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ABSTRACT
The Ice Chamber for Astrophysics–Astrochemistry (ICA) is a new laboratory end station located at the Institute for Nuclear Research
(Atomki) in Debrecen, Hungary. The ICA has been specifically designed for the study of the physico-chemical properties of astrophysical
ice analogs and their chemical evolution when subjected to ionizing radiation and thermal processing. The ICA is an ultra-high-vacuum com-
patible chamber containing a series of IR-transparent substrates mounted on a copper holder connected to a closed-cycle cryostat capable
of being cooled down to 20 K, itself mounted on a 360○ rotation stage and a z-linear manipulator. Ices are deposited onto the substrates via
background deposition of dosed gases. The ice structure and chemical composition are monitored by means of FTIR absorbance spectroscopy
in transmission mode, although the use of reflectance mode is possible by using metallic substrates. Pre-prepared ices may be processed in a
variety of ways. A 2 MV Tandetron accelerator is capable of delivering a wide variety of high-energy ions into the ICA, which simulates ice
processing by cosmic rays, solar wind, or magnetospheric ions. The ICA is also equipped with an electron gun that may be used for electron
impact radiolysis of ices. Thermal processing of both deposited and processed ices may be monitored by means of both FTIR spectroscopy
and quadrupole mass spectrometry. In this paper, we provide a detailed description of the ICA setup as well as an overview of the preliminary
results obtained and future plans.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050930

I. INTRODUCTION

The chemistry that occurs in the interstellar medium (ISM) is
often significantly different from that which occurs on the Earth.
Since the discovery of the first molecular species in the 1930s,1
much interest has been paid to the formation mechanisms and
fates of interstellar molecules as such molecules may be seeded into

planetary bodies during their formation and may be of significant
consequence to geological processes as well as the potential devel-
opment of life. To study the formation and reactivity of these
molecules, it is necessary to simulate the interstellar environment
in which they are located.

Molecular formation in the ISM takes place largely within
dense molecular clouds composed of micron-sized carbonaceous or
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silicate dust grains. The interiors of such clouds are shielded from
the far- and vacuum-UV components of the interstellar radiation
field and are characterized by low temperatures (10–20 K) and parti-
cle number densities of 102–106 cm−3.2 Under such conditions, gas-
phase species including atomic and molecular hydrogen, along with
traces of atomic carbon, nitrogen, oxygen, other radicals, and volatile
molecules (such as CO, NO, and C2H2), freeze out onto the inter-
stellar dust grains. Accreted species may, having been brought into
the proximity of one another at the grain surface, react to form an ice
mantle enriched in new product molecules including H2, H2O, NH3,
CH4, CO2, and CH3OH (e.g., Refs. 3–10). Laboratory experiments
have also provided evidence of the formation of much larger com-
plex organic molecules, including methyl formate, glycolaldehyde,
ketene, and acetaldehyde, among others (e.g., Refs. 11–14).

Molecules entrapped within icy grain mantles may also take
part in chemistry induced by some form of energetic process-
ing, such as that initiated by x rays and cosmic rays (i.e., high-
energy nuclei), both of which are able to penetrate into the inte-
rior of the dense molecular cloud (e.g., Refs. 15–23). Furthermore,
although icy grain mantles within the cloud are shielded from exter-
nal sources of UV photons, cosmic ray interaction with the gas-
phase molecular hydrogen is able to produce low-intensity Lyman-
α photons that may engender photophysical processes and photo-
chemical reactions (e.g., Refs. 2 and 24–27). A visual summary of
the processes leading to novel chemistry in icy grain mantles is given
in Fig. 1.

The importance of the chemistry occurring within the icy
grain mantles cannot be underestimated, as it is these reactions
that ultimately contribute to the chemical complexity and molec-
ular diversity of stellar, circumstellar, and planetary environments
that evolve from such dense molecular clouds. The need to under-
stand such chemical complexity provides a strong motivation for
performing laboratory simulations of the energetic processing to
which interstellar ices are subjected.

The first apparatus specifically designed for studying the ener-
getic processing of interstellar ice analogs was developed by Green-
berg and Allamandola at the Leiden Observatory in the Netherlands
during the mid-1970s.28 Their initial apparatus consisted of a high-
vacuum chamber within which ice analogs could be formed on a

cold (10 K) substrate. Simulation of the Lyman-α photolysis occur-
ring within interstellar clouds was achieved using UV lamps,29 and
any resultant structural or chemical changes within the ice were
monitored spectroscopically.

Over the subsequent decades, similar experimental setups have
been established at various laboratories throughout the world.
Astrophysical ice analog processing has not remained limited to
Lyman-α photolysis, however, and now includes processing by
vacuum- or extreme-UV photons (e.g., by research groups at the
Centro de Astrobiología in Spain, the Institut d’Astrophysique Spa-
tiale in France, the National Central University in Taiwan, and the
ASTRID2 Synchrotron Light Source in Denmark) and ions (e.g., by
research groups at the INAF Osservatorio Astrofisico di Catania in
Italy, the NASA Goddard Space Flight Center in the United States,
and the Grand Accélérateur National d’Ions Lourds in France).30

Laboratory astrochemistry experiments have revealed a great
deal of information on the chemical reactivity of molecules within
interstellar icy grain mantles. However, systematicity, repeatability,
and reproducibility have sometimes been difficult to achieve even
when using contemporary ultra-high-vacuum (UHV) astrochem-
istry chambers, as ice analogs in different experiments are formed
under slightly different deposition conditions.31,32

In this paper, we present a technical overview of the Ice
Chamber for Astrophysics–Astrochemistry (ICA), a new end station
for ion irradiation studies relevant to experimental astrochemistry
located at the Institute for Nuclear Research (Atomki) in Debre-
cen, Hungary. One of the main advantages of the ICA setup lies in
its provision for up to four deposition substrates, which allows for
the production of four ice analog replicates created under identical
experimental conditions.

