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 A B S T R A C T

Airless icy objects in the outer Solar System are continually exposed to energetic ion irradiation from the 
solar wind, solar energetic particles, galactic cosmic rays or magnetospheric particles in the case of the rings 
or satellites of the giant planets. This irradiation can induce the amorphization of crystalline water ice, a 
phenomenon observed on several icy objects. However, the kinetics of water ice amorphization remains poorly 
constrained at temperatures above 90 K, typical of Galilean satellites. To address this gap, new irradiation 
experiments were conducted using Mg, O and S ions with energies ranging from 36 to 126 keV at temperatures 
from 20 to 120 K. We demonstrate that the amorphization cross-section 𝜎𝑎𝑚 correlates with the electronic 
stopping power 𝑆𝑒, invalidating the assumption commonly made in previous studies that total stopping power 
(i.e. total dose) controls the water ice amorphization process. Our data also show that the amorphization cross-
section decreases as the temperature increases from 20 to 120 K, and it depends on the ion flux. Numerical 
simulations using the inelastic thermal spike model fail to reproduce the evolution of the amorphization cross-
section with temperature. The amorphization mechanism remains largely unknown. The inelastic interactions 
possibly involve the production of isolated defects, which eventually coalesce to form continuous amorphous 
domains. An irradiation-induced recrystallization process may explain the observed temperature dependency. 
Though the amorphization cross-sections do not correlate with the nuclear stopping power, the contribution 
of elastic interactions cannot be fully ruled out. However, the interplay between the two types of interactions, 
inelastic and elastic, remains elusive.
1. Introduction

Water ice is a key component of the surfaces of icy satellites 
orbiting giant planets, trans-Neptunian Objects, Trojan asteroids and 
comets (Davies et al., 1997; Dalton et al., 2010; Brown, 2016; Terai 
et al., 2016). The surfaces of these airless objects (at the exception 
of Titan and Triton for the icy satellites, and Pluto for the TNOs) 
are directly exposed to energetic ion processing: Solar Wind (SW), 
Solar Energetic Particles (SEPs), Galactic Cosmic Rays (GCRs) and 
magnetospheric particles in the case of icy satellites (Moore et al., 2007; 
Hudson et al., 2008; Loeffler et al., 2011; Ding et al., 2013; Rothard 
et al., 2017; Loeffler et al., 2020). Energetic ions generate sputtering 
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(H2O, O2, H2O2, OH+, (H2O)+, (H3O)+ and clusters like (H2O)𝑛H+ with 
n=1-8) (Bar-Nun et al., 1985; De Barros et al., 2011; Martinez et al., 
2019), a weak radiolysis of water (mostly confined in the first tens of 
Å) (Teolis et al., 2017) and amorphization (Famá et al., 2010). All these 
processes must be studied and quantified in order to assess the chemical 
and structural evolution of the surface, as well as its interaction with 
the exosphere, in the case of large objects (Vorburger et al., 2022).

On Jovian satellites such as Europa and Ganymede, the main form 
of water ice is crystalline, but amorphous water ice has been de-
tected (Hansen and McCord, 2004; Ligier et al., 2016, 2019; Bockelée-
Morvan et al., 2024). The detection of amorphous water ice exclusively 
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Fig. 1. Review of the published kinetic parameter 𝐾−1 of water ice amorphization. 𝐾−1 represents the total dose required to amorphize 63.2% of crystalline water 
ice (Eqs.  (1) and (2)). The 𝐾−1 values determined in this study are presented as a function of temperature (filled symbols) for magnesium (red), sulfur (orange) 
and oxygen (blue) ions. For comparison, values from the review by Famá et al. (2010) (open symbols) and the experiments of Dartois et al. (2015) (green) are 
also included. Arrows indicate upper limits for values from Golecki and Jaccard (1978). Adapted from the review by Famá et al. (2010). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
in the polar regions of Ganymede by Bockelée-Morvan et al. (2024) is 
consistent with the expected physical conditions, as Ganymede’s intrin-
sic magnetic field shields its equatorial regions from charged particle 
bombardment, resulting in higher irradiation at the poles (Kivelson 
et al., 1996; Fatemi et al., 2016; Poppe et al., 2018; Liuzzo et al., 2020; 
Plainaki et al., 2020; Paranicas et al., 2022), and the polar regions 
are cold enough to limit the extent of recrystallization. In order to 
simulate the effects of ion irradiation at the surface of these objects, 
knowledge about the kinetics of water ice amorphization is essential. 
Several experimental studies are reported in the literature, most of 
them at temperatures below 90 K (Golecki and Jaccard, 1978; Lepault 
et al., 1983; Heide, 1984; Strazzulla et al., 1992; Leto and Baratta, 
2003; Leto et al., 2005; Baragiola et al., 2005; Famá et al., 2010; Dartois 
et al., 2015), which is under the temperature range of interest for 
Galilean icy satellites. All these studies are based on a kinetic equation 
relating the amorphous fraction 𝛷𝐴 to the total dose deposited in the 
sample (see Appendix  A for definitions of the various quantities used 
hereafter): 
𝛷𝐴 = 𝛷𝐴𝑚𝑎𝑥

(1 − 𝑒−𝐾𝐷) (1)

where 𝛷𝐴𝑚𝑎𝑥
 is the maximum value of the amorphous fraction, 𝐷 is the 

total dose deposited in the ice and 𝐾 is the kinetic parameter. The total 
dose 𝐷 (eV/molecule) deposited in the film can be computed by: 

𝐷 = (𝑆𝑒 + 𝑆𝑛)𝐹
𝑀
𝜌𝑁𝑎

(2)

where 𝑆𝑒 an 𝑆𝑛 are the electronic and nuclear stopping powers
(keV/μm), respectively, calculated with the SRIM software (Ziegler 
et al., 2010) and averaged on the film thickness. 𝐹  is the fluence 
(ions.cm−2), 𝑀 is the molar mass and is equal to 18 g.mol−1, 𝜌 is the 
density and is equal to 0.93 g.cm−3 and 𝑁𝑎 = 6.022 × 1023 mol−1 is the 
Avogadro number. 𝐾−1 (=1∕𝐾) represents the total dose required to 
amorphize 63.2% of crystalline water ice. All experiments, including 
ours presented in this study, with the exception of that of Strazzulla 
et al. (1992), obtained 𝛷𝐴𝑚𝑎𝑥

=1, meaning a complete amorphization at 
the end of the irradiation. The result of the study of Strazzulla et al. 
(1992) disagrees with the others because it likely suffered from a beam 
misalignment, precluding the amorphization of part of the sample.

The study by Famá et al. (2010) used this Eq.  (1) to compute the 
kinetic evolution of amorphization and to compare sets of data col-
lected by different experiments or laboratories. This latter publication 
2 
compares the 𝐾−1 parameter from various studies mentioned above, 
which are presented on Fig.  1, together with the results from Dartois 
et al. (2015). Empty black symbols represent values derived from 
irradiations using low-energy ions (Golecki and Jaccard, 1978; Straz-
zulla et al., 1992; Leto and Baratta, 2003; Baragiola et al., 2005; Leto 
et al., 2005), whereas green points correspond to swift heavy ions 
irradiations (Dartois et al., 2015). The empty red points represent data 
obtained from electron irradiations, which do not lead to amorphiza-
tion at temperatures above 70 K (Lepault et al., 1983; Heide, 1984). The 
blue star symbol corresponds to the 𝐾−1 value obtained from photon 
irradiation (Leto and Baratta, 2003).

This compilation shows that, above 90 K, the data points span a 
broad range of values, suggesting the role of other parameters and 
potential biases due to differences in the techniques used to quantify 
the amorphization yield and in the methods for analyzing the data. 
A second remark is that only two sets of data cover temperatures 
higher than 90 K (Golecki and Jaccard, 1978; Dartois et al., 2015), but 
employed very different conditions and analytical methods: 100 keV 
protons and Rutherford backscattering for the former; swift heavy ions 
and infrared spectroscopy for the latter. Golecki and Jaccard (1978) 
determined minimum crystallization yields, which means that their 
derived 𝐾−1 values can only be considered as upper limits. In addition, 
they report a flux dependence that needs to be determined.

