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ABSTRACT
H2O and CO molecules are the main constituents of the interstellar dust grain ice mantles. Infrared spectra of the ices in line
of sights of young stellar objects and background stars have shown that the CO stretching vibration band can be decomposed
into three main components: 2143, 2139 and 2136 cm−1, assigned to CO in different environment sites. The relative strengths
between the components have been associated to an evolutionary track of the interstellar molecular clouds. H2O:CO (3:2) and
(10:1) ices samples were irradiated by 0.79 MeV/u 58Ni13+ ions to simulate the effects produced by heavy ion cosmic rays in
typical interstellar ices mixtures. The CO stretching vibration band is decomposed into six Gaussians functions (2150, 2144,
2141, 2138, 2136 and 2133 cm−1) and their integrated absorbances were measured as a function of fluence. The results have
shown that, at the final fluence, the component 2138 cm−1 is the main component of the CO stretching vibration band. The
component 2150 cm−1 disappears at the beginning of irradiation. Based on the present and previous results, a time scale for
the components in the interstellar ices is proposed. For H2O:CO ice in the ISM it is predicted that, after 1 Myrs, the main
components of the CO stretching vibration band are the 2138 cm−1 and 2141 cm−1, due to the CO monomers and dimers,
respectively.

Key words: astrochemistry – methods: laboratory – ISM: Ice mantles

1 INTRODUCTION

It is well accepted that H2O and CO molecules are the main molecular constituents of interstellar cloud ices. Based on infrared spectroscopic
observations, two molecular structures have been proposed for describing H2O:CO ice mixtures: (i) ice layers with the molecules segregated
or (ii) ice with the molecules homogeneously mixed (Pontoppidan et al. 2003). In the first one, the condensed water molecules are believed to
be produced on grain surfaces by chemical reactions on grain surfaces containing hydrogen atoms, oxygen atoms and OH radicals (Tielens &
Hagen 1982; Boogert & Ehrenfreund 2004; Ioppolo et al. 2008). This first layer, composed mainly by water molecules, would be produced
in the early stages of the cloud. As the molecular clouds evolve, the CO molecules, which are relatively abundant in the gas phase, condense
on dust grains capped by water ices (Aikawa et al. 2001; Pontoppidan et al. 2003). For the second molecular configuration, the CO molecules
would condense on grains concomitantly with water molecule formation, generating H2O:CO ice mixtures. The latter could also be formed in
the first scenario if the layers were processed either by grain temperature increase or by cosmic ray irradiation (Collings et al. 2003).

Laboratory experiments have shown that the infrared CO stretching vibration band at ∼ 2138 cm−1 is highly affected by the environment.
When CO is co-deposited with H2O, this band widens and shifts towards lower frequencies. In addition, a new band feature arises at ∼ 2150
cm−1. The primary band may be described by two Gaussians: 2139 and 2136 cm−1. Al-Halabi et al. (2004) assigned those vibrations to
different sites of interactions for CO molecules. The 2150 cm−1 feature is associated with the interaction between CO and OH dangling bond.
The 2139 cm−1 band has two assignments: (i) CO interacting with another CO molecule (or any other apolar molecule) and (ii) CO interacting
with an OH bonded with another water molecule (it is important to note that this component is associated with CO on the ice surface similarly
to that associated with 2150 cm−1). The 2136 cm−1 component is associated with a CO substituting a water molecule in the matrix.

Pontoppidan et al. (2003) observed the interstellar medium (ISM) towards different lines of sight. They showed that the CO band profiles
are constituted by three components at: 2143.7, 2139.9 and 2136.5 cm−1. The blue (short-wavelength) component at 2143.7 cm−1 is associated
with the CO crystalline ice when the background source is linearly polarized (longitudinal optical (LO) component). However, this band is
also associated with the CO interaction with other molecules such as CO2, O2 and N2 (Boogert et al. 2002). Pontoppidan et al. (2003) have
associated the 2139 cm−1 component with pure CO ice layers on top of water ices. However, the observation of the 2136 cm−1 component
is an evidence of CO trapped in the H2O matrix. The 2150 cm−1 component is not observed in the ISM, suggesting a presence of a compact
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ice structure. In laboratory, the CO - OH db is rapidly destroyed by UV and ion irradiations (Al-Halabi et al. 2004). The lack of this band in
interstellar medium is considered an evidence of the ice processing.

In the current work, H2O:CO ice mixtures, prepared in a pre-chamber in two different concentrations (1:1 and 10:1) and deposited onto a
cold (15 K) CsI substrate, were irradiated by 46 MeV 58Ni11+ ions and analyzed by Fourier Transform Infrared Spectroscopy (FTIR). Ni ions
are present in cosmic rays and their physico-chemical effects are representative of all heavy (”metallic”) constituents of cosmic rays, such as
Fe, S and Mg. These effects follow known scaling laws as a function of electronic energy stopping power. The same behavior is also observed
for the more abundant H+ or He+ ions (see, e.g. (Rothard et al. 2017; Dartois et al. 2013, 2015; Duarte et al. 2009, 2010; de Barros et al.
2011a, 2012; Mejı́a et al. 2015; Pereira et al. 2020)).

The CO stretching vibration band is decomposed into six Gaussian functions. In section 2, the ice preparation and the CO decomposition
process are described. In section 3, the results of decompositions as a function of irradiation fluence are discussed and associated to the ice
binding sites. In Section 4, the astrochemical implications are discussed and in section 5 the major findings are summarized.

