH4 has been observed in galactic star-forming regions
and towards several young stellar objects embedded in molecular
clouds. It has been confirmed that it is one of the most abundant
molecules in the H2O-rich icy mantles coating dust particles, in con-
centrations of 2–5 per cent with respect to H2O (Boogert et al. 1996;
Boogert, Blake & Öberg 2004; Gibb et al. 2004; Öberg et al. 2008,
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2011). In these environments, CH4 is likely to be formed mainly
via sequential hydrogenation of the C atom on grain surfaces, rather
than in the gas phase with subsequent condensation (in contrast to
e.g. CO). CH4 formation may occur simultaneously with the for-
mation of H2O, CO2 and NH3, during the early stages of the cloud
collapse (e.g. Tielens & Hagen 1982). This hypothesis has been
corroborated by the observational surveys referenced above, which
show strong correlations between the measured concentrations of
CH4 and these molecules in the icy mantles for a wide variety of
objects. Interstellar dust containing condensed CH4 is continuously
modified by physicochemical processes, such as heating, radiolysis
(cosmic rays and stellar winds) and photolysis (UV and X-rays).
In particular, CH4 seems to be the precursor for the formation of
dark carbonaceous material as it is exposed to high-energy parti-
cles and photons (Calcagno, Foti & Strazzulla 1985; Dartois et al.
2005). Laboratory simulations of ices bombarded with MeV heavy
ions may help to understand phenomena such as sputtering, forma-
tion and destruction of molecular species in interstellar icy mantles.
This work complements our previous analysis of the bombardment
of pure CH4 ice at 15 K with 220 MeV 16O7 + ions (de Barros
et al. 2011b). Pure CH4 was bombarded with three different ion
beams, covering a wide stopping power range. The irradiated ice
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Table 1. Beam energy, initial and final column density values, final fluence, ice thickness, electronic stopping power (Se), total energy loss in ice and
the final dose for CH4 (based on the 4202 cm−1 band) for each experiment analysed in this work. The NV corresponds to virgin ices at 15 K, using
A-value = 0.36 × 10−18 cm molecule−1.

Beam Energy NV Nfinal Ffinal Thickness Stopping power Energy loss Dose absorbed
(MeV) ×1018 ×1018 ×1013 ×10−4 (eV 10−15/ (MeV/ion) (eV/molecule)

(molecules cm−2) (molecules cm−2) (ions cm−2) (cm) molecules cm−2)

16O2 + 6.0 2.2 1.0 2.2 1.5 491 1.1 11
16O7 + 220 2.5 2.2 4.3 1.7 76.1 0.24 3.3
56Fe22 + 267 2.2 0.55 1.5 1.5 1136 2.5 17
70Zn26 + 606 3.0 1.2 1.2 2.0 1040 3.1 12

samples are analysed by Fourier transform infrared spectroscopy
(FTIR), which allows monitoring the column densities of CH4 and
of the radiolysis products as a function of fluence. Destruction and
formation cross-sections are derived from the data for CH4 and the
main products using a simplified kinetic model.

2 EX P ERIM ENTA L

The experimental set-up has been described previously by Seperuelo
Duarte et al. (2009) and de Barros et al. (2011b). In the centre of a
high vacuum chamber, at 10−8 mbar, a closed-cycle helium cryostat
keeps the Cs I substrate at 15 K. The ice target was prepared by
depositing CH4 during 1 min through a 4 mm diameter tube, placed
perpendicularly to the substrate. The distance between the tube
extremity and the substrate was 10 mm.

The samples were irradiated by 6 MeV 16O2 +, 220 MeV 16O7 +,
267 MeV 56Fe22 + and 606 MeV 70Zn26 + ion beams, correspond-
ing to E/m = v2/2 ∼ 0.4, 14, 5 and 9 MeV/nucleon, respectively.
Two beam lines of the heavy ion accelerator Grand Accélérateur
National d’Ions Lourds (GANIL), Caen -France, have been used:
IRRSUD (IRRadiation SUD), a low-energy terminal, and SME
(Sortie Moyenne Energie), a medium-energy facility. The beams
impinged perpendicularly to the sample at constant beam flux
of 1 × 109 ions cm−2 s−1 up to a final fluence from (1.2–
4.3) × 1013 ions cm−2 (see Table 1). A Nicolet Magna 550 FTIR
Spectrometer running in transmission mode perpendicular to the

sample surface was used. Each spectrum was acquired by 256
scans from 5000 to 600 cm−1 (2–16.7 μm) with a resolution of
1 cm−1.

The focused beam diameter is approximately 1 mm, but a sweep-
ing device assures a homogeneous irradiation of the sample surface
(of the order of 1 cm2). The sample is thin enough for cross-sections
to be considered constant inside the ice. The dose absorbed by CH4

molecule at the end of irradiation is displayed in Table 1. These
values were calculated using the stopping power determined with
the SRIM code (Ziegler, Biersack & Littmark 1985) for each beam
(Table 1). The same table also contains the variation of column
density (molecules cm−2) and the final fluence in each irradiation
in ions cm−2 for all four beams.

3 R ESULTS

The overall effect of irradiation on CH4 by 6 MeV oxygen ions is
illustrated in Fig. 1. Relevant sections of the FTIR spectra acquired
before and after irradiation are compared. A typical virgin CH4

FTIR spectrum (Fig. 1, bottom line) is similar to those obtained
previously by Gerakines, Schutte & Ehrenfreund (1996), Moore &
Hudson (1998), Kaiser & Roessler (1998), Bennett et al. (2006), de
Barros et al. (2011b). The initial column density of the CH4 before
irradiation was NV = (2.24 ± 0.05) × 1018 molecules cm−2. This
value corresponds to the virgin ice and should not be confused with
N0 = (2.32 ± 0.05) × 1018 molecules cm−2, the extrapolated initial

Figure 1. Comparison of FTIR spectra of the 15 K CH4 ice, before (bottom line) and after irradiation (upper line) by the oxygen 6 MeV beam. The peaks
corresponding to ν3 and ν4 are out of scale.
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Figure 2. Data relative to 6 MeV 16O beam. (a) Comparison of the CH4

column density evolutions obtained from the analysis of seven IR transi-
tions normalized to the band 4202 cm−1. (b) Zoom for low fluences, where
differences among the column density values are more accentuated. (c) De-
pendence of Ak(F) on beam fluence; the bands 4115, 2512 and 2905 cm−1

were eliminated from analysis. The Ak(F) for the 4202 cm−1 band is taken as
reference (AREF = 0.36). These results are consistent with previous results
220 MeV oxygen (de Barros et al. 2011b).

