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ABSTRACT 
 
We question here the radiolytic origin of (i) polyaromatic insoluble organic matter (IOM) 
recovered from primitive chondrites, and (ii) organics at the surface of reddish Trans-
Neptunian Objects (TNOs), some minor planets and icy satellites. Organic synthesis by ion 
irradiation was investigated through experiments on a variety of targets: Polyethylene glycol 
1450, lignin, cellulose and sucrose, exposed to low (C 40 keV and Ne 170 keV) and high 
energy (C 12 MeV, Ni 17 MeV, 78Kr 59 MeV) ions. These experiments show that all 
carbonaceous precursors evolves towards a sp2-rich amorphous carbon (a-C) above a critical 
nuclear dose of 10−7

+10 eV.atom-1. A thorough review of the literature shows that this value 
applies for a large range of carbonaceous materials, including C-rich simple ices. Below this 
critical dose, irradiated targets are carbonized and transformed into cross-linked polymeric 
disordered solids, with abundant radiolytic olefinic and acetylenic bonds, but devoid of 
aromatic or polyaromatic species. Ion irradiation of simple compounds, e.g. ices, is thereby 
not a viable process to synthesize IOM. However, in the case of aromatic-rich precursors, swift 
heavy ions irradiation leads to polyaromatic materials, by bridging existing aromatic or 
polyaromatic units. In the context of Early Solar System, i.e. Galactic Cosmic Rays (GCR) 
irradiation during 10-20 Myr, the formation of chondritic IOM from simple ices mixed with 
interstellar Polycyclic Aromatic Hydrocarbons (PAHs) appears as a plausible mechanism. This 
scenario, based on the recycling of existing carbonaceous interstellar grains under low-
temperature conditions, would account for the heterogeneity of the D, 15N and 13C isotopic 
fractionations at the molecular scale, and the preservation of deuterium hot spots that are 
highly sensitive to high-temperature conditions (> 300 °C). At the surface of TNOs, sp2-rich 
amorphous carbons are formed by the implantation of GCRs and Solar wind ions. The 
electronic dose is also very high for an irradiation time of several Gyr (> 100 eV.atom-1), 
leading to the formation of reddish disordered solids, provided that the surface contains a 
minimum abundance of carbonaceous species. Finally, sp2-rich amorphous carbons produced 
in the laboratory (e.g. the ACAR compound from Zubko et al., 1996) are fair analogues of the 
darkening agent produced by radiolysis. 
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1 INTRODUCTION 
 Primitive carbonaceous chondrites contain ~ 3-5 wt% of organic matter (OM). This 
abiotic material is of primary importance as it sheds light on carbon chemistry that was 
operating either in the protosolar disk (PSD) or in the local interstellar medium before the 
birth of the Solar System. As a major carrier of H, C, N and O elements, it also provides insights 
into the volatile species that have been accreted by the Early Earth, through asteroidal 
collisions. Chondritic organic matter is usually divided into two types: Soluble Organic Matter 
(SOM) and Insoluble Organic Matter (IOM), whether they are soluble or insoluble in usual 
solvents, respectively (Sephton, 2002). SOM is a complex mixture of molecules classified into 
25 classes, including carboxylic and amino acids, alkanes and small Polycyclic Aromatic 
Hydrocarbons (PAHs). The analysis of C1-C10 molecules points to the presence of all possible 
isomers, a decreasing abundance against the number of carbon atoms and D, 15N, 13C 
fractionations that are the proof of their non-terrestrial origin (Burton et al., 2012; Elsila et al., 
2012; Sephton, 2002). High Resolution Mass Spectrometry analysis of Murchison (CM2) SOM 
extracts reveals a very complex mixture made of ~ 106 different molecules, with masses 
extending up to 800 u and a global composition dominated by H, C and O, and minor N and S 
elements (Schmitt-Kopplin et al., 2010). IOM has received a growing interest at the beginning 
of the 2000s, and knowledge on its structure and composition has much progressed (see the 
review of Alexander et al., 2017). In short, its elemental composition shares similarities with 
type III terrestrial kerogens and its molecular structure is relatively disordered and 
polyaromatic. However, the polyaromatic units (1-4 rings) are highly substituted and 
connected through ramified aliphatic linkages made of short alkyl chains (Cody and 
Alexander, 2005; Cody et al., 2002; Gardinier et al., 2000; Remusat et al., 2005a, 2005b; Wang 
et al., 2005). It also bears bulk  D, 15N and 13C fractionations distinct from those displayed 
by terrestrial organic matter, and shows in particular local tiny regions (~1 µm across) named 
hot spot that display very high deuteration levels (Alexander et al., 2007, 1998; Busemann et 
al., 2006). IOM also contains radicals and radicaloids, whose spatial distribution and 
temperature dependence constitute a valuable tracer of their extraterrestrial origin (Binet et 
al., 2002, 2004; Delpoux et al., 2011; Gourier et al., 2008). 
 In the 80s and 90s, the high D/H enrichments measured in IOM was mainly interpreted 
by synthesis through low-temperature ion-molecule reactions in Interstellar Medium (ISM) 
(Kerridge, 1999; Robert and Epstein, 1982). The discovery of abundant crystalline silicates in 
comets by ground-based and satellite infrared observations and later, by the Stardust mission, 
have challenged this view. Indeed, silicates are known to be predominantly amorphous in ISM 
(Wooden et al., 2000; Zolensky et al., 2006). Meanwhile, the so-called 3.4 µm aliphatic band 
observed towards the galactic center, which had been assigned to IOM (Ehrenfreund et al., 
1991), has been reassigned to hydrogenated amorphous carbons (Dartois et al., 2007). 
Alternate scenarios have then emerged, suggesting OM synthesis in the PSD (Remusat et al., 
2006) or in the asteroidal parent body (Cody et al., 2011). Experimental simulations based on 
OM synthesis in cold plasma reactors or thermal degradation in hydrothermal cells have 
successfully fit some of the characteristics of IOM – but also failed in reproducing others 
(Cody et al., 2011; Kuga et al., 2015). To date, no scenario or experiment fulfills all existing 
constraints in terms of structure, chemical and isotopic composition. 

Interestingly, these recent studies require high temperature conditions, which 
promote aromatization and the formation of a polyaromatic structure. This process is that 
operating in Earth sedimentary basins, generating coals and kerogens. In addition, the sp2 
structure of chondritic IOM is also consistent with a thermal process (Quirico et al., 2014). 
However, high temperature conditions are inconsistent with the presence of deuterium hot 
spots, and for circumventing this issue multi-stage scenarios have been proposed, based on a 
first formation stage followed by transport and finally hydrogen/deuterium exchanges in a 
colder region of the protosolar disk (Rémusat et al, 2006; Kuga et al., 2015). These scenarios 
face several problems, such as the low abundance of H3+ isotopologues in the cold mid-plane, 
the high temperatures in the PDR and molecular layers of the PSD, the temperature 
heterogeneity in the inner region of the protosolar disk or the poorly efficient chemical 
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interactions between nebular gas and the interior of dust grains (Cleeves et al., 2014; Visser et 
al., 2018). 

