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Energetic ion processing of aromatic molecules in the solid phase 

 Formed in the dense clouds, icy mantles are condensates of small molecules on solid 

grains. These icy mantles are promising sites for rich chemical processes, where complex 

organic molecules can form, as these mantles are continuously exposed to ionizing radiation. 

Once dense clouds transform into an accretion disc and eventually into a planetary system, these 

icy mantles may potentially contribute to the reservoir of the complex molecules of the planets. 
In this thesis, the effects of ion irradiation on two aromatic molecules, pyridine and 

pyrene were investigated. The samples were exposed to ion irradiation at the GANIL (Caen, 

France) and ATOMKI (Debrecen, Hungary) ion beam facilities. Their evolution was monitored 

using in-situ infrared spectroscopy. It was found that the initial structure (amorphous or 

crystalline) and the irradiation temperature do not affect the destruction cross section of pure 

pyridine. Additionally, it was observed that the local dose is not a key parameter as previously 

assumed. Indeed, since the destruction of pyrene caused by heavy ions, starting from C, is 

significantly greater than that caused by lighter ions such as H and He for the same deposited 

local dose. For both molecules, a significant increase in the destruction cross section was 

observed for decreasing molecule concentration in the water matrix. The half-life time of 

pyridine and pyrene in dense clouds was estimated to be around 13 and 20 millions of years, 

respectively. This suggests that once formed in these environments, they could survive and 

contribute to planetary formation.  

Évolution des molécules aromatiques en phase solide sous 

irradiation par des ions énergétiques 

 Dans les nuages denses, les manteaux glacés sont des condensats de petites molécules 

sur des grains solides. Ces manteaux glacés représentent des sites prometteurs pour certains 

processus chimiques. Ils sont constamment irradiés et de nouvelles molécules organiques 

complexes peuvent être ainsi formées. Une fois que les nuages denses se transforment en disque 

d'accrétion et, éventuellement, en système planétaire, ces manteaux glacés peuvent 

potentiellement contribuer au réservoir de molécules complexes des planètes.  

 Dans cette thèse, les effets de l'irradiation ionique sur deux molécules aromatiques, la 

pyridine et le pyrène, ont été étudiés. Les échantillons ont été exposés à une irradiation ionique 

sur les lignes des accélérateurs du GANIL (Caen, France) et de l'ATOMKI (Debrecen, 

Hongrie). Leur évolution a été suivie par spectroscopie infrarouge in situ. Il a été constaté que 

la structure initiale (amorphe ou cristalline) et la température d'irradiation n'affectent pas la 

section efficace de destruction de la pyridine pure. De plus, il a été observé que la dose locale 

n'est pas un paramètre clé comme cela était affirmé précédemment. En effet, la destruction du 

pyrène provoquée par des ions lourds, à partir du carbone, est significativement plus importante 

que celle provoquée par des ions plus légers comme l'hydrogène et l'hélium pour une même 

dose locale déposée. Pour les deux molécules, une augmentation significative de la section 

efficace de destruction a été observée lorsque la concentration des molécules dans la matrice 

d'eau diminue. Le temps de demi-vie de la pyridine et du pyrène dans les nuages denses a été 

estimé à environ 13 et 20 millions d'années, respectivement. Cela suggère qu'une fois formées 

dans ces environnements, ces molécules pourraient survivre et contribuer à la formation 

planétaire. 
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1. Introduction 

1.1 Complex organic molecules in space 

Over the last century, it has been discovered that organic molecules are widespread 

throughout our universe. The first molecules (CH, CN, CH+) were discovered in the 1930s 

through optical spectra in the gas phase (McKellar, 1940). In the 1960s, observations based on 

rotational transitions revealed the presence of ubiquitous molecular clouds. Detailed 

investigations of the characteristics of organic molecules in space, both in gas and solid phase, 

became possible with the launch of infrared observatories, such as the Infrared Space 

Observatory in 1995 and the Spitzer Space Telescope in 2005. It was revealed that the 

interstellar medium contains a vast number of large complex molecules (Tielens, 2013). To 

date, more than 200 types of complex organic molecules have been detected in space  (Woon, 

2024). 

These discoveries have led to the hypothesis that organic molecules, which serve as 

essential building blocks for living organisms, were most likely delivered to the early Earth 

from space (Rothery, et al., 2018), rather than synthesized under terrestrial conditions. 

Molecules containing carbon are supposed to be essential participants in the stellar cycle, 

involved in both the formation and death of stars. As a result, they also contribute significantly 

to the formation of planetary systems (Figure 1.1) (Hansen, et al., 2022). Moreover, diverse 

organic matter was ubiquitously found in meteorites (Pizzarello, et al., 2006), (Sephton & Botta, 

2005) and comets (Anders , 1989), (McKay & Roth, 2021), (Altwegg, et al., 2016), (Naraoka, 

et al., 2023). Thus, tracing the source and evolutionary path of carbon in space is crucial for 

gaining insights into the origins of life on Earth. 

 
Figure 1.1. Carbon matter participates in the stellar life cycle. Extracted from 

(Hansen, et al., 2022). 
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1.1.1 Grains 

A significantly higher number of molecules have been observed in the gas phase 

compared to the solid phase. This could be explained by the fact that the technique used to 

detect the rotational bands of gas-phase molecules is an order of magnitude more sensitive than 

infrared observations of the vibrational transitions of solid-state molecules (Rothard, et al., 

2017). However, the chemistry occurring in the solid phase is particularly intriguing. When 

gas-phase molecules condense on the dust grains, they form a so-called "icy mantle". The 

chemistry that occurs in such icy mantles is of special interest as it represents an interface 

between refractory dust grains and gas-phase rich chemistry (Rothard, et al., 2017). 

Dust grains uniformly mixed with the free gas molecules, represent ≤ 1% of the total 

mass of the interstellar medium (ISM) (Galliano, et al., 2018). They are formed from material 

ejected by ageing stars through gradual (stellar winds) or explosive (novae and supernovae) 

processes, where outflow conditions allow it. The nature of the material formed depends on the 

C/O ratio in the ejecta. When C/O < 1 (oxygen-rich), the main products are silicates and when 

C/O > 1 (carbon-rich), organic materials and carbides are formed (Sandford, et al., 2020). Solid 

grains composed of polycyclic aromatic hydrocarbons (PAHs) are also believed to be formed 

in the outflow of carbon-rich giants (Cherchneff, et al., 1992).  

 

Figure 1.2. Ice features observations for two background stars NIR38 and J110621 obtained 

with JWST. Extracted from (McClure, et al., 2023). 

Infrared spectra of two background stars are shown in Figure 1.2. Various molecules, 

including CO, CO2, CH3OH and CH4 have been detected in the solid phase, along with the 

dominant ice constituent H2O, which makes up 60-70% of the ices in many environments (Gibb, 

et al., 2004), (Tielens, 2013). CO2 and CO amount is around 10-20 and 20-40 % of H2O ice 

(McClure, et al., 2023). 

1.1.2 Aromatic molecules of astrophysical interest 

Aromatic molecules are organic compounds containing one or more aromatic rings. 

Unlike aliphatic compounds, these molecules exhibit high stability due to their delocalized π 
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electron cloud. The term “aromatic” originally referred to the strong odour of the compounds, 

and now it signifies the presence of benzene or its structural relatives in the molecule. Aromatic 

compounds play a significant role in the biochemistry of all living organisms. They form 

molecules essential for genetic, energetic, structural, and signalling processes, such as 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).  

1.1.2.1 PAH hypothesis 

Among other cyclic molecules, (PAHs) are believed to contain up to 25% of the 

elemental carbon in space (Tielens, 2008). Their fingerprints are observed everywhere (Figure 

1.1): from dusty discs around young stars to the ISMs of galaxies (Candian, et al., 2018).  

 

Figure 1.3. The mid-infrared spectra of the planetary nebula NGC 7027 and the 

photodissociation region in the Orion Bar with highlighted PAH emission. Vibrational modes 

of PAH molecules are identified at the top. Extracted from (Tielens, 2008). 

In the 1960s, it was completely unexpected that a significant infrared excess, highlighted 

in red in Figure 1.3, could be seen in the planetary nebula NGC 7027 (Gillett, et al., 1967). The 

3.3, 6.2, 7.7, 8.6, and 11.3 μm (3030, 1613, 1299, 1163, 885 cm-1 respectively) features were 

referred to as the unidentified infrared emission (UIE) bands since there are no counterparts in 

the infrared spectra of atoms. Since the work of (Duley & Williams, 1981), it has been widely 

recognised that UIE bands are caused by the carbonaceous compounds. The idea of assigning 

UIE bands to PAHs was proposed by (Leger & Puget, 1984) and (Allamandola, et al., 1985). 

According to their model, isolated PAH molecules absorb starlight in the ultraviolet (UV) 
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range, heating up to the temperatures of about 1000 K and then slowly cooling down by IR 

emission. The 3.3 μm band was assigned to C-H stretching modes, the 6.2 μm and 7.7 μm 

features to C-C stretching, the 8.6 μm feature to C-H in-plane bending, and the 11.3 μm to C-

H out-of-plane bending of PAH molecules (Allamandola, et al., 1989). The PAH hypothesis 

was summarized by (Tielens, 2008). 

There are two main mechanisms explaining PAH formation in space: “bottom-up” and 

“top-down”. The first one implies the formation of PAH from smaller molecules, involving the 

closure of the first benzene ring and subsequent growth toward large PAHs. Different routes 

were proposed for the closure of the first benzene ring (Reizer, et al., 2022). For example, the 

reaction of 1,3-butadienyl radical (1,3-˙C4H5) with acetylene (C2H2) (Frenklach, et al., 1985) or 

recombination of two propargyl radicals (˙C3H3) (Miller & Klippenstein, 2003). After the 

aromatic ring is closed PAH may growth according to different scenarios. The classical 

mechanism, proposed by (Frenklach, et al., 1985), is HACA, involving the sequence of 

hydrogen abstraction and subsequent acetylene (C2H2) addition to the benzene ring. This 

process leads to the formation of polycyclic structure. Alternatives to HACA mechanism were 

also proposed in the literature (Mukherjee, et al., 1994), (Krestinin, et al., 2000), (Appel, et al., 

2000). Subsequently, PAH molecules can aggregate into clusters (Figure 1.4) and form 

nanometer-scale carbonaceous grains (Rapacioli, et al., 2006), (Zhen, et al., 2019). 

 
Figure 1.4. The hypothesized representation of PAH cluster. Extracted from 

(Ehrenfreund, et al., 2002). 

Apparently, the “bottom-up” mechanism is not very efficient, as the molecular density 

is very low in the ISM. Thus, the “top-down” approach was proposed by (Berné & Tielens, 

2012) to explain high concentration of PAHs and fullerenes in space. This “top-down” 

mechanism implies formation of PAHs from soot, injected to ISM from inner regions of 

evolved stars, fragmented by ionizing radiation and from PAH clusters itself (Figure 1.5). 

Several experimental works showed the feasibility of this process; variety of large PAH 

molecules were released while carbonaceous dust was exposed to radiation (Zhen, et al., 2018), 

(Pino, et al., 2019). 
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Figure 1.5. Life cycle of carbonaceous molecules. Extracted from (Candian, et al., 

2018). 

On Earth, PAHs are also extremely widespread and they are major air and water 

pollutants formed by the combustion of organic materials such as coal or oil. 

A limitation of infrared spectrometry is its incapacity in this case to differentiate 

between specific molecules. This limitation arises because the vibrational modes, such as C-C 

and C-H, which are present for different PAH molecules, overlap in the infrared spectrum. 

Although detecting specific PAH molecules is possible using observations of millimeter 

wavelenghts and radio frequencies through the molecule's rotational spectrum. However, only 

molecules possessing a permanent dipole moment can be detected with this method, which is 

not the case for many symmetric PAHs. Recently several PAHs were detected in the molecular 

cloud TMC-1: indene (Burkhardt, et al., 2021), (Cernicharo, et al., 2021), 1-cyanonaphthalene 

and 2-cyanonaphthalene (McGuire, et al., 2021). In all cases, it was reported that their 

concentration is much higher than expected, implying that existing models of PAH evolution 

in space need to be revised. 

1.1.3 Ice mantle evolution 

Dust grains, acting as nucleation sites, are composed of silicates, oxides, or PAH clusters 

and can reach sizes of up to several micrometers (Dartois, et al., 2024), (Gielen, et al., 2008).  

Molecular ice is thought to form in dense interstellar molecular clouds when gas-phase 

molecules and atoms condense into grains due to the low temperatures in these regions (Burke 

& Brown, 2010).  
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Figure 1.6. Scheme of ice grain evolution. Gas-phase species that can participate in surface 

reactions are indicated in red. CR – cosmic rays, UV – ultraviolet radiation. Extracted from 

(Boogert, et al., 2015). 

The ice evolution model illustrated in Figure 1.6, has been summarised by (Boogert, et 

al., 2015). In the initial stage, atoms of hydrogen (H), nitrogen (N), carbon (C), and oxygen (O) 

combine to form basic molecules such as CH4, CO2, NH3, and H2O through processes like 

quantum tunnelling or thermal hopping on grain surfaces (Burke & Brown, 2010). PAHs can 

also freeze out in the ice mantle as guest molecules (Bouwman, et al., 2011). H2O is the 

dominant molecule in such ice, and it is referred to as polar ice. In regions characterized by 

temperatures lower than 20 K and densities around 104 cm-3, more volatile species such as CO, 

O2, and N2 are formed, and this type of ice is referred to as apolar. The next stage of evolution 

is marked by a sharp increase in the concentration of methanol (CH3OH), as well as the 

appearance of molecules such as H2CO, OCN– and HNCO. 

Once formed, icy mantles undergo constant thermal processing due to temperature 

variations in different regions of space. This results in sublimation, segregation, and 

crystallization of the compounds. For instance, water crystallization occurs beyond 125 K 

(Maté, et al., 2012). The thermal exposure also affects the chemistry, as radicals are more 

mobile and prone to reactions at higher temperatures (Boogert, et al., 2015).  

However, the main driving force behind the emergence of a variety of molecules is the 

continuous processing of ice by ionizing radiation. UV photolysis and/or ion bombardment of 

interstellar ice produces radicals that can react with other molecules, forming species that are 

more complex. In regions of star formation, the gas and dust are heated to temperatures 

sufficient for these ices to evaporate (Garrod , et al., 2008). Subsequently, this set of gas- and 

solid-phase complex molecules incorporate into planetary systems. Thus, understanding the 

adsorption and desorption of ices on the grains is essential to comprehending the mechanisms 

underlying the formation of stars and planets (Burke & Brown, 2010). 
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1.2 Ions in space 

Space is permeated with ionizing radiation, which mostly consist of electromagnetic 

radiation (UV and X-ray photons), as well as corpuscular radiation (electrons and ions).  

Galactic cosmic rays (GCR), the predominant corpuscular radiation in the interstellar medium, 

are charged particles of interstellar origin. Discovered by Victor Hess in 1912, they consists of 

90% protons, 9% alpha particles and 1% are heavy ions (Gaisser, et al., 2016).  

Figure 1.7 displays the number of particles as a function of energy of all-nuclear 

components present in CRs, reaching the Earth per unit time, surface, and solid angle. The 

spectrum is referred to as the "all-particle spectrum". In the high-energy part of the spectrum, 

there are three regions where a steepening occurs: knee (≈3‧106 GeV), 2nd knee (≈2‧108 GeV) 

and ankle (≈4‧109 GeV) (Blasi 2013). However, there is no precise understanding yet of why 

these steepenings occur. 

 

Figure 1.7. Spectrum of cosmic rays at the Earth. Spectrum measured by different 

experiments is plotted. Extracted from (Blasi, 2013). 

GCRs with energies below 107 GeV are believed to be produced by supernovae. This 

view is based on the fact that the energy required to maintain the observed cosmic ray flux in 
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our Galaxy is slightly less than the average kinetic energy emitted into the interstellar medium 

by the three supernova explosions that occur every century. When a massive star collapses, its 

outer layers explosively disperse at speeds in excess of 10,000 kilometres per second. The 

ejected material from the supernova expands at supersonic speeds, creating a powerful shock 

wave that propagates into the surrounding medium. These shockwaves are expected to 

accelerate the nuclei within the passing material, transforming them into cosmic rays (Cronin, 

et al., 1997).  

The origin of cosmic rays exhibiting energies above 107 GeV remain unidentified, and 

these particles are quite rare events. To study them effectively one needs detectors covering a 

large area. Currently, the implementation of such detectors is only feasible on terrestrial 

grounds. The main approach to study high-energy cosmic rays involves the detection of 

secondary particles, generated subsequent to the collision of a cosmic ray particle with gas 

molecules in Earth's atmosphere. Sometimes one cosmic ray particle can trigger over a million 

of new particles (Cronin, et al., 1997).  

 

Figure 1.8. The cosmic ray (measured on Earth) and solar system elemental abundances 

relative to carbon = 100. Extracted from (Gaisser, et al., 2016). 

Solar wind (SW) is a flow of charged particles released from the upper atmosphere of 

the Sun, mainly consists of protons (about 96%), alpha particles (about 4%) and ions of heavy 

elements (about 0.1%) (Wurz, 2005) with energies range from about 10 keV to several GeV 

(Reames, 2021). In Figure 1.8, the elemental abundances (H-Cu) of GCRs and SW are 

presented. The two groups of elements Li, Be, B and Sc, Ti, V, Cr, Mn are much more abundant 

in cosmic rays than in solar material. It happens because these elements are absent as products 

of stellar nucleosynthesis. Although they are present as spallation products of the abundant 

nuclei C and O (for Li, Be, B) or Fe (for Sc, Ti, V, Cr, Mn) with cosmic rays in the interstellar 

medium. 
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Figure 1.9 represents fluxes and energies of the most abundant nuclei of the GCRs and 

SW at the Earth orbit, including data from more than 10 experiments. It can be seen that the 

higher the atomic number of the element, the smaller its flux. 

 

Figure 1.9. Fluxes of nuclei of the cosmic radiation as a function of energy per nucleus 

measured at different experiments near the Earth (sum of GCR and SW). Extracted from 

(Tanabashi, et al., 2018). 

H and He are the predominant ions in space. However, heavier ions, ranging from C to 

Fe with energies of few tens of GeV per nucleon, are also relatively common. Given their 

potential to cause significant damage to materials, these heavier ions should not be disregarded 

in laboratory experiments investigating the evolution of icy mantles. 

1.3 Ion-matter interaction 

While swift ion beams penetrates the matter, collisions with target electrons can lead to 

excitation, ionisation and electron capture (Figure 1.10). The cross sections of these processes 

depend on the projectile energy. At velocities below the Bohr velocity, electron capture is the 
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dominant process. Above the Bohr velocity, ionisation becomes more and more important, 

while excitation occurs over the whole projectile velocity range. 

 
Figure 1.10. Capture, excitation and ionization cross sections as a function of energy 

for p + H collisions. Extracted from (Vernhet, et al., 1996). 

The collision of GCR or SW particles with matter mainly results in ionization, 

potentially leading to significant harm to living organisms. On Earth, humans are shielded from 

this radiation by the Earth's magnetic field, redirecting the ions away from the surface. Although 

some ions manage to penetrate the atmosphere, they dissipate much of their energy through 

collisions with gas molecules, generating a cascade of secondary particles. In space, however, 

UV photons and ionic projectiles stand out as the dominant force driving astrochemistry, as 

they can dissociate molecules and create reactive radicals. 

1.3.1 Stopping power 

While traversing matter, ionic projectiles may lose kinetic energy through a sequence of 

elastic and inelastic collisions with the atoms of the target material. 

The deposited energy may lead to the above-mentioned electronic processes and cause 

rearrangement of atoms in the solid. In elastic collisions with the nuclei of the atoms, energy is 

transferred to the target atom as a whole, leading to lattice disorder through the displacement 

of atoms from their original positions. The elastic interaction induces changes in both the energy 

and the trajectory of the ion, but the electronic configurations remain unchanged. Referred as 

nuclear energy loss Sn, it is dominant at low incident ion energies, which corresponds to SW 

particles. 
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Inelastic interaction with electrons may cause excitation or ionization of the target 

electrons. Inelastic ion-atom interaction (excitation or ionization of the target) causes the 

electronic energy loss Se. The latter dominates at high ion energies (above 100 keV/u), which 

corresponds to GCR particles. 

The boundary between inelastic and elastic energy loss of ions is blurred. These processes 

occur simultaneously but with different probabilities. The important parameters here are the 

atomic numbers of the projectile and the target material and the speed of the projectile. If the 

velocity of the ion exceeds the velocity of the electrons in their orbits, the ion will start losing 

electrons. In the limit of high velocity, the projectile will be completely stripped, leaving a 

"naked" nucleus with a charge Zpe moving through the medium. The ion will only be able to 

recapture an electron after slowing down as it loses some of its energy through a series of 

Coulomb collisions with target electrons. Gradually, the ion loses energy and speed, capturing 

a second electron, a third, and so on, until its speed is diminishes to a point below the orbital 

speed of the electron least strongly bound to the nucleus. The neutral incident particle generated 

from the described process exhibits weak interactions with the target electrons. The principal 

process leading to the deceleration of the particle shifts to elastic interactions with the target 

nuclei. The final stopping of the particle within the target occurs exclusively as result of elastic 

nuclear collisions. 

The amount of energy loss per unit length of a particle along its path due to the “stopping 

power” of the target, 
𝑑𝐸

𝑑𝑥
  (keV/µm) describes energy deposition in the material. The total energy 

loss is the sum of two components: 

𝑑𝐸

𝑑𝑥
= (

𝑑𝐸

𝑑𝑥
)

𝑛𝑢𝑐𝑙𝑒𝑎𝑟
+ (

𝑑𝐸

𝑑𝑥
)

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
= 𝑆𝑛 + 𝑆𝑒   eq. (1.1) 

The energy loss in inelastic interaction with the nuclei and radiative processes such as 

bremsstrahlung and Cherenkov radiation are very small and neglected in our discussion.  

