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Abstract 15 

The detection of various molecular species, including complex organic molecules relevant to 16 

biochemical and geochemical processes, in astronomical settings such as the interstellar medium or the 17 

outer Solar System has led to the increased need for a better understanding of the chemistry occurring 18 

in these cold regions of space. In this context, the chemistry of ices prepared and processed at cryogenic 19 

temperatures has proven to be of particular interest due to the fact that many interstellar molecules are 20 

believed to originate within the icy mantles adsorbed on nano- and micro-scale dust particles. The 21 

chemistry leading to the formation of such molecules may be initiated by ionising radiation in the form 22 

of galactic cosmic rays or stellar winds, and thus there has been an increased interest in commissioning 23 

experimental set-ups capable of simulating and better characterising this solid-phase radiation 24 

astrochemistry. In this article, we describe a new facility called AQUILA (Atomki-Queen’s University 25 

Ice Laboratory for Astrochemistry) which has been purposefully designed to study the chemical 26 

evolution of ices analogous to those that may be found in the dense interstellar medium or the outer 27 

Solar System as a result of their exposure to keV ion beams. The results of some ion irradiation studies 28 

of CH3OH ice at 20 K are discussed to exemplify the experimental capabilities of the AQUILA as well 29 

as to highlight its complementary nature to another laboratory astrochemistry set-up at our institute. 30 

Keywords: astrochemistry; radiation chemistry; ion beams; infrared spectroscopy; instrumentation 31 

1. Introduction 32 

The discovery of the first molecules in interstellar space about a century ago [1-5] ushered in a new 33 

paradigm in astrophysics; one that has increasingly recognised the chemical richness of the cosmos. To 34 

date, over 300 individual molecules have been detected in interstellar space, along with an additional 35 

70 in extra-galactic sources [6]. These molecules include several of relevance to biochemistry, including 36 

urea and formamide [7,8], along with others of mineralogical and geochemical importance such as 37 

silicon monoxide [9]. The relevance of interstellar molecules to the emergence of life and the 38 

development of planetary systems has thus provided a strong motivation for better comprehending the 39 

astrochemical mechanisms leading to their formation and destruction. 40 

The mechanisms by which molecular formation (and destruction) in interstellar space occurs were 41 

summarised by Herbst [10] and Arumainayagam et al. [11], who described three milieux for 42 

astrochemical reactions: (i) chemistry between gas-phase molecules, (ii) reactions catalysed by the 43 

surfaces of interstellar dust grains, and (iii) reactions occurring within icy grain mantles. The reactions 44 

taking place on the surfaces of dust grains or within icy mantles have long been recognised to be a 45 

dominant source of interstellar molecules, particularly within dense interstellar clouds [12-14]. The 46 

interaction of ionising radiation (largely in the form of galactic cosmic rays, stellar winds, or vacuum-47 

ultraviolet photons) with interstellar ices is of particular interest, as laboratory studies have determined 48 

that the energy deposited into the ice as a result of this interaction is able to trigger a cascade of chemical 49 

reactions that could result in the formation of a number of complex organic molecules, including those 50 

relevant to biology [15,16].  51 

Accordingly, a number of experimental research groups have designed set-ups to allow them to probe 52 

this radiation astrochemistry. Historically, the first laboratory astrochemistry apparatus was that based 53 

at Leiden Observatory in the Netherlands, which made use of a high-vacuum chamber within which 54 

astrochemical ice analogues could be prepared on a substrate cooled to 10 K [17]. The ices could then 55 

be processed by Lyman-α photons supplied by ultraviolet lamps attached to the chamber. Since this first 56 

set-up was established, a number of other laboratories have established their own astrochemical 57 

chambers, each offering a different technique of preparing, processing, or analysing astrochemical ice 58 

analogues. Among these set-ups are the Keck Machine in Hawaii [18], the VIZSLA set-up in Budapest 59 



[19], the LISA set-up in Nijmegen [20], the CASIMIR and IGLIAS chambers in Caen [21,22], the 60 

SURFRESIDE2 set-up in Leiden [23], and the PAC in Milton Keynes [24]; to name but a few.  61 

In this article, we describe a new experimental astrochemistry chamber that has been designed and 62 

installed as a permanent end-station of the electron cyclotron resonance (ECR) ion source at the HUN-63 

REN Institute for Nuclear Research (Atomki) in Debrecen, Hungary. The commissioning of this 64 

chamber is the result of a strong collaborative relationship between Atomki and Queen’s University 65 

Belfast in the United Kingdom. This relationship is reflected in the chosen name of the set-up: AQUILA 66 

(Atomki-Queen’s University Ice Laboratory for Astrochemistry). Indeed, the core components of the 67 

AQUILA were originally designed and constructed by R.W. McCullough and A.C. Hunniford at the 68 

ECR ion source laboratory at Queen’s University Belfast so as to carry out sputtering studies of 69 

astrochemical ice analogues induced by the impact of 4 keV singly and multiply charged ions [25,26]. 70 

Now established at Atomki, the AQUILA allows us to probe the chemistry induced in astrochemical ice 71 

analogues under conditions relevant to the interstellar medium and the outer Solar System by a variety 72 

of ions having typical energies of a few tens to a few hundreds of keV.  73 

The commissioning of the AQUILA augments and complements the astrochemical capabilities of the 74 

Atomki laboratories, which had already been served by the Ice Chamber for Astrophysics-75 

Astrochemistry (ICA) [27,28]. The ICA is currently installed as a permanent end-station of the Atomki 76 

Tandetron accelerator, and may thus be used to study the radiation chemistry of astrochemical ice 77 

analogues induced by higher energy ions having energies of a few hundred keV to a few MeV. The 78 

availability of lower energy ions supplied by the ECR ion source therefore extends the energy range 79 

over which ion-induced radiation astrochemistry studies may be performed at Atomki, allowing for 80 

various space radiation sources to be considered such as high-energy galactic cosmic rays and lower 81 

energy stellar winds or giant planetary magnetospheric plasmas. Section 2 of this article is devoted to 82 

an overview of the Atomki ECR ion source and the manipulation of the ion beams it is able to supply, 83 

while Section 3 provides a detailed description of the AQUILA chamber. Results obtained from the H+ 84 

and oxygen ion irradiation of CH3OH ice at 20 K are discussed in Section 4, while results obtained from 85 

temperature-programmed desorption (TPD) experiments of pristine and irradiated CH3OH ices are 86 

provided in Section 5. A detailed comparison of the AQUILA and ICA set-ups is provided in Section 6, 87 

and final concluding remarks are given in Section 7.  88 

2. Ion Beam Generation and Manipulation 89 

2.1  The Atomki ECR Ion Source 90 

Although a detailed description of the Atomki ECR ion source may be found in previously published 91 

articles [29-31], a brief overview of its most salient features is provided herein so as to better 92 

contextualise our description of the AQUILA set-up. The ECR ion source, which was built in-house and 93 

has been in operation since 1996, is able to supply various versatile low-energy ion beams for use in 94 

different fields of study, including atomic physics, plasma science, materials science, and, of course, 95 

astrochemistry. Ion beams are produced by first generating the plasma state of the required material 96 

from its precursor gas via GHz frequency microwave injection into the plasma chamber of the ion 97 

source. This plasma is confined by a magnetic field that is generated as a result of the superposition of 98 

permanent magnets and electrical solenoids. The efficient energy transfer from the microwave to the 99 

plasma electrons allows for singly or multiply charged ions to be readily produced, with high-intensity 100 

beams (i.e., having currents of at least a few tens or even a few hundred of μA) of H+, Heq+, Cq+, Nq+, 101 

Oq+, Neq+, Siq+, Sq+, Arq+, Krq+, and Xeq+ ions being routinely produced [31]. 102 