Nevertheless, in addition to heating processes, ion irradiation may play a role. In the 
local ISM and the outer region of the protosolar disk, gas and dust were irradiated by Galactic 
Cosmic Rays (GCRs) that triggered solid-state chemistry. Under such conditions, ion 
irradiation of ices and carbonaceous dust leads to complex disordered organic materials 
which, depending on the nature of precursor and irradiation conditions, might have a 
polyaromatic structure (Auger et al., 2015; Balanzat et al., 1995; Brunetto et al., 2009). Here, 
we investigate the effect of precursor composition and energy range of the ions through 
experiments conducted at GANIL (Grand Accélérateur National d’Ions Lourds, Caen France) 
and CSNSM (Centre de Sciences Nucléaires et de Sciences de la Matière, Orsay, France). The 
paper is organized as follows. We present in section 2 the precursors that were irradiated, the 
preparation protocols and experimental conditions. In section 3, we present the results 
obtained for two main irradiation conditions, dominated by (i) electronic and (ii) nuclear 
interactions of the impinging ions with the target. In section 4, these results are extrapolated 
to astrophysical conditions and the plausibility of OM formation is discussed. Our main 
conclusion is that synthesis through the radiolysis of ISM precursors by Galactic Cosmic Rays 
(GCR) is plausible and may be consistent with the main compositional and structural 
constraints of OM. We also address the issue of organics evolution at the surface of Trans-
Neptunian Objects through the effect of solar energetic particles and GCRs, and show that 
radiolysis is significant and may indeed account for reddening and darkening. 
 
2 MATERIALS AND METHODS 
2.1 Samples 

Irradiation experiments were conducted on the following organic solids: PEG1450, 
sucrose, lignin and -cellulose. Sucrose was purchased from Sigma-Aldrish and purity was 99.5 

% (HPLC grade). PEG 1450 was purchased from Fischer. There was no indication about purity, but 

expected impurities are precursor monomers and the polymeric initiator that disappear when the 

film is formed. -Cellulose was purchased from Sigma Aldrich (reference C8002, lot 050M0140V). 

It was a white powder, but no indication about purity was provided. Lignin-alkali was purchased 

from Sigma Aldrich (reference 370959, lot MKBF624V). It contains 64.1 % of carbon, 1.4% of 

sulfur, and pH was 7. 
PEG 1450 stands for polyethylene glycol with an average molecular mass of 1450 

g/mol. It is a homopolymer formed of linear chains of about thirty O-CH2-CH2- monomers, 
terminated by –OH groups and parallel to each other. PEG 1450 is solid at room temperature, 
soluble in water and alcohols. Sucrose (C12H22O11) is a molecule formed by the assemblage of 
glucose and fructose through a glycosidic bond. It is a crystalline monoclinic solid at room 
temperature and soluble in water. Lignin and cellulose are both insoluble natural polymers. 
Cellulose is composed of long linear chains of glucose units and is not soluble in usual organic 
solvents and water. It can be considered as a refractory material, i.e. solid at room 
temperature even under low-pressure conditions (<10-5 mbar). Lignin has a polyphenolic 
structure, i.e. it contains aromatic rings with OH, COOH and ether groups, and most 
importantly, it is a cross-linked polymer. This 3D structure leads to total insolubility and a 
refractory qualification. Both lignin and cellulose should be considered as more complex and 
disordered materials than sucrose and PEG 1450, with very different macromolecular 
structures. 

A key objective of this study is to investigate the formation of chondritic insoluble 
organic matter from the radiolysis of solid carbonaceous precursors. However, these latter 
are unidentified, and a key issue concern is the so-called precursor effect. In the case of 
artificial and natural thermal carbonization of organic solids, the initial composition, structure 
(e.g. maturity) or mixing state (e.g. dilution in the host rock) of a precursor control to various 
extent the nature of the carbonized sample (Bernard et al., 2010; Beyssac et al., 2004; Quirico 
et al., 2009). To investigate this effect in the case of radiolytic carbonization, we have selected 
the above series of four compounds with different structures and complexities. In addition, 
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these precursors have been selected for the following reasons. First, they mimic putative 
oxygen-rich carbonaceous precursors and show varying degrees of volatility (PEG > sucrose > 
cellulose > lignin), composition and structure. PEG is here a fair analogue of mixtures made of 
chondritic SOM, which however has a higher O/C ratio (0.5 versus 0.2) and a much broader 
molecular diversity. To a lesser extent, its simple molecular structure makes it useful to get 
insights into the radiolysis of ices or simple organics. Second, sucrose is the precursor of 
saccharose coke used for long as a standard in carbon sciences, which resembles primitive 
chondritic IOM (Schmidt and Hinrichs, 2020). This compound is thus an interesting target for 
comparing thermal and radiolytic carbonization. Cellulose is chemically close to sucrose but 
more refractory. Last, lignin contains a significant fraction of mono-aromatic species and is 
therefore an interesting precursor of the polyaromatic chondritic IOM. 

Sucrose, cellulose and lignin were prepared as pellets (Ø 1 cm; ~1-3 mm thick) by 
pressing ground material under vacuum (10-2 mbar) with a hydraulic press, up to 250 bar for 
several hours. Thin films of PEG1450 were prepared with a POLOS SPIN150i spin-coater. 
PEG1450 was dissolved in ethanol (0.11 g.L-1), and few drops were deposited on a ZnSe 
window, which was maintained under a 900 rpm rotation during 25 minutes. A ~1-5 µm thick 
film was obtained. 
 
2.2 Irradiation experiments 

Irradiation experiments are presented in Table 1 as two main groups. The first group 
includes low energy irradiations (<500 keV) conducted at Centre de Sciences Nucléaires et de 
Sciences de la Matière (CSNSM, Orsay - France) with the ion implantation platforms SIDONIE 
and IRMA, using 40 keV Carbon and 170 keV Neon ions. They were run at room temperature 
under ultra-vacuum with no in situ monitoring. Under these conditions, ions and target mostly 
experience elastic interactions and ions are eventually implanted. Samples investigated were 
a PEG 1450 thin film, as well as thick sucrose and cellulose pellets. These samples were 
characterized ex situ by Raman spectroscopy. The second group of experiments includes 
irradiations performed at higher energy (> 500 keV) at Grand Accélérateur National d’Ions 
Lourds (GANIL, Caen - France). Samples were irradiated under vacuum (P=10-6 mbar) at 
room temperature. The first experiment was performed on PEG 1450 thin films with a 12 
MeV Carbon ions beam, a flux of ~5.1013 ions.cm-2.s-1 and a maximal fluence of 4.1014 ions.cm-

2. The thickness of the films was much smaller than the implantation length, and projectile 
ion-target interactions were mainly electronic. During a second experimental session, thick 
pellets of sucrose, lignin and cellulose were irradiated with a 17 MeV Ni ions beam and a 
maximum fluence of 7.1013 ions.cm-2. Here, Nickel ions were implanted in the samples and the 
evolution of the samples was triggered by electronic interactions along most of the track, 
followed by nuclear interactions during implantation at the very end of the track. All these 
samples were ex situ analyzed by Raman micro-spectroscopy. Two irradiation experiments 
were run on PEG 1450 thin films at very low temperature, 10 K,  with 78Kr15+ at 0.76 MeV/u to 
investigate the effect of temperature. We finally note that the diameter of the core track of a 
swift ion is typically 10 nm across, which means that tracks overlap are expected above a 
fluence of 5 x 1013 ions.cm-2. As a result, experiments may be not fully relevant to GCR 
irradiation conditions in which 2-ion event are unlikely. 
 