In Figure 1.11 elastic nuclear and electronic energy loss of 84Kr15+ ion in amorphous 

pyridine are presented as a function of the ion energy. The calculations were performed using 

SRIM (“Stopping and Range of Ions in Matter”) software (Ziegler, et al., 2010), which allows 

calculations of electronic stopping power 𝑆𝑒, nuclear stopping power 𝑆𝑛 for all ions with 

energies up to 1 GeV/u while penetrating various materials. Knowing the stopping power allows 

calculating the total distance the ion travels before it stops - the ion range. As slow ions are 

subjected to elastic collisions with target atoms, this affects the trajectory of the ion, causing it 

to move in a zigzag pattern. Fast ions, on the other hand, are subjected to inelastic interactions, 

move in a straight line through the material with a slight deviation. If the projectile ion range is 

less than the target thickness, eventually the projectile ends up implanted in the material. Ion 

range can be calculated as (Nastasi, et al., 1996):  

𝑅 = ∫
1

(𝑆𝑛+𝑆𝑒)
𝑑𝐸

0

𝐸0
,       eq. (1.2) 

where 𝐸0- initial energy of the ion. SRIM also allows Monte Carlo simulations of ion 

trajectories. All calculations of 𝑆𝑒, 𝑆𝑛 and 𝑅 in this thesis were performed using this software. 



15 
 

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

0

1000

2000

3000

4000

5000
ion: 

84
Kr

15+
 

target: amorphous

pyridine C
5
H

5
N 

(g/cm
3
)

 Electronic stopping power

 Nuclear stopping power

 Sum of electronic and 

nuclear stopping powersS
to

p
p
in

g
 p

o
w

er
, 
k
eV

/
m

Energy of projectile, keV

   bare ion

Bethe-Bloch

     model

Lindhard-Scharff

         model

1

2

1

3

 

Figure 1.11. Electronic and nuclear stopping power for 84Kr15+ ion in amorphous pyridine 

target as a function of projectile energy calculated with SRIM (Ziegler, et al., 2010) software. 

Most of the experiments in this thesis were performed with swift particles and we focus 

our attention on the inelastic interaction. The thickness of the samples was adjusted to be 

significantly less than the penetration depth, thereby maintaining a relatively constant ion 

energy throughout the sample. This also assures that the cross sections (ionisation, excitation, 

loss, capture) and thus the effective charge state of the ions remain constant.  Only in the case 

of experiments involving low energy oxygen projectile, the ion remained implanted inside the 

sample. 

1.3.1.1 Nuclear stopping power 

The interaction potential of the Coulomb interaction depends on the distance between 

projectile and nucleus and is determined by the Coulomb force: 

𝑉(𝑟) =
𝑍𝑝𝑍𝑡

𝑟

𝑒2

4𝜋𝜀0
× 𝜑(𝑥),      eq. (1.3) 

where 𝑍𝑝 and  𝑍𝑡– atomic numbers of the projectile and the nuclei of the target, 𝑟 – distance 

between projectile and nuclei, 𝜀0– electric constant, 𝜑(𝑥) – screening function. 

Ion – nucleus interaction is entirely elastic, governed by the conservation laws of angular 

momentum and kinetic energy. Following this interaction, the trajectory of the ion changes and 

the target nucleus, upon obtaining sufficient energy, can leave its position (recoil) and begin to 

move within the target (as shown in Figure 1.12). The greater the energy of the incoming ion, 

the closer the particles can approach each other.  
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Figure 1.12. Schematic view of elastic collision between ion with mass m1 and velocity v1 and 

a resting target nucleus with mass m2. After the collision velocity of ion became v1` and 

velocity of nucleus became v2`. 

As the ion traverses the material, it encounters numerous collisions with the material’s 

atoms. Each of these collisions results in the transfer of energy to the material and a 

corresponding reduction in the ion’s energy:  

𝑑𝐸

𝑑𝑥
= 𝑁 ∫ 𝑇

𝑑𝜎(𝑇)

𝑑𝑇
𝑑𝑇

𝑇𝑚𝑎𝑥

0
,    eq. (1.4) 

Where 𝑁 – number of collisions, 𝑇 – energy loss during a single collision, 𝜎(𝑇) – collision 

cross section. A theoretical description of nuclear energy loss was provided by (Biersack, 

1968): 

𝑆𝑛 =
4𝜋𝑎𝑁𝑀𝑝𝑍𝑝𝑍𝑡𝑒2

𝑀𝑝+𝑀𝑡

𝑙𝑛𝜀

2𝜀(1−𝜀−1.49)
 ,      eq. (1.5) 

where 𝑎 is universal screening length and 𝜀 is the reduced energy, which can be calculated as: 

 𝑎 =
0.8853𝑎0

(𝑍𝑝

1
2+𝑍𝑡

1
2)

2
3

 ,     eq. (1.6) 

 𝜀 =
𝑎𝑀𝑡

𝑍𝑝𝑍𝑡𝑒2(𝑀𝑝+𝑀𝑡)
𝐸,     eq. (1.7) 

where 𝑀𝑝 and 𝑀𝑡– atomic masses of the projectile and the target material, 𝑎0 = 0.529 Å is the 

Bohr radius, 𝑁 – number of atoms in the target per cm3. 

1.3.1.2 Electronic stopping power 

Due to the low mass of electrons, the energy loss per single collision is always negligible 

compared to the energy of the incoming particle. At velocities below the maximum of the 

energy loss curve, the deceleration is therefore continuous and resembles stopping under the 
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effect of a frictional force. For the same reason that the electron mass is small, the transfer of 

momentum to the electrons is negligible.  

The projectile will be completely stripped in the high velocity limit. The interaction of 

the bare nucleus with electrons occurs due to Coulomb forces and the electronic energy loss 

can be described by the Bethe-Bloch formula (Bethe, 1930) (Figure 1.10 ① regime): 

𝑆𝑒 =
4𝜋𝑛𝑧𝑝

2𝑧𝑡𝑒4

𝑚𝑒𝑣2 [𝑙𝑛
2𝑚𝑒𝑣2

𝐼(1−𝛽2)
− 𝛽2 −

𝑐

𝑧𝑡
],    eq. (1.8) 

where 𝑛 is the electron density in the matter, 𝑧𝑝 and  𝑧𝑡 are charge of the projectile and the 

nuclei of the target, 𝑚𝑒 is the electron mass, 𝑣 is the ion velocity, 𝑐 is the speed of light,  𝛽 =
𝑣

𝑐
, 

𝐼 is the ionization potential of atoms of the matter. 

The maximum of the electronic energy loss leads to the Bragg peak of maximum energy 

deposition at the end of the projectile range. In hadrontherapy, the ion energy is calculated so 

that this peak coincides with the cancer cells, thereby causing maximum damage to them 

(D'Auria, 2019). At energies near the maximum of the electronic energy curve (Figure 1.10 ② 

regime), the ion has begun capturing electrons. In order to determine electronic losses, a so-

called effective charge 𝑧𝑒𝑓𝑓 is substituted into the Bethe-Bloch formula instead of the 𝑧𝑝 (Spohr, 

1990): 

𝑧𝑒𝑓𝑓 = 𝑧𝑝(1 − 𝑒−125𝛽𝑧𝑝
−

2
3).    eq. (1.9) 

After losing some of the energy and slowing down in the material (Figure 1.10 ③ regime – 

friction mode), electron capture by the projectile becomes dominant and the electronic energy 

loss is proportional to the speed of ion (Lindhard, et al., 1963), resembling a friction force: 

𝑆𝑒 = 𝑍𝑝

1
6⁄

8𝜋𝑎0𝑛
𝑍𝑝𝑍𝑡

(𝑍𝑝

2
3⁄

−𝑍𝑡

2
3⁄

)
3

2⁄

𝑣

𝑣𝑒
,    eq. (1.10) 

where ve=2.2‧106 m/s is the speed of orbital electrons (Bohr velocity). 

1.3.2 Radiation damage 

This section will provide a description of the different types of damage that ions can 

induce in materials. 

1.3.2.1 Amorphization 

Under ion irradiation, crystalline ice can undergo a transformation into an amorphous 

state. Generally, there are two mechanisms for the amorphization of crystalline solids under ion 

irradiation, depending on the stopping power regime (Trinkaus, 1997).  

When ions transfer energy to the target material through nuclear elastic collisions, 

amorphization takes place as a result of the defect accumulation (Pelaz , et al., 2004), (Wesch, 

2016), (Gibbons , 1972). The incident ion induces primary recoils of target atoms, which in turn 

generates secondary recoils and so on, a phenomenon known as a collision cascade. This leads 

to the displacement and excitation of the target atoms and defects accumulation. If the deposited 
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energy reaches a sufficient level, it becomes energetically favourable for the defective lattice to 

undergo a transformation into an amorphous state (Pelaz , et al., 2004). This mechanism leads 

to the quasi-homogenous amorphization. 

In the regime of electronic energy deposition, energy is supposed to be transferred from 

the electronic system to the ionic system via the so-called thermal spike mechanism 

(Toulemonde, et al., 1993), (Wang, et al., 1994), (Szenes , 1995), (Wesch, 2016). The core 

concept of the thermal spike model is that the energy introduced by a projectile in a confined 

area can rapidly heat the solid to a liquid or gaseous state. This is followed by exceptionally 

rapid cooling rates, leading to the creation of an amorphous phase along the ion trajectory, 

which is called the latent track (Famá , et al., 2010). In Figure 1.13 schema of latent track 

formation is illustrated. The sequence of energy transfer begins with incident ions imparting 

their energy to the electrons of the target through ion-electron collisions. Following this, 

through electron-electron collisions, the energy is shared among other cold electrons. Thirdly, 

energy is transmitted to the lattice via electron-phonon coupling, and lastly, it disperses among 

the atoms, creating a spike along the ion trajectory. The energy is deposited to the electrons 

within a timeframe ranging from 10-16 to 10-15 seconds, and subsequently, it is transferred to the 

lattice atoms within a period spanning from 10-13 to 10-11 seconds. The morphology of the latent 

track is highly dependent on the electronic stopping Se, as is the track radius, which increases 

with higher Se. It is evident that in this case, amorphization is inhomogeneous; however, at high 

ion fluence, individual tracks overlap, resulting in the formation of a specific microstructure in 

the material (Wesch, 2016). 

 

Figure 1.13. Latent track formation. Extracted from (Wesch, 2016). 
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In the “electronic regime”, amorphization is possible if Se is above threshold value Set, 

which depend on the properties of the target material. In materials where ion-induced 

amorphization is possible through electronic excitations, it can also occur through elastic 

collisions, although the opposite may not necessarily be true (Trinkaus, 1997). In case of 

molecular solids amorphization is driven by electronic interactions. Conversely, in covalent 

solids, amorphization is only observed in the presence of elastic collisions (Strazzulla, et al., 

1992). 

1.3.2.2 Compaction 

Compaction is the process leading to a decrease in the porosity of amorphous ice under 

ion irradiation. In several studies (Palumbo, 2006), (Pilling, et al., 2010), (Mejía, et al., 2015), 

(Dartois, et al., 2013) the alteration of water porosity under the influence of ion irradiation was 

investigated based on the changes in the so-called OH-dangling bonds in the infrared spectra, 

which are considered as indicators of porosity of H2O (Rowland & Devlin, 1991). It has been 

observed that when the growth of the OH dangling bonds band area stops, compaction also 

finishes, and the density of the sample reaches its maximum value. In space, OH-dangling 

bonds were recently observed in the dense cloud Chamaeleon (Noble, et al., 2024). 

While the precise mechanisms governing the process of compaction remain not 

completely understood, (Raut, et al., 2007) proposed that compaction occurs due to the 

reduction of the surface energy of ice resulting from local heating along the path of ions and 

the collision cascade with target molecules. 

1.3.2.3 Radiolysis 

Ionizing radiation interacting with molecules can induce dissociation of initial 

compounds and generate reactive radicals. This is referred to as “radiolysis”, which 

subsequently can lead to the formation of new molecular species. It is evident that radiolysis 

depends on the energy of the incident particles as well as on their nature; for example, heavy 

ions will cause significantly more damage than photons or electrons. 

 In the case of ion irradiation, the extent of destruction depends on the amount of energy the 

particle transfers to the material, which is mainly determined by its stopping power. Figure 1.14 

presents the evolution of the number of pyrene molecules (column density) during irradiation 

with 39.2 MeV 56Fe10+. The column density was calculated for the 3042 cm-1 infrared band of 

pyrene (see Chapter 4 for details). The column density decreases due to its radiolysis under 

heavy ion irradiation. The fitting of the decrease follows exponential decay: 

𝑁 (𝐹) = 𝑁0𝑒−𝜎𝑑𝐹 ,          eq. (1.11) 

where 𝑁 is the pyrene column density at the fluence F, 𝑁0 is the initial column density (at F=0), 

𝜎𝑑 represents the destruction cross section, serving as a crucial indicator of the probability of 

molecule destruction. This parameter depends on the energy and nature of the incident ion, as 

well as the nature of the target. As previously noted, most experiments reported here were 

conducted in the high velocity “electronic stopping power” regime, when the sample thickness 

was significantly smaller than the projected range. Consequently, the ion energy can be 
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considered constant throughout its entire path within the material, and thus, the destruction 

cross section 𝜎𝑑 remains constant as well. 

 
Figure 1.14. The fitted evolution of pyrene column density during irradiation with 39.2 MeV 

56Fe10+. 

1.3.2.4 Sputtering 

Sputtering is the emission of atoms from the surface of a solid body under bombardment 

by heavy charged or neutral particles. Sputtering of a target atom occurs when it receives an 

energy component perpendicular to the surface that exceeds the surface binding energy. 

Sputtering can be quantitatively assessed via the sputtering yield, defined as is the number of 

atoms removed from the surface per incident particle (Behrisch & Eckstein, 2007): 

𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑎𝑡𝑜𝑚𝑠 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
.   eq. (1.12) 

In the interstellar medium and dense clouds sputtering leads to the transfer of solid phase 

species into the gas phase. Therefore, the chemical composition of the grains can significantly 

influence the evolution of molecules in the gas phase. Figure 1.15 presents sputtering yields for 

CO, CO2 and H2O molecules as a function of electronic stopping power of the projectile. The 

quadratic dependence 𝑌~𝑆𝑒
2 was observed in different experiments (Boduch, et al., 2015), 

(Dartois, et al., 2015), (Dartois, et al., 2023). 
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Figure 1.15. Sputtering yields for CO, CO2 and H2O as a function of electronic stopping 

power of the projectile. The values for CO2 were divided by 10 and for H2O by 100 for clarity. 

Extracted from (Rothard, et al., 2017). 

1.4 Objective of the work 

Grains in dense clouds and ISM are of the great astrochemical interest, as they 

participate in the carbon life cycle in space. Carbon can form carbonaceous grains itself or can 

freeze out inside the ice layer on the surface of solid grains. In time, these solid grains can be 

incorporated into planetary systems.  

Ion bombardment of the solid grains results in the dissociation of the initial molecules, 

the formation of other complex species, structural changes within the lattice, and the release of 

the molecules into the gas phase. Although the majority of ions in space are charged particles 

of H and He, other heavier ions also affect the evolution of solid particles. Figure 1.16 (left) 

shows the abundance of different cosmic ray nuclei, with H and He being the most common. 

However, since the radiolysis effect is proportional to the square of the atomic number (Figure 

1.16 middle), the impact of other ions can be just as significant as that of H and He. For 

sputtering (Figure 1.16 right), which depends on the atomic number to the power to four, the 

effect of heavy ions is much greater than that of lighter ions. Figure 1.16 clearly shows why it 

is important to study how heavy ions interact with matter in space. 
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Figure 1.16. Fractional proportion of galactic cosmic ray elements. Left: abundance. Middle: 

radiolytic destruction of ices. Right: sputtering. Extracted from (Dartois, et al., 2023). 

In this work, we investigated the radiolysis of carbonaceous films, made of two different 

aromatic molecules, pyrene and pyridine, induced by swift (mostly heavy) ions. Although 

grains involve in most cases a mixture of various molecules, this initial approximation provides 

insight into the overall radioresistance of these molecules. We studied the process of pyridine 

amorphization by several ionic projectiles and revealed the influence of temperature on the 

radiolysis rate. Another important focus of this work was studying the effects during icy mantles 

irradiation. As mentioned, water is the most abundant molecule in icy mantles, so we 

investigated the influence of the water matrix on the radiolysis of pyridine and pyrene. 
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2. Experimental methodology 

2.1 Ion beam facilities 

 This section presents a brief overview of the ion beam facilities employed in this study. 

The experiments were conducted at two nuclear research centres: Grand Accélérateur National 

d’Ions Lourds (GANIL), located in Caen, France and Atommagkutató Intézet (ATOMKI), 

located in Debrecen, Hungary. Three GANIL beamlines were used in this work: Irradiation 

Sud (IRRSUD), Sortie Moyenne Energie (SME), and Accélérateur pour la Recherche avec les 

Ions de Basse Energie (ARIBE), with average ion energies of 1 MeV/nucleon, 10 MeV/nucleon 

and 100 keV, respectively. The IRRSUD and SME beamlines produce ions with energies 

corresponding to GCR, while the ARIBE beamline produces ions with energies corresponding 

to SW particles. Table 2.1 presents projectiles that were utilized for the experiments in this 

thesis. At GANIL, only the 90 keV 16O6+ ions correspond to SW, while the rest represent GCR. 

At the ATOMKI facility, the ion beams used were produced by the Tandetron accelerator, and 

the ions correspond to both SW and GCR particles. 

Table 2.1. The projectiles used in the experiments conducted in this thesis. 

Facility Projectile Energy, MeV Energy, MeV/u 
Average flux, 

108 ions/(s‧cm2) 

GANIL 

12C4+ 11.76 0.98 200 
16O6+ 0.09 5.625 keV/u 5000 

36Ar17+ 396.0 11.00 5 
56Fe10+ 39.20 0.70 50 
58Ni26+ 626.40 11.19 5 
84Kr15+ 60.00 0.71 5 

ATOMKI 

1H+ 

2.00 2.00 

Was not recorded 

0.20 0.20 

0.80 0.80 

4He+ 
0.40 0.10 

0.80 0.20 

12C2+ 
2.00 0.167 

2.40 0.20 

32S3+ 
4.00 0.125 

6.40 0.20 

2.1.1  GANIL 

 GANIL (Grand Accélérateur National d’Ions Lourds) is a heavy-ion accelerator, 

operating in Caen, France since 1983. Research is conducting in diverse fields including nuclear 

physics, radiobiology, material science and astrophysics. GANIL facility provides a wide range 

of ion beams, spanning from 12C to 238U, with maximum energy ranging from 95 MeV/u for 

lighter ions to 24 MeV/u for uranium beams (Chautard, 2010). The flux varies within the range 

of 108 to 1013 ions/(s‧cm2). The energy loss for ions from each beamline in amorphous pyridine 

is indicated in Figure 2.1. At ARIBE energy loss is dominated by nuclear stopping power, 

whereas at IRRSUD and SME electronic stopping power dominates. 
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Figure 2.1. Energy ranges of ions produced in the beam lines of ARIBE, IRRSUD and SME of 

GANIL. The figure presents electronic stopping power Se (solid line) and nuclear stopping 

power Sn (dashed line) in keV/µm, as a function of the projectile energy (MeV/nucleon) for 

pure amorphous pyridine target (ρ=0.781 g/cm3). Calculations were performed using SRIM 

software (Ziegler, et al., 2010). 

2.1.1.1 IRRSUD and SME 

 Two high energy beamlines of GANIL were used in the experiments of this thesis: SME 

and IRRSUD. 

 Multi-charged ions are generated in the Electron Cyclotron Resonance (ECR) ion source 

(Figure 2.2). A gas or solid target is ionized by electrons, and the resulting ions are extracted 

using a high potential difference of several thousand volts. Subsequently, after leaving the 

source, the ions are directed to either the C01 or C02 cyclotrons. 

 Within these accelerators, the ion beam undergoes acceleration in a spiral path of 

approximately twenty turns, with an increasing radius, driven by an electric field of tens of 

thousands of volts per meter. The ions are bunched and injected at a frequency of approximately 

one ion bunch every ~100 billionth of a second. The mass-to-electrical charge ratio of the ions 

plays a crucial role in influencing the acceleration and curvature of the ion trajectory, while the 

chemical nature has no impact on these characteristics.  

 The maximum energy attainable at the C01/C02 cyclotrons is 1 MeV/u. Subsequently, the 

beam can be delivered to the IRRSUD beamline, where ions typically have energies ranging 

from 0.25 to 1 MeV/nucleon (Hasley, 2024). 

 To reach higher energies, the beam is directed to CSS1 (Cyclotron à Secteurs Séparés), 

enabling ions to be accelerated to energies around 10 MeV/u. 
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Figure 2.2. GANIL layout. Adapted from (Chautard, 2010). The beamlines used in this thesis 

are highlighted within the red circle. 

 Following the CSS1 cyclotron, a thin carbon stripper foil is employed to enhance the charge 

state of the ions. This stripping process introduces a distribution of charge states. Ions 

possessing the charge state q are directed to SME, while those with higher charges are 

introduced into the subsequent cyclotron, CSS2. The ion energies upon exiting CSS2 will attain 

several tens of MeV/u (Hasley, 2024), while the standard energies of ions delivered to the SME 

beam-line fall within the range of 4-13 MeV/u (Chautard, 2010). 

 

2.1.1.2 ARIBE platform 

 Inaugurated at 2005, ARIBE (Accélérateur pour la Recherché avec des Ions de Basse 

Energie) is a platform dedicated to interdisciplinary research with low energy multi-charged 

ions (Figure 2.3). At very low energies, ions interact with matter through multiple electron 

capture processes that cause significant disruptions in the electronic system of the material.  

 The ECR ion source, with a working principle similar to the one delivering beams for 

IRRSUD and SME beamlines, produces stable ion beams over a broad range of masses (from 

He to Xe) and energies (5-25 keV/q). 

 The ion beam can be guided and shaped by a combination of electromagnetic multipole 

units that apply the Lorentz force to the passing ions (green units in Figure 2.3). 
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Figure 2.3. ARIBE beam-line. Extracted from (Roussel-Chomaz, 2024). 

