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Abstract

Laboratory astrochemistry aims at simulating in the laboratory some of the chemical and physical 

processes that operate in different regions of the Universe. Amongst the diverse astrochemical 

problems that can be addressed in the laboratory the evolution of cosmic dust grains in the 

different regions of the interstellar medium (ISM) and its role in the formation of new chemical 

species through catalytic processes present significant interest. In particular, in the dark clouds of 

the ISM dust grains are coated by icy mantles and it is thought that the ice-dust interaction plays a 

crucial role in the development of the chemical complexity observed in space. Here, we present a 

new ultra-high vacuum experimental station devoted to simulate the complex conditions of the 

coldest regions of the ISM. The INFRA-ICE machine can be operated as a standing alone setup or 

incorporated in a larger experimental station called Stardust, which is dedicated to simulate the 

formation of cosmic dust in evolved stars. As such, INFRA-ICE expands the capabilities of 

Stardust allowing the simulation of the complete journey of cosmic dust in space, from its 

formation in asymptotic giant branch stars (AGBs) to its processing and interaction with icy 

mantles in molecular clouds. To demonstrate some of the capabilities of INFRA-ICE, we present 

selected results on the UV photochemistry of undecane (C11H24) at 14 K. Aliphatics are part of 

the carbonaceous cosmic dust and, recently, aliphatics and short n-alkanes have been detected in-
situ in the comet 67P/Churyumov-Gerasimenko.
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I Introduction

Laboratory astrophysics and astrochemistry constitutes a very powerful tool for investigating 

the fundamental physical and chemical processes governing the evolution of matter in space. 

By simulating in the laboratory the conditions of different regions of the Universe, it is 

possible not only to test hypotheses derived from astronomical observations and models, but 

also to provide the astronomers with plausible chemical and physical mechanisms that may 

operate in space, which would help in the correct interpretation of the results derived from 

observations and physico-chemical modelling. Thus, laboratory astrophysics arises from the 

interplay between astronomers, physicists and chemists to synergistically address the 

chemical evolution of matter in the Universe.

Laboratory astrochemistry encompasses diverse topics related to the chemistry of different 

regions of the Universe comprising among others, the gas-phase chemistry of species 

relevant to the chemical evolution in space1–5, the simulation of planetary atmospheres6,7, 

the spec-troscopic characterization of radicals and ions8–17 and the simulation of the 

circumstellar envelopes (CSEs) of asymptotic giant branch stars (AGBs)18–21 as well as of 

the different interstellar environments.22–31.

Among the diverse open questions concerning the development of molecular complexity in 

space, the role of cosmic dust grains deserves particular attention. Cosmic dust is mainly 

formed in the CSEs of AGBs and is subsequently ejected into the interstellar medium (ISM) 

and coated by icy mantles in the molecular clouds by the condensation of gas-phase 

molecules32. During this long journey from the parent star to the ISM, cosmic dust cools 

down from 1000-1500 K in the dust formation region of the AGBs to around 10 K in the 

coldest regions of the ISM19,33. In addition, dust grains are subjected to energetic 

processing, starting in the outer layers of the star where galactic UV photons penetrate the 

CSE initiating a very rich photochemistry, and continuing in the molecular clouds, where the 

volume density of molecules is 102-106 mol cm-3. From an astrochemical point of view, 

cosmic dust is believed to actively participate in the synthesis of molecules in space by 

catalyzing chemical reactions on its surface34–36. However, much is still lacking in the 

understanding of the exact nature of the catalytic role of dust grains as well as their 

interactions with icy mantles in dense molecular clouds.

Chemical reactions in the ISM are induced by the processing of matter by cosmic rays and 

UV photons, both in the gas and in the solid phase37. Cosmic rays (protons, nuclei of heavy 

atoms, alpha particles, electrons) are ubiquitous throughout the ISM and, in the obscured 

regions of interstellar clouds where UV photons cannot penetrate, cosmic rays ionize the 

gaseous species being the gas-phase chemistry dominated by ion-neutral reactions. On the 

other hand, UV photons reach the edge of interstellar clouds and control the chemistry by 

destroying most chemical species in these regions and producing new molecules.

In the obscure, cold and dense regions of the ISM most molecules are condensed into the 

surfaces of dust grains in the form of molecular ices and a very rich chemistry is initiated by 

the UV field leading to the formation of complex organic molecules. Moreover, the impact 

of ions on the icy mantles leads to the physico-chemical modification of the ices, which can 
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also promote the formation of new species38. The new molecules synthesized as a 

consequence of the UV and/or ion processing, can be incorporated into to the gas-phase by 

ion sputtering of the solid material39 as well as by the increase in temperature of the of the 

dust/ice system as a result of, e.g., the explosion of a nearby supernova or the increase in 

temperature in a protoplanetary disk.

The UV photochemistry of molecular ices has been extensively studied in the laboratory40. 