2 EXPERIMENTAL

2.1 Ice preparation

MeV heavy ion beams delivered by the GANIL facility (Caen, France) allow mimicking the effects of cosmic ray bombardment on icy surfaces.
After acceleration, the projectiles were directed into the CASIMIR set-up mounted on the IRRSUD beamline. The ice temperature was kept at
15 K by a closed-cycle helium cryostat during the ice deposition and irradiation. The experimental apparatus is described elsewhere (Duarte
et al. 2009, 2010; de Barros et al. 2011a,b).

Two different ice layers were deposited and sequentially irradiated. A gas mixing chamber was used and connected to the vacuum chamber.
The H2O vapor at 15 mbar was mixed with CO gas in an adequate partial pressure and then injected via a thin tube onto the cold CsI IR
transparent window at 15 K.For the water target, an ultra pure liquid water with an electric conductivity of 107 Ω cm (Milli-Q) was used; for
the CO, the purity of the gas was 99.995% (Messer Griesheim). Once the target was prepared, a thin ice layer deposited on a CsI substrate is
placed in the center of the vacuum chamber and under a residual gas pressure of 2 × 10−8 mbar at 15 K and irradiated by 46 MeV 58Ni13+ ions
up to a final fluence of ∼ 5.3 × 1013 ions.cm−2 and 1 × 1013 ions.cm−2, respectively. The flux was maintained at 1 × 109 ions.cm−2.s−1 in both
cases. The samples were analyzed in situ by FTIR spectroscopy.

The range of the projectiles in H2O:CO ice calculated, by the SRIM code Ziegler et al. (2010), is 24 µm. Thus, the projectiles traverse the
thin layers with approximately constant velocity and interact with the sample molecules with the same cross section. At 46 MeV, the projectile
electronic stopping power is much greater than the nuclear stopping power. Two different ice layers were deposited and sequentially irradiated.
In Table 3, the total initial column density (Nt

0 = N0(H2O) + N0(CO)), ice thicknesses, ion total fluence and electronic and nuclear stopping
powers are shown for each concentration. The ice films infrared (IR) spectra (5000 - 600 cm−1 were obtained with a spectral resolution of
1 cm−1 using a Nicolet FTIR spectrometer (Magna 550). Figure 1 shows the IR spectra for both H2O:CO ice mixture concentrations, before
and after the irradiation. Since the intense stretch H2O vibration band at 3280 cm−1 is saturated for the ice mixture (10:1), the water column
density was thus determined by using the 760 cm−1 band absorbance. Is important to note that, a smallest feature at 2342 cm−1 is attributed to
CO2 appear at non irradiated spectrum, probably condensed from the residual gas in the vacuum chamber. However, its abundance in the ices
is about 0.03%.

2.2 CO decomposition

The infrared profile of the CO after the co-deposition of the gas mixture of H2O and CO at 15 K shows two main features at 2138.3 and
2148.7 cm−1 (1:1 concentration) and at 2136.2 and 2151.7 cm−1 (10:1 concentration). In general, the irradiation narrows the main feature
and destroy the component around 2150 cm−1. Many small structures rise on the main feature wings suggesting the existence of different CO
binding sites. The fitting approach adopted here was to find the smaller number of components that could describe all of the CO profiles of
the infrared spectra of the irradiated ices. The CO profile of the (3:2) ice irradiated by 5 × 1011 ions.cm−2 was used as the starting point since
the narrowing of the main component allowed us to identify the smaller components (Figure 2). A set of gaussians were used to determine the
component positions and FWHM. This first component set was used to fit the other infrared spectra of the ice irradiated with different fluence
values. Then, the positions and FWHM were averaged and the fitting procedure was repeated for the whole set of CO profiles. After many
trials and errors, it is seen that all CO profiles can be fitted by six gaussian components with the positions and FWHM shown in Tables 1 and
2. In general, the fits are excellent as can be seen from the reduced χ2 values in Tables 1 and 2 by visual inspection (Figures 3 and 4). The
identifications and assignments of these components are discussed in Section 3.

MNRAS 000, 1–16 (2020)



Decomposition of the CO stretching vibration band of laboratory H2O-CO ices irradiated by heavy ions 3

5000 4500 4000 3500 3000 2500 2000 1500 1000

0.0

0.2

0.4

0.6

0.8

5000 4500 4000 3500 3000 2500 2000 1500 1000

0.0

0.5

1.0

1.5

2.0

2.5

H2O:CO (3:2)  Non-Irradiated
 1.5 x 1013 ion.cm2

Ab
so

rb
an

ce CO
H2OH2O

H2O
(a)

(b)

Wavenumber (cm-1)

Ab
so

rb
an

ce

H2O:CO (10:1)

OH-db
CO H2OH2O

 

 

 Non-Irradiated
 1 x 1013 ion.cm2

H2O

Figure 1. Mid-IR spectra of the H2O:CO ice at 15 K for: (a) the non-irradiated sample and at 1.5 × 1013 fluence for the (3:2) mixture; and (b) for the
non-irradiated and at 1.0 × 1013 fluence for the (10:1) mixture.
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Table 3. H2O:CO ice physical parameters: molecular concentration, the total initial column density (Nt
0 = N0(H2O) + N0(CO)) and the ice thickness. Irradiation

parameters: total ion fluence, electronic stopping power (Se) and nuclear stopping power (Sn).