2.3 Sample analysis 
At GANIL, IR spectra of PEG1450 were collected in situ during irradiation with a 

Nicolet FTIR spectrometer (Magna 550), operating in the spectral range 5000-600 cm-1 
with a 1 cm-1 spectral resolution. Ex situ Raman and infrared spectroscopy were performed 
at Laboratoire de Géologie de Lyon (ENS, Lyon - France) and IPAG (Université Grenoble Alpes, 
France), respectively. 532 nm Raman spectra were collected with a Horiba LabRAM HR800 
instrument equipped with a Spectra Physic argon ion laser and a x100 objective. 244 nm 
Raman spectra were collected with a LabRAM HR800 operating with a frequency-doubled 

Ar+(244 nm) excitation and a x40 objective. The power at the sample was adjusted through time-
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resolved measurements and visual check (for extensive details see Quirico et al. (2020). Raman 

spectroscopy was applied to all samples produced in this study. It presents decisive advantages: (i) 

it is a direct probe of the sp2 structure that controls optical properties in the visible range; (ii) it is a 

powerful tool for characterizing disordered and amorphous carbons and (iii) it allows for direct 

comparison with cosmomaterials (Quirico et al., 2014, 2020) and previous irradiation experiments 

reported in literature (e.g. Costantini et al., 2002a; Ferini et al., 2004). 

 

3. RESULTS 
3.1 Irradiation of PEG1450 with 12 MeV Carbon ions 
 Thin films of PEG 1450 were irradiated up to a maximum fluence of 4 104 ions.cm-2. 
Samples were recovered at 1.5 x 1013, 6 x 1013, 1.5 x 1014, 2.4 x 1014 and 4 x 1014 ions.cm-2 for 
ex situ analyses (Table 1). Naked eye observation shows the progressive coloring of the 
initially transparent film, from colorless, to yellow, to dark brown, pointing to the increase of 
conjugated π bonds in the sample (Fig. A1). The solubility of the film (in methanol) also 
decreases progressively with increasing the irradiation dose. 
 The chemical composition and structure of the film was monitored by in situ IR 
spectroscopy (Fig. 1; Tab. 2). We basically observe a significant evolution of the initial 
spectrum with a dramatic decrease of the integrated band intensities, pointing to a significant 
sputtering effect. The initial spectrum displays a congested structure around 2900 cm-1 due to 
the symmetric and asymmetric stretching of CH2 (as CH2 at 2950 cm-1, s CH2 at 2885 cm-1 

and 2890 cm-1) and to combinations between vibration modes of adjacent monomers in the 
helicoidal chain at 2700, 2740, 2805, 2824 and 2862 cm-1 (Miyazawa et al., 1962). Upon 
increasing the irradiation dose, this band changes due to the rise of the methyl groups 
signature and to disordering, until the stabilization of the ratio of the numbers of methylene 
and methyl groups nCH2/nCH3. In the so-called fingerprint regions (1800-500 cm-1), we observe 
the narrow bands due to the bending and deformations modes of –CH2, and to C-C and C-O-C 
skeletal modes, which broaden, shift and finally merge into a broad bump centered at ~1250 
cm-1 (Fig. 1). We also observe the appearance of new features at ~1700 cm-1 (C=O), ~1600 
cm-1 (C=C) and 2110 cm-1 (C≡C, possible contribution of C=C=O). The C=C and C≡C bands 
continuously increase and reveal the progressive unsaturation of the material, in agreement 
with the (qualitative) color evolution. The abundances of C=O and OH groups first increase 
and then decrease with increasing further the irradiation dose. The chemical evolution of the 
sample can be semi-quantitatively estimated by calculating the integrated absorbance of the 
OH band (3050-3600 cm-1), the aliphatic band due to the stretching modes of CH2 and CH3 
groups (2600-3000 cm-1), the acetylenic C≡C (2073-2133 cm-1), the carbonyl C=O and 
olefinic C=C bands (gaussian fit) and the skeleton modes (1000-1200 cm-1). Four stages can 
be identified from these data (Fig. 2, 3): 

• Stage 1: no significant chemical evolution. 
• Stage 2: the abundance of aliphatic groups decreases while that of unsaturated species 

increases. The material looses hydrogen and free radicals on adjacent carbon atoms, 
which recombine into unsaturated bonds. The broadening of the skeleton modes 
around 1000-1200 cm-1 reveals an increasing heterogeneity and disorder. The 
presence of CH3 and C=O groups point to chain scissions. Cross-linking happens 
between the polymeric chains. 

• Stage 3: the OH group decreases until disappearance, and the acetylenic group 
appears, with a possible contribution of ketenes. 

• Stage 4: a large fraction of hydrogen has disappeared. C=O groups are degraded while 
acetylenic groups are still increasing while and C=C groups are decreasing. 

 
Raman measurements with a 532 nm excitation were unsuccessful due to a high 

fluorescence. Measurements collected with a 244 nm excitation reveal spectra with D and G 
bands, but the D band presents a substructure unusual for polyaromatic materials. These 
features may be the result of laser damaging, due to the fragility of the material. In any case, 
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the behavior of PEG1450 under laser exposure is very different from what is that of chondritic 
IOM. We also note that naked eye observations of the sample point to a yellow or brownish 
material, while polyaromatic materials are much darker. However, the final irradiated 
samples are consistent with a disordered cross-linked material based on Raman 
measurements and on its insolubility in methanol after high dose irradiation (Fig. A1). 
 
3.2 Irradiation of sucrose, lignin and cellulose with 17 MeV Ni ions 
 Sucrose, cellulose and lignin were prepared as thick pellets and analyzed ex situ by 
Raman spectroscopy. They were implanted with fluences of 1.5 1013, 5.4 1013 and 7 1013 
ions.cm-2, respectively (Tab. 1). No Raman spectra were collected with a 532 nm excitation on 
irradiated sucrose due to a high level of fluorescence, but the first-order carbon bands were 
obtained in the case of lignin and cellulose (Fig. 4). The spectra were decomposed into G and 
D bands with a double Gaussian fitting model (Tab. 3). The position of the G band (1567-1571 
cm-1) and ID/IG (~0.8; Tab. 3) are consistent with an sp2-rich amorphous carbon film (Ferrari 
et al., 2001).  The FWHM-G parameter is however smaller than in all amorphous samples of 
that study. These irradiated samples are definitely different from chondritic polyaromatic 
organic matter, which have a sp2 structure more similar to nano-crystalline graphite samples 
in Ferrari et al. (2001). Note however that a chemical gradient is expected as implanted swift 
ions have electronic interactions along their track as long as their energy is high enough so 
that Se >> Sn, but eventually nuclear (i.e elastic) interactions are dominant at the end of the 
track (see section below). 