2.1.1.3 Flux calibration 

 The schematic representation of flux calibrating device is presented in Figure 2.4. To 

achieve a homogeneous distribution of ions across the irradiated surface, a pair of magnets is 

employed to sweep the ion beam both horizontally and vertically (Duarte, et al., 2009), (Ding, 

2014) at SME, IRRSUD and ARIBE beamlines. A collimator is installed to ensure a parallel 

ion beam, and the current on the collimator will be utilized to determine the number of incoming 

ions. A Faraday cup is employed to measure the final current downstream of the collimator. 

The ratio 
𝐼𝑐𝑜𝑙𝑙

𝐼𝑓𝑐
 is measured before the experiments. During the experiments, the Faraday cup is 

removed. 

 
Figure 2.4. Diagram illustrating the flux calibration devices at ARIBE. Adapted from (Ding, 

2014). 

 The total number of ions F (fluence) bombarding the sample can be calculated using the 

previously measured  
𝐼𝑐𝑜𝑙𝑙

𝐼𝑓𝑐
  ratio with the following formula:  
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𝐹 =  
𝑄

1.6‧10−19‧𝑧𝑞‧
𝐼𝑐𝑜𝑙𝑙
𝐼𝑓𝑐

‧(𝑎𝑟𝑒𝑎 𝑜𝑓 𝐹𝐶)
    [

𝑖𝑜𝑛𝑠

𝑐𝑚2],   eq. (2.1) 

where Q is the current accumulated at collimator, 𝑧𝑞 is charge of incoming ions. 

2.1.2  ATOMKI 

 ATOMKI is the Institute for Nuclear Research, established in 1954. It is situated in 

Debrecen, Hungary. Atomki serves as a multidisciplinary research center, focusing on key 

research areas such as atom, nuclear, and particle physics, ion beam analytics, detection and 

signal processing techniques, environmental analytics, radioactive dating, radiochemistry, and 

solid-state physics (Máté & Rajta , 2009). The four Atomki accelerators are "small" facilities, 

but their wide energy range enables the conduction of numerous experiments across various 

fields. 

 

Figure 2.5. Tandetron accelerator layout. Adapted from (Biri, et al., 2021). 

 In this study, only the Tandetron accelerator was employed. The Tandetron accelerator 

beamline, installed in 2015, is capable of delivering beams of H, He, C, O, S, B, Si, Cu, and 

other elements with energies ranging from 0.2 to 4 MeV/u. Equipped with a cesium sputter ion 

source, the accelerator can also generate negative ion beams from most heavy elements. 
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Additionally, there are two multicusp ion sources for hydrogen and helium beams, each with a 

90-degree analyzing magnet. An advantage of Tandetron is the ability to keep the multicusp 

and sputtering ion sources in standby mode simultaneously, allowing for quick changes in ion 

species or energies (Biri, et al., 2021). In Figure 2.5, the layout of the Tandetron accelerator is 

presented. The experiments for this study were conducted at the Europlanet beamline. 

 There are two main reasons why a Tandetron accelerator was used in addition to 

experiments conducted at GANIL. Firstly, Tandetron provides intermediate projectile energies 

between those available at ARIBE and SME. Additionally, Tandetron accelerate high energy 

light projectiles (H, He), not available at GANIL. 

 Figure 2.6 illustrates the ion beam irradiation system at the Europlanet beamline. Ions pass 

through the sweeping devices DPy and DPx, and subsequently, the beam is shaped by 

collimator C1 into a circular form with a diameter of 14 mm. The current can be measured at 

Faraday cup F1, which is equipped with a second collimator reducing beam diameter to 

12.6 mm. The removable cup F2 enables the measurement of the current right before the beam 

reaches the sample, S (Herczku , et al., 2021). 

 

Figure 2.6. Diagram illustrating the controlled ion beam irradiation system. Extracted from 

(Herczku , et al., 2021). 

 The fluence calculated as follows: during the experiment, the total charge 𝑄𝐹𝐶1
𝑒𝑥𝑝

 (µC) is 

measured on the Faraday cup F1. After the experiment, the Faraday cup F2 is inserted into the 

beamline, and the ratio 
𝑄𝐹𝐶1

𝑄𝐹𝐶2
 is measured during a fixed time. The final fluence is calculated 

using following formula:  

𝐹 =
𝑄𝐹𝐶1

𝑒𝑥𝑝
‧0,000001

1,6‧10−19‧𝑧𝑞‧
𝑄𝐹𝐶1
𝑄𝐹𝐶2

‧1,13
     [

𝑖𝑜𝑛𝑠

𝑐𝑚2],    eq. (2.2) 

where 1.13 cm2 is area of the Faraday cup F2. 

2.2 Infrared spectroscopy 

 The main technique used in this study to investigate the evolution of the sample under 

irradiation is Fourier-transform infrared spectroscopy (FTIR). Infrared Spectroscopy involves 

the investigation of how infrared light interacts with molecules present in the sample. The 

molecule is exposed to a whole range of mid-infrared frequencies (wavelength range used in 

this study is 4000-600 cm-1). Molecules exclusively absorb radiation energy at particular 



35 
 

frequencies corresponding to their vibrational frequencies. While the absorption frequency 

relies on the molecular vibrational frequency, the absorption intensity relies on the efficiency 

of transferring infrared photon energy to the molecule. This efficiency depends on the change 

in the dipole moment of the molecule caused by molecular vibrations. In other words, to absorb 

infrared radiation a molecular vibration must induce a modification in the dipole moment of the 

molecule. This implies a limitation in the use of infrared spectroscopy. If molecule has 

center/plane/axis of symmetry, vibrations where the center/plane/axis of symmetry remains 

conserved will be infrared inactive (Colthup, 2012). 

 Vibrational bands of certain groups of atoms (C=N, C=C, C=O) have the same or similar 

frequencies, regardless of the groups surrounding them. This often allows rapid and 

unambiguous confirmation of the presence or absence of the fragment responsible for the 

vibrational band. In Figure 2.7, main vibrations of various groups of atoms with different bonds 

and the corresponding frequency range are listed. 

 

Figure 2.7. General regions of infrared spectrum, where different types of vibrational 

bands are observed. Extracted from (Sandford, 1996). 

 Figure 2.8 displays an IR spectrum of pyrene molecules in amorphous phase. The spectra 

was obtained at the IGLIAS setup, which will be described later. Each band corresponds to a 

particular vibration of the molecule (Chakraborty, et al., 2019). 



36 
 

1000150020002500300035004000

0,0

0,1

0,2

0,3

0,4

A
b
so

rb
an

ce

Wavenumber, cm
-1

C-H in-plane

streching

C-H out-of-plane

bending

C-H in-plane

 bending

Amophous pyrene molecule (C
16

H
10

)

T=20K

 

Figure 2.8. Infrared spectrum of pyrene molecule made at IGLIAS setup at T=20K with 

indicating the type of vibration. Pictures for vibrations extracted from (Chakraborty, et al., 

2019). 

 IR spectroscopy also allows estimating the column density (number of molecules per cm2) 

of the molecules in the sample. The Lambert-Beer equation outlines the connection between 

the quantity of molecules and the intensity of absorbed light at a specific frequency (Mehta, 

2012): 

    𝐼(𝜆) = 𝐼0(𝜆)𝑒−𝜎𝑎𝑏(𝜆)𝑁,      eq. (2.3) 

where 𝐼0(𝜆), 𝐼(𝜆) – intensity at a given wavenumber 𝜆 of infrared light before and after 

transmission through the sample, respectively, 𝜎𝑎𝑏(𝜆) – absorption cross section, N – column 

density of the sample. Transmission 𝑇(𝜆) and absorbance 𝐴𝑏𝑠(𝜆) can be expressed as follows: 

𝑇(𝜆) =
𝐼(𝜆)

𝐼0(𝜆)
,      eq. (2.4) 

𝐴𝑏𝑠(𝜆) = 𝑙𝑜𝑔10
𝐼0(𝜆)

 𝐼(𝜆)
 .     eq. (2.5) 

In this study, we employed the absorption mode for data analysis. By combining the equations 

(2.4) and (2.5), column density 𝑁 can be calculated as: 

𝑁 = 𝑙𝑛10
∫ 𝐴𝑏𝑠(𝜆)𝑑𝜆

∫ 𝜎𝑎𝑏(𝜆)𝑑𝜆
= 2,3

∫ 𝐴𝑏𝑠(𝜆)𝑑𝜆

𝐴𝑣𝑎𝑙𝑢𝑒
     [

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑐𝑚2 ],    eq. (2.6) 

where ∫ 𝐴𝑏𝑠(𝜆)𝑑𝜆 is area of selected absorption band at IR spectra; ∫ 𝜎𝑎𝑏(𝜆)𝑑𝜆 is band 

strength or A-value of a given vibration mode, quantifies how strongly a particular vibrational 

mode of a molecule interacts with electromagnetic radiation. A-values were not calculated in 

this study, they were extracted from existing literature sources. Equation (2.6) signifies that the 

column density is directly proportional to the area of the absorption peak.  

 By knowing the column density, it is possible to determine the sample thickness from the 

formula: 
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ℎ =
𝑁∙𝑀

𝜌∙𝑁𝐴
    [cm],      eq. (2.7) 

where M is molar mass (g/mol), 𝜌 is density of the sample (kg/m3), 𝑁𝐴 = 6.02‧1023 is the 

Avogadro constant (mol-1). 

  Furthermore, another parameter that we will use in order to assess the radiolysis is local 

dose: 

𝐿𝐷 =
ℎ∙(𝑆𝑒+𝑆𝑛)∙𝐹

𝑁0
,    [

𝑒𝑉

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
]    eq. (2.8) 

where 𝑆𝑒, 𝑆𝑛 are the electronic and nuclear stopping powers (eV/µm) of the projectile, 

respectively, 𝑁0 is the initial column density of the sample (at F=0), F is the ion fluence 

(ions/cm2). 

2.3 Experimental setup 

This section provides a brief overview of the equipment used for conducting the 

experiments. The primary objective of the experimental setups is to reproduce space conditions 

and monitor the sample's evolution under various exposures. 

2.3.1 CASIMIR 

A detailed description of CASIMIR was made earlier in the following works (Muniz, 

2017), (Auge, 2017), (Seperuelo Duarte, 2009). Here, only a brief overview will be provided. 

 

Figure 2.9. Scheme of CASIMIR. Extracted from (Muniz, 2017). 

CASIMIR (French acronym from Chambre d'Analyse par Spectroscopie Infrarouge des 

Matériaux IRradiés), presented at Figure 2.9, was constructed at the middle of 1990. This setup 

could be installed at both IRRSUD and SME beamlines. The CASIMIR comprises a high-

vacuum chamber with a sample holder inside, a cryogenic cold head, a Fourier-Transform 

infrared spectrometer (Nicolet Magna 550), and a ramp for mixture preparation. This set-up 

enables the preparation of ice mixtures containing various molecules and the monitoring of their 

chemical evolution during irradiation using infrared spectroscopy.  
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Figure 2.10. Top view on the inside of the CASIMIR chamber. Adapted from (Auge, 2017). 

The sample holder with one window is connected to a helium cryostat, operating in a 

closed cycle. The cryostat enables maintaining the temperature of the sample holder within the 

range from 12 to 300 K. The minimum achievable pressure in the chamber using both a primary 

and a turbomolecular pump at ambient temperature is around 10-7 mbar and 10-8 mbar at 12 K. 

During deposition, the pressure in the chamber rises to around 10-6 mbar. 

The sample is obtained by condensing molecules via a nozzle from the ramp onto a cold 

window. The cryostat with the sample holder can be rotated. Irradiations are conducted at 0˚, 

IR spectra are acquired at 90˚, and gas deposition takes place at 180˚, as illustrated in Figure 

2.10. 

2.3.2 IGLIAS 

IGLIAS (Auge, 2017) (Augé, et al., 2018) (French acronym: Irradiation de GLaces 

d`Intérêt AStrophysique) is an improved version of CASIMIR. IGLIAS represents an 

experimental set-up designed for the investigation of radiation-induced damage on different 

samples, which could be mounted on different beam lines at GANIL facility. Most of the 

experiments in this thesis were performed on the IGLIAS setup. In this thesis for experiments 

that were done at IGLIAS setup at the IRRSUD beam line.  
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Figure 2.11. Photo of IGLIAS. 

IGLIAS, presented in Figure 2.11, comprises an ultra-high vacuum chamber, a cryohead 

with an attached sample holder; an infrared spectrometer (Brucker Vertex 70v), which is 

capable to record spectra from 500 to 6000 cm-1, a ramp for preparing molecular mixtures, and 

an oven. IGLIAS is equipped with three windows, allowing for an increased number of 

experiments compared to CASIMIR without opening the chamber. The spectral resolution was 

1 cm-1. The pumping system of IGLIAS achieves an ultra-high vacuum of approximately 10-10 

mbar at 10 K. 

 

Figure 2.12. Top view on the IGLIAS chamber. Adapted from (Augé, et al., 2018). 
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Similar to CASIMIR, samples are prepared by gas condensation onto one of the 

windows. A closed-cycle helium cryohead connected to the sample holder can cool the 

windows to temperatures ranging from 300K to 10K. Temperature control of the windows is 

achieved using two thermoresistors: one is more accurate at low temperatures, while the other 

is more precise at high temperatures. The molecules under investigation are deposited either 

from the ramp via nozzles (gas phase), or from an oven (powders), as illustrated in Figure 2.12. 

Several tubes containing different molecules can be connected to the ramp and then be mixed 

in specific proportions. The injection nozzle of the ramp moves in close proximity to the 

window, and the injection is performed by opening a micrometric valve. By comparing the 

pressure in the ramp before and after deposition, it is possible to estimate the quantity of gas 

released into the vacuum chamber. The pressure in the vacuum chamber during deposition rises 

up to around 3‧10-7 mbar. 

Molecules that are solid at room temperature and have high vapour pressure can be 

deposited into the vacuum chamber from then oven. This oven has recently been installed at 

IGLIAS, and a detailed description of it is presented in the next subsection (2.3.2.1). The 

pressure in the vacuum chamber during deposition from the oven depends on the temperature 

inside the oven and typically falls to about 10-8 mbar at 10 K. 

After deposition, the windows are rotated to the irradiation position, which coincides 

with the position for acquiring the infrared spectrum. This functionality enables experiments to 

be conducted in automatic mode, eliminating the need to manually rotate the windows after 

each irradiation step as in CASIMIR. During automatic mode, human intervention is not 

required, as the ions bombard the sample and infrared spectra are acquired at predetermined 

time intervals. The only time constraint in the automatic mode is that the infrared detector must 

be cooled with liquid nitrogen to be refilled approximately every 6 hours. 
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2.3.2.1 Oven 

 

Figure 2.13. Photo of the oven. 

The oven, shown in Figure 2.13, was installed at IGLIAS in 2022. It was specifically 

designed to facilitate the deposition of molecules that are in a solid phase at room temperature. 

The operating principle is as follows: after loading the powder of the investigated molecules 

into the evaporator (Figure 2.14), the oven is pumped by primary and turbo pumps. The pressure 

typically drops to 10-6 mbar. The oven is heated by three heating elements, which are located 

on the evaporator, on the screen and on the tube. The temperature can be monitored at two 

points: the first thermocouple is positioned inside the evaporator, 15 mm from the evaporator 

end (pointer at the left bottom picture in Figure 2.13), and the second is located at the middle 

of the tube.  
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Figure 2.14. Schematic view of the interior of the oven. 

Each heating element has its own power supply, and the current is adjusted to ensure 

that the temperature at both thermocouples is approximately equal. The resistances of the 

elements are approximately 6.3 Ohm for the evaporator, 3.6 Ohm for the screen, and 11.3 Ohm 

for the tube. Deposition takes place when the tube is within a minimum distance of 10 mm from 

the window and the shutter is in the open position. The position of the shutter is externally 

controlled using a lever. 
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Figure 2.15. Thickness of pyrene as a function of deposition time at different heating 

temperatures. 

The rate of the deposition from the oven usually depends on the heating temperature. In 

Figure 2.15, the thickness of pyrene is presented as a function of deposition time for various 

thermocouple temperatures. The higher the temperature, the more molecules transition into the 

gas phase, resulting in a faster deposition rate. However, increasing the temperature should be 

done with caution, as the powder can easily be burned. 
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2.3.3 ICA setup 

 

Figure 2.16. Photo of ICA chamber. 

 The ICA (Ice Chamber for Astrophysics-Astrochemistry) (Herczku , et al., 2021), 

presented in figure 2.16, is a novel setup situated at the Institute for Nuclear Research 

(ATOMKI) in Debrecen, Hungary. Top-view schematic representation of ICA is illustrated in 

Figure 2.17. ICA comprises a high-vacuum chamber with a base pressure of 10-9 mbar, a 

cryohead with an attached sample holder, a ramp, an oven, and an infrared spectrometer. The 

spectral resolution was 2 cm-1. 

  

Figure 2.17. A top-view schematic diagram of the ICA chamber. Adapted from (Herczku , et 

al., 2021). 
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 The samples are arranged vertically, and the sample holder moves along the vertical axis 

of the chamber. This arrangement enables four independent irradiations under identical 

conditions. The sample holder has the capability to rotate around a vertical axis as well, 

facilitating deposition on the sample from solid powders or liquids. Additionally, this rotation 

capability enables the processing of the sample with different exposures.  

 The majority of experiments with pyrene were conducted using this setup. Since pyrene is 

solid at room temperature, a commercial oven OLED Effusion Cell was used to prepare the 

samples. Pyrene was heated in the oven to around 50 °C and subsequently deposited onto a pre-

cooled window inside the chamber. The distance between the tube outlet and the window is 

approximately 10 mm. Deposition of pure pyrene typically took 5-15 minutes for samples with 

thicknesses ranging from 0.8 to 1.1 µm. Meanwhile, the deposition of the pyrene mixtures with 

water take 10-40 minutes, with sample thicknesses ranging from 0.1 to 0.9 µm. The typical 

pressure in the chamber during irradiation is approximately 10-8 mbar, and during depositions, 

it drops to around 3‧10-7 mbar. The temperature of the sample holder was maintained at 20 K 

during both deposition and irradiation in all experiments. The infrared beam is oriented 

perpendicular to the sample, while the ion beam is positioned at a 36° angle from the 

perpendicular. This factor was considered in the calculation of the fluence of the incident ions. 
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3. Ion irradiation of pyridine ice 

Pyridine is a heterocyclic aromatic molecule with the chemical formula C5H5N. 

Structurally, it is related to benzene, with a CH group replaced by a nitrogen atom (Figure 3.1). 

Pyridine derivatives play a crucial role in biological processes. They act as catalysts for many 

biochemical reactions and can target a variety of biological problems by interacting with 

proteins, enzymes and DNA (Altaf, et al., 2015). In addition, a large number of nitrogen 

heterocycles are components of RNA and DNA. All of this makes pyridine of great interest for 

the study of the origin of life and astrobiology. 

a) b)  

Figure 3.1. Scheme of a) pyridine and b) benzene molecule. 

Pyridine has not yet been detected in space; however, studies suggest its potential 

formation from molecules identified in space. (Morales, et al., 2011) and (Sun, et al., 2014) 

demonstrated the possibility of pyridine formation through the reaction of cyano radical (CN) 

and 1,3-butadiene (C4H6) at low temperature. (Materese, et al., 2015) detected pyridine in 

residues after UV irradiation of a benzene-water-ammonia ice mixture, while benzene have 

been detected in the interstellar medium (Cernicharo, et al., 2001). Additionally, the presence 

of pyridine derivatives in carbonaceous chondrites discovered in Antarctica (Smith, et al., 2014) 

supports this hypothesis. Therefore, it is crucial to investigate the behaviour of pyridine under 

astrophysical conditions, specifically its radiolysis under different types of ionizing radiation, 

in order to predict its survivability and its interactions with other species, present in space. 

Several studies had been dedicated to pyridine radiolysis in the solid phase. During the 

experiment involving electron irradiation of pyridine-CO2 ice (McMurtry, et al., 2016), the 

same pyridinecarboxylic acids, including niacin, an essential human nutrient, were identified 

as those found in Murchison and Tagish Lake meteorites, as well as in CM2-type meteorites. 

Additionally, amorphous pure pyridine was irradiated at GANIL with CASIMIR with different 

heavy ions: 116 MeV U32+ (Muniz, 2017), 650 MeV 70Zn26+ and 90 keV 16O6+ (Bibang, et al., 

2021), (Bibang, 2021). They found that destruction cross section of pyridine (see section 

1.3.2.3) exhibits a power dependence on the electronic stopping power of the projectile, with 

power coefficient close to 1 (1,07), indicating that the dependence is nearly linear. Also (Muniz, 

2017) conducted time-of-flight measurements of the secondary cation emission while pure 

pyridine irradiated with 90 keV 16O6+. He found that the most abundant cation fragment is 

C5H5N+, followed by C4H4
+ (or C3H3N+), and then (Py)+

2. Additionally, (Bibang, et al., 2021) 

and (Bibang, 2021) studied the influence of the water matrix on pyridine destruction at low 

temperature. That found that the probability of pyridine destruction increases with a decrease 

in the pyridine concentration in the mixture, regardless of the projectile. The infrared spectrum 
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and corresponding band strengths of pyridine molecule were reported in (Hudson & Yarnall , 

2022). 

However, there are still unsolved problems. It is well established, that crystalline ice has 

been identified in various extraterrestrial environments (Jewitt & Luu, 2004), (Hansen & 

McCord, 2004), (Cable, et al., 2021). Therefore, it is necessary to determine whether the 

crystalline structure of water matrix and pyridine itself affect the radiolysis of pyridine.  It is 

also important to understand the influence of temperature on the radioresistance of pyridine. 

