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Ices are omnipresent in cold regions in space on, e.g., comets, dust grains, transneptunian objects, surfaces of plan-
ets and their satellites. The dominant molecule in such ices is water, but also other small molecules or even complex
organic molecules (COMs) may be present. lonizing radiation (UV photons, electrons, ions from cosmic rays or solar
wind) induces several physico-chemical processes such as radiolysis. The fragmentation of initial molecules followed
by chemical reactions between radicals may lead to formation of new molecules. Furthermore, also implanted projec-
tiles can contribute to chemistry by forming new molecular species. Other observed effects include structural changes
(compaction, amorphization) and desorption (sputtering) of particles from the surface. At CIMAP (Caen, France), us-
ing the different beam lines of the GANIL facility, and at GSI (Darmstadt, Germany), the interaction of swift highly
charged heavy ions with astrophysical ices has been studied in a wide projectile energy range from keV to GeV. Here,
two examples of our studies on astrophysical and astrochemical applications will be discussed in detail: 1) the synthesis
of COM s under irradiation of ices made of small molecules, and 2) radiosensitivity of COMs such as pyridine, glycine
and adenine, both for isolated molecules in the gas phase and in condensed phase. Special emphasis is given on pyri-
dine and pyridine in water matrix.
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tions, molecular clouds, outer solar system, comets.

1. Introduction

Complex organic molecules (COMs), including amino ac-
ids and nucleobases, can be formed under space conditions
(low temperatures, typically 10-150 K) following radiolysis
of mixtures of condensed small molecules (H2,O, CO, COy,
CH30H, NH3, HCOOH and others) by vacuum UV irra-
diation and by ion bombardment in laboratory simulations
([2-3], and references therein). Such environments exist in the
interstellar medium (ISM), in particular in dense molecular
clouds, and in the outer solar system, where molecules will
freeze out, e.g., on dust grains or surfaces of Transneptunian

*  Now at: Indian Institute of Technology Delhi, India.

**  Now at: Institute of Physics, University of S&o Paulo, Brazil.

objects. Similar conditions are also found at frozen surfaces in
the solar system such as comets, asteroids and on several sat-
ellites of the giant planets. Indeed, glycine (NHoCH>COOH),
the simplest amino acid, has recently been observed among
the compounds collected by the space probe STARDUST
around comet Wild 2 [4]. Furthermore, amino acids and
nucleobases were found in the Murchison meteorite [5]. A
plethora of COMs have been detected by ESA’s ROSETTA
mission on comet 67P/Churyumov—Gerasimenko [6], among
them several aromatic molecules and glycine [7].

Organic matter has been and is constantly being deliv-
ered from space to Earth by, e.g., micrometeorites [1,3,8]
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and thus may have contributed to the emergence of life.
Once COMs have been synthesized in outer space follow-
ing radiolysis, they are also exposed to ionizing radiation
fields. The question arises thus how long they can survive
in space. It is therefore necessary to study their radiation
resistance in order to determine the survival times of com-
plex molecules. In the following, we present laboratory
studies performed at different beamlines of GANIL
(Caen/France) and GSI (Darmstadt/Germany). The effects
of heavy ion irradiation on ices of astrophysical interest
have been studied within our collaborations since about ten
years. Radiolysis of numerous simple ices and mixtures of
up to four simple molecules were studied. Irradiation not
only leads to fragmentation of initial molecules, but also to
synthesis of COMs such as glycine. We also studied to
what extend implanted projectiles contribute to the synthe-
sis of molecules. A recent review of those results can be
found in Ref. 2, the results presented below are a follow-up
of sections 5.5 and 5.6 of [2].

In Sec. 2, briefly, the experimental procedures are pre-
sented. In Sec. 3, the synthesis of COMs by UV and
(heavy) ion irradiation is discussed. The stability and radia-
tion resistance of COMs both as isolated molecules (gas
phase fragmentation) and in condensed phase are subject
of Secs. 4 and 5, respectively. Finally, recent results ob-
tained with pyridine and pyridine-water mixtures at low
temperature are shown in Sec. 6. Such experiments address
the (still open) question if the presence of water, which is
omnipresent in space environments, has a protective effect
or enhances radiosensitivity.

2. Experimental: Laboratory simulation of radiation
effects in outer space

To simulate cosmic radiation effects (by UV photons,
electrons or ions) on condensed matter (like ice-covered dust
grains or icy surfaces on larger objects) in space, one needs a
suitable radiation source (UV lamp or synchrotron, ion ac-
celerator). At GANIL, we used four different ion beam lines:
ARIBE (e.g., O at 90 keV), IRRSUD (e.g., C 12 MeV and
Xe 92 MeV), SME (heavy ions of about 10 MeV/u), HE
(e.g., Fe 70 MeV/u). At GSI, ion irradiation experiments
were performed at the M-Branch of UNILAC (see Sec. 5). It
is important to perform experiments with similar samples at
different accelerator facilities with different experimental
set-ups in view of assuring the reproducibility of the results.
A high vacuum chamber connected to those lamps or ac-
celerator beamlines is necessary so that the radiation can
reach the target without being stopped, and to limit deposi-
tion of contamination by absorption of residual gas mole-
cules (e.g., water).