For instance, the formation of aminoacids has been observed from the simplest, glycine, to 

more complex aminoacids such as serine and aspartic acid through the UV irradiation of 

molecular ice mixtures resembling the composition of interstellar ices41. More recently, the 

central molecular subunit of RNA, ribose has been synthesized in the laboratory by UV 

irradiation of precometary ices analogs42. On the other hand, cosmic rays are highly ionizing 

radiation and the ions produced by the impact of cosmic rays can, as abovementioned, 

interact with dust grains and icy mantles producing sputtering of the material and promoting 

chemical reactions38. In addition, the interaction of cosmic rays and solid matter induces a 

cascade of secondary electrons that can participate in ice-grain chemistry (e.g., high energy 

electron irradiation of silane at low temperature has been shown to promote the formation of 

SinH2n+2 molecules, therefore inducing the growth of polysilanes43, whereas the exposure of 

a CO2:CH4:NH3 ice mixture to low energy electrons has proved the synthesis of glycine44). 

Finally, surface etching of SiC grains by exposure to atomic hydrogen, has been shown to 

generate large polycyclic aromatic hydrocarbons (PAHs)45.

To address the catalytic activity of cosmic dust, laboratory studies are mandatory. In this 

sense, experimental setups specially devoted to investigate the chemical reactions at low 

temperature on the surface of cosmic dust analogs have been developed30,46,47. Recently, the 

catalytic effect of carbonaceous cosmic dust analogs in the reaction of ammonia and carbon 

dioxide has been demonstrated48 and the utmost importance of the surface of dust grains on 

the chemistry when the grains are coated by few monolayers of ice has been emphasized49. 

This reflects the need for precise and controlled laboratory simulations of the chemistry 

taking place in the coldest regions of the ISM by the interaction of dust and molecular ices 

when subjected to processing by UV radiation, ions and/or electrons. Realistic cosmic dust 

analogs, i.e., synthesized at conditions resembling those of the dust formation regions of 

AGBs, and processing of their covering ices, are crucial in mimicking the chemistry of the 

ISM.

Here we present the INFRA-ICE experimental station that is devoted to investigate the 

interaction of cosmic dust and molecular ices under conditions resembling those of the 

coldest regions of ISM, where dust grains are covered with icy mantles. This experimental 

station can be incorporated as a new module of the Stardust machine20,21,50, which is 

dedicated to simulate in the laboratory the complex conditions that lead to the formation of 

cosmic dust in the CSEs of AGBs, or it can be operated independently as an autonomous 

experimental station. When incorporated into Stardust , the INFRA-ICE module expands the 

capabilities of Stardust allowing the study of dust-ice interactions (using dust analogs 

produced in situ) and the subsequent chemistry that takes place during the processing of 

these materials in the dark clouds of the ISM. In order to demonstrate some of the 

capabilities of INFRA-ICE, we present exemplary results on the photoprocessing of 
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undecane (C11H24) at 14 K as a feasibility study of the UV irradiation of aliphatic 

hydrocarbons. Aliphatics as part of the carbonaceous cosmic dust have been identified to be 

widespread in space by its well-known IR absorption bands at wavelengths of 3.4 µm, 6.8 

µm and 7.3 µm51–53. In addition, aliphatics are known to be present in cometary dust 

particles54, and, recently, aliphatic hydrocarbons have been detected in-situ by the Rosetta 

mission on comet 67P/Churyumov-Gerasimenko55, including short n-alkanes (4-5 carbon 

atoms)56.

II The Infra-Ice Experimental Station

The INFRA-ICE experimental station is a new ultrahigh vacuum (UHV) module that has 

been incorporated into the Stardust machine. A detailed description of the other Stardust 
modules can be found elsewhere50. Briefly, the Stardust machine (Fig. 1) is devoted to 

simulate in the laboratory the formation of cosmic dust in the atmosphere of AGB stars and 

comprises a set of different UHV modules that can be arranged in the most favorable 

configuration depending on the particular experimental requirements. The first module 

(MICS) consists of a multiple ion cluster source57,58 that allocates three independent 

magnetron sputter sources. The cosmic dust analogs are synthesized in this module and a 

beam of nanometer-size particles is produced, which travels along the machine. In the 

standard configuration of Stardust , a module for beam diagnosis is located at the MICS exit. 

This module (DIAGNOSIS) is dedicated to the characterization of the particle beam 

properties and accommodates a Faraday cup, a quartz crystal microbalance and a quadrupole 

mass spectrometer with a mass range from 0 to 106 amu, which measure the charge, the 

production rate and the mass of the analogs, respectively. The next module (OVEN) is 

devoted to in-flight heating of the particle beam to temperatures of up to 1400 K via three 2 

kW infrared lamps. Subsequently, Stardust includes a module (ACCELERATION) to 

simulate the radiation pressure to which the dust analogs are subjected in the atmosphere of 

AGBs. This is achieved by ion optics whereby the nanometric dust analogs are ionized, 

accelerated and focused by an electron impact ionizer and a set of Einzel lenses. The 

INFRA-ICE module in the standard configuration of Stardust is located between this module 

and an analysis module (ANA) in which the dust analogs are collected and can be analyzed 

by electron spectroscopies (X-ray Photoelectron Spec-troscopy, Auger spectroscopy and 

Ultraviolet Photoelec-tron Spectroscopy) and Temperature Programed Desorption (TPD).