3.3 Low-energy irradiation with 40 keV Carbon and 170 keV Neon ions 
 Thin films of PEG1450 as well as sucrose and cellulose pellets were irradiated with 40 
keV C and 170 keV Ne ions (Tab. 1). The penetration depth is very small (184 and 520 nm, 
respectively) with respect to sample thickness, and no chemical evolution could be studied by 
transmission FTIR. 532 nm Raman spectroscopy probes the superficial thin layer, due to its 
dark color and to the resonant process that enhance the cross-section of the 
amorphous/disordered carbon with respect to the starting material. We observe that, above a 
critical nuclear dose, the sample is no longer fluorescent and first-order carbon bands appear 
(Fig. 5, 6, A3, A4). The bands are similar to those obtained in the sample implanted with 17 
Mev Ni ions, and they continuously evolve when increasing the nuclear dose. At a nuclear 
dose of about 60 eV.atom-1, the D band is no longer distinguished from a broad pattern, and 
the Raman spectra are similar to those of completely hydrogen-free amorphous carbons (Fig. 
5, 6).  
 

3.4 Effect of temperature and air exposure  
Irradiations presented in this study were performed at room temperature, and may 

not be not relevant to cold astrophysical conditions. Since temperature effects have been 
reported earlier (Portugal et al., 2014), two experiments were run at 10 K on PEG 1450 with 
0.76 MeV/u 78Kr ions (59 MeV). The quality of these data was not good enough to monitor 
accurately the chemical evolution of the sample, but they provide a qualitative assessment of 
temperature effect. We observe (Fig. A2) the production of volatile species as CO, CO2, CH4 and 
H2O (or any other compound containing -OH), which appear in the spectra as narrow features 
at 2139, 2339 and 3012 cm-1, and as a broad band around 3300 cm-1, respectively. These 
species sublimate after warming up the sample to room temperature. Besides the presence of 
these volatile species, the general evolution trend in 4 stages (Fig. 3) is also observed at 10 K, 
and the spectra collected are overall fairly similar to those collected in room temperature 
experiments. An exception is the –OH band that displays several peaks at 10 K and which are 
still present after warming up. A possible explanation is that the water ice layer that 
condenses onto the sample during the experiment was reactive, possibly forming hydroxyl 
groups. We did not observe differences in kinetics as in Portugal et al., (2014), but our data 
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did not allow accurate derivation of destruction/formation cross-sections. In any cases, the 
final products at similar doses were found similar. 

Exposing irradiated samples to air may result in oxidation reactions with O2 or 
moisture, because they contain radicals (Yun et al., 2007). To address this issue, we measured 
the infrared spectrum of an irradiated PEG 1450 sample that was exposed to air and stored in 
dry and low-O2 conditions (Fig. A5). The exposition to air leads to a decrease of the aliphatic 
abundance, a slight drop of the peak at ~ 1100 cm-1 and the disappearance of the 2200 cm-1 
band due to the acetylenic group. Note that sample aging might have contributed to this 
chemical evolution, despite conservation in a desiccator maintained under primary vacuum 
with desiccant salts. Samples irradiated at low energy were transformed into amorphous 
carbons that resemble those observed in earlier studies, in particular studies based on in situ 
Raman analysis (Ferini et al., 2004). Altogether, the effect of air exposure is weak and does 
not blur the conclusions driven by ex-situ analyses. 
 
4 DISCUSSION 
4.1 A critical amorphization dose 
 The irradiation of PEG 1450 at high energy with 12 MeV Carbon ions leads to the 
progressive structural evolution of the polymer towards a disordered structure, through 
dehydrogenation, chain breaking, cross-linking, the formation of carbonyl, methyl, olefinic 
and acetylenic functional groups or bonds. This evolution is typical of organic linear 
homopolymers and has been reported in many earlier studies (Balanzat et al., 1995). The 
electronic doses in our study are, however, higher than in previous studies (0-32 eV.atom-1; 
1.7-457 MGray) and the final irradiated sample is dramatically modified. It is now interesting 
to have a comparison with carbonaceous reference samples usually used in material sciences. 
Disordered and amorphous carbon materials have been classified into different groups based 
on their sp2/sp3 ratio, H/C ratio, optical gap and their degree of order/disorder according to 
their Raman spectra (Ferrari and Robertson, 2000, 2001). This classification relies on end-
members: a-C (pure carbon, sp2-rich), ta-C (pure carbon, sp3-rich), a-C:H (hydrogenated, sp2-
rich), ta-C:H (hydrogenated, sp3-rich), nc-G (nano-crystalline graphite) and polymeric 
hydrogen-rich a-C:H or ta-C:H films. In practice, the Raman spectra collected with different 
excitation wavelengths of these proxies are compared to the sample, providing clues on its sp2 
structure. It is worth mentioning that the similarity between Raman spectra does not mean 
materials are similar: for instance, ligno-cellulosic coals and chondritic IOM fits with nano-
graphitic carbon, but they are of course different in terms of composition and structure. Here, 
irradiated PEG films with heavy swift ions resemble to polymeric carbon films, i.e. a H/C ratio 
and a macromolecular structure, leading to a high fluorescence with visible laser excitations 
(Ferrari and Robertson, 2001). In contrast, low energy irradiations (40 keV C and 170 keV Ne) 
show a progressive broadening of the G band (~115 to 173 cm-1) and the shortwards shift of 
its peak position, from ~1570 to 1545 cm-1 (Fig. 5, A3; Tab. 3) with ID/IG higher than 0.6. 
These values are consistent with the transformation into a predominantly sp2-rich amorphous 
carbon and with the dark color of the films. Upon increasing the nuclear dose, the decrease of 
the G-band position suggests an increase of sp3 carbon atoms, which also corresponds to an 
increase in the degree of disorder. Besides, we observe a slight precursor effect, the PEG 
sample reaching the highest degree of disorder. The 244 nm Raman spectrum collected for 
the irradiated PEG sample discards the presence of ta-C and polymeric a-C:H. In all cases, the 
irradiated samples do not fit the composition and the structure of chondritic IOM, based on 
infrared and Raman spectra, respectively (Fig. 8, 9). 

In order to disentangle the respective effects of electronic and nuclear interactions, we 
have compared these results with earlier studies that have characterized irradiated samples 
by Raman spectroscopy. Table 4 compiles the targets and experimental conditions of those 
studies, as the nature and energy of the ions, the stopping powers and maximum fluences. The 
electronic and nuclear doses of these studies were all converted in eV.atom-1, which required 
some assumption on the nature of the target in some cases. These values should be 
considered as crude estimates (as to within ~20 %), because the electronic and nuclear 
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stopping powers depend on the target. Figure 7 reports the width of the G band plotted versus 
its peak position (the broader D-band was not considered, due to less precision in its peak 
position and width, which are very sensitive to the fitting model). As already observed 
(Baratta et al., 2004; Brunetto et al., 2009), samples irradiated with low nuclear doses are 
located at high Raman shift and small width (zone 1), while those irradiated with a high dose 
are located at low Raman shift and large width (zone 2). The frontier between these two 
zones is here set to FWHM-G=120 cm-1 and G=1570 cm-1, which corresponds to the reference 
a-C carbon film abovementioned. Plotting the width and peak position of the G band of all 
data, from literature and those of this study, reveals a transition at 10−7