column density, which was determined by measuring the area of
the ν1 + ν4 vibration mode band at 4202 cm−1 for several fluences
(see Fig. 2b and Section 3.2). The Lambert–Beer equation was used
for each spectrum on an optical depth scale, details in de Barros
et al. (2011b). For the ν1 + ν4 band, we used A = 3.6 × 10−19 cm

molecule−1 (Brunetto et al. 2008; de Barros et al. 2011b) which has
been selected as reference for irradiated CH4 ices. The CH4 ice layer
thickness of (1.5 ± 0.10) μm has been determined by assuming a
molar mass equal to 16.042 g molecule−1 a density of 0.403 g cm−3

(Brunetto et al. 2008) (Table 1). Fig. 1 (top line) shows the profiles
of the fundamental bands of the CH4 pure ice film after irradiation,
which are consistent with that of the crystalline phase II structure
(Pearl et al. 1991).

3.1 Identification of CH4 IR bands

Although twenty-one CH4 bands have been identified (Table 2),
the evolutions of only ten were followed (Fig. 2c) and seven were
considered for analysis due to small contamination by other fea-
tures. They are: (i) the fundamental deformation mode (ν4) cen-
tred at 1300 cm−1; (ii) three vibration combination bands: (ν3 +
ν4), 4300 cm−1, (ν1 + ν4) at 4202 cm−1 and another (ν2 + ν4) at
2815 cm−1; (iii) a second fundamental stretching peak (ν3) centred
at 3009 cm−1; (iv) the 3ν4 mode at 3846 cm−1 and (v) the (ν2 + ν3)
mode at 4528 cm−1 (see Figs 1 and 2). The CH4 column density
dependence on oxygen beam fluence is presented in Fig. 2 for the
seven selected CH4 bands. The simultaneous analysis of the differ-
ent bands is useful for obtaining the correct relative column density
values. This procedure allows us to (i) examine possible saturation in
the detector, (ii) check whether other species contribute to the anal-
ysed peak and/or (iii) observe a possible phase transition. Moreover,
the internal normalization provides consistency among the A-values
of the seven bands. From this analysis, the band 4202 cm−1 was se-
lected as the reference feature for the column density calculations
(see Section 3.2.2).

Table 2. Absorption wavenumbers (cm−1), assignments and A-values
(×10−18 cm molecule−1) of CH4 molecules in 15 K ice bombarded by
an oxygen 6 MeV with a fluence of 2.2 × 1013 ions cm−2. The A-values not
in bold were obtained by normalization of N(F) (see Section 3.2.1).

Wavenumber Assignment A-value Reference
literature This work

4527 4528 ν2 + ν3 0.07 1,4
4325 4327 ν3 + ν4 – 1,3,4
4313 4314 ν3 + ν4 – 1,3,4
4300 4300 ν3 + ν4 0.43 1,2,3,4,6
4284 4283 ν3 + ν4 – 4,5
4209 4209 ν1 + ν4 – 1,2,4
4202 4202 ν1 + ν4 0.36 1,2,3,4,6
4114 4114 2ν4 + ν2 0.013 1,4
3890 3890 2ν4 + ν

′
4 – 1

3846 3846 3ν4 0.035 1,4
3055 3055 ν3 + L – 1,5
3019 3020 ν3 – 1,5
3009 3009 ν3 10.5 1,2,3,6
2905 2905 ν1 0.006 1
2831 2831 ν2 + ν4 – 1,3
2815 2815 ν2 + ν4 0.26 1,2,6
2611 2614 2ν4 – 1
2592 2592 2ν4 0.019 1
1582 1582 ν2 – 5
1348 1348 ν4 + L – 1
1300 1300 ν4 7.76 1,2,6

Reference: (1) Khanna & Ngoh (1990), (2) Pearl et al. (1991), (3) Bohn et al.
(1994), (4) Dartois, Deboffle & Bouzit (2010), (5) Bennett et al. (2006) and
(6) de Barros et al. (2011b).
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The effect of this normalization is presented in Fig. 2(a) for the
whole fluence range and in Fig. 2(b) for the low-fluence region. It
is observed that all the curves have approximately the same slope at
high fluence, showing that the corresponding column densities are
proportional to that of the 4202 cm−1 band. In contrast, this is not the
case for low fluences where trends are different. It appears that: (i)
the structure of ice changes mainly at the beginning of irradiation;
(ii) the A-value for a virgin ice is not the same as that for a high-
fluence regime when the ice phase is already stable under irradiation
and (iii) the relative variations in the A-value for distinct IR bands of
the same precursor are different from each other in the low-fluence
region. Briefly, data suggest that, besides the dissociative action of
the projectiles, structural changes occur in the ice either because
ice compaction is occurring and/or the formation of new chemical
species is able to modify the optical properties of the CH4 ice.
Distinct bands react differently to the structural changes in the ice
(Fig. 2b).

In Table 2, the band positions, assignments and characterization
of all the selected vibration modes of CH4 daughters are displayed
for the pure CH4 ice. Similarly to what was reported by Ehrenfre-
und et al. (1996) a very small initial contamination by CO2 (ν3 −
2346 cm−1), CO (2138 cm−1) and H2O (3255 cm−1 band is also
observed.

3.2 Precursor molecule column density determination

In order to obtain the best A-values, which may change with the ice
temperature and crystalline phase, two requirements were imposed
upon the values available in the literature: (i) consistency of relative
values for the distinct bands of the same molecular species; (ii)
consistency of relative values between parent and daughter species.