Thus, the ICA is designed to facilitate the performance of
systematic studies, wherein a selected number of parameters (e.g.,
ice thickness, morphology, temperature, and projectile ion nature
and energy) may be controlled and varied with ease. Additionally,
thermal, ion, and electron processings are all readily available at
the ICA, allowing for various processing-type combinations. This
work provides a detailed description of the ICA setup, including the
accelerator facilities used to deliver projectile ions. The preliminary
results of ion radiolysis experiments carried out under high-vacuum

FIG. 1. Illustrative summary of the chem-
ical processes that may occur in the icy
mantles of interstellar dust grains.
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conditions are also presented and discussed in light of planned
future work.

II. THE EXPERIMENTAL FACILITY
A. Accelerator and beam conditions

The use of particle accelerators to deliver energetic projec-
tile ions in laboratory experiments seeking to simulate the effects
induced by cosmic ray or solar wind irradiation of astrophysical ices
first began in the 1970s and has since grown to become a major
branch of research within the field (for a review on the use of acceler-
ators in astrochemistry, see the work by Strazzulla and Brunetto30).
In this section, we provide a description of the facility used to supply
energetic ions to the ICA for ion radiolysis studies of astrophysical
ice analogs.

A detailed description of the Atomki Tandetron Laboratory was
provided earlier.33 The nominal terminal voltage of the accelerator is
in the range of 0.085–2 MV, with a stability of ±200 V h−1. A termi-
nal voltage of 1 MV was found to vary within 50 V over a time range
in excess of five hours, with a ripple of 15 V. Such values allow for
the production of extremely stable beams of many different ions that
may be delivered to any of the nine beamlines currently available at
Atomki.

The accelerator is equipped with two multi-cusp ion sources for
proton and helium ion beams and a cesium sputtering ion source
for heavier ions. The accelerator is able to provide very high beam
currents: >200 μA for protons and at least a few μA for heavier
ion projectiles (helium through to gold). Although such currents
are available, the ion beam currents actually used for ice irradiation
experiments typically do not exceed a few hundred nA. For proton
beams, the available energy range is 0.2–4 MeV, while for heavier
ion beams, this range is determined by the available terminal voltage
range, the relation between which is given by the following equation:

Ebeam = q(Vext + Vterm(n + 1)), (1)

where Ebeam is the projectile ion beam energy, Vext is the extraction
voltage for the particular ion being used, V term is the terminal voltage
(which can be set between 0.085 and 2 MV), n is the positive integer
charge of the projectile ion, and q is the fundamental charge constant
(1.602 × 10−19 C) that is taken to be unity when Ebeam is expressed
in eV. Hence, for example, a He+ ion beam for which the extraction
energy is 20 keV has an available energy range of 190–4020 keV.

Such beam energies cover the low-energy side of the Bragg
peak, where projectile ions traveling through matter experience their
maximum energy transfer that induces efficient molecular fragmen-
tation. Additionally, the use of beams with energies in the keV–MeV
range and currents on the nA scale implies a maximum power depo-
sition on the 100 mW order of magnitude, so macroscopic heating
of the ice analog targets is expected to be insignificant.

The availability of such a wide array of projectile ions at var-
ious energies suited to laboratory simulations of astrophysical ice
processing is perhaps what makes the ICA setup unique among the
many astrochemistry facilities that exist around the world. Indeed,
work conducted at the ICA will complement and extend the findings
of the studies conducted at other facilities where different projec-
tiles and energy ranges are available, such as the setup at the INAF
Osservatorio Astrofisico di Catania in Italy, where ion beam energies
of up to 0.4 MeV are available,34 or that at the Grand Accélérateur
National d’Ions Lourds in France, where ion projectiles at much
lower energies (a few tens of keV) or swift heavy projectiles (e.g.,
Ni or Xe ions) at significantly higher energies (1 MeV per nucleon)
are available.35

A stable and homogeneous current density at the surface of
the sample ice analog is required to accurately monitor physico-
chemical changes occurring within the ice via spectroscopy. We
have, therefore, applied an ion beam scanner consisting of x and y
deflector pairs as well as high-voltage ramp generators with mini-
mum frequencies of 25 and 600 Hz in the x and y directions, respec-
tively, so as to provide homogeneous irradiation of the ice target
during radiolysis (Fig. 2).

The nominal scanned area at the target is around 25 × 25 mm.
From this area, a circular collimator defines a homogeneous circle
with a diameter of 14 mm. The resultant circular-shaped ion beam
can be viewed on a quartz probe using a high-definition camera.
During irradiation, the current is continuously monitored by using
a Faraday cup (Imon) placed in the path of the incident ion beam
with a second collimator at its base through which the beam passes
toward the target. This second collimator defines the diameter of the
beam spot on the sample as 12.6 mm. The true deposited current
is measured by using a removable reference Faraday cup (Iref), so
knowledge of Imon and Iref allows for the determination of the actual
current density on the irradiated sample. The homogeneity of the
beam can be frequently checked during irradiation by using a col-
limator on the sample holder (C2) and a final Faraday cup (F3), as

FIG. 2. Schematic diagram of the controlled ion beam irradiation system (not to scale). Once the ion beam passes through deflector pairs DPx and DPy, the collimator C1
defines a circular beam with a diameter of 14 mm, which may be measured on the quartz probe Q. The beam current (Imon) is measured using the Faraday cup F1 with a
second collimator reducing the beam diameter to 12.6 mm at the sample surface. The removable reference cup F2 allows for the measurement of the deposited current (Iref)
just before the beam impacts the irradiated sample S. The beam homogeneity can be confirmed using the collimator C2 and a final Faraday cup F3.
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geometric factors require the measured beam current here (I3) to be
half of that measured at Iref for all beam currents, provided that the
ion beam is, indeed, homogeneous.