Concentration Nt
0 Thickness Total fluence Se Sn

(molecules cm−2) (µm) (1013 ions.cm−2) (103 keV.µm−1) (keV.µm−1)

(3:2) 4.7 2.1 5.3 3.6 11.7

(10:1) 10 3.4 1.0 3.6 11.7
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Figure 5. H2O column densities as a function of fluence measured by the 3300 cm−1 and 760 cm−1 bands. The 3300 cm−1 band of the (10:1) ice is saturated (see
Fig. 1). Thus, for this ice concentration, the H2O column density was determined by the 760 cm−1 band. The column density of the 760 cm−1 band were fitted
by the sum of two exponential functions (solid lines): N = N1 exp(-σ1F) + N2 exp(-σ2F). The cross sections are presented in Table 4. The column densities are
supposed to be straight lines in semi-log scale; this does not occur because compaction affects the A-values.

3 RESULTS

3.1 H2O column density

For the (3:2) mixture, the water column density was determined by the 3300 and 760 cm−1 bands; the measured absorbances correspond to
2.7 × 1018 molecules cm−2 and 3.0 × 1018 molecules cm−2, respectively. They agree with each other within 10%. For the (10:1) mixture, the
stretching mode absorbance at 3300 cm−1 band had saturated; thus, the water column density was calculated via the 760 cm−1 band. Column
densities are expected to decrease exponentially with fluence and do not depend on the selected band according to the Lambert-Beer law.
However, compaction alters the A-value of each band and – if this correction is not taken into account – column densities appear as a sum of
two exponential; moreover, for the same concentration, they do not coincide for different bands. This is illustrated in Figure 5, which shows
the water column densities as a function of fluence (F). Under these conditions, the column densities (N) obtained for the 760 cm−1 band are
fitted by the sum of two exponential functions (Eq.(1). See details in Mejı́a et al. (2015).

N = N1 exp(−σ1F) + N2 exp(−σ2F) (1)

where N1 and N2 are constants and σ1 and σ2 are the compaction and destruction cross sections, respectively. Nevertheless, the same
compaction cross section is extracted for the two measurements (see Table 4). This result shows that the H2O 760 cm−1 cross sections are not
affected by the thickness difference between the ices.

The compaction cross section can also be obtained by the OH dangling bond in the 3700 - 3560 cm−1 range. In both concentrations, the
OH-db integrated absorbance decrease very fast at the beginning of irradiation (F < 5 × 1011 ions.cm−2. However, it does not go to zero
possibly due to a deposition of a new water layer from the residual gas. The data were fitted by one exponential law and the cross sections
found were 1.1 × 10−11 cm2 (3:2) and 1.2 × 10−11 cm2 (10:1) as shown in Fig. 6. Although the discrepancy with the results found by the 760
cm−1 bend mode, they are consistent with the power law found by Dartois et al. (2013) (Figure 3) in which the OH dangling bond cross section
scale with the electronic stopping power (σ ∼ S1

e). For the electronic stopping power of the current work, the cross sections values found here
are within the boundaries of the power law uncertainties.
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Table 4. The cross sections (in 10−13 cm2) and column densities (in 1018 molecules cm−2) of the H2O and CO main features.

(3:2) (10:1)

σ1 σ2 N1 N2 σ1 σ2 N1 N2

H2O bend mode 760 cm−1 27 0.1 0.53 2.5 27 0.1 1.5 7.5
CO Total 41 1.6 0.14 2.0 9.2 0.35 0.30 0.55

0 200 400 600 800 1000

1

2

3  OH-db band  (10:1) concentration
  Fitting

In
te

gr
at

ed
 A

bs
or

ba
nc

e 
(c

m
-1

)

Fluence (1010 ions cm-2)

Figure 6. OH-db integrated absorbance (10:1) as a function of fluence and corresponding fitted exponential law. The cross section obtained by the fitting is 1.2
× 10−11 cm2.

3.2 CO stretching vibration components

The CO stretching vibration profile shows a set of complex components variation as a function of fluence and in this section the identifications
are discussed.

As seen in the previous section, all CO stretching bands are fit by the sum of 6 gaussians in both ice mixture concentrations. The averaged
positions of these components changes from one concentration to another, but all of them can be assigned to the same respective CO binding
sites.

The 2150 cm−1 component:
The component at about 2150 cm−1 appears on the infrared spectrum when CO is mixed with water. It is well established that this feature

is associated to the CO stretching vibration when the molecule interacts with the OH dangling bonds. Before irradiation, the component is
centered on 2148.7 cm−1 with FWHM of 10.2 cm−1 in the (3:2) ice concentration and shifts toward the blue at 2151.7 cm−1 with FWHM
of 10.8 cm−1 in the (10:1) concentration. Spectroscopy identification of CO - H2O clusters trapped in argon matrix has shown that in this
region the infrared features are associated to clusters formed by CO molecules and H2O molecules (Abe & Yamada 2001) (Abe & Yamada
2004). The smallest cluster (H2O - CO) produces an absorption at 2149.4 cm−1 and shifts toward the red (longer wavelength) component as
the number of CO molecules in the cluster increases: a cluster formed by (H2O)1 - (CO)2 absorbs at 2148.8 cm−1, consistent with the peak
position in the (3:2) ice of the current experiment. Experiments with deuterated water have shown that the CO - D2O cluster produces an
infrared absorption at 2150.2 cm−1 (Abe & Yamada 2001). From these experiments, it can be concluded that when the cluster has only one
CO molecule the band shifts toward the blue when the number of the H2O molecules increases in the cluster.