The INFRA-ICE module (base pressure: 1 × 10-10 mbar; at low temperature: 5 × 10-11 

mbar) is depicted in Figure 2a-c and a photograph of the setup is shown in Figure 3. It is a 

versatile setup that comprises two vertically connected UHV chambers. The lower one is on-

axis with the beam of dust analogs produced in Stardust , whereas the upper one lies 

inmediately above. Both chambers can be isolated by a UHV gate-valve and have 

independent vacuum equipment (Lower chamber: Bayard-Alpert gauge with tungsten 

filaments (Lewvac, UK) and turbomolecular pump HiPace 800 (Pfeiffer Vacuum GmbH, 

Germany); Upper chamber: Bayard-Alpert gauge with tungsten filaments (Lewvac, UK), 

turbomolecular pump HiPace 300 (Pfeiffer Vacuum GmbH, Germany) and ion pump VacIon 

Plus 150 (Agilent, USA) equipped with a titanium sublimation pump and a cryopanel). 

Thus, independent experiments can be carried out in the upper UHV chamber without 

interrupting the operation of the rest of the Stardust machine. In addition, the lower chamber 
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has UHV gate-valves at both the beam entrance and exit, allowing it to be isolated from the 

rest of the Stardust machine without interrupting the UHV conditions, and operated 

independently. In this way, the INFRA-ICE module constitutes an autonomous experimental 

station.

On top of the upper chamber, a UHV close-cycle helium cryostat CCS-UHV/204 (Janis 

Research, USA) is mounted on a motorized 4-axis UHV manipulator (Huntington 

Mechanical Labs Inc., USA) comprising three linear (xyz) and one rotation (r) stages with 

resolutions of 10 µm and 0.1°, respectively. The r-axis has ± 180° travelling range whereas 

the x- and y-axis have ± 9 mm travelling range. The travelling range of the z-axis is 400 mm 

allowing for transferring the sample from the upper to the lower UHV chambers and vice 

versa. This enables to collect the cosmic dust analogs in the lower chamber (that is on axis 

with the dust analogs beam) and either analyze them by IR spectroscopy, which is the main 

characterization technique of the INFRA-ICE module, directly at this position, or transfer 

them to the upper chamber where energetic processing can be performed (see below).

The cryostat operates in the temperature range 13-300 K at the sample position with a 

temperature stability of 0.1 K. Two Si-diode temperature sensors at different positions (at the 

sample position and 30 mm above) are used for temperature monitoring, and the temperature 

is controlled by a LakeShore 335 (Lake Shore Cryotronics Inc., USA) cryogenic temperature 

controller. In order to perform transmission and reflectance IR spectroscopy, a modified 

radiation shield and sample holder have been fabricated. (Fig. 4a). In particular, a sample 

holder with a 9 mm diameter hole is used and a cylindrical section has been drilled in the 

radiation shield permitting the IR illumination of the sample at the shallow angles needed for 

performing Infrared Reflection-Absorption Spectroscopy (IRRAS). In addition, a 9 mm 

diameter hole has been drilled in the back side of the radiation shield for IR spectroscopy in 

transmission. The maximum total power irradiated on the sample by the IR sources of the 

spectrometer has been estimated as 15 mW, which represents a very small heat load and 

does not affect the temperature stability. These modifications on the radiation shield and 

sample receiver increase the minimum temperature (T = 12.6 K) that can be achieved with 

respect to the cryostat specifications (temperature range according to specifications: 10-300 

K). In addition, the long cold finger (length: 780 mm) needed to have enough travelling 

range from the upper to the lower chamber, notably increases the cooling time at the sample 

position (Fig. 4b).

IR spectroscopy can be performed in the lower chamber in transmission and reflectance 

modes (IRRAS), or in the upper chamber in transmission. This is achieved by a properly 

designed optical path to guide the IR beam from one of the exit ports of the spectrometer to 

the sample positions inside the chambers (Fig. 5a). All the coupling optical elements are 

held under vacuum (10-1 mbar) to suppress contributions from atmospheric water and 

carbon dioxide. To isolate the spectrometer and coupling optics from the UHV of the 

chambers, we used ZnSe windows (wedged: 5.8 mrad) bonded to double-sided CF flanges.

The first element in the optical setup comprises a Vertex 70V Fourier Transform IR (FT-IR) 

spectrometer (Bruker Optik GmbH, Germany) with both mid-infrared (MIR) and near 

infrared (NIR) capability, covering a spectral range from 12800 cm-1 to 400 cm-1 (0.78 to 25 

Santoro et al. Page 5

Rev Sci Instrum. Author manuscript; available in PMC 2021 February 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



µm) with a maximum spectral resolution of 0.16 cm-1. However, the ZnSe windows present 

a transmission cut-off starting at 650 cm-1 with no transmission below 500 cm-1, which sets 

the upper wavelength limit of the spectral range. The Mid-Infrared (MIR) configuration of 

the spectrometer comprises two sources (a standard air-cooled globar MIR source and a 

water-cooled high-power MIR source), a KBr beamsplitter and two detectors (a DLaTGS 

detector and a liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT) detector). On the 

other hand, the NIR configuration consists of a tungsten halogen lamp, a CaF2 beamsplitter 

and an InGaAs-diode detector. A rapid-scan option for performing time-resolved 

spectroscopy is available at a maximum scanner velocity of 160 kHz.