The main goal of this study is to address the issues regarding 
the water ice amorphization depending on experimental parameters 
and to provide amorphization cross-sections over temperature and 
energy ranges of interest for the Jovian icy moons, typically between 
90–160 K (Orton et al., 1996) and 10-107 eV (Poppe et al., 2018). 
Within this temperature range, the use of ions rather than electrons is 
more appropriate, as previous studies have demonstrated that electrons 
do not amorphize water ice (Lepault et al., 1983; Heide, 1984; Loeffler 
et al., 2020). Contrary to the kinetic coefficient 𝐾, which relies on the 
assumption that both the nuclear and electronic interactions control the 
amorphization process (see Eqs.  (1) and (2)), the amorphization cross-
section only relies on the experimental data with no a priori hypothesis. 
We have thus related the amorphous fraction 𝛷𝐴 to the amorphization 
cross-section 𝜎𝑎𝑚: 

𝛷𝐴 = 𝛷𝐴𝑚𝑎𝑥
(1 − 𝑒−𝜎𝑎𝑚𝐹 ) (3)

where 𝜎  is expressed in cm2/ion.
𝑎𝑚
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We present new results from irradiation experiments conducted 
with Mg, O and S ions at energies ranging from 36 to 126 keV and 
temperatures between 20 and 120 K. The ion masses and energies were 
selected to investigate a broad range of electronic and nuclear stopping 
powers. Particular attention was given to the 90–120 K temperature 
range, in order to best reproduce the conditions relevant to icy satellites 
such as Ganymede, while ensuring that recrystallization of amorphized 
water ice remained limited over the duration of the experiment. The 
obtained experimental amorphization cross-sections were extrapolated 
to a wider range of energies relevant for the Jovian icy moons at 
90, 100 and 110 K, using the parametric equations of the analytical 
Thermal Spike model (hereafter a-TS) (Szenes, 1995). The ability of 
the numerical inelastic Thermal Spike model (hereafter i-TS) (Dufour 
et al., 1992; Toulemonde et al., 1992) to reproduce the experimental 
results was tested, and alternative models were also discussed. The 
paper is organized as follows: Section 2 describes the methodology 
employed to determine the amorphous fraction during irradiation and 
the amorphization cross-sections; results are presented in Section 3, and 
they are discussed in Section 4.

2. Experimental methods

Irradiation experiments were performed in July and October 2024 
on the ARIBE beamline (‘‘Accélérateur pour la Recherche avec les Ions 
de Basse Energie’’: Accelerator for research with low-energy ions) at 
the Grand Accélérateur National d’Ions Lourds (GANIL, Caen, France).2 
O6+, Mg3+, Mg5+, Mg7+ and S7+ ions between 36 and 126 keV were pro-
duced in the electron cyclotron resonance ion source and ion energies 
were obtained by combining the acceleration voltage and ion charge. 
We have used the IGLIAS setup (Augé et al., 2018) to synthesize thin ice 
films, irradiate them and monitor their structural evolution by infrared 
spectroscopy.

The ion beams were directed toward the IGLIAS experimental setup. 
To ensure uniform irradiation of the ice samples, a beam-sweeping 
device was employed (see Lv et al., 2012). This system consists of 
two pairs of parallel metallic plates that deflect the beam along both 
the horizontal and vertical directions. After sweeping, the ions passed 
through an insulated collimator with a circular aperture of 24 mm in 
diameter. A fraction of the beam was intercepted by the collimator, 
and the resulting collimator current was recorded. A Faraday cup could 
then be introduced into the beam path approximately 28.6 cm upstream 
from the target. By comparing the currents measured on the collimator 
and in the Faraday cup, the ion flux incident on the target (expressed 
as the number of projectiles per square centimeter per second) was 
determined. The total charge collected on the collimator was measured 
using ORTEC current integrators. Combining this accumulated charge 
with the ratio of the collimator current to the Faraday cup current 
allowed the projectile fluence (i.e., the total number of projectiles per 
square centimeter) to be calculated. This ratio was repeatedly verified 
throughout the experiment to ensure the stability of the beam flux.

Infrared spectra were collected using a Bruker 70v spectrometer, 
which was operated in the near- and mid-IR range (8000-550 cm−1). 
The spectrometer was equipped with a MCT detector, a KBr beamsplit-
ter, and a Globar source. The spectral resolution was set at 2 cm−1, the 
apodization function was a Three-Term Blackman–Harris window, and 
a zero-filling factor of 2 was employed. Crystalline water ice films were 
obtained from the deposition at normal incidence of gaseous water on 
a ZnSe window at 150 K. They were likely polycrystalline, but the size 
of the crystallites could not be determined. The distance between the 
injection inlet and the window was 15 mm. Liquid water was filled in a 
stainless steel cylinder that was plugged on an ultravacuum line. Water 
was purified by subjecting it to three freeze-thaw cycles with liquid 
nitrogen. No interferometric system for measuring the film thickness 

2 https://www.ganil-spiral2.eu/
3 
during deposition was available, so the thicknesses of thin films were 
initially estimated after deposition from the maximum absorbance 
value of the broad 3250 cm−1 band of crystalline water ice, using the 
optical constants of Mastrapa et al. (2009) and Tegler et al. (2024). 
This step led to optimized values of deposition time and pressure in 
the chamber for controlling thickness, typically between 10 s and 1 min 
at 2 × 10−7 mbar. The film thickness was finally established to be less 
than half of the projectile’s penetration depth in the ice. This ensures 
that the electronic, nuclear and total stopping powers do not differ by 
more than 20% between the entrance and the exit of the sample due to 
the energy loss of the projectile ion. Furthermore, implantation of the 
projectiles in the thin ice film cannot occur. The projected range values 
were calculated with the SRIM software (Ziegler et al., 2010) and are 
provided in Table  1.

Subsequent to the process of deposition, the crystalline ice film 
was cooled to the desired irradiation temperature (20–120 K). It is 
important to note that, in this context, ‘‘crystalline water ice’’ refers 
to either the metastable cubic Ic or the hexagonal Ih crystalline forms 
of water ice. However, the precise crystalline nature of thin films 
remains uncertain due to the presence of stacking disorders during the 
film’s growth process. This uncertainty is influenced by a multitude of 
experimental parameters and infrared spectroscopy lacks the capability 
to differentiate between the Ic and Ih phases (Shilling et al., 2006; 
Salzmann et al., 2011; Kim et al., 2023). 

The fraction of amorphous water ice in the ice film during irradi-
ation was determined from infrared spectra collected every 30 s. The 
typical spectrum of crystalline water ice shows several vibration bands 
as (i) a libration band 𝜈𝐿 at ∼ 980 cm−1, due to a hindered rotation of 
the molecule in its crystallographic site; (ii) the 𝜈2 bending band at ∼
1650 cm−1; (iii) the combination band 𝜈2 + 𝜈𝐿 at 2230 cm−1 and (iv) 
the broad feature centered at ∼ 3250 cm−1 (hereafter, the OH stretching 
band), which is controlled by the symmetric and antisymmetric vibra-
tion modes 𝜈1 and 𝜈3, respectively and contains three components: the 
Transverse Optic (TO) (A1 symmetry) mode at 3120 cm−1, the TO (E 
symmetry) mode at 3220 cm−1 and the Longitudinal Optic (LO) mode 
at 3380 cm−1 (Whalley, 1977). Each of these components involves both 
the 𝜈1 and 𝜈3 vibration modes, which are tightly coupled. The high 
spectral congestion of this band is due to the fact that crystalline water 
ice has an ordered lattice of oxygen atoms, either hexagonal for Ih 
or face centered-cubic for Ic, but hydrogen atoms are disordered and 
propagate through the lattice by tunneling (Drechsel-Grau and Marx, 
2014). In contrast, in amorphous water ice the positions of O atoms are 
disordered and the OH stretching band appears as a broad unstructured 
feature (Fig.  2(a)). During irradiation, we observe the progressive trans-
formation of the spectrum from crystalline to amorphous, as shown 
at 90 K in Fig.  2(a). Additional examples at temperatures ranging 
from 20 to 120 K are provided in Appendix  B. Additional examples 
at temperatures ranging from 20 to 120 K are provided in Appendix 
B. In between, any spectrum is assumed to be represented by a linear 
combination of pure crystalline and amorphous water ice end-member 
spectra (Strazzulla et al., 1992; Famá et al., 2010): 
𝑆 = 𝛷𝐴𝑆𝑎 + (1 −𝛷𝐴)𝑆𝑐 (4)

where 𝑆𝑐 and 𝑆𝑎 are, respectively, the spectra of fully crystalline and 
amorphous water ice, collected before and after the irradiation, respec-
tively. The fit was computed with a Levenberg–Marquardt algorithm in 
the spectral range 2900 to 3700 cm−1, after a baseline correction based 
on spline functions. The data analysis was performed with the software 
Igor Pro 8, Wavemetrics Inc. This approach enabled the estimation 
of the fraction of amorphous water ice 𝛷𝐴 throughout the irradiation 
process. Sputtering is an issue in the case of high-energy experiments 
employing swift heavy ions (Dartois et al., 2015). In our case, we tried 
to estimate sputtering using the IR spectra by monitoring the decrease 
in the amplitude of the OH stretching band. Once this band no longer 
changed during irradiation, indicating that the sample is completely 
amorphized, irradiation continued in the expectation of observing a 