Thus, given the positions and the FWHM of the band at about 2150 cm−1 in the current experiment, it is possible to describe the ice structure
before irradiation as a collection of (H2O)m - (CO)n clusters with the cluster most abundant in the ice depending on the ice concentration.
Clearly, in the (3:2) concentration, the (H2O)1 - (CO)2 cluster is the most abundant while in the (10:1) concentration the most abundant is the
(H2O)m - (CO)1 cluster with m > 1.

The 2150 cm−1 component is rapidly destroyed by irradiation in the (3:2) ice concentration. The component vanishes after an irradiation
fluence of 5 × 1011 ions.cm−2. Both the peak position and the FWHM do not vary with the irradiation. At (10:1) concentration, the component
persists until an irradiation fluence of 2.5 × 1012 ions.cm−2. The position shifts toward the red component to 2150.7 cm−1 and the band narrows
to 5.9 cm−1. These results suggest that the OH dangling groups form bonds with other molecules decreasing the number of sites available to
interact with CO. Furthermore, the redshift and the narrowing of the band in the (10:1) concentration suggest that the ice morphology changes,
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Figure 7. 2150 cm−1 component integrated absorbance as a function of fluence. For the (3:2) ice, data are fitted by only one exponential function while the
(10:1), they are fitted by the sum of two exponential functions.

as the hydrogen bonds are formed: the number of the big clusters decreases leaving the ice with a distribution of smaller clusters before the
disappearance of the band.

Figure 7 shows the 2150 cm−1 integrated absorbance as a function of fluence for both concentrations. In the (3:2) concentration, the 2150
cm−1 integrated absorbance decreases rapidly and can be fitted by only one exponential function. For the (10:1) concentration, the decrease of
integrated absorbance deviates from the only one exponential function and a second exponential summed to the first has to be used. The reason
for distinct behavior between the two concentration experiments may lay on the difference in the ice thickness. The (3:2) ice thickness is 34%
smaller than the (10:1) ice. Furthermore, the CO abundance in the (3:2) ice is higher than in the (10:1) ice which leaves the CO molecules
exposed to desorption processes such as the sputtering. Indeed, the last value in the (3:2) ice starts to deviate to the one exponential function,
showing that, besides the concentration, the ice thickness may play a role in the time of disappearance of this feature. A time scale for the
disappearance of this feature in the ISM is computed and discussed in the next section.

Oddly, for the (3:2) concentration ice, the 2148.8 cm−1 band reappears on the infrared spectrum of the ice irradiated by 5.3 × 1013 ions.cm−2.
A possible explanation is that the CO molecules are diffusing into the pores of a water layer that was deposited on top of the ice due to the
condensation of the residual gas. This hypothesis is supported by the presence of an infrared feature at about 3634 cm−1 associated with the
OH dangling bonds along all of irradiation time. In other circumstances, this band vanishes at the beginning of the irradiation (Dartois et al.
2013).

The 2144 cm−1 component:
The 2144 cm−1 feature is a minor component in the CO vibration mode. Before irradiation, it is centered on 2144.4 cm−1 for the (3:2) ice

and 2144.2 cm−1 for the (10:1) ice. A tentative assignment for this component is based on the collection of clusters picture used to describe
the 2150 cm−1 feature above. (Abe & Yamada 2004) have found weak and broader peaks at 2148.1 and 2147.7 cm−1 that were tentatively
assigned to (H2O)1 - (CO)3 and (H2O)1 - (CO)4, respectively. In other words, as the number of CO molecules in the clusters increases, the
component position shifts toward the red component, the 2144 cm−1 component is due to the absorption of (H2O)1 - (CO)n clusters with n >
4. Furthermore, its integrated absorbance is 40% higher in the (3:2) ice supporting this assignment.

However, its behavior with the irradiation is very complex and difficult to interpret using the collection of clusters scenario. In the (3:2)
concentration and in the fluence range of 0 - 1 × 1013 ions.cm−2, the integrated absorbance oscillates between 0.23 and 0.12 cm−1 with an
average of 0.17 cm−1 and a standard deviation of 0.04 cm−1. Since the mean uncertainty of the integrated absorbance is 0.01 cm−1, this
variation is not caused by statistical uncertainties in the fitting and may be caused by other effects. After a fluence of 1 × 1013 ions.cm−2, the
component collapses along with the other components due to the effect of sputtering on the ice.

The same behavior happens for the (10:1) concentration: the mean integrated absorbance is 0.15 cm−1 with a standard deviation of 0.05
cm−1 against a statistical uncertainty of 0.003 cm−1. If the 2144 cm−1 component is produced by larger clusters involving many CO molecules,
it would be expected a similar behavior observed for the 2150 cm−1 component: a rapidly decrease in its integrated absorbance followed by
its disappearance. However, it was observed a decrease in the integrated absorbance at the beginning of irradiation, specially in the (10:1) ice,
followed by an increase at 1 × 1012 ions.cm−2.