The optical path (Fig. 5a) towards the lower UHV chamber consists in, firstly, a 4.5× beam 

compressor that comprises two 90° off-axis parabolic gold mirrors with focal lengths of 9” 

and 2”, respectively. Due to the shallow angles used for illumination in IRRAS, 

overillumination (i.e., beam size at sample position larger than sample size) is typically 

found. Thus, this beam compressor provides a better matching between the IR spot size at 

the sample position and the sample size (standard sample size 10 x 10 mm2). The 

compressed beam is then reflected by a flat gold mirror that directs the IR beam to a 90° off-

axis gold parabolic mirror with a focal length of 500 mm, which focuses the IR beam at the 

sample position in the center of the defined dust particle beam axis in the lower UHV 

chamber. In between this mirror and the ZnSe UHV entrance window, an IR polarizer and a 

ZnSe photoelastic modulator (PEM) (Hinds Instruments, OR, USA) operating at 50 kHz can 

be installed enabling Polarization-Modulated IRRAS (PM-IRRAS) measurements to be 

performed. A detailed description of the PM-IRRAS technique can be found elsewhere59. 

Once the sample is illuminated, the IR beam, either transmitted o reflected, goes through a 

ZnSe UHV exit window that limits the minimum incident angle for IRRAS to 76° with 

respect to the sample surface normal (note that the incident beam is fixed whereas the 

incident angle is selected by rotating the sample). Then a 40 mm diameter ZnSe lens is used 

to focus the IR beam onto the detector. A lens is used instead of a parabolic mirror to 

maintain the polarization properties of the IR beam required for performing PM-IRRAS. 

The IR detector and the lens are mounted on a curved guideway to accurately position the 

detector with respect to the reflected IR beam whilst maintaining the same sample-lens 

distance.

To access the upper UHV chamber, the first off-axis parabolic mirror after the spectrometer 

is rotated by 90 degrees to guide the IR beam upwards and a 2.25× beam compressor is 

found employing a second 90° off-axis parabolic gold mirror of 4” focal length. This beam 

compressor preserves the beam collimation at the exit port of the spectrometer while 

reducing the spot size to better adjust to the sample size and to the modifications performed 

on the cryostat sample receiver and radiation shield (see below). The compressed IR beam 

crosses the ZnSe entrance window, is transmitted through the sample and exits the upper 

UHV chamber through another ZnSe window. Since in this chamber only transmission 

spectroscopy is performed, a 90° off-axis parabolic gold mirror is used to focus the beam 

onto the detector.

To monitor the deposition rate of the dust analogs produced with Stardust , the lower 

chamber is equipped with a quartz crystal microbalance (QCM). It is mounted on a UHV 
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linear translator with the linear motion in the direction perpendicular to the NP beam. In this 

way, it can be placed in the NP beam axis to monitor the deposition rate and retracted to 

allow the NP beam to travel towards the next module of Stardust.

The upper chamber allocates a quadrupole mass spectrometer (QMS) PrismaPlus QMG 220 

M2 (Pfeiffer Vacuum GmbH, Germany) with a mass range of 1-200 amu. The QMS serves 

to check the residual gas in the UHV chamber prior to the deposition of molecular ices as 

well asto monitor the ice deposition process. It also allows temperature programmed 

desorption measurements as it has direct view of the sample surface.

In addition, the upper chamber also allocates several processing equipment (Fig. 5f), 

permitting the exposure of the samples to similar processing as those occurring in the 

interstellar clouds of the ISM. As mentioned in the previous section, the main energetic 

processes in molecular clouds are UV radiation and cosmic rays, the latter producing both 

ions and a cascade of secondary electrons. The UV field in these regions is dominated by the 

Lyman-α emission of atomic hydrogen whereas the ions have energies in the keV-MeV 

range. Whilst high energy ions mainly promote the sputtering of the material39, ions in the 

keV range more efficiently lead to physico-chemical changes in the icy mantles that can 

result in the formation of new chemical species38. On the other hand, most of the large 

number of secondary electrons produced by cosmic ray impact on icy mantles and dust 

grains are low energy secondary electrons (< 100 eV), which can induce a wide variety of 

radiation-driven chemical reactions44,60,61. The processing equipment incorporated in 

INFRA-ICE is mainly dedicated to simulate the main processes inducing chemical changes 

in the ice-dust system in dense molecular clouds and therefore include: (i) a UV source 

40A2 (Prevac, Poland) that can be operated with different discharge gases (such as H2, He or 

Ar), so that the UV source can provide different spectral emission profiles and photon 

energy depending on the discharge gas employed, (ii) an ion source IQP 10/63 (Specs 

GmbH, Germany) providing ion energies from 0.2 to 6 keV, and (iii) an electron flood gun 

FG 15/40 (Specs GmbH, Germany) delivering electrons of energies between 1 and 500 eV. 

Moreover, in the diffuse clouds of the ISM, atomic hydrogen is particularly abundant and to 

simulate the exposure of cosmic dust to atomic hydrogen in these interstellar regions, the 

upper chamber also allocates a hydrogen thermal gas cracker TGC-H (Specs GmbH, 

Germany) for the exposure of the analogs to atomic hydrogen.

Finally, for ice growth, the gases (either pure or gas mixtures) are supplied from a gas 

mixing system and injected through leak valves located both in the upper and lower 

chamber. The gas mixing system is thoroughly described in the Supplementary Material 

elsewhere50. Briefly, it can accommodate up to four gas bottles and two liquid reservoirs. 

