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Solid carbon dioxide (CO2) is found in several bodies of the solar system, the interstellar medium (ISM)
and young stellar objects, where it is exposed to cosmic and stellar wind radiation. Here, the chemical and
physical modifications induced by heavy ion irradiation of pure solid CO2 at low temperature (T = 15–30 K)
are analyzed. The experiments were performed with Ti (550 MeV) and Xe (630 MeV) ions at the UNILAC
of GSI/Darmstadt and with Ni ions (46 and 52 MeV) at IRRSUD of GANIL/Caen.
The evolution of the thin CO2 ice films (deposited on a CsI window) was monitored by mid-infrared

absorption spectroscopy (FTIR). The dissociation rate of CO2, determined from the fluence dependence
of the IR absorption peak intensity, is found to be proportional to the electronic stopping power Se. We
also confirm that the sputtering yield shows a quadric increase with electronic stopping power.
Furthermore, the production rates of daughter molecules such as CO, CO3 and O3 were found to be linear
in Se.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In space, ices containing simple molecules such as H2O, CO, CO2,
and NH3 are omnipresent. In our solar system, they have been
observed for example in comets, on the moons of the solar system’s
giant planets, and on trans-Neptunian objects. In outer space, these
molecules can form icy mantles on dust grains in dense molecular
clouds – the birthplaces of stars and planetary systems – at
temperatures as low as 10 K [1–3]. The ices are exposed to ionizing
radiation including UV photons, electrons, protons and heavier
ions. This in turn induces physico-chemical modifications. The ini-
tial ice molecules undergo fragmentation leading to formation of
radicals, and subsequent synthesis of new molecular species. Even
complex pre-biotic molecules such as amino acids can be
synthesized in the laboratory by irradiation of mixtures of small
molecules aiming at reproducing the interstellar conditions. An
extraterrestrial origin of such molecules and therefore of the
emergence of life on earth or elsewhere is conceivable [3–5]. Deep
within dense clouds, galactic cosmic rays are the dominant source
of ionizing radiation, either due to direct interaction with the icy
grains, or by inducing secondary UV photons from (gas phase)
hydrogen. The heavy ion fraction in cosmic rays (most have
energies between 1 MeV/u and 100 MeV/u) yields non negligible
contributions to sputtering and radiolysis due to their high
electronic energy loss, even if protons and alpha particles are
more abundant [6,7]. For recent reviews, we refer the readers to
Refs. [1–3].

Water is the most abundant molecular species observed in
astrophysical ices, followed by CO and CO2 [8]. CO2 can typically
amount to abundances of 10–40% with respect to H2O [9]. CO2 is
present in the ice mantles of dust grains; either embedded in polar
(H2O-rich) and apolar (CO-rich) ices [10]. Origin and evolution of
CO2 in the ice mantles under the effects of irradiation are still a
matter of debate in the literature [11–13]. To contribute to this
debate, measurements of the CO2 destruction cross sections and
sputtering yields, as well as formation cross sections of CO, which
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Fig. 1. Laboratory simulation of heavy-ion irradiation effects in ices monitored by
infrared spectroscopy.
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may determine the steady state condition and abundances of CO2

and CO in the ice mantles, are needed.
In the laboratory, heavy ions accelerated to high energies allow

us to simulate the specific effects induced by the heavy ion fraction
of the cosmic radiation. We note that the interaction and effects
induced by Ti and Ni are similar to that of Fe, one of the most
abundant heavy cosmic ray components together with C and O.
Measurements with different projectiles at different energies allow
varying the electronic stopping power Se. In this way, scaling laws
for the destruction and formation cross sections and also for
sputtering yields can be deduced. Such laws can then be used to
estimate, for example, life times of molecules or the contribution
of electronic sputtering to the ejection of molecules from the solid
to the gas phase in dense molecular clouds [6,7].
2. Experiment: projectile fluence dependence of FTIR spectra

The experiments were performed with Ti (550 MeV) and Xe
(630 MeV) ions at the M-Branch of UNILAC at GSI/Darmstadt [14]
and with Ni ions (46 and 52 MeV) at the IRRSUD beam line of
GANIL/Caen [3–7]. Experimental procedures have been described
in detail e.g. in [4–7]. Table 1 summarizes the important parame-
ters of the experiments (projectile, Se, ice thickness). The evolution
under irradiation of the thin CO2 ice films deposited in high vac-
uum from the gas phase on a CsI window mounted on a cold head,
was monitored by mid-infrared Fourier transform absorption
spectroscopy (FTIR) in transmission mode (shown schematically
in Fig. 1). Infrared absorption spectra of CO2 ice irradiated by Ni
(52 MeV) recorded with an unirradiated sample and at projectile
fluences of 1010, 1011, 1012, 5 � 1012 and 1013 ions cm�2,
respectively; are shown in Fig. 2. The observed absorption bands,
their A-value and the corresponding molecules are summarized
in Table 2.