This chapter will serve as a continuation of the works (Muniz, 2017), (Bibang, 2021) 

and (Bibang, et al., 2021). We investigated the radiolysis of pure pyridine and pyridine-water 

mixtures with different initial structures (amorphous/crystalline), irradiated at different 

temperatures with heavy ions 396 MeV 36Ar17+, 626,4 MeV 58Ni26+, 61,3 MeV 84Kr15+ and 

90 keV 16O6+. Experiments were conducted at GANIL facility. 

3.1 Sample preparation 

Experiments with pyridine were carried out with both IGLIAS and CASIMIR. The 

procedure for preparing mixtures and depositing samples is similar for both setups. Pyridine is 

liquid at room temperature, and its vapour pressure, similar to that of water, is 25.6 mbar at 25 

˚C (Herington & Martin, 1953). The tubes containing liquid pyridine (Sigma-Aldrich, purity 

99.8%) and water were connected to the ramp. Subsequently, the liquids undergo multiple 

freeze-thaw cycles using liquid nitrogen, followed by pumping, to ensure the extraction of the 

volatile contaminants. 

A certain quantity of pyridine vapour from the tube was introduced into the ramp before 

the deposition. In the case of preparing a pyridine-water mixture, water was also introduced 

into the ramp. The pyridine-water ratio was set by pressure measurements (barocel) in the ramp. 

Deposition begins by opening a fine valve, when the deposition tube is at the closest position 

to the window (around 10 mm). The precise ratio of water to pyridine is determined using the 

IR spectrum of the deposited sample. 

To prepare amorphous samples, pyridine was deposited at low temperature of 10-15 K. 

At this temperature, molecules form a disordered amorphous structure when they condense at 

the window. Crystalline samples of pure pyridine were prepared at 130 K, since pyridine begins 

to crystallize above 120 K, and sublimation occurs above 160 K (Hudson & Yarnall , 2022). At 

higher temperature when molecules condense, they retain some energy to oscillate until they 

reach a position of minimum energy in relation to neighbouring molecules. Crystalline samples 

of pyridine – water mixtures were prepared when temperature of the sample holder was 150 K. 

The increase in temperature by 20 degrees is related to the fact that water has crystalline 

structure at 150 K (Kofman, et al., 2019). The time of deposition typically took from 5 to 40 

minutes, depending of the required sample thickness and pressure in the ramp.  
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Figure 3.2. Infrared spectrum of crystalline (red) and amorphous (black) pure pyridine. The 

spectra were acquired with CASIMIR setup at 15 K. 

It was reported in the literature that crystalline structure distinguishes itself from the 

amorphous one with sharpening and splitting of the peaks (Moore & Hudson, 1994), (Hudson 

& Yarnall , 2022). These changes in the IR spectrum are attributed to the geometric restrictions 

imposed on the molecules within the crystalline lattice (Timón, et al., 2021). In Figure 3.2 the 

IR spectra of amorphous and crystalline pure pyridine are presented. 
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Figure 3.3. IR spectra of amorphous samples. Pure pyridine – black line, Py:H2O (20% of 

pyridine) – blue line, Py:H2O (3% of pyridine) – red line. The spectra were obtained at 15 K 

with CASIMIR setup. 
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Figure 3.4. IR spectra of crystalline samples. Pure pyridine – black line, Py:H2O (25% of Py) 

– blue line, Py:H2O (20% of Py) –  green line, Py:H2O (5% of Py) – red line. The spectra 

were acquired with the IGLIAS setup at 150 K. 

Figure 3.3 displays infrared spectra of amorphous pyridine – water mixtures, with 

different pyridine concentrations, obtained at CASIMIR setup. Figure 3.4 displays infrared 

spectra of crystalline samples of pyridine – water mixtures obtained with IGLIAS. An important 

feature was observed during preparation of crystalline samples: pyridine forms a crystalline 

structure only at the concentrations in the mixture equal to or exceeding 25%. This can be 

discerned by comparing two lines in Figure 3.4 – green (20% of pyridine) and blue (25% of 

pyridine), the multiple peaks are still present in blue spectrum, but absent in green one. This 

phenomenon can be explained by the fact that crystalline clusters of pyridine cannot be formed 

at lower concentrations, as water molecules interfere with the pyridine crystalline lattice (Figure 

3.5a), disrupting its order and leading to the formation of an amorphous structure. (Feng, et al., 

2021) reported a computational study, where the authors showed that the pyridine molecule 

orients its nitrogen atom towards the water molecule (Figure 3.5b), leading to the formation of 

a hydrogen bond. The same phenomenon occurs with water, with concentrations of pyridine 

higher than 20% the sharp water band becomes smoother (Figure 3.4). 

Tables 3.1 and 3.2 present vibrational modes of amorphous/crystalline pyridine and 

water with corresponding band strengths (A-values) and assignments in the wavenumber range 

from 500 to 5000 cm-1. The density of amorphous pyridine is 0.781 g/cm3, while the density of 

crystalline pyridine is 1.149 g/cm3 (Hudson & Yarnall , 2022). The density of amorphous and 

crystalline water ice is 0.94 g/cm3 (Ghormley & Hochanadel , 1971) and 0.93 g/cm3 (Feistel & 

Wagner , 2006), respectively. 
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Figure 3.5. a) Crystal structure of pyridine, extracted from (Mootz & Wussow, 1981). 

b) Structure of a stable pyridine-water cluster (Pyridine)2(H2O)2, extracted from (Feng, et al., 

2021). 

 

Table 3.1. Peak positions of amorphous and crystalline pyridine with assignments and A-

values. Peaks indicated in bold values were used in the analysis. 

Wavenumber 

(amorphous)a, 

cm-1 

Amorphousa Wavenumber 

(crystalline)a, 

cm-1 

Crystallinea 

Assignmentb 

Integration 

range 

A-value, 10-18 

cm/molecule 

Integration 

range 

A-value, 10-18 

cm/molecule 

3026 3110-2970 5.05 3030 3100-2970 2.772 C-H stretch 

1582 1610-1558 5.46 1580 1585-1573 3.07 

C-C ring 

stretch 
1483 1500-1460 1.30 1480 1490-1446 1.86 

1438 1460-1400 7.47 1435 1446-1360 10.1 

1146 1173-1124 0.776 1142 1150-1125 0.552 C-H 

deformation 
1068 1086-1040 1.11 1065 1072-1040 1.35 

1031 1040-1025 1.19 1031 1040-1007 1.75 
trigonal ring 

breathing 

991 1007-982 1.27 991 997-981 1.76 ring breathing 

750 780-740 3.08 750, 754 765-726 4.02 ring twist 

705 740-690 8.84 712, 705 726-657 11.5 

C-H out-of-

plane 

deformation 

a - (Hudson & Yarnall , 2022), b - (McMurtry, et al., 2016) 
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Table 3.2. Peak positions of amorphous water with assignments and A-values (Gerakines, et 

al., 1995). The wavenumber indicated in bold was used in the analysis. 

Wavenumber, cm-1 Assignment A-value, 10-17 cm/molecule 

3280 O-H stretch 20.0 

1660 O-H bend 1.2 

760 libration 3.1 

 

3.2 Pure pyridine irradiations – effect of initial ice structure 

The amorphous and crystalline pure pyridine was irradiated with different projectiles at 

ARIBE and IRRSUD beamlines using IGLIAS and at SME beamline using CASIMIR. 

Amorphous samples were irradiated at 10 K and crystalline samples were irradiated at 10 and 

130 K.  The summary of the experimental parameters is presented in Table 3.3.  The column 

densities were calculated with eq. (2.6) using the band strengths presented in Table 3.1. The 

values, indicated in Table 3.3 are the average values, calculated for four pyridine bands: 1030, 

1068, 1438 and 1483 cm-1. These peaks were selected to facilitate comparison of the results, as 

they have been used in other studies (Muniz, 2017) and (Bibang, 2021). Additionally, they are 

convenient for the analysis in the case of pyridine-water mixtures because they do not overlap 

with the water peaks. The thicknesses were calculated using eq. (2.7). Stopping powers and 

penetration depths were calculated with the SRIM code (Ziegler, et al., 2010). 

Table 3.3. Pure pyridine irradiations. 

Ion 
Setup/ 

beamline 

Tdep, 

K 

Tirr, 

K 

Se, 

keV/µm 

Sn, 

keV/µm 

Penetration 

depth, µm 

Column 

density 

(1017 cm-2) 

Initial 

thickness, 

µm 

396 MeV 
36Ar17+ 

CASIMIR/ 

SME 

15 15 978.7 0.54 284.7 33.8 5.69 

130 15 1440 0.78 193.5 35.5 4.07 

626,4 MeV 
58Ni26+ 

15 15 1950 1.14 246.1 48.5 8.18 

130 15 2869 1.68 167.3 26.9 3.08 

130 130 2869 1.68 167.3 32.5 3.72 

61,3 MeV 
84Kr15+ 

IGLIAS/ 

IRRSUD 

10 10 4538 18.3 24.4 7.7 1.30 

130 10 6677 26.9 16.4 19.8 2.26 

130 130 6677 26.9 16.4 33.6 3.84 

In all experiments, penetration depth is significantly greater than the sample thickness. 

Hence, deceleration primarily occurs due to the electronic stopping power. We can also assume 

that the energy of the ion remains nearly constant throughout the entire path within the material.  

3.2.1 Results on amorphous samples irradiation 

Amorphous pyridine samples were deposited and irradiated at the same temperature 

10 K (Figure 3.6). The radiolysis of pyridine was examined through modifications in the 

infrared spectrum. The destruction of pyridine was assessed by monitoring the evolution of four 
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pyridine bands: 1030, 1068, 1438 and 1483 cm-1, which were also used for the column density 

calculations. 

The evolution of column density of amorphous pyridine as a function of ion fluence is 

fitted using the following formula (Mejía, et al., 2015): 

𝑁(𝐹) = 𝑁0𝑒−𝜎𝑑𝐹 − (𝑁0 − 𝑁𝑝)𝑒−(𝜎𝑐+𝜎𝑑)𝐹.   eq. (3.1) 

The first term of eq. (3.1) is a solution of 
𝑑𝑁

𝑑𝐹
= −𝜎𝑑𝐹, where 𝜎𝑑 is destruction cross section, as 

was mentioned at the Chapter 2. The second term of eq. (3.1) is stands for the compaction. 

Compaction is characterized by an increase in the peak area at the beginning of the irradiation. 

𝜎𝑐 is a compaction cross section; 𝑁𝑝 is the column density of the porous ice (before irradiation) 

and 𝑁0 is the column density of compacted ice (when peak area is maximum). Without 

compaction occurring, 𝑁0 = 𝑁𝑝. Figure 3.7 presents best fits of the column density evolution 

of amorphous pyridine irradiated with 396 MeV 36Ar17+ by using eq. (3.1). The vertical error 

bars represent the uncertainty in the A-value arising from the changes of the sample density 

during the irradiation, and are estimated to be around 20%. The horizontal error bars are 

estimated to be around 10%, attributed to the uncertainties in the flux calculation. 
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Figure 3.6. Infrared spectra of unirradiated amorphous pure pyridine (black line) and 

irradiated (red line) at low temperature with final fluence a) 1.2‧1013 ions/cm2 with 

396 MeV 36Ar17+, b) 5‧1012 ions/cm2 with 626.4 MeV 58Ni26+, c) 8‧1012 ions/cm2 with 84Kr15+. 
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Figure 3.7. Fitting of column density evolution as a function of the projectile fluence for 

pyridine irradiated with 396 MeV 36Ar17+. 

Table 3.4 presents results on destruction cross section of amorphous pyridine, irradiated 

with different ions for four bands. It includes the average value across four bands, along with 

the standard deviation, calculated as 𝑆𝐷 = √Σ|𝜎𝑑
𝑖 −average|2

4
, which represent around 15% of the 

value. Additionally, the table includes results from previous studies (Bibang, 2021) and (Muniz, 

2017). 

Table 3.4. Destruction cross section of amorphous pyridine, irradiated with different ions. 

Ion 
Destruction cross section, cm2 

1030 cm-1 1068 cm-1 1438 cm-1 1483 cm-1 Average ± SD 

396 MeV 36Ar17+ 4.89‧10-14 5.85‧10-14 5.28‧10-14 6.80‧10-14 5.71 ± 0.83‧10-14 

626,4 MeV 58Ni26+ 1.44‧10-13 1.21‧10-13 1.00‧10-13 1.63‧10-13 1.32 ± 0.27‧10-13 

61,3 MeV 84Kr15+ 2.56‧10-13 2.23‧10-13 2.47‧10-13 2.96‧10-13 2.56 ± 0.30‧10-13 

90 keV 16O6+     5.52‧10-15a 

 650 MeV 65Zn26+     1.14‧10-13a 

116 MeV 238U32+     6.50‧10-13b 

a - (Bibang, 2021) , b – (Muniz, 2017) 

Table 3.5 presents the results on the compaction dose and compaction cross section of 

pyridine, calculated for different bands, along with the average values. The compaction dose 

was determined as an average dose across four peaks, as the maximum peak area for different 

peaks corresponds to different doses. It should be noted that the error bars for the compaction 
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dose are quite large, as the measurements were taken discretely with a step size of around 

0.3 eV/molecule. It can also be observed from Table 3.5 that the compaction cross section for 

different projectiles does not change significantly. 

In the previous works (Dartois, et al., 2013) and (Mejía, et al., 2015) authors investigated 

compaction of porous water ice induced by ion irradiation by tracing the evolution of OH-

dangling bonds, which are present for the porous water ice. They concluded that compaction 

rate is directly proportional to the stopping power of the projectile. The compaction of water 

occurs at deposited dose around 0.17-0.24 eV/molecule. Considering that the average value for 

the compaction of pyridine over three projectiles from Table 3.5 is 0.46, it can be concluded 

that in space the compaction of pyridine takes two times longer than compaction of water. This 

difference in dose can be attributed to the different sizes of the molecules. Since pyridine 

molecule is significantly larger than water molecule, more energy is required to reorganize the 

structure of the sample. 

Table 3.5. Compaction dose and cross section of amorphous pyridine irradiated with different 

ions. 

Ion 

Stopping 

power, 

keV/µm 

Compaction 

dose, 

eV/molecule 

Compaction cross section, 10-11 cm2 

1030 cm-1 1068 cm-1 1438 cm-1 1483 cm-1 
Average ± 

SD 

396 MeV 
36Ar17+ 

979.2 0.33 6.03 1.45 8.92 4.14 5.13 ± 3.15 

626,4 MeV 
58Ni26+ 

1951.1 0.42 1.87 1.58 10.97 4.93 4.84 ± 4.36 

61,3 MeV 
84Kr15+ 

4556.3 0.59 - 4.96 6.53 7.18 6.22 ± 1.14 

The main objective of our experiments is to predict the molecule's survivability in space. 

Since it is impossible to conduct experiments with all the ions present in space, it is necessary 

to identify the pattern of pyridine degradation based on the properties of the projectiles. The 

main characteristic that influences the level of destruction is the energy of the particle, related 

particularly to the electronic stopping power. The destruction cross section of molecular ice as 

a function of electronic stopping power of the projectile obeys a power law (De Barros, et al., 

2012), (Andrade, et al., 2013), (Costa, et al., 2020): 

𝜎𝑑 = 𝐶𝑆𝑒
𝑛.     eq. (3.2) 

For amorphous pyridine the values C and n are equal to 5.79‧10-17 [
10−10

𝑘𝑒𝑉
] and 0.98±0.13, 

respectively (Figure 3.8). The power coefficient value obtained in this study differs from that 

reported by (Bibang, et al., 2021). This difference is attributed to the increased number of 

projectiles used in our experiments, which resulted in a more constrained value. The obtained 

value is in good agreement with the literature (Rothard, et al., 2017). Power coefficient close to 

1.0 (linear dependence) have been observed for CO2 (Mejía, et al., 2015) and more complex 

species such as thymine (Mejía, et al., 2023) and valine (Costa, et al., 2020).  
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Figure 3.8. Destruction cross section as a function of electronic stopping power for pure 

pyridine irradiated with different ion beams: 90 keV O6+, 396 MeV Ar17+, 626.4 MeV Ni26+, 

650 MeV Zn26+, 60 MeV Kr15+, 116 MeV U32+. 

Figure 3.9 illustrates the normalized area A/A0 as a function of deposited dose for 

amorphous pyridine for two bands, 1438 and 1030 cm-1. The local dose, calculated using the 

eq. (2.8), is considered as a key parameter (Costa, et al., 2020), (Muniz, 2017), the evolution of 

the sample under ion bombardment depends on the deposited energy. In Figure 3.9, it is 

observed that the degradation of pyridine as a function of deposited dose follows a consistent 

trend across different projectiles, despite only heavy ions being employed in pyridine 

experiments. In the next chapter about pyrene, we will address this issue in detail; in particular 

we will see that local dose is not a key parameter for less ionizing projectiles (H and He). To 

gain a better understanding of pyridine radiolysis under ion irradiation, it will be necessary to 

conduct experiments with lighter ions in the future. 
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Figure 3.9. 1438 cm-1 peak area normalized to the initial area as a function of deposited dose 

for amorphous pyridine irradiated with different projectiles. 
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3.2.2 Results on crystalline samples irradiation 

Crystalline samples of pure pyridine were deposited at 130 K and irradiated at different 

temperatures, 10 K and 130 K, as outlined in Table 3.3. Infrared spectra of crystalline pyridine 

before and after irradiation are presented in Figure 3.10. The irradiation process induces three 

primary processes in the crystalline pyridine samples: the destruction of the molecules forming 

the crystalline structure, the transition from crystalline to an amorphous phase (amorphization) 

and the destruction of the molecules forming the amorphous structure. This can be described 

by the following equations: 

𝑑𝑁𝑐𝑟

𝑑𝐹
= −𝜎𝑑

𝑐𝑟𝑁𝑐𝑟 − 𝜎𝑎𝑁𝑐𝑟,     eq. (3.2) 

𝑑𝑁𝑎𝑚

𝑑𝐹
= −𝜎𝑑

𝑎𝑚𝑁𝑎𝑚 + 𝜎𝑎𝑁𝑐𝑟,     eq. (3.3) 

where 𝑁𝑐𝑟 is the number of molecules forming the crystalline structure per cm2, 𝑁𝑎𝑚 is the 

number of molecules forming the amorphous structure per cm2, so the total column density 𝑁 =

𝑁𝑎𝑚 + 𝑁𝑐𝑟. 𝜎𝑑
𝑐𝑟 is the destruction cross section of the molecules forming the crystalline 

structure, 𝜎𝑑
𝑎𝑚 is the destruction cross section of the molecules forming the amorphous structure 

and 𝜎𝑎 is the amorphization cross section. There is no compaction observed for crystalline 

samples. 

As previously discussed, the crystalline structure distinguishes itself from the 

amorphous one in the infrared spectrum by exhibiting multiple sharp peaks rather than a single 

broad peak. In Figure 3.11 the evolution of the pyridine bands under irradiation with various 

projectiles is depicted. It is evident from the Figure 3.11 that the initially crystalline structure 

transforms into an amorphous state for all of the projectiles used. 
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Figure 3.10. Infrared spectra of pure crystalline pyridine (black line) and irradiated (red line) 

to final fluence a) 1.7‧1013 ions/cm2 with 396 MeV 36Ar17+ at 15K, b) 9‧1012 ions/cm2 with 

626.4 MeV 58Ni26+ at 130 K, c) 8‧1012 ions/cm2 with 84Kr15+ at 10K. 

During irradiation, the crystalline structure of pyridine undergoes degradation through 

two processes: amorphization and destruction. Using only IR spectrometry, it is impossible to 

differentiate between these two processes. Additionally, it is challenging to accurately 

determine the ratio of the remaining crystalline to the appearing amorphous fraction. 

Fortunately, in the case of pyridine, there is one band, which is present only for the crystalline 

material – 1354 cm- 1 (range 1360-1340 cm-1) with A-value 0.388‧10-18 cm/molecule (Hudson 

& Yarnall , 2022). Following the evolution of this band we can determine 𝜎𝑎 + 𝜎𝑑
𝑐𝑟 (Figure 

3.12).  
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Figure 3.11. 1068 and 1438 cm-1 pyridine band evolution under irradiation with a) 

396 MeV 36Ar17+, b) 626.4 MeV 58Ni26+, c) 61.3 MeV 84Kr15+ at low temperature. The red line 

is the first spectrum of fully amorphous sample. 

Additionally, it is possible to estimate the cross section 𝜎𝑑
𝑐𝑟. As discussed earlier the 

destruction cross section increase with electronic stopping power obeys a power law, with the 

power coefficient for pyridine equal to 0.98: 𝜎𝑑~𝑆𝑒
0,98. In our experiments, ions are in the 

Bethe-Bloch regime (Section 1.3.1), when electronic stopping power is directly proportional to 

the target density 𝑆𝑒~𝜌. The density ratio of crystalline pyridine to amorphous 
𝜌𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝜌𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
 is 

1.47. Thus, the destruction cross section of crystalline pyridine should be around 1.46 times 

higher than destruction cross section of amorphous pyridine: (
𝜎𝑑

𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝜎𝑑
𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) = (

𝜌𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝜌𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
)

0.98

=

1.470.98 = 1.46. For example, the destruction cross section for a 396 MeV 36Ar17+ in 

amorphous pyridine is 4.76‧10-14 cm2, and in crystalline pyridine, it is 6.94‧10-14 cm2 (Table 

3.6). 
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Table 3.6 presents results on pure pyridine irradiations. The destruction cross sections 

of the amorphous phase σd
am for crystalline samples were calculated when full amorphization 

of samples was reached. The column σd
am of Table 3.6 indicates the average value obtained for 

four bands (1030, 1068, 1438, 1483 cm-1) for both crystalline and amorphous samples. It should 

be noted that the values for σd
am are close to each other for different initial structures. Therefore, 

it can be concluded that after amorphization, the crystalline samples behave similarly to the 

samples, initially already being amorphous. Amorphization cross sections 𝜎𝑎 were calculated 

as a difference between 𝜎𝑑
𝑐𝑟 + 𝜎𝑎, obtained from 1354 cm-1 band and σd

cr, which is equal to 

1.46‧σd
am.  
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Figure 3.12. Evolution of the infrared spectra of crystalline pyridine during irradiation with 

626.4 MeV 58Ni26+ in the range 1335-1460 cm-1 and the fitting of the column density evolution 

of 1354 cm-1 crystalline band. 