B. The Ice Chamber: Physical characteristics and gas
inlet system

The ICA multi-purpose setup comprises a spherical decagon
UHV compatible chamber (Kimball Physics) with an inner diam-
eter of 160 mm and having two DN-160 CF and ten DN-40 CF
ports. At the center of this chamber, there is a heat-shielded cop-
per sample holder within which there is currently the provision to
mount up to four IR-transparent (typically zinc selenide) substrates
on which astrophysical ice analogs may be prepared (Fig. 3). The
sample holder is moveable along the vertical axis of the chamber and
can also be rotated about this axis by means of a z-linear manipula-
tor with a 50.8 mm stroke and a 360○ rotation stage, respectively.
This design allows for a maximum of four independent irradiations
of ice analogs—created under identical deposition conditions—to be
carried out.

The sample holder can be cooled to 20 K using a closed-
cycle helium cryostat (Leybold Coolpower 7/25 with a Leybold
Coolpak 4000 compressor unit). The temperature across the sam-
ple holder is measured using two uncalibrated silicon diodes
(Lake Shore DT-670B-CO) connected to a cryogenic temperature
controller (Lake Shore model 335), with accurate temperature mea-
surements being made with a proportional–integral–differential
controller. The actual measured temperatures of the deposition sub-
strates were validated by performing the controlled warmings of
pure N2O and CO ices and comparing the temperatures at which the
phase changes and ice sublimation were spectroscopically observed
to occur with well-established literature values.36,37 The temperature
of the sample holder itself can be regulated by setting an equilibrium
between heating and cooling using an internal 25 Ω/100 W cartridge

heater (HTR-25-100). Such an arrangement allows for an effective
working temperature range of 20–300 K. Additionally, the sample
holder temperature can be varied at a rate of 0.1–10 K min−1, allow-
ing certain temperature-programmed desorption (TPD) studies to
be performed.

A turbomolecular pump and a dry rough vacuum pump gener-
ate a chamber base pressure of a few 10−9 mbar and a few 10−8 mbar
with and without cooling, respectively. In its current configura-
tion, however, the system is not regularly baked because the routine
operation requires frequent replacement of substrates. Furthermore,
although the ICA main chamber is separated from the projectile ion
beamline (which operates at 10−6 mbar) by a series of gate valves and
a differential pumping stage, it is likely that some “pollution” from
the beamline may be introduced during ice irradiation. However,
since all operations in the experimental protocol (described fully in
Sec. II D) can be performed at a fixed sample position, and since
relatively high current densities may be utilized, the effect of this
pollution is expected to be negligible in most scenarios.

Ice analogs are prepared on the substrates via the background
deposition of dosed gases or vapors. Pure and mixed gases are first
introduced into a mixing container with the help of a mixer system
of valves, which is connected to gas cylinders or liquid-containing
glass vials. Liquids are de-gassed in their vials through a series of
freeze–thaw cycles. The pressure in the mixing container, which is
typically a few mbar, is measured with a mass-independent capaci-
tive manometer gauge (Edwards ASG2). The inlet system itself can
also be carefully heated up and evacuated so as to reduce the risk of
contamination.

Once the gases have equilibrated and are fully mixed in the
mixing container, they are allowed into the main vacuum system
through a fine regulating all-metal needle valve (LewVac). A distrib-
utor (scattering) plate mounted in front of the inlet tube reduces the
pressure inhomogeneity in the chamber during gas injection so as to
produce roughly the same ice thicknesses on all substrates (Table I).

FIG. 3. Photographs of the sample
holder with the heat shield as seen from
the front (left) and rear (right) sides. In
these photographs, three zinc selenide
substrates are mounted on the holder
with the fourth substrate position being
left vacant to serve as a 9.6 mm diameter
collimator. The collimator, along with the
Faraday cup F3 pictured in Fig. 2, allows
for ion beam lateral homogeneity deter-
mination. If the performed experiment is
sensitive to beam homogeneity, then it
is recommended that the arrangement
presented here is used.
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TABLE I. Summary of experiments performed to demonstrate that ice thicknesses
and compositions are similar across all four deposition substrates. Target thicknesses
for the pure CH3OH ices were 0.5 μm, while for CH3OH:CO mixed ices (target com-
position of 40% CH3OH), the target thicknesses were 0.75 μm. The techniques used
to measure these parameters are explained in Sec. II C. Although ice thicknesses are
slightly lower at substrate 4 compared to the other substrates, this is usually not prob-
lematic as this substrate is generally replaced by a 9.6 mm collimator for ion beam
lateral homogeneity determination, as depicted in Fig. 3.

Pure CH3OH CH3OH:CO CH3OH content
ice thickness mixed ice of CH3OH:CO

Substrate (μm) thickness (μm) mixed ice (%)

1 0.47 0.74 36
2 0.51 0.77 38
3 0.49 0.76 39
4 0.41 0.64 41

Behind all four deposition substrates, the sample holder presents
cylindrical holes of diameter 12 mm and length 30 mm in line with
a wide slit opening in the heat shield to allow for FTIR spectroscopy
(Fig. 3), while ensuring minimal gas deposition onto the rear side of
the substrates (this is typically 4% of the total ice deposited on the
front side; see the Appendix for more details on how this value is
calculated).

