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Processing of interstellar ices

Oberg 2016
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Processing of interstellar ices – Non thermal energy sources
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Molecular cloud or 
protoplanetary disk

background 
photons (ISRF), 
stellar photons

Lyman-alpha 
(10.2 eV)

UV (<13.6 eV) 
or X-rays (~200-5000 eV)

(Picture from M. Bertin)



Processing of interstellar ices – Some resolved observations

Busch+ 2022
COMs observations (ALMA) in a hot core

Photo-dissociation Region PDR
Guzman+ 2011, IRAM-30 m observations

Hot core
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R [AU]

Loomis+2018

Protoplanetary Disk



(Simplified) Laboratory experiments on ices

Laboratory data +/- close to 
astrophysical conditions 

Astrochemical models

Gas phase detection (mass spectrometry, 
chromatography)

Solid phase probes (Infrared, Electron 
paramagnetic resonance (EPR)...) 

Adapted from Oberg 2016

Sticking to a substrate See
Philippe Parent’s talk

Photons : 
Lasers
Lamp
Synchrotron

Gas phase detection
(mass spectrometry)
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Cosmic Rays :
Accelerated Ions



Physico-chemical processes on/in ices

Thermal desorption

Thermal Energy Non thermal Energy

Diffusion

dissociation and chemistry

UV/X 
photons

Desorption after photon/CR irradiation or chemical reaction
Minissale+ 2016

UV/X 
photons
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Thermal Energy - Desorption

Thermal desorption

Temperature-programmed Desorption

Temperature
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• to determine snowlines location
• interpret astronomical observations 
• build realistic and predictive astrochemical models.

See Franciele Kruczkiewicz’s poster 
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Thermal Energy – Desorption

Review on thermal 
desorption
Minissale+2022

Doronin+2015
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Ice abundance simulations in dark clouds

Uncertainties in the binding 
energies => massive change 
in the ice abundances and 
profiles

Penteado+2017

Thermal Energy – Desorption
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• limits the increase of molecular complexity
• understand the chemical evolution of molecular clouds

Thermal Energy – Diffusion

Very scarce experiments

𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑓𝑓𝐸𝐸𝑎𝑎𝑑𝑑𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑓𝑓 < 1
Surface 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 < Bulk 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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Thermal Energy- Diffusion Furuya+ 2022 

Direct experimental 
measure of surface 
𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 by microscopy
(Transmission Electron 
Microscopy)

0.2 <𝑓𝑓 <0.7 Surface 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 depends on the surface species
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(𝑓𝑓)



Physico-chemical processes on/in ices

Thermal desorption

Thermal Energy Non thermal Energy

Diffusion

dissociation and chemistry

UV/X 
photons

Desorption after photon/CR irradiation or chemical reaction
Minissale+ 2016

UV/X 
photons
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Non-thermal energy – Cosmic rays
• Cosmic Rays desorb molecules – H2O from H2O 

ices Dartois+ 2018 (Thickness dependence)• Cosmic Rays induce a change of the ice structure 
Dartois+ 2015

Tainter J Chem Phys 2014
Michoulier et al Phys chem chem phys 2018

compact amorphous
ice

Astrochemical modeling of non thermal processes including
cosmic rays : See Angèle Taillard’s talk Dartois+ 2018
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Non-thermal energy – chemical reactions

photodissociation

Simplified results from

radical identification COMs formation

methyl formate, glycolaldehyde, 
ethylene glycol, glyoxal, ethanol, 
formic acid, dimethylether, etc

UV

chemical reactions

IR EPR

Mass spectrometry

UV and X-ray photolysis of ices :  See Céline Assadourian’s poster
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Gutiérrez-Quintanilla+2021



Non thermal energy - UV Photodesorption

SPICES (Surface Processes on ICES)
LERMA

See Romain Basalgète talk for a description of the experiment

Cold substrate (10 < T < 150 K) 

FUV

Basalgète+2021a

The case of CH3CN ice

15

Soleil Synchrotron



Non thermal energy - UV Photodesorption

SPICES (Surface Processes on ICES)
LERMA

See Romain Basalgète talk for a description of the experiment

Cold substrate (10 < T < 150 K) 

FUV

Basalgète+2021a

The case of CH3CN ice
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Soleil Synchrotron
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Quantified experiments : how many molecules desorb



Non-thermal energy – UV Photodesorption Yields The case of CH3CN ice

Basalgète+2021a Loomis+2018
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Processing of interstellar ices – More and more precise models

z/r

Ligterink+ 2018

z/r

n(
X)

/n
(H

2)

Methanol gas Methanol ice
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Without
fragmentation

With
fragmentation



Non-thermal energy – UV Photodesorption Yields The case of CH3CN ice

Basalgète+2021a Loomis+2018
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CH3CN is specific : photodesorption yields are approximatively
the same when studying the pure ice or a mixed ice with CO
This is different from CH3OH ice (10 times less desorption when
mixing with CO) Bertin+2016



Non-thermal energy – UV Photodesorption Yields

ANR PIXyES (PI : M. Bertin)

Ice Y 
(molecule/incident 
photon)

Y 
(molecule/absorbed
photon)

Reference

CO 0.05 1 Fayolle+ 2011

N2 0.03 Bertin+ 2013

NO 0.02 Dupuy+2017a

CO2 10-3 0.05 Fillion+2014

CH4 2 10-3 0.15 Dupuy+ 2017b

H2O 3 10-4 0.02 Fillion+ 2022

H2CO 4 10-4 Féraud+ 2019

CH3CN 3 10-5 Basalgète+ 2021a

CH3OH < 10-6 < 6 10-4 Bertin+ 2016

Different ices studied with SPICES

Towards a prediction of the photodesorption yields

Default value used in the astrochemical models

CxHyOz 10-3 Y
20

What about X-rays instead of UV ? See Romain Basalgète talk !  



Non thermal energy – UV Photodesorption mechanisms
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H2O

Adsorbate

H2O

Fredon et al 2010

Dupuy et al. 2021H2O

Photodesorption mechanisms are known for a few systems only

Model H2O ice
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Photodissociation + photochemistry

photodissociation
Exothermal reaction between
fragments from different molecules

Fillion et al. 2022

Non thermal energy - UV Photodesorption mechanisms

Pure H2O ice

Unravelling the energy transfer in molecular ices (CO, N2) : See Samuel Del Fré’s talk



Conclusion

• Complex processes when interstellar ices are irradiated (thermal or 
non-thermal energy)

• Improvements in observations push towards more and more precise
and complete experiments, that provide inputs for astrochemical
models

(Picture from R. Basalgète) 23
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