The base pressure at room temperature of such equip-
ment is of the order of 2.107 to 2-10™° mbar, dropping to
5107 to less than 510" mbar with the target cooling
system working. To obtain ultrahigh vacuum pressures of
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the order of 10~° mbar or below in the irradiation chamber,
it is necessary to bake out the vacuum system. Further-
more, it may be necessary to separate it from the accelera-
tor beam lines by differential pumping stages, if the vacu-
um in the beam lines, which is often the cases, is in the
high vacuum range of about 107" mbar.

A cryostat (e.g., liquid nitrogen or helium, or closed-
cycle helium with a compressor) connected to cold head
target holder is needed to provide low temperatures (typi-
cally 10-15 K). Icy layers are prepared by deposition of
gases or mixtures of such on a cold substrate. A heating
and temperature regulation system allows to keep the sam-
ples also at other fixed temperatures up to 300 K, and to
perform a controlled slow annealing procedure.

Infrared spectroscopy is a widely used technique both
for space and laboratory observations [9]. In most of our
experiments, Fourier-transform infrared absorption spec-
troscopy (FTIR) was used. In this case, IR transparent
windows serve as substrate for the deposition of small
molecules or mixtures of such in situ. COMs may be pre-
pared ex situ from powders dissolved, e.g., in methanol,
dropping them on the substrate, and then evaporating the
solvent by heating. Also, vapor deposition using an effu-
sive oven was used for COMs like nucleobases. The exper-
imental procedures of sample preparation, FTIR spectros-
copy and irradiation procedures with special emphasis on
precise dosimetry have been described in numerous papers
(see [2,10-12] and references therein). We note that also
UV-visible spectroscopy is a widely used technique and
available at CIMAP-GANIL [12,13].

Experiments with gas phase target molecules rely on
gas targets such as effusive needles, (cold) supersonic jets
and electrospray sources. In gas phase, the structure of
biomolecules can be investigated by means of IR laser
spectroscopy. Coupling mass spectrometry to infrared
spectroscopy appears to be very promising in order to iden-
tify some intrinsic properties of small ionic model systems
that could be relevant for understanding more complex
mechanisms in molecular biology. To give an example, spe-
cific interactions and structures of gas-phase vancomycin
antibiotics with cell-wall precursor can be investigated
through InfraRed MultiPhoton Dissociation (IRMPD) spec-
troscopy using a free electron laser [14].

Other techniques (available at CIMAP-GANIL) allow
the identification of particles sputtered from the surface
emitted by mass spectrometry. Most set-ups can be equipped
with a QMS (quadrupole mass spectrometer, for a recent
example see [15]). Furthermore, imaging XY-TOF-SIMS
(time of flight secondary ion mass spectrometry) is availa-
ble; among other techniques, this set-up is described in
[16]. This set-up, now equipped with a cold head and sam-
ple heater (10 to 300 K), and a quartz microbalance allow-
ing to measure the thickness of deposited layers and also
mass loss (sputtering yields), was also used to study astro-
physical silicates [17].
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3. Radiolysis of ices: synthesis of complex organic
molecules

Irradiation by energetic photons or ions results in exci-
tation and ionization of target molecules. The fragmenta-
tion of the latter, often characterized by a “destruction
cross section” [10], results in the appearance of new
(“daughter”) molecules. On the one hand, fragments of the
initial molecules are observed, or newly formed species
from reacting radicals formed by radiolysis. Many labora-
tory experiments have been performed with ices containing
small molecules (e.g., H2O, NH3, CH4, CO, CO2, CH30H,
HCOOH, etc.). After irradiation, in such mixtures contain-
ing the basic ingredients for synthesis of organic molecules
(H, C, N, 0), indeed, organic and pre-biotic molecules
have been observed. Under interstellar or circumstellar
conditions, COMs such as urea, nucleobases, amino acids,
and ribose (a sugar) can be formed under vacuum UV,
electron and ion irradiation (see, e.g., [18-24], and refere-
nces therein).