Both the gases and liquid vapors are introduced in the mixing chamber (base pressure < 10-7 

mbar) through calibrated gas-flow valves and a homogeneous gas mixture is achieved by in-

flow mixing via a rotary pump equipped with a zeolite filter.

III Selected Results: Photochemistry of C11H24 at low Temperature

To illustrate some of the capabilities of the INFRA-ICE experimental station, in this section 

we present exemplary results on the photochemistry of undecane (C11H24) at 14 K. Firstly, 
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the calibration of the photon flux of the UV lamp employed is presented, which is needed to 

derive quantitative results for the photochemical experiments.

A UV lamp flux calibration

UV irradiation in dense molecular clouds produces a rich photochemistry of the icy mantles 

that are accreted on cosmic dust particles. The emission from H2 discharge lamps has been 

shown to satisfactorily reproduce the radiation field of the diffuse interstellar medium62 and 

are, therefore, commonly employed to simulate the UV pho-toprocessing of interstellar ice 

analogs. The vacuum UV emission of these lamps is dominated by the Lyman-alpha 

emission from atomic hydrogen (λ = 121.6 nm) with contributions from molecular hydrogen 

emission centered at around λ = 160 nm63.

A common procedure for deriving the photon flux of hydrogen discharge lamps is O2 

actinometry26,64. This measures the photochemical conversion of O2 to O3 and, through the 

quantum yield of the reaction, it is possible to convert the number of O3 molecules produced 

per time unit into photon flux. Usually, the column density (number of molecules per unit 

area along the observation direction) of O3 is derived from the ν3 asymmetric stretch of O3 

at 1040 cm-1, whose band strength is known for the gas-phase.

However, this method presents several disadvantages. Firstly, O2 has no IR absorption 

features and therefore only the increase in the ν3 mode of O3 is observed during 

actinometric measurements. More importantly, even if solid-phase quantum yield and solid-

phase band strength data for the ν3 mode of O3 are reported in the literature65,66, these 

depend on the structure of the O2 and O3 ices. Finally, the optimum UV range in which O2 

photolysis takes place is from 130 nm to 190 nm67, which covers most of the UV emission 

of molecular hydrogen but excludes the Lyman-α line of atomic hydrogen.

For these reasons, other actinometric systems (e.g., the CO photoproduction from CO2 68) 

have been employed, although for these systems solid-phase quantum-yield data are usually 

not available. The use of silicate photodiodes69 and metallic meshes63 avoid these problems, 

but an accurate calibration of the devices in the vacuum UV region is needed, which requires 

an already calibrated lamp, not always available. A straightforward method for flux 

calibration was developed by Ful-vio et al. using the photocurrent generated in a gold 

photodetector65.

To calibrate our UV lamp, we have used the photolysis of methane, which has been 

thoroughly investigated in ices and accurate photodestruction cross-section data in the far 

UV spectral range are available in the literature64,69,70. This method relies on measuring the 

photolysis rate and is therefore independent of the band strength of the IR bands used; thus, 

it can even be applied to IR bands with unknown band strength.

The photolysis of an optically thin molecular ice can be described by a first-order reaction 

kinetics69

dn
dt = − kn (1)
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where n is the number density of molecules and k the photolysis rate, which is dependent on 

both the photodestruction cross-section σ(λ) and the photon flux I(λ). Assuming these two 

values to be constant over the wavelength range of interest, which is a reasonable 

approximation for narrow spectral ranges,69 k can be simply expressed as the product of σ 
and I. Thus, by measuring the temporal evolution of the IR bands corresponding to the 

molecule being photolyzed, the incident photon flux is easily derived.

Figure 6a shows the IR spectra of a CH4 ice at different UV exposure times. The 

experiments were performed in the upper chamber of the INFRA-ICE experimental station. 

The CH4 ice was deposited at 14 K on IR transparent KBr substrates through the so-called 

background deposition method71. In our discharge lamp, the UV emission is guided through 

a windowless quartz capillary. Windowless discharge lamps have the advantage of avoiding 

photon flux losses due to the deposition on the windows of material generated in the 

discharge , a phenomenon that is commonly observed when working with windowed 

discharge lamps62. These deposits produce an increase in the absorption of the window over 

time and, therefore, a decrease of the photon flux on the sample during irradiation69. 

However, in the case of win-dowless lamps a flow of the discharge gas is introduced into the 

chamber, which might interact with the sample.

For the photolysis experiments, our UV lamp was operated with a flow of H2 (purity 99.99 

%) that resulted in a pressure in the upper chamber of INFRA-ICE of 2 × 10-8 mbar. 

Therefore, the experiments were performed in an enriched H2 atmosphere but at 14 K H2 

does not condense and, thus, H2 was not deposited on the sample. According to the 

manufacturer, these H2 flow conditions maximize the emission of the Lyman-α line over the 

emission of molecular hydrogen. A power of 60 W was applied to the discharge. During the 

UV exposure, IR spectra were concurrently recorded every 30 s with a spectral resolution of 

2 cm-1 and 64 scans were coadded for each spectrum.