3.2.1 CH4

For the current CH4 data, the two above conditions revealed prob-
lems with the A-values reported in the literature. To find coher-
ent A-values, the column densities of all CH4 transitions were
normalized to the bands 4300, 3009, 2815 and 1300 cm−1 over
the high-fluence region (F = 0.6 to 2.2 × 1013 ions cm−2), as-
suming that the A-values reported by Brunetto et al. (2008) and
de Barros et al. (2011b) are the correct ones, i.e. (0.43, 10.5, 0.26
and 7.76) × 10−18 cm molecule−1, respectively. The other bands,
4528 and 3847 cm−1, have been normalized by the same procedure
as that reported by de Barros et al. (2011b), obtaining the values:
(7.2 and 3.5) × 10−20 cm molecule−1, respectively. Equation (1)
was used for the calculation of Ak(F), defined as the A-value for
fluence F, i.e. taking into account the changes in the ice structure
due to ion bombardment. Results are presented in Fig. 2(c) for the
whole fluence range. The A-value as a function of fluence, using
as reference arearef of the 4202 cm−1 band and considering Aref =
0.36 × 10−18 cm molecule−1 defined as

Ak(F ) = areak(F )

arearef(F )
Aref . (1)

All the Ak(F) curves levelling off can be used to determine the
A-value; the ones that are not constant when F varies indicate peak
overlapping. An example is the 1528 cm−1 band whose area in-
creases constantly. The bands 2815 and 2905 cm−1 show the oppo-
site behaviour since their area decrease very fast with the increasing
fluence. Explanations may be: (i) ice structure change due to pro-
gressive destruction of phase II of CH4 (Khanna & Ngoh 1990); (ii)
baselines change with the fluence and (iii) particular perturbation

due to the appearance of new compounds. It can be seen in Fig. 2(a)
that the corresponding column densities are proportional to that of
the 4202 cm−1 band.

3.2.2 H2O

Fig. 1 shows that H2O molecules are inexistent in the CH4 ice at the
beginning of irradiation, but intense water bands (3250, 1650 and
760 cm−1) were seen at the end of the experiment. Their origin is
attributed to atmospheric air leaking and to condensation of residual
water. The H2O layering is discussed in Section 3.3.4.

3.3 Daughter molecule column densities

The positions, assignments and A-values for the daughter molecular
species produced by irradiation of the CH4 ice are displayed in
Table 2. Data for them are scarce, and we adopted those available
in the literature. In the case of disagreement in the column density
determination, when two bands are considered, a normalization to
a reference band at F = 2.2 × 1013 ions cm−2 was carried out,
following the previous procedure for the CH4 analysis (de Barros
et al. 2011b). The bands taken as reference are in bold face in
Table 2.

3.3.1 Abundant daughter molecules: C2H6, C2H4 and C2H2

Three C2H2n stable daughter species appeared during irradiation:
C2H6, C2H4 and C2H2. The C2H6 molecule is the most abundant
daughter species formed; identification was done through its ν12,
ν11, ν6, ν5 and ν10 vibrations at 821 (Kaiser & Roessler 1998), 1463
(Moore & Hudson 1998; Kaiser & Roessler 1998), 1375, 2884,
2975 cm−1 (Kaiser & Roessler 1998), respectively (see Fig. 3).

C2H6: the A-values for C2H6 bands displayed in the last column
of Table 3 were determined from the normalization to the band
821 cm−1 at fluence F = 1.0 × 1013 ions cm−2, following Kaiser
& Roessler (1998) and de Barros et al. (2011b). For the bands 821,
1372, 1464, 2884 and 2975 cm−1, we adopted the A-values: 1.9,
0.33, 2.5, 3.2 and 14.8 × 10−18 cm molecule−1, respectively. The
A-values for the other bands of C2H6 displayed in Table 3 were
calculated from normalization to the reference band; note that in

Figure 3. Determination of the A-values in ×10−18 cm molecule−1 for
C2H6, the most intense daughter species band. The 821 cm−1 band is taken
as reference.
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Table 3. Absorption wavenumbers, assignments and A-values (10−18 cm
molecule−1) of CH4 daughter molecules.

Molecule Position Assignment Reference A-valueb

(cm−1) this work

C2H6 821 ν12 1 1.9
1372 ν6 1 0.33
1464 ν11 1 4.5
2740 ν2+ν6 1,2 0.2
2884 ν5 1,2 3.2
2915 ν8 + ν11 1,2 0.5
2942 ν8 + ν11 1,2 3.5
2975 ν10 1,2 14.8
4068

∑
(νi) 3 0.2

4164
∑

(νi) 3 0.16
4326

∑
(νi) 3 0.096

C2H4 952 ν7 1,2 15
1436 ν12 1,2 3.1
3067 ν2 + ν12 4 0.3
3095 ν9 1,4 2.2

a C2H2 736 ν5 1,2,4,5 14
767 ν5 5 20
3240 ν3 5 12
3267 ν3 1,2,4,5 5

C3H8 750 ν5 2 0.7
1372 ν3 2 15
2962 ν1 2 15.8

CH3 608 ν2 1,2 25
3150 ν3 1 0.6

Reference: (1) de Barros et al. (2011b), (2) Bennett et al. (2006), �νi

overtones/combinations in (3) Kim et al. (2010), (4) Kaiser & Roessler
(1998) and (5) Knez et al. (2012), a those values depend on the concentration
of C2H2 in the percussor matrix. bThe A-values in bold are those used as
reference; other A-values were obtained by normalization of N(F) data.

Figure 4. Column densities obtained in the current work. Data for 6 MeV
16O2 + bombardment. (a) Evolution of the C2H6 column density normalized
to the 821 cm −1 band; for the others, the obtained A-values are displayed
in Table 3. (b) Similarly for C2H4.

Fig. 4(a) the shapes for all the vibration modes agree quite closely
when normalized.

C2H4: the molecule C2H4 is identified by the bands at 952, 1436
and 3095 cm−1, whose areas rise at the beginning of the irradiation.

Figure 5. Comparison of the C2H2 column density evolutions obtained
from the analysis of two IR transitions normalized to the band: (a) 3240 cm−1

and (b) 736 cm−1; C2H2 absorbance behaviour for: (c) ν3 assignment has
two bands at 3270, 3265 and 3237 cm−1 and d) ν5 assignment at 736, 750
and 767 cm−1 obtained in the current work by heavy ion bombarded with
6 MeV 16O2 + at 15 K.

The A-values of these bands were taken from the literature: 15, 3.1
and 2.2 × 10−18 cm molecule−1 (Kaiser & Roessler 1998; Bennett
et al. 2006; de Barros et al. 2011b), respectively. The peak area
of the ν2 + ν12 vibration mode at 3067 cm−1 has been normalized
to the 952 cm−1 band to determine the A-value shown at Table 3.
The final column density of this molecules is (4.35 ± 0.05) ×
1016 molecules cm−2. The 3067 cm−1 band was also observed by
Ennis et al. (2011). For a better visualization, Fig. 4(b) presents the
evolution of band areas of C2H4 at 952, 1436, 3067 and 3095 cm−1

and Fig. 5 shows the two most intense C2H2 bands at 736 and
3267 cm−1.