Electrons also play an important role. As primary parti-
cles in the radiation field in space, they can yield a signifi-
cant contribution to the deposited dose, the Galilean satel-
lites of Jupiter being an example [25]. As secondary
particles from primary ionization induced by UV photons,
primary electrons or ionic projectiles, they can lead to sec-
ondary ionization events. This is in particular true for swift
ions (like occurring in cosmic rays), where the so-called &-
electrons from knock-on collisions (with energies in the
keV range or more) can travel over large distances (mm or
more) and lead to ionization far away from the track core
(typical radius some nm). The subsequent secondary, ter-
tiary (and so on) ionization events lead to a cascade of low-
energy electrons with energies of below, say, 10 eV (see,
e.g., Sec. 1.4 of [2] and references therein). Low-energy
electrons can contribute to bond breaking via dissociative
electron attachment [26-29]. As examples of studies of
keV electron beam induced effects in ices we mention the
Hawaii and Karkiv groups [30,31], see also [16] and refer-
ences in [16,30,31]. Concerning COMs, e.g., the molecules
of particular interest here, nucleobases [32] and pyridine
containing icy layers [33] under electron impact have been
investigated.

Several studies have compared ion irradiation and UV
photolysis of ice mixtures. A major difference between UV
photons and swift charged particles is the penetration depth
of the ionizing radiation. If the photon energy is above the
ionization threshold of the irradiated molecules, they will
be rapidly absorbed in the first layer(s) of the ice (within,
say, less than a nm). In contrast, swift ions penetrate deep-
ly: depending on their energy, from some tens of nm for
solar wind equivalent velocities, up to the mm range for
high-energy cosmic ray equivalents (see Fig. 1 of [2]). It
was observed that both types of radiation generate similar
changes in icy samples, although quantitative differences
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between the two processes have been observed. Here, we
can just mention one study using GANIL-IRRSUD [22]
and refer the reader to Sec. 5.5 of Ref. 2 for further discus-
sion. Mufioz-Caro and coworkers demonstrated that radia-
tion processing of methanol and ammonia containing ices,
CH30H:NHg3, by swift heavy ions or UV photons using a
similar energy dose (in eV/molecule), respectively, yield
quite similar residues containing organic molecules after
warm-up to room temperature. However, the applied FTIR
spectroscopy does not allow to identify large COMs, this
can nevertheless be achieved by ex-situ chromatographic
analysis of thick residues or high resolution mass spec-
trometry [23,24].

Other investigations on formation of organic matter af-
ter ion irradiation have been performed at GANIL, e.g., by
Augeé et al. [1] and Pilling et al. [34]. Following heavy ion
processing of ammonia-containing ices (H2O:NHz and
H>0:NH3:CO) [34], IR spectra exhibited lines which could
be attributed to several new species including HNCO,
N20, OCN , and NHj}. Note that OCN™ and NH were
also observed by TOF-SIMS [35]. After a slow warm-up to
room temperature, the IR spectra of the residues from the
irradiated HoO:NH3:CO ice showed five bands tentatively
assigned to vibration modes of the aminoacid zwitterionic
glycine. Possibly, another can be attributed to hexamethyl-
enetetramine (HMT) [34]. Molecular dynamics simulations
allowed to analyze the effects of MeV ion impact on an icy
mixture of water, carbon dioxide, ammonia, and methanol
[36]. The total number of molecules produced was found
to be approximately proportional to the deposited energy
density. The most complex molecules are formed at the
highest energy densities, while smaller molecules (such as
formaldehyde and hydrogen peroxide), are produced all
along the ion track.

Irradiation of (No—CHg) ices mixtures at 14 K with ni-
trogen content of up to 98% led to formation of HCN and
CN7, and the infrared spectra of the solid residues meas-
ured at room temperature showed similarities with that of
UCAMMs (ultra-carbonaceous micrometeorites collected
in Antarctica), and also with that of poly-HCN [1]. The
estimated formation time scales are compatible with radia-
tion induced processing of icy bodies orbiting in the outer
Solar system, thus such a scenario of energetic radiation
processing could produce precursors of organic material
brought to Earth via meteorites.

4, Stability of COMs in the gas phase

Organic molecules in space exist both in gas phase as
isolated molecule, and in condensed phase, in mixtures
with other molecules and often in a water matrix, water
being omnipresent. To understand the radiation effects on
COMs, let us start with a short overview on their stability
in the gas phase, mainly focusing on studies performed at
GANIL, before moving on to what happens in condensed
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phase. It is important to note that these considerations are
not only important in view of astrochemical and astro-
biological considerations, but also in view of radiation bi-
ology and medicine, in particular concerning hadron-
therapy for cancer treatment.

Gas phase studies of COMs have emerged in the last two
decades in order to probe their intrinsic properties at the atom-
ic and molecular level under a solvent-free or size-controlled
environment. Through a bottom-up approach, molecules of
increasing sizes are continuously investigated with the ulti-
mate aim of describing in a comprehensive way their behav-
iors in the much more complex cell medium. Gas phase ex-
periments on biological systems also inherit the powerful
experimental tools developed in nuclear and atomic physics.