The spectra of pure CH4 ice present two distinct absorption bands at 1300 cm-1 and 3010 

cm-1, which correspond to the C-H bending and C-H stretching vibrational modes of CH4, 

respectively. As the ice is irradiated, both bands decrease in intensity and new bands appear 

in the range 3000-2800 cm-1, which are due to the CH2 and CH3 stretching modes of C2H6 

and C3H8. The production of larger alkanes from the vacuum UV exposure of CH4 is a well-

known process involving the photolysis of CH4 to CH2 + H2 and to CH3 + H70.

Figure 6b, shows the temporal evolution of the natural logarithm of the integrated optical 

depth (normalized to the maximum value) of the 1300 cm-1 and 3010 cm-1 bands of CH4 

during UV exposure. Linear fittings to the data yield photolysis rates of (5.76 ± 0.07) × 10-5 

s-1 and (5.53 ±0.04) ×10-5 s-1 for the 1300 cm-1 and 3010 cm-1 bands, respectively. These 

correspond to a photon flux (integrated over the complete UV spectral range) of (6.2 ± 0.6) 

× 1014 ph s-1 cm-2, using a photodestruction cross section of 9.1 × 10-20 cm2 for CH4 69 and 

considering the mean value of both derived photolysis rates.

B UV photochemistry of C11H24 

Recently, by simulating the circumstellar envelope of carbon-rich AGBs in the laboratory 

with the Stardust machine, we have shown that the interaction of atomic carbon with 
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hydrogen, the latter being the most abundant gaseous species in AGBs, leads predominantly 

to aliphatics, including alkanes20. Moreover, as mentioned in the introduction, aliphatics are 

widespread in space as component of the carbonaceous cosmic dust52,53 and are also present 

in cometary dust particles54. Also recently, aliphatic hydrocarbons have been identified in-

situ by the Rosetta mission in the comet 67P/Churyumov-Gerasimenko55, including short n-

alkanes of 4-5 carbon atoms in the gas-phase56. In this section, to show some of the 

capabilities of INFRA-ICE, we present the results obtained during the UV exposure of 

undecane (C11H24) as a feasibility study of the UV photochemistry of aliphatic 

hydrocarbons at low temperatures.

The experiments were performed in the upper chamber of INFRA-ICE, where C11H24 vapor 

was deposited at 14 K on KBr substrates and exposed to UV radiation for 240 min. For the 

deposition C11H24 (purity: > 99 %) was loaded into a Pyrex ampoule with conflat fittings 

and warmed to 345 K. The UV lamp was loaded with H2 (purity: 99.99 %) and the hydrogen 

discharge was carried out under the same conditions as those described in the previous 

section. Thus, the total UV exposure corresponded to a photon fluence of ca. 9 χ 1018 

photons cm-2. Throughout the complete UV treatment, IR spectra were simultaneously 

acquired every 190 s in transmission mode with a spectral resolution of 2 cm-1, coadding 

128 scans for each spectrum.

The IR spectra of C11H24, and of n-alkanes and aliphatics in general, are dominated by the 

absorptions in the spectral region 3000-2800 cm-1, which correspond to the CH2 and CH3 

stretching modes (see Fig.7a). Additionally, the bands at around 1380 cm-1 along with those 

at around 1460 cm-1 are ascribed to the highly distinctive CH3 symmetric bending 

(”umbrella” deformation) mode and to the CH3 asymmetric bending/CH2 scissoring modes, 

respectively, and are very characteristic of aliphatics. In the case of n-alkanes, the position of 

the CH3 symmetric bending mode and the band structure of the absorptions at around 1460 

cm-1 are highly sensitive to the conformational structure of the molecules72 and are 

therefore very sensitive to crystallinity. For n-alkanes, the crystalline phase is comprised 

exclusively of CH2-CH2 trans conformers, whereas gauche conformers are associated with 

amorphous material.

In our case, the IR spectrum of as-deposited C11H24 reflects the amorphous structure of the 

material as can be derived from the shape, position and width of the bands at 1378 cm-1 and 

in the 1420-1480 cm-1 region72,73. The amorphous structure of C11H24 is related to the 

temperature of the KBr substrate were the ice is grown. Figure 7a shows the IR spectra of 

non-irradiated C11H24 and after an UV exposure of 240 min. Clear changes are observed 

after the UV irradiation, which consist mainly in a reduction in absorption in the CH2 and 

CH3 stretching modes and the appearance of new absorption bands. The positions and 

assignments of the observed IR bands are listed in Table I. The evolution of some selected 

IR bands during the UV photoprocessing of C11H24 is shown in Figure 7b. The integrated 

optical depth for each absorption feature has been obtained by band deconvolution using 

Gaussian curves.

It can be observed that the decrease in intensity of the CH2 and CH3 stretching modes 

follows an exponential decay corresponding to first order reaction kinetics as expected for a 
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photolysis process (the symmetric CH2 and CH3 stretching modes at 2925 cm-1 and 2958 

cm-1, respectively, are shown in Fig. 5b). Additionally, the evolution of the bands at around 

1460 cm-1 presents a complex behavior. In particular, the band at 1470 cm-1, which can be 

ascribed to CH2 moieties, decreases in the same way as the CH3 and CH2 stretching modes. 