Ion beams may also be produced from solid materials by making use of various vaporisation techniques, 103 

such as sputtering, sublimation, or oven-heating. In this way, singly or multiply charged Pq+, Caq+, Feq+, 104 

Niq+, Agq+, Auq+, and C60
q+ ion beams have been successfully prepared. Indeed, the highest charge-state 105 



ion beam that has been produced was a 900 keV Au30+ beam. Aside from these positively charged atomic 106 

beams, the ion source is also able to provide stable beams of positively charged molecular ions (e.g., 107 

H2
+, H3

+, OH+, H2O+, H3O+, and O2
+), as well as various negatively charged ion beams (e.g., H–, O–, 108 

OH–, O2
–, C–, C60

–) having beam currents of at least a few tens of μA and a few μA, respectively [30]. 109 

The kinetic energy of the ion beams supplied by the ECR ion source, Ebeam, is related to the charge-state 110 

of the projectile ion, q, as follows: 111 

𝐸beam = 𝑞𝑉ext 112 

(1) 113 

where Vext is the extraction voltage, which may be set to a value between 50 V and 30 kV. Given that it 114 

is possible to produce ions with charge-states ranging between q = 1-30, this means that the ECR ion 115 

source is able to supply ion beams that cover the 50 eV to 900 keV energy range. However, for 116 

experiments on the radiation astrochemistry of ices, extraction voltages of 5-20 kV are typically used, 117 

meaning that 5-20 keV singly charged ions, as well as multiply charged ions having energies of up to a 118 

few hundred keV are routinely available for laboratory astrochemistry experiments. 119 

2.2  The Ion Beam Transport Line 120 

The ECR ion source is connected to two beamlines (Figure 1). The original 90° beamline is used for 121 

testing purposes, for studies in atomic physics, and for the functionalisation of medical or industrial 122 

samples via ion implantation. A recently developed 55° beamline connects the ion source to the 123 

AQUILA set-up, and is thus dedicated to ion irradiation studies of astrochemical ice analogues. The 124 

pathway that an ion beam takes from the ECR ion source to the AQUILA set-up via this 55° beamline 125 

is summarised in Figure 2. Once the ion beam leaves the ion source, it may be focused or de-focused 126 

using two einzel lenses before being passed through the 55° bending magnet. The emergent ion beam 127 

is subsequently passed through a collimator having a diameter of 24 mm (labelled C1 in Figure 2), 128 

thereby providing the first definition of the beam-spot diameter. A magnetic lens installed just beyond 129 

this collimator may then be used to manipulate the beam in the x-axis (the direction of travel of the 130 

beam being defined as the z-axis), after which another einzel lens is used to focus the ion beam through 131 

a second collimator (labelled C2 in Figure 2) having a diameter of 15 mm, thus reducing the beam-spot 132 

diameter. 133 

The ion beam is subsequently passed through two pairs of deflector plates (labelled DP in Figure 2) 134 

which are able to deliver an alternating electric field across the x- and y-axes supplied by high-voltage 135 

ramp generators with respective minimum frequencies of 25 and 600 Hz so as to stabilise and 136 

homogenise the current density of the beam. The beam is subsequently passed through a third collimator 137 

(labelled C3 in Figure 2) having a diameter of 10 mm which largely determines the beam-spot size 138 

supplied to the AQUILA.  139 

Located immediately beyond this collimator is a system composed of a Faraday cup (labelled F1 in 140 

Figure 2) and a mesh (labelled M1 in Figure 2), either of which can be inserted into the ion beam 141 

pathway at the expense of the other. The stainless-steel Faraday cup, which has an outer diameter of 20 142 

mm and a length of 30 mm, allows for the ion beam current to be quantitatively determined. At the 143 

bottom of the cup is a 60° cone which reduces the effect of any secondary electrons that may have been 144 

emitted as a result of the interaction of the incident ions with the Faraday cup. During standard current 145 

measurement procedures, the Faraday cup is also biased by a voltage of +45 V. Once the current has 146 

been adequately measured, the mesh component of the system is inserted into the beam pathway. This 147 

20 mm-diameter mesh is composed of BeCu wires having a thickness of 20 μm and a relative spacing 148 

from each other of 0.5 mm, and allows a beam transmission of 90%. 149 



 150 

Figure 1. A top-view schematic diagram of the Atomki ECR ion source beamlines, which lead to an atomic 151 

physics chamber and the AQUILA chamber. 152 

The ultrahigh-vacuum (UHV) AQUILA chamber is separated from the beamline vacuum systems by 153 

means of a pneumatic gate valve. Between the gate valve and the entrance port of the chamber, there is 154 

a fourth collimator (labelled C4 in Figure 2) having a diameter of 10 mm which serves to trim any 155 

scattered ions out of the beam profile. Once the beam has entered the AQUILA chamber, a second 156 

system composed of a stainless-steel Faraday cup and a BeCu mesh (respectively labelled F2 and M2 157 

in Figure 2) is used to measure the ion beam current and profile within the chamber. The properties (i.e., 158 

materials and dimensions) of this second Faraday cup-mesh system F2, M2 are identical to those of the 159 

first system F1, M1. 160 

The nominal area of the beam supplied to the target within the AQUILA chamber approximates a 161 

homogeneous circle with a diameter of 12 mm. The homogeneity and beam-spot size obtained at the 162 

target using defined sets of beam guiding conditions was confirmed through a series of previous trials 163 

making use of mm-marked ZnS fluorescent screens. This allowed the optimum beam guiding conditions 164 

for the production of a circularly homogeneous beam-spot of diameter 12 mm to be determined. The 165 

ion beam current that is actually incident on the target can be routinely measured throughout the course 166 

of an experiment by rotating the target (which is mounted on a sample holder) by 180° and using a 10 167 

mm-diameter hole behind the target as a Faraday cage. Since the current measured at the entrance to 168 

the AQUILA chamber by the Faraday cup-mesh system F2, M2 is proportional to the current actually 169 

incident with the target, then by knowing the proportionality constant it is possible to continuously 170 

monitor the uniform ion beam current density at the target.  171 



 172 

Figure 2. Schematic diagram of the controlled ion beam transport line between the 55° bending magnet and the 173 

AQUILA chamber (not to scale). More detailed information may be found in the text. 174 

3. The AQUILA Set-Up 175 

3.1  Chamber Design and Function 176 

The AQUILA experimental set-up comprises a cylindrical UHV-compatible stainless-steel chamber 177 

(custom-made by Kurt J. Lesker Company) having an inner diameter of 300 mm and a height of 210 178 

mm. The side wall of the chamber is fitted with four DN-100 CF and four DN-40 CF flanges to allow 179 

for external connections to, for example, the supplied ion beam or analytical devices (Figure 3). The 180 

top and bottom of the chamber are each fitted with a DN-295 CF flange. In the case of the top of the 181 

chamber, the centre of this flange is welded to a DN-160 CF reducer as well as an additional two DN-182 