Processes induced by low-energy electron interaction on
nucleobases and DNA strands are considered to be of rele-
vance for radiation chemistry. The group of L. Sanche has
pioneered the study of dissociative electron attachment (DEA)
reaction with single and double DNA strands [26,27]. Follow-
ing this seminal study, the Innsbruck team has undertaken
exhaustive studies on isolated nucleobases (NB) and nucleo-
tides through DEA by looking at the anion fragmentation
yield as a function of the electron energy [28,29]. Depending
on the initial energy of the electron, different fragmentation
channels are observed with well-defined resonance pattern at
low energy (0-20 eV). These resonances are directly related
to the resonant excitation of low lying molecular orbitals on
specific chemical groups of the molecule.

In the case of higher energy radiation interactions with a
living cell, the identification of the physico-chemical events
leading to the biological effects induced by irradiation (chro-
mosomal aberration, mutation and/or cellular death) is more
complex. The works have mainly been performed at the
mesoscopic level [37,38], by irradiating for instance cells or
DNA fragments in solution and by analyzing the results with
biochemical or biological methods. They have cleared up the
fact that the most severe consequences of irradiation result
from the damage of genetic material. Nevertheless, the
physico-chemical origins of DNA damage are not yet clearly
established. It is commonly accepted that radiation damage
results either from direct ionizations due to the interactions
with the primary beam particles (direct effect), electrons or
slow and simply charged ions, or from radical species (indi-
rect effects) created by the primary beam interacting with the
surrounding biological medium (mainly water). These in vivo
experimental results reflect then a combination of these ef-
fects, and only give insight in the biological consequences of
radiation damage. They do not allow to establish a hierarchy
in the irradiation events, neither to provide a real interpreta-
tion, at the molecular level, of the origin of damages [39].

The bottom-up alternative, based on low-energy ion col-
lisions on isolated biomolecules in the gas phase, without
any surrounding medium can take in account the only ef-
fects linked with the secondary particles. Physico-chemical
analysis techniques (e.g., mass spectrometry) can be used to
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get insight into the physical processes of radiation damage.
Nevertheless, this approach was strongly restrained by the
difficulty to put complex molecules in the gas phase, and
most of the studied systems were small molecules (amino
acids, nucleobases, ...) representing only elementary build-
ing blocks of the biomolecules being in the cellular medium,
see, e.g., [40,41].

Moreover, the lack of real aqueous environment is a very
strong simplification and numerous important effects are
clearly missing. As a consequence, a series of experiments
with hydrated nucleobase mixed clusters were performed
[42,43]. Like in the case of pure clusters, it has been found
that the environment (surrounding molecules) has a signifi-
cant influence on the fragmentation dynamics, providing an
overall *“protective effect”: molecular fragmentation is
strongly reduced. On the other hand, the environment can
also favor the opening of specific fragmentation channels
which have not been observed in the case of isolated mole-
cules. Note that for hydrated clusters a series of hydrated
fragments have been observed, indicating a strong interac-
tion between biomolecule and water molecules, holding the
water clusters bound to the observed molecular fragments.

5. Radioresistance of COMs in condensed phase

The life span of COMs in outer space depends on their
radioresistance, i.e., their capacity to survive the impact of
energetic particles to which they are continuously exposed.
Measurements of destruction (or “disappearance”) cross
sections allow to estimate the half-life of molecules in
space [2,11,44]. The goal of experiments with high energy
projectiles is to simulate in laboratory the effect of cosmic
rays on COMs embedded in icy mantles on dusty grains in
Inter Stellar Media (ISM) or at the surface of comets. The
radio-resistance of molecules mixed with water or embed-
ded in a water matrix is of great significance due to the
abundance of water ices in outer space.

Among COMs, nucleobases are particularly important,
since they are part of DNA. Even if nucleobases have not
yet been observed directly in space, their presence on me-
teorites on Earth is an indication of their existence in space
environments. We distinguish two kinds of nucleobases:
i) purine nucleobases (guanine and adenine) formed of two
heterocyclic rings, and ii) pyrimidine nucleobases (cyto-
sine, uracil and thymine) which are formed by just one
heterocyclic ring, all of which have been irradiated with
swift heavy ions at GANIL (Caen, France) and GSI
(Darmstadt, Germany).

As an example for such a type of experiment, we show
in Fig. 1 the FTIR spectra obtained by irradiation of pyri-
dine (Py) and of a Py—H20O mixture before and after irradi-
ation with 0%* (90 keV) at 15 K. Py (CsH5N) closely re-
sembles the aromatic benzene ring, one of the CH groups
having been replaced by a nitrogen atom. The IR spectra of
pyridine ices contain several peaks and bands correspond-

695



Prudence C.J. Ada Bibang et al.

