
TESIS DOCTORAL 
The cycle of matter in the interstellar 

medium:  
Energetic processing of dust and ice	

	

Rafael Martín Doménech1 
Director: Guillermo M. Muñoz  Caro1  

Tutor: Jesús Gallego Maestro2 

1Centro de Astrobiología (INTA-CSIC), Madrid, Spain 

2Universidad Complutense de Madrid, Spain 
 

     

1	



1. Introduction 
The cycle of matter in the interstellar medium (ISM) 

10-15% of galactic matter 

2	



1. Introduction 
The cycle of matter in the interstellar medium (ISM) 

10-15% of galactic matter 

ISM components  
Ø  Ordinary matter 

Ø  Gaseous (mostly) 
Ø  Solid (dust grains w/ ice mantles) 

3	



1. Introduction 
The cycle of matter in the interstellar medium (ISM) 

10-15% of galactic matter 

ISM components  
Ø  Ordinary matter 

Ø  Gaseous (mostly) 
Ø  Solid (dust grains w/ ice mantles) 

Ø  Cosmic Rays 
Ø  Magnetic Fields  

4	



1. Introduction 
The cycle of matter in the interstellar medium (ISM) 

Credit: Gustavo A. Cruz-Díaz 
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Dust formation  (~µm) 
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1. Introduction 

H2 
n ~ 106 part./cm3 

↓ 
dust absorbs UV 

↓ 
T ~ 10 K 

ice accretion 

Credit: Gustavo A. Cruz-Díaz 
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1. Introduction 

Dense cores 
collapse 

Credit: Gustavo A. Cruz-Díaz 

Ice mantle 
desorption 

↓ 
Hot cores/corinos 
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ISAC is an UHV chamber with  P~4 10-11 mbar (dense clouds 
interiors)  

2. Methods 

InterStellar Astrochemistry Chamber (ISAC) 



2. Methods 

InterStellar Astrochemistry Chamber (ISAC) 

Credit: Gustavo A. Cruz-Díaz	
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SICAL-P  
(IAS, Orsay) 

a-C:H 
(IS dust analogs) 



2. Methods 

InterStellar Astrochemistry Chamber (ISAC) 

Credit: Gustavo A. Cruz-Díaz	
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IS ice analog 

H2O (vapor), CO,  
CO2, etc.  

KBr substrate 
@ 8 K 



2. Methods 

InterStellar Astrochemistry Chamber (ISAC) 

Credit: Gustavo A. Cruz-Díaz	

UV flux (lamp) = 2 x 1014 ph./cm2 s 

Gredel et al. 1989  

UV fluence in dense cloud lifetime 
~3 x 1017 photons cm-2 ≡ 30 min. irr	

16	

UV flux (dense cloud) = 104 ph./cm2 s 

H2 + CR à Secondary UV field 



3. Results - Dust 

Capítulo 3 à 
Pérdida de H2 de 

a-C:Hs por 
irradiación UV 

UV photoprocessing of a-C:H (IS dust grain analog)è diffusion of H2 
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3. Results - Dust 
UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 
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3. Results - Dust 
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UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 



3. Results - Dust 

UV on 

Ion current ≡  
H2 flux at surface x=l 

l = 3.4 µm 

Constant H2 flux at surface x=0 

Martín-Doménech et al. 2016 

UV on 
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UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 
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UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 



3. Results - Dust 

Ion current ≡  
H2 flux at surface x=l 

UV off 
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l = 3.4 µm 
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Ion current ≡  
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UV on 
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UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 



Martín-Doménech et al. 2016 

3. Results - Dust 

D0 = 0.0045+0.0050
-0.0023 cm2 s-1 

ED = 2090 ± 90 K 

D very sensitive to T variations 24	

UV photoprocessing of a-C:D (IS dust grain analog) è diffusion of D2 



4. Results - Ice 

Capítulos 5-8 à 
Irradiación UV de 
análogos de hielo 

Capítulo 4 à 
Acreción de CO sobre 

hielo de H2O 

Capítulo 9 à 
Desorción térmica de 

análogos de hielo 
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4. Results - Ice 

UV photoprocessing of ices 

Credit: Gustavo A. Cruz-Díaz 

H2 + CR à Secondary UV field 
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NEW	PHOTOPRODUCTS	

TO	THE	GAS	PHASE	
(SUBLIMATION)	
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4. Results - Ice 

UV photoprocessing of ices 

Credit: Gustavo A. Cruz-Díaz 

H2 + CR à Secondary UV field 

Non-thermal desorption (sublimation) processes needed  
in cold regions to explain gas-phase presence (e.g., CH3OH) 
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NEW	PHOTOPRODUCTS	