https://www.ganil-spiral2.eu/
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Fig. 2. Left: Spectra resulting from the irradiation of water ice with 87 keV S7+ ions at 90 K. The red crystalline and purple amorphous water ice spectra were used 
to compute the amorphous fraction throughout the irradiation using the linear combination (4). Right: Crystalline spectrum measured at 90 K, after deposition 
at 150 K and cooling down (red). Amorphous spectrum obtained after irradiation of a crystalline film with 87 keV S7+ ions at 90 K (solid purple). Amorphous 
spectrum formed by deposition at 50 K and measured at 90 K (dotted purple). All spectra are normalized at the wavelength of their maximum absorbance. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
decrease in the OH stretching band. However, this decrease was not 
significant enough to estimate sputtering in our case of low-energy 
experiments. Note that the linear assumption (Eq. (4)), though used 
in many earlier studies, has so far not been validated by combined 
Infrared and X-ray diffraction analyses. Finally, and very importantly, 
we have checked the alignment of the IGLIAS setup with the ARIBE 
ion beam, i.e. that the infrared beam section on the sample was 
totally overlapping the ion beam section. For that purpose, before each 
measurement campaign, we have deposited a thin layer of crystalline 
water ice, then cooled it at 16 K and irradiated it. The obtention of a 
spectrum of pure amorphous ice after irradiation confirmed the good 
alignment of the setup.

Finally, it should be noted that the spectrum of amorphous water ice 
formed from irradiation of crystalline water ice at a given temperature 
shows differences compared to an amorphous ice formed by deposition 
at 50 K and heated to the same temperature as the irradiated crystalline 
film (Fig.  2(b)). Such a dataset of deposited amorphous spectra was 
acquired during a previous experimental session in April 2024. Water 
ice films were deposited at 50 K and progressively heated to 160 K, with 
IR spectra collected every 10 K. The spectrum obtained at 90 K is shown 
in Fig.  2(b) and compared to that of an irradiated crystalline film at the 
same temperature. Notably, the deposited amorphous spectrum appears 
slightly shifted by 10.6 cm−1 with respect to the irradiated sample, as 
previously observed by Baratta et al. (1991). All spectra of amorphous 
water ice deposited at 50 K and warmed to 160 K are available on the 
SSHADE database infrastructure (Moingeon et al., 2024a). This point is 
of interest if these data are used for interpreting remote sensing data 
of satellites or Trans-Neptunian Objects for instance.

3. Results

3.1. Kinetics of water ice amorphization

All irradiation experiments performed in this study are summarized 
in Table  1. The K parameter in Eq.  (1) was determined for each irradi-
ation experiment by fitting the amorphous fraction 𝛷𝐴 as a function 
of the dose following Eq.  (1). Fig.  1 shows the 𝐾−1 values plotted 
as a function of temperature, along with data compiled in the review 
by Famá et al. (2010) and Dartois et al. (2015). In this figure, the lower 
is the 𝐾−1 value, the more effective is the amorphization. Two different 
trends can be distinguished above 90 K: the upper limits obtained from 
light ions (Golecki and Jaccard, 1978) are 2 to 3 orders of magnitude 
higher than the values obtained with swift heavy ions (Dartois et al., 
2015). 
4 
Our experimental results are indicated in red (magnesium), or-
ange (sulfur) and blue (oxygen). Uncertainties on the K−1 values were 
calculated from the fit uncertainty of intermediate spectra during amor-
phization when determining 𝛷𝐴 with Eq.  (4), and from the uncertainty 
of water ice density 𝜌 = 0.93 ± 0.02 g.cm−3. This value corresponds 
to the density measured in water ice films deposited at temperatures 
above 120 K (Berland et al., 1995; Brown et al., 1996). However, the 
sample is compacted and amorphized during irradiation, which may 
lead to an increase of density. The type of resulting amorphous ice, 
and thus its density, remains undetermined. For simplicity, we assume 
that the sample density remains constant during irradiation in order to 
process the data. At temperatures above 90 K, our values span over 
slightly less than an order of magnitude, but are closer to the data 
of Dartois et al. (2015) than those of Golecki and Jaccard (1978). Below 
90 K, they also match better with those from Dartois et al. (2015) than 
those from Strazzulla et al. (1992). An overall increase in K−1 with tem-
perature is observed, in agreement with previous studies, suggesting a 
reduced efficiency of amorphization at higher temperatures.

3.2. Amorphization cross-section

According to Famá et al. (2010), the dispersion of the 𝐾−1 values 
obtained for similar temperatures by different experiments could be 
due to intrinsic differences of the experimental methods: Rutherford 
backscattering (Golecki and Jaccard, 1978), electron diffraction (Lep-
ault et al., 1983; Heide, 1984) or IR spectroscopy (Strazzulla et al., 
1992; Leto and Baratta, 2003; Baragiola et al., 2005; Leto et al., 2005). 
However, the 𝐾−1 values derived from our experiments at a given tem-
perature show variability with the ion species, energies and charges, 
even though they have been collected with the same experimental 
set-up, experimentators and data analysis (Fig.  1).

The expression of the amorphous fraction as a function of the 
total dose (Eq. (1)) hypothesizes that both the nuclear and electronic 
interactions control the amorphization process. However, to understand 
how the amorphous fraction depends on the various experimental 
parameters, it seems more appropriate to express the amorphization 
cross-section as a function of the fluence (Eq. (3)) with no a priori 
hypothesis. Therefore, the amorphization cross-sections 𝜎𝑎𝑚 were deter-
mined from Eq.  (3), as illustrated in Fig.  3 for the case of 87 keV S7+
ions. We investigated how 𝜎𝑎𝑚 correlates with the different experimen-
tal parameters as the ion energy and the electronic, nuclear and total 
stopping powers. The amorphization cross-section 𝜎𝑎𝑚 values for all 
irradiation experiments are summarized in Table  1, and plotted against 
the parameters mentioned above in Fig.  4, only at 90 K to exclude 
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Table 1
Summary of all the irradiation experiments performed and analyzed in the present study.
 Date Ion Ea PRb 𝑆𝑒