16 CF flanges; while in the case of the bottom of the chamber a DN-100 CF reducer together with four 183 

DN-40 CF flanges are welded on. 184 

Within the centre of the chamber is a heat-shielded oxygen-free high-conductivity copper sample holder 185 

into which a single infrared-transparent deposition substrate used to prepare astrochemical ice 186 

analogues may be mounted (Figure 4). This deposition substrate is typically a ZnSe disc of diameter 15 187 

mm and thickness 3 mm, although other infrared-transparent materials may also be used. Moreover, the 188 

deposition substrate may be coated by a thin (< 250 nm) gold-wire meshwork which prevents the 189 

accumulation of electrostatic charge and spark release during ion beam irradiation. The gold-wire mesh 190 

has a lateral thickness of just 20 μm and a relative separation of 0.8 mm, and thus does not attenuate 191 

incident infrared spectroscopic beams to any significant degree [27]. Moreover, extensive previous 192 

work performed using the ICA has demonstrated that the use of deposition substrates coated with gold-193 

wire meshwork does not influence the resultant structure of a condensed astrochemical ice analogue to 194 

any significant degree [27,28].  195 

The sample holder, which may be rotated about the vertical axis of the chamber by means of a 360° 196 

rotation stage (Thermionic Northwest Inc., RNN-400), is held in contact with the cold finger of a closed-197 

cycle helium cryostat (Sumitomo CH-204SB-N cold head with a Sumimoto HC-4E1 compressor unit) 198 

which is connected to the main AQUILA chamber via its bottom flange. This allows the sample holder 199 

and the mounted ZnSe deposition substrate to be cooled to a minimum temperature of 20 K, although 200 

an operational temperature range of 20-300 K is available and the temperature of the sample holder and 201 

substrate may be set to any value within this range by setting an equilibrium between the cooling effect 202 

of the cryostat and the warming induced by an internal 40 Ω / 50 W cartridge heater (HTR-25-100). 203 

Temperature measurements are performed using three silicon diodes (Lake Shore DT-670B-CO) and a 204 

proportional-integral-differential (PID) controller (Lake Shore model 336), and the temperature of the 205 

deposition substrate was calibrated by performing TPD experiments using common astrophysical ice 206 



analogues and comparing the observed sublimation temperature with literature values. Two of the 207 

silicon diodes are connected directly to the sample holder, while the third is connected to the cold finger 208 

(Figure 4). At 20 K, the maximum temperature difference recorded by the two diodes connected to the 209 

sample holder is typically less than 0.2 K, and so the actual temperature of the sample holder is taken 210 

to be a simple average of these two recorded values.  Once equilibrated, the temperature of the sample 211 

holder may be varied at rates of 0.1-10 K min–1. 212 

 213 

Figure 3. A top-view schematic diagram of the AQUILA chamber arranged for transmission absorption mid-214 

infrared spectroscopy. The sample holder and heat shielding are rotatable, which allows for ion beam irradiation 215 

experiments to be performed as depicted (i.e., with the infrared beam being held orthogonal to the deposition 216 

substrate surface and projectile ions impacting at angles of 45°), as well as for laser interferometry to be used for 217 

ice thickness determination when the sample holder is rotated to allow the incident laser beam to be reflected into 218 

the photo-diode. 219 

As previously mentioned, the sample holder is surrounded by a heat shield so as to preclude radiative 220 

thermal transfer from the walls of the chamber which can raise the temperature of the deposition 221 

substrate. As can be seen in Figure 5, the 57-mm diameter heat shield has a 120° opening of height 15 222 

mm in front of the sample holder which allows for the beam supplied by the ECR ion source to interact 223 



with the astrochemical ice analogue deposited on the cooled ZnSe deposition substrate. A 15 mm 224 

circular hole centred on the ZnSe substrate is also present on the rear side of the heat shield, so as to 225 

allow for the transmittance of an infrared spectroscopic beam. Furthermore, a suppressor plate bearing 226 

a 10 mm hole has been mounted on the rear side of the heat shield (Figure 5) so as to allow for 227 

confirmatory ion beam current density measurements in addition to those described in Section 2: in 228 

order to directly measure the current incident on the ZnSe deposition substrate, a mesh system (labelled 229 

M3 in Figure 2) may be installed directly behind the substrate to prevent it from charging up. The 230 

substrate is then rotated by 180° such that the mesh M3 directly faces the incident ion beam. The current 231 

density incident on mesh M3 can be readily measured due to the fact that the sample holder is 232 

electrically insulated from the cold head of the cryostat by means of a sapphire rod of length 20 mm 233 

and diameter 10 mm.  234 

 235 

Figure 4. Photograph of the oxygen-free high-conductivity copper sample holder within which a single ZnSe 236 

deposition substrate has been mounted. It is possible to note the presence of a thin (< 250 nm) gold-wire meshwork 237 

on the surface of the ZnSe substrate which serves to preclude the accumulation of electrostatic charge and spark 238 

release during ion beam irradiation. Also visible are two of the silicon diodes used to measure the temperature of 239 

the sample holder and deposition substrate, indicated by red arrows. 240 

It is important to note that, during ion irradiation experiments of astrochemical ice analogues prepared 241 

on ZnSe substrates, no significant increase in the temperature of the deposition substrate (and, by 242 

extension, the astrochemical ice analogue deposited on it) is anticipated. This is justified by considering 243 

the thermal conductivity of ZnSe which, at 20 K, is known to be in excess of 6 W K–1 cm–1 [32]. By 244 

multiplying this value by the surface area of the ZnSe substrate that is exposed to good thermal contact 245 

with the copper sample holder and dividing by the estimated maximum possible length of heat transfer 246 



through the substrate, it is possible to arrive at a heat conductance of 4.8 W K–1 for ZnSe at 20 K. It 247 

therefore follows that an incident ion beam with a power dissipation of 1 W will only increase the 248 

temperature of the substrate by 0.21 K. As the ion beams used for radiation astrochemistry experiments 249 

typically have power dissipations significantly less than 1 W, the resultant heating of the deposition 250 

substrate by the ion beam is assumed to be negligible.  251 

Evacuation of the AQUILA chamber (which occurs prior to any cooling of the sample holder and 252 

substrate) is achieved using three turbomolecular pumps (two Balzers TMU 260 pumps and a Varian 253 

TV301 pump) and one scroll pump (Edwards nXds 15i) and allows for base pressures of 5×10–9 mbar 254 

and 10–9 mbar to be achieved before and after cooling of the sample holder and substrate, respectively. 255 

The pressure in the main chamber is measured using a wide vacuum gauge (Edwards WRGS-NW35) 256 

and an ionisation gauge (Vacgen ZVIG18) connected to two of the DN-40 CF flanges at the bottom of 257 

the chamber. As mentioned previously, the main chamber is separated from the projectile ion beamline 258 

(which operates at a base pressure of a few 10–7 mbar) by a pneumatic gate valve. To better preclude 259 

against pollution from the beamline entering the AQUILA, a differential pumping stage composed of 260 

two turbomolecular pumps (one Pfeiffer TMH260 and one Edwards EXT250) and a scroll pump 261 

(Edwards nXds 15i) has also been installed. In the event of unsatisfactory base pressure levels within 262 

the main chamber, the AQUILA may be baked out using two internal 500 W halogen bulbs (Kurt J. 263 

Lesker Company). 264 

 265 

Figure 5. Photographs of the heat shield applied to the copper sample holder as viewed from (a) the front and (b) 266 

the rear sides. In the case of the latter, it is possible to note the attachment of a suppressor plate to the rear of the 267 

heat shield (more detailed information may be found in the text). 268 

3.2  Astrochemical Ice Analogue Preparation, Processing, and Analysis 269 

The standard experimental protocol involves first evacuating the chamber to base pressure before 270 

cooling the sample holder and substrate to the desired cryogenic temperature which, for the remainder 271 

of this article, will be assumed to be 20 K. Once thermal equilibrium at this temperature has been 272 

reached, an astrochemical ice analogue may be prepared on the infrared-transparent deposition 273 



substrate. Ice analogues may be prepared via both the background and direct deposition of dosed gases 274 

or vapours by making use of two separate pre-dosing mixing containers nominally held under a vacuum 275 

of about 10–3 mbar. Gases from lecture bottles or vapours from vials containing de-gassed liquids may 276 

be introduced into these mixing containers using a sophisticated system of valves. In total, four different 277 

lecture bottles or vials may be connected to each mixing container at any one time, thus allowing for 278 

the preparation of both pure and multi-component astrochemical ice analogues having a defined 279 

stoichiometric composition. Contamination of these pre-dosing mixing containers may be precluded by 280 

their sequential warming and evacuation prior to the introduction of a gas mixture of interest. 281 

