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Cycle: Clouds, Dust, Stars  

+ Planets, Stellar winds, Novae  

emergence of life: 

comet + asteroid 

impact ? 



 

How?  
 

laboratory simulation of cosmic ray effects  
 

GANIL: wide dE/dx range (scaling laws) 
 

Infrared Absorption Spectroscopy FTIR 

 (also TOF-SIMS, QMS, UV-vis, Chromatography) 
 

Comparison to space observations 
 

Input to astrochemical models  

(cross sections: scaling laws) 

 

 

 
 

 
 

Astrophysics + Chemistry @ CIMAP-GANIL + GSI  

                       Why? 
   

Ices ubiquitous in space (dust grains, molecular clouds,  

   icy satellites, comets, Trans Neptunian Objects, …) 
 

Physico-chemical evolution of icy bodies in space  

   exposed to cosmic rays? 
 

   Structure: amorphous vs. cristalline, porous vs. compact 
 

   Radiolysis: radiation resistance and survival times  

   of molecules in space (destruction cross sections) 
 

   Formation of new molecular species (cross sections) 
 

   Increasing chemical complexity: organics  emergence of life?  

 

 

 
 

 
 

Centre de Recherche sur les Ions,  

les MAtériaux et la Photonique  

 

How?  
 

laboratory simulation of cosmic ray effects  
 

Heavy ions: wide dE/dx range (scaling laws) 
 

Infrared Absorption Spectroscopy FTIR 

 (+ TOF-SIMS, QMS, UV-vis, Chromatography) 
 

Comparison to space observations 
 

Input to astrochemical models  

(cross sections: scaling laws) 
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Shen et al.,  
Astronomy 
&Astrophysics 
(2004) 415 203 

Heavy Ions: why? - large electronic energy loss Se    

   - Scaling laws:  Se
n   with n ≈ ½,1,3/2,2, ... 4)   

- Unexplained findings (gas phase molecules in dense clouds... ), few data  

- Astrochemistry: origin of CO2 and H2SO4 on Europe, emergence of life?

   

Mewaldt et al.  
Space Sci. Rev.  
(2007) 130 323 

Radiation Field in Space : complex ! (UV, e-, x-rays, ions) 

   Solar  

   Wind 

Cosmic  

Rays  

H/Fe~104 

H/Ni~105 
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Astromaterials @ 
 

  HE, SME, IRRSUD  

 
 
+ARIBE low energy 

    multiply charged ions 
 

  He, C, O, S, Ar, Xe: 
 

  q keV 

       

          

         

       

         
         



UNILAC 
3.6-11.4 MeV/u 

Range ~ 100µm 

X0 

SIS 
up to 

2 GeV/u 

HLI 1.4 MeV/u 

M-Branch 
In-situ and  

On-line  

Analysis of  

Irradiated  

Materials 

M3 Multi-Analysis Chamber 

Materialforschung 



  
Radiolysis of  
CO and CO2 in 

dense molecular Clouds: 
UV versus Cosmic Rays. 



                       

 

 

                                                                                 

 

 

 

 

 

 

 

 

 

CO2  
 

@ GSI + 

GANIL 

 

projectiles:

Ni 

Ti 

Xe 

  

Materialforschung 



Projectile fluence dependence 

Ti (11 MeV/u) 



Projectile fluence dependence 

CO2:  

Compaction* 

destruction  

(fragmentation) 

sputtering 

 

Formation of  

CO, O3, CO3 

        
 
 
 
 

*C.F. Mejía, A.L.F. de Barros, E. 

Seperuelo Duarte, E.F. da Silveira, 

E. Dartois, A. Domaracka,           

H. Rothard, P. Boduch, 
Compaction of porous ices rich 

in water by swift heavy ions 

Icarus 250 (2015) 222  



CO2: Sputtering yield 

Y scales  

with Se
2 ! 

 

(universal ... CO, H
2
O) 

 

Se ~ ZP
2  

 
 

Y ~ ZP
4  

 

very strong  

dependence! 
 



Size: up to some tens of Parsecs  
Lifetime: 106-109 years 

Interstellar Medium: Dense Molecular Clouds 



Electronic Energy Loss in CO 

calculation: 

www.srim.org 

Heavy ion Abundance in space 

H/Fe~104 

H/Ni~105 

Shen et al., A&A 415 (2004) 203 

estimated  

from Y~Se
2 

CO Sputtering Yield 

Ions in cosmic rays  

(in dense clouds) 

astrophysical 

application: 
 

presence  

of CO in the 

gas phase  

in “dense”  

(104–106 molecules 

cm-3) molecular 

clouds ? 