C2H2: concerning the C2H2 molecule, the band changes for vi-
brations ν3 and ν5 of this molecule are shown in Fig. 5. Fig. 5(a)
shows the three peaks of the ν3 band of the C2H2 molecule. At
the beginning of irradiation, C2H2 is identified via the vibration
a 3270 cm−1; as the fluence increases the maximum of this band
shifts towards the wavenumber 3265 cm−1. At high fluences a new
peak appears around the position 3237 cm−1. It must be reminded
that in the position 3250 cm−1 a large water peak appears, but it can
easily be suppressed using the correct baseline. Finally, the same
behaviour is observed in Fig. 5(b) for the 736 cm−1 band, the ν5

vibration mode of the C2H2 molecule. Again, at the beginning of
irradiation, the 736 cm−1 band is better seen at a fluence of 3.5 ×
10−12 ions cm−2; as the fluence increases, a peak at 750 cm−1 ap-
pears and at the end of irradiation a dominating peak is observed at
757 cm−1.

Fig. 5(c) displays the 3267 and 3240 cm−1 bands and their sum
(black dots) for the ν5 vibration mode. The same procedure was
applied to the ν3 mode at 736 and 767 cm−1 bands (Fig. 5d). For
their A-value calculation the bands were treated as two different
peaks that depend on the concentration of C2H2 (more details in
Knez et al. 2012).

3.3.2 The daughter radical CH3

The appearance of the methyl radical CH3 is observed via its ν2

vibration at the top of an intense band at 608 cm−1. For this band we
adopted the A-value 25 × 10−18 cm molecule−1 previously reported
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Figure 6. Column density obtained for the radical CH3 irradiated with
6 MeV 16O2 + the obtained A-values are displayed in Table 3.

by Gerakines et al. (1996), Moore & Hudson (2003), Kaiser &
Roessler (1998), de Barros et al. (2011b). Another CH3 band found
in this work is the one at 3150 cm−1, whose final column density
is = 4.22 × 1014 molecules cm−2. The evolution of the column
density values for both bands is shown at Fig. 6. For the methyl
radical, Bennett et al. (2007) predicted absorptions at 1361 and
3009 cm−1. Note that its behaviour is quite different from that of
the C2H2n group.

3.3.3 C2H2n + 1, C3H2n and C4Hn – bearing complex daughter
molecules

C2H2n + 1: three peaks due to C2H3 were observed and column
density evolutions are displayed in Fig. 7(a). The 893 cm−1 band
and the contributions due to the band 675 cm−1 via its νξ vibration
were too weak to be analysed with the current data, but the 995 cm−1

data are used to determine the A-value. C2H5 has two transitions
bands at 3115 cm−1 and at 534 cm−1. The 534 cm−1 band is out of
range of our FTIR spectrometry and could not be observed, but the
3115 cm−1 band is shown Fig. 7(b).

Figure 7. Area evolution of bands: (a) C2H3; (b) C2H5; (c) C3Hn and (d)
C4Hn. Data correspond to 15 K CH4 bombarded with 6 MeV 16O2 +.

C3H2n: the C3H4 band appears at 1195 cm−1, the C3H6 band at
1452 cm−1 and three bands for C3H8 (Hudson, Moore & Raines
2009) – 730 (ν5), 1375 (ν3) and at 2962 cm−1 (ν1), displayed in
Fig. 7(c).

C4Hn: the C4H6 (butyne) band is seen at 1026 cm−1. The bands
of C4H8 (butene) are seen at 914, 995, 1644 and 2830 cm−1, and
those of C4H10 at 730 and 960 cm−1 (Kim et al. 2010; Comeford &
Gould 1961). The column density evolution is displayed in Fig. 7(d)
for the 1026, 995 and 1644 cm−1 bands.

3.3.4 Molecules CO, CO2, H2O, H2O2, O2 and CH3OH

As shown in Fig. 1, some lines are attributed to CO and CO2. The
presence of molecules containing oxygen indicates sample contami-
nation, coming basically from the layering of H2O from the residual
gas. Chemical reactions take place between CH4 and H2O at the in-
terface of the two ices. The appearance of CO molecules can be
monitored via the 2136 cm−1 feature. This particular feature does
not correspond to any other species and the identification is thus
clear. The column density of carbon monoxide increases slightly
with fluence, the column density being N = 1.75 × 1016 molecules
cm−2 after irradiation. CO2 has a strong band at 2342 cm−1 (CO
stretch), which is seen in all experiments at high fluence. This
spectral region appears to be somewhat polluted with bands from
unavoidable residual CO2 contamination. The column density of
carbon dioxide after irradiation, determined with the A-value equal
to 7.6 × 10−17 cm molecule−1 (Gerakines et al. 1995), is N =
2.09 × 1015 molecules cm−2 and behaves similarly to the carbon
monoxide. Therefore, an upper limit on the O2 production may be
given: it amounts less than 5 per cent of that of CO at 15 K. All
fundamental H2O2 infrared bands completely overlap with strong
CH3OH bands in the spectral region investigated (Ioppolo et al.
2008). Thus, while some amount of H2O2 (Zheng, Jewitt & Kaiser
2006) is probably formed, its formation rate cannot be constrained
experimentally. Contributions from other species such as CH3OH
at 1026 cm−1 can be mistaken as C4H6.

4 C RO SS-SECTI ON D ETERMI NATI ON

Fig. 8 shows the column density evolution of the molecules in a
CH4 ice bombarded by 6 MeV 16O2 +, 220 MeV 16O7 +, 267 MeV
56Fe22 + and 606 MeV 70Zn26 +. This figure compares the decrease
of the CH4 column density, due to chemical reactions and to the
sputtering induced by heavy ions, with the increase of those relative
to its daughter molecules. The behaviour of the column density
of all molecular species in the irradiated sample is assumed to be
described by the system of differential equations (Seperuelo Duarte
et al. 2010):

dNi

dF
=

∑
j �=i

σf ,ijNj + Li − σd,ijNi − Yi(F ), (2)

where Ni is the column density of the molecular species i, σ f, ij

and σ d, ij are their formation and destruction cross-sections from
and to species j; Li and Yi are their layering and sputtering yields,
respectively.