Pontoppidan et al. (2003) have observed a component at about 2143 cm−1 in the ISM which was tentatively assigned to the CO stretching
vibration in a pure ice with a crystalline structure under polarized light from the source. Boogert et al. (2002) claimed that this band is due to
CO interacting with another molecule in the ice. It should be noted that the 2144 cm−1 component is the most susceptible to systematic effects
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Figure 8. 2141 cm−1 component integrated absorbance as a function of fluence. Data are fitted by Eq. 1.

produced by the decomposition process due to the presence of nearby strong components such as 2150 and 2141 cm−1. Thus, it is not possible
from the results of the current work to firmly assign this component to a specifically CO binding site.

The 2141 cm−1 component:
The 2141 cm−1 component could also be attributed to (H2O)1 - (CO)n clusters with n > 4. However, when the number of CO molecules

in the cluster increases, the interactions between them start to be important. (Abe & Yamada 2004) have assigned a peak at 2140.1 cm−1

to CO - CO interactions (or CO dimer). Before irradiation, the positions of this component are 2140.8 cm−1 (3:2) and 2141.2 cm−1 (10:1).
The proximity to the CO dimer at 2140.1 cm−1 suggests that the 2141 cm−1 component could be assigned to the CO dimer. The integrated
absorbance is about 22 times greater for the (3:2) ice than for the (10:1) ice giving support to the CO dimer assignment.

The integrated absorbance of this component increases with irradiation for both ice concentrations (Figure 8, blue triangles). Its behavior is
very similar to a daughter molecule integrated absorbance formed by radiolysis: it reaches a maximum at some fluence value (in the current
experiment, 5 × 1011 ions.cm−2 for the (3:2) ice and 1 × 1012 ions.cm−2 for the (10:1) ice) followed by a decrease due to the ice desorption.
The behavior of this component may be explained by the change of the CO binding site rather than to radiolysis. If the ices are a collection
of (H2O)m - (CO)n clusters, the changes in the m and/or n numbers of molecules would change the component in which the molecule will
contribute. Furthermore, the participation of the OH dangling groups in the interactions with CO in the cluster also determines the infrared
wavenumber in which the CO molecule absorbs. For example, as discussed above, the irradiation induces the OH dangling groups to form
bonds with the water neighboring molecules causing the disappearance of the 2150 cm−1 component. For the (3:2) ice, among the clusters
with OH dangling interactions, the (H2O)1 - (CO)2 cluster is the most abundant in the ice before irradiation starts. With the hydrogen bond
formation, the interaction with an OH dangling group no longer exist and the interaction between the two remaining CO molecules could
explain the increase in the 2141 cm−1 component.

For the (10:1) ice, the clusters most abundant are those in which only one CO molecule interacts with many water molecules. Thus, a smaller
number of CO dimers are produced by the irradiation induced hydrogen bonds. The comparison between the compaction cross sections (σ1)
gives evidence to support this interpretation: the decrease rate of the 2150 cm−1 component for the (10:1) ice is 4.6 faster than for the (3:2)
ice; however the 2141 cm−1 component increases slowly for the (10:1) ice.

The 2138 cm−1 component:
The 2138 cm−1 component is one of the main components of the CO stretching vibration. (Abe & Yamada 2004) have assigned a peak at

2138.5 cm−1 to the CO monomer vibration in librating sites. (Al-Halabi et al. 2004) attributes this component to substitutional CO replacing
a water molecule in the matrix. However, pure CO ices also present a strong absorption peak at 2138.5 cm−1.

In the current (3:2) ice experiment, this component is centered on 2138.6 cm−1, consistent with the CO monomer position assigned by (Abe
& Yamada 2004). For the (10:1) concentration, in which the absolute CO abundance is smaller, this component shifts toward the blue, at
2138.9 cm−1, and presents a smaller integrated absorbance. The integrated absorbance ratio between the 2138 cm−1 component and the total
CO stretching vibration band is about 20% independently of the ice concentration (Al-Halabi et al. 2004).

The component behavior with the irradiation is totally dependent on the ice concentration. For the (3:2) concentration, the 2138 cm−1

integrated absorbance variation is very similar to the 2141 cm−1: it increases at the beginning of irradiation, reaches a maximum value at
fluence of 5 × 1011 ions cm−2 (becomes one of the main component of the CO stretching vibration band) and decreases as the fluence continue
to increase. If this component is generated by CO monomers in librating sites, its initial increase with irradiation shows that the collapse of
the pores isolates the CO molecules in a new binding site. Indeed, in the (3:2) concentration, the number of clusters with two CO molecules is
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Figure 9. 2138 cm−1 component integrated absorbances as a function of fluence. The (3:2) data are fitted by Eq. 1.

2.5 2.0 1.5 1.0 0.5
3

4

5

6

7
 Fitting

In
te

gr
at

ed
 A

bs
or

ba
nc

e 
of

 (2
14

1+
21

38
) c

m
-1

Integrated Absorbance of 2150 cm-1

Figure 10. 2141 + 2138 cm−1 component integrated absorbance as a function of 2150 cm−1 integrated absorbance in the range 0 - 5 × 1011 ions cm−2. The x
axis was inverted to show that when the 2150 cm−1 decreases as the sum of the 2141 and 2138 cm−1 increases. The data were fitted by a linear function with an
angular coefficient of 1.2.

the most abundant in the ice, which contributes to the increase of the 2141 cm−1 component as discussed above. Nevertheless, given a FWHM
of 10 cm−1 of the 2150 cm−1 component, the (H2O)m - (CO)1 clusters with m >= 1 are also abundant in the ice.