On the other hand, the shoulder at 1437 cm-1 is observed to increase. This might be related 

to the formation of unsaturated hydrocarbon moieties (see below) since a band at around 

1440 cm-1 can be assigned to the bending mode of methylene moieties in the presence of 

adjacent unsaturated groups74. However, a deep interpretation of the spectral changes 

observed in this spectral region is difficult since, in addition to the formation of new 

chemical species, the UV exposure of alkanes can induce a conformational rearrangement 

that produces changes in the band structure of the absorptions at around 1460 cm-1, which, 

as abovementioned, is very sensitive to the conformational structure.

On the other hand, the new IR bands at 1300 cm-1 and 3006 cm-1 reveal the production of 

methane. The release of CH2 and CH3 from the photolysis of C11H24 promotes the 

interaction of these with H2 and H (both released from the photolysis of undecane and from 

the H2 in the chamber) to form CH4, a process that is well-known for the photolysis of 

alkanes75. More interestingly, as the UV irradiation proceeds, a new infrared band appears at 

1645 cm-1, which is assigned to the C=C stretching mode of alkenes74, proving the 

formation of unsaturated hydrocarbons. In addition, a very weak band at 3076 cm-1 can be 

observed in the spectrum of the UV irradiated material in Figure 7a. This band is assigned to 

the CH stretching of olefins74.

The nature of the alkenes formed by photoprocessing is revealed by the absorption features 

in the spectral region corresponding to deformation vibrations of C-H (1000-800 cm-1). In 

particular, the bands at 994 cm-1 and 912 cm-1 are very characteristic of vinyl moieties 

whereas the band at 967 cm-1 is characteristic of trans vinylene hydrocarbons74. Therefore, 

the UV photoprocessing of C11H24 promotes the formation of olefinic moieties both at the 

end and in the back-bone of the chains in the form of vinyl (-CH=CH2) and vinylene 

chemical groups (-CH=CH-), respectively.

The formation of CH4 and unsaturated hydrocarbons is further confirmed by TPD 

measurements during the sublimation of the UV-exposed C11H24 ice. To conduct the TPD 

measurements two different procedures were employed. An initial TPD measurement was 

performed using multiple ion detection at selected m/z signals whereas a second TPD 

measurement was carried out acquiring the complete mass spectra of the desorbed gases in 

the range m/z = 0-200. The latter allowed for a deeper characterization of the desorbed 

chemical species. Both procedures were performed on identical UV-exposed C11H24 

samples (UV fluence of ca. 9 × 1018 ph cm-2) and, for comparison purposes, on identical 

C11H24 deposits without UV exposure. A heating rate of 5 K min-1 was used in all cases.

Figure 8a and b show the evolution of the signal of some selected m/z values during the 

thermal desorption of neat and UV-exposed C11H24 molecular ices, respectively. The m/z 

values were selected according to the electron-impact dissociation patterns of the chemical 

species that were expected to be formed after the UV processing. In particular, m/z = 15 and 

16 are characteristic of CH4, m/z = 43, 57, 71 and 85 correspond to the strongest signals of 
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C11H24 and m/z = 70 and 83 are characteristic for long chain alkenes76, though they also 

present contributions from C11H24. Except the clear desorption of CH4 with a maximum at 

around 53 K, no evidences of new chemical species were detected by the multiple ion 

detection procedure, not even by comparison with a non-irradiatedC11H24 ice. In fact, the 

mass spectra of the unprocessed and UV-exposed samples at 209 K (which corresponds to 

the temperature of the maximum desorption of C11H24) are identical and resemble that of 

C11H24 in gas-phase (Fig. 8c).

However, important changes can be observed at 170 K (Fig.8d). This is the temperature at 

which the desorption of C11H24 begins and, therefore, at this temperature the signal coming 

from new chemical compounds (that desorb in the same temperature range and with mass 

peaks overlapping with those of undecane) is not obscured by the much more intense signal 

from the desorption of C11H24 at higher temperatures. In comparison to the non-irradiated 

C11H24 ice, the mass spectrum of the UV-treated C11H24 exhibit clear differences at 170K in 

the regions at m/z = 53-57, m/z = 67-71 and m/z = 81-85, among others. In particular, the 

peak structure of the mass spectrum of the UV-treated ice, present in these regions 

fragmentation patterns typical of alkenes76 for which the maxima in the electron impact 

fragmentation pattern is lowered in steps by m/z = 1 and 2 regarding the fully saturated 

counterpart76. Finally, a very faint peak can be appreciated at m/z = 154 which can be 

ascribed to C11H22 76.

IV Conclusions

We have presented a new experimental station devoted to simulate in the laboratory the 

complex conditions of the coldest regions of the ISM and to investigate the interaction of 

cosmic dust with ices of astrophysical interest. The INFRA-ICE experimental station is a 

versatile UHV setup that can be operated independently or integrated as a module of the 

Stardust machine, which is devoted to simulate in the laboratory the formation and evolution 

of cosmic dust in the circumstellar envelopes of asymptotic giant branch stars. When 

incorporated into Stardust , INFRA-ICE expands the capabilities of Stardust allowing for the 

simulation in the laboratory of the complete journey of cosmic dust from its formation in 

evolved stars to its processing in the densest regions of the ISM, where cosmic dust is coated 

with molecular ices. The main analysis technique of INFRA-ICE is IR spectroscopy (both 

transmission and reflectance) and a quadrupole mass spectrometer with direct view of the 

sample can be employed to perform Temperature Programmed Desorption (TPD) 

measurements. In addition, a set of processing equipment (UV source, ion gun, electron gun 

and hydrogen gas cracker) is available for exposing the samples to similar processes as those 

encountered in dense molecular clouds.

