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Outline

Introduction and motivation in the 
context of Titan 
Example: VUV Photolysis of Methane 
(CH4) 
- First step: radical photoionization 
cross section measurement. 

- Second step: Branching ratio 
measurement 

Conclusions and perspectives
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Introduction
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Titan: 
 Biggest moon of Saturn
 Dense atmosphere (Ps≈ 1.5 bar)
 Ts≈ 94 K
 Composition:
- N2 ≈ 98 %
- CH4 ≈ 1.6 %
- organic molecules

 Active atmosphere
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Photochemistry on Titan
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Methane photolysis: a key process for Titan 
photochemistry
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KIDA meeting - 2015 6B1ðkÞ # B11ðkÞ ¼ Ukð1Þ
B1ðkÞ # B12ðkÞ ¼ Ukð2Þ þUkð3Þ
B1ðkÞ # B13ðkÞ ¼ Ukð5Þ ð2Þ
B2ðkÞ ¼ Ukð6Þ
B1ðkÞ þ B2ðkÞ ¼ 1
B11ðkÞ þ B12ðkÞ þ B13ðkÞ ¼ 1

Note that Mebel et al. (1997) report that the 1CH2 + 2H is open
below 121.3 nm. This channel was neglected in our wavelength-
dependent scheme. Also, for wavelengths below the ionization
threshold of methane (k ’ 80 nm), this tree should be nested inside
a tree accounting for the branching between ions and neutral prod-
ucts, derived from separate measurements of the total absorption
cross section and the ionization cross-section

CH4 þ hmðkÞ!
!

I1ðkÞ !
B1ðkÞ

!
B11ðkÞCH3 þH

!
B12ðkÞ 1CH2 þH2

!
B13ðkÞ 3CH2 þ 2H
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B2ðkÞCHþH2 þH
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!
I2ðkÞ ions . . .
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ð3Þ

In the present study, we use a neutral photochemistry model
and consider as a first approximation that the short wavelength
VUV photons are predominantly absorbed by N2. The following
developments are thus based on Scheme (Eq. (1)), mostly valid

between 100 and 140 nm. Scheme (Eq. (3)) should be considered
for other environments, where CH4 significantly absorbs short
wavelength VUV photons, such as the interstellar medium or syn-
chrotron experiments. Note that this scheme should also be up-
dated to accommodate other possible electronic states of the
neutral fragments and/or fragmentation patterns of H2, possibly
accessible at higher energies.

3.1.1. Dirichlet-type probability density functions for uncertain
branching ratios

To facilitate the representation of uncertain branching ratios,
Carrasco and Pernot (2007) and Plessis et al. (2010) designed a
toolbox of knowledge-adapted Dirichlet-based distributions.

In the absence of information on the branching ratios, the uni-
form distribution over the simplex (Diun) is used, which imple-
ments solely the sum-to-one and positivity constraints. When a
set of branching ratios and their uncertainty are available, one
can use a generalized Dirichlet distribution (Dirg), based on a prop-
osition by Lingwall et al. (2008). For the present study, we ob-
served that Dirg was too rigid to correctly represent the
experimental calibration datasets of Gans et al. (2011). We there-
fore introduced another generalized Dirichlet distribution, pro-
posed by Connor and Mosimann (1969) and Wong (1998, 2010),
called hereafter Dirw, and defined in Appendix A. The parameters
of the distribution are estimated by the method of moments, as de-
scribed in Appendix A. Application of this method to the experi-
mental datasets of branching ratios presented in Section 2.2

Fig. 4. Weighted photolysis rates WkðzÞ ¼ JkðzÞ=JðzÞ for CH4, showing the relative contributions of different wavelength groups to methane destruction. The colors correspond
to the values of &ln(1/Wk(z) & 1), as reported in the color scale. The green line represents the unity optical depth. The upper panel shows the profile of &ln(1/Wk(z) & 1) at the
top of the atmosphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