0.6F @
g 0.4+ |
@]
) — Ll
Z02F Loy
0 L “'l~7"~'.-'—-'~i1|-~—.':lL-,F\-\d
0.8 (b) /\
; "I\
8 06 I ; "-..
=] ;'
£o04t \ Ll |
s L A S,
202/ 0\
,r | | ‘_.J .l
0 e e AT RN TR e ey s e e s e s e s
4000 3000 2000 1000

-1
Wavenumber, cm

Fig. 1. FTIR spectra obtained by irradiation of (a) pyridine (Py)
and of a (b) Py-H,O mixture before and after irradiation with
o* (90 keV) at 15 K during 50 min. The range of 90 keV oxy-
gen projectiles is about 0.4 um, the thickness of the deposited
layers of the order of 1 um. The final projectile fluence amounts
to 10 cm . Spectra “before irradiation” were slightly shifted on
the absorbance axis for better visibility.

ing to different excited modes of vibrations. It is observed
that the area of the peaks present in the spectra of as-
deposited ice layers decrease after irradiation due to the
projectile ion induced fragmentation of the initial mole-
cules. The IR absorption lines of water and pyridine were
used to determine the compositions of ices before irradia-
tion and to monitor the evolution as a function of projectile
fluence F. The quantity F is defined as the number of pro-
jectiles accumulated per surface area, i.e., the product of
irradiation time and projectile flux.

Apparent destruction (disappearance) cross sections oy
can be determined from the fluence (F) dependence of the
area of selected absorption peaks, which is proportional to
the column density, that is, the number of molecules per
surface area. An example of the evolution of the peak area
is shown in Fig. 2 for adenine. The evolution of the column
density, traced as a function of the projectile fluence, can
be well described (at first order) by a best fit of a simple
function, N(F) = Ng exp (-oq F) where Ng is the initial col-
umn density of the irradiated COM layer. An important in-
formation, needed, e.g., for estimating life times of mole-
cules exposed to cosmic rays in space, shown in Fig. 3 for
adenine, is the dependence of the cross sections on the
amount of deposited energy per molecule (dose, here ex-
pressed as the electronic stopping power, see [1,2,11,44]
for a detailed discussion). The cross sections are found to
follow a power law as a function of the electronic stopping
power, o4 ~ S¢, with a stronger than linear dependence,
n = 1.17 in this case [11,44]. This scaling law also holds if
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Fig. 2. Evolution area of one of the IR absorption peaks of ade-
nine (914 cm_l) with projectile fluence F for pure adenine, and
adenine covered with a water layer (as indicated, from [44]).

data for electron irradiation are included [11,32,44]. The
corresponding destruction cross sections for the other
nucleobases are of the same order of magnitude. Neverthe-
less, the destruction cross sections of purine nucleobases
are smaller than those of pyrimidine nucleobases [44].
Taking into account the above scaling (power law) and
the flux distribution of cosmic rays, the half lifetime of
adenine can be estimated [11,44]. Deep inside a dense mo-
lecular cloud, where primary UV radiation cannot pene-
trate and only secondary UV photons induced by cosmic
rays are present, the survival time of solid adenine exposed

Adenine Xe 92 MeV,C"
20
5 Kr 820 MeVg "
o 10-
\S i
X
o} P
sl " ®Ca 190 MeV .,
®C12Mev ca=CS,
n=1.17
5 10
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Fig. 3. Apparent destruction (disappearance) cross sections oy
obtained with adenine as a function of electronic stopping power.
The cross sections are found to follow a power law as a function
of the electronic stopping power, oy ~ SQ with a stronger than
linear dependence, n = 1.17 in this case [11,44].
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to cosmic rays was estimated as (1018)-106 years, thus it
would be of the order of 10 Myr. This is comparable to the
lifetime of such molecular clouds. Therefore, it seems like-
ly that adenine may survive in those “nurseries” of star
formation.

A further interesting finding is that a water layer on top
of the adenine sample seems to not significantly reduce or
enhance the radiosensitivity, as shown in Fig. 2 (from
[44]). We also note that, as an example for the fragmenta-
tion of a COM, with adenine, the formation of HCN, CN,
CH3CN, CyH4Ng4, and (CH3)3CNC fragments has been
observed by FTIR. Finally, we mention that the radiation
resistance of another COM, the amino acid glycine (in its
crystalline a-glycine form) has been investigated with
swift heavy ion beams by Portugal et al. [45].