+10 eV.atom-1, which 
furthermore seems weakly sensitive to the nature of the precursor (Fig. 7). Below 10−7

+10 
eV.atom-1, the G-band width is in the range 40-120 cm-1 and its peak position is > 1570 cm-1 
(zone 1). Beyond this dose, the G-band width is larger than 120 cm-1 and moves to lower 
Raman shifts between 1530-1570 cm-1 (zone 2). Additional irradiations, up to nuclear doses 
greater than 100 eV.atom-1, still generate an amorphous carbon, with possibly an increase of 
sp3 carbon atoms. Some carbonaceous precursors do not display the first-order carbon bands 
before irradiation, such as ice mixtures, photolytic refractory residues, the polyimide Kapton 
H polymer and the precursors used in this study. Two cases are here observed concerning the 
appearance of the D and G bands. At low energy (elastic interactions) and for doses greater 
than 10−7

+10eV.atom-1, the parameters of the G-band directly locate in zone 2. In the case of 
swift heavy ions and electronic interactions (sample thickness << implantation length), the 
final structure strongly depends on the composition of the target. In the case of the PEG1450 
polymer, these bands never arise, and the irradiated sample remains fluorescent. In the case 
of the polyimide polymer, which contains three aromatic rings in its monomer, a polyaromatic 
structure appears at low nuclear dose (0.1 eV.atom-1; Costantini et al., 2002). The G-band 
width remains lower than 120 cm-1 and the peak position ranges between 1577 and 1587 cm-

1, which is consistent with zone 1. Besides, this shows that this irradiated sample is 
structurally similar to chondritic IOM or to nano-graphitic samples, based on their respective 
Raman spectra (Fig. 9). 
 The nuclear dose of 10−7

+10 eV.atom-1 appears as the threshold energy triggering the 
structural transformation of any carbonaceous precursor into a sp2-rich amorphous carbon. 
Carbonaceous materials can receive much higher electronic doses without having their 
structure strongly modified, as in the case of polyimide irradiated with an electronic dose up 
to 1070 eV.atom-1 (Costantini et al., 2002b). Indeed, the creation of atomic vacancies is mostly 
controlled by nuclear interactions, easing chain splitting and cross-linking by atomic 
displacements. In a perfect crystal, the minimum energy to displace an atom to a near 
interstitial site is typically 5-10 eV. The energy that an atom must receive to be moved 
permanently to a distant interstitial site is therefore higher. This energy, named the 
displacement energy Ed, is that an atom receives from a single collision from the incoming ion. 
It depends essentially on the atom mass, temperature, the composition and structure of the 
target, but little on the nature of the incident ion. For a carbon atom, Ed is 35 eV in the case of 
diamond, 10-20 eV in the case of graphite and ~ 10 eV for amorphous carbons (McKenna et 
al., 2016; Nakai et al., 1991). The TRIM software uses an average value of 28 eV. Because sp3 
carbons in diamond are more resistant to irradiation than sp2 carbons, the value is higher in 
the case of diamond. For graphite, the cristallographic anisotropy leads to a higher value of Ed 
when irradiating in the plane of the graphene sheets. This explains the range of values 
reported in the literature, which are higher than that of amorphous carbon. Carbonaceous 
materials formed by irradiation get close to the amorphous carbons abovementioned, thus the 
displacement energy lies around 10 eV. Altogether, the critical nuclear dose of 10−7

+10 eV.atom-

1 reflects the energy that carbon atoms need to be displaced to a new interstitial site (~1 
displ.atom-1). The sharpness of the threshold shows that for all the precursors considered 
here, either from the present study or studies published earlier, the carbon displacement 
energies are similar whatever the starting material. 
 The case of sucrose, lignin and cellulose implanted by swift heavy 10 MeV Ni ions 
reflects the combination of two mechanisms. As mentioned above, the interactions between 
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the ion and the target are essentially electronic, except at the end of the track where the low 
energy of the ion results in elastic interactions. The G band of irradiated lignin and cellulose 
samples lies at the edge of the boundary of zones 1 and 2. It is consistent with an amorphous 
carbon zone localized around the implantation depth, whose formation is triggered by a 
10−7

+10eV.atom-1 nuclear dose. As mentioned before, the G-band fits with low-energy irradiated 
samples with the lowest nuclear dose. Above the implantation zone, the material is chemically 
modified but still displays Raman properties of a polymeric amorphous carbon. Note that 
despite the fact that lignin contains phenols, no polyaromatic structure was formed and the 
signature of the amorphous carbon dominates  the Raman spectrum at the end of the track. 
 
 
4.2 Origin of organic matter in chondritic cosmomaterials 
 We discuss now the pro and cons of a formation scenario of chondritic organic matter 
by the radiolysis of interstellar precursors. Two primary sources of radiation must be 
examined: solar energetic particles (stellar wind, flares) and galactic cosmic rays (GCR). We 
consider interstellar precursors as submicrometer-sized grains, in agreement with both the 
typical size of organic matter particles observed in the matrix of primitive chondrites and dust 
size estimations in the interstellar medium (Changela, 2015; Le Guillou et al., 2014; Mathis et 
al., 1977). Testing an interstellar heritage, i.e. no significant contribution of grains formed in 
the presolar disk, we assume those grains were partly constituted by the carrier of the so-
called Aromatic Interstellar Bands (AIBs), i.e. Polycyclic Aromatic Hydrocarbon molecular 
entities made of 20-100 atoms (Foschino et al., 2019). These species are larger than the 
polyaromatic units detected in chondritic IOM (1-4 rings, ~6-20 atoms) (Cody et al., 2002; 
Derenne and Robert, 2010) and they are devoid of oxygen, nitrogen or sulfur. But a source of 
heteroatoms could be represented by ices, which are, in molecular clouds, predominantly 
composed of H2O, CO, CO2, CH3OH, H2CO, NH3, HCN and include sulfur compounds (Boogert et 
al., 2015). 
 We first estimate the nuclear and electronic doses deposited by GCR in grains during 
20 Myr, in local ISM before the collapse of the molecular cloud, or in the low gas density 
regions of the proto-solar disk (< 104 cm-3). The size of the grains (< 100 nm) is low enough to 
prevent a significant contribution of cosmic-ray particles to be implanted into the grain. In the 
case of Fe, for instance, the ions that are stopped by a 100 nm grain (E < 0.075 MeV) provide 
an electronic dose that is 3 x 107 lower than all other ions. The electronic and nuclear 
stopping powers, Se and Sn, are calculated with the SRIM software for a material with a 
composition H:C:O=1:1:0.2, a density of 1.5 g.cm-3, and a mean molar mass for each atom of 
(12+1+16x0.2)/2.2=7.4 g.mol-1. This material is a rough analog of a mixture of polyaromatic 
carbonaceous dust mixed with water ice. The GCR flux density for protons is taken from 
Webber and Yushak (1983): 

 
𝑑𝑁

𝑑𝐸
=

𝐶𝐸0.3

(𝐸 + 𝐸0)0.3
     𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠. 𝑐𝑚−2. 𝑠𝑟−1(𝑀𝑒𝑉. 𝑛𝑢𝑐−1)−1 

 
where E is the energy per nucleon (nuc), and C=9.42x104 is a normalisation constant. We use 
the value of 𝐸0 = 400 Mev.nuc-1 proposed by Godard et al. (2011), which accounts for the 
typical ionization rate measured in molecular clouds. We note that more recent 
parametrisations of the interstellar flux are available in the literature, e.g. Ghelfi et al., (2016), 
but the simple form used here is sufficient for our purpose (cosmic abundances are another 
important source of uncertainties for heavy species). The contribution of an ion with Z>1 is 
calculated as the proton flux density multiplied by its cosmic abundance taken from Meyer et 
al. (1998). The dose accumulated in one single grain can then be written: 



 11 

  
with =1.5 g.cm-3, M=7.4 g.mol-1, NA=6.02 x 1023. In practice, the summation runs over 

the most abundant elements H, He, C, O, Mg, Al, Si, S. and Fe. Emin and Emax are set to 0.1/A and 
10000 /A MeV.nuc-1, respectively, with A the nuclear mass. 