The dissociation rate of CO2, and also the production rates of
daughter molecules such as CO, CO3 and O3 can be determined
from the dependence of the IR absorption peak intensity on the
projectile fluence F. The column density of the molecules can be
calculated from

NðFÞ ¼ lnð10Þ
R m2
m1

Absðmi; FÞdmi
AvalueðmiÞ ð1Þ

(Lambert Beer equation), where Abs ðmi; FÞ is the intensity of an IR
absorption band in the wavenumber region ðm1; m2Þ and AvalueðmiÞ
the corresponding absorption strength (listed in Table 2). The
typical uncertainty of the deduced N-values is of the order of
±25% [4–7].
Table 1
Ion beams, projectile energy (E) and electronic stopping power (Se); initial column
density (N0) and corresponding thickness. All these ices were irradiated at about 15 K,
except for 550 MeV Ti and 630 MeV Xe (30 K). The experiments marked (*) were
performed with 12C18O2 instead of 12C16O2. Additional data are taken (a) from Ref.
[12] and (b) from ref [6]. The electronic stopping was calculated with the SRIM
software [30]. Density values of 1 g/cm3 at 15 K and of 1.15 g/cm3 at 30 K were
adopted from Ref. [31].

Ion
beam

E
(MeV)

Se
(10�15 eV cm2/mol)

N0 (1017 mol/cm2) Thickness
(lm)

H+ 0.1 46 0.50 0.037 (a)
50Ti12+ 550 1050 5.00 0.43
50Ti21+ 550 1050 5.60 0.47
58Ni11+ 46 2600 14.1 1.03 (*, b)
58Ni13+ 52.2 2630 14.0 1.02 (*)
58Ni13+ 52.2 2630 8.30 0.61
129Xe23+ 91.6 4460 16.8 1.23
132Xe21+ 630 5680 0.68 0.050
132Xe38+ 630 5680 1.13 0.083
Fig. 3 shows the change of column densities (‘‘thickness”) of CO2

and the newly appearing molecules CO, CO3 and O3 during
irradiation with 50Tiq+ ions of two different charge states (q = 12
and q = 21). Within the experimental errors (which are of the order
of ±25%), no charge state dependence canbe seen. This can beunder-
stood from the fact that the projectiles reach charge equilibrium of
<q> � 21 at a depth of �0.02 lm [15]. This is small compared to
the complete ice layer thickness of�0.25 lmover which the radiol-
ysis and FTIRmeasurement occurs. The column density of the initial
molecule CO2 is decreasing, except at very low fluences. Here, an
increase of the apparent column density is observed, as shown in
Fig. 4, which shows the data for the columndensityN(F) of CO2 from
Fig. 3, now on a linear scale. This effect is related to a change of opti-
cal properties e.g. due to the compaction of the initially porous
amorphous ice as discussed in [16,17] for water ice: at low temper-
ature (about 10 K), a porous amorphous ice phase is obtained by
accretion of water molecules, which is getting compacted under
ion irradiation. Finally, it evolves towards a compact non-porous,
but disordered amorphous phase. Indeed, also CO2 ice shows some
porosity at low temperature [18] and thus can be compacted by irra-
diation. According to Ref. [19], solid CO2 below 20 K is amorphous,
but the simultaneous presence of both crystalline and amorphous
phases seem likely at 20–30 K [20,21]. The recent publications of
Escribano et al. [20] and Gerakines and Hudson [21] provide further
information on the profiles related to the amorphous state.