c 𝑆𝑛
d Te Thick.f Irr. timeg Fluxh 𝐾−1 i 𝜎𝑎𝑚 j 𝑅k  

 [keV] [nm] [±10% keV/μm] [±1 K] [nm] [min] [ions/cm2/s] [eV/molecule] [10−13cm2] [nm]  
 09-07-2024 Mg7+ 105 387 88 140 90 161 ± 0.2 7 1.7 × 1011 0.76 ± 0.09 0.96 ± 0.11 1.75 ± 0.10 
 85 144 100 190 ± 0.3 9 1.6 × 1011 1.12 ± 0.08 0.66 ± 0.05 1.45 ± 0.05 
 88 139 110 151 ± 0.2 22 1.2 × 1011 1.67 ± 0.17 0.43 ± 0.04 1.18 ± 0.06 
 10-07-2024 Mg7+ 105 387 89 137 90 130 ± 0.2 44 2.3 × 1010 1.03 ± 0.03 0.71 ± 0.02 1.50 ± 0.02 
 89 137 100 131 ± 0.2 13 1.5 × 1011 1.18 ± 0.16 0.61 ± 0.08 1.40 ± 0.09 
 92 132 100 69 ± 0.1 11 1.8 × 1011 1.23 ± 0.21 0.59 ± 0.10 1.37 ± 0.12 
 11-07-2024 Mg5+ 56 196 63 178 20 78 ± 0.1 4 2.3 × 1011 0.38 ± 0.08 2.02 ± 0.45 2.54 ± 0.28 
 63 179 40 81 ± 0.1 4 2.3 × 1011 0.44 ± 0.12 1.77 ± 0.50 2.38 ± 0.34 
 64 177 60 74 ± 0.1 5 2.5 × 1011 0.55 ± 0.11 1.41 ± 0.28 2.12 ± 0.21 
 63 179 80 82 ± 0.1 8 2.3 × 1011 0.64 ± 0.11 1.21 ± 0.20 1.96 ± 0.16 
 63 179 90 82 ± 0.1 8 1.7 × 1011 0.70 ± 0.08 1.10 ± 0.13 1.88 ± 0.11 
 62 182 100 97 ± 0.1 9 2.0 × 1011 1.08 ± 0.12 0.73 ± 0.08 1.52 ± 0.08 
 62 180 110 89 ± 0.1 13 3.7 × 1011 2.73 ± 0.37 0.29 ± 0.03 0.95 ± 0.06 
 12-07-2024 Mg3+ 36 123 49 202 20 47 ± 0.1 8 9.6 × 1010 0.44 ± 0.06 1.83 ± 0.27 2.41 ± 0.18 
 48 203 40 55 ± 0.1 8 1.0 × 1011 0.54 ± 0.08 1.49 ± 0.22 2.18 ± 0.16 
 49 202 90 49 ± 0.1 6 4.0 × 1011 1.54 ± 0.16 0.52 ± 0.05 1.29 ± 0.07 
 48 203 100 53 ± 0.1 16 1.4 × 1011 1.71 ± 0.09 0.47 ± 0.02 1.23 ± 0.03 
 48 203 110 53 ± 0.1 38 1.7 × 1011 4.69 ± 0.21 0.17 ± 0.007 0.74 ± 0.02 
 08-10-2024 S7+ 126 299 155 222 40 101 ± 0.2 10 4.0 × 1010 0.43 ± 0.05 2.82 ± 0.32 2.99 ± 0.17 
 153 225 90 118 ± 0.2 14 4.9 × 1010 0.64 ± 0.04 1.89 ± 0.11 2.45 ± 0.07 
 154 224 100 113 ± 0.2 15 3.6 × 1010 0.88 ± 0.04 1.39 ± 0.06 2.10 ± 0.05 
 154 223 110 108 ± 0.2 48 2.3 × 1010 1.58 ± 0.06 0.76 ± 0.03 1.56 ± 0.03 
 154 224 110 112 ± 0.2 8 8.0 × 1010 1.00 ± 0.06 1.22 ± 0.07 1.97 ± 0.06 
 154 224 120 115 ± 0.2 3 4.6 × 1011 1.33 ± 0.52 0.91 ± 0.4 1.70 ± 0.34 
 154 224 120 111 ± 0.2 16 1.0 × 1011 2.88 ± 0.36 0.42 ± 0.05 1.16 ± 0.07 
 09-10-2024 S7+ 87 203 136 254 90 73 ± 0.1 12 5.8 × 1010 0.66 ± 0.07 1.89 ± 0.20 2.45 ± 0.13 
 139 250 100 56 ± 0.1 12 5.8 × 1010 0.86 ± 0.07 1.45 ± 0.11 2.15 ± 0.08 
 138 252 110 64 ± 0.1 19 5.7 × 1010 1.32 ± 0.14 0.95 ± 0.10 1.74 ± 0.09 
 139 250 120 58 ± 0.1 20 9.8 × 1010 3.31 ± 0.49 0.38 ± 0.06 1.10 ± 0.08 
 49 116 100 297 90 54 ± 0.1 14 5.0 × 1010 0.78 ± 0.06 1.66 ± 0.13 2.30 ± 0.09 
 103 294 100 44 ± 0.1 16 5.0 × 1010 1.25 ± 0.11 1.02 ± 0.09 1.80 ± 0.08 
 103 295 110 45 ± 0.1 26 5.0 × 1010 2.52 ± 0.24 0.51 ± 0.05 1.27 ± 0.06 
 10-10-2024 O6+ 108 527 127 58 90 177 ± 0.3 11 6.5 × 1010 0.38 ± 0.02 1.56 ± 0.10 2.23 ± 0.07 
 125 60 100 214 ± 0.3 12 6.5 × 1010 0.48 ± 0.03 1.23 ± 0.06 1.98 ± 0.05 
 127 58 110 173 ± 0.3 18 6.5 × 1010 0.80 ± 0.04 0.74 ± 0.04 1.54 ± 0.04 
 126 58 120 184 ± 0.3 74 6.3 × 1010 3.52 ± 0.24 0.17 ± 0.01 0.73 ± 0.02 
 80 388 112 69 90 146 ± 0.2 64 1.2 × 1010 0.53 ± 0.01 1.09 ± 0.02 1.87 ± 0.02 
 112 69 90 144 ± 0.2 15 6.0 × 1010 0.42 ± 0.02 1.39 ± 0.08 2.10 ± 0.06 
 114 67 90 115 ± 0.2 16 8.3 × 1010 0.42 ± 0.04 1.39 ± 0.14 2.10 ± 0.11 
 112 69 100 146 ± 0.2 20 6.0 × 1010 0.56 ± 0.04 1.05 ± 0.07 1.83 ± 0.06 
 113 68 110 137 ± 0.2 29 6.0 × 1010 1.12 ± 0.06 0.52 ± 0.03 1.29 ± 0.03 
 112 69 120 147 ± 0.2 83 5.8 × 1010 4.59 ± 0.34 0.13 ± 0.009 0.64 ± 0.02 
 11-10-2024 O6+ 50 238 95 86 40 84 ± 0.1 49 1.3 × 1010 0.36 ± 0.02 1.60 ± 0.09 2.26 ± 0.06 
 96 85 40 79 ± 0.1 17 3.2 × 1010 0.34 ± 0.03 1.72 ± 0.15 2.34 ± 0.11 
 94 87 40 96 ± 0.1 9 6.0 × 1010 0.34 ± 0.04 1.71 ± 0.19 2.33 ± 0.13 
 97 84 90 68 ± 0.1 16 6.3 × 1010 0.51 ± 0.04 1.13 ± 0.10 1.90 ± 0.08 
 94 87 100 99 ± 0.1 20 6.2 × 1010 0.77 ± 0.05 0.76 ± 0.05 1.55 ± 0.05 
 95 86 110 90 ± 0.1 29 6.2 × 1010 1.68 ± 0.11 0.35 ± 0.02 1.05 ± 0.03 
a Ion energy.
b Projected range of the ion, given by the SRIM software (Ziegler et al., 2010) for a density 𝜌 = 0.93 ± 0.02 g.cm−3.
c Electronic stopping powers, given by SRIM, average value within the sample thickness.
d Nuclear stopping powers, given by SRIM, average value within the sample thickness.
e Irradiation temperature.
f Thickness of the sample, determined using optical constants from Tegler et al. (2024).
g Irradiation time required to reach complete amorphization.
h Average flux throughout the irradiation experiment.
i Parameter representing the kinetics of the amorphization process (Eq. (1)).
j Amorphization cross-section (Eq. (3)).
k Amorphous track radius, determined using 𝜎𝑎𝑚 = 𝜋𝑅2.
temperature-dependent effects. However, the results obtained at 100 
K and 110 K give qualitatively similar figures. We observe a significant 
correlation only with the stopping power S𝑒 (Fig.  4(d)), where linear 
fits provide coefficients of determination r2 = 0.71; 0.83; 0.83 for 90; 
100; 110 K, respectively. All 𝜎𝑎𝑚 values at temperatures between 20 and 
120 K are plotted as a function of S𝑒 on Fig.  5(a). In contrast, we found 
no correlation between 𝜎𝑎𝑚 and S𝑛 (Fig.  4(c)), and a weak correlation 
between 𝐾−1 and S𝑒 (Fig.  4(e)) where r2 = 0.43; 0.45; 0.63 for 90; 100; 
110 K, respectively.
5 
3.3. Flux effect

Some of our irradiation experiments were conducted with different 
fluxes, all other experimental parameters being identical. The results of 
this flux dependency are presented in Fig.  6. They show that the greater 
the flux, the more effective the amorphization. No flux dependence is 
observed for O6+ ions at 40 K and for Mg7+ ions at 100 K within the 
error bars, and only a weak increase is observed for O6+ ions at 90 K. 
However, this effect becomes very significant with 126 keV S7+ ions 
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Fig. 3. Amorphous fraction as a function of fluence during irradiation with 87 keV S7+ ions. The data were fitted using Eq.  (3) to determine the amorphization 
cross-section 𝜎𝑎𝑚. The fit curve and associated parameters are given with 95% confidence intervals.
at 110 and 120 K, for which 𝜎𝑎𝑚 increases by a factor of 1.59 and 
2.14, respectively. These results suggest that the dependence on ion 
flux is more significant at temperatures above 100 K. Due to the limited 
data available at different ion fluxes, we are unable to draw definitive 
conclusions regarding the influence of flux as a function of temperature.

A similar flux dependence was previously reported by Golecki and 
Jaccard (1978) at 102 and 111 K with 100 keV H+ fluxes of 3 ×
1011 and 3 × 1012 ions/cm2/s. In this study, the amorphization yield 
was estimated from Rutherford backscattering experiments on oriented 
monocrystals along the 𝑐-axis and 9 ◦ off the 𝑐-axis. The fit of the first 
derivative of the minimum yield with an Arrhenius law provides two 
different 𝛥𝐻 values for the two fluxes. After ruling out the possibility 
of a simple thermal annealing, they came to the conclusion that the 
effect was governed by a radiation-assisted thermally-activated anneal-
ing. Radiation-assisted thermally activated annealing is a mechanism 
that consists of a recrystallization process catalyzed by irradiation. 
In that case, crystallization may occur at lower temperatures than 
those required for simple thermal activation. This empirical mechanism 
is described in analytical models using Arrhenius laws (e.g. Wang 
et al., 2000). A possible mechanism lies in the formation of clusters 
from charged interstitial species, thereby freeing channeling routes as 
observed in alkali solids (Hollis, 1973). Another or complementary 
interpretation is to invoke the slowing of the cooling rate through 
the repetitive addition of heat pulses from incoming ions, at a rate 
controlled by flux. This flux dependency questions the applicability 
of experimental simulations to planetary conditions, for which fluxes 
are lower by at least three orders of magnitude. Systematic dedicated 
experiments should be conducted in the future to solve this issue.