TO	THE	GAS	PHASE	
(SUBLIMATION)	



4. Results - Ice 

UV photodesorption of ices 

Direct photodesorption 
 

absorption + photodesorption 

Photodesorption via energy transfer 
 

absorption + energy transfer + photodesorption 
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4. Results - Ice 

UV photodesorption of photoproducts 

30	



4. Results - Ice 

UV photodesorption of photoproducts 

Direct photodesorption 
 

absorption + photodesorption 

Photodesorption via energy transfer 
 

absorption + energy transfer + photodesorption 

1 photon 

>1 photons 
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Photoproducts formed on the ice surface (first photon) 
Ø by  photofragmentation 
Ø by  subsequent recombination of radicals  

 

4. Results - Ice 

UV photodesorption of photoproducts 

Direct photodesorption 

CH3 + H         CH4 
        

CH3OH  +  hν  
 (first photon)  

{	  }	
CH3 + OH 
CH2OH + H 

CH3OH ice surface 

Cruz-Díaz et al. 2016 32	



Photoproducts formed on the ice surface (first photon) 
Ø by  photofragmentation 
Ø by subsequent recombination of radicals  

can desorb INMEDIATELY because of the excess energy (no more photons needed) 
Fayolle et al. 2013, Fillion et al. 2014 
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Photoproducts formed on the ice surface (first photon) 
Ø by  photofragmentation 
Ø by subsequent recombination of radicals  

can desorb INMEDIATELY because of the excess energy (no more photons needed) 
Fayolle et al. 2013, Fillion et al. 2014 

 

4. Results - Ice 

UV photodesorption of photoproducts 

Direct photodesorption 

CH3 + H         CH4 
        

CH3OH  +  hν  
 (first photon)  

{	  }	CH2OH + H 

CH3OH ice surface 

CH3 + OH 

photochemical desorption or photochemidesorption 
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 Irradiation time 

PhotochemidesorpAon	Photochemidesorption ≡ constant yield 
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4. Results - Ice 

UV photodesorption of photoproducts 

Photodesorption via energy transfer 

Step 2 
formation 

hν (first photon) 

Step 1 
absorption 

Photoproducts formed in the ice bulk (first photon) 
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4. Results - Ice 

UV photodesorption of photoproducts 

Photodesorption via energy transfer 

Step 2 
formation 

hν (first photon) 

Step 1 
absorption 

Steps 4 & 5 
absorption & energy transfer 

hν (second photon) 

Step 6 
desorption 

Photoproducts formed in the ice bulk (first photon)  
can desorb LATER after energy transfer (second photon)  

(Muñoz Caro et al. 2010, Fayolle et al. 2011, 2013, Bertin et al. 2012, 2014, Chen et al. 2014) 
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Step 2 
formation 

hν (first photon) 

Step 1 
absorption 

Steps 4 & 5 
absorption & energy transfer 

hν (second photon) 

Step 6 
desorption 

4. Results - Ice 

UV photodesorption of photoproducts 

Photodesorption via energy transfer 
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 Irradiation time 

DIET	of	photoproducts	

Photoproducts formed in the ice bulk (first photon)  
can desorb LATER after energy transfer (second photon)  

(Muñoz Caro et al. 2010, Fayolle et al. 2011, 2013, Bertin et al. 2012, 2014, Chen et al. 2014) 

 Indirect desorption ≡ increasing yield 
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4. Results - Ice 

UV photoprocessing of ices 

UV photoprocessing of a pure CO2 ice 

UV photoprocessing of a pure C2H5OH ice 
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UV photoprocessing of a H2O:CH4 (3:1) ice mixture 



Photodesorption of CO and O2 observed by QMS 

CO 
Increasing yield ≡ indirect photodesorption 

O2 
Increasing yield ≡ indirect photodesorption 

Martín-Doménech et al. 2015 

4. Results - Ice 

UV photoprocessing of a pure CO2 ice 
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4. Results - Ice 

UV photoprocessing of a pure C2H5OH ice 

UV photoprocessing of a H2O:CH4 ice mixture 
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13CH4 

13CH3OH 13CO	

13CO2	

H2
13CO 

(TPD confirmed)	

Formation of photoproducts → new IR bands during irradiation 

4. Results - Ice 

UV photoprocessing of a H2O:CH4 (3:1) ice mixture 

Martín-Doménech et al. 2016 For UV fluence 2x dense cloud lifetime 
(~7.2 x 1017 photons cm-2 = 60 min. irr.) 