Our calculations show that for a duration of 1-20 Myr, the electronic dose accumulated 
by a single grain ranges is within the range of 0.085 and 1.7 eV.atom-1 (Tab. 5). The nuclear 
dose is extremely low (<8.8 x 10-4 eV.atom-1), i.e. orders of magnitude lower than the critical 
dose of 10−7

+10eV.atom-1 reported above. 
The role of particles emitted by the protosun is more difficult to assess. The activity of 

the early sun can be inferred from T-Tauri star observations, and the X-ray-EUV emission and 
stellar wind are usually estimated to be 1000 times more active than the present sun (Ribas et 
al., 2005). However, in a T-Tauri disk the protostar is surrounded by a dense dusty gas (~1012 
cm-3, Visser et al. (2018)), which slows down solar particles. For nH2=1012 cm-3, 10 MeV 
protons are stopped at 0.001 AU, which means that no significant nuclear or electronic dose is 
deposited in grains outside this tiny region. As a result, only the contribution of GCR needs to be 
considered. These results are consistent with the upper values of 0.5 and 0.2±0.1 displ.atom-1 
calculated for extraterrestrial carbonaceous matter (1 displ.atom-1 corresponds to the 10 ± 3 
eV.atom-1 critical nuclear dose) (Baratta et al., 2004; Brunetto et al., 2009). 

The irradiation of PEG1450 with 12 MeV Carbon ions shows dehydrogenation and 
carbonization processes. At a dose of 32 eV.atom-1, the solid residue is disordered, highly 
cross-linked, and shares similarities with IOM composition of the most primitive CR 
chondrites (Abreu and Brearley, 2010) (Fig. 8). The alkyl band is similar in terms of the 
intensity ratio of the CH2 and CH3 anti-symmetric stretching components, and points to short 
alkyl chains. The relative intensity of the aliphatic and carbonyl bands to the C=C band are 
close to those in IOM. However, unsaturated carbons are mostly olefinic and acetylenic, while 
they are aromatic in IOM. This observation shows that no aromatic species are synthesized 
during irradiation. In contrast, earlier studies have shown that aromatic-rich precursors can 
transform into polyaromatic compounds: for instance, this is the case of Kapton H exposed to 
swift heavy ions (Costantini et al., 2002b; Severin et al., 2005, 2010). Polyimide Kapton H 
(pyromellitic dianhydride-oxydianiline) is a polymer based on a monomer formed by 3 
aromatic rings and two five atom rings. Its irradiation by swift heavy ions leads to 
semiconducting polyaromatic carbon films. Raman spectroscopy investigations show a 
progressive evolution through the appearance of G and D bands, whose spectral properties fit 
those of IOM, in particular the peak position and width of the G-band, and the ratio of peak 
intensities ID/IG (Costantini et al., 2002b; Quirico et al., 2014). 

In the case of ice and PAHs mixtures, the irradiation process needs to fulfill two main 
conditions: (i) disrupt PAHs into 1-4 rings polyaromatic units and bond them with an 
aliphatic linkage made of short alkyl chains, and (ii) incorporate O, N and S heteroatoms 
within the structure. Regarding the first point, ion irradiation of graphite, graphene and 
carbon nanotubes with heavy swift ions generates defects in the planar hexagonal lattice of 
carbon sheets (Olejniczak and Skuratov, 2014; Zhai et al., 2014). In graphite and nanotubes, 
for instance, a D band arises and grows continuously with an increasing dose. Such structural 
modifications suggest that large PAH entities may be disrupted into smaller ones. Regarding 
the second point, irradiation of mixtures of water ice with hydrogenated amorphous carbon 
shows that oxygen recombines with carbon atoms to form CO2 molecules (Mennella et al., 
2004). Proton irradiation of isolated coronene in water ice leads to the addition of side chains 
containing oxygen, but also to the conversion of aromatic to aliphatic carbons by 
hydrogenation at the edge of coronene molecules (Bernstein et al., 2003). This study does not 
report the fragmentation of coronene, despite an electronic dose of ~ 2 eV.atom-1 was 
delivered. However, the dose is not a good tracer of the chemical mechanisms (Bouffard et al., 
1995) and the radiolytic cross-sections (here a destruction cross-section) follow a power law 
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with the stopping power Se (Godard et al., 2011; Seperuelo Duarte et al., 2010). A 
comprehensive approach of this issue should rely on experiments spanning a broad range of 
ions/stopping powers, including swift heavy ions. 

Finally, a formation mechanism of chondritic organic matter from mixtures of PAHs 
and simple ices appears plausible and would reconcile the coexistence in chondritic IOM of 
polyaromatic species formed at high temperature, with deuterium hot spots that require very 
low temperature conditions (< 20 K) (Parise et al., 2006; Roberts and Millar, 2000; Watanabe 
and Kouchi, 2008). This scenario would also account for the isotopic heterogeneities 13C,  

15N and  D at the molecular scale. Hence, Okumura and Mimura (2011) report that the 
aliphatic linkage of IOM from the Murchison (CM2) chondrite are D and 13C-rich, while the 
thermally stable polyaromatic component is D and 13C-depleted. They conclude that the 
thermally labile component is composed of ISM polar compounds, while the second is made of 
ISM PAHs. Obviously, this view needs to be supported by dedicated experiments on targets 
including both PAHs and simple ices. 
 