3.4. Thermal spike model

The physics of material modification induced by ion irradiation is 
far from being fully understood (Weber and Wendler, 2016; Zhang and 
Weber, 2020). In the case where electronic interactions dominate the 
process, several models have been developed, mostly in the case of 
refractory dielectrics, semi-conductors and metals: the two-temperature 
model (TTM), the inelastic thermal spike (i-TS) model, the Coulomb 
explosion model, the bond weakening model, or the self-trapped exci-
tation model (Dufour and Toulemonde, 2016; Costantini and Ogawa, 
2023 and references therein). To our knowledge, none were developed 
6 
for hydrogen-bonded solids such as water ice. The thermal spike model 
developed by Szenes (1995) is based on a mechanism of local melting 
and rapid cooling that amorphizes the material through a quenching 
effect, occurring within a nanometric ion track. A numerical version of 
this model (i-TS) was subsequently developed and successfully applied 
to different types of materials (Dufour and Toulemonde, 2016). Famá 
et al. (2010) report that the thermal spike model accounts for the 
amorphization process of water ice. In this respect, we have conducted 
simulations with the i-TS model in order to reproduce our experimental 
results.

The thermal spike model was developed in the case of swift ions, 
for which interactions are dominated by the electronic regime (Szenes, 
1995). It comprises, schematically, four distinct sequences (Dufour 
et al., 1993):

1. ionization and generation of a Coulomb field and primary elec-
trons, confined in a ∼ 1 nm large ion track;

2. electron–electron radial energy transfer, thermalization, and 
plasma formation;

3. electron–phonon energy transfer, leading to a temperature spike 
in the lattice confined in a cylindrical volume of ∼ 10 nm;

4. cooling down, radiative decay, and several lattice processes.

The whole process is supposed to last between 10−17 and 10−11 s. If 
the amount of energy exceeds the latent fusion enthalpy, the material 
melts in the track and transforms into an amorphous phase due to the 
very fast cooling down.

Famá et al. (2010) used an analytical version of this model to 
interpret their own data and compiled data from the literature. In their 
study, the amorphization cross-section reads: 

𝜎𝑎𝑚 =
𝑔(𝑆𝑒 + 𝑆𝑛)
𝜌𝑐(𝑇𝑚 − 𝑇0)

(5)

where 𝑔 < 1 is the fraction of energy deposited in the sample, 𝜌 is 
the density, 𝑐 is the heat capacity, 𝑇0 the initial temperature of the 
sample and 𝑇𝑚 is the melting temperature. According to this equation, 
𝜎𝑎𝑚 increases when 𝑇0 increases if all parameters are independent of 
temperature, which contradicts the experimental results. According 
to the authors, using a temperature-dependent heat capacity would 
improve the model, leading to temperature dependence in line with 



A. Moingeon et al. Icarus 450 (2026) 116995 
Fig. 4. Amorphization cross-section 𝜎𝑎𝑚 at 90 K as a function of (a) ion energy 𝐸, (b) total stopping power 𝑆, (c) nuclear stopping power 𝑆𝑛, (d) electronic 
stopping power 𝑆𝑒. A clear correlation is observed between 𝜎𝑎𝑚 and 𝑆𝑒 as opposed to the other parameters. (e) 𝐾−1 values as a function of electronic stopping 
power 𝑆𝑒, derived from fitting the amorphous fraction 𝛷𝐴 as a function of total dose 𝐷, with a 95% confidence interval. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
previous reports in the literature. However, no numerical model was 
employed to fit the measurements presented in their study. Another 
issue is the use of the total stopping power in Eq.  (5), which does 
not distinguish between the respective contributions of 𝑆𝑒 and 𝑆𝑛. 
According to our results, the contribution of 𝑆𝑒 is more significant with 
respect to elastic interactions.

3.4.1. Numerical inelastic thermal spike model (i-TS)
To further explore these issues, we carried out numerical simula-

tions using the i-TS numerical model (Dufour et al., 1992; Toulemonde 
et al., 1992). This model generated values of the radius 𝑅 of the ion 
track, which were compared to experimental data. The experimental 
radius 𝑅 was determined by assuming a Poisson distribution of the 
7 
ions impacts. The probability that an impact happened at least one 
time, at a given location of the surface of the sample, can be written 
as 1 − exp(−𝜋𝑅2𝐹 ), where 𝐹  is the fluence and 𝜋𝑅2𝐹  represents the 
average number of the impacts on a surface 𝜋𝑅2. The radius 𝑅 can 
then be determined by Eq.  (3) and leads to: 
𝑅2 =

𝜎𝑎𝑚
𝜋

(6)

This equation only holds true under certain conditions: there must 
be no track overlap, no track coalescence and negligible structural 
relaxation.

The i-TS model has been developed to reproduce track formation 
in various materials, such as metals (Dunlop et al., 1994; Wang et al., 
1994), insulators (Toulemonde et al., 2000; Meftah et al., 2005; Awazu 
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Fig. 5. Left: Amorphization cross-section 𝜎𝑎𝑚 as a function of electronic stopping power 𝑆𝑒, derived from fitting the amorphous fraction 𝛷𝐴 as a function of 
fluence 𝐹 , with a 95% confidence interval. Right: Part of the dataset presented in the left, collected with the same ion flux (5-6 × 1010 ions/cm2/s) and fitted 
using Eqs.  (11) and (12), with a 95% confidence interval.
Fig. 6. Amorphization cross-section 𝜎𝑎𝑚 values as a function of ion flux. The lines are here to guide the eyes.
et al., 2006) and semi-conductors (Schnohr et al., 2010; Sall et al., 
2015). It basically consists of two coupled equations of heat diffusion 
for electrons and atoms, at a distance 𝑟 from the axis of a cylindrical 
ion track and at a time 𝑡: 

𝐶𝑒(𝑇𝑒)
𝛿𝑇𝑒
𝛿𝑡

= 1
𝑟
𝛿
𝛿𝑟

[

𝑟𝐾𝑒(𝑇𝑒)
𝛿𝑇𝑒
𝛿𝑟

]

− 𝑔(𝑇𝑒 − 𝑇𝑎) + 𝐵(𝑟, 𝑡) (7)

𝐶𝑎(𝑇𝑎)
𝛿𝑇𝑎
𝛿𝑡

= 1
𝑟
𝛿
𝛿𝑟

[

𝑟𝐾𝑎(𝑇𝑎)
𝛿𝑇𝑎
𝛿𝑟

]

+ 𝑔(𝑇𝑒 − 𝑇𝑎) (8)

The parameters 𝑇𝑒, 𝐶𝑒, 𝐾𝑒 and 𝑇𝑎, 𝐶𝑎, 𝐾𝑎 represent the temperature, 
the specific heat (Toulemonde et al., 2009) and the thermal con-
ductivity (Klinger, 1980) of the electrons and atoms of the system, 
respectively. 𝐵(𝑟, 𝑡) is the energy density per unit time deposited in 
the electronic system. The parameter 𝑔 refers to the electron–phonon 
coupling. It is related to the electron–phonon mean free path 𝜆 through 
the equation 𝑔 = 𝐷𝑒𝐶𝑒∕𝜆2. For water, which has an energy band 
gap of 8.8 eV, the electronic parameter will be defined as for insu-
lators (Toulemonde et al., 2000). In that case, the electron thermal 
diffusion is 𝐷𝑒 = 2 cm2/s and the electron specific heat 𝐶𝑒 = 1 J/cm3/K. 
Since neither 𝑔 nor 𝜆 are known for water ice, 𝜆 is a free parameter in 
the fit of the experimental data.
8 
The model numerically solves the coupled Eqs.  (7) and (8) to obtain 
the evolution of 𝑇𝑒 and 𝑇𝑎 as a function of 𝑟 and 𝑡. The temperature 
evolution of the lattice specific heat is the following: 𝐶𝑠(J/g/K) = 
0.0076 × 𝑇𝑎 for 𝑇𝑎 less than 273 K, equal to 4 between 273 K and 373 
K and equal to 2 for 𝑇𝑎 larger than 373 K (Handa and Klug, 1988). 
Additionally, the energy received by the water ice, 𝐸𝑖 in eV/atom, is 
computed as a function of 𝑟 and 𝑡 based on the lattice temperature 𝑇𝑎: 