3. Destruction and sputtering of CO2, and formation of CO, CO3

and O3

The disappearance of CO2 is due to (i) fragmentation described
by the destruction cross section rd(Z,E) and (ii) sputtering with a
yield of Y molecules per incoming projectile. The evolution of the
column density N as a function of projectile fluence taking into
account fragmentation and sputtering can be written as

dNðFÞ
dF

¼ �rdNðFÞ � Y0

N0
NðFÞ ð2Þ

(see e.g. [22,23]). As can be seen from Fig. 3, up to fluences
as high as 5 � 1012 projectiles cm�2 the concentration of the
dominant product CO of CO2 radiolysis is less than 10% of the initial
column density N0 of CO2. The concentration of the other radiolysis
products can be neglected. Below this fluence, the projectiles will
nearly always impact an unirradiated region and therefore only
sputtering and destruction of CO2 takes place. Only for fluences
far above 1013 projectiles cm�2 (as discussed in [6]) the projectiles
will have a chance to impact an already irradiated part of the
sample possibly containing radiolysis products. Consequently, here
the low fluence limit with N(F) � N0 of Eq. (2) is valid [6,7]:

dNðFÞ
dF

¼ �rdNðFÞ � Y0 ð3Þ



Fig. 2. FTIR spectra of CO2 ice irradiated by Ni (52 MeV) taken with an unirradiated sample and at projectile fluences of 1010, 1011, 1012, 5 � 1012 and 1013 ions cm�2.

Table 2
Infrared absorption lines of CO2 and of molecules observed after irradiation (CO, CO3,
and O3) and their A values. Some experiments (cf. Table 1) were performed with
12C18O2 instead of 12C16O2; therefore, wavenumbers of molecules containing both
16O2 and 18O2 were included. The absorption strength A values are taken from Ref. [6]
and Ref. [26].

Molecule Vibration
mode

Wavenumber
with 16O (cm�1)

Wavenumber
with 18O (cm�1)

A-value (10�17

cm/molecule)

CO2 m3 2345 2311 7.6
13CO2 m3 2282 2247 1.3
CO m1 2140 2089 1.1
CO3 m1 2045 2008 8.9
O3 m3 1044 987 0.6

Fig. 3. Column densities (‘‘thickness”) of CO2 (top) and the newly appearing
molecules CO, CO3, and O3 (bottom, as indicated) as a function of projectile fluence
during irradiation with 50Tiq+ ions of two different charge states (q = 12, open
symbols and q = 21, full symbols).
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with the corresponding low fluence solution

NðFÞ ¼ N0 þ Y0

rd

� �
e�rdF � Y0

rd
ð4Þ

The contribution of sputtering to the decrease of N(F) is small
for thick enough layers at low fluences. In this case, rdN0 � Y0,
the destruction cross section can be deduced from the simple lin-
ear relation

NðFÞ � N0 � rdN0F ð5Þ
For example, this is the case for the data shown in Fig. 4

between F = 1012 projectiles cm�2 (when the ice has been fully
compacted by irradiation) and, say, F = 5 � 1012 projectiles cm�2.

The column densities of the newly appearing molecules
increase up to a maximum value. Then, since there will be an equi-
librium between production and destruction of these daughters by
irradiation, when the sample gets thinner, a decrease may appear
Fig. 4. Column density of CO2 from Fig. 3, as a function of projectile fluence during
irradiation with 50Tiq+ ions of two different charge states (q = 12 and q = 21), now
plotted on a linear scale.
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with increasing fluence [4–7]. Again, at low fluence, a simple linear
relationship can be used to deduce the formation cross section rf

(k) of each molecular species:
NkðFÞ � rfN0F ð6Þ
The destruction cross sections rd and the formation cross sec-

tions rf for synthesis of CO, CO3 and O3 are shown in Fig. 5 as a
function of the electronic energy loss Se. Data obtained with Ni
beams of about 50 MeV [6] and with 0.1 MeV protons [12] are also
included. The measurements at GSI (Ti and Xe beams) were per-
formed with two different charge states both for the Ti and Xe
beams, but within experimental uncertainties no related effect
was observed.