Once introduced into the mixing containers, gas mixtures are allowed to settle for a few minutes to 282 

ensure adequate mixing. The total pressure of the gas mixture prior to its introduction into the main 283 

chamber is typically on the order of a few mbar and can be measured using mass-independent capacitive 284 

manometer gauges (Pfeiffer CCR361 and Pfeiffer CMR361). The actual dosing of the gas mixture into 285 

the main chamber is mediated by fine regulating all-metal needle valves (Vacgen M07) and can be 286 

performed as either background or direct ice deposition. To facilitate this, two tubes have been welded 287 

to the gas inlet port of the chamber (Figure 3); the longer (315 mm) of these tubes is used for direct 288 

deposition and, by making use of a 100 mm bellows system, its nozzle may be carefully brought into 289 

very close proximity with the surface of the deposition substrate. The shorter (50 mm) tube is used for 290 

the background deposition of astrochemical ice analogues, and it possesses a distributor (i.e., scattering) 291 

plate mounted directly in front of its nozzle. This distributor plate helps to reduce the pressure 292 

inhomogeneity that may arise in the main chamber during gas dosing and therefore allows for an even 293 

growth of the depositing astrochemical ice analogue. 294 

The growth of the depositing astrochemical ice analogue can be quantitatively monitored in situ using 295 

a laser interferometric technique, and thus the AQUILA has been accordingly fitted with a 45 mW laser 296 

that emits light having a wavelength of 405 nm, as well as a silicon photo-diode able to detect light 297 

across the 305-550 nm wavelength range (Figure 3). This technique, which has been described in detail 298 

in other publications [33,34], allows for the determination of the thickness of the growing ice layer by 299 

measuring the intensity variations of laser light that is reflected off the surface of the deposition substrate 300 

during ice deposition. During deposition, a sinusoidal variation in intensity is detected due to the 301 

interference of the laser light reflected at the ice-vacuum and ice-substrate boundaries. The number of 302 

consecutive pattern repetitions k is related to the thickness of the ice d (μm) as: 303 

𝑑 =
𝑘𝜆

2𝑛 cos (𝜃)
 304 

(2) 305 

where λ is the wavelength of the laser light in vacuo (μm), n is the refractive index of the ice, and θ is 306 

the reflection angle of the laser light in the ice. This method of determining ice thickness is advantageous 307 

as it provides an accurate evaluation of the rate of deposition and only relies upon knowledge of θ 308 

(known from the geometry of the set-up), λ (set at 405 nm), and n. In the case of this latter term, a large 309 

number of previous studies has quantified the refractive indices of various molecular ices [35-38], and 310 

thus there is a rich literature in which the required data may be found.  311 

The deposition and growth of the ice (as well as its subsequent processing) may also be followed in situ 312 

using Fourier-transform mid-infrared transmission absorption spectroscopy. The AQUILA is equipped 313 

with a Bruker Vertex V70v spectrophotometer and an external mercury-cadmium-telluride detector 314 

cooled by liquid nitrogen (Figure 3), which allows studies to be performed over the 4000-650 cm–1 (2.5-315 

15.4 μm) range with the mid-infrared spectroscopic beam maintained orthogonal to the plane of the 316 

deposition substrate. Spectra may be acquired with a maximum resolution of 0.1 cm–1, although lower 317 

resolutions of 1 or 2 cm–1 are more typically used. The amount of a particular molecular species 318 

condensed as an ice onto the deposition substrate may be quantified through its molecular column 319 



density N (molecules cm–2). This quantity may be calculated from mid-infrared absorption spectra 320 

acquired after the deposition of the ice has been completed and the pressure of the main chamber has 321 

returned to base levels using the equation: 322 

𝑁 = ln (10)
𝑆

𝐴ν
 323 

(3) 324 

where S (cm–1) is the integrated absorbance of a mid-infrared band characteristic to the solid-phase 325 

molecular species in question and Aν is the strength constant associated with that band. It should be 326 

noted that the inclusion of the constant term ln(10) allows for the relation of Aν, which is measured on 327 

an optical depth scale, to S, which is measured on an absorbance scale.  328 

The value of N derived from acquired spectra can be related to the total thickness of the ice d through 329 

the equation: 330 

𝑑 = 104
𝑚

𝜌𝑁A
𝑁 = 104 ln (10)

𝑚𝑆

𝜌𝑁A𝐴ν
 331 

(4) 332 

where m is the molar mass (g mol–1) of the molecular species in question, ρ (g cm–3) is the temperature-333 

dependent solid-phase density, and NA is the Avogadro constant (6.02×1023 molecules mol–1). Note that, 334 

in this case, the constant 104 allows for d to be expressed in units of μm. 335 

In the case of multi-component ices, a first approximation of the ice thickness may be obtained by 336 

applying Eq. (4) to each component of the ice mixture and then summing up the contributions of the 337 

individual molecular species to the total thickness. However, it should be noted that, although Eq. (4) 338 

may provide for a relatively straightforward means of assessing the thickness of a multi-component ice 339 

from acquired mid-infrared absorption spectra, it is likely that the overall thickness value derived from 340 

such an approach is associated with rather large uncertainties. These uncertainties mainly derive from 341 

the use of literature values of Aν which are typically quoted for pure molecular ices but which may vary 342 

by as much as 50% for molecular components of a solid-phase mixture [39].  343 

It should also be noted that, in the case of ices prepared by background deposition, the total ice observed 344 

using mid-infrared spectroscopy is the summation of the ice deposition on the front and rear sides of 345 

the deposition substrate (Figures 4 and 5), only the former of which is exposed to processing by ion 346 

beams. It is therefore desirable to minimise the amount of ice deposited on the rear side of the substrate 347 

which is not processed radiolytically but which is nonetheless observed by the mid-infrared 348 

spectroscopic beam. The sample holder presents a cylindrical hole of diameter 10 mm and length 17 349 

mm on its rear side which permits the mid-infrared spectroscopic beam to be transmitted through the 350 

deposited ice to the external detector, but which also ensures minimal condensation of material onto the 351 

rear side of the deposition substrate. Using this configuration, we calculate that the total column density 352 

of ice deposited onto the rear side of the deposition substrate during background deposition is less than 353 

10% of the total ice deposited on the front side (see our previous work published in this journal [27] for 354 

more information on how this value is calculated).  355 

Up until this point in the discussion, the preparation of an astrochemical ice analogue required that its 356 

precursor material is sufficiently volatile such that it is a gas at standard temperature and pressure or 357 

else that it produces vapours that may be readily introduced into the pre-dosing mixing container. It is, 358 

however, also possible to prepare ices from more refractory materials such as, for example, polycyclic 359 

aromatic hydrocarbons. This may be achieved by installing a removable effusive evaporator (Createc 360 

OLED-40-10-WK-SHM) onto one of the side flanges of the AQUILA chamber; typically in place of 361 

the laser used for the interferometric determination of ice thickness growth rates. This effusive 362 



evaporator is pre-loaded with a quartz tube containing a sample of the refractory material which may 363 

be heated to temperatures of up to 800 °C under UHV conditions, thereby allowing sublimation of the 364 

solid material and its introduction into the main chamber. To minimise the possibility of the refractory 365 

material contaminating the chamber by coating any internal surface other than the deposition substrate, 366 

the sample holder and deposition substrate are rotated to directly face the effusive evaporator during 367 

the deposition of the refractory material, and the nozzle of the effusive evaporator is brought into close 368 

proximity of the deposition substrate by means of a manually operated bellows. Due to the need to 369 

rotate the sample holder during the deposition of a refractory material, it is not possible to monitor ice 370 

growth in situ. Instead, an ice must be grown in progressive steps after each of which the sample holder 371 

is again rotated such that its surface is orthogonal to the mid-infrared beam thus allowing for a 372 

spectroscopic assessment of the amount of ice deposited.  373 

Once an ice of a desired thickness and stoichiometric composition has been prepared, it may then be 374 

exposed to an ion beam supplied by the ECR ion source such that the projectile ions impact the target 375 

astrochemical ice analogue at an angle of 45° to the normal. Radiolysis-induced changes to the physical 376 

structure and chemical composition of the ice may be monitored in situ again using mid-infrared 377 

absorption spectroscopy, which allows for the destruction of the molecular components of the ice to be 378 

measured through the decreasing intensities of their corresponding absorption bands and the synthesis 379 

of new molecules to be identified by the appearance of new absorption features in the acquired spectra 380 