𝐸𝑖(𝑇𝑎) =
𝑀

3𝑁𝑎1.6 × 10−19 ∫

𝑇𝑎

0
𝐶𝑠𝑑𝑇 , 𝑇𝑎 < 273𝐾 (9)

Due to the extremely rapid increase in temperature along the ion 
track, the transition between the solid and liquid phases does not 
occur at the melting temperature 𝑇𝑚, as observed with picosecond 
laser pulses (Hermes et al., 1986; Rethfeld et al., 2002). Consequently, 
the melting temperature (273 K for water ice) is no longer a suitable 
criterion, and a superheating scenario is applied. The latent heat 𝐿 is 
added to the specific heat 𝐶𝑠 in the computation of the deposited energy 
𝐸𝑖, when 𝑇𝑎 > 𝑇𝑚. Therefore, the energy to melt the material 𝐸𝑚 is the 
following: 

𝐸𝑚(𝑇𝑎) =
𝑀

3𝑁 1.6 × 10−19

(

𝐿 + ∫

𝑇𝑎
𝐶𝑠𝑑𝑇

)

(10)

𝑎 0
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Fig. 7. Energy deposited in the ion track as a function of time, induced by ion irradiation in water ice, given by the i-TS model. 0.0384 eV/atom is the minimal 
energy deposited in the surface to melt the water ice, and transform it into an amorphous form.
Fig. 8. Experimental track radius 𝑅 (Eq. (6)) as a function of electronic stopping power 𝑆𝑒. The lines represent the values computed with the i-TS model, for 𝜆
= 0.95 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig.  7 illustrates the deposited energy as a function of time 𝑡 for 
various radii 𝑟 in water ice irradiated by 87 keV S7+ ions at 90 K. 
The ion track radius 𝑅 is defined as the maximal radius at which 
the deposited energy exceeds the energy corresponding to the melting 
temperature of water, namely 0.0384 eV/atom. Following the peak 
temperature, the melted water ice cools down and recondenses within 
the track into an amorphous form due to the extremely rapid cooling 
process, occurring in less than 10−10 s, as shown in Fig.  7. Employing 
this method, modeled radii can be determined for each irradiation 
condition and different 𝜆, and compared to the experimental track 
radius values.

𝑅 values for all our irradiation experiments are given in Table  1. 
Fig.  8 presents the experimental track radius 𝑅 as a function of the 
electronic stopping power 𝑆𝑒. The colored lines represent the results 
obtained from the i-TS model, with the same irradiation conditions 
as our experiments. The value of 𝜆 was set to 0.95 nm to achieve 
the best possible fit to the experimental data at 110 K. Although the 
model could reproduce the evolution trend of experimental 𝑅 values 
9 
as a function of 𝑆𝑒, a major difference between our experimental data 
and the results given by i-TS model is the track radius dependence to 
the initial temperature 𝑇0, as shown in Fig.  8. The model predicts a 
more efficient amorphization at higher temperatures, with higher 𝑅 at 
120 K (yellow curve) than at 40 K (purple curve). This is inconsistent 
with experimental results, which show that water ice amorphization 
is more efficient at lower temperatures. In the model, the track radius 
𝑅 is computed by calculating the energy required to heat the sample 
from 𝑇0 to 𝑇𝑚. At a higher 𝑇0 value, less energy is required to melt 
and the model predicts more efficient amorphization. This trend is 
observed in many cases for metallic materials (Dufour et al., 1999) 
and for insulator materials (Houpert et al., 1991), which have a much 
higher gap between 𝑇0 and 𝑇𝑚 than water ice in our experiment. One 
should note that water ice is a very different solid compared to those 
traditionally studied with the i-TS model. It is a molecular solid whose 
properties, controlled by inter-molecular hydrogen bonds and orienta-
tions, are highly temperature dependent (Franks, 1972), as suggested 
the paper of Mélot et al. (2003) for which the transformation of the 
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Fig. 9. Experimental track radius 𝑅 (this work, Ding, 2014; Dartois et al., 2015) as a function of electronic stopping power 𝑆𝑒. Values computed with the i-TS 
model are included, using 𝜆 values between 0.3 and 2 nm.
material is larger under an irradiation at 8 K than for an irradiation at 
290 K. Moreover, it has already been reported in the literature that the 
thermal spike model can describe the trend of the experimental data, 
but not their absolute values (Klaumünzer, 2006).

The only way to reproduce our inferred cross-section dependence to 
the temperature with this i-TS model may be to adjust the value of the 𝜆
parameter for each temperature. Fig.  9 presents numerical simulations 
with 𝜆 values ranging between 0.3 and 2 nm, compared with exper-
imental data from literature (Ding, 2014; Dartois et al., 2015). This 
suggests that the water ice electron–phonon coupling 𝑔 may increase 
(the electron–phonon mean free path 𝜆 may decrease) when the tem-
perature decreases. However, the temperature dependence cannot be 
compensated by a varying 𝜆, as illustrated in Fig.  9. The lower limit of 
𝜆 was chosen based on computational capabilities, as a lower 𝜆 value re-
quires smaller time steps and significantly longer calculation durations. 
The upper limit of 𝜆 = 2 nm is due to the fact that the model predicts 
𝑅 = 0 nm for 𝑆𝑒 around 20 keV/μm, indicating no amorphization. 
However, the study by Strazzulla et al. (1992) demonstrated that water 
ice is amorphized with 1.5 keV H+ and 3 keV He+ ions, corresponding 
to 𝑆𝑒 ≈ 17 keV/μm. Therefore, a 𝜆 value greater than 2 nm would be 
inconsistent with experimental observations. At 10 K, the simulation 
curves for different 𝜆 are very close to each other for highest 𝑆𝑒 (Fig. 
9), and fit well the data of Dartois et al. (2015) at 13.6, 15 and 40 K. 
The data points of Ding (2014) at 15 and 17 K, and the data points at 
20, 40 and 60 K of our study plot at higher 𝑅 (Fig.  9). The simulation 
curves at 100 K correspond well to the data point at 𝑆𝑒 = 4556 keV/μm 
from Dartois et al. (2015), for 0.95 < 𝜆 < 2 nm. However, our data 
points at 100 K are not fitted, regardless of the 𝜆 value. Finally, using 
the only free parameter 𝜆 of the model does not reconcile the simulation 
curves and the experimental data in all cases, even considering a heat 
capacity depending on the temperature. The assertion posited by Famá 
et al. (2010) that a temperature-dependent heat capacity ensures the 
consistency of the thermal spike model appears to lack validity.

Last, simulations incorporating electronic and elastic interactions 
were conducted with the i-TS model (Fig.  10). The track radii were 
found to be systematically higher than the experimental values and not 
following the trend as a function of 𝑆𝑒, which means that this model 
does not explain the experimental results.

3.4.2. Analytical thermal spike model (a-TS)
In order to describe interactions between magnetospheric ions and 

the icy surfaces of Jovian satellites, we need to extrapolate the amor-
phization cross-section 𝜎  to a wider range of 𝑆  values. Since the i-TS 
𝑎𝑚 𝑒

10 
Table 2
Parameters obtained by fitting 𝜎𝑎𝑚 as a function of 𝑆𝑒 at temperature T with 
Eqs. (11) and (12).
 T 𝑎(0) 𝑆𝑒𝑡  
 (K) (nm) (keV/μm)  
 90 2.06 ± 0.61 38.8 ± 23.2 
 100 2.06 ± 0.32 53.8 ± 16.9 
 110 1.72 ± 0.20 67.9 ± 16.4 

model does not reproduce our experimental data, we have empirically 
used the analytical thermal spike model (a-TS) proposed by Szenes 
(1995) for this extrapolation: 
𝜎𝑎𝑚(𝑇 ) = 𝜋𝑎2(0)[ln(𝑆𝑒) − ln(𝑆𝑒𝑡)] for 𝑆𝑒 < 2.7𝑆𝑒𝑡 (11)

𝜎𝑎𝑚(𝑇 ) =
𝜋𝑎2(0)
2.7𝑆𝑒𝑡

𝑆𝑒 for 𝑆𝑒 > 2.7𝑆𝑒𝑡 (12)

𝑎(0) is the width of the Gaussian radial distribution of temperature 
around the ion track at 𝑡 = 0 (peak temperature). 𝑆𝑒𝑡 is a threshold 
value of 𝑆𝑒, where no continuous track formation and no amorphization 
are expected for 𝑆𝑒 < 𝑆𝑒𝑡. The parameter a(0), which is directly 
related to the radius of the trace, is left free and does not prejudge 
the mechanisms of temperature control of the amorphization kinetics.

