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1st step: physics:  
Compaction, amorphization, sputtering 
radiolysis: fragmentation (destruction)  
  

2nd step: chemistry:  
formation of new molecules  
(radicals,  "Implantation") 
 

 

astrophysics: 
 

Amorphization + Compaction  
of Water Ice H2O 
 
Radiolysis of CO + CO2 
Origin  of gas phase molecules 
in interstellar dense clouds ? 
... cosmic rays versus UV photons 
 
astrochemistry: 
 

Origin of CO2 and H2SO4 on Europa? 
endogenic, or exogenic  
= implantation of C and S ions ? 
 

Formation and radiation resistance 
of organic/prebiotic molecules 
 

astrophysical materials:  
 

carbonaceous, silicates, and Ices  
 
laboratory simulation:  
 

solar wind, ions trapped 
in magnetospheres,  
and cosmic rays  
 

at heavy ion accelerators 
GANIL Aribe, Irrsud, SME, HE 
+ GSI Unilac: from keV to GeV 
 
Infrared absorption spectroscopy FTIR 
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Astrophysical Ices ...  

Giant Planet’s Moons 

 (Europa, Ganymede, …) 

Dust Grains 

 

                         Rings      Dense Interstellar Clouds   
        (birthplaces of suns and planets) 

Comets 

... exposed to irradiation by  UV photons, electrons, and ions: 
    Cosmic rays, Solar Wind, Giant Planet’s Magnetospheres  



Cycle: Clouds, Dust, Stars  
+ Planets, Stellar winds, Novae  

emergence of life: 
comet + asteroid 
impact ? 



Size:	  up	  to	  some	  tens	  of	  Parsecs	  	  
Life(me:	  106-‐109	  years	  
freeze-‐out	  Gme:	  109/nH	  (years)	  

Interstellar	  Medium:	  Dense	  Molecular	  Clouds	  



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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Pertubative 
Regime : 
 

1st order  
~ (q/vp)2 

              cosmic rays solar/stellar wind 

Energy loss as a function of projectile energy  

LSS 
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~ vp
 



Astrophysics and chemistry   
 

in the laboratory: simulation  

of solar wind, cosmic ray  
and magnetosphere ion   

irradiation of  
astrophysical ices 

A 



ionisa
tion	  -‐	  exc ita tion

c a pture

éne rg ie

Elastic Collisions:  
ion - (screened) nucleus 
”nuclear stopping” 

Inelastic Collisions: ion – target electron 
”electronic stopping” Se 
 

Kinetic Energy Ekin 

HE 

SME 
IRRSUD 

ARIBE Pertubative  
Regime: 
 

first order  
Se ~ (q/vp)2  ...  cosmic rays ...   

solar wind, magnetospheres 

Multiply Charged Ions: 
Potential Energy Epot  



                                 
 
 
 
 
 
 
 
 
 
 
 
 
                                                

SME

SIRa

LISE

INDRA

VAMOS

ORION

SPEG

G4 

NAUTILUSD6

C02

C01

IRRSUD

CSS1 CSS2 SPIRAL

éplucheur SISSI

IRRSUD 
O, Ni, Xe, Ta, Pb: 

0.5 to 1 MeV/u High Energy: LISE 
Fe: 70 MeV/u 

Medium Energy: SME 
O, Fe, Ni, Kr: 5-13 MeV/u 

Astromaterials @ 
 

  HE, SME, IRRSUD  
 
 
+ARIBE low energy 
    multiply charged ions 
 

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

  q keV 
       

          

         

       

         
         



the “gas mixing and deposition machine” 

Cryo head 

FTIR 
Fine valve 

Barocel 

V1 V2 

Turbo pump 

H2O CO 
CO2 

NH3 

IRASME@SME 
Ion Beam Sweeping 
Dosimetry 



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 



ion beam 

gas deposition 

Fourier Transform Infrared  
 

Absorption Spectroscopy  
 

FTIR @CIMAP: CASIMIR 
 
 
 
(E. Balanzat, J.M. Ramillon, ...) 