Table 3.6. Destruction and amorphization cross sections, amorphization fluences and doses 

obtained during experiments with pure pyridine irradiation. 

Ion 

Initial 

structure 

of 

pyridine 

Tirr 

Amorphization 

fluence, 

ions/cm2 

Amorphization 

dose, 

eV/molecule 

𝝈𝒅
𝒂𝒎, cm2 

average over 4 

bands 

𝛔𝐝
𝐜𝐫 =

𝟏, 𝟒𝟔‧𝛔𝐝
𝐚𝐦, 

cm2 

𝝈𝒅
𝒄𝒓 + 𝝈𝒂, cm2 

obtained from 

1354 cm-1 band 

𝝈𝒂, cm2 

396 

MeV 
36Ar17+ 

cr 15K 5‧1012 7.7 4.76 ± 0.21‧10-14 6.95‧10-14 8.65‧10-13 7.96‧10-13 

am 15K   5.71± 0.83‧10-14    

626,4 

MeV 
58Ni26+ 

cr 15K 2.8‧1012 9.2 9.57 ± 1.69‧10-14 1.39‧10-13 1.36‧10-12 - 

cr 130K 5.5‧1012 18.1 7.06 ± 2.23‧10-14 1.03‧10-13 0.53‧10-12 0.43‧10-12 

am 15K   13.2 ± 2.71‧10-14    

61,3 

MeV 
84Kr15+ 

cr 10K 1.0‧1012 7.6 2.08 ± 0.13‧10-13 3.04‧10-13 5.91‧10-12 5.61‧10-12 

cr 130K 1.4‧1012 10.7 2.52 ± 0.25‧10-13 3.68‧10-13 2.38‧10-12 2.01‧10-12 

am 15K   2.56 ± 0.30‧10-13    
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By comparing the data from columns “amorphization dose” and “σa,” in Table 3.6, it can be 

concluded that amorphization occurs more rapidly at lower temperatures 10-15 K, than at high 

temperature 130 K. A similar result was obtained in previous studies dedicated to ion-induced 

amorphization of water ice (Dartois, et al., 2015), (Famá , et al., 2010). They reported an 

increase in the amorphization dose with an increase in irradiation temperature. (Famá , et al., 

2010) attributed this effect to the alternation in the specific heat of the ice with temperature.   

(Dartois, et al., 2015) reported that the amorphization dose for water ice irradiated with 

four different heavy ions – 3640 MeV Ni26+, 19.6 MeV Ne6+, 46 MeV Ni11+ and 81 MeV Ta24+ 

– at temperatures 13-15 K, is approximately 0.82 eV/molecule. For pyridine ice, the 

amorphization dose at 10-15 K across three projectiles, indicated in Table 3.6, is 

8.2 eV/molecules, which is ten times higher than for water. This can be explained by the fact 

that the pyridine molecule is larger in size, and thus it requires more energy to dislodge all the 

atoms from the crystal lattice. 

We conducted experiments on the irradiation of amorphous pyridine in addition to the 

previous works (Bibang, et al., 2021), (Muniz, 2017), and refined the value of the power 

coefficient for the destruction cross section dependence on the electronic stopping power of the 

ion. The obtained coefficient will be used in Chapter 6 to calculate the half-life time of pyridine 

in dense clouds. Additionally, we obtained values for the compaction cross section of pyridine 

and found that pyridine compaction requires twice the dose compared to water compaction. We 

also showed that the destruction cross section for crystalline pyridine is higher than for 

amorphous pyridine, due to the higher density of the crystalline structure. Furthermore, we 

assessed the amorphization dose for crystalline pyridine and showed that at high temperatures, 

the amorpization requires more energy. 

3.3 Pyridine-water mixtures irradiation 

Pyridine-water mixtures were prepared and irradiated at different temperatures with 

three different ions: 626.4 MeV 58Ni26+, 60 MeV 84Kr15+ and 90 keV 16O6+. Table 3.7 

summarizes experimental parameters. The column density of water was calculated for the 

3280 cm- 1 band. The percentage of pyridine in the mixture is the ratio of column densities 

Npyridine/(Nwater+Npyridine). Our goal was to investigate whether the destruction rate of pyridine 

changes in the presence of a water matrix and if it depends on pyridine concentration in the 

mixture. 

As discussed above, when the concentration of pyridine in the mixture with water is low 

(less than 25%), the crystalline structure of pyridine is not observed. Therefore, the crystalline 

structure of pyridine was observed only in one case in the present experiment. It was mixture 

with 25% of pyridine, irradiated with 61.3 MeV 84Kr15+ at 150 K (highlighted with * in Table 

3.7). 
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Table. 3.7. Experimental parameters of pyridine-water irradiations. 

Energy/Ion 

Percentage 

of pyridine, 

% 

Tdep, 

K 

Tirr, 

K 

Stopping power, 

keV/µm Penetration 

depth, µm 

Column density, 

1017 cm-2 

Initial 

thickness 

of the 

sample, 

µm 
Electronic Nuclear Pyridine Water 

626,4 MeV 
58Ni26+ 

(March 

2023) 

CASIMIR/

SME 

1.5 

15 15 

2528 1.51 195.36 0.28 19.4 0.67 

20 2360 1.39 206.38 10.3 40.9 3.04 

100 1950 1.14 246.07 48.5 - 8.18 

8 150 
15 

2434 1.45 201.63 3.29 39.2 1.82 

100 130 2869 1.68 167.3 26.9 - 3.08 

9 150 150 2424 1.44 202.25 2.48 25.3 1.23 

100 130 130 2869 1.68 167.3 32.5 - 3.72 

61,3 MeV 
84Kr15+ 

(May 

 2022) 

IGLIAS/ 

IRRSUD 

9 

10 10 

5523 23.7 20.6 6.0 60.7 2.97 

12 5479 23.4 20.6 8.0 54.1 2.94 

55 4971 20.7 22.1 37.5 30.8 7.29 

100 4524 18.7 24.1 7.7 - 1.30 

5 
150 

10 

5532 23.9 20.7 2.8 40.3 1.77 

20 5322 22.6 21.1 17.8 66.6 5.15 

100 130 6677 26.9 16.4 19.8 - 2.26 

5 

150 150 

5532 23.9 20.7 2.9 41.1 1.82 

15 5385 22.9 20.9 7.7 48.8 2.87 

25* 5804 24.5 19.2 10.7 30.6 2.21 

100 130 130 6677 26.9 16.4 33.6 - 3.84 

90 keV 
16O6+ 

(October 

2021) 

IGLIAS/ 

ARIBE 

1 

8 8 

130.0 58.1 0.43 0.4 41.8 1.40 

3 135.1 57.6 0.42 1.5 44.7 1.68 

25 158.8 54.4 0.40 8.9 28.4 2.31 

1 
150 8 

128.6 57.5 0.43 0.3 38.3 1.29 

3 133.7 57.0 0.43 1.3 34.7 1.34 

1 
150 150 

128.6 57.5 0.43 0.5 41.1 1.41 

20 157.4 53.9 0.41 7.4 28.9 2.21 

1 
100 100 

130.0 58.1 0.43 0.6 50.8 1.73 

20 158.8 54.4 0.40 9.5 35.6 2.64 

Figure 3.13 presents examples of pyridine-water mixtures before and after irradiation 

with various projectiles, deposited and irradiated at different temperatures. 
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Figure 3.13. Infrared spectra of pyridine-water mixtures before (black line) irradiation and at 

final fluence (red line). a) 1,5% of pyridine deposited at 15K and irradiated at 15K with 

626.4 MeV 58Ni26+; b) 5% of pyridine deposited at 150K and irradiated at 150K with 

61.3 MeV 84Kr15+; c) 20% of pyridine deposited at 150K and irradiated at 8K with 

90 keV 16O6+. 

A best fit of eq. (3.1) of the column density evolution as a function of ion fluence was 

performed as shown in Figure 3.14. Note that the second term, which stands for the compaction 

was removed as there is no significant compaction observed for pyridine in mixtures with water. 

In the case of the O projectile, the ions were implanted inside the sample, as the projected range 

is smaller than sample thickness. Since part of the sample remained unirradiated, the final 

equation includes an additional term N2 – number of unirradiated molecules: 
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𝑁 (𝐹) = 𝑁0𝑒−𝜎𝑑𝐹 + 𝑁2.    eq. (3.4) 

The examples of the 1438 cm-1 band best fits are presented in Figure 3.14. 
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Figure 3.14. Examples of normalized 1438 cm-1 peak area fitting in pyridine-water mixtures 

as a function of ion fluence a) for Ni (8% of pyridine) and Kr (5% of pyridine) ion beams and 

b) for O (1-25% of pyridine) ion beam. 
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Figure 3.15. Destruction cross section of amorphous pyridine in pyridine-water mixtures, 

irradiated with 626 MeV 58Ni26+ and 650 MeV 65Zn26+. 
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Figure 3.16. Destruction cross section of amorphous pyridine in pyridine-water mixtures, 

irradiated with 60 MeV 84Kr15+. 
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Figure 3.17. Destruction cross section of amorphous pyridine in pyridine-water mixtures, 

irradiated with 90 keV 16O6+. 

The results on destruction cross sections of pyridine as a function of pyridine 

concentration in the mixtures are presented in Figures 3.15-3.17 and Table 3.8 for different ion 

beams. The error bars in the figures represent standard deviation. In the case of crystalline 
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samples, the value σd
am is indicated, which means the destruction cross section of amorphous 

pyridine after amorphization was complete. Figures 3.15 and 3.17 also present data from 

previous work (Bibang, 2021) on pyridine-water irradiations. 

Table 3.8. Destruction cross section of amorphous pyridine during pyridine-water mixtures 

irradiation. 

Energy/Ion 
Percentage of 

pyridine, % 

Tdep, 

K 

Tirr, 

K 

Destruction cross section, cm2 

1030 cm-1 1068 cm-1 1438 cm-1 1483 cm-1 Mean ± SD 

626,4 MeV 
58Ni26+ 

(March 

2023) 

1.5 

15 15 

2.31‧10-13  2.56‧10-13  2.44 ± 0.18‧10-13 

20 1.49‧10-13 1.61‧10-13 1.32‧10-13  1.47 ± 0.15‧10-13 

100 1.44‧10-13 1.19‧10-13 0.86‧10-13 1.60‧10-13 1.27 ± 0.32‧10-13 

8 150 
15 

1.51‧10-13 1.68‧10-13 1.53‧10-13  1.57 ± 0.09‧10-13 

100 130 0.89‧10-13 0.77‧10-13 1.00‧10-13 1.16‧10-13 0.96 ± 0.17‧10-13 

9 150 150 1.07‧10-13 1.24‧10-13 1.02‧10-13  1.11 ± 0.11‧10-13 

100 130 130 0.79‧10-13 0.98‧10-13 0.55‧10-13 0.49‧10-13 0.71 ± 0.22‧10-13 

61,3 MeV 
84Kr15+ 

(May 

2022) 

9 

10 10 

4.29‧10-13 3.88‧10-13 4.35‧10-13  4.17 ± 0.26‧10-13 

12 3.88‧10-13 4.39‧10-13 3.05‧10-13  3.77 ± 0.68‧10-13 

55 3.60‧10-13 3.43‧10-13 3.75‧10-13 4.43‧10-13 3.80 ± 0.44‧10-13 

100 2.56‧10-13 2.23‧10-13 2.47‧10-13 2.96‧10-13 2.56 ± 0.30‧10-13 

5 
150 

10 

4.23‧10-13 4.01‧10-13 4.05‧10-13  4.09 ± 0.12‧10-13 

20 2.59‧10-13 2.41‧10-13 2.59‧10-13  2.53 ± 0.10‧10-13 

100 130 2.08‧10-13 2.07‧10-13 1.91‧10-13 2.24‧10-13 2.08 ± 0.13‧10-13 

5 

150 150 

5.52‧10-13  5.79‧10-13  5.66 ± 0.19‧10-13 

15 4.17‧10-13 4.05‧10-13 3.22‧10-13  3.81 ± 0.52‧10-13 

25* 3.98‧10-13 3.64‧10-13 3.99‧10-13 3.74‧10-13 3.84 ± 0.17‧10-13 

100 130 130 3.01‧10-13 2.41‧10-13 2.26‧10-13 2.93‧10-13 2.65 ± 0.37‧10-13 

90 keV 
16O6+ 

(October 

2021) 

1 

8 8 

9.86‧10-15  8.13‧10-15  8.99 ± 1.23‧10-15 

3  3.00‧10-15 7.06‧10-15  5.03 ± 2.87‧10-15 

25  5.35‧10-15 4.30‧10-15 4.05‧10-15 4.57 ± 0.69‧10-15 

1 
150 8 

11.22‧10-15  9.29‧10-15  10.25 ± 1.36‧10-15 

3 4.45‧10-15  6.98‧10-15 1.97‧10-15 4.46 ± 2.51‧10-15 

1 
150 150 

11.89‧10-15  9.98‧10-15  10.94 ± 1.35‧10-15 

20  3.74‧10-15 3.64‧10-15 4.41‧10-15 3.93 ± 0.42‧10-15 

1 
100 100 

14.14‧10-15  13.70‧10-15  13.92 ± 0.31‧10-15 

20  3.34‧10-15 2.79‧10-15 3.30‧10-15 3.14 ± 0.31‧10-15 

In all cases, an increase in destruction cross section at low concentrations of pyridine in 

the water is observed. This result confirms the findings of the previous study at low temperature 

of 15 K (Bibang, 2021), conducted within the same research group on pyridine-water radiolysis. 

The discussion concerning this phenomenon will be provided in the next chapter. As for the 

influence of irradiation temperature on pyridine destruction, no significant effect has been 

observed. 

Table 3.9 presents a comparison of amorphization and destruction parameters of 

crystalline samples of pure pyridine and pyridine-water mixture (25% of pyridine). As 

mentioned earlier, the value σd
am is higher for pyridine, trapped in the water matrix (3.84‧10-13 

cm2), than for the pure pyridine (2.52‧10-13 cm2). σd
cr + σam is 2 times higher for pure pyridine 

(2.38‧10- 12 cm2) than for the mixture (1.12‧10- 12 cm2), which leads to the conclusion that 
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amorphization occurs four times faster for pure pyridine compared to the mixture. It should also 

be noted that the 20 K difference in irradiation temperature could have affected the values of 

the amorphization dose. For a more accurate comparison, additional experiments at the same 

irradiation temperature are needed. 

Table 3.9. Destruction and amorphization cross sections, amorphization fluences and doses 

obtained during irradiation of crystalline pure pyridine and crystalline pyridine-water mixture 

(25% of pyridine) with 61.3 MeV 84Kr15+. 

 Tirr 

Amorphization 

fluence, 

ions/cm2 

Amorphization 

dose, 

eV/molecule 

𝝈𝒅
𝒂𝒎, cm2 

average over 4 

bands 

𝛔𝐝
𝐜𝐫 =

𝟏, 𝟒𝟔‧𝛔𝐝
𝐚𝐦, 

cm2 

𝝈𝒅
𝒄𝒓 + 𝝈𝒂𝒎, cm-

1 obtained from 

1354 cm-1 band 

𝝈𝒂𝒎, cm2 

Pure 

pyridine 
130K 1.4‧1012 10.7 2.52 ± 0.25‧10-13 3.68‧10-13 2.38‧10-12 2.01‧10-12 

25% of 

pyridine 
150K 7‧1011 2.2 3.84 ± 0.15‧10-13 5.61‧10-13 1.12‧10-12 0.56‧10-12 

3.4 New molecules formation 

The new molecules formed during irradiation of pure pyridine with different projectiles 

are similar regardless the deposition and irradiation temperature of the sample. In the case of 

pyridine-water mixtures, the same molecules that formed during the irradiation of pure pyridine 

are present, along with the addition of some oxygen-containing compounds. In addition, in the 

case of mixtures, the variety of newly formed molecules remains constant irrespective to the 

deposition or irradiation temperature. Figure 3.18 presents new bands arising from the 

irradiations. In the wavenumber range from 2340 to 2050 cm-1, many new compounds emerge, 

predominantly containing nitrogen in their composition. Additionally, there is a noticeable 

emergence of new molecules in the range of 3135-3286 cm-1.  
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Figure 3.18. New bands arising after irradiation of a) pure crystalline pyridine with 6‧1012 

ions/cm2 of 626.4 MeV 58Ni26+; b) amorphous pyridine-water mixture (12% of pyridine) with 

8‧1012 ions/cm2 of 60 MeV 84Kr15+. 
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Table 3.10. Wavenumbers, assignments and band strengths of new species arising from 

irradiations. 

Wavenumber, cm-1 Assignment A-value, 

cm/molecule 

Reference 

pure C5H5N C5H5N+H2O 

 756 unidentified   

999  CH3NH2
  (Van Broekhuizen , et al., 2004) 

1230 1235 unidentified   

1300 1300 CH4 1.04‧10-17 (Gerakines & Hudson, 2015) 

1413  CH3CH=NH  (Danger, et al., 2011) 

 1641 CH2NH  (Van Broekhuizen , et al., 2004) 

 1668 CH3CH2NH3
+  (Danger, et al., 2011) 

 1691 HCONH2 3.3‧10-17 (Van Broekhuizen , et al., 2004) 

1947 1951 H2CNH  (Gerakines, et al., 2004) 

1994  unidentified   

 2031 unidentified   

2061 2066 CH2=C=NH  (Danger, et al., 2011) 

2086 2084 CN–  (Gerakines, et al., 2004) 

2127 2127 CH3–
15NC(?)  (Danger, et al., 2011) 

 2133 CO 1.1‧10-17 (Gerakines, et al., 1995) 

2164 2166 OCN– 1.3‧10-16 (Van Broekhuizen , et al., 2004) 

2188  unidentified   

2219 2230 CH3C≡15N(?)  (Danger, et al., 2011) 

2254  CH3C≡N  (Danger, et al., 2011) 

2254 2260 HNCO 7.2‧10-17 (Van Broekhuizen , et al., 2004) 

2296  unidentified   

2339 

(contaminant) 
2339 CO2 7.6‧10-17 (Gerakines, et al., 1995) 

2363  unidentified   

2830  unidentified   

2912  unidentified   

2973  unidentified   

3135  HCN 7.4‧10-17 (Gerakines, et al., 2022) 

3220 3225 unidentified   

3286 3280 CH3NH2
  (Theulé, et al., 2011) 

Nevertheless, infrared spectroscopy is not the best technique for new molecule 

identification in the case of complex organic species. Since new peaks appearing during 

irradiation have weak intensities, they also overlap with larger peaks of the parent molecules, 

and peak positions can also shift depending on the surrounding matrix. However, some new 

compounds were identified with high certainty. Table 3.10 presents the major peaks and their 

assignments. A question mark placed near some assignments indicates uncertainty, as these 

assignments involve molecules containing the nitrogen isotope 15N, whose presence makes their 

formation unlikely.  

Assessing the column density of new compounds is challenging due to the overlapping 

of bands. Therefore, here we will provide only the evolution of CO2 molecule for mixtures, 
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irradiated with 60 MeV 84Kr16+ (Figure 3.19) and the evolution of CO and CO2 molecules for 

mixtures irradiated with 90 keV 16O6+ (Figure 3.20). In other cases, the CO and/or CO2 bands 

overlap with bands of other new formed compounds.  

However, in the case of CO and CO2, it should be noted that the evaporation temperature 

is low. Therefore, the data presented in Figures 3.19-20 in some cases only considers molecules 

trapped within the matrix. As the pressure in the vacuum chamber is around 10-9 mbar, thus, 

the sublimation temperatures of CO and CO2 molecules are approximately 25 and 70K, 

respectively. The sublimation temperature for CO2 was directly taken from the work (Fray & 

Schmitt, 2009), while the one for the CO molecule was calculated, based on the polynomial 

coefficients presented in the same work. Therefore, at high temperatures (100-150K), in the 

infrared spectrum we observe only those molecules, which are trapped in the matrix. 
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Figure 3.19. CO2 evolution during pyridine-water mixtures irradiation with 60 MeV 84Kr16+. 

Mixtures were deposited and irradiated at a) 10K, 10K; b) 150K, 10K; c) 150K, 150K 

respectively. 
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Figure 3.20. CO (a) and  CO2 (b) molecule evolution during irradiation of pyridine-water 

mixtures with 90 keV 16O6+ at different pyridine concentration and temperatures of 

deposition/irradiation. Different colours correspond to different pyridine concentrations: 1% 

(red), 3% (black), 20% (blue), 25% (cyan). 

The evolution of new species is well described by the equation (De Barros, et al., 2016): 

𝑁𝑗(𝐹)

𝑁<𝑖,0
= (𝜎𝑓𝑗𝐹) [1 −

1

2
𝜎𝑑

𝑒𝑓𝑓
𝐹],    eq. (3.5) 
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where 𝑁𝑗 is column density of daughter molecule j, 𝑁<𝑖,0 is initial column density of the 

minority parent molecule, 𝜎𝑓𝑗 is formation cross section of daughter molecule j, respectively 

and 𝜎𝑑
𝑒𝑓𝑓

= 𝜎𝑑,𝑖 + 𝜎𝑑,𝑗 is effective destruction cross section. Since at the beginning of 

irradiation destruction of daughter molecules is negligible, the formation cross sections, 

presented in the Table 3.11 and 3.12 were obtained from the slope for four and five first points 

(Figure 3.18, 3.19), respectively. 

Table 3.11. Formation cross section of CO2 molecule during irradiation of pyridine-water 

mixtures with 60 MeV 84Kr16+.  

Pyridine 

concentration, % 
Tdep Tirr 𝝈𝒇 of CO2, 10-14 cm2 

9 

10 10 

22,82 

12 1,38 

55 0,068 

5 
150 10 

4,03 

20 0,62 

5 

150 150 

7,58 

15 2,06 

25* 0,67 

Table 3.12. Formation cross section of CO and CO2 during pyridine-water mixtures irradiation 

with 90 keV 16O6+. 