We have used these equations to fit the experimental data over an 
extended range of 10-104 keV/μm and determined the 𝑎(0) and 𝑆𝑒𝑡
parameters (Table  2). The fits for T=90, 100 and 110 K are presented in 
Figs.  11 and 5(b). They were obtained from the subset of measurements 
corresponding to ion fluxes of 5 − 6 × 1010 ions/cm2/s, to prevent from 
biases of the flux dependence. The shaded area corresponds to the 95% 
confidence interval. The fit of the experimental data is much better than 
that obtained with the i-TS model. The parameter a(0) decreases with 
temperature, in agreement with experimental data. 

The quality of the extrapolation of these fits to high S𝑒 values can 
be discussed in the light of the data of Ding (2014) and Dartois et al. 
(2015) (Fig.  11). The experimental values reported in Ding (2014) were 
obtained by irradiating water ice with 19.6 MeV Ne6+ at 15 K, 81 MeV 
Ta24+ at 17 K and 46 MeV Ni11+ at 145 K. Their data collected at 15 
and 17 K are located on our extrapolated cross-section curve at 100 K. 
The irradiation conducted at 145 K only led to a partial amorphization 
of water ice due to the fast recrystallization, and consistently to a lower 
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Fig. 10. Experimental track radius as a function of electronic stopping power 𝑆𝑒. Values computed with the i-TS model with the nuclear and electronic regimes 
are included.
Fig. 11. Amorphization cross-section as a function of electronic stopping power. Extrapolations of the regressions using a-TS model presented in Fig.  5(b) are 
shown (Eq.  (7), (8) and Table  2). Values from this study are compared to those from Ding (2014) and Dartois et al. (2015).
𝜎𝑎𝑚 value. In the study by Dartois et al. (2015), water ice was irradiated 
with high-energy ions between 81 and 3640 MeV over a broad range of 
temperature (13.6–125 K), resulting in 𝑆𝑒 values one to two orders of 
magnitude higher than those explored in this work. Their value of 𝜎𝑎𝑚
at 100 K matches our extrapolation based on data collected at 110 K, 
and is around 2–3 times lower than an estimate from the extrapolation 
at 100 K. The cross-section at 125 K plots below the extrapolation at 
110 K, which is consistent with the temperature dependence. However, 
the data in the temperature range 13.6–77 K all plot below the 100 
K extrapolation, which is inconsistent with the expected temperature 
trend.

There are three potential explanations for these differences. First, 
given the high 𝑆𝑒 values, the nuclear stopping power is negligible 
compared to the electronic one in the study of Dartois et al. (2015). 
However, in our experiments, the 𝑆𝑛 values are significant compared 
to the 𝑆𝑒 values (see Table  1). As discussed above, although the 
cross-section does not correlate with the elastic stopping power 𝑆 , it 
𝑛
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remains unclear whether it contributes to amorphization. Second, in 
our study, we used the entire broad OH band from 2900 to 3700 cm−1, 
to monitor the amorphous fraction during irradiation, fitting each 
intermediate spectrum with a linear combination of amorphous and 
crystalline spectra. The study by Dartois et al. (2015) simultaneously 
investigated the amorphization kinetics and the sputtering yield, which 
is not negligible with swift heavy ions. They used a narrower region of 
the OH band from 3000 to 3250 cm−1 and the amorphous fraction was 
determined by fitting the optical depth as a function of fluence using a 
parametric equation that included the sputtering yield, the fraction of 
crystalline water, and the band strengths of crystalline and amorphous 
water ice. The cross-sections obtained by this method then rely on the 
precise knowledge on the band strengths 𝐴𝑐 and 𝐴𝑎𝑚 of crystalline and 
amorphous water ice, respectively. Third, the irradiation fluxes used in 
the study by Dartois et al. (2015) may differ from those used in our 
experiments. Unfortunately, the flux values are not provided in their 
study.
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In conclusion, the parametric equations derived from the a-TS 
model provide a fair estimate of cross-sections within a factor between 
5 to 8, which is not enough to infer the temperature dependency. 
Extrapolations to low values of Se (< 80 keV/μm) are not constrained 
by any experimental data. At 90 K the confidence intervals are very 
large. The cutoff of the extrapolation range must be set to 80 keV/μm.

4. Discussion

Contrary to what has been reported in previous studies, the amor-
phization cross-section of crystalline water ice bombarded with low-
energy ions is not controlled by the total stopping power, nor the 
nuclear stopping power (Figs.  4(b) and 4(c)). The good linear cor-
relation between the amorphization cross-section and the electronic 
stopping power (Fig.  4(d)) suggests that the electronic interaction is the 
main parameter controlling the amorphization mechanism. This finding 
raises the question of the mechanism responsible for the electronic 
energy transfer to the lattice of water ice.

In light of the failure of the thermal spike model to interpret the 
experimental results, there is a need to explore alternative models that 
describe inelastic interactions.

In the Coulomb explosion model, the ionization along the track 
promotes repulsive interactions between atoms. In cases where these 
interactions exceed the strength of atomic bonds, atomic displacements 
occur, resulting in amorphization. This model has been employed to 
interpret the sputtering of water ice, with its numerical code developed 
for liquid water (Costantini and Ogawa, 2023). However, as demon-
strated in the study by Teolis et al. (2017), sputtering is confined to a 
very shallow layer at the uppermost region of the ice crystal (≈ 30 Å).

In the bond weakening model, the weakening of covalent bonds is 
attributed to ionization, which results in a softer lattice that is more 
sensitive to collisions or thermal excitation (Van Vechten et al., 1979). 
This model has been used in the field of semiconductor research, partic-
ularly in the context of Si, Ge, and GaAs, to elucidate the mechanisms 
of annealing processes.

The self-trapped exciton (STE) model posits that an exciton, formed 
through inelastic interactions, engenders local distortions in the lat-
tice, leading to a reduction in bond strength and, ultimately, its local 
self-trapping. This process is expected to trigger structural modifica-
tion or to release heat through non-radiative electron–hole recombina-
tion (Itoh, 1996). The STE model has been successfully applied to SiO2
by fitting the track radius versus the stopping power. Its application to 
water ice has been restricted to investigating radiolysis and H2 release, 
but not to amorphization (Le Caër, 2011).

These three models, Coulomb explosion, bond weakening, and self-
trapped excitation, propose alternative explanations for the generation 
of lattice disorder by inelastic interactions. For water ice, the differ-
ence between crystalline and amorphous phase is mostly described in 
terms of wider distributions of the O–O bond distances and of the 
bond angles. These variations strongly reduce the position correla-
tions between atoms at medium and long distances, unlike crystalline 
ice, while mostly preserving its tetrahedral coordination with its first 
neighbors, as described by neutron diffraction studies of amorphous 
ice (Chowdhury, 1982). Consequently, amorphous ice is best described 
as a continuous random network of water molecules with all hydrogen 
bonds preserved (Boutron and Alben, 1975). The amorphization pro-
cess thus needs only some relatively weak displacements of the oxygen 
atoms to distort the correlation with its neighbors and the breaking 
of O–H and O–O bonds is not necessary. In addition, the presence of 
other molecules which may be created by radiolysis should create local 
defects in the H2O network. These defects should propagate disorder, 
affecting both interatomic distances and angles over several interatomic 
distances, thus expanding the regions of amorphized ice.