6. Pyridine-water

In a second type of experiments, the COM pyridine has
been prepared by condensing it in situ at low temperature
(10 K). Pyridine is liquid at room temperature, as is water,
and therefore, a mixture of both at defined ratio can be
prepared. The vapor of pure pyridine or the water—pyridine
vapor mixture can be introduced into the TOF-SIMS irra-
diation chamber [16,17] and condenses on the cold head
(copper substrate). First, pure pyridine, and then an ice
film of the organic molecules mixed with water were in-
vestigated. At low concentrations of pyridine, this would
correspond to a COM embedded in a water matrix. This
comes close to real conditions in space and allows us to
verify if the icy environment modifies the radiation re-
sistance of the initial molecule and/or the synthesis of
daughter molecules. The layers were irradiated with o
(90 keV). The TOF-SIMS mass spectrum is displayed in
Fig. 4. An example of corresponding FTIR spectra is
shown in Fig. 1.

In the mass spectrum of Fig. 4, pyridine itself exhibits
the most prominent peak at mpy = 79 u. At lower masses
m < mpy, fragments due to the collisional fragmentation
by the 90 keV o projectiles are observed. At higher
masses m > mpy, clusters of pyridine (Py)n with n up to 4
are visible. The relative cluster yields Y(n) normalized to
that of pure pyridine, Y(1) = 1, are plotted as a function of
cluster size n in Fig. 5. The emission of sputtered parti-
cles (which are mostly emitted as neutrals, not as charged
secondary ions) in the form of molecules and clusters is
common. In some cases, the cluster yields Y(n) follow a
power law Y(n) ~ nS, in other cases, an exponential law
Y(n) ~ exp(n) is observed. Possible mechanisms for clus-
ter emission include the emission of preformed species as
single entities after impact following a collective phe-
nomenon such as a shock wave. An observed power law
dependence is a hint for such a collective mechanism.
Exponential laws in contrast reflect “statistical processes”
like (in-flight) fragmentation or agglomeration after strong
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Fig. 4. TOF-SIMS mass spectrum of pyridine condensed at

10 K under impact of the 90 keV o projectiles. Py is observed

at mpy = 79 u. At masses m < Mpy, Py fragments, and at masses
m > mpy, clusters of pyridine (Py), with n up to 4 are visible.

electronic excitation leading to the formation of a local
plasma (see [46] for a more thorough discussion).

The cluster size dependence of the yields of sputtered
secondary ions could in many examples, and in particular
with condensed molecules (ices) [2,47] but also with LiF
[46], be described by the sum of two exponential functions.
The number of data points here is, however, too small to
allow to distinguish between those possibilities. Neverthe-
less, an interesting result is observed with the Py-H,O
mixture: although the smallest cluster (Py)2 is still ob-
served, this is not the case for the larger cluster n > 2. This
finding, in view of the question if the presence of water has
a protective effect or enhances radiosensitivity, is still un-
der investigation.

I O
+ I
£
= O 1;
+;%: E O
E i Pyridine
§ 0.01F
[ Pyridine + H,OO \O
0.001¢
E 1 1 1 1
1

(Py),
Fig. 5. Relative cluster yields Y(n) of pure Py and a Py—H,0O mix-

ture (as indicated), normalized to that of pure pyridine, Y(1) = 1, as
a function of cluster size n.
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7. Outlook

In order to perform laboratory simulations of ion irradi-
ation effects (in space due to cosmic rays, solar wind and
flares, ions trapped in giant planet's magnetospheres) on
COMs, it is mandatory to work in ultrahigh vacuum condi-
tions to ensure a controlled preparation of the targets. This
also ensures a clean monitoring of the chemical and physi-
cal evolution under irradiation in such “online” experi-
ments with in situ analysis. This is particularly true for
mass spectrometry, a technique relying on sputtering, a
surface related process (in contrast to FTIR which probes
the bulk of the samples), because contamination by water
may influence cross section and sputter yield measure-
ments. Recently, a new ultrahigh vacuum device has been
built at CIMAP-GANIL. The performances of this new
device are described in Ref. 12. It is equipped with 3 spec-
trometers (FTIR, UV and quadrupole mass spectrometer)
and can be installed on several GANIL beam lines (and
those of other radiation facilities). This setup is now open
to the scientific community [48,49] and will help to ad-
dress new challenges about irradiation effects in ices,
COMs, and other materials.

These challenges are quite numerous: as an example,
we need to study the radiation processing of COMs in
more realistic situations. In ISM, grains are covered with a
thin icy mantle mainly composed of H2O molecules. To
reproduce such conditions, it is important to study irradia-
tion effects on COMs trapped in a water matrix at low
temperature in order to characterize the effect of the ma-
trix. First experiments in this direction were started at
CIMAP (Sec. 6). A second challenge consists in increasing
the size and the complexity of the COMs. New experi-
ments concern nucleotides (nucleobase+sugar). This kind
of studies should be extended to more complex molecules
(e.g., peptides). Polycyclic aromatic hydrocarbons (PAH)
are really important complex molecules in view of astro-
physical and astrochemical applications (Sec. 4). They
have been detected in space and represent an important
source of carbon in space (up to 30%). Since carbon is the
key element in evolution of prebiotic materials [50], it
would be most interesting to study the PAH radio-
resistance and the associated radiolysis products in water
matrix with different percentages.