334 B. Gans et al. / Icarus 223 (2013) 330–343

Methane photolysis: a key process for Titan 
photochemistry

B. Gans, Z. Peng, N. Carrasco, D. Gauyacq, S. Lebonnois, P. Pernot, Icarus 223 (2013) 330–343  
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Previous measurements at Lyman α (121.6 nm)
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Dissociative
channel

Mordaunt et al. S1 & S2 
(1993)

Heck et al. 
(1995)

Brownsword 
et al. (1997)

Wang et al. 
(2000)

Park et al. 
(2008)

CH3(X)+H 0.51 0.49 0.66 0.38 0.291 0.31

CH2(a)+H2 0.24 0 0.22 0.52 0.584 0.63

CH2(b)+H2 / / / / / /

CH2(X)+2H 0.05 ≈ 0 ≈ 0
0.01

/ /

CH2(a)+2H 0.2 ≈ 0 ≈ 0 0.055 /

CH(X)+H+H2 0 0.51 0.11 0.08 0.07 0.059

C(1D)+2H2 0 0 0 0 0 0.0004

Φ(H) 1 1 0.77 0.47 0.47 0.31

Φ(H2) 0.24 0.51 0.33 0.6 0.654 0.69
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Previous measurements at Lyman α (121.6 nm)
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How was methane photolysis implemented in 
the Titan atmosphere models until recently?
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3 dissociation pathways: 
- CH3 + H 
- CH2 + H2 
- CH + H + H2 

Two different energy ranges:  
- at Lyman-α (121.6 nm) 
- Out Lyman-α

+
+

+

hν
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How was methane photolysis implemented in 
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How was methane photolysis implemented in 
the Titan atmosphere models until recently?
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What is important?
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from the simulations: 

- CH2 and CH3 are the most important products, 

- Lyman α is the most influent wavelength, but «out-
Lyman α» wavelengths have an effect, 

from the literature: 

- direct probing of CH2 and CH3 fragments is 
mandatory
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Strategy
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Strategy
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First step: absolute photoionization 
cross section measurements of radicals
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Experimental setup for radical cross section 
measurements
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VUV sources
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SOLEIL synchrotron 

8→12 eV 

(64524.4→96786.5 cm-1)
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VUV laser at 118.2 nm (3ω) 
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Method for measuring absolute 
photoionization cross sections
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Method for measuring absolute 
photoionization cross sections
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How to measure F mass discrimination factor?

- 6 molecules : 
• NH3 (Ammonia) 
• NO (Nitric oxide) 
• C3H6 (propene, reference) 
• C3H6O (acetone) 
• C6H12 (cyclohexane) 
• C2H5Br (bromoethane) 

- Extrapolation 
(collaboration with P. Pernot, LCP) 

• best fit 
• uncertainty propagation

15

NH3

NO

C3H6O

C6H12

C2H5Br

reference

Mass

M
as

s 
di

sc
rim

in
at

io
n 

fa
ct

or
 (F

A/
P)



KIDA meeting - 2015 16

Time of flight / µs

io
n 

si
gn

al
 / 

m
V

Δ 
io

n 
si

gn
al

 / 
m

V



KIDA meeting - 2015

Use of pyrolysis radical source 
…under control!

•First requirement: Photoionization cross section 
independent with temperature (in the pyrolysis 
temperature range). 

•Corrections are needed: 

- Pyrolysis temperature has physical effects on the 
beam (expansion facteur), 

- Reactivity has to be controlled.

17
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Photoionization cross section of CH3 at 118.2 nm
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Energy-dependent photoionization cross section: 
Combination Laser / synchrotron experiments
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B. Gans, L. A. Vieira Mendes, S. Boyé-Péronne, S. Douin, G. Garcia, H. Soldi-Lose, B. K. Cunha de Miranda, 
C. Alcaraz, N. Carrasco, P. Pernot and D. Gauyacq,  J. Phys. Chem. A 114, 3237–3246 (2010) 
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Second step: Methane 
photolysis experiment
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Experimental setup  at CLUPS laser center:  
a VUV pump-VUV probe laser experiment
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Dissociation

VUV1 CH3 CH2 CH C

CH3(X) CH2(X) CH2(a) CH(X) C(1D)