The chamber itself is equipped with ten DN-40 CF ports sepa-
rated by angles of 36○ relative to each other that are used for external
connections (Fig. 4). As is implied by Fig. 2, one of these ports serves
as an entrance for the projectile ion beam delivered by the Tande-
tron accelerator, with a Faraday cup (F3) mounted on the opposite
port allowing for the beam quality to be monitored. The gas inlet sys-
tem through which gases and vapors are introduced into the vacuum
chamber for background deposition onto the substrates is located at
the next port in the clockwise sense from this Faraday cup.

The other ports on the chamber host an optical viewport that
allows for a direct observation of the sample holder and its sub-
strates, a vacuum gauge (Pfeiffer Vacuum PBR260), a quadrupole
mass spectrometer (QMS; Pfeiffer QME200), and an electron gun
(Kimball Physics ELG-2A), operating over an electron energy
range of 5–2000 eV. The characterization of the emitted electron
beams and the chemistry induced in astrophysical ice analogs as
a result of irradiation by electrons is the subject of a separate
publication.38

Directly opposite to the electron gun is a spare multi-purpose
port, which, by default, is equipped with a Faraday cup that is used
to monitor the electron beam current. The remaining two chamber
ports are positioned opposite to one another (Fig. 4) and are fitted
with zinc selenide windows so as to serve as the entrance and exit
ports for the transmitted IR beam used in spectroscopic monitoring
of the ice analogs.

FIG. 4. A top-view schematic diagram
of the ICA chamber arranged for trans-
mission FTIR absorbance spectroscopy.
Although the sample holder and heat
shield are rotatable, ion beam and elec-
tron beam irradiations are nominally per-
formed as depicted, with the IR beam
pathway orthogonal to the sample sur-
face and charged projectiles impacting at
angles of 36○.
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C. Analytical techniques
The physico-chemical properties of pre- and post-processed

astrophysical ice analogs are primarily monitored via FTIR
absorbance spectroscopy nominally setup in transmission mode, as
shown in Fig. 4. Currently, a Thermo Nicolet Nexus 670 FTIR spec-
trophotometer with a spectral range of 4000–650 cm−1 (2.5–15.4
μm) and a nominal resolution of 1 cm−1 is in use. In the present
setup (Fig. 4), the transmitted IR beam is detected by using a
mercury–cadmium–telluride (MCT) detector placed outside the
main vacuum chamber in a small external container. A purge box
continuously passes purified air through this MCT detector cham-
ber as well as the entire IR pathway so as to prevent absorption by
air constituents of variable composition (e.g., H2O or CO2).

An important analytical capability of the setup is that FTIR
spectra can be taken continuously during deposition, irradiation,
and thermal processing, thus helping to shorten the overall mea-
surement time. Reflectance mode measurements are also possible
by replacing the IR-transparent substrates with gold-coated mirror
ones and by using the port next to the ion beam entrance port in the
clockwise direction to detect the reflected beam.

FTIR spectroscopy is used not only to qualitatively determine
the nature of the molecular species present in the ice analogs via
identification of their characteristic IR absorbance bands but also to
quantify their abundances. The column density N (molecules cm−2)
of a given species can be calculated using measured peak areas for a
characteristic absorbance band,

N = ∫ τ(ν)dν
Aν

= Pabs × ln(10)
Aν

, (2)

where τ (ν) is the optical depth of the ice component for a given
wavenumber (cm−1), Aν is the integrated band strength for the mea-
sured IR band (cm molecule−1), and Pabs is the measured peak area
of this absorbance band (cm−1). Once calculated, the column density
may be used to approximate the thickness θ (μm) of each component
in the ice mixture using Eq. (3), with the estimated total ice thickness
being the sum of all component thicknesses,

θ = (mN
ρNA
) × 104, (3)

where m and ρ are the respective known molecular mass (u) and
density (g cm−3) of the ice component in question and NA is the
Avogadro constant (6.022 × 1023 mol−1). It should be noted, how-
ever, that many values for Aν quoted in the literature are valid for
pure, single component ices, so using them to determine N for
each molecular component in a mixed ice introduces an uncertainty
that, in turn, influences the accuracy of the overall ice thickness
estimation.39

In light of this, we are in the process of installing a laser inter-
ferometer that will allow for a more accurate determination of the
thicknesses of the deposited ice layers. The laser interference tech-
nique has been described previously40 and is based on monitoring
the variation in intensity of a He–Ne laser beam, which is reflected
off the surface of a substrate at a particular angle. During the growth
of the deposited astrophysical ice analog, the laser intensity varies
sinusoidally due to interference of the laser light reflected at the
ice–vacuum and ice–substrate boundaries. The ice thickness is then

calculated using the following equation:

θ = λ0C
2η cos(β) , (4)

where λ0 is the wavelength of the He–Ne laser light in a vacuum
(0.6328 μm), C is the number of constructive pattern repetitions
observed during deposition, η is the ice refractive index (which may
be estimated from the ratio of the maxima and minima of the laser
interference pattern), and β is the angle of the laser light in the ice.

The inclusion of a QMS attached to the main vacuum cham-
ber (Fig. 4) also allows for a mostly qualitative assessment of the
internal gas-phase composition. This is most relevant during ion
radiolysis when components of the ice mixture may be sputtered as
a result of ion impact41 and during thermal processing during which
solid-phase molecules may sublimate.42 Currently, the QMS is able
to detect sputtered and desorbed species with a molecular mass of
up to 200 u with a mass resolution of 1 u and is able to function
efficiently at chamber pressures of up to ∼10−5 mbar.

