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A B S T R A C T 

Carbon monoxide (CO) plays a vital role in interstellar chemistry, existing abundantly in both gaseous and frozen environments. 
Understanding the radiation-driven chemistry of CO-rich ices is crucial for comprehending the formation and desorption of 
C-bearing molecules in the interstellar medium (ISM), particularly considering the potential impact of temperature on these 
processes. We report experimental data on irradiation processing of pure CO ice by cosmic ray analogues (95.2 MeV 

136 Xe 23 + 

ions) at temperatures of 10, 15, and 20 K, in the IGLIAS set-up coupled to the IRRSUD beamline at GANIL (Caen, France). 
The evolution of the irradiated frozen samples was monitored by infrared spectroscopy. The computational PR OCOD A code 
allows us to quantify the chemical evolution of the samples, determining effective reaction rates coefficients (ERCs), molecular 
abundances at the chemical equilibrium (CE) phase, and desorption processes. The model integrated 18 chemical species – 8 

observed (CO, CO 2 , C 3 , O 3 , C 2 O, C 3 O, C 3 O 2 , and C 5 O 3 ) and 10 non-observed but predicted (C, O, C 2 , O 2 , CO 3 , C 4 O, C 5 O, 
C 2 O 2 , C 2 O 3 , C 4 O 2 ) – linked via 156 reactions. Our findings re veal temperature-dri ven influences on molecular abundances 
at chemical equilibrium, desorption yields and rates, and ERC values. Certain reaction routes exhibit distinct thermochemical 
behaviours of gas- and ice-phase reactions which may be attributed to the presence of neighbouring molecules within the 
ice matrix. This study provides pivotal insights into the chemical evolution of CO-enriched ice under irradiation, impacting 

solid-state astrochemistry, clarifying molecular abundances, and advancing our understanding of ISM chemistry and temperature 
effects on ionized radiation-processed frozen ices. 

Key words: astrochemistry – molecular data – molecular processes – methods: data analysis – software: data analysis – ISM: 
molecules. 
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.  I N T RO D U C T I O N  

he universal abundance of carbon monoxide (CO) and its role as a
ominant carbon reservoir in molecular gas (Huang et al. 2020 ), 
stablishes its significance in various interstellar environments. 
eyond its presence in interstellar gas, CO is frequently detected in 
strophysical ices within cold interstellar and circumstellar regions 
e.g. Herbst & van Dishoeck 2009 ; Boogert et al. 2015 ). Furthermore,
ts identification on planetary and lunar surfaces, including Triton and 
luto, also reinforces its significant presence in cold astrophysical 
nvironments (Lellouch et al. 2010 ; Bertrand & Forget 2016 ). 

The irradiation of CO-rich ices by ionizing radiation, comprising 
osmic rays, UV and soft-X rays, and fast electrons, has been 
ecognized to enhance molecular complexity in interstellar regions 
e.g. Gerakines et al. 1995 ; Cotin et al. 2003 ; Jamieson et al.
006 , Palumbo et al. 2008 , Domaracka et al. 2009 ; Pilling et
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l. 2010a , Seperuelo-Duarte et al. 2010 ; Ciaravella et al. 2012 ;
oduch et al. 2015 ; De Barros et al. 2020 ; de Barros et al. 2022 ).
ecently, Gerakines et al. ( 2023 ) have also presented a re vie w of
bsorption band coefficients of CO without any irradiation processes 
or temperatures below 30 K. The authors also calculated the optical
onstants for CO bands and highlight its rele v ance to studies of solid
O in the outer Solar System and the interstellar medium. 
It is worth noting that understanding the radiation-driven chem- 

stry of CO-rich ices is crucial for comprehending the formation 
nd desorption of C-bearing molecules in the interstellar medium 

ISM). This refers to the release of carbon-containing molecules 
rom interstellar dust particles or ices when exposed to specific 
nvironmental conditions. This significance is magnified when we 
ccount for the potential influence of temperature on these processes. 

Laboratory e xperiments hav e e xtensiv ely probed the effects of
onizing radiation on CO ices at cryogenic temperatures (e.g. Ger- 
kines et al. 1995 ; Jamieson et al. 2006 ; Seperuelo-Duarte et al.
010 ; De Barros et al. 2011 ; Ciaravella et al. 2012 , Ciaravella et al.
016 ; Huang et al. 2020 ; Dartois et al. 2021 ; Gerakines et al. 2023
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nd references therein). Notably, products such as carbon clusters
C n ), suboxide (C 3 O 2 ), C n O, C n O 2 , and C n O n species have been
dentified as the main outcomes of irradiated CO ices (Jamieson et
l. 2006 ). Carbon dioxide (CO 2 ) has been recognized as a significant
roduct, aligning with observations in both gas and solid phases in the
SM (Whittet et al. 1998 ; Gibb et al. 2004 ). Diatomic carbon (C 2 )
nd other species like triatomic carbon (C 3 ), dicarbon monoxide
C 2 O), and tricarbon monoxide (C 3 O) exhibit notable presence in
olecular clouds and cometary environments, further emphasizing

he importance of CO ices’ radiation processing (Souza & Lutz 1977 ;
hishi et al. 1991 ; Cernicharo et al. 2000 ; Mookerjea et al. 2010 ).
alumbo et al. ( 2008 ) have postulated the potential occurrence of
arbon suboxide within the ISM, stemming from the irradiation-
nduced processing of CO ice. This anticipation is attributed to the
iberation of radiolysis products from grain surfaces to the gas phase.
ndications of this species have been tentatively identified in comet
alley, as reported by Huntress et al. ( 1991 ) and Crovisier et al.

 1991 ). 
In this research, we present a dual experimental-computational

tudy to understand the influence of temperature on irradiated pure
O ices in conditions analogous to cold space environments. The
xperimental data were obtained employing pure CO ices at three
emperatures (10, 15, and 20 K) exposed to cosmic ray analogues
95.2 MeV 

136 Xe 23 + ions) at the GANIL (Caen, France) which
upplements our previous investigation on CO irradiation at 13 K
y 50 MeV 

58 Ni 13 + ions (Pilling et al. 2023a ). The employed ion
eam simulates the effect of super heavy mass ions cosmic rays on
strophysical ice analogues. Although the flux of such heavy ions
s below 4 orders of magnitude lower than the flux of cosmic ray
rotons (Mennella et al. 2003 ; Roberts et al. 2007 ), their effects
lay an important role on interstellar grains since they can deposit
uch more energy (due to its high equilibrium charge state within

he matter) than the light ions inside the grains. Additionally, such
eavy ions also induce desorption yields during collision with solids
uch higher ( > 4 orders of magnitude higher) than promoted by light

ons as in the case of protons or alphas (see also, Brown et al. 1984
nd Fama et al. 2008 ; Seperuelo-Duarte et al. 2009 a). The employed
harge state of 23 + of incoming Xe ions is roughly the equilibrium
harge after several collisions of such ions (independent of the initial
harge state) with matter (e.g. Nastasi et al. 1996 ). 

The computational methodology employed the PR OCOD A code
see also Carvalho et al. 2022 ; Pilling et al. 2022a, 2023a , b , c )
o quantify the samples’ chemical evolution, as well as to provide
he ef fecti ve reaction rates coef ficients (ERCs) of se veral reactions
ithin the and characterize the molecular abundances at the chemical

quilibrium (CE) phase and desorption processes. The current model
ncorporated 18 chemical species – 8 observed (CO, CO 2 , C 3 , O 3 ,
 2 O, C 3 O, C 3 O 2 , and C 5 O 3 ) and 10 non-observed but predicted (C,
, C 2 , O 2 , CO 3 , C 4 O, C 5 O, C 2 O 2 , C 2 O 3 , C 4 O 2 ) – interconnected
ia 156 proposed reactions (including radiation-induced destruction
eactions, bimolecular reactions, and desorption reactions). The
eactions proposed represent the physical and chemical processes
xpected within the induced liquid ice region around the energy
eposition path of the ion. I t’s worth noting that in the previous
odel, which described the chemical evolution of pure CO ice at

3 K bombarded by Ni ions (Pilling et al. 2023a ), neither C 3 O nor
 3 O 2 was observed in the experiments (probably due to worse data
uality) and belonged to the list of non-observed species. 
The impact of temperature on irradiated ices was recently inves-

igated by Pilling et al. ( 2023c ). Utilizing the PR OCOD A code, the
uthors examined the chemical evolution of crystalline H 2 O ices
n the presence of 5 keV electrons, elucidating variations in ERCs,
NRAS 528, 6075–6098 (2024) 
adiation induced desorption, and equilibrium abundances across ice
emperatures spanning 12 to 90 K. 

Section 2 describes the employed experimental and computational
ethodologies. The main results including details on the best-fitting
odels are presented in Section 3 with highlights for the temperature

nfluence in ERCs, in molecular abundances at chemical equilibrium,
nd in desorption yields. This section also presents a discussion
n the thermochemical behaviour disparities between gas- and ice-
hase reactions that might be linked to the presence of neighbouring
olecules in the ice bulk. In Section 4 , we discuss the astrophysical

mplications of our findings and the rele v ance of the use of the
alculated ERCs in the astrochemical models. Finally, Section 5
ontains the main conclusions and closing remarks. 

.  M E T H O D O L O G Y  

his paper experimental infrared data obtained from irradiating CO
ce with cosmic-ray analogues, along with a computational procedure
tilizing the PR OCOD A code to map the chemical evolution of
he irradiated samples. The current investigation supplements our
revious work on the chemical changes observed in CO ice irradiated
y cosmic rays (Pilling et al. 2023a ) adding a focus on the effect of
emperature in the frozen system. In the subsequent two sections, we
ill delve into comprehensive explanations of both methodologies

mployed. 