IP [eV] 9.84 10.40 10.00 10.64 10.02

Ionization at 121.6 nm 
(10.2 eV) ✔ ✘ ✔ ✘ ✔

Ionization at 118.2 nm 
(10.49 eV) ✔ ✔ ✔ ✘ ✔
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Results: branching ratios
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Φ(CH)=0.07 Φ(CH)=0.09

Photolysis at 121.6 nm Photolysis at 118.2 nm
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Comparison with previous studies

27

Dissociative
channel

Mordaunt et al. 
S1 & S2 1993

Heck et al. 
(1995)

Brownsword 
et al. (1997)

Wang et al. 
(2000)

Park et al. 
(2008) This work

CH3(X)+H 0.51 0.49 0.66 0.38 0.291 0.31 0.42

CH2(a)+H2 0.24 0 0.22 0.52 0.584 0.63 0.48

CH2(b)+H2 / / / / / / ≈0

CH2(X)+2H 0.05 ≈0 ≈0
0.01

/ / 0.03

CH2(a)+2H 0.2 ≈0 ≈0 0.055 / ≈0

CH(X)+H+H2 0 0.51 0.11 0.08 0.07 0.059 0.07

C(1D)+2H2 0 0 0 0 0 0.0004 ≈0

Φ(H) 1 1 0.77 0.47 0.47 0.31 0.55

Φ(H2) 0.24 0.51 0.33 0.6 0.654 0.69 0.55
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Conclusions
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Pump-probe experiment with 2 VUV beams to 
study methane photolysis (121.6 nm & 118.2 nm) 
New set of branching ratios at 121.6 nm and first 
set of BR at 118.2 nm. 

➡Strong wavelength-dependence of the BR. 
Ready to be implemented in KIDA database !! 
New theoretical studies should be stimulated by 
these experimental results!
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Test with a photochemical model of Titan
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Fig. 6. Mean (full) and 95% confidence intervals (dashes) of altitude-dependent mixing ratios for a set of representative minor species in the upper atmosphere (800–
1200 km): (blue) Scenario 1, implementing a fixed value of the branching ratios at non-Ly-a wavelengths ðbCH3 ¼ 1Þ; (red) Scenario 2, implementing the new wavelength-
dependent branching ratios model; (green) Scenario 3, with b1 CH2

ðScenario 3Þ ¼ b3 CH2
þ b1 CH2

(Scenario 2). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

B. Gans et al. / Icarus 223 (2013) 330–343 337

Fig. 6. Mean (full) and 95% confidence intervals (dashes) of altitude-dependent mixing ratios for a set of representative minor species in the upper atmosphere (800–
1200 km): (blue) Scenario 1, implementing a fixed value of the branching ratios at non-Ly-a wavelengths ðbCH3 ¼ 1Þ; (red) Scenario 2, implementing the new wavelength-
dependent branching ratios model; (green) Scenario 3, with b1 CH2

ðScenario 3Þ ¼ b3 CH2
þ b1 CH2

(Scenario 2). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

B. Gans et al. / Icarus 223 (2013) 330–343 337

B. Gans, Z. Peng, N. Carrasco, D. Gauyacq, S. Lebonnois, P. Pernot, Icarus 223 (2013) 330–343  

⇒ wavelength dependence of branching ratios should be taken into account.
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Actors of the methane photolysis quest

Phys. Chem. Chem. Phys., 
2011, 13, 8140–8152

S. Boyé-Péronne, M. Broquier, S. Douin, D. Gauyacq 
-  (Institut des Sciences Moléculaires d’Orsay)  

P. Pernot 
-  (Laboratoire de Chimie Physique) 

P. Halvick, J.-C. Loison  
- (Institut des Sciences Moléculaires),  
R. Lucchese  
- (Texas Department of Chemistry)
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Perspectives

 Implementation of CH4 photolysis BR in KIDA 
database 

 Expertise in BR measurements and radical cross 
sections to be used to study other astrophysically-
relevant species: 

- UV and VUV photolysis of NH3 

- UV and VUV photolysis of cyanopolyynes (HC3N,…) 

- …

31



Thank you for your attention!