If the decrease of 2150 cm−1 is the main source for the CO monomers and dimers it should be expected an anti correlation between their
integrated absorbances with an angular coefficient smaller than or equal to 1. Figure 10 shows the total integrated absorbance of 2141 and
2138 cm−1 components against the 2150 cm−1 component in the fluence range in which the ice structure is changing, i.e. from 0 - 5 × 1011

ions cm−2. The solid line represents a linear fit with a rate of 1.2 suggesting that the increase of these components, especially that presented
by the 2138 cm−1 component, can not be fully explained by the destruction of the (H2O)m - (CO)1 clusters. Other CO binding sites, such as
those generating the 2136 cm−1 component as described below, may be contributing to increase the number of CO monomers.

For the (10:1) ice, the evolution of the 2138 cm−1 integrated absorbance is completely different from that presented in the (3:2) ice. Initially,
the component decreases about 30%, a totally unexpected behavior given what is observed in the (3:2) ice and the fact that the population of
clusters with only one CO molecule is the highest for the (10:1) concentration. The destruction of such clusters should increase the number
of CO monomers in the ice. Indeed, the component increases after a fluence value of 5 × 1010 ions cm−2 and becomes the main component of
the CO stretching vibration band at the end of the compaction process, after a fluence value of 5 × 1011 ions cm−2.

This delay on the increase of 2138 cm−1 is a problem for the component assignment. Besides that, its shifted position toward the blue on the
spectrum suggests that this component may have been influenced by other binding sites. (Al-Halabi et al. 2004) have assigned the 2139 cm−1

feature to a CO interface interaction with the hydrogen bonds. The formation of hydrogen bonds between the water molecules in the clusters
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Figure 11. 2136 cm−1 component integrated absorbance as a function of fluence. Data are fitted by Eq. 1.

by the irradiation produces many of these interactions with the CO molecules. Thus, even if the 2138 cm−1 component has been influenced by
this interaction, it should increase as the irradiation starts. The behavior of the 2136 cm−1 component with irradiation may help to interpret
the 2138 cm−1 behavior.

The 2136 cm−1 component:
Abe & Yamada (2004) assigned the 2136.7 cm−1 component to the CO monomer in the nonlibrating sites. In the current work, the component

is centered on 2136 cm−1 for both ice concentrations. As the irradiation starts, the component behavior depends on the ice concentration. For
the (3:2) ice, the integrated absorbance decreases as a function of fluence (Figure 11). If this component is produced by CO monomer
vibrations, it is tentative to consider it as one of the sources for the increase of the 2138 cm−1 component. In this case, only a change in the
libration condition of the site would be necessary to change the vibration frequency of the molecule.

(Al-Halabi et al. 2004) claim that the 2136 cm−1 evolves irreversibly from 2138 cm−1 component when a mixed ice is warmed. However, in
the current work, the opposite effect is observed: during the irradiation induced compaction process, the 2138 cm−1 component increases as the
2136 cm−1 component decreases. This is particularly remarkable in the (10:1) ice in which both components change with a phase difference
of 1800 (Figure 12).

The comparison between these two main components shows some interesting features: before irradiation, the 2136/total CO integrated
absorbance ratio is dependent on the ice concentration: 22% for the (3:2) ice and 35% for the (10:1) ice. However, after an irradiation fluence
of 1 × 1013 ions cm−2, both converge to about 10%. Initially, the 2138/total ratio is about 20% and independent on the ice concentration;
it increases for both concentrations by irradiation, although the maxima reached by them are different: 50% in the (3:2) ice (at 5 × 1012

ions.cm−2) and 60% in the (10:1) ice. As discussed above, at the end of irradiation the sputtering becomes important for the (3:2) ice due to
its smaller thickness, making difficult for this component to reach greater relative abundances.

Thus, for both experiments concentration, the effect of irradiation in the CO monomers binding sites is to transform the nonlibrating sites
into librating sites given the increase of the 2138 cm−1 component. Furthermore, the change of the ice structure, with the formation of hydrogen
bonds and the consequently collapse of the pores, make the CO molecules, interacting with the OH dangling bonds in the water clusters, be
trapped in the ice matrix occupying sites in the lattice in the librating sites (preferentially) and nonlibrating sites. In view of the different ice
concentrations studied here and given that the decrease of the ice thickness is different in each concentration (the ice thickness reduces 55%
in the (3:2) concentration and 30% in the (10:1) concentration at fluence value of 1 × 1013 ions.cm−2), it is surprisingly that the final relative
abundances of CO are approximately the same (∼ 55% for the 2138 cm−1 and ∼ 10% for the 2136 cm−1 component).

The 2133 cm−1 component:
In the current work it is not possible to assign the 2133 cm−1 component. There is no assignment found in the literature and its behavior with

irradiation follows the 2136 cm−1 component. Its integrated absorbance and FWHM are not negligible to consider it as a false component. It
seems a CO binding site related to the CO monomer. However, more laboratory experiments need to be performed to assign this component.