.1 The experimental data 

he experimental data were obtained employing the IGLIAS
acronym for Irradiation de GLaces d’Int ́er ̂ et AStrophysique) UHV
hamber (Aug ́e et al. 2018 ) coupled to IRRSUD beam line at
ANIL (Grand Accelerateur National d’Ions Lourds) in Caen,
rance. Briefly, 95.2 MeV 

136 Xe 23 + ion projectiles impinge (almost
erpendicularly) onto the pure CO ice target at different temperatures
10, 15, and 20 K). The chamber base pressure was around 4e-10
bar and the projectile ion flux was around 5e8 ions cm 

−2 s −1 . 
In-situ Fourier-transformed infrared (FTIR) spectra were recorded

or ices irradiated at different fluences, up to 3e12 ions cm 

−2 using
 Bruker FTIR spectrometer (Vertex 70v) with co v erage from 4000
o 650 cm 

−1 and with spectral resolution of 1 cm 

−1 . A background
llowing the absorbance measurements is collected before gas
eposition. The total irradiation time was 6000 s for each sample.
etails of the experimental setup are given in Aug ́e et al. ( 2018 ) and

lso in Dartois et al. ( 2019 , 2020 ). 
The thin ice film was prepared by condensation of gases (purity

uperior to 99 per cent) onto a CsI substrate attached to a closed-cycle
elium cryostat, cooled to 10 K. For all samples the deposition rates
as about ∼10 μm h −1 and the estimated density was about 0.81 g

m 

−3 (Loeffler et al. 2005 ). Additionally, all samples were deposited
t 10 K and heated up to the required temperature for the irradiation
tage. During the entire experiment, the sample temperature remains
onstant and kept below the desorption temperature of CO ( ∼ 21 K)
o a v oid thermal desorption (see also Collings et al. 2004 ). 

The irradiated area of the CsI crystal in each experiment was
bout 0.5 cm 

2 . The thicknesses of the samples were 0.54, 0.46, and
.57 μm for the ices at 10, 15, and 20 K, respectively (see discussion
t Pilling et al. 2011a and also at Dartois et al. 2020 ). Following
eperuelo-Duarte et al. ( 2010 ), the estimated sputtering yield (Y) for
uch experiments, bombarding CO ice with swift ions, was around
e4 molecules ion −1 . Table 1 lists selected experimental parameters,
ncluding some sample properties and ion beam properties. Some
eam properties including the max penetration depth and the linear
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Table 1. Experimental parameters for the irradiation of pure CO ices by 95.2 MeV 

136 Xe 23 + ions considered in this work. 

Parameter EXP 10K EXP 15K EXP 20K 

Sample temperature 10 K 15 K 20 K 

Initial CO column density (estimated from CO band at 2139 cm 

−1 ; band 
strength A = 1.1e-17 (Gibb et al. 2004 ) 

9.5e17 molecules 
cm 

−2 
8.0e17 molecules 

cm 

−2 
1.0e18 molecules 

cm 

−2 

Sample thickness (estimated from CO band at 2139 cm 

−1 ; band strength 
A = 1.1e-17 (Gibb et al. 2004 ) 

0.54 μm 0.46 μm 0.57 μm 

Estimated density (e.g. Loeffler et al. 2005 ) 0.81 g cm 

−3 = 3.48e + 22 atoms cm 

−3 

Estimated sputtering (e.g. Seperuelo-Duarte et al. 2010 ) 7e4 molecules ion −1 

Employed projectile 95.2 MeV 

136 Xe 23 + (0.7MeV u −1 ) 
Radiation flux 5e8 ions cm 

−2 s −1 

Max penetration (SRIM calculation) 33.5 μm 

Electronic dE/dx (SRIM calculation) 1.45e3 eV/(1e15 atoms cm 

−2 ) = 5e3 keV μm 

−1 

Nuclear dE/dx (SRIM calculation) 1e1 eV/(1e15 atoms cm 

−2 ) = 35 keV μm 

−1 

Final radiation fluence 3e12 ions cm 

−2 
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nergy delivered (dEdx, also known as Stopping Power) were 
alculated employing the SRIM code (The Stopping and Range of 
ons in Matter) code. The SRIM code is a collection of software
ackages that calculate many features of the transport of ions in 
atter (Ziegler et al. 2010 ). 
The molecular column density of a sample was determined from 

he relation between the optical depth τ ν = ln( I 0 /I ) and the band
trength A (cm molecules −1 ), of the respective sample vibrational 
ode (see also d’Hendecourt & Allamandola 1986 ). In this ex- 

ression, I 0 and I are the intensity of light at a specific frequency
efore and after passing through a sample, respectively. Since the 
bsorbance measured by the FTIR spectrometer is a ν = log( I 0 /I ) =
n( I 0 /I)/ ln(10) = τ ν / 2.3, the molecular column density of ice samples
s provided by 

 = 

1 

A 

∫ τν d ν = 

2 . 3 

A 

∫ a ν d ν
[
molecules cm 

−2 
]
. (1) 

In this paper, eight species (CO, C 3 , C 2 O, CO 2 , O 3 , C 3 O, C 3 O 2 , and
 5 O 2 ) were identified and quantified in the experimental data. The
ibrational band positions and their infrared absorption coefficients 
band strengths) used in this work are given in Table 2 . Once more, it’s
mportant to highlight that in the previous model, where the chemical 
volution of pure CO ice was studied at 13 K under bombardment by
i ions (Pilling et al. 2023a ), both C 3 O and C 3 O 2 were not detected

n experiments, being only in the list of non-observed species. In
his work, we are able to measure and model these two species in
rradiated ice. A comparison between selected ion properties of Xe 
nd Ni ions (and also of protons and Fe ions) are presented and
iscussed in the Appendix A . 

.2 The PROCODA code 

he PR OCOD A code (acronym for PR Ogram for solving Couple
ifferential equations set for Astrochemistry), elaborated upon in 
illing et al. ( 2022a ), aims to solve a set of interconnected differential
quations to depict the chemical evolution of typical astrophysical 
ces o v er time when e xposed to ionizing radiation processing. This
pproach is further elucidated in Carvalho et al. ( 2022 ) and impro v ed
o consider thermochemistry data associated with the species under 
onsideration (Pilling et al. 2023a , b ). The code provides numerical
alues for the effective rate coefficients (ERCs), also known as rate 
onstants (k) in case of gas-phase reactions, the molecular abun- 
ances of both observed and non-observed (but predicted) species, 
nd essential information for the radiation induced desorption to the 
as-phase. While the proposed reactions represent the physical and 
hemical processes that are expected to occur within the ice, they are
ot necessarily elementary reactions. As a result, their rate constants 
or coefficients) are referred to as ef fecti ve (apparent). Each ef fecti ve
eaction’s rate also considers the availability of involved reactants 
 N i ) up to the second order. Details of the current code version can
e obtained at Pilling et al. ( 2023a, b ). 
Briefly, the typical equation in the chemically coupled system 

olved by the code has the following parameters: 

d N i 

d t 
= 

[ 

−DES i ( t ) −
∑ 

d1 

k d1 N i ( t ) −
∑ 

d2 

k d2 N i ( t ) N a ( t ) /L 

] 

+ 

⎡ 

⎣ 

∑ 

p1 

k p1 N a ( t ) + 

∑ 

p2 

k p2 N a ( t ) N b ( t ) /L 

⎤ 

⎦ 

[
molecules c m 

−2 s −1 
]

(2) 

here N i is the column density of given species i , in units of
olecules cm 

−2 , d N i / d t is its column density variation along the
ime t, k values are the ERCs for the different reactions and L
ndicates the sample average thickness in units of cm. The values
 d1 and k d2 indicate the destruction (consumption) processes and 
alues k p1 and k p2 indicate the production processes of a given species
 , in direct and bimolecular radiation-induced reactions. The rates 
 d1 and k p1 represent the direct dissociation reactions induced by 
adiation and have units of s −1 and the rates k d2 and k p2 represent the
imolecular collision reactions induced by radiation, in units of cm 

3 

olecules −1 s −1 . In this equation the DES i ( t) = k des,i �i ( t ) N i ( t )
s the differential column density estimation due to desorption, i.e. 
he number of molecules (or atomic species) that desorbs from ice to
as-phase per cm 

2 and per second due to incoming radiation, which
lso depends on the intrinsic desorption rate ( k des,i ), in units of s −1 ,
nd the dimension-less surface co v erage of the species i as a function
f time ( �i ( t)). The values N a and N b indicate the column densities
f species a and b , in units of molecules cm 

−2 , respectively, which
articipate in the reaction to produce or consume the respective i
pecies. The list with the full employed equations was presented in
ppendix B section of Pilling et al. ( 2023a ). 

As discussed by Pilling et al. ( 2023a ), who also investigated the
hemical evolution of CO ice under processing by incoming cosmic- 
ay analogues employing the PR OCOD A code, the considered score
unction (SF) employed in the minimization algorithm during the 
MNRAS 528, 6075–6098 (2024) 
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M

Table 2. Infrared absorption coefficients (band strengths) used in the column density calculations for the observed molecules. 

Wavenumber (cm 

−1 ) Wavelength ( μm) Molecular assignment Band strength (A) (cm molecule −1 ) Refs. 