H2O. As shown in Fig. 1, the column density of the water layer
increases significantly during irradiation. Such increase is approx-
imately linear for all four beams and is attributed to condensation
of residual gas on the sample surface, so that H2O–CH4 chemical
reactions induced by the beam should be restricted to their inter-
face. The major effect produced by the H2O layering in the current
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Figure 8. Evolution of the column density of CH4 and of the most abundant produced species for all four ion beams at temperatures of 15 K. The solid curves
are predictions from equations (3) and (4): the extracted cross-sections are presented in Tables 4 and 5. At low fluence, the C2Hm data increase linearly with F,
but C3H8 data (open triangles) increases faster, e.g., F2 for the Zn beam. The open circles represent the column densities of the carbon atoms of all daughter
species and the black circles represent the column density of carbon atoms in CH4.

experiment is to inhibit progressively the CH4 sputtering up to its
complete extinction.

CH4 and its daughter molecules. There is no layering for CH4

and its products: Li = 0. The sputtering yield function Yi(F) is
difficult to establish, because it depends not only on the abundance
of the i species but also on the thickness of the water ice layer
and on the stopping power of the projectile ion inside the H2O and
CH4 ices. The detailed analysis of this process is beyond the scope
of the current work. A simplified approach was used by Andrade
et al. (2013) where it was considered that, for low beam fluences,
the sputtering of CH4 and its daughter molecules is not attenuated
by the still thin water layer on sample surface. As a consequence,
the sputtering yield is assumed to be proportional to the relative
abundance in the target surface: Yi(F) ∼ Y1, 0 Ni(F)/N1, 0, where
Y1, 0 is the sputtering yield of the pure CH4 ice and N1, 0 is its initial
column density. Furthermore, it is considered that the abundances
of the daughter species are sufficiently low to neglect chemical
reactions among them (σ f, ij Nj ≈ 0).

Under these conditions, equation (2) can be solved for the parent
molecule:

N1(F ) = N1,0 exp(−σ
ap
d,1F ), (3)

where σ
ap
d,1 = σ d, 1 + Y1, 0 / N1, 0 is an apparent destruction cross-

section and σ d, 1 is the CH4 total destruction cross-section σ d, 1 =∑
j σ d, 1j. The values N1, 0 and σ

ap
d,1 are the ones extracted from

fitting experimental data with equation (3); and σ d, 1j and Y1, 0 are
the quantities of physical interest. Since the determination of Y1, 0

is not accurate due to the presence of a thin water layer, σ
ap
d,1 may

be considered as the upper limit for σ d, 1.
For the products and imposing equation (3), the solution of equa-

tion (2) is

Ni(F )=N1,0
σf ,i1(

σ
ap
d,1 − σ

ap
d,i

) [
exp

(−σ
ap
d,iF

) − exp
(−σ

ap
d,1F

)]
. (4)

If σ dF � 1, this expression reduces into:

Ni(F ) ≈ N1,0σf ,i1

[
F − 1

2

(
σ

ap
d,1 + σ

ap
d,i

)
F 2

]
. (5)

For each daughter species, the relevant quantity to be determined
is σ f, i1, which is not altered by the occurrence of sputtering. Un-
der the approximation of these equations, the apparent destruc-
tion cross-sections may be considered to be total destruction cross-
sections (summed over all the final states). If nk parent molecules
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Table 4. Formation (σ f) cross-sections and effective formation (σ ∗
f ) cross-sections, in (10−15 ±

10 per cent cm2) of the CH4 daughters species at 15 K.

Beam Energy CH3 C2H2 C2H4 C2H6 C3H8

MeV σ f σ ∗
f σ f σ ∗

f σ f σ ∗
f σ f σ ∗

f σ f, i1σ f, ki

16O2 + 6 0.89 0.89 4.6 9.2 1.9 3.8 9.2 18 14
16O7 + 220 0.19 0.19 0.18 0.36 0.10 0.20 0.88 1.8 4.7
56Fe22 + 267 0.29 0.29 8.6 17 1.8 3.6 13 27 34
70Zn26 + 606 0.33 0.33 4.9 9.8 2.1 4.2 20 40 28

Table 5. Apparent destruction cross-sections (σ ap
d ) in (10−15 ±

10 per cent cm2) of the CH4 and its daughters species in a 15 K
ice CH4 matrix.

Beam Energy CH4 CH3 C2H2 C2H4 C2H6

MeV

16O2 + 6 49 794 24 69 76
16O7 + 220 4.0 74 22 5.2 9.2
56Fe22 + 267 68 457 36 127 177
70Zn26 + 606 72 199 17 140 156

are necessary to the formation of species k, then is convenient to
define

σd,1 =
∑

k

nkσf ,k =
∑

k

σ ∗
f ,k. (6)

From this expression, it appears that σ ∗
f ,k is physically more

meaningful than σ f, k: the branching ratio σ ∗
f ,k/σd,1 gives the proba-

bility of forming the daughter species k when parent molecules are
bombarded.

The formation of ‘grand daughter’ species is a two-step process:
1 −→ i −→ k. It can be shown by solving equations similar to
equation (2) that, in first-order approximation:

Nk(F ) ≈ Ni(F )
σf ,ki

2
F ≈ N1,0

σf ,i1σf ,ki

2
F 2. (7)

The current experimental data were fitted using equation (3) for
CH4, equation (4) for CH3 and C2H2n, and equation (7) for the C3H8,
assuming a sequential process for the formation of this species. The
obtained formation cross-sections of the daughters species, for all
beams, are displayed in Table 4. For a better overview of the relative
values, the quantities σ f, k and σ ∗

f ,k are both presented.
Either from Fig. 8 or from Table 4, it can be seen that C2H6

is the most produced daughter molecules and the radical CH3 is
the least abundant species. As expected, the 220 MeV 16O beam is
the least efficient for synthesizing new species, since this projectile
has the lowest stopping power (Table 1). The stopping powers for
Fe and Zn beams are similar to each other (Table 1) and generate
similar formation cross-sections. Note from Fig. 8, particularly for
56Fe 267 MeV and 70Zn 606 beams, that N(C3H8) increases faster
than the other column densities, an indication that C3H8 is formed
from species whose abundances are increasing with fluence. In
other words, C3H8 is not produced directly from CH4 but from its
daughter molecules. The destruction cross-sections for CH4 and for
its daughters are presented at Table 5.