3.3 The total CO stretching vibration integrated absorbance

Figure 13 shows the total CO column density as a function of fluence obtained from the sum of the all of integrated absorbance components
and using the band strength of 1.1 × 10−17 cm molecule−1 (Gerakines et al. 2005). The data are fitted by the sum of two exponential functions
as shown in Eq. 1. It is clear that the decrease rate of the total CO column density in the (3:2) ice is higher than in the (10:1) ice. The ice
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Figure 12. The ratio between the component integrated absorbance and the total CO integrated absorbance of the components 2138 and 2136 cm−1.
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Figure 13. Total CO column density as a function of fluence. The column densities are obtained by summing the components integrated absorbance up and
assuming an A-value = 1.1 x 10−17 cm molecule−1. The data are fitted by the sum of two exponential functions (solid lines; see Eq.(1)). The inset graph shows
the total fluence range.

thickness difference between the two experiments may explain this result. The sputtering becomes relatively important in the (3:2) ice due to
the smaller thickness of the (3:2) ice.

Furthermore, the formation of the hydrogen bonds and the migration of the CO molecules to the lattice binding sites make them more
resistant to the irradiation effects. The cross sections obtained for the (3:2) ice is approximately 4.5 times greater than for the (10:1).

4 ASTROPHYSICAL IMPLICATIONS

The results of the decomposition presented here have implications to the understanding of the ISM ice structure. The laboratory spectra of
mixed H2O + CO ices irradiated by swift heavy ions show a complex dynamic between the components of the CO stretching vibration profile
as a function of the irradiation fluence. The CO band can be decomposed into six Gaussians functions and their changes with fluence could be
monitored. Here, these components are described in view of the interactions of CO and water clusters.

In the ISM, the CO stretching vibration profile can be decomposed into only three components: 2143 cm−1, 2139 and 2136 cm−1 (Pon-
toppidan et al. 2003). The observations suggest a layered structure of the ices with a CO layer on top of water ice. This model is supported
by the presence of a strong absorption at 2139 cm−1. Furthermore, the observation of an anti-correlation between the 2139 and 2136 cm−1

features suggests an evolutionary scenario for the mantle ices: in the quiescent regions the 2139 cm−1 feature relative to the 2136 cm−1 is
higher. As the cloud evolves and star formation starts, the 2136 cm−1 becomes stronger and the 2139 cm−1 weakens such as observed in the
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Table 5. Destruction cross sections (in 10−12 cm2) of the absorption components due to distinct interactions: OH dangling bond vibration mode (OH db), CO
and OH db (2150 cm−1), the CO dimer vibration (2141 cm−1), the CO monomer (2138 cm−1) and CO and H2O molecule in the bulk (2136 cm−1).

(3:2) (10:1)

Bands σ1 σ2 S1 S2 σ1 σ2 S1 S2
cm−1 cm−1 cm−1 cm−1 cm−1

2150 8.2 - 2.7 - 38 1.5 0.64 0.28
2141 5.6 0.20 -2.3 4.3 3.9 0.055 -0.46 0.54
2138 6.1 0.14 -1.8 4.0 - - - -
2136 3.2 0.15 1.3 0.86 56 1.2 -0.83 2.2

line of sights towards YSOs. The interpretation for this observation is that, as the CO ice is being processed, the molecules on the surface
evaporate (weakens the 2139 cm−1 feature) and those on water interface migrate into the water matrix (strengthening the 2136 cm−1 feature).
This interpretation would imply that the ice should be porous in some degree for the CO molecules are trapped as the pore collapses with the
processing of the ice. However, the component around 2150 cm−1 is not found in the ISM, suggesting that the OH dangling site is no longer
available to interact with the CO molecules.

The laboratory experiments have shown that such infrared feature is rapidly destroyed by thermal and energetic processing of the ice. In
the current work, this component vanishes after fluence values of 5 × 1011 ions.cm−2 (3:2) and 2.5 × 1012 ions.cm−2 (10:1). The 2150 cm−1

cross section measurements can be used to estimate the time scale (τ) of its disappearance in the ISM. The computation method is the same
described by Dartois et al. (2013) in estimating the time scale for the loss of the dangling OH in a water ice,

τ−1 = 4π
∑

Z

∫ ∞

Emin

σ2150(E,Z)
dN
dE

(E,Z)dE (2)

where σ2150 is the 2150 cm−1 destruction cross section (Figure 6) and dN/dE is the cosmic ray differential flux (Shen et al. 2004). A potential
law σ(E) = R Se(E)n, with n = 1, established experimentally by Dartois et al. (2013) was adopted for σ2150. The proportionality constant R
was evaluated by R(0.79 MeV/u) = σ2150/Se with the σ2150 obtained in the current work and considering that it is not dependent on Z. The
electronic stopping power Se was calculated using the SRIM code (Ziegler et al. 2010) as a function of energy and atomic number Z. Finally,
the cross section σ2150(E,Z) was computed applying the potential law on the electronic stopping power Se(E,Z).

The functional form for the differential flux is given by Webber & Yushak (1983); Shen et al. (2004)

dN
dE

(E,Z) =
C E0.3

0

(E + E0)3 (3)

where C is a normalization constant and E0 is a parameter to adjust the low energy cosmic ray spectra. In the current work, C = 9.42 ×
104 (Shen et al. 2004) and E0 = 400 MeV were used. The galactic cosmic rays (GCR) abundance adopted in this work was from Meyer et al.
(1998) and the atomic species used in the time scale calculation were H, He, C, O, Mg, Si, Fe and Ni.