2342 4.27 CO 2 (v3) 7.6e-17 Gerakines et al. ( 1995 ) 
2249 4.45 C 3 O 1e-17 ∗ Palumbo et al. ( 2008 ) 
2242 4.46 C 3 O 2 13e-17 Gerakines & Moore ( 2001 ) 
2139 4.67 CO (v1) 1.1e-17 Gibb et al. ( 2004 ) 
2060 4.85 C 5 O 2 7.4e-17 Jamieson et al. ( 2006 ) 
2019 4.95 C 3 1.3e-16 Jamieson et al. ( 2006 ) 
1989 5.03 C 2 O 2.4e-17 Jamieson et al. ( 2006 ) 
1041 9.61 O 3 1.53e-17 Bennett & Kaiser ( 2005 ) 

∗considered. 
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earch for the best solution of coupled chemical systems was 

F = p1 ×
∑ ( oCO data − oCO data ) 

2 

oCO data 
+ 

p2 ×
∑ ( oCO2 data − oCO2 model ) 

2 

oCO2 data 
+ 

p3 ×
∑ ( oC3 data − oC3 model ) 

2 

oC3 data 
+ 

p4 ×
∑ ( oO3 data − oO3 model ) 

2 

oO3 data 
+ 

p5 ×
∑ ( oC2O data − oC2O model ) 

2 

oC2O data 
+ 

p6 ×
∑ ( oC3O data − oC3O model ) 

2 

oC3O data 
+ 

p7 ×
∑ ( oC3O2 data − oC3O2 model ) 

2 

oC3O2 data 
+ 

p8 ×
∑ ( oC5O2 data − oC5O2 model ) 

2 

oC5O2 data 
+ 

p9 × [ ( 1 − MS C f ) + ( 1 − MSC o f ) + ( 1 − MSC o m 

) ] + 

p10 × ( 1 − DSC ) + p11 × ( 1 − SSC ) , (3) 

here the dimension-less parameters p 1 to p 11 in this equation are
he weights of each term, used as a tool to search for the best
olution during the computational minimization processes. In this
quation, the o[] data and o[] model are the column density values of
iv en observ ed species taken from the experimental interpolated data
nd their respective value calculated by the model, respectively. The
arameter MSC f is the model mass similarity criterion (or model
ass conservation), calculated considering the similarity between

he initial column mass of the modelled system and the total column
ass of the model at the final modelling time (at largest time)

including both masses, at the ice and desorbed), MSCo f and MSCo m 

re the column mass similarity criterion between the experimentally
bserved column mass and the observed column mass in the model
t the final modelling time and at the middle of the modelling time,
espectively. From these three parameters, we calculate a parameter
alled ‘mass similarity criterion’ MSC = (MSC f × 100 per cent +
SCo f × 100 per cent + MSCo m 

× 100 per cent)/3, which also
elps us to indicate how good the solution of the system is compared
ith the observed data. The parameter DSC is the ‘desorption

imilarity criterion’, calculated considering the similarity between
he experimental desorption yield (estimated from the experimental
mployed manuscript or other similar experimental data) and the total
olecular desorption yield computed by the model. The parameter
SC is the ‘slope similarity criterion’, which is related to the
chievement of CE phase in the ice at larger radiation fluence, as
escribed in Pilling et al. ( 2022a ). 
NRAS 528, 6075–6098 (2024) 
It is worth noting that the chi-squared function χ2 (also named
ummed CHI2) can be obtained directly from equation (3) making
 1 = p 2 = p 3 = p 4 = p 5 = p 6 = p 7 = p 8 = 1 and p 9 = p 10 = p 11 = 0.
he chi-squared function is a parameter obtained considering the
xperimental column density of the observed molecules (CO, CO 2 ,
 3 , O 3 , C 2 O, C 3 O, C 3 O 2 , and C 5 O 3 ) and their modelled column
ensity by the code. 
As presented by Piling et al. ( 2023a ), the employed chemical

etwork considered a total of 156 coupled equations describing the
hemical evolution of selected molecules in pure CO ices under the
resence of different ionizing radiation types (including direct and
imolecular reactions). The reaction set also includes 18 radiation-
nduced molecular desorption to take into account the frozen species
hat are ejected to the gas-phase during the irradiation. The proposed
eaction network involves 18 different chemical species within the
ce (8 observed species from experiments: CO, CO 2 , C 3 , O 3 , C 2 O,
 3 O, C 3 O 2 , and C 5 O 3 ; 10 non-observed species: C, O, C 2 , O 2 , CO 3 ,
 4 O, C 5 O, C 2 O 2 , C 2 O 3 , and C 4 O 2 ). 
The thermochemistry info for the considered species is given

n Pilling et al. ( 2023a ) and the e xtensiv e discussion on the code
dvantages, uncertainties, and limitations, is provided by Pilling et
l. ( 2022a , 2023a , b ). The model uncertainties are below 20 per cent
see discussion at Pilling et al. 2022a ). 

.  RESULTS  A N D  DI SCUSSI ON  

.1 Column density measurements from the evolution of ice 
pectra 

ig. 1 presents the changes observed in the infrared spectrum of
ure CO ice at 20 K during bombardment by cosmic rays (95.2 MeV
36 Xe 23 + ions). The main panel presents the entire spectra obtained
t four radiation fluences (0, 1.6e11, 1.3e12, and 3e12 ions cm 

−2 ).
he inset panels show details of the spectra with the peak position
f the observed and quantified species indicated. Similar data were
lso collected for pure CO ice at 10 and 15 K (not shown). It is
orth noting that the CO band presents a peculiar profile (probably
ue to spectrometer background subtraction processes) which could
lightly increase the uncertainty in its quantification. To minimize this
ffect we also considered the data of the 13 CO band at 2092 cm 

−1 

A = 1.3e-17 cm molecule −1 , see also Gerakines et al. 1995 ). For
etails on the peak assignments and other species possibly presented
n the ice see also de Barros et al. ( 2011 ). 

The evolution of column density (normalized to CO initial column
ensity) of observed species during the irradiation of pure CO ices at
hree different temperatures (10, 15, and 20 K) irradiated by cosmic
ays (95.2 MeV 

136 Xe 23 + ions) up to the fluence of 3e12 ions cm 

−2 

s shown in Fig. 2 . Eight molecular species were observed and
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Figure 1. Evolution of infrared spectrum of CO ice at 20 K irradiated by 
95.2 MeV 

136 Xe 23 + ions) up to the fluence of 3e12 ions cm 

−2 . Spectra colour 
code: blue (bottommost) = unirradiated spectrum; black = spectrum recorded 
at the fluence of 1.6e11 ions cm 

−2 ; green = spectrum recorded at the fluence 
of 1.3e12 ions cm 

−2 and red (topmost) = spectrum recorded at the fluence 
of 3e12 ions cm 

−2 . The attribution of some infrared bands is indicated. See 
details in the text. 
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uantified by IR spectroscopy (CO, CO 2 , C 3 , O 3 , C 2 O, C 3 O, C 3 O 2 ,
nd C 5 O 2 ). The column density of CO (parent species) shows a
ecrement trend with increasing fluence, exhibiting a more rapid 
ecrease at lower temperatures. In contrast, all other species under 
tudy (daughter species) demonstrated an accelerated formation rate 
n the initial stages of irradiation, culminating in a peak in column
ensity, followed by a subsequent decrease as the fluence continued 
o increase. 

It’s important to highlight that the amount of CO, CO 2 , and
 3 O 2 , seems to increase with the temperature (see Fig. 2 a). For

he other observed species a peculiar relation between column 
ensity evolution and the temperature of irradiated ice (non-clear 
ependence with the ice´s temperature). It is worth noting that the 
aughters species C 3 O and C 3 O 2 , detected in this study, were not
etected (probably due to a lower data quality) in similar experiment 
erformed by Seperuelo-Duarte et al. ( 2010 ) employed Ni ion in pure
O ice at 13 K and modelled previously with PR OCOD A (Pilling
t al. 2023a ). The experimental error was estimated to be below
0 per cent. 

.2 Chemical evolution at different temperatures mapped via 
ROCODA code 

ig. 3 illustrates the evolution of column density for the most
ccurate models employing the PR OCOD A code on pure CO ices
rradiated by cosmic-ray analogues (95.2 MeV 

136 Xe 23 + ions) at three 
ifferent temperatures studied. Panels a, b, and c, present the results
or the temperatures of 10, 15, 20 K, respectively. The symbols
epresent the experimental data. The bold-dashed blue line represents 
he modelled summed desorption column density. Important model 
utput parameters are displayed in the header. 
The model reveals a remarkable match between experimental data 

nd the best-fitting model for most species, with an exception for
 5 O 2 . As discussed by Pilling et al. ( 2023a ), the current model

uggests much smaller abundances for C 5 O 2 than the observed values 
n the experiments and the possible explanation for this issue are: 
i) lack of important reaction to describe the chemical evolution 
f this species and (ii) an o v erestimation in the abundance of this
pecies from the experimental work. From the chemical point of 
iew, the production of C 5 O 2 requires at least five molecules of
O or collisions between other carbon containing species, such as 
 3 O 2 or C 3 . In the case of C 3 O 2 , the model encounters challenges in
tting experimental data during the initial stages of irradiation. This 
ifficulty may be attributed to the occurrence of chemical reactions 
etween CO and its radiation-induced daughters and granddaughters 
pecies (which may also include ionic species) which were not 
ccounted for in the current reaction set. Ho we ver, at larger fluences,
nd at chemical equilibrium (CE) phase, the models reveal a good
atch with the experimental data. 
In all models, atomic O and C were the most produced species,

ollowed by CO 2 , O 2 , and C 2 . 