The correspondence between σ d and Se is also observed. The
highest σ d occurs for CH3, which is a radical and therefore a very
reactive species; its disappearance is dramatic for high fluences of
high stopping power beams (Fig. 8), suggesting that it is indeed
the very first product formed in the radiolysis. C2H6 is the most

abundant daughter molecules and has also a relatively large σ d

(greater than CH4), which suggests that C3H8 is produced after the
C2Hn species. Table 4 presents the product of the two cross-sections;
σ f, i1 and σ f, ki.

5 C A R B O N BU D G E T

The destruction of CH4 involves the creation of new chemical com-
pounds balanced by stoichiometry in the ice matrix. The values
reported at Table 6 are the total number of molecules produced at
the end of experiment, i.e. for the highest fluence values.

Fig. 8 also shows the sum (line labelled with open circle) of the
column densities of carbon atoms of the most abundant daughters
species: C2H2, C2H4, C2H6, CH3 and C3H8. These values were
obtained multiplying the column density of each species by the
number of carbon atoms in the corresponding molecule as a function
of fluence.

The last column of Table 6 gives the percentage of observed car-
bon atoms by FTIR as compared with the number of destroyed CH4

molecules. The question is how to explain the missing quantities.
One possibility is to attribute it to incorrect A-values. Systematic
total errors of about 50 per cent may not be surprising, but the cru-
cial quantity would be the A(CH4)/A(C2H6) ratio. Note that, except
for the 220 MeV 16O, the ice matrix is only about 50 per cent con-
stituted by CH4 at the end of irradiation. The relative discrepancy
between N0 and NV for CH4, due probably to ice compaction, is
about 4 per cent. An alternative explanation is to look for ‘FTIR
invisible’ species, but then would be as abundant as the visible ones,
which is not likely.

6 C H E M I C A L R E AC T I O N S

The interaction between ionizing radiation and CH4 in gas phase
has been studied by several authors (laser-induced fragmentation
in gas phase). If the projectile traverses CH4 in the solid phase,
synthesis may be the dominant process. In order to better estimate
the number of molecules involved per projectile track and per CH4

molecular layer, some relevant values need to be considered. The
density of CH4 ice is ρ = 0.403 g cm−3 (Brunetto et al. 2008);
which means that for a cubic packing, the closest distance between
two carbon atoms is a = 3.6 Å. The area of a square defined by
four planar carbon is a2 = 1.3 × 10−15 cm2. Assuming that CH4

molecules are spheres, their radius is then R = 1.8 Å (the distance
between the carbon and any of the four hydrogen atoms is 1.09 Å)
corresponding to a cross-section of πR2 = 1.0 × 10−15 cm2.

These areas are to be compared with the measured destruction
cross-section of CH4, σ d, and with the area of the infratrack, σ track =
πb2

max. The infratrack is a cylinder whose radius bmax is given by
the Bohr criterion: bmax(Å) = 6.7

√
Ep/M, Ep being the projectile

energy (in MeV) and M the projectile mass (in u).
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Table 6. Beam energy, initial (N0) and final (Nk) column density values in ×1016 (molecules cm−2). The �knkN(CnHm) column corresponds to the total
carbon budget, also showed in Fig. 8 (open circles).

Beam Energy N0(CH4) N(CH4) N(CH3) N(C2H2) N(C2H4) N(C2H6) N(C3H8)
∑

k nk N(CnHm) � N(CH4)
∑

k nk Nk / � N
MeV

16O2 + 6 224 100 ∼0 9.3 4.4 13 2.5 60 132 46 per cent
16O7 + 220 252 216 0.6 1.2 0.9 9.7 1.6 29 37 78 per cent
56Fe22 + 267 224 55 ∼0 13 1.5 8.5 2.8 55 173 32 per cent
70Zn26+ 606 298 121 ∼0 11 2.3 19 3 73 174 42 per cent

Table 7. The number of CH4 molecules destroyed, p, and the number of them consumed in the C2H6 formation,
q, per track and per ice monolayer.

Beam Energy bmax σtrack = πb2
max p = σ d/a2 q1 = σ f/a2 q2 q3 q4 q5

(MeV) (Å) (10−15cm2) CH4 CH3 C2H2 C2H4 C2H6 C3H8

16O2 + 6 4.1 5.3 39 0.71 3.6 2.4 7.3 0.75
16O7 + 220 25 194 3.2 0.15 0.14 0.08 0.70 0.12
56Fe22 + 267 15 67 54 0.23 6.9 1.4 11 1.4
70Zn26 + 606 20 131 57 0.26 3.9 1.7 16 1.4

The number of destroyed CH4 molecules, p, and the number of
molecules consumed in the C2H6 formation, q, per track and per ice
monolayer can now be evaluated in Table 7.

The number of CH4 molecules per cm2 in the virgin ice surface is
1 cm2/a2 = 0.77 × 1015; assuming that each projectile impinges on a
virgin site, the whole surface will be processed by the ion beam after
a fluence of φc = (1/a2)/ p = 1/ σ d ∼ 2 × 1013 projectiles cm−2. Since
this corresponds to the fluence range covered by the experiments
presented in the current work, it is expected that most of the tracks
are formed along virgin regions.

Relevant observations are:

(1) Because σ track and σ d values have the same order of magni-
tude, the CH4 destruction is basically a consequence of its ionization
by the projectile;

(2) Tens of molecules are simultaneous dissociated per impact in
each molecular layer; about 20 per cent of the CH4 molecules have
linked together for synthesizing C2H6;

(3) If most of the projectile tracks occur in non-processed ice, the
majority of the observed new species must be formed inside each
track. The chemical evolution in the track, at least for low-fluence
conditions, is expected to be completely accomplished at the end
of each event and, therefore, the column densities of the daughter
molecules should be proportional to fluence;

(4) The measured formation cross-sections in the linear region
are net; they reflect, for each species, the number of formed
molecules minus that of destroyed ones;

(5) The end of the linear regime, N(F) ∝ F, means that the
ice matrix has changed: the track overlapping cannot be neglected
anymore. The projectile starts to interact with synthesized species,
opening the possibility of forming more complex molecules.

Supported by these observations, the analysis of the chemical
evolution for low fluence should be connected to what happens
inside the tracks in virgin ice. The main processes following the
passage of the projectile are described below.