//upload.wikimedia.org/wikipedia/commons/7/76/Molecular.cloud.arp.750pix.jpg


Estimated ion induced CO Desorption Yield 

E. Seperuelo Duarte et al.  

Laboratory simulation of heavy ion cosmic ray  

interaction with condensed CO 

Astronomy & Astrophysics 512 (2010) A71 

H. Rothard, A. Domaracka, Ph. Boduch,  M. E. Palumbo,  

G. Strazzulla, E. F. da Silveira, E. Dartois 

Modification of ices by cosmic rays and solar wind  

J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 062001 (Topical Review) 



Desorption rate of CO as a function of visual extinction 
 

penetration depth  

dependence in  

dense molecular clouds  
 Öberg, Fuchs, et al.,  

ApJ (2007) 662 L23 
 

Léger, Jura & Omont  

(1985),  A&A 144 147 

Visual extinction AV   (dense clouds) 

E. Seperuelo Duarte, A. Domaracka, P. Boduch, H. Rothard, E. Dartois, E.F. da Silveira 

Astronomy & Astrophysics 512 (2010) A71 

Heavy  

Ions 

UV 

photons 

http://en.wikipedia.org/wiki/File:Barnard_68.jpg


 

            

       

 Formation and  

radioresistance of COMs 

 at GSI  (Unilac M-Branch) 2016  



• In Astrophysics: at least 6 atomes, at least 1 C 

• CH3OH, amino-acids, nucleo-bases, proteins… 

• Essential bricks for the emergence of life 

• In dense clouds, in comets (Rosetta: amino acids) 

Surface  
(catalytic reaction) 

Ion (Cosmic rays)  
and UV irradiation 

Formation in ice? 

Complex organic molecules  COMs 





G. M. Muňoz Caro, E. Dartois,  

P. Boduch, H. Rothard,  

A. Domaracka, A. Jiménez-Escobar 
Comparison of UV and high-energy ion  

irradiationof methanol:ammonia ice 

Astron. & Astrophys. 566 (2014) A93 
 

NH3:CH3OH ice 
 

CASIMIR@GANIL:   

Zn (SME), Ne (IRRSUD) 

at 300K:  

stable organic 

Residues! 

Radiolysis: formation of  

prebiotic molecules ?  

http://www.spirit-ion.eu/Start.html


H2O - CO - NH3 ice 
 

 glycine (amino acid) 

 

 
 

    

    

 

   hexamethylene- 

   tetramine HMT 

S. Pilling, E. Seperuelo Duarte, E. F. da Silveira,  

E. Balanzat, H. Rothard, A. Domaracka, P. Boduch 

Radiolysis of ammonia-containing ices by  

energetic, heavy and highly charged ions  

inside dense astrophysical environments,  

Astronomy & Astrophysics 509 (2010) A87  
 

(X) http://osulibrary.oregonstate.edu/specialcollections/coll/pauling/bond/index.html 

(X) 

C2H5NO2 

http://fr.wikipedia.org/wiki/Fichier:Glycine_3D.png
http://osulibrary.oregonstate.edu/specialcollections/coll/pauling/bond/pictures/1964b4.1-hexamethylenetetramine.html


Radiation resistance of complex organic molecules 

irradiation with swift heavy ions at GANIL and GSI 

Laboratory simulation of cosmic ray effects  

  

First results:   adenine 

9H-purin-6-amine C5H5N5 

  sample on ZnSe  



Adenine 

C5H5N5 
 

purine nucleobase 

 

Part of biomole-

cules of unique 

importance  

(ATP, DNA, RNA) 

 

evolutionarily 

preserved in all 

living beings, 

including viruses. 
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Gabriel S. V. Muniz, C. F. Mejía, R. Martinez, 

B. Auge, H. Rothard, A. Domaracka, Ph. Boduch 

Radioresistance of adenine to cosmic rays 

Astrobiology (2017) 17(4): 298-308 



Ion 
Beam 

Energy 
(MeV/u) 

Electronic 
stopping 

power   
  (keV.µm-1) 

Nuclear 
stopping 

power 
(keV.µm-1) 

Thickness 
(µm) 

Penetration 
depth (µm) 

Xe+23 0.7 1.12 x 104 6.95 x 101 0.29 16 

Kr33+ 10.5  5.80 x 103 3.6 0.50 120 

Ca10+ 4.8 3.3 x 103 2.22 0.35 50 

C4+ 0.98 1,00 x 103 0.9 0.25 12 

Adenine irradiation experiments at  

Ganil (IRRSUD, SME) and GSI (Unilac M-Branch) 
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 Projectile         



Cross section as a function of the stopping power: 

σ = A Se
1.17  
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Webber WR, Yushak SM.  

Astrophys J 1983;275:391. 

 



Destruction rate 
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Astrophysical 

implications? 



Half-life of solid adenine exposed to cosmic rays in the ISM 

= 10 ± 8 x 106 years 

Dense Molecular Cloud  

lifetime: 106-109 years 

High survival probability! 

Comparison to UV radiation: 
Cosmic ray destruction  

dominates inside the DC 

Gabriel S. V. Muniz, C. F. Mejía, R. Martinez, 

B. Auge, H. Rothard, A. Domaracka, Ph. Boduch 

Radioresistance of adenine to cosmic rays 

Astrobiology (2017) 17(4): 298-308 
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