Pyridine concentration, % Tdep Tirr 

Formation cross section, 10-17 cm2 

CO CO2 

1 

8 8 

122,09 153,06 

3 51,37 56,25 

25 25,42 2,48 

1 
150 8 

110,96 35,34 

3 47,29 32,43 

1 
150 150 

- 110,53 

20 0,41 0,53 

1 
100 100 

19,69 93,01 

20 7,24 2,37 

Tables 3.11 and 3.12 show that the formation cross sections for CO and CO2 molecules 

decreases as the concentration of pyridine in the mixture increases for both Kr and O projectiles. 

This can be explained by the decreasing amount of available oxygen atoms as the water 

concentration decreases. This trend is observed for all three temperature conditions 

investigated.  

A variety of new molecules emerges during the pyridine and pyridine:H2O ice 

irradiation. However, as mentioned earlier, IR spectroscopy is not a very effective technique 

for identifying new species, and only molecules present in sufficient quantities can be detected 

using this method and some of them are listed in Table 3.10. As the concentration of CO and 

CO2 is notably higher than all other new molecules, it was possible to determine the formation 

cross section of these two molecules (Table 3.11, 3.12). However, for future work in order to 

more accurately identify new molecules, including complex biologically relevant molecules, 
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techniques such as high resolution mass spectroscopy, electrospray and others should be 

employed. 
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4. Ion irradiation of pyrene ice 

As highlighted in Section 1.1.2.1, PAHs are important carbon carriers in space, playing 

a significant role in galaxy evolution and planets formation. Although PAHs with sizes ranging 

from C50  to C100 are reported to be the most common in space (Allamandola, et al., 1989), 

smaller PAHs may also survive in icy grain mantles, as they are shielded from radiation in these 

environments. Here, the pyrene molecule (Figure 4.1) was selected as a suitable PAH 

representative, because it is one of the few well studied PAH molecules. Furthermore, from a 

technical point of view, pyrene is more convenient in experimental procedures than other PAHs. 

Moreover, pyrene was commonly detected in meteorites (Elsila, et al., 2005), (Basile, et al., 

1984) and identified in the UV spectra of P/Halley comet (Clairemidi, et al., 2004). The possible 

formation pathway of pyrene from the reaction of 4-phenanthrenyl radical ([C14H9]˙) with 

acetylene (C2H2) in carbon-rich circumstellar environment was demonstrated in the work of 

(Zhao, et al., 2018). 

 

Figure 4.1. Schematic representation of pyrene (C16H10) molecule. 

There is a significant amount of experimental and theoretical research focused on the 

UV irradiation of pyrene embedded in various matrices. In one of the pioneering studies on this 

topic (Bouwman, et al., 2010) demonstrated that pyrene exhibits a significantly higher 

ionization efficiency when trapped in a H2O matrix compared to a CO matrix. A follow-up 

investigation (Bouwman, et al., 2011) revealed that the conversion of neutral pyrene molecules 

into cations is enhanced at low pyrene concentrations in a water matrix. On the contrary, the 

conversion of neutral molecules into photoproducts was found to be more important at high 

pyrene concentrations. (Noble, et al., 2020) explored the influence of the water matrix structure 

on the photochemistry of anthracene, pyrene and coronene. Their findings indicate that the 

production of oxygenated PAHs is more efficient in porous amorphous water than in compact 

or crystalline water. In more organized matrices, PAHs are more likely to undergo 

fragmentation or dissipate energy within the icy mantle under UV irradiation. It has also been 

demonstrated that the matrix influences the final charge of pyrene under photon irradiation. For 

instance, in an ammonia matrix, pyrene anions are formed as a result of an electron donation 

process from ammonia-related species (Cuylle, et al., 2012), (Ten Brinck, et al., 2022).  

However, studies on the interaction of icy mantles containing pyrene with other types 

of cosmic radiation, including ions, are clearly absent in the literature. As mentioned in 

Chapter 1, GCR and SW particles, despite being less abundant than photons, can have a 

significant impact on icy mantles over astrophysical timescales. Therefore, in this chapter, we 

will first focus on a fundamental investigation of pure pyrene radiolysis under heavy ion 

bombardment. Subsequently, we will examine the impact of the water matrix and the 

concentration of pyrene within it on pyrene survivability. 
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4.1 Sample preparations 

Pyrene irradiations were carried out with the IGLIAS setup at the IRRSUD beamline 

and at the ICA setup at the ATOMKI beamline. Pyrene is solid at room temperature. Therefore, 

ovens for evaporating pyrene powder were installed and used at both set-ups (IGLIAS and 

ICA). The temperature of the oven was set to at 48-54 ˚C for ICA setup and to 120-190 ˚C for 

the IGLIAS setup. The difference in temperature arises from the distinct layout and construction 

of the ovens. The target deposition and irradiation temperatures were the same across all 

experiments at a given facility, 10 K for the IGLIAS setup and 20 K for the ICA setup. Infrared 

spectra of pure pyrene and pyrene-water mixture (14 % of pyrene) are shown in Figure 4.2. 

Assignments, integrated ranges and band strengths of the pyrene bands are presented in Table 

4.1. The values highlight in bold numbers were selected for the analysis in this study, as they 

correspond to different kinds of pyrene molecule vibrations: C-H out-of-plane bending 

(714 cm-1), C-C out of plane ring deformation (850, 1186 cm-1), C-C in-plane deformation 

(1435 cm-1) and C-H stretching (3051 cm-1). In the infrared spectrum of pyrene mixed with 

water a new band arises around 3629 cm-1, which is not observed neither in a pure water nor in 

a pure pyrene infrared spectrum. According to literature (Djomgoue & Njopwouo, 2013), 

(Geiger & Rossman, 2018), this band can be attributed to OH stretching vibrations.  
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Figure 4.2. Infrared spectra of pure pyrene and pyrene mixture with water (14% of pyrene) 

obtained at ICA setup. The temperature for deposition and spectrum acquisition is 20 K. 
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Table 4.1. Pyrene infrared bands with assignments and corresponding integrating range and 

band strengths (Hardegree-Ullman , et al., 2014). 

Wavenumber, 

cm-1 
Assignment Integrated range Avalue, 10-19 cm/molecule 

3051 C-H stretching 3078-3032 60.36 

1600 
C=C in-plane ring 

stretching 
1607-1584 33.56 

1488 

C-C in-plane ring 

stretching 

1493-1483 3.10 

1468 1477-1463 3.80 

1451 1460-1444 6.59 

1435 1441-1426 28.28 

1407 1413-1402 3.71 

1313 1321-1308 6.41 

1244 C-C out-of-plane ring 

deformation 

1251-1235 13.08 

1186 1194-1171 34.24 

1096 
C-H out-of-plane bending 

1103-1091 7.62 

1066 1072-1059 3.24 

850 C-C out-of-plane ring 

deformation 

864-837 191.25 

821 826-817 7.05 

714 C-H out-of-plane bending 722-700 140.73 

 

4.2 Pure pyrene irradiations 

In this section we will show results of pure pyrene irradiations with 11 different 

projectiles (5 elements). Table 4.2 summarizes experimental parameters. Column density 

calculations were made using eq. (2.6) with band strengths presented in Table 4.1. The column 

density values provided in Table 4.2 represent the mean for four bands (714, 850, 1186, 1435 

cm-1). The value for the 3051 cm-1 band (C-H stretching) was excluded from the calculation of 

the column density, as it consistently returned results approximately 50% higher than those 

obtained for other bands did. The thickness of the samples were calculated using eq. (2.7), with 

the density of pyrene set at 1.27 g/cm3. The sample thicknesses ranged from 0.2 to 1.1 µm. It 

was adjusted to ensure that ions possess nearly constant energy throughout their trajectory 

inside the sample. Stopping powers and penetration depths were calculated with the SRIM code 

(Ziegler, et al., 2010). 
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Table 4.2. Summary of the pure pyrene irradiations with 11 projectiles. 

Ion 
Energy, 

MeV 

Energy, 

MeV/u 

Setup/ 

Beamline 

Electronic 

stopping 

power, 

keV/µm 

Nuclear 

stopping 

power, 

keV/µm 

Penetration 

depth, µm 

Column 

density of 

pyrene, 

1017 cm-2 

Initial 

thickness 

of the 

sample, 

µm 

1H+ 

2.0 2.0 

ICA/ 

ATOMKI 

19.69 0.012 60.8 3.63 0.96 

0.8 0.8 36.76 0.03 14.0 3.88 1.03 

0.2 0.2 84.65 0.091 2.09 3.27 0.87 

4He2+ 
0.4 0.1 273.1 0.67 2.08 0.79 0.21 

0.8 0.2 273.5 0.38 3.51 1.35 0.36 

12C2+ 
2.0 0.167 969.3 3.56 3.14 3.23 0.86 

2.4 0.2 1014 3.07 3.54 3.46 0.92 
32S2+ 4.0 0.125 1933 27.4 3.38 1.41 0.37 
32S3+ 6.4 0.2 2500 18.87 4.44 4.14 1.09 
12C4+ 11.76 0.98 IGLIAS/ 

 IRRSUD 

886.5 0.79 12.86 3.07 0.81 
56Fe10+ 39.20 0.7 5449 16.50 12.02 3.57 0.95 

Figure 4.3 illustrated the evolution of the infrared spectra of pyrene under irradiation 

with 4 MeV 32S2+. During irradiation, initial pyrene molecules undergo destruction and new 

species are formed. As previously mentioned, five bands were used to monitor the destruction 

of pyrene: 710, 850, 1186, 1435 and 3051 cm-1.  
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Figure 4.3. a) Evolution of the infrared spectra of pyrene irradiated at 20 K by 4 MeV 32S2+ at 

different fluences: unirradiated sample (black line), 0.4‧1013(red), 0.9‧1013 (blue), 1.4‧1013 

(pink), 2.5‧1013 (olive), 4.4‧1013 (green); b) Evolution of the 850 cm-1 pyrene band as a 

function of fluence. 
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Since in our experiments the electronic stopping power significantly predominates over 

nuclear stopping power, the pyrene destruction depends mainly on the electronic stopping 

power of the projectile. Experiments conducted with light ions typically require significantly 

more time compared to those with heavy ions, if the flux is roughly of the same order of 

magnitude. This is visually illustrated in Figure 4.4, which displays the evolution of the 

normalized 1435 cm-1 peak area as a function of ion fluence for various projectiles. For ions 

with similar stopping power, the curves lie close to each other. For example, 400 keV and 

800 keV 4He2+ or 2 MeV and 2.4 MeV 12C2+. 
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Figure 4.4. Normalized 1435 cm-1 pyrene peak area as a function of fluence for different ions. 

Figure 4.5 presents the column density evolution of pyrene bands during irradiation with 

4 MeV 32S2+ as a function of ion fluence. At the beginning of irradiation, increasing column 

density is observed for some pyrene bands, which indicates compaction of the ice. The 

evolution of pyrene bands was fitted using eq. (3.1): 

𝑁(𝐹) = 𝑁0𝑒−𝜎𝑑𝐹 − (𝑁0 − 𝑁𝑝)𝑒−(𝜎𝑐+𝜎𝑑)𝐹. 
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Figure 4.5. Fitting of the column density evolution for five pyrene bands as a function of 

800 keV 4He2+ fluence. 

Table 4.3. Destruction cross section of pyrene  

Ion 
Energy, 

MeV 

Destruction cross section, cm2 

710 cm-1 850 cm-1 1186 cm-1 1435 cm-1 3051 cm-1 Mean ± SD 

1H+ 

2.0 8.77‧10-17 8.11‧10-17 8.18‧10-17 8.10‧10-17 3.61‧10-17 7.35 ± 2.11‧10-17 

0.8 11.01‧10-17 9.36‧10-17 7.69‧10-17 10.23‧10-17 3.62‧10-17 8.38 ± 2.93‧10-17 

0.2 5.84‧10-16 5.39‧10-16 5.49‧10-16 5.02‧10-16 2.99‧10-16 4.95 ± 1.13‧10-16 

4He2+ 
0.4 4.19‧10-15 3.65‧10-15 3.55‧10-15 4.14‧10-15 0.91‧10-15 3.29 ± 1.36‧10-15 

0.8 5.51‧10-15 4.38‧10-15 4.29‧10-15 5.13‧10-15 1.23‧10-15 4.11 ± 1.69‧10-15 

12C2+ 
2.0 3.12‧10-14 2.95‧10-14 2.39‧10-14 3.18‧10-14 0.90‧10-14 9.26 ± 3.73‧10-15 

2.4 3.02‧10-14 2.53‧10-14 2.68‧10-14 2.68‧10-14 0.94‧10-14 2.51 ± 0.95‧10-14 

32S2+ 4.0 9.74‧10-14 8.47‧10-14 9.22‧10-14 8.43‧10-14 4.54‧10-14 2.37 ± 0.82‧10-14 

32S3+ 6.4 9.14‧10-14 8.11‧10-14 9.24‧10-14 7.97‧10-14 4.94‧10-14 8.08 ± 2.05‧10-14 

12C4+ 11.76 1.23‧10-14 0.99‧10-14 1.02‧10-14 1.11‧10-14 0.28‧10-14 7.88 ± 1.74‧10-14 

56Fe10+ 39.20 1.59‧10-13 1.31‧10-13 1.58‧10-13 1.37‧10-13 1.16‧10-13 1.40 ± 0.18‧10-13 

Table 4.3 represents destruction cross section values, calculated for five pyrene bands 

in all experiments. It is worth noting that the values for the 3051 cm-1 peak, which corresponds 

to the CH stretch motion, are consistently smaller than those obtained for the other four peaks. 

Therefore, alongside the mean value in the last column, the standard deviation is provided. 

Destruction cross section of pyrene as a function of projectile’s electronic stopping 

power is presented in Figure 4.6. The values for destruction cross section were extracted from 

the “average” column of Table 4.3. The error bars correspond to standard deviation (Section 

3.3). The relation between destruction cross section and electronic stopping power for the 

pyrene molecule is again well described with a power function (eq. (3.2)). The coefficients for 
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C and n equal to 7.12‧10-19 and 1.46±0.07 were derived from the approximation. This 

information will be used for half-life time calculations of pyrene in Chapter 6. 
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Figure 4.6. Destruction cross section as a function of electronic stopping power for pure 

pyrene at 20 K. The value of the destruction cross section is the average across five peaks 

(1030, 1068, 1438, 1483, 3051 cm-1), with error bars corresponding to the standard 

deviation. 

Table 4.4 presents the compaction cross section for pyrene bands and the compaction 

dose in experiments conducted at ATOMKI. In the experiments conducted at GANIL, no 

compaction was observed. The compaction dose varies significantly between projectiles, likely 

because the intervals between the irradiations were too large. The average value of compaction 

dose is 5.79 eV/molecule across nine projectiles. This value is more than ten times higher than 

the compaction cross section for pyridine, which is 0.46 eV/molecules, as obtained in Chapter 

3, and more than twenty times higher than the compaction cross section of water, which is 

around 0.2 eV/molecule. This can be attributed to the molecular size effect: the bigger the 

molecule, the more energy is needed for compaction. Additionally, we found that the 

compaction cross section increases with the increase in the electronic stopping power of the 

projectile (Figure 4.10). A similar pattern was proposed in the literature (Dartois, et al., 2013) 

and (Mejía, et al., 2015).  
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Table 4.4. Compaction cross section for pyrene bands. 

Ion 
Energy, 

MeV 

Compaction cross section, cm2 Compaction 

dose, 

eV/molecule 714 cm-1 850 cm-1 1186 cm-1 1435 cm-1 Mean±SD 

1H+ 

2.0 - - 7.38‧10-14 2.67‧10-14 5.03±3.33‧10-14 1.83 

0.8 - - 8.78‧10-14 4.21‧10-13 2.54±2.35‧10-13 5.72 

0.2 - - 1.95‧10-13 1.02‧10-13 1.49±0.65‧10-13 5.69 

4He2+ 
0.4 1.90‧10-13 1.73‧10-13 2.44‧10-13 3.38‧10-13 2.36±0.74‧10-13 11.52 

0.8 9.62‧10-14 1.48‧10-13 2.71‧10-13 4.95‧10-13 2.53±1.77‧10-13 9.53 

12C2+ 
2.0 6.01‧10-13 - 1.61‧10-12 1.56‧10-12 1.26±0.57‧10-12 6.45 

2.4 - 1.59‧10-12 2.25‧10-12 5.77‧10-12 3.20±2.25‧10-12 4.66 

32S2+ 4.0 1.68‧10-12 2.19‧10-12 4.43‧10-12 - 2.77±1.46‧10-12 4.92 

32S3+ 6.4 2.55‧10-12 2.88‧10-12 5.89‧10-12 - 3.77±1.84‧10-12 1.78 
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Figure 4.7. Mean compaction cross section across four pyrene bands for different projectiles, 

with associated standard deviation. 

4.2.1 Pyrene destruction as a function of deposited local dose 

We then examined the evolution of the normalized peak area as a function of the 

deposited dose, as the literature indicates that the deposited dose is a key parameter: the 

normalized peak area follows the same trend regardless of the projectile. The study (da Costa, 

et al., 2020) presented results on the irradiation of the aliphatic molecule valine with 1.5 MeV 

H⁺, He⁺, N⁺, and 230 MeV S¹⁵⁺ ions. The normalized absorbance of one of the valine infrared 

bands as a function of the deposited dose followed the same trend for different projectiles 

(Figure 4.8a). A similar result was obtained in another study, (Muniz, 2017) focused on the 

irradiation of the cyclic molecule cytosine with heavy ions 17 MeV Ni8+, 190 MeV Ca10+, 

92 MeV Xe23+, 116 MeV U32+ (Figure 4.8b).  
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Figure 4.8. Normalized peak area as a function of local dose for a) cytosine and b) valine 

molecules, irradiated with different ions. Extracted from a) (da Costa, et al., 2020), b) (Muniz, 

2017). 

Figure 4.9 shows the evolution of five pyrene bands as a function of the local dose, 

calculated using eq. (2.8). We obtained an unexpected result, as the curves did not follow the 

same trend, especially for light projectiles (H and He), in contrast to the above cited previous 

studies. The destruction of pyrene is significantly lower when exposed to weakly ionizing 

projectiles compared to heavy ions for the same deposited dose. The curves corresponding to 

He and 11.76 MeV 12C4+ fall between those for protons and other ions. The remaining (heavy) 

ions follow more or less the same trend for all bands, except for the band at 3051 cm-1. However, 

as previously noted, the behaviour of this band often deviates from the others.  

We investigated whether this effect also applies to the adenine (C5H5N5) molecule. To 

determine this, we examined previous experiments on the irradiation of pure adenine conducted 

at GANIL, ATOMKI and GSI-UNILAC (Darmstadt, Germany) facilities. The results obtained 

in these experiments were partially published in (Vignoli Muniz, et al., 2017) and (Bibang, 

2021). Figure 4.10 shows the evolution of the normalized area of two adenine bands (914 and 

1333 cm-1) as a function of deposited local dose for adenine irradiated with different projectiles. 

As evident from the graph, H and He destroy significantly less amount of adenine than heavy 

ions, starting from C. Therefore, we can conclude that this effect is also valid for the nucleobase 

adenine, which contains two aromatic rings (the structure is shown in Figure 4.10). 

As was mentioned before, in our experiments, the projectile primarily loses its energy 

by transferring it to the electrons of the target material. The effect observed in Figure 4.9 can 

be attributed to the fact that the deposited dose value does not take into account the way of how 

ions transfer the energy to the electrons of the matter. Indeed, whereas light ions induce 

separated ionization events around the ion trajectory, heavy ions induce multiple simultaneous 

ionization and secondary cascades induced by fast δ - electrons. Figure 4.10 presents ionization 

tracks, produced by different ions (Powell, et al., 1959). It is clear that heavy ions, starting with 

C, form continuous ionization tracks. However, for H and He ions, this is not the case. 

Additionally, this figure indicates that the greater the ion mass, the further the damage extends 

from the track. The damage distant from the track is caused by δ electrons, which can possess 

relatively high (keV) energies (Krasheninnikov & Nordlund , 2010).   
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Figure 4.9. Normalized peak area as a function of deposited dose for different pyrene bands: 

a) 710 cm-1, b) 850 cm-1, c) 1186 cm-1, d) 1435 cm-1, e) 3051 cm-1 in eleven experiments  

  

The greater damage of aromatic structures induced by heavy ions compare to electrons 

was reported in the work (Balanzat, et al., 1995). It was postulated that the deposited dose is 

highly inhomogeneous in the case of heavy ions, resulting in the multiple ionization of aromatic 

rings (Balanzat, et al., 1995). Additionally, the amount of energy deposited locally is 

significant, reaching several keV per nm. However, to gain a more comprehensive 

understanding of the effect shown in Figure 4.9, additional investigations of the track structure 

by e.g. numerical simulations are required.  
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Figure 4.10. Normalized peak area evolution of 914 and 1333 cm-1 adenine bands as a 

function of local dose during irradiation with different ions. 

 

Figure 4.11. Electron production by γ-rays and different ions, moving at relativistic 

velocities. The images were obtained using electron sensitive emulsion. Extracted from 

(Powell, et al., 1959). 

We irradiated amorphous pyrene with 11 different projectiles and derived the 

coefficients for the power dependence of the destruction cross section as a function of electronic 

stopping power. This will allow us to estimate the half-life time of pyrene in dense clouds. We 

also determined that the compaction cross section of pyrene is 10 times higher than that of 

pyridine and 20 times higher than that of water, which we attributed to the size effect. 

Additionally, we found that the compaction cross section increases with the electronic stopping 

power of the projectile. We also observed an interesting and unexpected effect: for the same 

deposited dose, protons cause significantly less damage than heavy ions. 

4.3 Results on pyrene-water irradiations 

As mentioned earlier, PAHs exist in space not only in form of solid grains, but also can 

freeze out in icy mantles as guest molecules (Bouwman, et al., 2011). In this case, the matrix 

influences significantly their survivability. Therefore, similar to the experiments with pyridine, 

we conducted experiments where pyrene was embedded in the water matrix, as water is the 

most abundant molecule in icy mantles (Gibb, et al., 2004). 