In many cases, the dependence of cross sections or sputtering
yields were found to follow a simple scaling law: they vary with
a certain power n of the electronic energy loss Se, i.e. r = c Se

n or
Y = C Se

n [3]. As can be seen from Fig. 5, this is indeed the case for
the destruction cross sections rd (Fig. 5a) and also for all the
formation cross sections rf (CO, CO3 and O3, Fig. 5b). They all are
found to be proportional to the electronic stopping power r � Se

n

with n � 1. The sputtering yields determined in the present
experiments are plotted as a function of the electronic energy loss
Fig. 5. (a) Destruction cross section and (b) formation cross sections as a function of
the electronic stopping power. Additional data from Refs. [6,12] are included. The
electronic stopping was calculated with the SRIM software [30], see Table 1.
Se in Fig. 6. Data obtained with protons (0.1 MeV) [12], He
(1.5 MeV) [24] and Ni (46 MeV) [6] are also included. In contrast
to the cross sections shown in Fig. 5, the sputtering yields are
found to follow a quadratic dependence, Y � Se

n with n � 2, in
excellent agreement with previous studies [3,12,24], as can be seen
from Fig. 6. There is, however, one exception: the data point for the
irradiation with Xe (630 MeV) falls-even considering the error
bars (which are of the order of ± 25%) – below the Y � Se

2 curve.
The difference to the other experiments lies in the thickness
of the ice layer (Table 1). For this experiment, we chose to
prepare layers of a thickness comparable to the charge
equilibration depth, thus approximately an order of magnitude
thinner than for the previous experiments (d � 0.05 lm instead
of d � 0.25 lm).

Again, as it was the case for the experiments with Tiq+

(550 MeV, q = 12 and q = 21), with Xeq+ (630 MeV, q = 21 and
q = 38), no charge state effect was observed, neither for the
destruction cross section rd, nor the sputtering yield Y. However,
in contrast to the destruction and formation cross sections r,
which all nicely fall upon the scaling law r � Se (Fig. 5), the sput-
tering yield in this particular case of very thin layers irradiated
with Xe (630 MeV), is significantly lower. This result points
towards a layer thickness dependence of the sputtering yield.
Indeed, a pronounced thickness dependence of the sputtering yield
in the electronic stopping regime has been observed with frozen
solid argon [25], where the yields increase with layer thickness
until a constant ‘‘thick ice layer” yield is reached at about
0.1 lm. Experiments with thin layers of the order of d = 0.1 lm
are relevant for astrophysics, since this corresponds to typical ice
layer thickness on interstellar dust grains (0.01–1 lm).

4. Conclusion: possible astrophysical applications

The radiolysis of CO2 by swift ions in the electronic stopping
regime was studied by infrared absorption spectroscopy. From
the projectile fluence dependence of the characteristic IR
absorption peak intensities of observed molecules, destruction
and formation cross sections can be derived. The dissociation rate
of CO2, is found to be proportional to the electronic stopping power
Fig. 6. Sputtering yields as a function of the electronic stopping power. Additional
data from Refs. [6,12,24] are included. The electronic stopping was calculated with
the SRIM software [30], see Table 1. The ‘‘very thin film” was irradiated by Xe at
630 MeV.
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Se. Also, the production rates of daughter molecules such as CO,
CO3 and O3 were found to be linear in Se. We also confirm that
the sputtering yield shows a quadric increase with electronic stop-
ping power [6,12,24]. Such scaling laws allow to estimate e.g. life
times of molecules or the contribution of electronic sputtering to
the ejection of molecules from the solid to the gas phase in dense
molecular clouds [6,7].

For this latter processes, heavy ions show to be rather
competitive compared to photodesorption [6,27] because of their
high electronic stopping power Se and the strong dependence
Y � Se

2 of the sputtering yield on Se. In this respect, the observation
of a reduced sputtering yield with extremely thin ice layers
(d � 0.05 lm) may come out as important for such astrophysical
estimations, since the typical ice layer thickness on interstellar
dust grains (typical size in the 0.01–1 lm range) is of the same
order of magnitude. Such layer thickness effects have to be
included in estimations of overall sputtering yields [6,7].

The concentration of CO2 molecules is of the order of about 10–
30% (relative to water) both in comets [28] and in the interstellar
medium (ISM) [1]. Pure CO2 is believed to exist in small quantities
in some regions of the ISM [29]. Therefore, the present observation
of the formation of CO3 and O3 in the CO2 ice after the interaction
with swift ions suggests that they should also be formed by galac-
tic cosmic rays with a rate which can be estimated if the cosmic ray
flux and composition is known from the linear scaling with the
electronic stopping power rf (CO, CO3, O3) � Se.
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