[40,41]. Moreover, physical changes to the ice such as the amorphisation of crystalline structures or the 381 

compaction of porous solids may also be studied through changes in the acquired mid-infrared spectra 382 

[42,43]. 383 

Another physical process that is known to be induced by ion impact is the sputtering of ice material 384 

[44]. It is very difficult to determine whether the reduction in the column density of a target 385 

astrochemical ice analogue is due to its radiolytic dissociation or its sputtering as a result of ion impact 386 

if mid-infrared absorption spectroscopy is the only analysis technique available. As such, the AQUILA 387 

is also fitted with a residual gas analyser that acts as a quadrupole mass spectrometer (Figure 3) and 388 

which can provide quantitative information on the composition of the gas phase of the chamber. Thus, 389 

any closed-shell molecules or radical fragments that are removed from the ice either as a result of ion-390 

induced sputtering or thermal desorption during controlled warming of the substrate can be identified.  391 

Indeed, the AQUILA set-up is also suitable for performing TPD experiments, in which an astrochemical 392 

ice analogue that may or may not have been irradiated by an ion beam is warmed at a constant rate 393 

(typically 1 or 2 K min–1). This warming allows for the spectroscopic and spectrometric study of a 394 

number of thermally induced processes that are directly relevant to interstellar physics and chemistry, 395 

such as the diffusion of radicals within the ice matrix, the crystallisation of the ice, thermal desorption 396 

of molecules and radicals, sublimation dynamics, and thermally induced chemical reactions at low 397 

temperatures [28,45-48]. 398 

4. Ion Irradiation of Condensed CH3OH 399 

To illustrate the utility of the AQUILA set-up in studying the radiation chemistry in astrochemical ice 400 

analogues induced by projectile ions, we have performed four irradiations of amorphous CH3OH ice at 401 

20 K using 5 keV H+, 10 keV H+, 10 keV O+, and 20 keV O2+ ions. Our choice of CH3OH as the target 402 

ice is based not only on the fact that this molecule is one of the most ubiquitous in interstellar space 403 

[14], but also on the rich chemistry that is known to occur when this ice is subjected to ionising radiation 404 

which has been reported to result in the formation of complex organic molecules, among other species 405 

[49-57]. As such, CH3OH represents an ideal test material for showcasing the experimental capabilities 406 

of the AQUILA set-up. 407 



Amorphous CH3OH ices having an approximate thickness of 300 nm were prepared by background 408 

deposition of the vapour at 20 K and a pre-irradiation mid-infrared absorption spectrum was acquired 409 

(Figure 6). Each ice was subsequently exposed to one of the aforementioned ion beams to simulate the 410 

processing of an interstellar CH3OH ice by cosmic ionising radiation, and additional spectra were 411 

collected at pre-determined ion fluence intervals. In each case, absorption bands attributable to CH3OH 412 

were noted to decrease in intensity as the experiment progressed, while new bands emerged due to the 413 

radiolytic formation of product molecules of which the most pertinent to this article are CO, CO2, and 414 

CH4 (Figure 7). The extent of CH3OH destruction and molecular product formation could be quantified 415 

through the measurement of their respective column densities by using Eq. (3), as described previously. 416 

Table 1 lists the absorption bands and the associated integrated band strength constants used to quantify 417 

the column density of each of these molecules.  418 

 419 

Figure 6. Mid-infrared absorption spectrum of a pristine, unirradiated CH3OH ice at 20 K. The major vibrational 420 

modes are indicated and are based on assignments made by Gálvez et al. [58] and Bouilloud et al. [59]. 421 

Table 1. Positions of the mid-infrared absorption bands (ν) and their associated band strength constants (Aν) used 422 

to quantify the column densities of different molecules from acquired spectra. 423 

Molecule ν (cm–1) Aν (10–17 cm molecule–1) Reference 

CH3OH 1027 (ν8) 1.61 Luna et al. [60] 

CO 2138 (νs) 0.87 González-Díaz et al. [61] 

CO2 2329 (ν3) 11.80 Gerakines and Hudson [62] 

CH4 1300 (ν4) 1.04 Gerakines and Hudson [63] 



The radiolytic destruction of CH3OH ice with increasing ion fluence is depicted in Figure 8, which 424 

demonstrates that the radiolytic decay of this molecule follows an exponential-like decay trend for all 425 

projectile ions at 20 K. Indeed, we have found that the column density trend (normalised to the initial 426 

column density of CH3OH) is best fitted by the sum of two exponential decay functions of the type N = 427 

a1exp(–F/b1) + a2exp(–F/b2) + c, where a, b, and c are constants and F is the delivered ion fluence in 428 

units of ions cm–2. It is possible to note significant differences in the rates and extent of CH3OH 429 

destruction induced by the different ion beams. For example, although the irradiation of CH3OH ice by 430 

10 keV H+ ions results in a more rapid destruction that does the analogous irradiation by 5 keV H+ ions 431 

(i.e., a faster radiolytic destruction is observed when using higher energy H+ ions), the same is not true 432 

for irradiations using 10 keV O+ and 20 keV O2+ ions, wherein the former results in a more rapid and 433 

extensive destruction of CH3OH than the latter.  434 

 435 

Figure 7. Mid-infrared absorption spectra of CH3OH ices irradiated by different ions. Projectile ion fluences are 436 

indicated above each individual spectrum. Note that spectra are vertically shifted for clarity.  437 

Such an observation may be rationalised by considering the dominant mechanisms of energy loss for 438 

each of the projectile ions utilised. As can be seen from the data displayed in Table 2, which were 439 

calculated using the SRIM: Stopping and Range of Ions in Matter programme [64], the dominant energy 440 

loss mechanism for the H+ beams is electronic (or inelastic) stopping while for the oxygen ion beams it 441 

is nuclear (or elastic) stopping. Electronic stopping is generally expected to be the dominant method of 442 

energy loss for a projectile ion with a kinetic energy greater than 1 keV amu–1. Thus, for the 10 keV O+ 443 

ions used in this study, nuclear stopping is the dominant energy loss mechanism. Although the overall 444 

contribution of nuclear stopping to ion energy loss is lower in the case of the 20 keV O2+ ions, this 445 

decreasing contribution occurs at a significantly slower rate than the increasing contribution of the 446 



electronic stopping, thereby explaining the smaller differences in the CH3OH destruction trends induced 447 

by 10 and 20 keV oxygen ion irradiation compared to the relatively larger differences induced by 5 and 448 

10 keV H+ ion irradiation.  449 

As mentioned previously, the radiolytic destruction of CH3OH results in the formation of a number of 450 

product molecules, the most pertinent of which for the purposes of this discussion are CO, CO2, and 451 

CH4. A number of radiolytic reaction pathways that lead to the formation of these molecules have been 452 

identified, many of which were described in great detail in our previous works [27,28,65] and in those 453 

of other research groups [50,53,56]. A summary of the reaction network leading to these product 454 

molecules is given in Figure 9. 455 

 456 

Figure 8. Column density of CH3OH normalised to its initial column density prior to irradiation as a function of 457 

projectile ion fluence. The dashed lines correspond to the sum of two exponential decay curves fitted to the data 458 