Pyrene-water mixtures with different concentrations were irradiated with three 

projectiles: 39.2 MeV 56Fe10+, 2 MeV 12C2+, 200 keV 1H+ at IGLIAS and ICA setups. As 

previously mentioned, all mixtures were prepared at low temperatures (10-20 K), leading to the 

formation of an amorphous structure. The summary of the experiments is presented in Table 
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4.5. The column density of pyrene specified in Table 4.5 represents the mean value from the 

four pyrene bands (710, 850, 1186, 1435 cm-1). The 3051 cm-1 pyrene band was not used in the 

calculations or analysis, as it overlaps with the biggest water band near 3280 cm-1. For 

calculations of water column density, only the 3280 cm-1 band was used, with an Avalue of 

2‧10-16 cm/molecule. The pyrene concentration was calculated as the ratio of the column density 

of pyrene to the sum of the column densities of pyrene and water. Stopping powers and 

penetration depths were calculated using the SRIM code (Ziegler, et al., 2010). As in previous 

experiments, the penetration depth was significantly greater than the sample thickness. 

Table 4.5. Experimental parameters of pyrene-water mixtures irradiations. 

Ion 
Setup/ 

Beamline 

Pyrene 

concentration, 

% 

Electronic 

stopping 

power, 

keV/µm 

Nuclear 

stopping 

power, 

keV/µm 

Penetration 

depth, µm 

Column 

density 

of 

pyrene, 

1017 cm-2 

Column 

density 

of water, 

1017 cm-2 

Initial 

thickness 

of the 

sample, 

µm 

200 

keV 
1H+ 

ICA/ 

ATOMKI 

3.5 64.65 0.0758 2.77 0.69 18.79 0.78 

14 66.37 0.0745 2.69 1.56 9.66 0.72 

32.5 70.09 0.0766 2.53 1.67 3.47 0.55 

100 84.65 0.091 2.09 3.27 - 0.87 

2 MeV 
12C2+ 

1 721.4 2.978 4.89 0.21 20.23 0.69 

4 728.6 2.932 4.66 0.83 18.4 0.81 

30 795.7 3.016 3.95 2.73 6.09 0.93 

100 969.3 3.56 3.14 969.3 - 0.86 

39.2 

MeV 
56Fe10+ 

IGLIAS/ 

IRRSUD 

0.3 4360 13.86 16.60 0.057 17.13 0.56 

4 4320 13.55 16.25 0.291 7.26 0.31 

6 4572 14.23 15.58 0.196 3.07 0.15 

100 5449 16.50 12.02 3.57 - 0.95 

Figure 4.12 illustrates the evolution of the infrared spectra of the mixtures under 

irradiation. The spectra before (black line) and after irradiation (red line) of a) pyrene:H2O (4% 

of pyrene) mixture with 7.8‧1012 ions of 56Fe10+ and b) pyrene:H2O (32.5% of pyrene) mixture 

with 4.02‧1015 ions of 200 keV 1H+. In both cases, it is evident that the amount of pyrene 

decreases during irradiation, while the quantity of water remains almost unchanged. This 

phenomenon can be attributed to the much higher resistance of water ice to radiation compared 

to pyrene. Furthermore, there is noticeable emergence of new compounds, which will be 

discussed in the following section. 

The destruction of pyrene in pyrene-water mixtures was examined in the same manner 

as for pure pyrene. The decrease in column density was approximated with eq. (3.1). However, 

similar to the case with pyridine-water mixtures, the compaction is insignificant. Therefore, in 

the first approximation, only the destruction is taken into account: 

𝑁(𝐹) = 𝑁0𝑒−𝜎𝑑𝐹     eq. (4.1) 
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Figure 4.12. Infrared spectra of pyrene-water mixtures a) 4% of pyrene and b) 32.5% of 

pyrene before irradiation (black line) and after irradiation (red line) by a) 7.8‧1012 39.2 MeV 
56Fe10+ with deposited dose equal to 14 eV/molecule, and by b) 4.02‧1015 200 keV 1H+ with 

deposited dose equal to 300 eV/molecule 

Table 4.6 presents the results on the destruction cross section of pyrene in the water 

matrix. For clarity, the destruction cross section of pure pyrene is also included. Figure 4.13 

presents the destruction cross section as a function of pyrene concentration in pyrene-water 

mixtures exposed to different ion irradiation. As with the experiments involving the pyridine 

molecule, presented in Chapter 3, there is a clear tendency towards higher destruction cross 

sections at lower pyrene concentrations. This phenomenon is likely to occur due to an indirect 

effect, which means that the ions induce the dissociation of water molecules, and the resulting 

water radicals subsequently attack the pyrene molecules. This effect has also been observed for 

other molecules embedded in a water matrix and exposed to ion irradiation. Examples are 

proton irradiation of thymine-water mixtures (Materese, et al., 2020) and methane-water 

mixtures irradiated with heavy ions (Mejía, et al., 2020). There is also a significant amount of 
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research on UV irradiation of ices, where this effect was also observed. (Öberg, et al., 2010) 

found that the photodestruction cross section of NH3 and CH4 increases up to a factor 10 in 

mixtures with water. (Cuylle, et al., 2014) reported that the ionization yield of pyrene, trapped 

in water ice at a concentration of 0.008% is five times higher than at a concentration of 1.25%. 

These results were explained in studies by (Gudipati & Allamandola, 2004) and (Woon & Park, 

2004). They demonstrated that the ionization potential of PAHs trapped in a water matrix is 

approximately 2 eV lower than that of pure PAHs.  

Table 4.6. Destruction cross section of pyrene in the pyrene-water mixtures irradiated with 

different ions 

Ion 
Setup/ 

Beamline 

Percentage 

of pyrene, % 

Destruction cross section of pyrene, cm2 

710 cm-1 850 cm-1 1186 cm-1 1435 cm-1 Mean 

200 keV 
1H+ 

ICA/ 

ATOMKI 

3.5 2.11‧10-15 1.15‧10-15 4.01‧10-15 3.25‧10-15 2.63‧10-15 

14 9.37‧10-16 7.63‧10-16 1.07‧10-15 1.13‧10-15 1.03‧10-15 

32.5 6.44‧10-16 4.10‧10-16 4.79‧10-16 5.79‧10-16 5.28‧10-16 

100 5.84‧10-16 5.39‧10-16 5.49‧10-16 5.02‧10-16 5.43‧10-16 

2 MeV 
12C2+ 

1 5.03‧10-14 4.19‧10-14 1.21‧10-13 9.76‧10-14 7.77‧10-14 

4 4.16‧10-14 4.58‧10-14 1.09‧10-13 6.81‧10-14 6.62‧10-14 

30 4.02‧10-14 3.25‧10-14 3.82‧10-14 2.57‧10-14 3.42‧10-14 

100 3.11‧10-14 2.95‧10-14 2.39‧10-14 3.18‧10-14 2.91‧10-14 

39,2 

MeV 
56Fe10+ 

IGLIAS/ 

IRRSUD 

0.3 1.59‧10-12 7.37‧10-13 1.59‧10-12 1.61‧10-12 1.38‧10-12 

4 4.77‧10-13 2.79‧10-13 3.30‧10-13 2.62‧10-13 3.37‧10-13 

6 2.93‧10-13 2.02‧10-13 3.09‧10-13 1.87‧10-13 2.48‧10-13 

100 1.59‧10-13 1.31‧10-13 1.57‧10-13 1.37‧10-13 1.46‧10-13 

To estimate the half-life time of pyrene trapped in water matrix, we selected two 

reference concentrations of pyrene in H2O:C16H10 mixture: 1% and 5%. In reality, the 

concentration of PAHs in icy mantles is probably much lower, below 0.1%. However, 

conducting experiments with such low concentrations is not feasible, as pyrene would not be 

detectable in the IR spectrum. Therefore, 1% and 5% are optimal values that will allow 

assessing how the half-life of pyrene changes in the presence of the water matrix. Since 

precisely achieving these concentrations during sample preparation is challenging, we used a 

fitting method to evaluate the destruction cross section specifically for the 1% and 5% pyrene 

concentrations. The exponential function was used because it provides the best fit, although 

there is no physical meaning behind: 

𝜎𝑑(𝑥) = 𝑎 − 𝑏 ∙ 𝑐𝑥     eq. (4.1) 

where 𝑥 is pyrene concentration in percentage % (from 0 to 100), 𝑎, 𝑏 and 𝑐 are the fitting 

parameters. The example of the fitting is shown in Figure 4.14. The average destruction cross 

section values for pyrene across four bands, at concentrations of 1% and 5% in the H2O:C16H10 

mixture are presented in Table 4.7. Figure 4.15 illustrates the fitting of the destruction cross 

section of pyrene as a function of the electronic stopping power of the projectile for the 

H2O:C16H10 mixtures (1 and 5 % of pyrene). These fittings will be used in Chapter 6 for half-

life time calculations.  



93 
 

 

0 20 40 60 80 100
0,0

5,0x10
-16

1,0x10
-15

1,5x10
-15

2,0x10
-15

2,5x10
-15

3,0x10
-15

3,5x10
-15

4,0x10
-15

4,5x10
-15

0 20 40 60 80 100
0,0

5,0x10
-16

1,0x10
-15

1,5x10
-15

2,0x10
-15

2,5x10
-15

3,0x10
-15

3,5x10
-15

4,0x10
-15

4,5x10
-15

D
es

tr
u
ct

io
n
 c

ro
ss

 s
ec

ti
o
n
, 
cm

2

Pyrene concentration, %

Pyrene bands, cm
-1
:

 710

 850

 1186

 1435

Projectile: 200 keV 
1
H

+

0 20 40 60 80 100
0,0

2,0x10
-13

4,0x10
-13

6,0x10
-13

8,0x10
-13

1,0x10
-12

1,2x10
-12

1,4x10
-12

1,6x10
-12

1,8x10
-12

Projectile: 39,2 MeV 
56

Fe
10+

D
es

tr
u

ct
io

n
 c

ro
ss

 s
ec

ti
o

n
, 

cm
2

Pyrene concentration, %

Pyrene bands, cm
-1
:

 710

 850

 1186

 1435

0 20 40 60 80 100
0,0

2,0x10
-14

4,0x10
-14

6,0x10
-14

8,0x10
-14

1,0x10
-13

1,2x10
-13

1,4x10
-13

Projectile: 2 MeV 
12

C
2+

D
es

tr
u

ct
io

n
 c

ro
ss

 s
ec

ti
o

n
, 

cm
2

Pyrene concentration, %

Pyrene bands, cm
-1
:

 710

 850

 1186

 1435

a) b)

c)

 

Figure. 4.13. Destruction cross section of pyrene in pyrene-water mixtures as a function of 

pyrene concentration in the mixture. The mixtures were irradiated by a) 200 keV 1H+, 

b) 2 MeV 12C2+, c) 39.2 MeV 56Fe10+. 
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Figure 4.14. Fitting of destruction cross section as a function of pyrene concentration. 
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Table 4.7. Destruction cross section of pure pyrene and of pyrene in the H2O:C16H10 mixture 

(cm2). 

Mixture                   Projectile 200 keV 1H+ 2 MeV 12C2+ 39.2 MeV 56Fe10+ 

Pure pyrene 5.44‧10-16 2.91‧10-14 1.46‧10-13 

5 % of pyrene in H2O:C16H10 2.20‧10-15 6.73‧10-14 2.01‧10-13 

1 % of pyrene in H2O:C16H10 3.61‧10-15 9.01‧10-14 7.59‧10-13 
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Figure 4.15. Fitting of the destruction cross section of pyrene as a function of the electronic 

stopping power of the projectile for pure pyrene and for 1 and 5 % of pyrene concentration in 

H2O:C16H10 mixtures. 

This section presents the results about pyrene:H2O mixtures irradiation with three 

different ions at low temperature. The result was consistent with previous findings that the 

destruction cross section dramatically increases at low pyrene concentrations in the mixture. 

This is likely explained by an indirect effect, the radicals formed as a result of water irradiation 

attack pyrene molecules, which leads to the destruction of pyridine and formation of new 

species. 

4.4 New molecules formation 

It is evident that irradiation of pyrene (C16H10) can lead to the formation of molecules 

and ions containing either carbon (C), hydrogen (H), or both. Extensive research has been 

conducted to analyse the new species generated during hydrocarbon irradiation (De Barros, et 

al., 2011), (Dartois, et al., 2017), (Pino, et al., 2019). The most commonly observed compounds 

include acetylene (C2H2), ethylene (C2H4), methane (CH4), ethane (C2H6), etc. In the case of 
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pyrene-water mixtures, in addition to hydrocarbons, some oxygen-bearing species could also 

be formed. 

In this section, we will primarily discuss the new compounds that arise from the 

irradiation of pure pyrene (Figure 4.16). It is much easier to identify new molecules and 

estimate the column densities in case of pure pyrene compared to the pyrene-water mixture. For 

pyrene-water mixtures, column density calculations of new compounds are challenging, since 

new peaks are usually not intense and often overlap with water bands.  
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Figure 4.16. Infrared spectrum of pure pyrene before irradiation (black) and after irradiation 

with 6,4 MeV 32S3+ at fluence of 5.8‧1013 (red) with newly identified peaks indicated. 

IR spectroscopy has limitations for the identification of molecules present only in small 

quantities. This is particularly true for complex, large molecules, too. The more efficient 

techniques are high-resolution mass spectrometry, electrospray and laser ablation (Jones & 

Kaiser, 2013), (Henderson & Gudipati, 2015), (Ruf, et al., 2019). However, in the present study, 

infrared spectrometry was the only technique available for the in-situ analysis of the newly 

formed compounds. Therefore, for accurate identification, a sufficient quantity of new 

molecules is necessary, which was the case for thick samples, where at least half of the initial 

molecules were destroyed and contributed to formation of new molecular species. 

Another problematic aspect is that data on the infrared spectra in the solid phase of 

molecules that could potentially form during irradiation in our experiments is limited. Infrared 

spectra with corresponding intensities are available for following hydrocarbons: methane 

(CH4), acetylene (C2H2), ethylene (C2H4), ethane (C2H6), allene (C3H4), benzene (C6H6), 

cyclopropane (c-C3H6), propane (C3H8), propylene (C3H6), propyne (C3H4). Some of these 

molecules were identified in our samples with high probability. 
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Depending on the incoming ions, different bands are arising during pyrene irradiation. 

For example, new bands appear around 3292 (propyne) and 3240 (acetylene) cm-1 when pyrene 

is bombarded with heavy ions from C to Fe (Figure 4.3). However, these peaks are absent for 

H and He ions. Moreover, in the case of light ions (H and He), fewer new peaks are generally 

formed compared to heavy ions (C, S, Fe). Table 4.8 presents identified molecules and 

unidentified bands arising at irradiations with C, S and Fe ions. 

Table 4.8. The biggest bands of identified molecules in experiments with pure pyrene, irradiated 

with C, S, Fe ions and the corresponding band strengths, extracted from the literature. 

New molecules 

identified 

Wavenumber, 

cm-1 

Avalue, 10-18 

cm/molecule 

New molecules 

identified 

Wavenumber, 

cm-1 

Avalue, 10-18 

cm/molecule 

Acetylene C2H2 

3240 23.9a 

Ethylene C2H4 

3082 1.5e 

1371 3.1a 2974 1.0e 

742 24.2a 1434 2.3e 

Propyne C3H4 

3292 17.7b 959 12.6e 

1436 2.87b 

Unidentified 

2931  

645 13.3b 2906  

Methane CH4 
3000 14.1c 2184  

1300 10.4c 2107  

Allene C3H4 
1957 8.7d 1935  

837 16.4d 1342  

Ethane C2H6 

2972 20.0e 988  

2880 3.5e 889  

1462 3.3e    

a – (Hudson , et al., 2014), b – (Hudson, et al., 2021), c – (Gerakines & Hudson, 2015), d – (Hudson & Yarnall , 

2022), e – (Hudson , et al., 2014) 
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Figure 4.17. Column density evolution of pyrene, propyne, acetylene, methane and allene 

during irradiation with 39.2 MeV 56Fe10+. 
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It was possible to track the evolution of the intense peaks, attributed to molecules 

identified with high confidence. Figure 4.17 presents example of column density evolution of 

parent and daughter compounds for Fe projectile. As evident from the figure, the new molecules 

rapidly outnumber pyrene.  

The formation cross section of new species was determined using eq. (3.5). Given that 

the only parent molecule in these experiments is pyrene, 𝑁<𝑖,0 represents the column density of 

pyrene at the beginning of irradiation. Table 4.9 presents the formation cross section of selected 

bands of new compounds alongside the destruction cross section of the initial pyrene. 

Therefore, the formation of propyne is the most probable, followed by acetylene, methane and 

allene for all projectiles. The alternations in column density before irradiation and at a local 

dose equal to 150 eV/molecule of parent and daughter molecules for various beams are 

presented in Table 4.10.  

Table 4.9. Formation cross section of new molecules for pure pyrene irradiations with different 

beams. 

  
Wavenumber, 

cm-1 

11,76 MeV 
12C4+ 

2 MeV 
12C2+ 

2,4 MeV 
12C2+ 

4 MeV 
32S2+ 

6,4 MeV 
32S3+ 

39,2 MeV 
56Fe10+ 

σd, 10-15 

cm2 

Pyrene 

C16H10 

Average (710, 

850, 1186, 1435, 

3051 cm-1) 
78.8 9.26 25.1 23.7 80.8 140.0 

σf, 10-15 

cm2 

Acetylene 

C2H2 
3240 0.13 2.01 4.27 13.73 44.77 55.29 

Propyne 

C3H4 
3292 0.76 12.21 20.49 62.41 155.74 165.36 

Methane 

CH4 
1300 - - 0.19 1.11 1.53 0.71 

Allene 

C3H4 
1957 - - 0.06 0.71 0.71 1.02 

Table 4.10. Column density alternations (ΔN, 1016 molecules/cm2) of new molecules for pure 

pyrene irradiations with different beams at deposited dose approximately equal to 150 

eV/molecule. 

 
Wavenumber, 

cm-1 

11,76 MeV 
12C4+ 

2 MeV 
12C2+ 

2,4 MeV 
12C2+ 

4 MeV 
32S2+ 

6,4 MeV 
32S3+ 

39,2 MeV 
56Fe10+ 

Pyrene 

C16H10 
1186 -15.21 -28.39 -25.13 -13.44 -36.39 -26.89 

Acetylene 

C2H2 

3240 0.44 1.85 2.78 1.83 8.59 9.47 

1371 - - 1.75 0.57 1.49 1.34 

742 - - - 2.85 10.57 10.09 

Propyne 

C3H4 

3292 2.56 8.22 11.93 5.68 28.59 26.57 

645 - - 5.22 2.90 21.20 15.70 

Methane 

CH4 

3000 - - - 0.05 0.19 0.45 

1300 - - 0.33 0.23 0.81 0.80 

Allene 

C3H4 
1957 - - 0.05 0.09 0.27 0.25 

Ethane 

C2H6 

2972 - - 0.41 1.61 5.88 0.39 

2880 - - 2.25 - 1.05 0.41 

Ethylene 

C2H4 

3082 - - 0.61 0.52 1.22 2.04 

959 - - 1.42 0.66 2.37 2.41 
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The appearance of peaks at the following wavenumbers were observed during 

irradiation with the light H and He projectiles: 656, 683, 725, 756, 812, 831, 880, 1013, 1197, 

1505, 1550, 2125, 2800, 2834, 2869 and 2930 cm-1. However, no clear assignment and 

identification of new molecules was possible with a high probability and confidence, because 

the bands are too weak. 

The new molecules appearing after irradiation of pyrene-water mixtures resemble the 

ones appearing from pure pyridine irradiations; however, new compounds containing oxygen 

also appear. In the case of pyrene-water mixtures, the following peaks were identified: 3283 

(C3H4), 3235 (C2H2), 2339 (CO2), 2139 (CO), 2278 (13CO2), 2154 (C5O), 2091 (13CO) and 659 

(CO2) cm- 1. There are also unidentified peaks: 2930, 2261, 2239, 2171, 755 and 727 cm-1. 
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5. Radioresistance of aromatic molecules: size effect 

As emphasized before, PAH molecules are widespread in space. Thus, the question of 

their survivability is crucial. Polycyclic structures are more stable than aliphatic ones because 

they are bound by a delocalized electron cloud shared by several atoms. It has long been known 

that the most common PAH molecules in space contain 50-100 carbon atoms (Allamandola, et 

al., 1989), as they are more resistant to ionizing radiation than smaller ones. The reason for this 

is that, when exposed to ionizing radiation, large molecules tend to wobble, which helps to 

dissipate the energy, whereas for smaller molecules fragmentation is more efficient.  

Several studies dedicated to investigation of the stability of different PAH structures 

exposed to photon irradiation confirm that the stability of PAHs is directly dependent on the 

molecule size. Although, most of the studies on this topic come from environmental sciences, 

as PAHs are omnipresent as dangerous pollutant produced from petrol combustion. For 

example, in the work (Cataldo & Keheyan, 2006), a liquid mixture of different PAHs dissolved 

in acetonitrile was exposed to gamma-irradiation. They found that the radiation chemical yield 

(number of destroyed molecules per 100 eV deposited dose) decreasing with increasing size of 

molecule (with a few exceptions). A similar dependence was observed in the study by (Nadal, 

et al., 2006), where PAHs, dissolved in a tetradecane solution, were exposed to UV irradiation. 

