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COMs in Hot Cores

El-Abd et al., ApJ (2019)



COMs in Prestellar Cores

(L1689B)

Credit: FORS Team, ESO

Bacmann et al., A&A (2012)

http://www.eso.org/sci/facilities/paranal/instruments/fors.html
http://www.eso.org/


COMs in Molecular Clouds



COMs in Ices toward YSO & MC

McClure et al. (2023)

Ethanol Acetaldehyde Methyl Formate

Rocha et al. (2024)



COMs in the Solar System

McClure et al. (2023)

Orbiter 

Rosetta

Lander 

Philae

Altwegg et al., Sci. Adv. (2016)



▪ Observations with ALMA, JWST, JUICE

▪ More complex (prebiotic) species (LAB SPECTRA)

▪ Spatial distribution

▪ Resolve relevant physicochemical scales (LAB TECHNIQUES)

▪ New processes simulated in Laboratory/Theory

▪ Chemistry and Physics at the gas-ice interplay (LAB METHODS)

Future Needs



I. Fundamental properties of ices:

VUV/UV-vis/IR/THz (0.1 - 3000 μm) Ice Database

VUV IR THz
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II. Bridging the gas-grain gap:

Linking Physics and Chemistry of Star Forming Regions

Better characterization of fundamental mechanisms:

Surface reaction

Diffusion of molecules and radicals

Trapping

Segregation

Desorption



III. From Astrochemistry to Astrobiology:
Surface Formation of the Building Blocks of Life in Space



Laboratory Infrastructures

Credit: H. Linnartz



I. Fundamental properties of ices:

VUV/UV-vis/IR/THz (0.1 - 3000 μm) Ice Database

VUV IR THz
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I. Fundamental properties of ices: 
Spectra and Cross Sections (VUV/UV-vis)

•The energy of the circulating electrons in

ASTRID2 is 580 MeV.

•The source is optimized to produce

synchrotron radiation in the few eV to 1 keV

energy range.

•Beam lifetime is infinite using top-up of the

electron current with ASTRID.

•The diameter of ASTRID2 is 15 m.

https://www.isa.au.dk/animations/animations.asp



I. Fundamental properties of ices: 
Spectra and Cross Sections (VUV/UV-vis)

P < 1x10-9 mbar

Tsurf = 20 - 300 K

Flux (1 keV) = 2x1013 e-/cm2 s

UV Ice Camber (UVIC)



Traspas Muiña et al., in prep.
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I. Fundamental properties of ices: 
Spectra and Cross Sections (VUV/UV-vis)



CURRENT WORK:

A comprehensive large VUV/UV-vis ice database to

1. Identify simple & complex molecules (e.g., prebiotic species) in Space.

2. Aid the study of UV photoprocesses.

3. Complement MIR measurements.

LASP INAF-Catania

I. Fundamental properties of ices: 
Spectra and Cross Sections (VUV/UV-vis)



JUICE (JUpiter ICy moons Explorer)
Exploring the emergence of habitable worlds around gas giants

Credit: ESA

I. Fundamental properties of ices: 
1. Molecules in Space

Ioppolo et al., A&A (2020)



Zhang et al., MNRAS (2024)

I. Fundamental properties of ices: 
2. Formation & Survivability of Molecules

Traspas Muiña et al., in prep.



O3

FTIR

1 keV Electron 

Bombardment of O2

iceVUV

O3

I. Fundamental properties of ices: 
3. Complementary Information

Ioppolo et al., A&A (2020)



Terwisscha van Scheltinga et al., A&A (2018)

I. Fundamental properties of ices: 
Spectra and Optical Constants (NIR, MIR & FIR)



ICE lab: Instituto de Estructura de la 

Materia, IEM-CSIC, Madrid, Spain

Belén 
Maté

Victor
Herrero

I. Fundamental properties of ices: 
Spectra and Optical Constants (NIR, MIR & FIR)



ERS: PI McClure, co-PI Boogert, co-PI Linnartz,

co-I Ioppolo + 46 co-Is

Cycle 1: PI McClure, co-I Ioppolo + 25 co-Is

400 hours of observational time in first 

year to study cosmic ices

McClure et al. Nat. Astron. (2023)