(more detailed information may be found in the text).  459 

 460 

Figure 9. Reaction network for the synthesis of CO, CO2, and CH4 in an irradiated CH3OH ice, including all 461 

intermediate radicals and molecules. Dehydrogenation reactions are symbolised by black arrows, one-step double 462 

dehydrogenations are symbolised by red arrows, and other types of reactions are symbolised by blue arrows. Note 463 

that, in the case of the existence of multiple pathways towards a common molecule, the most favourable pathway 464 

(as determined by the previous works of Bennett et al. [50], Schmidt et al. [56], and Ioppolo et al. [66]) is indicated 465 

by a bold typeset arrow.   466 



Table 2. Nuclear, electronic, and total stopping, as well as penetration depths, of ions used in this study as 467 

calculated using the SRIM programme [64]. Note that SRIM is only able to consider singly charged ions, and so 468 

the stopping for 20 keV O2+ ions is approximated by that for 20 keV O+ ions. 469 

Projectile Ion 
Stopping (eV nm–1) Penetration Depth 

(nm) Nuclear Electronic Total 

5 keV H+ 0.95 23.70 24.65 152 

10 keV H+ 0.59 32.73 33.32 258 

10 keV O+ 98.67 47.26 145.93 48 

20 keV O2+ 82.77 66.83 149.60 91 

 470 

It is at this point that we turn our attention to the abundances of CO, CO2, and CH4 produced in our 471 

irradiation experiments. These may be analysed in two ways: (i) the amount of a product that is yielded 472 

when CH3OH ice is processed by different ion beams, and (ii) the ratio of one product to another that is 473 

yielded after irradiation using each beam. These data are summarised in Figure 10, which depicts the 474 

molecular column densities of CO, CO2, and CH4 normalised to the initial column density of CH3OH 475 

throughout each irradiation in its left-hand side panels, and the ratios of these product molecules to one 476 

another throughout each irradiation in its right-hand side panels. 477 

By examining Figure 10, it is possible to note that the formation rates of each of the three products 478 

under consideration behave somewhat differently to one another. In the case of CO, for instance, it is 479 

possible to note that irradiation using each of the four beams that were investigated resulted in an initial 480 

rapid increase in the column density of this product relative to the initial column density of CH3OH 481 

(i.e., the normalised column density of CO). For the 5 keV H+ beam and the 10 keV O+ beam, a similar 482 

trend was apparent in which the normalised column density of CO initially increased rapidly before 483 

plateauing. In the case of the 10 keV H+ beam, it is evident that the plateau had not yet been reached by 484 

the end of irradiation, and that the normalised column density of CO was still on the rise. The case of 485 

the 20 keV O2+ ion beam provides for an interesting study, as it is evident that the normalised column 486 

density of CO initially increased rapidly before plateauing for a short fluence interval of about 1.2×1015 487 

ions cm–2 and subsequently decreasing slightly. It is possible that, had longer fluences been used for the 488 

other ion beams, then similar trends with respect to the normalised column density of CO would have 489 

been observed in those cases.  490 

The trends observed for the normalised column density of CO2 are very similar to those of CO (Figure 491 

10). This is perhaps to be expected, since CO is the direct precursor to CO2 in the reaction network 492 

shown in Figure 9, and thus the abundance of the former should correlate with that of the latter. One 493 

notable exception, however, is the formation trend of CO2 during the irradiation of CH3OH by 10 keV 494 

O+ ions, where the normalised column density of the product initially increases rapidly, plateaus briefly, 495 

and then declines slightly. A number of physical and chemical factors may contribute to this discrepancy 496 

between the CO and CO2 formation profiles during irradiation by 10 keV O+ ions, including sputtering 497 

of the molecular components of the ice (including CO and CO2 themselves), fewer interactions with the 498 

electrons of target molecules due to the dominance of nuclear stopping, or even possible perturbation 499 

of the chemical reaction network induced by the implantation of the oxygen ion.  500 

The formation trends of CH4 as a result of the irradiative processing of CH3OH are broadly similar 501 

across all investigated ion beams. In general, it is possible to note that the normalised column density 502 

of CH4 initially increases very rapidly and peaks at ion fluences significantly lower than for CO and 503 

CO2, before subsequently decaying rapidly as the nascent CH4 is destroyed by ion irradiation at higher 504 

fluences. Such a result agrees well with previously published reports on the ion irradiation of CH3OH 505 

[27,67-69], which have also demonstrated CH4 to be a product that is quickly formed and destroyed. It 506 

is to be noted that, although a similar formation / destruction trend is noted for the CH4 yielded as a 507 

result of the 10 keV O+ ion irradiation of CH3OH, this is skewed towards significantly higher fluences 508 

than for the other ion beams considered in this study. It is to be recalled that the dominant mechanism 509 



of energy loss for 10 keV O+ ions is nuclear stopping (Table 2), unlike for the other ion beams where 510 

electronic stopping is either dominant (in the case of the 5 and 10 keV H+ ions) or a large contributor 511 

(in the case of the 20 keV O2+ ions) to energy loss. This therefore explains the somewhat different 512 

behaviour observed with regards to the radiolytic formation / destruction of CH4 when using 10 keV O+ 513 

ions. 514 

 515 

Figure 10. Left panels: Molecular column densities of CO (top), CO2 (middle), and CH4 (bottom) normalised to 516 

the initial column density of CH3OH as measured during each irradiation. Right panels: Plots showing the CO2 / 517 

CO (top), CH4 / CO (middle), and CH4 / CO2 (bottom) ratios as measured during each irradiation. Note that the 518 

dashed lines in the panels are not fits and are potted solely to guide the eye.  519 



Finally, it is worth briefly explaining the trends observed with regards to the abundance of each of the 520 

three product molecules under consideration relative to one another, as shown in the right-hand panels 521 

of Figure 10. In the case of the CO2 / CO ratio, it is possible to note that, for all ion beams investigated, 522 

this ratio consistently remained below unity during irradiation and has a qualitatively similar trend to 523 

that of the CO2 normalised column density evolution. Such results are expected given that the formation 524 

of CO2 within the irradiated CH3OH ice is dependent upon the reaction of CO. 525 

The calculated ratios of CH4 to CO and CO2 are also interesting, as they confirm that the production of 526 

CH4 in the irradiated CH3OH ice is rapid; indeed, in some irradiations, large abundances of CH4 are 527 

observed before any CO or CO2 becomes quantifiable thus resulting the first plotted data point in the 528 

middle- and bottom-right panels of Figure 10 being well in excess of unity. In the case of the 20 keV 529 

O2+ ion beam, the abundance of CH4 is initially about 2.25 and 25 times greater than that of CO and 530 

CO2, respectively, when the abundances of these latter molecules first become quantifiable. However, 531 

as each irradiation progresses, the propensity of CH4 to undergo radiolytic destruction significantly 532 

reduces the CH4 / CO and CH4 / CO2 ratios. All CH4 / CO and CH4 / CO2 ratios, with the exception of 533 

the CH4 / CO2 ratio obtained at the end of the 20 keV O2+ ion beam irradiation, were reduced to less 534 

than unity by the end of the experiment thereby indicating that CH4 remained as a minor product in 535 

comparison to CO and CO2. It should be noted, however, that although the CH4 / CO2 ratio was not 536 

reduced to less than unity by the end of the 20 keV O2+ ion beam irradiation experiment, it did decrease 537 

tenfold.  538 

5. Temperature-Programmed Desorption of Pristine and Ion Irradiated CH3OH 539 

To further illustrate the utility of the AQUILA set-up in studying processes relevant to astrochemistry 540 

and laboratory astrophysics, we have performed TPD studies of CH3OH ice, both pristine and irradiated 541 

using 10 keV H+ ions at 20 K. As mentioned previously, thermally induced processes play important 542 

roles in the evolution of ices in the interstellar medium and outer Solar System [28,45-48], and could 543 

contribute to the formation of molecules of significance to biochemical or geochemical processes. Our 544 

first experiment involved the background deposition of a 270 nm-thick CH3OH ice at 20 K which was 545 

subsequently warmed at a rate of 1 K min–1 until complete sublimation. Throughout this warming 546 

process, the solid-phase ice and the gas composition of the AQUILA chamber were continuously 547 

monitored via mid-infrared absorption spectroscopy and quadrupole mass spectrometry, respectively. 548 