However, the temperature and flux dependence of the amorphiza-
tion kinetics remains unaddressed. Energetic particle bombardment 
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of water ice has been shown to cause charge formation and dielec-
tric breakdown (‘‘sparking’’), which might possibly cause amorphiza-
tion (Baragiola et al., 2003; Baragiola et al., 2008; Shi et al., 2012; 
Jordan, 2022). Noticeably, the probability of dielectric breakdown 
increases as the temperature decreases and/or as the particle flux 
increases, as the water ice amorphization cross-section does in our 
experiments. In the context of swift heavy-ion irradiation of dielectrics, 
where elastic interactions are absent, an increase in the amorphiza-
tion kinetics is typically observed as the irradiation temperature is 
increased. Indeed, an increase in the sample temperature results in a 
decrease in the energy required to melt the solid within the ion track, as 
the melting temperature approaches. However, this phenomenon does 
not occur in water ice that has been exposed to swift heavy ions, where 
an amorphization efficiency that decreases with increasing temperature 
is observed (Dartois et al., 2015). Therefore, it is likely that water ice 
does not melt in ion tracks and that a temperature-dependent recrys-
tallization process competes efficiently with amorphization. The most 
plausible explanation is that amorphization in water ice is achieved 
through the generation of defects, which undergo a process of co-
alescence to form a continuous amorphous irradiation track (Brown 
et al., 1984). The temperature dependence could be then due to an 
irradiation-induced recrystallization, as proposed by Wang et al. (2000) 
in metallic materials. As hypothesized in the previous paragraph, these 
defects may be due to the radiolysis of H2O. In the bulk of the 
sample, the main radiolytic by-product is the moderately abundant 
H2O2 (approximately 1%), due to the rapid recombination of radicals 
with hydrogen atoms (Loeffler et al., 2006). Notably, an increase in 
the absorption band of H2O2 at approximately 2850 cm−1 is observed 
during irradiation across several spectra presented in Fig.  B.1. Although 
rare, the production of H2O2 might be the only remnant of many other 
transient radiolytic species formed and destroyed within the ice. The 
rearrangements/displacements of H2O molecules consecutive to such 
a radiolytic chemistry might thus explain the observed amorphization. 
Noticeably, Mejía et al. (2022) have found that H2O2 formation and 
destruction cross-sections in water ice irradiated by swift heavy ions 
depend linearly with 𝑆𝑒, and they have also found that the H2O 
destruction rate is almost 4 times higher at 15 K than at 144 K. These 
similarities with the dependencies of the water ice amorphization cross-
section with the 𝑆𝑒 and the temperature, found in the present study, 
suggest a potential causal link between radiolysis and amorphiza-
tion. Moreover, this mechanism would be in line with the observation 
by Leto and Baratta (2003) of the full amorphization of water ice after 
radiolysis with Lyman-alpha photons.

An intriguing observation is the lack of correlation between the 
amorphization cross-section and the nuclear stopping power. Indeed, 
in our experiments, the S𝑛/S𝑒 ratio varies in the range ∼ 0.5–4, which 
means that the amount of elastic energy is significant. In the context 
of low-energy ion in the elastic regime, a primary knocked-on atom 
undergoes a momentum transfer to surrounding atoms, thereby ini-
tiating a cascade recoil process. It has been demonstrated that this 
collisional network generates atomic displacements and a high local 
density of defects (Sigmund, 1968). This mechanism offers an expla-
nation for the amorphization of implanted silicon when exposed to 
keV ions, as evidenced by experimental studies (Dennis and Hale, 
1978). Another mechanism that involves elastic interactions is the 
defect-accumulation model. It provides a detailed description of the 
process by which defects are produced, gradually accumulating along 
the ion track until ultimately reaching a state of amorphous phase. 
This transition is marked by reaching a critical defect density thresh-
old (Wang et al., 2000). Amorphization has been observed to occur 
in experiments above a critical nuclear dose, the magnitude of which 
increases with temperature (Lian et al., 2005; Lian et al., 2009; Faure 
et al., 2021). The temperature dependence is interpreted by the inter-
play between damage production and recovery processes. The origin 
of the efficient recrystallization, even at temperatures for which no 
crystallization or molecular agitation are expected over the duration 



A. Moingeon et al. Icarus 450 (2026) 116995 
of an experiment, remains unclear. Wang et al. (2000) proposed that 
recrystallization associated to a collisional cascade is controlled by 
diffusion and irradiation-enhanced dynamic annealing. In their model, 
a crystallization efficiency described by an Arrhenius law is proposed. 
Such a process would explain why more efficient recrystallization 
happens at lower temperatures than those required by thermal crys-
tallization over the characteristic time of the experiment (in our case, 
a couple of hours).

However, a comprehensive understanding of the relative contribu-
tions of elastic and inelastic interactions remains elusive. Although the 
electronic interactions appear to dominate the amorphization process, 
we cannot fully exclude a contribution of nuclear interactions, in 
particular if this contribution lies in the form of a critical amorphization 
dose (Lian et al., 2005; Lian et al., 2009; Faure et al., 2021). In this 
regard, this contribution may appear in the coefficients of the linear fit 
of 𝜎𝑎𝑚 with S𝑒.

5. Conclusion

The main conclusions of this study are the following:

• Experiments conducted with oxygen, magnesium and sulfur ions 
at low energy (36–126 keV) show that the water ice amorphiza-
tion cross-section correlates with the electronic stopping power 
𝑆𝑒, and not with the nuclear stopping power 𝑆𝑛 nor with total 
stopping power 𝑆. This result invalidates the previous assumption 
that the total stopping power (i.e. the total dose) controls the 
water ice amorphization process.

• The water ice amorphization cross-section decreases as the tem-
perature increases from 20 to 120 K.

• A flux dependence of the amorphization cross-section was ob-
served, confirming the earlier results of Golecki and Jaccard 
(1978). This effect increases with temperature, and is weak below 
100 K. Future studies need to assess how these experimental 
results can be extrapolated to Jovian satellite conditions where 
expected fluxes are lower by at least 3 orders of magnitude.

• The extrapolation to higher S𝑒 values using the analytical ther-
mal spike model (a-TS) and data from Dartois et al. (2015) 
and Ding (2014) is not very accurate and does not account for 
the temperature variations.

• The numerical inelastic thermal spike model (i-TS) was used to 
analyze experimental data collected over the temperature range 
90–120 K. The radius of the ion track 𝑅 versus electronic stop-
ping power was satisfactorily fit in the case of the pure elec-
tronic regime. However, the general trend of a decrease of the 
cross-section with increasing temperature is not reproduced.

• Alternative models are discussed, addressing the respective con-
tributions of elastic and inelastic interactions. The extent and 
nature of elastic interactions contribution remain elusive. The 
amorphization mechanism remains largely unknown.
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Appendix A. Interactions, stopping powers and doses

An ion passing through a solid undergoes two types of interactions. 
Inelastic interactions of the ion with the electrons of the atoms or 
molecules lead to ionization, bond weakening or breaking, defects 
and the formation of a plasma composed of high temperature elec-
trons that transfer their energy to the atomic lattice as heat. These 
interactions also generate defects in the lattice. The second type of 
interactions, named nuclear or elastic, is due to interactions between 
nuclei, generating collision cascades and atomic displacements.

The average amount of energy lost per unit length is defined by the 
electronic and nuclear stopping powers S𝑒 and S𝑛 in eV/cm, respec-
tively. The total dose deposited per unit of volume, in eV/cm3, then 
reads:

𝐷 = 𝐷𝑒 +𝐷𝑛 with: 𝐷𝑒,𝑛 = 𝐹𝑆𝑒,𝑛
where 𝐷𝑒 and 𝐷𝑛 are the electronic and nuclear doses, respectively, 

and 𝐹  is the fluence in ions/cm2. The total dose, in eV/molecule, is 
expressed as :

𝐷𝑒,𝑛 =
𝑀
𝜌𝑁𝑎

𝐹𝑆𝑒,𝑛

where 𝜌 is the density, 𝑀 the molar mass and 𝑁𝑎 the Avogadro number.
The stopping powers of water ice have been calculated with SRIM 

2013, with a density of 0.93 g.cm−3.

Appendix B. The OH stretching band across irradiation

During irradiation, the amorphous fraction was monitored using 
the OH stretching band centered at 3250 cm−1. The evolution of this 
band is shown in Fig.  2(a) (at 90 K) and in Fig.  B.1 (for temperatures 
ranging from 20 to 120 K). The highest red spectrum, recorded prior 
to irradiation, correspond to crystalline water ice, as evidenced by the 
narrow OH band and the presence of three distinct peaks. During the 
irradiation, the OH band broadens and its amplitude decreases. By the 
end of irradiation, it remains one broader peak, indicating complete 
amorphization of the water ice. Notably, the final amorphous spectra 
in Fig.  B.1 show variations in shape across the different temperatures. 
This suggests the formation of distinct forms of amorphous water 
ice (Jenniskens et al., 1998). Moreover, a CO2 contamination band 
at 2340 cm−1 is visible in several irradiation spectra. While CO2 is 
inevitable even in a high-vacuum chamber, it does not affect the water 
ice amorphization process.
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Fig. B.1. Spectra resulting from the irradiation by different ions at temperatures of (a) 20 K, (b) 40 K, (c) 60 K, (d) 80 K, (e) 100 K, (f) 110 K and (g) 120 K. 
The spectra at 90 K are presented in Fig.  2(a). For each irradiation, the highest red spectrum (crystalline) and the lowest purple spectrum (amorphous) are used 
to estimate the amorphous fraction in the sample via a linear combination (Eq. (4)). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
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Data availability

All measured spectra and their associated sample information are 
freely available through the GhOSST database of the SSHADE infras-
tructure for solid spectroscopy, supported by the Europlanet 2020-RI 
program. Direct link to the data is provided in the reference (Moingeon 
et al., 2024b).
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