The temperatures of objects on which COMs occur
cover a wide range, from 10 K in dense molecular clouds,
from 25 to 150 K in the outer Solar system, up to 300 K (or
higher) in the inner Solar system. First experiments with
the amino acid glycine at temperatures of 14 and 300 K
bombarded with swift heavy ions [45] indicate that the
stability of glycine in solid phase (crystalline a-glycine
form) to ion irradiation depends on the temperature. Puz-
zling results have been reported concerning nucleobases as
discussed in [44]. This subject needs more, thorough inves-
tigation. Note that experiments at higher temperature are
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not only relevant for astrochemistry and biology, but also
for radiation biology and in particular, the application of
ion beams for cancer treatment (hadrontherapy).
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IOHHE ONPOMIHIOBAHHSA B KPMXXaHUX KOCMIYHUX
cepenoBULLIAX: CUHTES | pagiope3nUCTEHTHICTb
CKNafHUX OpraHiyHUX Monekyn
(Ormsim)

P.C.J.A. Bibang, A.N. Agnihotri, B. Auge, P. Boduch,
C. Desfrancois, A. Domaracka, F. Lecomte, B. Manil,
R. Martinez, G.S.V. Muniz, N. Nieuwjaer, H. Rothard

V xonogHNX 0071acTIX KOCMOCY BCIOJM IPUCYTHI JILOH, HANPH-
KJIaJ, Ha KOMeTaX, NMWJIOBHX 3€pHAX, TPAHCHENTYHOBUX 00’ €KTaX,
MOBEPXHSX IUIAHET Ta IX CYIyTHUKIB. MOJIeKyJI010, 0 JOMIHYE B
TaKuX JbOJAX, € BOJA, ale MOXKYTh OYTH HPHCYTHI ¥ iHII Mai
MOJICKyJIH ab0 HaBiTh CKiaaHi opranigHi Monekymu (COM). lowi-
3yloue BHIPOMiHIOBaHHs (yibTpadiosieToBi (GOTOHH, EISKTPOHH,
IOHM BiJl KOCMIYHHX HPOMEHIB a00 COHSIYHOTO BITPY) BHKIIMKA€E
nesiki izuko-XimivHi mporecH, Taki sk pamioniz. dparmeHrais
BUXITHUX MOJIEKYJI 3 HOJAJbIINMH{ XIMIYHAMHU PEaKIisMH MiX
pajiMKaJaMi MOXKE NPUBECTH 10 YTBOPEHHS HOBHX MoJieKyi. Kpim
TOro, IMITAHTOBaHI YaCTHHKH, IO OOMOApIyIOTh, TAKOXK MOXYTb
BHECTH CBIiif BKJIaJ B XiMit0, GOPMYIOUH HOBI MOJICKYJIIPHI CIOIY-
ku. IHmi crocrepeskeHi eeKTH BKIIOYAIOTH CTPYKTYPHI 3MiHH
(yuripHeHHs1, amopdizaniro) Ta qecopOrito (po3MopoLIeHHs) Yac-
TiHOK 3 moBepxHi. ¥ CIMAP (Kan, ®panist), 3 BUKOPHCTaHHIM
pi3HHX IydkiB mpuckoproBaya Baxkux ioHiB GANIL, ta B GSI
(JapmmuranT, HiMeudnna) BUBUanacs B3a€MOJIsl IIBUAKUAX BHCO-
KO3apsDKCHUX BAKKHX 10HIB 3 aCTpO(i3HYHUMH JIbOAAMHU B IIHPO-
KOMY Jialia30Hi €Hepriii YacTHHOK, Mo OoMOapIytoTh, Bl keB 10
I'eB. V naniii poOoTi neraqbHO OOrOBOPIOIOTHCS ABA MPUKIIAIM
HallUX JOCTiKEHb B 007acTi acTpo(i3MYHUX Ta acTPOXIMITHHX
3acrocyBanb: 1) cuare3 COM npu onpoMiHeHHi JIbOJIB, 110 CKIa-
JIAIOTHCS 3 MaIUX MOJIEKY, i 2) pagiodyrmuBicte COM, Takux sk
HIPUAWH, TIIMH 1 aJeHiH, sK Ui i30Ib0BaHUX MOJIEKYJI B Ta30Biif
(asi, Tak i B KoHzeHCOBaHIH (hazi. OcoOIBY yBary npHIiieHo mipy-
JWHY 1 MPUANHY y BOAHIN MaTpuLIi.