Figure 11 depicts the integrated absorbance over the 1060-990 cm–1 wavenumber range of the mid-549 

infrared spectrum of CH3OH, corresponding to the ν8 vibrational mode (Table 2). As can be seen, the 550 

integrated absorbance increases slightly with increasing temperature, from 2.12 cm–1 at 20 K to 2.31 551 

cm–1 at 109 K. This seemingly contradictory trend is actually due to the sharpening and narrowing of 552 

the mid-infrared absorption bands of CH3OH as it undergoes a phase change from an amorphous solid 553 

to a crystalline structure [58,65]. As the temperature of the ice is further raised, a sharp drop in the value 554 

of the integrated absorbance is observed at a temperature of about 110 K. This phenomenon is likely 555 

due to a combination of thermally induced pore collapse coupled to the release of a limited number of 556 

CH3OH molecules as the exothermic amorphous-to-crystalline phase transition is completed [70,71]. 557 

At even higher temperatures, the integrated absorbance begins to decline gradually due to sublimation-558 

induced losses of the solid material. This is most noticeable at temperatures greater than 140 K and, 559 

indeed, by 148 K only about 1% of the initial integrated absorbance of CH3OH can be measured in the 560 

acquired mid-infrared absorption spectrum.  561 

Figure 11 also depicts the m/q = 31 signal measured through quadrupole mass spectrometry as a function 562 

of ice temperature. This particular m/q ratio is ascribed to either the CH3O●+ or the CH2OH●+ radical 563 

ion fragments that are produced within the mass spectrometer as a result of radiolysis of the parent 564 

CH3OH molecule by 70 eV electron impact. The rationale behind following this m/q ratio as opposed 565 

to that of the parent molecular ion at m/q = 32 is the known dominance of the former in the mass 566 



spectrum of pure CH3OH, as noted in the NIST database. It is possible to note that the m/q = 31 signal 567 

remains relatively constant at background noise levels at temperatures below about 130 K. Above this 568 

temperature, the signal rises sharply due to the sublimation of solid CH3OH to the gas phase, where it 569 

peaks at a temperature of 147 K. The qualitative and quantitative agreement of the mid-infrared and 570 

mass spectrometric data depicted in Figure 11 with each other, as well as with published literature data 571 

[72], support the appropriateness of the AQUILA for performing TPD studies.  572 

 573 

Figure 11. Results from the TPD experiment of pristine CH3OH ice deposited at 20 K and subsequently warmed 574 

at 1 K min–1. The black curve represents the variation of the integrated absorbance of the ν8 mode of CH3OH ice 575 

as measured through mid-infrared absorption spectroscopy as a function of temperature, while the red curve 576 

represents the m/q = 31 signal recorded by the quadrupole mass spectrometer corresponding to the CH3O●+ or the 577 

CH2OH●+ radical ion fragments in the gas phase.  578 

Our second experiment involved the background deposition of an identical 270 nm-thick CH3OH ice at 579 

20 K which was irradiated using 10 keV H+ ions to a final accumulated fluence of 5×1015 ions cm–2, 580 

after which the irradiated ice was subjected to TPD at a rate of 1 K min–1. Figure 12 depicts the m/q = 581 

31 signal recorded by the quadrupole mass spectrometer during the irradiation of CH3OH ice at 20 K. 582 

As can be seen, noticeable signal increases are associated with the stepwise deliverance of H+ ions, 583 

which may be attributed to ion-induced sputtering of the CH3OH ice during irradiation. Such a result is 584 

particularly interesting since H+ ions are acknowledged to be less efficient at inducing the sputtering of 585 

astrochemical ice analogues compared to heavier ions [25,26], although it should be noted that H+ ion-586 

induced sputtering has been reported for a number of ices, including H2O and O2 [73,74]. 587 

After reaching a total fluence of 5×1015 H+ ions cm–2, the ice was warmed at a rate of 1 K min–1 as had 588 

been the case during the TPD experiment of unirradiated CH3OH ice. As was discussed throughout 589 

Section 4, the irradiative processing of CH3OH ice results in the formation of a number of product 590 

molecules, the most relevant to this article being CO, CO2, and CH4 (Figures 7 and 10). Indeed, trends 591 

in the mass spectrometric signals at m/q = 16, 28, and 44 (respectively corresponding to the CH4
●+, 592 

CO●+, and CO2
●+ radical ion fragments), together with that at m/q = 31, could be measured during the 593 

TPD experiment, as shown in Figure 13.   594 



  595 

Figure 12. The m/q = 31 mass signal attributed to the CH3O●+ or the CH2OH●+ gas-phase radical ion fragments 596 

arising from the sputtering of CH3OH ice is correlated to the delivery of 10 keV H+ ions during the stepwise 597 

irradiation of the ice at 20 K. 598 

 599 

Figure 13. TPD experiment of a CH3OH ice irradiated by 10 keV H+ ions at 20 K. Shown in the figure are the 600 

m/q = 31 (CH3O●+ or the CH2OH●+ radical ion fragments; black curve), 16 (CH4
●+ radical ions; green curve), 28 601 

(CO●+ radical ions; red curve), and 44 (CO2
●+ radical ions; blue curve) mass signals as a function of temperature. 602 

Note that the y-axis on the left-hand side is associated with the data for m/q = 31, while the right-hand side y-axis 603 

is associated with all other data. 604 



It is interesting to note that the measured quadrupole mass spectrometric signals for desorbing CH3OH 605 

displayed in Figures 11 and 13 are similar to one another, except for a slight enhancement in the 606 

desorption of CH3OH over the 111-128 K temperature range in the ion irradiated ice. This temperature 607 

range is associated with the maximum rate of thermally induced crystallisation of amorphous CH3OH 608 

[58,65], and thus it is conceivable that some CH3OH molecules were lost from the ice to the gas phase 609 

during this exothermic process. The observed enhancement may have arisen due to the fact that the ion 610 

irradiated ice was likely more disordered than its unirradiated counterpart, due to the structural defects 611 

introduced by ion irradiation and sputtering during 10 keV H+ ion irradiation. Nevertheless, it is to be 612 

noted that the maximum desorption of CH3OH from the ion irradiated ice occurred at 146 K (Figure 613 

13), which is within 1 K of the analogous result reported for the unirradiated CH3OH ice (Figure 11). 614 

The radiolytic products CO, CO2, and CH4 also desorbed from the ice during the TPD experiment. In 615 

the case of CO, a prolonged desorption starting at 27 K and peaking at 45 K was recorded at 616 

temperatures below 100 K (Figure 13). This peak desorption temperature of 45 K is somewhat higher 617 

than that recorded during the TPD of pure CO ice, likely due to the trapping of the volatile CO molecules 618 

by less volatile ice components [75,76]; primarily CH3OH. CO desorption begins to peak again at a 619 

temperature of 107 K, just as the lower abundance CO2 and CH4 components of the ice also begin to 620 

desorb (Figure 13). In this scenario, as CO2 and CH4 molecules thermally desorb from the ice, they 621 

create sufficient channels and defects in the ice structure that permit the trapped CO molecules to also 622 

escape into the gas phase. Indeed, this effect is even more pronounced at 146 K, when any remnant CO 623 

molecules desorb into the gas phase as the CH3OH ice undergoes bulk sublimation.  624 