I. Fundamental properties of ices: 
Spectra and Optical Constants (Ice Age program)



II. Bridging the gas-grain gap:

Linking Physics and Chemistry of Star Forming Regions

Better characterization of fundamental mechanisms:

Surface reaction

Diffusion of molecules and radicals

Trapping

Segregation

Desorption



II. Bridging the gas-grain gap:
Interaction of ice and free atoms (SURFRESIDE)

No Atom Source (QMS)



II. Bridging the gas-grain gap:
Interaction of ice and free atoms (SURFRESIDE)

H/D Atom Source (FTIR + QMS)

No Atom Source (QMS)



II. Bridging the gas-grain gap:
Interaction of ice and free atoms (SURFRESIDE)

O/N Atom Source
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II. Bridging the gas-grain gap:
Interaction of ice and free atoms (SURFRESIDE)

O/N Atom Source

H/D Atom Source (FTIR + QMS)

C Atom Source

No Atom Source (QMS)



II. Bridging the gas-grain gap:
Interaction of ice and free atoms (SURFRESIDE)

O/N Atom Source

H/D Atom Source (FTIR + QMS)

C Atom Source

No Atom Source (QMS)

Fuchs et al. A&A (2009)

Fedoseev et al. ApJ (2017)

Simons et al. A&A (2020)

He et al. A&A (2021)



II. Bridging the gas-grain gap:
Future time-resolved experiments

Single-shot coherent measurements:

10,000 spectra co-added in a second

Time-resolve dynamics within the ice

Surface reactions 

Diffusion of molecules and radicals

Trapping

Segregation

Desorption

Table-top ultrafast lasers / (mass) spectrometers 

advances to time-resolved transient events in 
the IR/THz during ice processing. 



II. Bridging the gas-grain gap:
Transmission electron microscopy (TEM) 

Kouchi et al., ApJ (2021)



II. Bridging the gas-grain gap:
Scanning tunneling microscopy (STM)

Credit: Liv Hornekær’s Group

Low temperature – STM of D2O ice growth on HOPG at 40 K



II. Bridging the gas-grain gap:
Scanning tunneling microscopy (STM)

Credit: Liv Hornekær’s Group

Low temperature – STM of D2O ice growth on HOPG at 40 K



II. Bridging the gas-grain gap:
(Non)Thermal Desorption

▪ Thermal sublimation

▪ Cosmic-ray spot heating

▪ Cosmic-ray sputtering

▪ UV photodesorption

▪ IR photodesorption

▪ Chemical desorption

Ivlev et al. (2015)



II. Bridging the gas-grain gap:
Thermal Desorption –Temperature Programmed Desorption

On Au On ASW
ASW

Collings et al. (2004)Fraser et al. (2001)



II. Bridging the gas-grain gap:
Thermal Desorption – Observations 

HL TAU - ALMA High Resolution Results

CREDIT: P. Salomé, Paris Obs.

CO Snow Line - ALMA High Resolution Results

CREDIT: K. Öberg, Harvard

CREDIT: B. Saxton, NRAO/NSF

CREDIT: ESO



II. Bridging the gas-grain gap:
Thermal Desorption – Observations vs Experiments

Radiometer

Liquid Nitrogen

Background
77K

Ice

Vacuum Cell

Desorbed molecules

(sub)mm Observations

Laboratory Measurements

Auriacombe et al. MNRAS (2022)



II. Bridging the gas-grain gap:
TeraHertz Desorption Emission Spectroscopy (THz DES) 

Top-View(sub)mm Heterodyne Radiometer System

Auriacombe et al. MNRAS (2022)



II. Bridging the gas-grain gap:
TeraHertz Desorption Emission Spectroscopy (THz DES)

Molecules Frequency Line

Water 325,15 GHz

Methanol 326 GHz,…

Nitrous Oxide
(N2O)

326,55 GHz

Target Molecules

N2O Desorption

H2O Desorption

N2O Desorption

▪ Start: ~ 90 K

▪ Peak: ~ 130 K

H2O Desorption

▪ Start:~ 230 K

▪ Peak: ~ 250 K

Auriacombe et al. MNRAS (2022)



