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Probing some energetic processes in the  
interstellar medium inside the lab 

 
i) GAS PHASE (TOF-MS) 
Production of H3

+ via photodissociation of organic molecules; 
 
ii) SOLID PHASE /ICE (FTIR) 
Unsaturation induced by cosmic rays at hydrocarbon-rich ices. 
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PAPER I 



 
• Dense Clouds 

– N(H3
+) = 1-5x1014 cm-2 

– Path length L ~ 1 pc 
– Density ~ up to 6 x 104 cm-3 
– Temperature T ~ 30 K 

 
 

• Diffuse Clouds 
– N(H3

+) = 4-6x1014 cm-2 

– Density ~ up to 4 x 105 cm-3 
– Temperature T ~ 30 K 

Motivation: H3
+  in interstellar medium 

McCall et al, 1999, ApJ 522,338. McCall et al, 1998, Science, 279, 1910. 

Cygnus OB2   No. 12 

 
 

left) The motions involved in the H3+ vibrational modes, ν1 and 
ν 2.  right) Rotational and vibrational energy levels, and the 
associated emission features (from Tennyson and Miller, 1994) 
 

 
• Main reaction routes 

 



Experimental setup – LNLS (Campinas, SP, Brazil) 



The TGM (thoroidal grating monochromator) beamline 

TGM Beamline 

Eletronics 



The technique and the spectrometer 

PEPICO spectrum 



The technique and the spectrometer 

PE2PICO spectrum 



PEPICO spectra 

Partial Ion Yield 

Total peaks´s area 



PE2PICO spectra 

Partial Double Coincidence Yield 

Total peaks´s area 



H3
+ production from X-ray photodissociation organic 

molecules (CH3-X type) 



Photoproduction rates 
(employing X-rays around YSO AFGL25 91; 
 e.g. Stauber et al 2005)  

Cross Sections and  

Cross Sections  

Yields 

Rates 



Column densities (H3
+ from methanol photodissociation) 

Conclusion: Yes, a small fraction of interstellar H3
+ may be 

formed this way! 

 
 



PAPER II 



Motivation 

We study the formation of C=C and C≡C bonds (and dehydrogenation) from 
the processing of pure  c-C6H12 (cyclohexane) and mixed H2O:NH3:c-C6H12 
(1:0.3:0.7) ices by highly-charged, and energetic ions (219 MeV 16O7+ and 632 
MeV 58Ni24+). 
  
The experiments simulate the physical chemistry induced by medium-
mass and heavy-ion cosmic rays at saturated hidrocarbon-rich 
interstellar ices. 
 



The measurements were performed inside a high vacuum chamber at the 
heavy ion accelerator GANIL (Grand Accelerateur National d´Ions Lourds – 
GANIL) in Caen, France.  
 
The gas samples were deposited onto a CsI substrate at 13 K. In-situ analysis 
were performed by a Fourier transform infrared (FTIR) spectrometer at 
different ion fluences. Cross section, Radiolysis yield and half-lives of the 
produced species were quantified. 

Experimental Setup (GANIL – France) 

ions 



17 IRRSUD (219 MeV 16O7+)  

Experimental Setup (GANIL – France) 
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Basics on IR spectroscopy of astrophysical ices 

1) IR bands (molecular  vibration  modes) 
Band area + Band strength A (typical from each 
molecule and each vibration  mode) → Molecular 
column density N 

OBS.  Good baseline correction is needed!! 
OBS2. For good N calculation good band strengths is 
needed!! 
OBS3. The IR spectrum of mixed ices is not equal to the 
sum of the individual IR spectra of ices (environment 
affects molecular band strengths) 
OBS4. Temperaure also affect the band strenghts 

2) The evolution of N with the fluence or exposure 
time allows the determination of cross sections. 
 

parents 

daughters 

3) cross section → rates → half-life (parents)  
 

OBS.  If the band strength A is not known we still can 
determine de cross section by measuring the relative band 
area (or subtracted band area) depencenswith fluence. 

e.g. irradiation of H2O:NH3:CO (~1:1:1) at 12K (pilling etal. 2010) e.g. IR spectra of non irradiated samples (this work) 



Selected results 
c-C6H12 ice  
Bombarded with 219 MeV O ions 

H2O:NH3:c-C6H12 ice (1:0.3:0.7) 

Bombarded with 632 MeV Ni ions 

* New species 



IR bands 

Sample of spectra comparison: irradiated ices with non irradiated sample from literature - 
NIST (e.g. cyclohexene, 1-3 cyclohexadiene, benzene, hexane,1-hexene, 1-hexyne).  
Asterisks indicates the location of possible identification in the spectra of irradiated ices. 
 

Tentative identificaitons 



Models 
Alkene production!!! 

τ1/2 
   

Column density Half-life Radiochemical yield 

A ~ 8x10-18 cm/molec; 719 cm-
1 

Pure ice 

Mixed ice 

Cross sections and Radiolysis yield 



Extrapolation to interstellar medium 

Pure ice 

Mixed ice 

The estimated t1/2 (cyclohexane) in the ISM 
as a result of cosmic ray bombardment for 
pure c-C6H12 ice is about 5 × 106 yr 
(considering only medium-mass cosmic rays), 
and for mixed ice is about 1 × 106 yr 
(considering only heavy-ion cosmic rays).  
 
For the mixed ice, after 20 × 106 yr in ISM, 
almost 20% of the initial cyclohexane was 
converted into CO by heavy cosmic rays, 3% 
was transformed into OCN− and 1% into CO2. 
This suggests that highly hydrogenated 
hydrocarbons in water-rich grain mantles can 
be largely converted into CO during the 
lifetime of the cloud. 
 
Some daughter species such as CH4 and 
OCN− can be used to estimate the integrated 
dose of incoming radiation and, assuming a 
constant cosmic ray flux over the time, the 
exposure time of interstellar ices to cosmic 
rays. At ion fluences higher than 3 × 1012 ions 
cm−2 (∼1×1016 yr in ISM), the abundance of 
these species increases almost linearly with 
the fluence. 



3.4 µm band 
(Comparison with two temperatures 
 and two diferrent mixtures) 

This work Previous work 



5-10 µm range 
(Comparison involving 
 different irradiated ices) 

Conclusion: The results suggest an alternative scenario for the production of 
unsaturated carbon chain species (and dehydrogenation) in interstellar ices 
induced by cosmic rays bombardment! 
 



Thank you for your attention 
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