D. The experimental protocol
In this section, we provide a description of the experimental

protocol currently followed at the ICA during ion radiolysis stud-
ies of astrophysical ice analogs, assuming that the apparatus is setup
for transmission mode FTIR absorbance spectroscopy. First, the IR-
transparent substrates (which, as previously mentioned, are typically
zinc selenide) must be manually mounted onto the sample holder
(Fig. 3). The zinc selenide deposition substrates typically used have
a respective diameter and thickness of 15 and 3 mm.

Zinc selenide substrates have the option of being covered by
a metallic mesh (Fig. 5), which allows for the avoidance of signifi-
cant charge up and potential sparking at the sample surface when

FIG. 5. A close-up photograph of a zinc selenide substrate (diameter = 15 mm and
thickness = 3 mm) with a gold mesh evaporated onto its surface (mesh line width
= 20 μm, thickness = 250 nm, and separation = 0.8 mm). Between the gold mesh
and the substrate is a thin chromium layer having a thickness of 5 nm.
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using comparatively high ion beam currents (>100 nA). The mesh is
composed of a thin (5 nm) layer of chromium evaporated onto the
surface of the substrate, on top of which is a thicker (250 nm) layer
of gold. The width of these mesh lines is 20 μm, and their separation
from each other is 0.8 mm.

Following insertion of the substrates, the ICA system is subse-
quently pumped down to a pressure of a few 10−8 mbar at room
temperature. This is achieved by first engaging the dry vacuum
pump until a chamber pressure of a few 10−2 mbar is reached, after
which the turbomolecular pump is switched on for further pump-
ing. The purge box supplying purified air to the MCT detector is
also switched on at this point. Overall, the pumping down process
requires several hours, while the purge box requires in excess of one
day to become fully operational.

Once a chamber pressure of a few 10−8 mbar is reached, the
QMS is switched on and de-gassed. After the de-gassing (which typ-
ically takes a few minutes) is complete, the cryostat is switched on
so as to cool down the sample holder from room temperature to the
desired working temperature. For reference, cooling down to 20 K
typically takes around two hours, and at this temperature, a chamber
pressure of a few 10−9 mbar is recorded. Acquisition of background
FTIR spectra of the zinc selenide substrates then follows.

The next phase in the experimental protocol is the deposition
of the astrophysical ice analog. Gases and vapors (the latter from de-
gassed liquids) are introduced into the dosing line mixing chamber
and allowed to equilibrate. The composition of the gas mixture is
determined through the partial pressure of each component gas as
read from the capacitive manometer gauge during its introduction.
Once all the components of the ice mixture have been introduced
into the dosing line, the UHV all-metal fine needle valve leading to
the main vacuum chamber is opened, and the ices are formed via
background deposition at a typical chamber pressure of ∼10−6 mbar.

During deposition, in situ FTIR spectra are collected so as to
monitor the compositional stoichiometry and thickness of the grow-
ing ice using Eqs. (2) and (3), respectively. After the desired target
ices have been successfully prepared, further background spectra of
the deposited ice analogs may be collected.

Irradiation of the deposited ices is then performed using pre-
defined fluence steps, with one or more FTIR spectra being collected
after each step. The fluence ϕ (ions cm−2) is defined as the number
of ions impacting the ice per unit area integrated over the time of
irradiation. Using the ICA, we are able to measure the total charge
deposited on the sample during an irradiation step using a system of
Faraday cups (Fig. 2) and can use this to calculate the corresponding
fluence using the following equation:

ϕ = ΔQ
Anq

, (5)

where ΔQ is the total measured Coulombic charge deposited on
the sample, A is the irradiated sample area (which in our system is
1.13 cm2), n is the integer charge state of the projectile ion, and q is
the fundamental charge constant (1.602 × 10−19 C).

The fluence used during irradiation can be related to the energy
imparted to the target ice as the projectile ion travels through it
(i.e., the dose). The differential energy loss per unit path length
for an ion moving through a solid target is known as the stopping
power and is the sum of elastic (nuclear stopping) and inelastic

(electronic stopping) energy loss processes. It is most often calcu-
lated using a computer program called SRIM: The Stopping Range of
Ions in Matter.43 The dose D used during irradiation can be conve-
niently expressed in units of eV per equivalent small molecule (e.g.,
eV per 16 u) and is calculated using the following equation:

D = ϕSav

ρ16
× 108, (6)

where Sav is the mean stopping power over the range of the projectile
in the target ice (eV Å−1) and ρ16 is the molecular density of the
hypothetical equivalent molecule of mass 16 u (molecules cm−3).

The alternating pattern of irradiating using a pre-defined flu-
ence step followed by FTIR spectral acquisition may be repeated
until the desired final fluence (or dose) has been reached, with the
QMS continuously detecting molecular fragments arising from sput-
tered or desorbed material. Finally, once irradiation has been con-
cluded, thermal annealing and TPD of the processed ice analogs may
be performed.