.3 Temperature influence on ERCs 

he primary findings for the best-fitting models, utilizing the 
R OCOD A code on pure CO ices at different temperatures exposed

o 95.2 MeV 

136 Xe 23 + ions, are presented in Table 3 . The listed
alues encompass the calculated ERCs (named as ‘k value’) and the
ranching ratio [named as BR(per cent)] for the rele v ant reaction
roups obtained at different temperatures. The table also presents 
he reactions considered in the model and the enthalpy of reaction
 � R H) in the gas-phase (at 0 Kelvin, considering the lowest formation
nthalpy for each species), employed in phase 1 calculations as 
iscussed previously. The parameter ‘k label’ specifies whether the 
eaction belongs to a group (indicating also the other members of this
roup), is a single reaction, or pertains to desorption. The estimation
f the error in rate coefficients suggests it to be below 20 per cent, as
iscussed by Pilling et al. ( 2022a , 2023a , b ). Once more, we would
ike to explicitly state that, we can consider the ERCs as total reaction
ate coefficients that may include a multitude of processes, especially 
ince ions and excitations are not incorporated in the model. 

Table 4 presents the average values for the ERCs and desorption
btained by the best-fitting model considered in the mapping of 
he chemical evolution of pure CO ice irradiated by cosmic rays
employing 95.2 MeV 

136 Xe 23 + ions) at different temperatures (10 K, 
5 K, and 20 K). A comparison with the average values obtained for
ure CO ices irradiated by 50 MeV Ni ions obtained by using a similar
ethodology (Pilling et al. 2023a ) was also listed for comparison

urposes. The calculated values between this work and the previous 
ne (Pilling et al. 2023a ) present good similarity showing that current
verage ERCs values at 10 K are lower than the obtained employing
0 MeV Ni ions at 13 K. Additionally, as expected, the radiation-
nduced desorption yield in this paper was larger than the value
btained by Pilling et al. ( 2023a ), respecting the fact that Xe ions
ave a slight larger electronic stopping power than Ni ions with
qui v alent energy/mass ratio (see also Appendix A ). 

The average values for the ERCs in a graphical way to better
isualization of data tendencies are presented in Fig. 4 . We observe
hat average values of ERCs for intrinsic desorption have largely 
ncreased with the temperature among the studied range between 10 
nd 20 K. The largest changes were observed when comparing the
RCs of intrinsic desorption at 20 K ( ∼6 times higher) with respect

o the value at 15 K which might be associated with the fact that
his higher temperature is close to the CO desorption temperature ( ∼
1 K; Collings et al. 2004 ). In the case of direct dissociation collision
eactions, we observed a very small increase in the temperature. No
lear dependence with temperature was observed for the bimolecular 
RCs among the models errors. 
Changes in the ERCs for several reactions in crystalline water ices,

rradiated by 5 keV electrons, were also quantified and discussed 
MNRAS 528, 6075–6098 (2024) 
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M

Figure 2. Column density evolution (normalized by CO initial column density) as a function of irradiation time pure CO ices at three different temperatures 
(10, 15, and 20 K) irradiated by cosmic rays (95.2 MeV 

136 Xe 23 + ions) up to fluence of 3e12 ions cm 

−2 . The experimental error was estimated to be below 

20 per cent. 
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Figure 3. The evolution of column density obtained for the best-fitting model employing the PR OCOD A code on Pure CO ices irradiated by cosmic rays (95.2 
MeV 

136 Xe 23 + ions) at different temperatures. Panels a, b, and c present the results for the temperatures of 10, 15, 20 K, respectively. The coloured symbols 
represent the experimental data. The bold-dashed blue line represents the modelled summed desorption column density at a given time (proportional to the 
amount of molecules that goes to gas-phase during ice irradiation). Important model output parameters are displayed in the header including the total desorption 
yield ( Y ) in units of molecules/ion. The experimental error and model uncertainties was estimated to be below 20 per cent. See details in the text. 
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Table 4. Average values for the ERCs and desorption obtained by the best-fitting model considered in the mapping of the chemical evolution of pure CO ice 
irradiated by cosmic rays. A comparison with the average values obtained for pure CO 2 ices obtained by using a similar methodology (Pilling et al. 2023a ) 
was also listed for comparison purposes. 

Average parameter 10 K (this work) 

Pure CO ice at 13 K irradiated 
by 50 MeV Ni ions (Pilling et al. 

2023a ) 15 K (this work) 20 K (this work) 

ERC for the intrinsic desorption 
reactions (k des ) 

2.8e-04 s −1 4.4e-04 s −1 9.3e-04 s −1 5.8e-03 s −1 

ERC for direct dissociation reactions 1.6e-01 s −1 2.4e-01 s −1 1.8e-01 s −1 1.9e-01 s −1 

ERC for the bimolecular collisions 
reactions 

4.2e-24 cm 

3 molecules −1 

s −1 
4.4e-24 cm 

3 molecules −1 s −1 2.9e-24 cm 

3 molecules −1 

s −1 
4.1e-24 cm 

3 molecules −1 

s −1 

Desorption rate 5.1e + 13 molecules s −1 7.4e + 13 molecules s −1 8.1e + 13 molecules s −1 8.1e + 13 molecules s −1 

Desorption yield ( Y ) ∗ 1.8e + 05 molecules ion −1 1.3e + 05 molecules ion −1 2.9e + 05 molecules ion −1 2.9e + 05 molecules ion −1 

∗The estimated experimental desorption yield for analogous experiment is ≥ 0.7e + 05 molecules ion −1 (Seperuelo-Duarte et al. 2010 ). 

Figure 4. Average values for ERCs for radiation-induced intrinsic desorption (panel a), dissociation (panel b) 
and bimolecular reactions (panel c) for the different CO ice temperatures obtained in this work. ∗The value at 13 K was taken from Pilling et al. ( 2023a ) and is 
from the best-fitting model of CO ice irradiated by 50 MeV Ni ions employing similar methodology. The dashed lines were inserted in the figures only to show 

the data tendency with the temperature. No clear tendency is observed in panel (c). 
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ecently by Pilling et al. ( 2023c ). The authors have analysed the
hemical evolution and kinetics of water ice at four temperatures
12, 40, 60, and 90 K) employing the PR OCOD A code and have
ound that the average direct dissociation ERCs and bimolecular
ollision ERCs presented a decrease with the temperature in such
ces. Ho we ver, in the opposite way, the ERCs for the radiation-
nduced desorption and also the desorption rates (and yields) have
ncreased with the temperature, corroborating the behaviour observed
n this paper. Additionally, the authors observed that abundances at
E are sensitive to the ice´s temperature. 

.4 Thermochemistry behaviour of coupled ice-phase reactions 
employing Van’t Hoff equation methodology) 

ne interesting feature observed among the results was that some
RCs have decreased with temperature while others have increased.
he next paragraphs focus on this issue and a discussion on the

hermochemical behaviour of such solid-phase reactions. It is worth
oting that such behaviour for ERCs was also noted before in the
rradiation of water ices by energetic electrons (Pilling et al. 2023c ).

In consideration of temperature dependence, it is imperative
o acknowledge the presence of experimental uncertainties, the
elatively constrained temperature range, and the minor divergences
ntroduced by the best-fitting model. Nevertheless, we will illustrate
hat it remains feasible to deriv e o v erarching trends and averages
NRAS 528, 6075–6098 (2024) 
hat e xhibit consistenc y across div erse analytical approaches in
he majority of instances while dismissing outcomes with low
orrelations. 

Fig. 5 highlights which reactions have ERCs for direct disso-
iation that increase or decrease with the temperature. Panel (a)
resents the ERCs that follow the temperature enhancement and the
pposite behaviour is presented in Panel (b). We observe that most
eactions have ERCs values that increase with temperature (which
re interpreted as having a positi ve acti v ation energy), including
or example CO 2 + RAD → O + CO (reaction r1), C 2 O + RAD

 C + CO (reaction r54), O 2 + RAD → O + O (reaction r69), and
thers (interpreted as an o v erall downhill process in the potential
nergy). Ho we ver, some reactions present ERCs that decreases
ith temperature including CO 2 + RAD → C + O 2 (reaction r3)

nd others. In this methodology, we considered that few reactions
ere not sensitive enough (with variation less than 30 per cent) to

emperature changes including the reactions CO + RAD → C + O
reaction r45), and reactions r26, r99, r103, and r129 (they were not
isted in this figure). 