↓ 
~4% of CH3OH produced with respect to Ni(CH4) 41	



Photodesorption of H2CO and CO observed by QMS 

CO 
Ypd (CO) = 1.5 x 10-4 mol. / inc. 

ph. 
photodesorption via energy transfer 

 

H2CO 
Ypd (H2CO) = 4.4 x 10-5 mol. / inc. ph. 

photochemidesorption 

4. Results - Ice 

UV photoprocessing of a H2O:CH4 (3:1) ice mixture 

Martín-Doménech et al. 2016 
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Capítulos  10 y 11 à 
Observaciones del  

hot corino  
IRAS16293-2422 

Credit: Gustavo A. Cruz-Díaz 

5. Results - Gas 
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5. Results - Gas 

IRAS16293-2422 

A (Aa, Ab) 

B 

d=120pc 

CH2DOH @ 266 GHz 

5” 

APEX 12-m 

E-092.C-0030A-2013 (PI) 
ALMA 

2013.1.00352.S (PI) 
+ 

2013.1.0061.S 
2012.1.0072.S 

2011.0.00007.SV 



5. Results - Gas 

Upper limits to the H2S2, HS2, and S2 abundances 

APEX 12-m 

E-092.C-0030A-2013 (PI) 

A 

B 

H2S	 H2S2, HS2, S2 	

beam=20”-30” 
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5. Results - Gas 

Upper limits to the H2S2, HS2, and S2 abundances 

A 

B 

Very rich sulfur chemistry after thermal  
desorption of ices 

X(H2S) = 5 x 10-7 (Wakelam et al. 2004) 

H2S	 H2S2, HS2, S2 	
APEX 12-m 

E-092.C-0030A-2013 (PI) 

beam=20”-30” 
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H2S2, HS2, and S2??	



5. Results - Gas 

Upper limits to the H2S2, HS2, and S2 abundances 

A 
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Very rich sulfur chemistry after thermal  
desorption of ices 

X(H2S) = 5 x 10-7 (Wakelam et al. 2004) 

H2S	 H2S2, HS2, S2 	
APEX 12-m 

E-092.C-0030A-2013 (PI) 

beam=20”-30” 
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H2S2, HS2, and S2??	

Jiménez-Escobar et al. 2011 (ISAC) 

Thermal desorption  
in a hot corino	



5. Results - Gas 

Upper limits to the H2S2, HS2, and S2 abundances 

H2S2, HS2, and S2??	

∆v = 0.5 km/s 
VLSR = 3.2 km/s (source A) 

Martín-Doménech et al. 2016 

Martín-Doménech et al. 2016 
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5. Results - Gas 

Upper limits to the H2S2, HS2, and S2 abundances 

A 

B 

H2S2, HS2, and S2??	

H2S2, HS2, S2 	
APEX 12-m 

E-092.C-0030A-2013 (PI) 
↓ 

16 GHz 
in the 220-340 GHz range 

beam=20”-30” 

Corrected from beam dilution 

Martín-Doménech et al. 2016 
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ALMA 

5. Results - Gas 

2013.1.00352.S (PI) 
+ 

2013.1.0061.S 
2012.1.0072.S 

2011.0.00007.SV 

A 

B 

Detection of CH3NCO 

51	



ALMA 

5. Results - Gas 

2013.1.00352.S (PI) 
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2012.1.0072.S 

2011.0.00007.SV 

A 

B 

Detection of CH3NCO 

52	

Ø Comet 67P/Churyumov-Gerasimenko 

Ø Hot cores 
Ø  Orion KL 
Ø  SgrB2(N) 

Ø Hot corinos? 



ALMA 

5. Results - Gas 

2013.1.00352.S (PI) 
+ 

2013.1.0061.S 
2012.1.0072.S 

2011.0.00007.SV 

A 

B 

Detection of CH3NCO 
∆v = < 2 km/s 

 (source B) 
1.5” 

∆v = 1.1 km/s 
VLSR = 2.7 km/s 

8 unblended lines detected 
(+14 blended) 

MADCUBAIJ 

Martín-Doménech et al. 2017, submitted 53	



ALMA 

5. Results - Gas 

2013.1.00352.S (PI) 
+ 

2013.1.0061.S 
2012.1.0072.S 

2011.0.00007.SV 

A 

B 

Detection of CH3NCO 
∆v = < 2 km/s 

 (source B) 
1.5” 

MADCUBAIJ 
(LTE) 

Tex = 110 ±19  K 
X(CH3NCO) = (1.4±0.1) x 10-10   

Martín-Doménech et al. 2017, submitted 54	



Gracias!	
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