Although it is acknowledged that the apparatus is not cur-
rently designed to perform quantitative TPD experiments (espe-
cially in light of the background deposition currently used to create
the astrophysical ice analogs), TPD may still be performed reli-
ably after ion exposure of the deposited ice as long as special pre-
cautions are taken. In particular, only one substrate in the sample
holder should be exposed to ion irradiation prior to TPD so as to
exclude simultaneous desorption of product species from multiple
sources (e.g., other substrates) during the TPD. In this scenario,
kinetic FTIR spectroscopic monitoring of the single substrate dur-
ing TPD studies provides reliable quantitative information on the
ice, while qualitative gas-phase measurements made using the QMS
should be corrected by means of selected control experiments to
account for the sublimation of non-irradiated, less volatile icy mate-
rial (e.g., CH3OH or H2O) from other cold parts of the chamber.
Re-condensation of sublimated material onto the irradiated depo-
sition substrate is precluded due to homogeneous warming by the
heating cartridge located within the sample holder, the geometry
of the substrate holder that minimizes the deposition on the rear
side of the zinc selenide substrates, and the presence of a 77 K heat
shield. We note that a directed deposition channel (wherein depo-
sition is limited to single substrates) is currently under construc-
tion, so a wider range of TPD studies can be performed in the near
future.

III. PRELIMINARY RESULTS
In this section, we present some experimental results from

selected high-energy ion impacts of astrophysical ice analogs to show
the potential use of the ICA end station at Atomki. In particular,
we report the results of amorphous CH3OH ice radiolysis by 200,
400, 750, and 1000 keV protons as well as 6 MeV S2+ ions at 20 K
under high-vacuum conditions. Our selection of CH3OH as a target
ice was motivated by the fact that it is a molecule of astrochemi-
cal interest whose radiolytic processing is not only well described in
the literature but may also lead to the formation of complex organic
molecules.44–46

For each experiment, the experimental protocol detailed above
was followed: amorphous ice analogs of thicknesses 2.0 ± 0.2 μm
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were created via the background deposition of the vapor onto zinc
selenide substrates at 20 K. A pre-irradiation FTIR spectrum was
recorded, after which the ices were individually processed by one
of the selected high-energy ion beams. Additional spectra were col-
lected at appropriate dose intervals so as to monitor the physico-
chemical evolution of the ice.

A. CH3OH ice processing by energetic protons
Continued irradiation of the CH3OH ice by energetic protons

at energies of 200, 400, 750, and 1000 keV resulted in a decrease
in the areas of the characteristic CH3OH absorption peaks (Fig. 6),
while the radiolysis resulted in the concomitant appearance of new
absorbance features attributed to the intra-molecular vibrational
modes of radiolytic product species, including the molecules CO,
CO2, CH4, and H2CO as well as the neutral radicals HCO and
CH2OH (Fig. 6; Table II).

FIG. 6. FTIR absorbance spectra of CH3OH ice evolution under 1 MeV H+

radiolysis. Note that individual spectra have been vertically offset for clarity.

TABLE II. List of species observed in the FTIR absorbance spectra of CH3OH ice
after radiolysis by 200, 400, 750, and 1000 keV protons and 6 MeV S2+ ions. Products
were identified via one of their characteristic absorbance bands, which are given in
this table.

Absorbance peak used
for identification Aν

Species (cm−1) (10−17 cm molecule−1) References

CH3OH 1020; ν8 1.61 56–58, 62
CO2 2343; ν3 11.80 31, 59, 63
CO 2138; ν1 1.10 44, 60
H2CO 1725; ν4 0.96 44, 64
CH4 1300; ν4 0.80 61, 65
HCO 1843; ν1 N/A 25, 44
CH2OH 1195; ν4 N/A 25, 44

The formation of these products is in good agreement with
the results of previous irradiation studies of frozen CH3OH by pro-
tons,47,48 heavier ions,45,49 UV and x-ray photons,50–52 and elec-
trons.44,46,53–55 Comprehensive work by Schmidt et al.54 and Ben-
nett et al.55 has elucidated much of the radiolytic reaction pathways
available to CH3OH, and thus, the formation mechanisms of these
product species have been characterized.

Initial fragmentation of CH3OH is thought to proceed by either
loss of hydrogen to yield CH3O and CH2OH radicals or alternatively
via the loss of oxygen to yield CH4. The formation of CH4 is also pos-
sible from the reaction between CH3 radicals (which may themselves
be produced directly from CH3OH fragmentation) and a hydrogen
atom abstracted from another species. Subsequent loss of hydrogen
from CH3O or CH2OH affords H2CO, which may then undergo a
further loss of hydrogen to yield the HCO radical.

The other products observed in Fig. 6, CO and CO2, are con-
sidered to be second-generation products, meaning that their for-
mation is dependent upon the consumption of species, which were
initially produced by the radiolysis of CH3OH. CO may be formed
directly via the loss of hydrogen from either H2CO or HCO, with
the former reaction being dominant.54,55 The reaction of CO with
OH then yields CO2. A reaction network scheme for the reactions
leading to the products observed in our experiments is given in
Fig. 7.

An interesting result of our study is that the exponential rate
of decay in CH3OH molecular column densities with respect to
dose was reproduced for all proton irradiations, irrespective of beam
energy (Fig. 8). According to SRIM calculations, the range of the
proton projectiles varied between 3 and 30 μm at the studied impact
energies, meaning that proton implantation into the ∼2 μm ice is
negligible. The similarity of the decay profiles seen in Fig. 8 may,
therefore, be due to the fact that energy loss lies in the linear regime
for all the investigated proton irradiation experiments.

We have also investigated the variation of molecular column
density with respect to dose for the product species CH4. Our rea-
soning behind choosing this molecule for analysis was based on the
fact that it possesses the most well-defined absorbance peak of all the
first-generation products in the measured FTIR spectra (Fig. 6). Our
analysis (Fig. 8) shows that radiochemical CH4 production peaks
after a dose of ∼30 eV per 16 u, after which it is depleted under
prolonged irradiation. As was the case for the CH3OH decay pro-
files, it was noted that variations in the CH4 column density were
well replicated for each proton beam energy used, likely for the same
reasons.