The set of ERCs for bimolecular collisions that increase or
ecrease with the temperature is presented in Fig. 6 . Panel (a) presents
he ERCs that follow the temperature enhancement and the opposite
ehaviour is presented in panel (b). The non-indicated ERCs of
imolecular reactions in this figure were virtually non-sensible to
he temperature changes. Mostly bimolecular reactions seem to have
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Figure 5. Influence of temperature in the ERCs for dissociation reactions. Panel (a) presents the ERCs that increases with temperature enhancement and the 
opposite behaviour is presented in panel (b). The reactions with variation of less than 30 per cent were considered not sensitive enough to temperature and are 
not listed in the figures. 
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RC values that increase with the temperature, for example, O + CO
 CO 2 (reaction r2) and CO + CO → C 2 O 2 (reaction r47) and

thers. It is worth noting that reactions CO + CO 2 → C 2 O 3 (reaction
7) and CO + CO 2 → C 2 + O 3 (reaction r33) have presented a
ery large increase in the ERCs with the temperature. This figure 
lso shows that several reactions present decreasing ERCs with 
emperature, including for example CO 2 + CO 2 → O 2 + C 2 O 2 

reaction r5), CO 2 + CO 2 → O + C 2 O 3 (reaction r7), and others.
he most dramatic decrease of ERCs with temperature was observed 

or the reactions CO + CO → C + CO 2 (reaction r24) and CO + CO
 C 2 + O 2 (reaction r49). 
It is known that the temperature affects the reaction rates by in-

reasing the collisional frequency and increasing the average kinetic 
nergy (allowing more collisions to o v ercome the acti v ation energy).
urthermore, an enhanced complexity arises upon irradiation, where 

he nascent species may undergo a multitude of processes such as
lectronic excitation (which changes the acti v ation energy itself) and 
he new species may have different desorption profiles at different 
emperatures (see also Steinfeld et al. 1998 ; Soustelle 2011 ; Atkins
t al. 2018 ). Additionally, the specific reaction mechanisms and 
he involvement of intermediate species can also play a role in 
he temperature dependence of reaction rates. Complex reaction 
etworks and competition between different pathways can lead 
o different temperature dependencies for different reactions. It’s 
orth noting that the detailed understanding of these temperature- 
ependent trends requires a detailed analysis of the reaction mecha- 
isms, energetics, and molecular dynamics involved in the irradiation 
f astrophysical ices. 
It is worth noting that for radiation-induced dissociation reactions, 

he collisional frequency has a minimum importance since the 
eaction is triggered by the incoming radiation or its radiation 
roducts such as secondary electrons and secondary ionizing photons 
nside matter. Therefore in such reactions, the incoming flux plays an
mportant role in the process as highlighted, for example, by Tarafdar
 1992 ) and Heays et al. ( 2017 ). In the case of bimolecular collision
eactions, as the temperature increases, the molecules mo v e faster (in
ces this is related to larger diffusion processes and/or enhancing in
unnelling effects), and therefore the frequency of collisions increases 
nd thus k. In addition, the proportion of collisions that can o v ercome
he acti v ation energy for the reaction increases with temperature,
nd this allows an increase in the reaction rate coefficient. Such
henomenon is well described by the Arrhenius equation (e.g. 
rrhenius 1889 ; Laidler 1984 ; Mills et al. 1993 ). 

 = A e 
−E a 
RT , (4) 

here k is the rate coefficient at a temperature T (in units of K), A is
he pre-exponential factor (typically determined from experiments, 
nd is a function of the frequency of collisions, the temperature and
he type of reaction, and other factors), E a is the acti v ation energy
or the reaction (in the same units as RT ), R = 8.314 J K 

−1 mol −1 is
he ideal gas constant. 
MNRAS 528, 6075–6098 (2024) 
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Figure 6. Influence of temperature in the ERCs of bimolecular reactions. Panel (a) presents the ERCs that follow the temperature enhancement and the opposite 
behaviour is presented in panel (b). The reactions with variation of less than 30 per cent were considered not sensitive enough to temperature and are not listed 
in the figures. 
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To suggest a thermochemistry behaviour of reactions in ice-phase
even understanding that they are coupled), we develop a method-
logy considering the values of ks (ERCs) at two temperatures and
mploying Van’t Hoff equation as discussed below. 

Considering the Van’t Hoff equation (e.g. Van’t Hoff 1884 ;

tkins et al. 2018 ) for reaction pair (e.g. A + B 

k for ,T i → C + D and

 + D 

k bck ,T i → A + B) in the chemical equilibrium phase 

n 

(
K T 2 

K T 1 

)
= ln 

(
k for ,T 2 /k bck ,T 2 

k for ,T 1 /k bck ,T 1 

)
= 

� r H 

◦

R 

(
1 

T 1 
− 1 

T 2 

)
, (5) 

here K T i = k for ,T i /k bck ,T i is the equilibrium constant and k for ,T i 

nd k bck , T i are the rate coefficients of the forward and reverse
backward) equations at a given temperature T i , � r H 

◦ is the
tandard enthalpy of the forward reaction, and R is the ideal gas
onstant. An increase in the temperature changes the chemical
quilibrium towards the endothermic branch of the reaction pair
thermodynamically more fa v ourable when more energy is available
n the system). In other words, for endothermic reactions ( � r H 

◦ > 0)
hen temperature increases ( T 2 > T 1 ) we will have ( 1 

T 1 
− 1 

T 2 
) > 0

nd, consequently, ln ( k for , T 2 /k bck ,T 2 
k for ,T 1 /k bck ,T 1 

) > 0 indicating that k for ,T 2 /k bck ,T 2 

 k for ,T 1 /k bck ,T 1 or k for ,T 2 /k for ,T 1 > k bck ,T 2 /k bck ,T 1 . When the consid-
red temperatures are, for example, T 1 = 10 K and T 2 = 20 K, such
ndothermic reactions present a positive slope in a graph showing
 k for ,T i /k bck , T i ) / ( k for , 10 K 

/k bck , 10 K 

) versus the temperature. In other
 ords, this w ould indicate that if there is an increase of k in the

orward reaction with the temperature, there would be an even greater
NRAS 528, 6075–6098 (2024) 
ncrease in the backward reaction, which in chemical equilibrium
ould fa v our the formation of products. In case of exothermic
eactions ( � r H 

◦ < 0), the same type of graph will show ne gativ e
lopes. Similarly, this would indicate that if there is a decrease in k in
he forward reaction with the temperature, there would be a smaller
ecrease in the backward reaction, which in chemical equilibrium
ould fa v our the formation of reactants. Both possibilities can be
bserved in Fig. 7 for the studied reactions pairs. 
Fig. 7 presents the ratio between forward and reverse reaction rate

oefficients at the temperatures of 10 K and 20 K normalized by the
atio at 10 K. As discussed before the analysis of this ratio suggests
 thermochemistry behaviour (to be endothermic or exothermic) of
ome chemically coupled reactions in the irradiated frozen CO ice. A
ositive slope indicates endothermic reactions and a negative slope
ndicates exothermic reactions. Here, we did not consider reactions
ith values within the region named ‘small change regions ( < ± 50)’
ue to eventual methodology uncertainty. In this figure, the caption
abels indicate the selected reaction pair (forward/reverse reaction)
nd its thermochemistry behaviour (ENDO or EXO for endothermic
r exothermic, respectively). 
Note that, typically, endothermic reactions al w ays hav e positiv e

cti v ation energy, and its ERC should increase with temperature. We
ighlight that most reactions deemed as ENDO by the Van’t Hoff
nalysis also have a positive ERC dependence with temperature (see
lso Figs 5 and 6 ), and thus both analyses showed consistency. The
xception here is C 3 + RAD → C + C 2 (r79), which presents only
odest temperature dependence to begin with. 
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Figure 7. Ratio between forward and reverse (or backward) reaction rate coefficients at the temperatures of 10 K and 20 K normalized by the ratio at 10 K, 
suggesting a thermochemistry behaviour (to be endothermic or exothermic) of some chemically coupled reactions in the irradiated frozen CO ice. Here, we not 
considered the reactions with values within the region named ‘small change regions ( < ± 50)’ due to the methodology uncertainty. Labels indicate the selected 
reaction pair (forward/reverse reaction) and their thermochemistry behaviour (ENDO or EXO for endothermic or e xothermic, respectiv ely). See details in the 
text and also the Table B1 in the Appendix B . 
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In Appendix B (see Table B1 ) we present the suggested ther-
ochemistry behaviour (to be endothermic or exothermic) studied 

ce-phase reactions derived by employing Van´t Hoff equation 
ethodology (see also Fig. 7 ). For comparison, the reaction enthalpy 

nd its thermochemistry behaviour for the single reactions in the gas-
hase (employed in phase 1 calculations of PR OCOD A) are listed. 
By comparing isolated gas-phase reaction with ice-phase chem- 

cally coupled reaction under incoming energy delivered by ion- 
zing radiation (e.g. ice irradiation by cosmic-ray analogues) we 
bserve in Table 4 that most reactions ( ∼62 per cent) present a
imilar thermochemistry behaviour, being endothermic or exother- 
ic, in both phases. Among this group are, for example, 

he endothermic/exothermic reaction pairs r1/r2, r9/10, r11/12, 
15/16, r17/18, r19/r20, r27/r28, r31/r32, r33/r34, r47/r48, r51/r52, 
59/r60, r63/r64, r67/r68, r75/r76, r79/r80, r89/r90, r93/r94, r95/r96, 
97/r98, r105/r106, r107/r108, r109/r110, r111/r112, r113/r114, 
115/r116, r117/r118, r119/r120, r121/r122, r123/r124, r129/r130, 
nd r135/r136, and the exothermic/endothermic reaction pairs 
25/r26, r35/r36, r39/r40, and r53/54. 

Ho we v er, some reactions hav e presented an opposite thermochem-
stry behaviour between gas- and ice-phases. Among this group, 
lmost all cases changed from being endothermic/exothermic in the 
as phase to exothermic/endothermic in the ice, for example, the 
eaction pairs: r3/r4, r5/r7, r7/58, r21/r22, r29/r30, r37/38, r43/r44, 
49/r50, r55/r56, r57/r58, r61/r62, r69/r70, r73/r74, r77/r78, r81/r82, 
83/r84, r85/r86, r99/r100, r101/r102, r127/r127, r133/r134, and 
137/138. Only one studied reaction pair, r23/r24, has changed in 
he opposite way, from exothermic/endothermic in the gas-phase 
o endothermic/exothermic in the ice-phase. It is worth noting that 
or few reactions, due to small differences of k for , T i /k bck ,T i at the
emperatures of 10 K and 20 K, we do not suggest any specific
hermochemistry behaviour and additional studies must be performed 
o elucidate this issue (see also Table 4 ). 