6.1 Modelling the projectile–ice interaction

The basic concepts on the projectile–insulator interaction have been
established long time ago (e.g. Hedin, Håkansson & Sundqvist
1987) and applied as electric field model for ion desorption by Iza

Figure 9. C-axial molecular structures inside the solid: at the inner cylinder,
the impact parameter of the projectile–carbon system is very small and
strong fragmentation happens. If the projectile passes at the border of CH4

pairs, two or more hydrogen atoms between the carbon nuclei are ejected,
allowing formation of a C-C bond. The processes should be analysed in
three dimensions.

et al. (2006). Fig. 9 shows the relevant geometrical parameters of
the model. The projectile traverses the insulator and causes primary
ionization inside the infratrack (radius bmax); multiple(s) ionization
occurs inside thinner cylinders (radii rn +); high-energy secondary
electrons ejected from the infratrack produce further ionization in-
side a cylinder of radius R+ and electronic excitations inside the
ultratrack (not shown in the figure). The energy transferred by the
projectile to the electrons of the ice decreases as 1/r, where r is the
distance to the projectile trajectory.

For very small projectile–electron impact parameters, 1s-carbon
electrons may be ejected, opening the possibility for Auger decay
and multiply ionization of the carbon atom. Dissociation of the
ionized and/or electronic excited CH4 molecules is the next step.
Complete ionization may occur very near the projectile trajectory
(a cylinder of radius bmin), whereas single direct ionization occur at

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/433/3/2368/1231359 by guest on 11 M
arch 2021



CH4 ice radiolysis induced by cosmic rays 2377

the border of the infratrack (radius bmax). Intense coulomb repulsion
heats up the centre of the track, rearranging atoms and favouring
H2, Cn and CnH production (Lanzerotti, Brown & Marcantonio
1987; Compagnini et al. 2009; Ennis et al. 2011). At the border of
the infratrack, cold CH+

4 , CH∗
4 and CH4 interacts with each other,

producing mainly C2H6, C2H4 and C3H8; these species are more
abundantly produced once the volume of the peripherical region is
much larger than that of the inner region. Note also that synthesis
of large molecules is likely to occur axially, i.e. after relaxation of
atoms along the track; however, their yields are expected to be low.

7 A STRO PHY SICS IMPLICATIONS

7.1 CH4 half-life in astrophysical ices

To determine typical molecular half-lives τ 1/2 of CH4 molecules
localized in small ice grains or at surfaces of thick ices bombarded
by cosmic rays, it is necessary to first calculate the destruction rate
relative to each of its constituents and add them up:

R =
∑

k

Rk =
∑

k

∫
�k(E)σd (k,E) dE, (8)

�k(E) is the flux density (d�/dE) of constituent k of cosmic rays
with kinetic energy between E and E + dE; σ d(k, E) is the CH4

destruction cross-section when bombarded by the species k with
energy E. �k(E) must be integrated over the solid angle � relative
to the cosmic ray source, i.e. 4π for very small grains in the ISM,
or 2� for ice surfaces of thick ice layers. For Solar wind (SW)
bombardment in a magnetic field-free region, this solid angle is
�Sun = 4π (rSun / d)2, where d is the distance from the ice target to
the Sun. Each partial half-life is defined as τ 1/2, k = ln2/Rk and the
(total) half-life is given by τ 1/2 = ln2/R as can be seen in Table 8.

In order to calculate σ d(k, E), the relationship σ d(k, E) = a
(S3/2

e )k is assumed to be valid for all cosmic ray constituents and
over the energy range from 100 eV/nucleon to 1 GeV/ nucleon. This
means that the nuclear stopping power and relativistic effects are
neglected. Using the electronic stopping values presented in Table 1
and the CH4 cross-sections displayed in Table 5, the average value
of the a parameter is obtained: a = 1.7 × 10−18 [cm−1 eV−3/2 (1015

molecules)3/2]. Results for (Se)k and for σ d(k, E) are presented in
Figs 10(a) and (b), respectively.

For the SW, we used the empirical function �k(E) proposed by
de Barros et al. (2011a) (see Fig. 10c); for the ISM, an analytical de-
pendence of k on E is given by Shen et al. (2004) (see Fig. 10d). The

Table 8. τ 1/2 values of CH4 molecules bombarded
by H, He, O, C and Fe ions. These predictions
were obtained assuming σ d = a × S

3/2
e (a = 1.7 ×

10−18 cm−1 (1015 molecules/eV)3/2). In the Solar
system τ1/2 = τE

1/2(D/DE )2 depends on the dis-
tance from the Sun to the irradiated Solar body,
τE

1/2 being the half-life at the Earth’s orbit.

τ 1/2 (1010 s) τ 1/2 (1016 s)
Beam Solar Wind Galactic CR

H 2.3 19
He 14 7.1
C 420 41
O 170 14
Fe 3900 4.5

τE
1/2 = (�τ−1

i )−1 1.9 2

Figure 10. Dependence on energy/nucleon of physical quantities necessary
for the CH4 half-life calculation. (a) Electronic stopping power (Se)k of the
main (k = H. He, C, O and Fe) cosmic ray constituents; (b) CH4 destruction
cross-section σ d(k,E); SW (c) and ISM (d) flux density �k(E); the product
�k(E)σ d(k, E) for the SW (e) and for the ISM (f).

product �k(E)σ d(k, E) as a function of E is displayed in Fig. 10(e)
for SW and in Fig. 10(f) for ISM. The partial destructive rates Rk

correspond to the areas under each curve. The interesting point is
that the curve relative to hydrogen dominates in the low-energy
region but that of iron dominates in the high-energy region (which
relevance is apparently reduced due to the energy axis be in log
scale), particularly for the ISM. As a consequence, H ions are pre-
dicted to destruct CH4 faster than the other cosmic ray constituents
in the Solar system but Fe ions induce chemical reactions much
more efficiently in the ISM.

Fig. 11 and Table 8 illustrate these predictions. In the Solar sys-
tem, the CH4 half-life increases with the square of the distance to
the Sun (due to the solar solid angle decrease) and its values are
practically determined by the proton wind. In the ISM, the values
do not depend on position and are mostly defined by iron projectiles
and, in a second place, by He ions. This model yields τ ∼ 600 yr
for CH4 at the Earth orbit and ∼ 1016 s (600 Myr) in the ISM.