In the present study, we present preliminary results comparing the radioresistance of 

different cyclic molecules under ion irradiation: pyrene, phenanthrene, naphthalene, indene and 

adamantine (Figure 5.1). These molecules were chosen because they have different numbers of 

carbon cycles, different number of carbons per ring (five- and six-membered) and different 

structures. Naphthalene, phenanthrene and pyrene consist of two, three and four fused 

hexagonal rings, respectively. Indene consist of fused hexa- and pentagonal rings. Adamantane 

is a diamondoid and it consists of four fused hexagonal rings, which form a cage structure. In 

Figure 5.1 catacondensed molecules (carbon atoms has maximum two rings in common) 

presented in the upper row and pericondensed (at least one carbon atom has three rings in 

common) in the lower row (Holm, et al., 2011). 

a) b) c)  

d) e)   

Figure 5.1. Schematic representation of a) indene C9H8, b) naphthalene C10H8, 

c) phenanthrene C14H10, d) pyrene C16H10 and e) adamantane C10H16. 
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As noted in Chapter 1, indene has recently been detected in the molecular cloud TMC-

1 through its rotational spectrum at radio frequencies (Burkhardt, et al., 2021), (Cernicharo, et 

al., 2021). Soon after, infrared studies on indene (Maté, et al., 2023), including UV and electron 

irradiation (Maté, et al., 2024) emerged. High symmetry and lack of permanent dipole moment 

makes naphthalene, phenanthrene and pyrene difficult to detect through radio observations. 

However, mentioned PAHs were commonly detected in meteorites (Elsila, et al., 2005), (Basile, 

et al., 1984) and they are believed to be widespread in space. In addition, naphthalene 

derivatives were recently detected in TMC-1 (McGuire, et al., 2021). Diamonoids, including 

adamantane, are also believed to be present in space, although they are supposed to be less 

abundant than PAHs (Pirali, et al., 2007). 

5.1 Sample preparations 

Pyrene, phenanthrene, naphthalene, indene and adamantane were irradiated with 

39.2 MeV 56Fe10+ at the IGLIAS setup at the IRRSUD beamline of the GANIL facility. Indene 

is liquid at room temperature, so the deposition of the sample was similar to pyridine (Section 

3.1). All other molecules are solid at room temperature and the oven was used for sample 

preparations (Section 2.3.2.1). Samples characteristics as well as stopping powers, calculated 

with the SRIM software (Ziegler, et al., 2010) are presented in Table 5.1. Table 5.2 also presents 

assignments and band strengths of infrared bands that were used for column density calculations 

shown in Table 5.1 and in further analysis. 

Table 5.1. Characteristics of the samples of aromatic molecules that were irradiated with 

39.2 MeV 56Fe10+ at GANIL facility. 

 
Chemical 

formula 

Molecular 

weight, 

g/mol 

Density, 

g/cm3 

(Sherry , 

2024) 

Initial 

thickness 

of the 

sample, 

µm 

Column 

density, 1016 

molecules/cm2 

Electronic 

stopping 

power, 

keV/ µm 

Nuclear 

stopping 

power, 

keV/ 

µm 

Projected 

range, 

µm 

Indene C9H8 116.16 0.997 0.25 12.7 4714 14.1 14.2 

Naphthalene  C10H8 128.17 1.14 0.11 6.1 5071 15.3 13.0 

Phenanthrene  C14H10 178.23 1.025 0.47 16.1 4481 13.5 14.7 

Pyrene  C16H10 202.25 1.27 0.95 35.7 5449 16.5 12.0 

Adamantane  C10H16 136.24 1.08 0.11 5.3 5476 16.2 12.5 
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Table 5.2. Assignments and strengths of infrared bands of aromatic molecules used in the 

analysis. 

 
Wavenumber, 

cm-1 Vibration assignment 
Integrated 

range 

Avalue, 10-19 

cm/molecule 

Indene 

720 
C-H hexa-ring out-of-plane 

bendingf 
740–711 60f 

768 C-H out-of-plane bendingf 793–755 200f 

1313 C-H penta-ring in-plane bendingf 1321–1302 14f 

1390 CH2 bendingf 1419–1374 51f 

1459 C-H hexa-ring in-plane bendingf 1487–1443 64f 

3100 
C-H hexa- and penta- rings 

asymmetric stretchf 
3153–2983 136f 

Naphthalene 

783 C-H-wagginge 805-757 120d 

1390 C-H-bending, C-C stretche 1403-1372 8.1d 

1508 C=C stretche 1530-1497 11.5d 

3049 C-H stretche 3085-2994 50d 

Phenanthrene 

817 C-H out-of-plane bendingb 855-800 99.17b 

1250 C-H in-plane bendingb 1262-1228 15.61b 

1500 C-C stretchb 1508-1492 11.79b 

3058 C-H stretch   

Pyrene 

714 C-H deformationa 722-700 140.73a 

850 ring deformationa 864-837 191.25a 

1186 ring deformationa 1194-1171 34.24a 

1435 ring stretcha 1441-1426 28.28a 

3051 C-H stretcha 3078-3032 60.36a 

Adamantane 

1101 CH2 twistg 1124-1090 4.98g 

1450 CH2 scissorg 1464-1433 18.3g 

2850 
C-H stretchg 

2872-2837 94.7h 

2906 3205-2870 1205h 

a – (Hardegree-Ullman, et al., 2014), b – (Hudgins, et al., 1994), c – (Hudgins & Sandford , 1998), d – (Sandford, 

et al., 2004), e – (Srivastava & Singh, 2017), f – (Maté, et al., 2023), g – (Jensen, 2004), h – (Patzer, et al., 2012) 

5.2 Results 

In Figure 5.2, the IR spectra of the investigated molecules before and after irradiation at 

a deposited dose of 60 eV/molecule are presented. As the initial thickness of the samples varies 

significantly (Table 5.1), some samples have been completely destroyed at this dose, while for 

others half of the initial molecules still remained. Additionally, in many cases, the appearance 

of new molecules is noticeable. In particular, features near 3292 and 3240 cm-1 which, as 

discussed previously, belong to propyne (C3H4) and acetylene (C2H2), respectively, appear for 

all PAH molecules. In contrast, they are not observed in the case of adamantane; this issue 

remains unclear for us. 
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Figure 5.2. Infrared spectra of unirradiated (top-bottom) pyrene, phenanthrene, naphthalene, 

indene and adamantane – black line, and irradiated with 39.2 MeV 56Fe10+ with deposited 

local dose around 60 eV/molecule – red line. The fluences are (from top to bottom) 4.4‧1012; 

4.9‧1012; 7.2‧1012; 6.6‧1012; 5.2‧1012 ions/cm2.  
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The destruction cross section was calculated for bands, specified in Table 5.2, using 

eq. (4.1). The results are presented in Table 5.3. The strong correlation between the average 

destruction cross section and the molecular weight is noticeable. The least radioresistant 

molecule is indene. The destruction cross section of the latter is three times higher than that of 

pyrene. In order to compare our results on ion irradiation with data from the literature on photon 

irradiation, we calculated the chemical yield (Vignoli Muniz, et al., 2017), which indicates the 

number of destroyed molecules per 100 eV deposited dose: 

𝐺 =
100 [𝑒𝑉]∗𝜎𝑑 [𝑐𝑚2]

𝑆𝑒+𝑆𝑛 [𝑒𝑉 𝑐𝑚2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1]
.    eq. (5.1) 

The stopping powers were calculated with the SRIM software (Ziegler, et al., 2010) in units of 

eV/(1e15 atoms/cm2) and were then multiplied by the number of atoms in each molecule. 

Table 5.3. Destruction cross section of PAHs. 

 

Molecular 

weight, 

g/mol 

Wavenumber, 

cm-1 

Destruction 

cross section, 

10-13 cm2 

Average destruction 

cross section ± SD, 

10-13 cm2 

Chemical 

yield G, 

molecules 

Indene 116.16 

720 4.65 

4.01±0.82 5.13 

768 4.49 

1313 4.38 

1390 4.44 

1459 3.55 

3100 2.53 

Naphthalene 128.17 

783 4.03 

3.43±0.49 3.60 
1390 2.87 

1508 3.59 

3049 3.21 

Phenanthrene 178.23 

817 1.50 

1.63±0.36 1.25 
1250 1.83 

1500 1.99 

3058 1.19 

Pyrene 202.25 

714 1.59 

1.40±0.18 0.97 

850 1.31 

1186 1.57 

1435 1.37 

3051 1.16 

Adamantane 136.24 

1101 1.93 

2.24±0.51 1.93 
1450 1.68 

2850 2.56 

2906 2.77 
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Figure 5.3. Radiation chemical yields for cyclic molecules irradiated with ions and γ-rays 

(Cataldo & Keheyan, 2006) as a function of their molecular weight. 

Figure 5.3 presents the radiation chemical yield of PAHs, irradiated with heavy ions as 

reported in this chapter and in Chapter 4, along with results on γ-rays irradiation, obtained by 

(Cataldo & Keheyan, 2006). The number of destroyed molecules is greater for Fe than for γ-

rays, which seems reasonable due to the lower ionization capability of γ-rays. Additionally, it 

is noticeable that for protons, this value is even lower than for γ-rays. In general, our results 

confirm the trend, that radioresistance of the molecule increases with molecular weight 

(Montillaud, et al., 2013).  

Regarding the stability difference between catacondensed and pericondensed structures, 

it has been reported in a theoretical study (Holm, et al., 2011) that fragmentation yields in ion-

PAH collisions in the gas phase are significantly smaller for pericondensed structures. This 

suggests that catacondensed molecules are more stable. 

Additionally, the question of isomer stability arises. (Cataldo & Keheyan, 2006) found 

that chemical yield for pyrene (0.38) is slighter smaller than for fluoranthane (0.42). The study 

of (Delaunay, et al., 2018) compared the yields of newly formed compounds during ion 

irradiation of fluoranthene and pyrene clusters. They found that the yield for fluoranthene is 2.5 

times higher than that for pyrene clusters.  

As mentioned earlier, large PAH (more than 50 carbon atoms) are more representative 

of conditions in the interstellar medium. However, conducting experiments with them is more 

challenging. Nevertheless, for a better understanding of the evolution of PAHs in space, it is 

crucial to conduct experiments on the irradiation of large PAHs trapped in a water matrix in the 

solid phase. 
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6. Astrophysical implications 

Cyclic molecules play an essential role in biochemical processes of terrestrial organisms 

and serve as main carbon carriers, significantly influencing the carbon cycle in the cosmos. 

Different cyclic molecules, including PAHs have already been detected in molecular clouds 

(Burkhardt, et al., 2021), (Cernicharo, et al., 2021), (McGuire, et al., 2021). Icy mantles, formed 

in dense clouds, are promising sites for the formation of cyclic molecules. Dense clouds, with 

a relatively high density of 103-107 particles per cubic centimeter, effectively shield the icy 

mantles from UV photons. Most photons do not penetrate the dense cloud from outside; 

however, small amounts of photons are generated as a result of interactions between ions and 

the material within the dense cloud. The average lifetime of a molecular cloud is ~ a few tens 

million years (Chevance, et al., 2020), (Meidt, et al., 2015). As the dense clouds evolve, they 

transform into accretion discs, eventually leading to the formation of stellar system (Figure 6.1). 

Therefore, studying the survivability of cyclic molecules is crucial for understanding the 

evolution of carbon matter. 

 

Figure 6.1. Cosmic carbon life cycle. Extracted from (Mateo-Marti, et al., 2019). 
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Figure 6.2. a) Flux (Φ(E)) of the ten most abundant cosmic ray constituents. Destruction cross 

section and differential dissociation rate for different ions in pure pyridine (b, c), pure pyrene 

(d, e) and in H2O:C16H10 mixture with 1% of pyrene (f, g). 
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The survivability of the molecules can be quantified by their half-life time commonly 

used in the literature. To evaluate the damage induced by ionic projectiles to molecules in space, 

we used ion flux data available for Earth’s orbit (Webber & Yushak, 1983): 

𝛷(𝐸) =
𝐶𝑧𝐸0,3

(𝐸+𝐸0)3    [
particles‧nucl

𝑐𝑚2‧𝑠‧𝑠𝑟‧𝑀𝑒𝑉
],   eq. (6.1) 

where 𝐶𝑧 is a normalized constant representing the abundance of the element relative to 

hydrogen. 𝐸𝑜 = 400 𝑀𝑒𝑉 is a form parameter and 400 MeV is the most accurate value to 

describe cosmic ray flux (Shen, et al., 2004).  

We calculated the half-life time of pure pyridine and pyrene molecules in dense 

molecular clouds, as well as the half-life time of pyrene trapped in a water matrix at different 

pyrene concentrations: 1% and 5%. Using the power law dependences between the destruction 

cross section and the electronic stopping power of the incident ion, obtained in Chapters 3 and 

4 (Figures 3.8, 4.6 and 4.15), we can estimate the destruction of these molecules caused by ten 

most abundant cosmic ray elements. The normalized constant 𝐶𝑧 for each cosmic ray 

constituent was extracted from the work of (Portugal, et al., 2014).  

Figure 6.2 present the flux of each cosmic ray component as a function of ion energy 

(a) along with the electronic stopping power of each cosmic ray constituent in pyridine (b), 

pyrene (c) and in H2O:C16H10 mixture with 1% of pyrene (d). The destruction cross section as 

a function of ion energy, which was obtained using the power law dependence is presented in 

Figure 6.2 (b, d and f). 

The half-life time is calculated with the formula (Portugal, et al., 2014): 

𝜏 =
ln (2)

∑ 𝑗 ∫ 𝛷(𝐸)𝜎(𝐸)𝑑𝐸
103

10−3

 [seconds],   eq. (6.2) 

where ∑ 𝑗 ∫ 𝛷(𝐸)𝜎(𝐸)𝑑𝐸
103

10−3  is differential dissociation rate as a function of ion energy in the 

interval from 10-3 to 103 MeV/nucleon, which is shown in Figure 6.2 (c, e and g). 

Table 6.1 shows the half-life times of various organic molecules in dense clouds. The 

half-life time of pyridine (9.1× 106 years) is comparable to that of other molecules with six-

membered rings in their structure, such as cytosine (7.3 × 106) or phenylalanine (10 × 106). 

These values are also similar to the half-life time of nucleobase adenine (7.96 × 106), which has 

fused five- and six-membered rings in the structure. The pyrene molecule (82 × 106) is 

predictably having a longer half-life time than pyridine. It is also well known that aliphatic 

molecules are less stable than aromatic ones (Bhimabhai, 2018), as clearly demonstrated by 

comparing the half-life time of glycine (2.8 × 103) and valine (0,94 × 106) to that of aromatic 

compounds. For comparison, the small acetylene molecule (C2H2), which has a triple bond 

between carbon atoms, can survive in dense clouds for up to 230 million years (Pereira, et al., 

2020). 

Additionally, the half-life times of pyrene trapped in a water matrix was calculated using 

two concentrations of pyrene in H2O:C16H10 mixtures: 1% and 5%. A power dependence model 

was applied to fit the destruction cross section as a function of electronic stopping power of the 

incoming ion, following the same methodology as used for pure pyrene (Figure 4.15). As 

expected, the half-life of pyrene trapped in a water matrix is significantly shorter than that of 

pure pyrene, estimated to be around 3 million years for H2O:C16H10 mixture with 5% pyrene 

and 1 million years for H2O:C16H10 mixture with 1% pyrene (Table 6.2). 
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The survival of PAHs in dense clouds will primarily depend on the matrix surrounding 

them. For example, if a grain is composed entirely of pyrene or pyridine, it is likely to survive 

within a dense cloud, which has a lifespan of several million years, and later contribute to the 

formation of planetary systems. However, if pyrene is dissolved in a large amount of water, the  

lifespan of the molecule will clearly be shorter than that of the dense cloud. Other matrix 

molecules can also influence the radioresistance of PAHs. Therefore, the key factor determining 

the survival of PAHs is the composition of the matrix in which they are trapped. To better 

understand this, experiments should be conducted where PAHs are trapped in matrices 

composed not only of water but also of NH3, CO2, and CO. 

Table 6.1. The half-life time of different organic molecules in the dense clouds. 

Molecule Structure Ions considered 
Half-life time, 

years 
Temperature 

Pyrene 

C16H10  

H, He, O, C, Mg, Si, Fe, S, 

Al, Ca 

82 × 106 20 K 

Pyridine 

C5H5N  
9.1 × 106 10 K 

Adenine 

C5H5N5  
7.96 × 106a 13 K 

Cytosine 

C4H5N3O 
 

7.3 × 106b 20 K 

Glycine 

C2H5NO2  

H, He, O, C, Fe, Si, Mg S, 

Ni, Ca, Al, Mn, V, Cr, Ti, 

Sc, Ar, K, Cl, P, Co, Cu 

2.8 × 103e 14 K 

7.8 × 103e 300 K 

Phenylalanine 

C9H11NO2 

 

H, He, C, O, Ne, Fe 

10 × 106c 300 K 

Valine 

C5H11NO2 

 

0.94 × 106d 300 K 

Acetylene 

C2H2 
 230 × 106f 45 K 

a- (Vignoli Muniz, et al., 2017), b- (Vignoli Muniz, et al., 2022), c- (Mejía, et al., 2022), d - (Costa, et al., 2020), 

e - (Portugal, et al., 2014), f - (Pereira, et al., 2020) 

Table 6.2. The half-life times of pure pyrene and pyrene trapped in the water matrix with 

concentrations 1 and 5 %. 

Mixture Half-life time, years 

Pure pyrene 82 × 106 

H2O:C16H10 (5% of C16H10) 2.8 × 106 

H2O:C16H10 (1% of C16H10) 1.3 × 106 
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Conclusion and perspectives 

In this work we investigated how ions in space interact with aromatic molecules of 

astrochemical relevance in the solid phase. The study focused on two aromatic molecules: 

pyridine, which plays an important role in biochemical processes in living beings, and pyrene, 

one of the simplest PAHs, which is ubiquitous on Earth and in meteorites and asteroids. Both 

molecules are considered to be present in space and to play a role in carbon cycle, although 

they have not yet been detected.  

These two aromatic molecules were irradiated at the GANIL and ATOMKI facilities 

with both light and heavy ions, imitating solar wind and galactic cosmic rays. The main 

technique used for sample analysis was infrared spectroscopy. Using pyridine, we investigated 

for the first time how the initial structure (amorphous/crystalline) influences the destruction 

cross section and found out that the crystalline structure has a higher destruction cross section. 

We investigated the effect of irradiation temperature on the destruction cross section of pyridine 

and concluded that this does not have a significant impact. Additionally, we studied the 

influence of the aqueous matrix on the destruction cross section of pyridine and obtained results 

that confirm previous studies: as the concentration of pyridine in the aqueous matrix decreases, 

the destruction cross section of pyridine increases. It was attributed this to the indirect effect, 

where increased water concentration results in a greater number of water radicals attacking the 

pyridine molecules. 

For the pyrene molecule, we focused on evaluating the destruction effects from both 

heavy and light ions. We found that the local dose is not the key parameter, as the destruction 

caused by heavy ions was significantly greater than that caused by light ions, despite the same 

deposited local dose. Additionally, we conducted experiments involving the irradiation of 

pyrene-water mixtures and observed the same effect, which was mentioned earlier: the 

destruction cross-section dramatically increases as the concentration of pyrene in the mixture 

decreases. 

For both pyridine and pyrene, the new species that emerged during irradiation were 

identified. The formation cross sections were determined for some of these species. 

For both molecules, the main goal was to predict the survivalability of pyridine and 

pyrene in space. To achieve this, we identified the relationship between the destruction cross 

section and electronic stopping power of incoming ion to predict the destruction effect on these 

molecules when exposed to cumulative irradiation from all ions present in space. We found that 

pure pyridine and pure pyrene may survive approximately 9 and 80 million years, respectively, 

in dense clouds, which approximately corresponds to the lifetime of a dense cloud. However, 

when pyrene is trapped in a water matrix, its lifetime predictably decreases to just 1 million 

years, when its concentration is 1% in the water matrix.  
 Additionally, a comparative analysis of the destruction cross section for PAHs of 

different sizes (indene, naphthalene, phenanthrene, adamantane and pyrene) irradiated with 

heavy ions was conducted. We concluded that the probability of molecular destruction 

decreases with increasing atomic weight, a trend previously observed for photon irradiation in 

the literature. This is because, under external influence, larger molecules tend to wobble and 

relax rather than break bonds, which is more energetically favorable for smaller molecules.  
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Since much of the work in this study was done for the first time in our group, including 

the irradiation of crystalline structures and the use of PAHs as the solid target, many aspects 

can still be improved. 

For example, for a more realistic simulation of the conditions under which organic 

material evolves in the icy mantles, it is necessary to add CO, CO2 and NH3 to the water matrix. 

Since the concentration of these molecules can reach up to 40% in the icy mantle, they can 

either balance the effects caused by water or lead to unpredictable consequences for organic 

matter trapped in the mantle. 

The concept of the deposited local dose as a “key parameter” still remains unclear. Our 

research shows that H and He ions cause significantly less damage to pyrene and adenine 

compared to heavier ions, starting from C. However, in previous studies on valine irradiation, 

this was not the case — when the deposited local dose was the same for H, He and heavy ions, 

the extent of damage was comparable. This discrepancy might be explained by the molecular 

structure, as pyrene and adenine have stable aromatic structure, while valine has less stable 

aliphatic structure. In any case, further experiments with other molecules, as well as theoretical 

calculations, are needed to gain a better understanding of this effect. 

In addition to ions, the space is penetrated with other types of ionizing radiation, such 

as electrons and photons. Ions, photons and electrons generally interact simultaneously, though 

one type may dominate depending on the location. Therefore, it is important to determine 

whether there is a synergic effect when different types of ionizing radiation are present 

simultaneously. For these purposes, MIRPLAA (Multiple-beam IRRadiation PLAtform) is 

being designed at CIMAP laboratory in Caen, which will allow simultaneous irradiation of the 

samples with ions, photons, and electrons. The chamber will be equipped with an ion trap, 

allowing the detection of volatile species released during irradiation and the heating of the 

sample afterward. 

In this study, we relied only on the infrared spectroscopy to analyse the compounds, 

formed during irradiation, even though it is not the most effective technique for identifying new 

molecules. We made efforts to send samples to other laboratory for the identification of new 

compounds using high-resolution mass spectroscopy method, but due to technical challenges, 

this could not be achieved before the completion of this thesis. In the future, in order to obtain 

a more comprehensive understanding of the compounds formed during irradiation, it would be 

very useful to use laser desorption ionisation or electrospray methods.  

 