The changes in the thermochemical behaviour observed for some 
eactions comparing both gas- and ice-phase are probably related 
o the presence of the surrounding molecules. For example, in the
ase of ice-phase reactions, the presence of neighbour species close 
o the reactants and the chemically coupled system itself increases 
he complexity and the interdependence of the reaction parame- 
ers. In other words, the competition between different pathways 
nd reactions in the mechanism can result in varied temperature 
ependencies and also changes in thermochemical behaviour in 
omparison with gas-phase (isolated reaction). Additionally, the 
resence of intermediates or the involvement of multiple steps in the
issociation process can lead to different temperature dependencies 
or different reactions. This becomes even more complex due to 
he presence of secondary radiation-induced particles such as fast 
lectrons and ionizing photons within the ice. 

Fig. 8 presents a drawing with the schematic energy diagram 

f the thermochemistry behaviours comparing reactions in gas- 
nd ice-phases studied in this paper. Panels (a1) and (a2) present
eactions with similar thermochemistry behaviour in both phases and 
MNRAS 528, 6075–6098 (2024) 
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Figure 8. Schematic energy diagram of the thermochemistry behaviours comparing reactions in gas- and ice-phases studied in this paper. Panels (a1) and (a2) 
present a drawing of reactions with similar thermochemistry behaviour in both phases and panels (b1) and (b2) present a drawing of reactions with opposite 
thermochemistry behaviour between both phases. Lines in blue- and black-colour indicate gas- and ice-phase reactions progress, respectively. Ice-phase is also 
illustrated by a box containing the reactants (A + B) and products (C + D), having intermolecular bonds with the ice bulk (surrounding species). Vertical arrows 
indicate the eventual activating energy (Ea) of the reactions. For ice-phase two e ventual acti v ation energy was illustrated, one with a hypothetical catalytic effect 
(Ea ∗) and the other with a hypothetical anti-catalytic affect (inhibitor) (Ea ∗∗). Reactions with no acti v ation barriers were omitted to a v oid cartoon saturation. 
See details in the text. 
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anels (b1) and (b2) present reactions with opposite thermochemistry
ehaviour between both phases. Lines in blue- and black-colour
ndicate gas- and ice-phase reaction progress, respectively. Ice-phase
s also illustrated by a box containing the reactants (A + B) and
roducts (C + D) having intermolecular bonds with the ice bulk
surrounding species). As discussed by Alves et al. ( 2021 ), for
xample, during the study of the reaction H 2 O + CO → HCOOH
mbedded in ice bulk, the presence of surrounding species may
ncrease the acti v ating barrier as well as slightly increase the energy
f reactants and products due to interaction (intermolecular bonds)
ith the surrounding species. In this figure, the vertical arrows

ndicate the e ventual acti v ating energy (Ea) of the reactions. For
he ice-phase, two possibilities for eventual activation energy were
llustrated, one with a hypothetical catalytic effect (Ea ∗) and the other
ith a hypothetical anticatalytic effect (inhibitor) (Ea ∗∗). Reactions
ith no acti v ation barriers were omitted to a v oid saturation of the

nformation presented in the figure. 
Future experimental and theoretical investigations should focus

n this issue in attempt to clarify the changes in the thermochemical
ehaviour observed for some ice-phase reactions in the presence
f incoming radiation. It is known that the molecular geometry
also other molecular properties) of embedded species and reactions
inetics of embedded reactions are affected by the surrounding
pecies in ices (e.g. Bonfim et al. 2017 ; Pilling & Bonfim 2020 ; Alves
t al. 2021 ; Pai v a et al. 2023 ). Future studies should go deeper on the
NRAS 528, 6075–6098 (2024) 
ffect of intermolecular bonds of embedded species with ice bulk (or
urrounding species) to add new information on the thermochemistry
nd kinetics of embedded reactions in astrophysical ices. 

.5 Temperature influence on molecular abundances in the 
hemical equilibrium 

ig. 9 presents the molecular abundances at chemical equilibrium,
ritten in terms of column density (in percentage), obtained by the
est-fitting model in the studied ices. Panel (a) and (b) present the
esults in normal and log scale, respectively. Values at 13 K were
btained from the best-fitting model of CO ice irradiated by 50 MeV
i ions employing a similar methodology (taken from Pilling et

l. 2023a ), presented for comparison purposes. This figure shows
hat the most produced species was atomic oxygen ( > 50 per cent)
ollowed by atomic carbon ( > 15 per cent). The other important
pecies at chemical equilibrium were CO (5–22 per cent), CO 2 

 ∼0.5–1 per cent), and CO 3 ( ∼0.05–0.1 per cent). From this figure,
e also observe that the molecular abundance of most species,

ncluding, for example, CO, CO 2 , C 2 O, and CO 3 , increases as
unction of the temperature. Ho we ver, in the case of some species,
or example, C, O, C 3 , O 2 , C 5 O, and C 4 O 2 we observed the opposite
eha viour, decreasing molecular ab undance as a function of the
emperature. The numerical values of this figure are listed in Table 5
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Figure 9. Molecular abundances at chemical equilibrium, in percentage. Panels (a) and (b) present the values in normal scale and log scale, respectively. The 
values at 13 K were obtained from the best-fitting model of CO ice irradiated by 50 MeV Ni ions employing a similar methodology (taken from Pilling et al. 
2023a ). 

Table 5. List of the molecular abundances at the chemical equilibrium phase, in percentage, for the studied CO ices irradiated by 95.2 MeV Xe ions at 
different temperatures. For comparison, values from pure CO ice at 13 K irradiated by 50 MeV Ni ions (Pilling et al. 2023a ) and from pure CO 2 ice at 13 K 

irradiated by 52 MeV Ni ions (Pilling et al. 2022a ) employing PR OCOD A code were also listed. 

Frozen 
species 

Irradiated CO ice at 
10 K (this work) 

Irradiated CO ice at 13 K 

(Pilling et al. 2023a ) 
Irradiated CO ice at 

15 K (this work) 
Irradiated CO ice at 

20 K (this work) 

Irradiated CO 2 ice at 
13 K (Pilling et al. 

2022a ) 

C 32.8 per cent 18.2 per cent 16.4 per cent 26.4 per cent 23.1 per cent 
O 60.6 per cent 68.1 per cent 71.7 per cent 49.8 per cent 30.4 per cent 
C 2 0.09 per cent 0.05 per cent 0.3 per cent 0.09 per cent 0.8 per cent 
CO 5.9 per cent 11.8 per cent 10.9 per cent 22.4 per cent 7.9 per cent 
O 2 0.2 per cent 0.4 per cent 0.08 per cent 0.05 per cent 3.1 per cent 
C 3 6e-4 per cent 1e-5 per cent 7e-4 per cent 5e-4 per cent NQ 

C 2 O 6e-5 per cent 6e-4 per cent 1e-4 per cent 6e-4 per cent 0.1 per cent 
CO 2 0.2 per cent 1.6 per cent 0.6 per cent 1.0 per cent 33.8 per cent 
O 3 3e-3 per cent 4e-3 per cent 0.03 per cent 0.01 per cent 0.9 per cent 
C 3 O 2e-4 per cent 1e-5 per cent 5e-3 per cent 6e-3 per cent NQ 

C 2 O 2 2e-3 per cent 2e-3 per cent 4e-3 per cent 2e-3 per cent ∼0 per cent 
CO 3 0.03 per cent 0.09 per cent 0.03 per cent 0.2 per cent < 0.1 per cent 
C 4 O 2e-6 per cent 2e-8 per cent 3e-6 per cent 7e-6 per cent NQ 

C 3 O 2 8e-4 per cent 7e-6 per cent 2e-3 per cent 3e-3 per cent NQ 

C 2 O 3 3e-5 per cent 1e-4 per cent 3e-4 per cent 4e-4 per cent ∼0 per cent 
C 5 O 7e-6 per cent 4e-9 per cent 3e-5 per cent 2e-7 per cent NQ 

C 4 O 2 2e-6 per cent 5e-9 per cent 2e-6 per cent 2e-7 per cent NQ 

C 5 O 2 5e-9 per cent 7e-11 per cent 3e-8 per cent 2e-7 per cent NQ 

NQ – Not quantified. 
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n comparison with molecular abundances mapped previously in the
rradiation of pure CO 2 ice by cosmic-ray analogues employing a
imilar methodology (see also Pilling et al. 2022a ). 

It is worth noting that in Fig. 9 we can also observe a peculiar
ehaviour happens at the temperature of 20 K. For example, we notice
 strong production of C, CO, and CO 3 , and a strong consumption of
. The larger species C 4 O, C 5 O 2 , C 4 O 2 , and C 5 O 2 have molecular

bundances below 5e-5 per cent. Curiously, the species C 2 O 2 and
 3 O 2 present molecular abundances around 1e-3 per cent, larger than

or C 2 O. The numerical values of this figure are listed in Table 5 . 
Table 5 lists the molecular abundances at the chemical equilibrium

hase, in percentage, for the studied CO ices irradiated by 95.2 MeV
e ions at different temperatures. For comparison, values from pure
O ice at 13 K irradiated by 50 MeV Ni ions (Pilling et al. 2023a )
nd from pure CO 2 ice at 13 K irradiated by 52 MeV Ni ions (Pilling
t al. 2022a ) also employing PR OCOD A code were also listed. 