4.3 Ion implantation in planetary surfaces 
 The cold surfaces of Trans-Neptunian Objects (TNOs), Centaurs, Pluto and Charon 
north polar cap contain reddish organic materials  (Brown, 2012; Doressoundiram et al.; 
Grundy et al., 2016, 2018; Lacerda et al., 2014, 2014; Merlin et al., 2017; Schmitt et al., 2017; 
Stern et al., 2015). Their origin is debated and three main scenarios have been proposed: (i) 
synthesis in the protosolar disk or the planetary body (Sekine et al., 2017), (ii) radiolysis of 
simple ices (Brown, 2012; Cooper et al., 2003) and (iii) sedimentation of atmospheric aerosols 
in the case of Pluto (Grundy et al., 2018). 
 TNOs surfaces have been continuously exposed to Solar wind and GCRs for 4.55 Gyr, 
resulting in high nuclear and electronic doses, deposited at the surface and in the subsurface 
down to several meters. Low energy ions from Solar wind have a shallow penetration depth 
(< 1  µm) and experience strong elastic interactions with surface materials. In contrast, the 
high energy (> 1 Mev/nuc) component of GCRs deeply penetrates and energy is essentially 
deposited through electronic interactions, except where ions eventually implant. We first 
examine the conditions for which organic components at the surface are transformed into a 
sp2-rich amorphous carbon, i.e. the nuclear dose is larger than 10 eV.atom-1. The solar wind 
fluxes of the H, He, C, O, Mg, Si, S and Fe elements were calculated from the He fluence of 
Mewaldt et al. (2007) using the solar abundances of Asplund et al. (2009). The solar wind flux 
F(D) at an heliocentric distance D is assumed to equal F(D=1AU)/D2. The stopping powers are 
calculated with the SRIM software for a PEG material (see section 4.2). The contribution of 
Solar Energetic Particles (SEP) has not been implemented as did Urso et al. (2020), because 
the flux of Mewaldt et al. (2007a) covers the full spectral range of solar wind, including the 
suprathermal tail whose flux intensity is higher than that of SEPs (Mewaldt et al., 2007b). 

Over long time scales, sputtering is an issue and has been evaluated for H, He, C, S and 
Fe. Sputtering yield values of carbonaceous materials are very scarce in literature, and we 
have used the TRIM software using a density of 1.2 g.cm-3 and values of 1, 4 and 5 eV for the 
lattice and surface binding energies and the displacement energy (Stanishevsky, 2001; 
Ullmann et al., 1993; Vuković et al., 2018), respectively. As only few values of these 
parameters were found in literature, we have numerically tested their effect on the sputtering 
yield. Finally, upper values of the sputtering yields Yi(E) (i=H, C, O, Mg, Si, S, Fe) over the range 
1keV-1MeV were selected upon varying energy and the abovementioned parameters, to 
estimate the sputtered thicknesses of each element at a given heliocentric distance D. These 
calculations show that He is the main contributor to sputtering, and we found erosion depth 
DS of 24 µm, 2 µm and 20 nm at 30, 100 and 1000 AU, respectively. Sputtering and 
implantation reach equilibrium and the actual dose deposited in the uppermost surface 
corresponds to an actual irradiation time that can be roughly estimated to 𝑇𝑟𝑒𝑎𝑙 =
4.55 109𝐷𝑆/�̅�𝐼(𝐻𝑒) years, where �̅�𝐼(𝐻𝑒) is the penetration depth of the He ion averaged over 
the solar wind flux between 2 x 10-4 and 1 Mev/nuc. The results are presented in Table 6. H 
and He are the main contributors to the nuclear dose, other elements generate a nuclear dose 
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lower than 10 eV.atom-1. At 30, 100 and 1000 AU, the nuclear doses deposited by H and He 
are larger than 10 eV.atom-1, which means that any organic material at the surface of the TNO 
would be transformed into an amorphous carbon. The amorphous carbon layer is very thin, as 
�̅�𝐼(𝐻𝑒) = 67 𝑛𝑚 and �̅�𝐼(𝐻) = 31 𝑛𝑚. It is noteworthy that this calculation is very rough: it 
does provide evidence that amorphous carbon is generated, but its spatial distribution upon 
depth remains to be determined. The contribution of GCR to TNOs irradiation requires the 
actual GCRs flux in the outer Solar System (Cooper et al., 2003). According to Usoskin et al. 
(2005), the flux density at 30 AU is lower by a factor 1.6 at 1 MeV/nucleon and 5 at 0.1 
MeV/nucleon, with respect to Webber and Yushak (1983). This range spans around the Braag 
peak of the electronic stopping power, and account for a large fraction of the energy deposited 
by electronic interactions. In contrast, the flux is much weaker in the range 10 keV- 100 keV, 
which corresponds to the nuclear stopping power. Therefore, the nuclear dose calculated 
using the flux density of Webber and Yushak (1983) will be overestimated. For the uppermost 
region of the surface, we obtain an electronic dose of 392 eV.atom-1 and a nuclear dose of 0.2 
eV.atom-1. The nuclear dose does not allow a direct amorphization, but the electronic dose is 
high and leads to a significant carbonization of the material (see the high energy irradiation of 
PEG 1450 above). 

Due to their low energy, solar ions have a low penetration depth (mean ~70 nm). In 
contrast, GCRs penetrate much deeper, down to several meters for the highest energetic ions. 
As a consequence, we expect solar wind to essentially control the visible range of VNIR 
reflectance spectra, while the effect of GCRs could be detected in the NIR range up to 2.5 µm. 
Solar wind generates amorphous carbon materials as demonstrated by our low energy data. 
In the case of GCRs, the nuclear dose is < 0.2 eV.atom-1 along the ion track but it dramatically 
increases when the ion implants and amorphous carbon is formed. 

Raman spectroscopy shows that amorphous carbons are sp2-rich, resembling to a-C 
carbon films, with a varying degree of disorder in the case of low-energy irradiations. There is 
a dramatic evolution of the composition and structure of the precursor, with little precursor 
effects. The exact nature of the irradiated material is, however, not fully elucidated. Raman 
spectroscopy only reveals the sp2-structure and no infrared spectra could be collected on 
these very thin films. The predominance of sp2 carbons should be considered as robust, 
consistent with the strong visible absorption of the samples, but they are not similar to the 
carbon films used as references in the Raman study. We reasonably infer a significant 
dehydrogenation followed by the formation of sp2 rings, but O atoms likely remain in the 
structure. Nevertheless, the sp2 structure of carbonaceous materials control the optical 
constants in the UV-Vis (Applin et al., 2018; Hendrix et al., 2016; Robertson, 1995), and clues 
on the most suitable optical constants to simulate surface darkening and VNIR spectra with 
Hapke models can be obtained (Merlin et al., 2007). Optical constants published in Zubko et 
al. (1996) have been widely used for this purpose and consist of three types of carbon films: a 
sputtered a-C (ACAR); a sp3-rich hydrogenated amorphous carbon (ACH2) and soots 
produced from benzene combustion (BE). ACAR and BE display a strong absorption in the UV, 
visible and infrared ranges (10-0.1 eV), while ACH2 shows strong absorption in UV, moderate 
and reddish in the visible and weak in the near-infrared (see Figure 2 in Zubko et al. (1996) 
for details). ACH2 is definitely inconsistent with the amorphous carbon identified in our 
irradiated samples, according to the Raman characterization. BE is soot and is structurally 
very different from an amorphous sample, as it is composed of large polyaromatic units 
(Brunetto et al., 2009). Finally, ACAR appears as the closest analogue to the sp2-rich 
amorphous carbon produced by irradiation and should be preferred for modeling reflectance 
VNIR observations of dark small bodies. In the future, the optical constants of irradiated films 
should be measured. 
 At last, the question arises whether the formation of amorphous carbon can be 
detected in VNIR spectra. According to our calculations, SW irradiation leads to a very thin 
film (~70 nm in average). An optical path of 140 nm generates a transmission of only 0.02 at 
0.4 µm and 0.2 at 0.8 µm, according to the optical constants of Zubko et al. (1996). These 
calculations are consistent with experiments and modeling of snow reflectance contaminated 
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by 2.5 ppm of black carbons which show that such a low amount is enough to decrease the 
reflectance by 15% (Brandt et al., 2011; Dang et al., 2015). A darkening effect is then 
detectable in the visible range, with possibly some reddening. The darkening may even be 
stronger, because, as we mentioned before, we have only considered the mean depth. The 
nuclear dose may exceed the 10 eV.atom-1 value deeper. More detailed calculations are 
required here to go further.  
  