KirodoBi cioBa: ioHHE ONpoMiHEeHHS, acTpodi3ndHi IbOaH, CKIIa-
JIHI OpraHiyHi MOJIEKYJH, PaJiOpe3UCTEHTHICTh, Mepepi3 pynHy-
BaHHsI, MOJICKYJISIDHI XMapy, 30BHIIIHS 00JIaCTh COHSAYHOI CHCTe-

MH, KOMETH.
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WoHHOe n3nyyeHune B NeasiHbIX KOCMUYECKMX Cpeaax:
CVHTE3 U paanopPE3NCTEHTHOCTb CIOXHbIX
OpPraHNYecKknx MoneKyr
(O630p)

P.C.J.A. Bibang, A.N. Agnihotri, B. Auge, P. Boduch,
C. Desfrancois, A. Domaracka, F. Lecomte, B. Manil,
R. Martinez, G.S.V. Muniz, N. Nieuwjaer, H. Rothard

B xomogHbIX 007acTsIX KOCMOCa BCIOY NMPUCYTCTBYIOT JIBJIBI,
HalpuMep, Ha KOMETaX, MbUIEBBIX 3€pHAX, TPAHCHENTYHOBBIX
00BeKTaxX, MOBEPXHOCTSAX IUIAHET U HX CIYTHUKOB. JloMHHU-
pyrolieif MONEeKyJlIolH B TaKHX JIbJax sBIAETCA BOAA, HO MOTYT
MIPUCYTCTBOBATH U IPYTHE MaJIble MOJICKYIIbI WM Ia’Ke CIIOXKHBIC
oprannueckue Mmojekyinsl (COM). Honusupytomee H3mydeHUe
(yneTpaduoneroBeie (OTOHBI, IEKTPOHBI, HOHBI OT KOCMHYE-
CKHMX JIy4eil MII COJIHEYHOTO BEeTpa) BbI3bIBACT HEKOTOpPbIE Pu3m-
KO-XHMHYECKHE IPOIECCHl, TaKue Kak panuonu3. dparmenTanus
HCXOJHBIX MOJIEKYII C TIOCTAEAYIONMMH XUMUIECKUMH PEaKIIUIMU
MEXIy pajuKalaMHd MOXET INPHUBECTH K OOpa30BaHUIO HOBBIX
Mojekyn. Kpome Toro, MMmiaHTUpoBaHHBIE OomOapaupyromue
YaCTHIIBI TAaKKe MOTYT BHECTH CBOH BKJIaa B XMMHIO, (GOpMHPYS
HOBbIE MOJICKYJIApHBIE coenuHeHus. pyrue Habmonaemble 3¢-
(eKTBl BKIIIOYAIOT CTPYKTYpHBIE H3MEHEHUs (YIUIOTHEHHE,
amopdu3anuo) U aecopOurio (pacnbUICHHE) YacTHI[ C MOBEPX-
Hoctu. B CIMAP (Kan, ®panmus), ¢ UCIIOIb30BaHIEM pa3ind-
HBIX Iy4KOB yckoputens TsDkenslx MoHOoB GANIL, m B GSI
(Japmmrant, I'epmanns) M3ydanoch B3aMMOJEHCTBHE OBICTPBIX
BBICOKO3aPSDKEHHBIX TSDKEJIBIX HOHOB C  acTpO(pU3MIECKUMHU
JbJaMU B IIHPOKOM JHAIla30HE 3HEpruil 6oMOapANpyIOMUX Jac-
tul oT k3B 1o I'3B. B Hacrosmeit pabore moapobHo obcyxna-
I0TCS [JBa IPUMEpa HAIINX UCCIIEN0BaHMI B 001acTH acTpodu3u-
YECKHUX U aCTPOXUMHYECKHX npuioxenuii: 1) cunres COM npu
00JIy4eHHH JIBJIOB, COCTOSIIUX M3 MaJIbIX MOJIEKYJI, H 2) pajuo-
yyBcTBUTENBbHOCTE COM, TakMX Kak MUPUJIUH, IIHLUH U aleHUH,
KaK JyIsl N30JMPOBAHHEIX MOJIEKYJ B Ta30BOH (ase, Tak M B KOH-
neHcupoBaHHO#H (asze. Ocoboe BHUMaHUE YACICHO MUPUANHY H
MMUPHUIMHY B BOJHOM MaTpHIIe.

KitoueBble cioBa: HOHHOE OOJIy4eHHE, acTpOPU3NIECKUE JIbABI,
CJIOJKHBIC OPraHUYECKUE MOJICKYJIbI, PaIHOpPE3UCTEHTHOCTD, Ce-
YEeHHE Pa3pyLIeHHs, MOJIEKYIpHbIE 00Naka, BHEHIHAS 00JIacTb
COJIHEYHOM CHCTEMBI, KOMETBL.
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