Changes in the molecular abundances of crystalline water ices
nder processing by radiation as a function of temperature were also
uantified and discussed by Pilling et al. ( 2023c ) employing a similar
omputational methodology. 

.6 Temperature influence on radiation-induced desorption to 
as phase 

he influence of temperature on molecular radiation-induced des-
rption, e v aluated at the chemical equilibrium phase, is shown in
ig. 10 . In this figure, panel (a) presents the molecular desorption

n percentage and panel (b) presents the desorption yield in units of
olecules ion −1 . The values at 13 K were obtained from best-fitting
odel of CO ice irradiated by 50 MeV Ni ions employing a similar
ethodology (taken from Pilling et al. 2023a ). The atomic carbon and

xygen represent the most desorbed species. For some species the in-
rease in the ice temperature yield and increase in radiation-induced
olecular desorption, as observed by the species O, CO 2 , O 3 , C 3 O,
 2 O 2 , CO 3 , and C 2 O 3 . Ho we ver, other chemical species presented
n opposite behaviour, decreasing the molecular radiation-induced
esorption as temperature increases, for example, C, C 2 , CO, C 3 ,
 2 O, C 4 O, C 5 O, C 4 O 2 , and C 5 O 2 . Curiously, the radiation-induced
esorption percentage of CO at a temperature below 13 K is higher
han the desorption of CO 2 at the same temperature, but this has an
pposite behaviour for the temperatures in the range of 15–20 K. 
Another interesting finding here is that the radiation-induced

esorption of CO decreases with the temperature, in the studied
emperature range from 10 to 20 K, having a maximum value at
0 K. Considering that thermal desorption of non-irradiated pure CO
tarts at ∼ 21 K (Collings et al. 2004 ), this might suggest that during
ce bombardment, the intermolecular coupling between this species
nd ice bulk decreases with ice temperature or an enhanced diffusion
f CO occurs at a lower temperature in bombarded ices. This issue
nd other issues about radiation-induced desorption dependence with
emperature should be deeply investigated in future publications. 

The desorption yield at the chemical equilibrium phase, in terms
f molecules ion −1 , presented in panel (b), follows the behaviour
f molecular radiation-induced desorption presented in panel (a).
he atomic species presented a desorption yield larger than 10 4 

articles ion −1 and the less desorbed species (the large molecular
nd less abundant species) presented a desorption yield of about
0 −4 molecules ion −1 . 
The average values for the ERCs of radiation-induced desorption

eactions calculated by the model at different ice temperatures are
resented at Fig. 11 . We observe that ice’s temperature affects
irectly the o v erall radiation-induced desorption indicating that more
NRAS 528, 6075–6098 (2024) 
olecules are ejected into gas-phase during ice bombardment by
osmic rays at higher ice temperatures. It is worth noting that the
esorption temperature of volatile species such as O 2 , CO, and CO 2 

n the non-irradiated pure ices are around 21 K, 21 K, and 79 K,
espectively (Collings et al. 2004 ). This indicates that the current
odel suggests that even at lower temperatures such volatile species

an be driven to gas phase by the incoming radiation. 
A similar behaviour for radiation-induced desorption with in-

reasing temperature was also observed during the analyses of the
hemical evolution of crystalline water ices under processing by
adiation employing PR OCOD A code [see also fig. 7 of Pilling et
l. ( 2023c )] reinforcing that temperature fa v ors desorption yields in
rradiated astrophysical ices. 

.  ASTROPHYSI CAL  I MPLI CATI ONS  

he investigation into reaction kinetics and molecular abundances
ithin astrophysical ices assumes paramount significance for un-

aveling the inherent chemical evolution within cold interstellar
nd planetary environments. The ISM’s intricate chemical evolution
inges on numerous reactions, necessitating insight into their rate
onstants. With CO’s ubiquity in astrophysical ices (e.g. Öberg et
l. 2011 ; Boogert et al. 2015 ; Huang et al. 2020 ), understanding
O-rich ice reactions and kinetics is vital for unraveling universal
rganic chemistry evolution. 
The considered ionizing source in this study is representative for

he incoming energy of cosmic rays in astrophysical ices, mainly
onsidering the ions within the iron group [see also Pilling et al.
 2021 , 2022b ) and references therein]. As discussed in Appendix
 , the effects of the employed Xe ion was similar to the effects
f 50 MeV Ni ions [from exp. of Seperuelo-Duarte et al. ( 2010 )
nd considered in previous manuscript of Pilling et al. ( 2023a ) also
mploying the PR OCOD A code to map chemical evolution of cold
O ice]. Ho we ver, in terms of chemistry production and radiation-

nduced desorption, we expect slight larger effects for Xe ions than
or Ni or Fe ions. 

The impact of ion bombardment on ices can be approximated, to
ome extent, through the use of X-rays or energetic electrons under
ertain conditions. Ho we ver, it’s important to emphasize that colli-
ions involving energetic ions with matter characteristically result
n significantly higher desorption rates and yields. This distinction
reates a unique physicochemical landscape for these interactions,
nderscoring the critical rele v ance of investigations such as this
tudy. Such research is imperative as it provides profound insights
nto the distinct mechanisms and outcomes engendered by energetic
on collisions, thereby enriching our understanding of astrochemical
rocesses and the transformation of matter in space environments. 
This current research, combining experimental and computational
ethods, bears four principal astrophysical implications: (i) char-

cterizing and quantifying non-observed species within irradiated
strophysical ice analogues; (ii) quantifying molecular abundances
both observed and non-observed species) within irradiated ices at the
hemical equilibrium phase; (iii) determining ef fecti ve reaction rates
oefficients (ERCs) for utilization in astrochemical models, aiding
he comprehension of chemical evolution in cold ionized radiation-
f fected space environments; (i v) characterizing and quantifying
adiation-induced desorption of frozen species into the gas phase. 

Regarding the quantification of non-observed species within the
ce matrix and the delineation of the chemical equilibrium phase, the
resent methodology serves a dual purpose: it aids in comprehending
aboratory experiments involving the irradiation of cold astrophysical
ce analogues (e.g. Pilling et al. 2009 , 2010a , b , 2011a , b , 2012 ,
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Figure 10. Molecular desorption at chemical equilibrium. Panel (a) presents the molecular desorption in percentage, and panel (b) presents the desorption 
yield in units of molecules ion −1 . The values at 13 K were obtained from the best-fitting model of CO ice irradiated by 50 MeV Ni ions employing a similar 
methodology (taken from Pilling et al. 2023a ). 

Figure 11. Average values for the ERCs of radiation-induced desorption 
reactions calculated by the model at different ice temperatures. The values 
at 13 K were obtained from the best-fitting model of CO ice irradiated by 
50 MeV Ni ions employing a similar methodology (taken from Pilling et al. 
2023a ). The dashed line highlights the data tendency with the temperature. 
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013 ; Domaracka et al. 2010 ; Boduch et al. 2011 ; Lv et al. 2012 ;
ndrade et al. 2013 ; De Barros et al. 2014 ; Portugal et al. 2014 ,
ergantini et al. 2014a , b ; Pilling and Bergantingi 2015 ; Almeida et
l. 2017 ; Vasconcelos et al. 2017a , b , c ; Bonfim et al. 2017 ; Freitas
nd Pilling 2020 ; Rachid et al. 2020 ; Vasconcelos et al. 2020 ), and
t offers insights into astronomical observations of astrophysical ices 
acilitated by cutting-edge instruments like the JWST (e.g. Bern ́e et
l. 2023 ; McClure et al. 2023 ; Spilker et al. 2023 ). 

On the determination of ef fecti ve rate constants, this work pro-
ides essential data to be employed in astrochemical models. The 
strochemical models conventionally encompass a range of pertinent 
hysical and chemical mechanisms operative within the interstellar 
edium (ISM), including gas-phase reactions, surface-based chem- 

stry on grains, and photochemical processes. By incorporating the 
e wly deri ved ef fecti ve rate coefficients (ERCs) presented herein
nto such models, the potential for enhancing our comprehension of 
pace chemistry is substantial. This integration not only facilitates an 
mpro v ed grasp of the chemical intricacies shaping the ISM but also
aves the way for investigating its chemical evolution under diverse 
onditions, encompassing variable radiation fields, temperatures, and 
ensities (e.g. Cuppen et al. 2017 ; Eistrup & Henning 2022 , Rocha et
l. 2023 ). It is worth noting that current calculations solve a coupled
ystem of chemical reactions as a whole therefore proving values 
ore realistic for solid-phase chemistry than if they were derived in

as-phase calculations or experiments. 
Additionally, the intricate nature of ices undergoing radiation 

xposure in cosmic environments, particularly within protostellar 
ces, necessitates a chemical modelling approach that ef fecti vely 
nte grates radiativ e transfer dynamics and reaction kinetics across 
oth gas and solid phases. The outcomes derived from this investi-
ation hold the potential to furnish invaluable insights for advancing 
uch comprehensive modelling endea v ours. Recent investigations, 
 x emplified by studies like Ballering et al. ( 2021 ) and Rocha et
l. ( 2023 ), have underscored the pivotal role of such integrated
MNRAS 528, 6075–6098 (2024) 
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odelling in unraveling the nuanced chemical evolution of ices
ithin cosmic realms. Thus, the insights from this study are set to

ignificantly enhance ongoing research, deepening our understanding
f complex universal chemistry. 
The desorption processes and numerical values from our

xperimental-computational research aid in comprehending the ob-
erved molecular abundances in gas-phase regions enriched with
strophysical ices. Notably emphasized by Lee et al. ( 2019 ), Öberg
t al. ( 2021 ), and Sewiło et al. ( 2018 ), the presence of gaseous
omplex Organic Molecules (COMs) in cold space regions, like pro-

ostellar clouds, aligns with solid-phase chemistry, offering insight
nto ice composition rele v ant to planet formation. Integrating our
esorption rates and yields with radio wavelength observations, such
s those from the Atacama Large Millimeter/submillimeter Array
ALMA), elucidates solid-gas interactions within cold astrophysical
nvironments. Moreo v er, the temperature influence at the desorption
f irradiated ices, releasing in different abundances to gas-phase
epending on the ice temperature might also help us to clarify
he amount of incoming radiation (mainly cosmic rays and X-
ays) that reached embedded ices in dense and obscured clouds.
he relationship between molecular desorption and the incoming

adiation on astrophysical ices was discussed, for example, by Pilling
t al. ( 2019 ) and Carvalho et al. ( 2024 ). 