 
5. CONCLUSION 
 

We report the results of low and high-energy ion irradiation experiments of a variety 
of macromolecular organic materials. The main conclusions of our study are the following: 

• In the case of low energy irradiation that favors elastic interaction between ion and 
target, i.e. solar wind irradiation or GCRs implantation, a critical nuclear dose of about 
10 eV.atom-1 controls the transformation of the starting organic material into an 
amorphous carbon that shares similarities with sp2-rich a-C amorphous carbons. 

• In a range of heliocentric distances ranging between 30 and 1000 AU, organic 
materials at the surface of TNOs are transformed into an sp2-rich amorphous carbon 
by Solar wind in the first tens of nanometers. This process generates darkening, and 
possibly reddening, in the visible range of VNIR reflectance spectra. The optical 
constants of the amorphous carbon ACAR from Zubko et al. (1996) should be suitable 
to simulate VNIR spectra. GCRs penetrate more in-depth in the surface, generating 
intense chemistry, and may generate “amorphous carbon” as well.  

• The effect of high energy swift ions in the electronic regime deposition triggers 
radiolytic carbonization of irradiated organic components, including dehydrogenation, 
the formation of olefinic and acetylenic bonds, cross-linking and a final disordered 
structure. No aromatic species are produced. As a consequence, chondritic IOM is not 
formed from the radiolysis of simple ices or simple organics. 

• In contrast, a plausible scenario is a formation through GCR irradiation of 
submicrometric grains containing PAHs and simple ice mixtures, which may generate a 
polyaromatic structure with heteroatoms and short aliphatic chains. 
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FIGURE 1 
 

 
 
Figure 1: Infrared spectra of irradiated PEG1450 with 12 MeV Carbon ions. Spectra are off-
shifted for the sake of clarity. 
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FIGURE 2 
 
 
 

 
 
Figure 2: Normalized integrated absorbance of the main chemical groups in pristine and 
irradiated PEG1450. Four stages are identified from these curves (see text). 
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FIGURE 3 
 
 

 
 
 
Figure 3: Schematic view of the chemical and structural evolution of PEG1450 under 
irradiation with 12 MeV carbon ions. The arrow points to the increasing dose up to 32 
eV.atom-1 (4 1014 cm-2). 
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FIGURE 4 
 

 
 
Figure 4: Visible Raman spectra (λ=532 nm), after fluorescent background subtraction, 
of cellulose (17) and lignin (18) irradiated with 10 MeV Nickel ions at fluences of 
5.40.1013 and 7.1013 ions.cm-2, respectively (see Table 1 for detailed experimental 
conditions). The dash lines represent the two Gaussian fits. Spectra are shifted for clarity 
and the G and D bands D are marked with vertical lines. 
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FIGURE 5 
 

 
 
Figure 5: Visible Raman spectra (λ=532 nm) of PEG 1450 irradiated 40 keV C ions. Note 
the progressive appearance of the first-order carbon bands. 
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FIGURE 6 1 

 2 
 3 
Figure 6: Visible Raman spectra (λ=532 nm) in the range [1000 cm-1, 2000 cm-1] of 4 
cellulose irradiated with 170 keV Neon. For each precursor, the highest spectrum (blue) 5 
is obtained at the nuclear dose from which the D and G bands appear, and then 6 
downwards, those obtained for increasing doses. UV Raman spectrum (λ=244 nm) is 7 
also shown (c). The numbers refer to those indicated in Table 1. Spectra are vertically 8 
shifted for the sake of clarity. 9 
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FIGURE 7 11 
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 13 
 14 
 15 
Figure 7: G band full width at half maximum (FWHM-G) (left) and G band peak position 16 
(right) as a function of the nuclear dose for different carbonaceous precursors from this 17 
work and from the literature (Tab. 4). The G band shape is largely modified for a nuclear 18 
dose > 𝟏𝟎−𝟕

+𝟏𝟎 eV.atom-1 regardless of the precursor. The transition is taken as 120 cm-1 for 19 
FWHM and 1570 cm-1 for G. 20 
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FIGURE 8 26 
 27 
 28 
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 38 
 39 
Figure 8: Infrared spectra of irradiated PEG at high energy compared with spectra of 40 
IOM samples extracted from two primitive CR chondrites, which are thought to be the 41 
least processed meteorites by secondary parent body processes (Abreu and Brearley, 42 
2010). 43 
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Figure 9 45 
 46 
 47 

 48 
 49 
Figure 9: 532 nm Raman spectra spectra of implanted samples withh high and low 50 
energy ions, compared with spectra of IOM samples extracted from two primitive CR 51 
chondrites, and a Kapton H polymer irradiated with swift heavy ions. 52 
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FIGURE A1 53 
 54 
 55 

 56 
 57 
Figure A1: Top: PEG1450 irradiated with 12 MeV Carbon ions. The starting transparent 58 
film gets darker, turning from yellow to brown-red. Bottom: PEG1450 irradiated with 40 59 
keV Carbon ions. A sudden darkening appears above a ~ 10 eV.atom-1 nuclear dose, and 60 
then the film turned to black. 61 
 62 
 63 
 64 
  65 
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 66 
Figure A2: Infrared spectra of PEG 1450 irradiated at 10 K with 59 MeV Kr. At 0.1 and 67 
1.1 eV/atom, the spectra are very similar to those of PEG irradiated at room 68 
temperature, except the presence of volatile species (CO, CO2, CH4, H2O) and the region 69 
3600-3000 cm-1 (see text).  70 



 32 

 71 

 72 
 73 
Figure A3: Visible Raman spectra (λ=532 nm) of PEG 1450 irradiated with 170 keV Ne. 74 
Note the progressive appearance of the first-order carbon bands. 75 
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 77 
 78 
Figure A4: Visible Raman spectra (λ=532 nm) in the range 1000 cm-1, 2000 cm-1 of 79 
sucrose and PEG irradiated with 170 keV Neon and 40 keV Carbonn. For each precursor, 80 
the highest spectrum (blue) is obtained at the nuclear dose from which the D and G 81 
bands appear, and then downwards, those obtained for increasing doses. The numbers 82 
refer to those indicated in Table 1. Spectra are vertically shifted for the sake of clarity. 83 
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 85 
 86 
Figure A5: Infrared spectra of PEG 1450 irradiated with 12 MeV C ions collected in situ 87 
under vacuum and after exposure to air and long-duration storage. Impact of air 88 
exposure mostly results in a decrease of aliphatic bands and of the peak at ~ 1100 cm-1. 89 
Note that the spectrum collected under air points to an organic contamination of the 90 
window that slightly blur the aliphatic band in the range 2800-3000 cm-1. 91 
 92 