7.2 Penetration depth of cosmic rays

In space, solids are constantly bombarded by light cosmic ray (LCR)
and heavy cosmic ray (HCR) ions with energies ranging from keV to
TeV. As a consequence, distinct projectile species induce chemical
reactions at different layers with different efficiencies. The flux, the
energy and the atomic number of the impinging ion will determine
the production rate of new molecules as well as their depth profile
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Figure 11. Predicted partial τ 1/2(k) and total half-lives τ 1/2 for CH4 as a
function of its distance to the Sun. The τ 1/2 value for protons is essentially
determined by the smallest τ 1/2(k) which, in turn, corresponds for the SW.

Figure 12. Perpendicular penetration of H, He, C, O and Fe projectiles
in CH4 ice. Calculation was done by SRIM (Ziegler et al. 1985). Since the
maximum fluxes for all these ions occur in the 10–100 MeV u−1 region
(Fig. 10c for SW and Fig. 10d for Cosmic rays), penetration of heavy ions
cover lays typically in 1–10 mm, while the ranges for He and H are 2–
200 mm, respectively.

in the solid. Since the superficial layers are the first to be sputtered
by the projectile ions themselves and by sublimation, the evolution
of the molecular depth profile is relevant. Fig. 12 displays the max-
imum penetration depth (range) in CH4 ice of the main cosmic ray
constituents as a function of their energy per nucleon. Calculations
were performed with the code SRIM (Ziegler et al. 1985) assuming
a density of ρ = 0.403 g cm−3 for CH4 ice. Since the maximum
flux occurs in the 10–100 MeV u−1 interval for all projectile ions
in the ISM (see Fig. 10d), results of Fig. 12 show that most Fe ions
get implanted between 0.5 and 5 mm depth, while protons having
the same velocity are deposited at 5–500 mm depth. This is an ex-
pected result for high projectile velocities (MeV u−1 regime) since
the corresponding kinetic energy increases with the ion mass (∼Z)
but Se increases with ∼Z2. In other words, the majority of nuclear

tracks produced by HCR are relatively short and hot, while those
produced by LCR are one order of magnitude longer and cooler.
Therefore, HCR compete chemically with LCR (even considering
their flux ratio in ISM), but they differ in the sense that most of the
new molecular species produced by HCR will be sputtered first. De-
pending on the layering rate (condensation of gas phase molecules
on the ice surface), the daughter molecules produced by cosmic
ray protons may never leave the ice. Another aspect that might be
relevant is that small ice gains (<10 μm) stop most of the HCR, so
that the light ones (H and He) traverse the peripheral grains and are
responsible for deeper chemical processing in the ISM clouds. On
the other hand, results of Fig. 12 show an opposite behaviour for
low projectile velocities: SW Fe ions are implanted deeper than H
ions. In the keV/u regime, the ion-solid energy transfer is caused by
nuclear collisions and H ions are easily scattered than Fe ions by the
target nuclei. Fig. 12 data predict that below the bottom of a deep
hole in a comet (in order to have only normal incidence), one would
find in a depth between 10 and 100 nm all the implanted SW ions:
first the H and He, after the C and O ions and further down the Fe
ions. Going much deeper in the ice, the implanted Galactic Cosmic
Ray-ions will be found in layers between 1 and 100 mm depth: first
the Fe, after the O and C and finally the H and He ions. The above
discussion points out the necessity to: (i) consider the astrophysical
effects of the SW and ISM radiations; (ii) analyse separately the
HRC and LCR effects.

For instance, the comae of comets are generated mainly by ma-
terial bombarded by HCR (causing sputtering and production of
chemical species in their surfaces) while deep, permanent and old
ice regions are processed by the LCR.

8 SU M M A RY

The interaction of 6 MeV 16O2 +, 220 MeV 16O7 +, 267 MeV
56Fe22 + and 606 MeV 70Zn26 + ion beams with pure CH4 ice at
temperatures of 15 K has been studied. These beams represent typ-
ical HCR, and complement LCR data, allowing a comprehensive
view on the effects produced by cosmic rays in planetary and in-
terstellar media. CH4 ice was selected as target because it allows
comparison of the cross-section measurements with those of other
relevant astrophysical ices such as methanol (Dartois et al. 2010; de
Barros et al. 2011a) and formic acid (Andrade et al. 2013).

MeV ion irradiation of CH4 ice leads mainly to the synthesis of
CnHm molecules having n = 2–4 and m = 2(n − 1) to 2(n + 1) to
2(n + 1) and to production of the radicals CH3, C2H3 and C2H5.
The destruction cross-sections of CH4 have been determined for
the four beams, as well as the formation cross-sections of the most
abundant daughter molecules: CH3, C2H2, C2H4, C2H6 and C3H8.

Shape changes and wavenumber shifts of some features have been
analysed as a function of beam fluence: in particular, changes in ν3

and ν5 bands of C2H2 have been found to be similar to those studied
using CH4:C2H2 mixtures without irradiation by Knez et al. (2012);
this suggests that the formation of C2H2 near the CH4 molecules are
disturbing their infrared absorption. C2H6 and C2H4 species show
the same evolution, which are, at high fluence, very different from
that of C2H2; this means that C2H2 is more robust or less reactive
in a matrix of pure CH4. At low fluences, the column densities
of CH3, C2H2, C2H4 and C2H6 increase linearly as F increases,
a strong argument that these species are produced directly from
CH4; however, the column density of C3H8 increases faster (namely
∼ Fp, where 3/2 < p < 2 for Fe and Zn beams) which is a clear
indication that its formation is not directly from CH4, but from
daughter species.
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A qualitative model for the chemical evolution in CH4 ice based
on nuclear tracks is discussed. The relevant point is that H2, Cn and
CnH species are produced very close to the projectile trajectory;
C2H6, C2H4 and C3H8 are produced at peripheral regions of the
track.

The analysis of the implantation profile shows that SW ions are
very close (<1 μm) to ice surface; the heavy ions are deposited
deeper than light ions. For the Galactic Cosmic Rays, the opposite
occurs: the H and He ions are deposited deeper than the Fe, O and
C ions. Similarly to what has been found for CH3OH ice (de Barros
et al. 2011a), the half-live of condensed CH4 molecules in pure ice
is 0.6 Ga at the ISM and 600 yr at the Earth´s orbit. This large
ratio suggests strongly that – if cosmic rays were responsible for
the origin of life – the corresponding organic chemical reactions
occurred very likely near a star and not in the ISM.
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