In summary, investigating irradiated astrophysical ices, with a
ocus on CO molecules, is crucial for comprehending interstellar
edium chemistry and the relation between solid-phase chemistry
ith gas-phase chemistry in such environments. These insights not
nly shed light on organic compound origins but also aid ongoing
esearch in astrochemistry and astrophysics. 

.  C O N C L U S I O N  

n this paper, we present an experimental and theoretical investigation
n the effect of the temperature (between 10 and 20 K) during the
hemical evolution of irradiated CO ices by cosmic-ray analogues.
he experimental data were obtained at GANIL laboratory at Caen,
rance. The samples were monitored by infrared spectroscopy during

rradiation and the column densities of the sev eral observ ed species
ere quantified. The computational analysis was performed by

mploying the PR OCOD A code to map the chemical evolution and
inetics of the irradiated samples. The current model incorporated
8 chemical species – 8 observed (CO, CO 2 , C 3 , O 3 , C 2 O, C 3 O,
 3 O 2 , and C 5 O 3 ) and 10 non-observed but predicted (C, O, C 2 ,
 2 , CO 3 , C 4 O, C 5 O, C 2 O 2 , C 2 O 3 , C 4 O 2 ) – and a reaction network

ontaining 156 reaction routes (including radiation-induced destruc-
ion reactions, bimolecular reactions, and desorption reactions). A
omparison with the previous model was also performed. The main
onclusions of this paper were: 

I) Non-observed molecules and ERCs: Besides the determination
f column densities of observed species and non-observed species
predicted), the best-fitting model provides the ERCs for 156 reaction
outes indicating that temperature indeed affects their values. The av-
rage values of ERCs for intrinsic desorption and direct dissociation
eactions have increased with the temperature. No clear dependence
ith temperature was observed for the bimolecular ERCs among the
odels errors. 
II) Molecular abundances: Current models characterize more

ccurately the chemical equilibrium phase considering both observed
nd non-observed species in the experiments. At the chemical
quilibrium, for all samples, the most produced species was atomic
xygen ( > 50 per cent) followed by atomic carbon ( > 15 per cent).
NRAS 528, 6075–6098 (2024) 
he other important species at chemical equilibrium were CO (5–
2 per cent), CO 2 ( ∼0.5–1 per cent), and CO 3 ( ∼0.05–0.1 per cent).
he ice temperature affects the abundance of most species, including,

or example, CO, CO 2 , C 2 O, and CO 3 , which increases as function of
he temperature. Ho we v er, in the case of some species, for e xample,
, C 3 , O 2 , C 5 O, and C 4 O 2 we observed the opposite behaviour, a
ecrease in molecular abundance with the temperature enhancement.
he abundances of frozen molecules, provided by this study, may
elp us to understand the detailed chemical abundances observed by
odern space telescopes such as the JWST . 
III) Difficulty to map the C 5 O 2 evolution: As also observed in

reviously (Pilling et al. 2023a ) the current model fails in the mapping
f C 5 O 2 data, yielding much lower abundances than observed in
he experiment. Once more, we suggest that this discrepancy could
e due to a combination of factors, such as a restricted number of
eactions considered in the model, and/or an imprecise determination
f the abundance of C 5 O 2 in the experimental data. 
IV) Thermochemistry behaviour of coupled solid-phase reactions:

he results indicated changes in the thermochemical behaviour
bserved for some reactions comparing both gas- and ice-phase
re probably related to the presence of the surrounding molecules.
 or e xample, in the case of ice-phase reactions, the presence of
eighbour species close to the reactants and the chemically coupling
ystem itself increases the complexity and the interdependence of
he reaction parameters. We expect this issue might be deepened and
larified in future researches. 

V) Desorption processes: The best-fitting models have shown
hat the average radiation-induced desorption rate increases with
he temperature. Ho we ver indi vidual changes were also detected.
 or e xample, for some species the desorption was correlated with

he temperature (e.g. O, CO 2 , O 3 , C 3 O, C 2 O 2 , CO 3 , and C 2 O 3 )
nd for others was anticorrelated (e.g. C, C 2 , CO, C 3 , C 2 O, C 4 O,
 5 O, C 4 O 2 , and C 5 O 2 ). The atomic carbon and oxygen represent

he most desorbed species. The desorption yield provided by this
tudy helps us to understand the chemical abundances observed by
adiotelescopes such as the ALMA. 

This study offers crucial insights into the chemical evolution of
O-enriched ices under radiation, vital to solid-state astrochemistry.

t illuminates the influence of temperature on the production and
esorption of C-bearing molecules in the studied ices and clarifies
he formation of e xtensiv e carbon-chain molecules in the interstellar

edium, pivotal as precursors to complex organic compounds and
otential life-building blocks. The ERCs provided in this paper,
hen applied to astrochemical models, might help us to explain

ome of the observed molecular species and their abundances, as
ell as the mechanisms behind their formation and desorption to
as phase. These findings deepen our understanding of interstellar
edium chemistry as well as the effect of temperature on frozen ices

xposed to ionizing radiation. 
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PPENDIX  A :  C O M PA R I S O N  BETWEEN  H E AV Y
N D  L I G H T  C OSMIC  R AY S F I G U  

igure A1 presetns selected ion properties during bombardment
ith CO ices for proton, Ni, Fe, and Xe ions as a function of ion

nergy/mass calculated by SRIM code (Ziegler et al. 2010 ). Panel
a) details the linear energy deposition, or dEdx (also known as
topping Power), measured in keV μm 

−1 . It illustrates the energy
eposition within the nuclear and electronic domains of stopping
ower, represented by dashed and solid lines, respectiv ely. F or
n in-depth understanding of stopping power, refer to Ivlev et al.
NRAS 528, 6075–6098 (2024) 

igure A1 Selected ion properties during bombardment with CO ices for proton
ode (Ziegler et al. 2010 ) Panel (a) presents the linear energy deposition or dEdx (
nergy deposition within the nuclear domain of stopping power and solid lines w
elected projectiles within the CO ice, in units of μm. Arrows show the conditions
t al. ( 2010 ) considered in the work of Pilling et al. ( 2023a ) also employing the PR
 2023 ), who have extensively explored the microscopic mechanisms
o v erning radiolysis and sputtering in astrophysical ices subjected to
osmic-ray ion bombardment in both domains. For a comprehensive
iscourse on the interactions between heavy and light ions with
O ices, consult Seperuelo-Duarte et al. ( 2010 ) and also Brown et
l. ( 1984 ). Panel (b) displays the penetration depth of the selected
ons in CO ice, in μm. Arrows indicate the conditions pertinent
o both the current and previous experiments, the latter being
he work of Seperuelo-Duarte et al. ( 2010 ), as included in the
tudy by Pilling et al. ( 2023a ) which also utilized the PR OCOD A
ode. 

Calculations from the SRIM code reveal that the electronic
omain’s energy deposition, dEdx, for 50 MeV 

58 Ni 13 + ions (0.86
eV u −1 ) is 2900 keV μm 

−1 , while for 95.2 MeV 

136 Xe 23 + ions
0.7 MeV u −1 ), it is approximately 5000 keV μm 

−1 . This indicates
hat the latter is about 1.7 times more energetic. Moreo v er, the
enetration depths for both ions in CO ices are estimated to be around
0 μm. These figures suggest that the effects caused by Xe ions are
omparable to those by 50 MeV Ni and also Fe ions within the
lectronic domain of stopping po wer. Ho we ver, a greater desorption
s anticipated for Xe ions, as the sputtering yield is proportional to
he square of the electronic stopping power (refer to discussions in
eperuelo-Duarte et al. 2010 , and Brown et al. 1984 ). This paper
ecords higher desorption values induced by Xe ions compared to Ni
ons (previous work), aligning with expectations. 

PPENDI X  B:  THERMOCHEMI STRY  

E H AV I O U R  O F  SOLID  PHASE  STUDIED  

E AC T I O N  PA IR S  D E R I V E D  BY  A  

E T H O D O L O G Y  EMPLOY ING  T H E  VAN´T  
, Ni, Fe, and Xe ions as a function of ion energy/mass calculated by SRIM 

also named Stopping Power) in units of keV μm 

−1 . Dashed lines show the 
ithin the electronic domain. Panel (b) presents the penetration depth of the 
 of the current experiment and the previous experiment of Seperuelo-Duarte 
 OCOD A code. 
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