II. Bridging the gas-grain gap:
Sublimation Lab Ice (sub)Millimeter Experiment (SubLIME)



II. Bridging the gas-grain gap:
Sublimation Lab Ice (sub)Millimeter Experiment (SubLIME)



▪ Cosmic-ray spot heating

▪ tCR≈4×106-107 yr

Ivlev et al. (2015)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



Ivlev et al. (2023)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption

▪ Cosmic-ray sputtering

0.3 MeV He+ ions on CO ice



II. Bridging the gas-grain gap:
(Non)Thermal Desorption

Fayolle et al. (2011)

CO

* *

Öberg et al. (2007, 2009)

▪ UV Photodesorption

▪ Shown by lab experiments and calculations to have

efficiencies of 10-3 - 10-4 per incident photon



Bertin et al. (2012)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



Bertin et al. (2016)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



FELIX
HFML

II. Bridging the gas-grain gap:
(Non)Thermal Desorption

▪ IR Photodesorption

▪ First investigations by lab experiments and calculations



End Station at FEL-1 & FEL-2 (2.7 – 150 µm):

UHV Chamber (P = 1x10-10 mbar)

Analytical Tools (FTIR & QMS) 

Sample Manipulation (Rotation + XYZ)

Source (5 keV electron gun)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



Ingman et al. FD (2023)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



Noble et al., JPCC (2020), Cuppen et al. JPCA (2022)

II. Bridging the gas-grain gap:
(Non)Thermal Desorption

Modelling energy relaxation in ASW:

Vibrational excitation heats ice locally causing crystallization-like effect
(increased number of H-bonds) and desorption



▪ Explosive desorption

▪ Exothermic reactions between stored radicals at T≈30 K

▪ Cosmic-ray induced: texp-CR≈105 yr

▪ Grain-grain collisions at v≥0.1 km s-1: texp-gg≈2×109/nH yr

▪ Grain-grain collisions in turbulent boundary layers

▪ E.g., ice mantle sputtering by shocks

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



Desorption efficiencies range from

<1% to >50%, with large uncertainties

Depend sensitively on surface 

(e.g., silicate vs ice)

Minissale et al. 2016

II. Bridging the gas-grain gap:
(Non)Thermal Desorption



III. From Astrochemistry to Astrobiology:
Surface Formation of the Building Blocks of Life in Space



ICA
P < 1x10-9 mbar

Tsurf = 20 - 300 K

Eions = 200 keV – 4 MeV H+

H+, He+, He++, C+, C++, O+, O++, S+, S++

Current = nA - µA

• 2 keV electron gun

• Effusive Cell

AQUILA
P < 1x10-9 mbar

Tsurf = 20 - 300 K

Eions = 100s eV – 10s keV

Solar Wind: H, He, C, O, Si, Fe, Ni ions

High charge state of ions

Positive/negative ions or molecular ions

CRs and electron irradiation of ice material relevant to ISM & Solar System

ECR Ion Source (ECRIS) 

Laboratory

III. From Astrochemistry to Astrobiology:
Interaction of ice and particles (HUN-REN ATOMKI)



III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (InterCat)



III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (InterCat)

Investigation of peptide bond formation

     1)  Hydrogenation/Deuteration of Gly on cold grain analogs

Deuterium exchange observed

      Formation of larger species 

     2)  1 keV e- irradiation of Gly

     3)  20 keV H+ irradiation of Gly

     4)  1 MeV H+ irradiation of Gly

      Peptide-like bonds

     
ASTRID2 - UV ATOMKI - ICA ATOMKI - AQUILA

3-Aminoaspartic Acid

Alfred Hopkinson



STARDUST MACHINE

III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (Stardust)



III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (Impact Chemistry)



III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (Impact Chemistry)



III. From Astrochemistry to Astrobiology:
Interaction of ice and dust (Impact Chemistry)



Outlook

New dedicated set of lab data are needed!

Complementary VUV/IR/THz and novel techniques at

large scale facilities can help understand the

evolution of ices in space.

ALMA and JWST are revolutionizing our understanding of star formation
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