Thus, in the case of H2O:CO ice concentration of (3:2), the time scale for the decrease of 2150 cm−1 feature in ISM ice mantles would be
about 1.4 × 106 years. In the case of an (10:1) ice concentration and considering each destruction regime separately, the time scales evaluated
are 3 × 105 and 7.6 × 106 years, respectively. The first regime decreases the 2150 cm−1 band to approximately 10 % to its initial value. Thus,
considering that the destruction process in the first regime dominates 90% of the time and that the process in the second regime dominates the
last 10% of the time, the total time scale for the disappearance of the 2150 cm−1 feature in a (10:1) ice concentration in the ISM mantles is
approximately 1 × 106 years.

These results are in agreement with the laboratory constraints for the loss of OH dangling bonds time scales Dartois et al. (2013) and with
the observational constraints in which the 2150 cm−1 feature is not observed in the ISM. Furthermore, if the ice mantles on the interstellar
grains are formed by simultaneous accretion of H2O and CO from the gas, the ice morphology change driven by cosmic ray particles occurs
in 1 Ma time scale. Given the component changes observed here, at the end of this phase, the CO stretching vibration profile is dominated by
the a combination of the 2141.1 and 2138.7 cm−1 components.

The irradiation fluence range reached in the current work can be considered as the first million years of the ice mantles in the ISM, before
the onset of the stellar formation. A sketch of the ice evolution can be drawn in this cloud stage. The ices studied here can be applied to the
hypothesis in which the mantle ices are formed either by the chemical reactions on the surface of hydrogen and oxygen atoms concomitantly
with the condensation of CO molecules from the gas or by the accretion of both molecules from the interstellar gas at the same time. Once
the first monolayers of ice are formed, it is subjected to cosmic ray bombardment. The result of this irradiation is to produce an ice with a
polycristalline structure without pores and with substitutional CO molecules in the ice matrix. It generates a 2136 cm−1 component with a
10% abundance relative to the CO stretching vibration band independent on the ice concentration. This is consistent with the observation that
the 2136 cm−1 component is always present in the ISM with a minimum abundance of 16% relative to the total CO molecule trapped in the
ice (Pontoppidan et al. 2003).
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Furthermore, if the 2141 cm−1 component is attributed to the CO dimers absorptions it could be associated to the ISM 2139 cm−1 component.
Note that the 2141 cm−1 component also increases with irradiation becoming one of the main components of the CO stretching band (together
with the 2138 cm−1 component). This is especially true in the (3:2) ice concentration in which the abundance of CO is higher. The CO
stretching vibration band of a H2O:CO ice mixture irradiated by heavy ions is equivalent to those of ISM in direction of quiescent regions in
which the 2139 c−1 component is the main component and the 2136 cm−1 is about 16% of the band. In other words, what would be observed
by the surveys is the ice mantles processed by irradiation at the end of the first stage of the cloud evolution in which the ices are formed.

An important problem related to the absorbance increase of the 2138 cm−1 component. Why this component is not observed in the ISM?
Could it be an evidence that the cosmic rays distribution flux is smaller than that used here? A smaller cosmic rays flux would increase the time
scale for the disappearance of the 2150 cm−1 component which would increase the probability to detected it in the ISM. Another possibility
is that the CO binding sites in the ISM ice mantles are constituted by only non librating sites since that only the 2136 cm−1 component is
detected.

5 CONCLUSIONS

The aim of the current work is to analyze the molecular rearrangements occurring when a H2O + CO mixture is irradiated. These processes,
known under a general name of compaction, are different from the ice radiolysis. They correspond to transitions triggered when part of the
energy transferred by the projectile allows atoms or molecules over passing potential barriers and ending up in stronger chemical bonds
(links), i.e., minimizing the total potential energy of the system. We identified several rearrangements; all of them occur at the beginning of
the irradiation and last different time intervals to reach the steady state.

The CO stretching vibration band is decomposed into six components: 2150, 2144, 2141, 2138, 2136 and 2133 cm−1. In the current work,
the cluster scenario is used to describe the sites in which the CO components were assigned. The cross sections for the evolution of the main
component are obtained by fitting their evolution as a function of projectile fluence using two exponential functions.

Based on the results obtained, the time scale for the disappearance of the 2150 cm−1 component induced by cosmic rays species is computed.
After a time scale of 1 Ma, the ice pores collapse vanishes the 2150 cm−1 component and rearranges the CO binding sites. The 2136 cm−1

component, attributed to the substitutional CO in a water matrix in non-librating sites started as the main component of the ice due to the
co-deposition of the molecules. However, the 2138 cm−1 and 2141 cm−1 components become the main components of the CO stretching
vibration band. The 2144 cm−1 component, is tentatively attributed in this work to a cluster such as (CO)m - (H2O)1, with m > 4, is a minor
component of the ice after 1 Myrs. It was not possible to assign the 2133 cm−1 component. However, this behavior is correlate with the 2136
cm−1 component suggesting a relation with the CO monomer sites.

We propose that the abundance of the CO monomers in the dust grain ices increase under irradiation, even if the initial CO concentration is
low. The relative abundances between components can indeed be used as a time indicator of the chemical evolution of the ice.
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