FTIR Fourier Transform Infrared Absorption  
Spectroscopy: molecular vibrations 
  

plenty of information: 
 
Absorption Line  
Position + Shape: 
identification of molecules, 
environment (“dangling  
bonds”: porosity ...) 
structure (crystalline,  
amorphous) 
 
Integral (Surface) 
columnar density (thickness) 
evolution with projectile  
fluence: disappearance and  
synthesis of molecules 
 
but: 
detection of symmetric molecules (O2, N2 ...) difficult 

FTIR spectrum of C18O2 ice at 15 K 



detector spectrum 

IR 
transmission 

irradiated sample 

 IR source 

(absorption) 

(star) (cloud) (telescope) 

Space observation: 
 

ISO Infrared Space Observatory, 
protostellar source W33a 
 
Laboratory simulation: 
UV photons 

protons 

heavy ions 
 

S. Pilling et al.  
Astronomy &  
Astrophysics  
509 (2010) A87  

            
 
 
 
 
 
 
                                                                                                                                               
 
 
 



Water ice: 
Compaction  

and  
Amorphization 

B 



15K 

Porosity:  
OH dangling bonds 

Irradiation of H2O ice: 
formation of H2O2 

The most abundant molecule  
in interstellar ices:  

Water H2O 





Compaction of Water Ice by Cosmic Rays: Experiment 2012 GANIL-LISE 
E. Dartois, J.J. Ding, A.L.F. de Barros, P. Boduch, R. Brunetto, M. Chabot, A. Domaracka, M. Godard, 
X.Y. Lv, C.F. Mejia Guaman, T. Pino, H. Rothard, E.F. da Silveira, J.C. Thomas 
Swift heavy ion irradiation of water ice at MeV to GeV energies:  
approaching true cosmic ray compaction  
Astronomy & Astrophysics 557 (2013) A97 

COMPACTION  
CROSS  
SECTION versus 

ELECTRONIC  
STOPPING  
POWER 

Indeed no  
OH dangling bonds  
observed by 
ISO in ISM 

tcomp = 1 x105  
        to 2 x106 years 



E. Dartois et al.,  
Astronomy &  
Astrophysics 557  
(2013) A97 

Porosity:  
OH dangling  

bonds 



Sputtering 
Amorphization 

Ion irradiation  
3 times more efficient  
for compaction than  
for amorphization  
 
water ice resistant to  
phase transition 
 
 

E. Dartois, B. Augé, P. Boduch, R. Brunetto, M. Chabot,  
A.  Domaracka, J.J. Ding, O. Kamalou, X.Y .Lv,  
B.  H. Rothard, E.F. da Silveira, J.C. Thomas 
Heavy ion irradiation of crystalline water ice -Cosmic  
ray amorphization cross-section and sputtering yield 
Astronomy & Astrophysics 576 (2015) A126 



	  	  
Radiolysis	  of	  	  
CO	  and	  CO2	  in	  

dense	  molecular	  Clouds:	  
UV	  versus	  Cosmic	  Rays.	  

C 



                       
 
 
                                                                                 
 
 
 
 
 
 
 
 
 

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  



        

Another example: CO ice  
(the second most abundant molecule in space ices after H2O) 



CO ice: disappearence of CO Molecules  
during Nickel Ion Irradiation: 

N = N0 e- σd F - (Y/ σd) (1 - e-σd F) 

deduced quantities: 
 

Destruction  
Cross Section σd  
 

Sputtering Yield Y 

Formation cross 
section for daugther 
molecules σf  



        

CO ice: formation of new molecular species 

  
 
 
 
 
 