As an example of the capabilities of the INFRA-ICE experimental station, we have 

presented the UV photochemistry of C11H24 at low temperature. We have shown that the UV 

processing of C11H24 at 14 K promotes the formation of unsaturated hydrocarbon species 

along with the production of methane. In the near future, realistic cosmic dust analogs and 

their interaction with ices of as-trophysical interest will be investigated with the INFRA-ICE 

experimental station.
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V Data Availability

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.
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Fig. 1. 
Side sectional view of the Stardust machine in its standard configuration. The beam of 

cosmic dust analogs travels along the positive x direction.
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Fig. 2. 
a) Isometric view of the INFRA-ICE module. b) Front and c) side sectional views. The beam 

of cosmic dust analogs travels along the positive x direction. Key: 1.- IR spectrometer; 2.- IR 

coupling optics; 3.- Upper UHV chamber; 4.- Lower UHV chamber; 5.- Coupling optics for 

IR detectors; 6.- UHV close-cycle helium cryostat; 7.- Load-lock sample transfer chamber; 

8.-Quadrupole mass spectrometer; 9.- Quartz crystal microbalance.
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Fig. 3. 
Photograph of the INFRA-ICE module.
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Fig. 4. 
a) Radiation shield for the cryostat cold finger at the sample position. Key: 1.- Front 

radiation shield optical access; 2.- Back radiation shield optical access. b) Temperature 

evolution at the sample position during cooling down at the maximum cooling power of the 

cryostat. The inset shows a zoom of the curve.
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Fig. 5. 
a) Radiation shield for the cryostat cold finger at the sample position. b) Top sectional view 

of the upper chamber. Key: 1.- 4.5 χ beam compressor for the lower UHV chamber; 2.- Flat 

mirror; 3.- Focusing mirror for the lower UHV chamber; 4.- Polarizer and photoelastic 

modulator; 5.-Wedged ZnSe windows; 6.- Sample position in the lower UHV chamber. To 

represent the optical paths for transmission and reflectance spectroscopy, the IR beam has 

been split at this position; 7.- Focusing ZnSe lens and IR detector; 8.- 2.25χ Beam 

compressor for the upper UHV chamber; 9.- Sample position in the upper UHV chamber. 
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10.- Focusing mirror and IR detector; 11.- UV source; 12.- Hydrogen cracker; 13.-Electron 

gun; 14.- Ion source; 15.- Quadrupole mass spectrometer; 16.- Load-lock sample transfer 

chamber.

Santoro et al. Page 22

Rev Sci Instrum. Author manuscript; available in PMC 2021 February 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 6. 
a) IR absorption spectra during the photolysis of CH4 ice. The irradiation time of each 

spectrum is indicated in the figure and curves have been shifted for clarity. b) Temporal 

evolution of the optical depth for the 1300 cm-1 and 3010 cm-1 bands. The solid lines 

correspond to the linear fit of the data.
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Fig. 7. 
a) IR spectra of C11H24 as deposited and after 240 min of UV exposure. b) Evolution of the 

optical depth of selected IR bands during UV exposure. The arrows indicate the y-axis for 

each curve whereas the solid lines are guides to the eye.
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Fig. 8. 
a) Evolution of some selected m/z peaks during the TPD of non-irradiated C11H24 and b) 

after 240 min of UV exposure. c) Mass spectra of the species desorbed at 209 K for the as-

deposited and UV exposed C11H24. For comparison, the mass spectrum of C11H24 in gas 

phase is included. The curves have been vertically shifted for clarity. d) Mass spectra of the 

species desorbed at 170 K for the non-irradiated and UV treated C11H24. The curves have 

been vertically shifted for clarity.
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Table I

IR band assignment

Wavenumber
cm−1

Wavelength
µm Assignment

a
 
b

As-deposited C11H24

2957 3.38 νas CH (CH3)

2925 3.42 νas CH (CH2)

2871 3.48 νs CH (CH3)

2854 3.50 νs CH (CH3)

1470 6.80 δb CH (CH2)

1458 6.86 δsc CH (CH2), δas CH (CH3)

1437 6.96 δsc CH (CH2), δas CH (CH3)

1378 7.26 δs CH (CH3)

New bands after UV processing of C11H24

3076 3.25 νas CH ( = C-H)

3006 3.33 νas CH (CH4)

1645 6.08 ν C=C

1300 7.69 δ CH (CH4)

994 10.06 γoop CH (-CH=CH2) vinyl

967 10.34 γoop CH (-HC=CH-) trans

912 10.96 γoop CH (-CH=CH2) vinyl

a
The vibrational modes are abbreviated as: ν : stretching; δ: deformation (b: bend, sc: scissor); γ: wagging; s: symmetric; as: assymetric; oop: out-

of-plane.

b
Assignments from70,72–74 
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