B. CH3OH ice processing by 6 MeV S2+ ions
The radiolysis of CH3OH ice induced by 6 MeV S2+ ions was

also investigated to provide a comparison with the results obtained
in the proton beam experiments. In terms of the product species
formed, no differences were noted between the two sets of exper-
iments, and all species recorded after proton irradiation of the ice
(Fig. 6) were also recorded after S2+ irradiation. It is expected, there-
fore, that the overall chemistry leading to the formation of these
product molecules is similar to that outlined in Fig. 7. However,
one notable difference between the two sets of experiments can
be seen in the rate at which the CH3OH column density decays
during irradiation (Fig. 8). This occurs significantly more rapidly
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FIG. 7. Reaction pathways leading to
the formation of products observed in
the FTIR spectra after irradiation of
frozen CH3OH by energetic protons and
S2+ ions.54,55 These products are by
no means the only species formed as
a result of the irradiation of CH3OH,
and the formation of other, more com-
plex organic molecules has also been
reported in the literature (e.g., Ref. 46).

FIG. 8. Top panels: Evolution of the CH3OH column density as measured from the ν8 absorbance peak at ∼1020 cm−1 with increasing dose of proton (left) and S2+ (right)
ion beams. Bottom panels: Evolution of the CH4 column density as measured from the ν4 absorbance peak at ∼1300 cm−1 with increasing dose of proton (left) and S2+

(right) ion beams. All the column densities reported here are relative to the initial measured column density of CH3OH. The pink horizontal bars in the top two panels indicate
the lower bound value of CH3OH deposited on the rear side of the zinc selenide substrates (see the Appendix for more details on how this is calculated).
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during irradiation by 6 MeV S2+ ions compared to the irradiation
by protons. Similarly, the radiochemical production of CH4 peaks at
a considerably lower dose before beginning to decay again.

It is difficult to pinpoint a single reason for this as there are
several possible factors that may contribute to this distinction in col-
umn density profiles. One possibility, for example, is that, although
implantation is still negligible, the stopping power of the projectile
S2+ ion is not in the linear regime and so results in a faster radi-
olysis of CH3OH and, consequentially, a more rapid buildup and
subsequent depletion of CH4. Alternatively, it is also possible that
due to the fact that the S2+ ion is a much heavier projectile than a
proton, the sputtering yield during this irradiation was significantly
greater than that occurring during proton irradiation. This sputter-
ing could lead to the removal of CH3OH and product molecules
from the target ice41 and, thus, also lead to a comparatively quicker
depletion of these species. Indeed, QMS signals ascribed to CH3OH
and stable molecular products were detected during this irradi-
ation, indicating that ice sputtering occurred to at least some
extent.

IV. CONCLUDING REMARKS
In this paper, we have validated the capability of the newly

commissioned ICA facility in Debrecen, Hungary, to conduct ion
radiolysis studies of interstellar ice analogs and have also provided
a detailed structural and operational description. Our preliminary
studies irradiating amorphous CH3OH ice at 20 K under high-
vacuum conditions are in agreement with prior work conducted
using astrochemistry chambers at other facilities and show good
repeatability and reproducibility.

Several planned upgrades will be carried out in the near future
to expand the experimental capabilities of the ICA. For instance,
an effusive evaporator is to be incorporated so as to allow for the
deposition of more refractory materials such as complex organic
molecules or ionic solids, including polycyclic aromatic hydrocar-
bons and amino acids. We also intend to increase our availabil-
ity of spectroscopic monitoring methods by purchasing a UV–Vis
spectrophotometer, thus extending the possible observable spectral
range.

External access to the ICA is presently managed through the
Europlanet 2024 Research Infrastructure: a European Union funded
project under the Horizon 2020 Programme, of which the ICA is
one of several constituent transnational access (TA) facilities. Project
applications may be submitted by research groups from around the
world in response to TA calls, which currently take place annually.
Successful applicants may then perform their study either as an in-
person visit by working in collaboration with the local research team
or remotely through a virtual access procedure.
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APPENDIX: CALCULATION OF THE AMOUNT OF ICE
DEPOSITED ON THE REAR SIDE OF THE SUBSTRATE
DURING BACKGROUND DEPOSITION

The sticking of gas-phase molecules to cold surfaces is a com-
plex physical phenomenon. At the microscopic level, the probability
of a successful sticking event is dependent upon the nature of the
incident molecule, its orientation, energy, and angle of incidence
as well as macroscopic parameters, such as the material, structure,
and temperature of the cold surface. Moreover, non-sticking is not
solely a single scattering event, and the energy and angular dis-
tribution of the reflected molecules may be of significance. At the
macroscopic level, the gas-phase molecular material may be char-
acterized by its pressure and temperature. For a given set of values
of the macroscopic parameters, the sticking coefficient cs (i.e., the
ratio of the number of successful sticking events to the number of
collisions between gas-phase molecules and the cold surface) can be
defined.

In our calculations, we assume that, during deposition of gas-
phase molecules onto the surface of a cold ice composed of the same
molecules, such a sticking coefficient is large. Indeed, at 20 K, we
consider it to be close to unity. Once the first few molecular mono-
layers of a homogeneous, single component gas have been deposited,
then the material compositions of the gas phase and the ice phase
are identical. This may not necessarily be the case for mixed, multi-
component gases, but the similarities between the gas and ice phases
may be determined experimentally by controlling the stoichiometric
ratio of the components of the inlet gas and by measuring the same
ratio for the deposited ice using FTIR spectroscopy.