CO destruction  
cross section  
proportional  
to Se 

CO2 formation  
cross section  
proportional  
to Se 



CO2: Formation cross sections 

again: 
 

formation  
cross  
sections  
proportional  
to Se 



CO2: Destruction cross sections 

Se (10-15 eV cm2 per molecule) 

again: 
 

destruction  
cross section  
proportional  
to Se 



CO2: Sputtering yield 
Y scales  
with Se

2 ! 

also true for H2O! 
estimation for  
galactic cosmic rays: 
YGCR(H2O) ≈ 10 H2O/cm2/s  



He+ 

H+ 

e- Y~Se
2 

W.L. Brown, W.M. Augustyniak, K.J. Marcantonio, E.H. Simmons, J.W. Boring,  
R.E. Johnson, C.T. Reimann, Nucl. Instr. Meth. B1 (1984) 307 
 

E. Seperuelo Duarte, A. Domaracka, P. Boduch, H. Rothard, E. Dartois, E.F. da Silveira 
Astronomy & Astrophysics 512 (2010) A71 

GANIL 

again: 
 

Y ~ Se
2 

 
(universal ...) 
 
Se ~ ZP

2  
 
 

Y ~ ZP
4  

 

very strong  
dependence! 
 

CO: Sputtering yield 



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 ? 



Estimated ion induced CO Desorption Yield 

E. Seperuelo Duarte, A. Domaracka, P. Boduch,  
H. Rothard,E. Dartois, E.F. da Silveira 
Laboratory simulation of heavy ion cosmic ray  
interaction with condensed CO 
Astronomy & Astrophysics 512 (2010) A71 



Desorption rate of CO as a function of visual extinction 
 
pentration 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 



  
Galilean Moons,  

Jupiter’s Magnetosphere, 
and Sulfur and Carbon 

cycles.  
 
 
 

D 



Is CO2 produced by Cn+ ion implantation ? 
Are SO2  or H2SO4 produced  

by Sn+ ion implantation ? 

 cycles 

endogenic versus exogenic origin ? 
processing ? 
who is the first ? 



 

Jupiter,  NASA’s spacecraft GALILEO, and the  
Galilean Moons Io, Europa, Ganymede, Callisto 
 

Open question:  
are these species 
native from the  
satellites or  
synthesized by  
exogenic processes  
e.g. ion implantation ? 

JUICE  2022 - 2033 
ESA  Cosmic Vision 

Io: SO2 ice dominant  
 

Europa, Callisto, Ganymede: H2O ice dominant 
 

Europa: significant quantities of magnesium,  
 sodium sulfate Na2SO4, carbonate hydrates 

 

Other absorption features  
and prime candidates: 
 

3.4 µm  (~2940 cm-1)    C-H 
3.5     “  (~2857 cm-1)    H2O2 
3.88   “  (~2580 cm-1)    S-H,  

          H2CO3 
4.05   “  (~2470 cm-1)    SO2 
4.25   “  (~2350 cm-1)    CO2 
4.57   “  (~2190 cm-1)    CN 
 



        The Jovian Magnetosphere         

 

J.B. Dalton III, T. Cassidy, C. Paranicas,  
J.H. Shirley, L.M. Prockter, L.W. Kamp 
Planetary and Space Science 77 (2013) 45 

E U R O P A :  Sulfur Ion Flux  
 



IR spectra of water ice before and after implantation of carbon and sulfur ions  

What can we do in the laboratory?  
we can measure formation yields of carbon dioxide and sulfuric acid! 