6. Comparison with the ICA Apparatus 625 

As a final discussion point, we wish to contextualise our description of the AQUILA set-up and its 626 

capabilities by comparing it with another laboratory astrochemistry facility at Atomki: the ICA [27,28]. 627 

A comparative summary of the two set-ups is provided in Table 3. The basic design and operational 628 

function of both chambers is essentially the same, in the sense that both are UHV chambers operating 629 

at base pressures of 10–9 mbar and both contain an oxygen-free high-conductivity copper sample holder 630 

into which one or more infrared-transparent deposition substrates may be mounted and cooled to a 631 

temperature of between 20 and 300 K with the use of closed-cycle helium cryostats. Astrochemical ice 632 

analogues may be prepared on these infrared-transparent substrates via either background or direct 633 

deposition of dosed gases and vapours, and subsequently processed by ion beams. The physical and 634 

chemical changes induced by this irradiation may be monitored by the same analytical techniques at 635 

both set-ups, namely Fourier-transform mid-infrared transmission absorption spectroscopy and 636 

quadrupole mass spectrometry. 637 

Despite these operational similarities, a number of technical differences exist between the AQUILA and 638 

ICA set-ups. Perhaps most importantly, the ion beams delivered by the ECR ion source to the AQUILA 639 

are of significantly lower energy (50 eV to 900 keV) than are those delivered by the Tandetron 640 

accelerator to the ICA (200 keV to 10 MeV). This therefore allows for a wide range of energies to be 641 

used when performing ion irradiation experiments at Atomki, thus allowing us to simulate the energetic 642 

processing of astrochemical ice analogues by various types of radiation relevant to astrophysics and 643 

planetary science, including lower energy ions representative of those in the solar wind or those emitted 644 

during the decay of radioactive isotopes, as well as higher energy ions more characteristic of galactic 645 

cosmic rays.  646 

Other differences between the set-ups include the fact that the ECR ion source is able to routinely deliver 647 

multiply charged ions, molecular ions, and negatively charged ions to the AQUILA for use in radiation 648 

astrochemistry experiments, while the Tandetron accelerator is more limited in this regard in that it 649 

routinely produces singly or doubly charged atomic ions. Conversely, it is possible to combine ion 650 

irradiation with electron irradiation at the ICA by virtue of an electron gun that is affixed to that 651 



chamber, whereas irradiation using electrons as projectiles is currently not possible at the AQUILA. 652 

Moreover, the sample holder used in the ICA is capable of hosting up to four infrared-transparent 653 

deposition substrates which may be sequentially irradiated thereby allowing experiments to be repeated 654 

with ease. This is advantageous compared to the single deposition substrate that may presently be hosted 655 

by the sample holder within the AQUILA. However, it is to be noted that the presence of a single 656 

deposition substrate at the AQUILA allows for post-irradiative TPD studies to be carried out fairly 657 

easily. This is not the case at the ICA, where TPD studies can only be carried out for irradiated ices 658 

deposited onto a single deposition substrate by direct deposition, thereby excluding the thermally 659 

induced sublimation of material from other deposition substrates. 660 

It is important to note that, despite their differences, neither the AQUILA nor the ICA should be 661 

considered to be the successor of the other; rather, these experimental set-ups operate in a 662 

complementary manner that allows us to fully investigate a range of radiation-induced physical and 663 

chemical processes that are relevant to astrochemistry. In this way, the Atomki astrochemistry 664 

laboratories present a unique opportunity for experimentalists to probe practically every aspect of 665 

particle-induced radiation astrochemistry at a single large-scale facility, thus allowing for the scope and 666 

scale of various research projects to be expanded without significant logistical or operational 667 

difficulties. 668 

Table 3. Comparisons of the major features of the AQUILA and ICA laboratory astrochemistry set-ups at Atomki. 669 

Note that information on the user demand on the ECR ion source and Tandetron accelerator is the average over 670 

the years 2020-2022. 671 

Parameter or Feature AQUILA ICA 

Accelerator Features   

Associated ion source ECR ion source Tandetron accelerator 

Element range of projectile ions H to Au H to Au 

Energy range of projectile ions 50 eV to 900 keV 200 keV to 10 MeV 

Charge-state of projectile ions Singly to multiply Singly or doubly 

Nominal current densities used Up to a few μA A few hundred nA 

Availability of negatively charged ions Yes No 

Production of molecular ions Routine Infrequent 

User demand on ion source (hours per year) 180 2469 

   

Chamber Facilities   

Chamber inner diameter (mm) 300 160 

Operational base pressure (mbar) 10–9 10–9 

Operational temperature range (K) 20-300 20-300 

Sample holder material OFHC Cu Gold-coated OFHC Cu 

Deposition substrates used simultaneously 1 Up to 4 

Availability of electron irradiation No Yes 

Deposition method for gases and vapours Direct and background Direct and background 

Deposition method for solids Effusive evaporation Effusive evaporation 

Availability of in situ spectroscopic methods FTIR absorption FTIR absorption 

Availability of in situ spectrometric methods QMS QMS 

Availability of laser interferometric methods Yes No 

 672 

7. Conclusions 673 

In this article, we have described in detail a new laboratory astrochemistry apparatus named the 674 

AQUILA, which has been installed as a permanent end-station to the ECR ion source at the HUN-REN 675 

Institute for Nuclear Research (Atomki) in Debrecen, Hungary. This set-up allows for the keV ion 676 

irradiation of astrochemical ice analogues representative of those that exist on the surfaces of icy outer 677 



Solar System bodies or adsorbed on interstellar dust grains to be studied. Processes induced by cosmic 678 

radiation such as that simulated by the ion beam supplied by the Atomki ECR ion source may play key 679 

roles in the chemical evolution of astronomical environments by driving the synthesis of complex 680 

organic molecules, some of which may be directly relevant to the emergence of life and the development 681 

of planetary systems. 682 

Aside from a description of the key features, operating principles, and experimental protocols of the 683 

AQUILA, we have also demonstrated the experimental capabilities of the apparatus by performing the 684 

irradiation of amorphous CH3OH at 20 K using 5 and 10 keV H+ ions, as well as 10 keV O+ and 20 keV 685 

O2+ ions. Using Fourier-transform mid-infrared transmission absorption spectroscopy, we have been 686 

able to quantify the decay in the molecular column density of CH3OH during each irradiation, as well 687 

as the synthesis of the radiolytic product molecules CO, CO2, and CH4. Our quantitative analysis has 688 

shown that distinct trends that are likely linked to whether nuclear or electronic stopping is the dominant 689 

mechanism of energy loss of the projectile ion are evident in the production and destruction rates of all 690 

these molecules. Moreover, we have demonstrated the suitability of the AQUILA for quantitative TPD 691 

experiments using case-studies of pristine and 10 keV H+ ion irradiated CH3OH ices. 692 

Finally, we have compared the AQUILA to another laboratory astrochemistry apparatus based at 693 

Atomki; the ICA. Although both set-ups rely on the same general principles of operation and utilise 694 

similar experimental protocols, the ICA is better suited to studying radiation-driven processes induced 695 

by electrons and higher energy (i.e., a few hundred keV to a few MeV) ions, whereas the AQUILA is 696 

more appropriate for studying processes induced by lower energy (i.e., a few to a few hundred keV) 697 

ions, molecular ions, and negatively charged ions, as well as performing quantitative TPD studies. 698 

Together, the AQUILA and the ICA allow for a wide range of complementary radiation astrochemistry 699 

studies to be performed at Atomki which simulate the processing of astrochemical ice analogues by a 700 

number of radiation sources relevant to astrophysics and planetary science, including galactic cosmic 701 

rays, stellar winds, giant planetary magnetospheres, and the decay of radioactive isotopes. 702 
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