In order to model the ratio of the thickness of the ices deposited
on the front and rear sides of a substrate, we assume a sticking coef-
ficient of unity as a first approach. Thus, if a molecule touches a
cold surface, then we consider it to successfully stick to that sur-
face. Furthermore, at deposition pressures of <10−4 mbar, molecules
only interact with the surfaces of the chamber and do not collide
with each other. As such, the only molecules that successfully stick
to the substrate are those that make contact with it having not col-
lided with any other cold surface along their way. Accordingly, the
deposition yield at a point r on the substrate is proportional to
the acceptance solid angle Ω (r), which is, in turn, determined by
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the geometry of the cold sample holder. The effective deposited
thickness is, thus, proportional to the average solid angle, given by
the following equation:

Ω = 1
A∫A

d r⃗Ω(r⃗), (A1)

where A is the relevant surface area illuminated by the FTIR spec-
troscopic beam.

This average solid angle is significantly different for the front
and rear sides of the substrate. The geometrical arrangement of our
setup is shown in Fig. 9. Calculating the acceptance of solid angles is
a lengthy but straightforward process. As a result, the effective rela-
tive thickness drel of the ice deposited on the rear side of the substrate
(assuming cs = 1) is given as

drel =
drear

drear + dfront
= Ωrear

Ωrear +Ωfront
= 0.039, (A2)

Note that this relative thickness may be fairly accurately
approximated by the ratio of the central (r = 0) solid angles Ω○. For
the rear side, this is calculated using the average length of the hole

FIG. 9. The geometry of the gold-coated sample holder H, clump plate C, and zinc
selenide substrates S. All parts are cooled to the same temperature. Length values
presented in this figure are given in mm.

within the copper sample holder, 24.7 mm,

Ω○rear = 2π(1 − cos(αrear)) = 2π(1 − 24.7√
24.72 + 62

) = 0.178, (A3)

Ω○front = 2π(1 − cos(αfront)) = 2π(1 − 2√
22 + 7.52

) = 4.664, (A4)

drel =
Ω○rear

Ω○rear +Ω○front
= 0.178

0.178 + 4.664
= 0.037, (A5)

where α is the half-angle of the relevant solid angle cone.
These calculations imply that only around 4% of the total thick-

ness monitored using FTIR spectroscopy remains unirradiated. It
should be noted, however, that this is the lower limit value for drel,
which may be larger if the sticking coefficient is, in fact, smaller.
For instance, if cs = 0.5 (i.e., only half of collisions with the rear
side result in successful sticking), a numerical simulation based on
the assumption that the other half of collisions results in specular
reflection yielded a relative thickness (drel) of up to 0.094 or 9.4%.

Therefore, we conclude that in most cases where the deposition
rate is large (i.e., cs > 0.5), the thickness of the non-irradiated layer
on the rear side of the substrate is <10% of the total deposited thick-
ness. In the 20 K irradiations presented in this study, the average
asymptotic value of the intact (i.e., not destroyed) CH3OH ice com-
ponent was 7.25% with a scatter of ±2.50%, which is in reasonable
agreement with our approximation.
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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(2014).
21L. I. Cleeves, E. A. Bergin, C. Qi, F. C. Adams, and K. I. Öberg, Astrophys. J. 799,
204 (2015).
22S. Yamamoto, Introduction to Astrochemistry: Chemical Evolution from Inter-
stellar Clouds to Star and Planet Formation (Springer, Japan, 2017)
23G. M. Muñoz Caro, A. Ciaravella, A. Jiménez-Escobar, C. Cecchi-
Pestellini, C. González-Díaz, and Y.-J. Chen, ACS Earth Space Chem. 3, 2138
(2019).
24K. I. Öberg, R. T. Garrod, E. F. van Dishoeck, and H. Linnartz, Astron.
Astrophys. 504, 891 (2009).
25K. I. Öberg, E. F. van Dishoeck, H. Linnartz, and S. Andersson, Astrophys. J.
718, 832 (2010).
26J.-H. Fillion, E. C. Fayolle, X. Michaut, M. Doronin, L. Philippe, J. Rakovsky,
C. Romanzin, N. Champion, K. I. Öberg, H. Linnartz, and M. Bertin, Faraday
Discuss. 168, 533 (2014).
27B. L. Henderson and M. S. Gudipati, Astrophys. J. 800, 66 (2015).
28W. Hagen, L. J. Allamandola, and J. M. Greenberg, Astrophys. Space Sci. 65, 215
(1979).
29G. A. Cruz-Diaz, G. M. Muñoz-Caro, Y. J. Chen, and T. S. Yih, Astron.
Astrophys. 562, A119 (2014).
30G. Strazzulla and R. Brunetto, Nucl. Phys. News 27, 23 (2017).
31P. A. Gerakines and R. L. Hudson, Astrophys. J., Lett. 808, L40 (2015).
32G. A. Baratta and M. E. Palumbo, Astron. Astrophys. 608, A81 (2017).
33I. Rajta, I. Vajda, G. Gyürky, L. Csedreki, Á. Z. Kiss, S. Biri, H. A. P. van Ooster-
hout, N. C. Podaru, and D. J. W. Mous, Nucl. Instrum. Methods Phys. Res., Sect.
A 880, 125 (2018).
34M. A. Allodi, R. A. Baragiola, G. A. Baratta, M. A. Barucci, G. A. Blake, P.
Boduch, J. R. Brucato, C. Contreras, S. H. Cuylle, D. Fulvio, M. S. Gudipati, S. Iop-
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