Molecule Yield  
Y ≈ 0.5 CO2 
per 30 keV Cn+ ion 

X.Y. Lv, A L F. de Barros, P. Boduch, V. Bordalo, 
E.F. da Silveira, A. Domaracka, D. Fulvio,  
C. A.Hunniford, T. Langlinay, N.J. Mason,  
A.R. W. McCullough, M.E. Palumbo,  
A.S. Pilling, H. Rothard, G. Strazzulla 
Implantation of multiply charged  
Carbon Ions in Water Ice 
Astronomy & Astrophysics 546 (2012) A81 
 
 

J. J. Ding, P. Boduch, A. Domaracka,  
S. Guillous, T. Langlinay, X.Y. Lv, M.E. Palumbo,  
H. Rothard, G. Strazzulla  
Implantation of Multiply Charged  
Sulfur Ions in Water Ice 
Icarus 226 (2013) 860–864 

Molecule Yield  
Y(H2SO4) ≈ 0.12 (35 keV)  

 ≈ 0.64 (200 keV  
per Sn+ ion 



 

J.B. Dalton III et al.,  
Planetary and Space Science 77 (2013) 45: 
 

Correlation of H2SO4 hydrate concentration  
with sulfur ion flux 
 

106  

 
 
Ding et al., Icarus 336 (2013) 860: 
 

H2SO4 Concentration compatible  
with measured  
Molecule Yield from Implantation! 
 

E U R O P A : 
H2SO4 Concentration  
versus S ion flux 
 
108 



Ding et al., Icarus 336 (2013) 860: 
 

Concentration compatible with measured  
Molecule Yield from Implantation! 
 

 
 
 
but ... C implantation in water ice does not explain observed CO2 concentration.  
 
and ... no evidence (yet) for production of SO2 or H2S in water ice ... 
 

time needed to obtain  
3 x 1019 molecules/cm2 by implantation 

 Exogenic production  
 of H2SO4 probable 



S implantation in CO and CO2: 
 
Y(SO2) = 0.20 ± 0.05 molec./ion at 176 keV in CO 
Y(SO2) = 0.38 ± 0.02 molec./ion at 90 keV in CO2 
 
and ... CS2 produced in CO2 and OCS in CO 

Monthly Notices of the Royal Astronomical Society MNRAS 438 (2014) 922   

Europa:  time to produce observed amount of SO2 
depends strongly on CO2 concentration: 
200 years ... up to 20000 years  
 
Star forming regions: strong flux of stellar wind  
from young stars (T-Tauri phase) interacts  
with CO2 rich dust, later incorporated in comets    



 
            
       

 Formation of  
prebiotic molecules  

 

E 



at 300K:  
stable organic 

Residues! 

Radiolysis: formation of  
prebiotic molecules ?  

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) 

UV vs. heavy ions: 
same products 



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  
 
Williamary Portugal, Sergio Pilling, Philippe Boduch,  Hermann Rothard, Diana Andrade 
Radiolysis of Amino Acids by Heavy and Energetic Cosmic Ray Analogs  
in Simulated Space Environments: α-Glycine Zwitterion Form 
Monthly Notices of the Royal Astronomical Society 441 (2014) 3209–3225 

Donia Baklouti, R. Brunetto, E. Dartois, IAS  
(Institut d’Astrophysique Spatiale, Orsay), et al. 
 
Analysis of the Residues by Chromatography 
 

H2O- NH3-CH3OH ice  
 

(experiment 2014) 
 

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

(X) 



Radiation resistance of organic molecules 

other materials:  
carbonaceous, silicates 
chemistry at interfaces? 

⇒ Irradiation of ices containing complexe molecules 
  

e.g. glycine, adenine, PAH (Polycyclic aromatic hydrocarbons) 
 
 

complex radiation field in space: synergy effects? 



Emergence of life:  
 
Origin of organic matter in ... 
 
Comets  
 
Micrometeorites e.g. UCAMMs:  
(Ultracarboneauceous Antarctic 
Micrometeroties) 
 
Asteroids 
 
Transneptunian Objects 
(e.g. Pluto + Charon)  
+ Kuiperbelt Objects 
 
Jovian Moons 
 

Present + future Space Missions 
 
 
 
Rosetta + Philae ESA 
 
 
 
 
 
Hayabusa JAXA 
 
New Horizons NASA 
 
 
 
JUICE ESA Cosmic Vision launch 2022 
(Jupiter Icy Moons Explorer) 
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