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Elemental Abundances

= 180 neutral IS et CS molecules (2013) (without isotopologues)
25 molecular ions (without isotopologues)
22 positive molecular ions

6 negative molecular ions AbundanC_e
/H nuclei

H, 0.5
HD 1.6 x 10
He 0.09
C 1.2 x 10
H e N 7.6 X 10°
] 0 2.6 x 10"

S 8.0x 108
C, N, O Fe 1.5x 1038

S, si, P, F, Cl, Na, K, Mg, Al, Ar



AICI | CH, | SICN | HNCO | CH, | CH,OH | CH,NH, (CHy),0 | CgHq
CH | Sic | NH, | SINC | HOCN | SiH, | CHSH | CH,CCH | C,H.OH

NH | SiO | H,0 | HCP | HCNO | CHNNH | C,H, CH,CHO C,HCN

OH | SiN | HCO | Hy* | HCCN | G H,C, | ¢-CH,OCH, | CH.C,H

C, | SiS | HCN | HCO* | HNCS |e¢-C;H,| CH,CN | H,CCHOH CH

O, | PO | HNC | HOC* | HSCN | I-C;H, | CH,NC | CH,CHCN HC.CN

CO | PN | HNO |HCS* | C,N | H,CCN | NH,CHO HCCN | CH,CONH,

CN |FeO| €, | NH* | €,0 | H,NCN | H,CCHO C,H CH,CHCH,

cs [cur [ cH [cce | cs |cewco| e KT @
N, | co*| c,0 SiC; | HCOOH | CN

NO | SO* | ¢,S HO* | C.H C.O (CH,),CO | HC,,N
NS | CF* | ocS HCNH* | HC,CN |  CS CeH, C,H,CHO

SH CO, | NH; | HOCO* | HC,NC | ¢-C;H,0 | CH,CHCHO | (CH,OH),

SO ¢-SiC, | H,CO| C,N- | C,Si | CH,CNH | HCOOCH, | CH.C,CN

HE SO, | H,CS C.,N | HC,NH* | HOCH,CHO

HCI N,O | H,CN HCOH' | C.N\- CH,COOH

NaCl MgCN | ¢-C3H C,H- C,N CH,CH

KCl MgNC | I-C;H H,CCCHCN | HC,CN

AlF NaCN | C,H, CH,C,CN




ASTROCHIMIE

4 Gaz
- réactions ion- molécules
- modeéles astrochimique: X 1000 réactions H,0, CO,, CH,, NH;, H,CO, CH;0H

O Quelle chimie de surface des « poussieres »
Faut-il apporter de I'énergie ?

- diffusion (thermique/effet tunnel) des atomes
- probabilité de réaction ?
- effet isotopiques ?
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O Origine et évolution des molécules observées ?

O Comment libérer les molécules en phase gazeuse
désorption thermique / non thermique

5-250 nm
O Densité : 10 — 106 cm™
O T.,:10 K- x 100K, milieu faiblement ionisé

d Bombardement de photons (UV, X) et particules
énergétiques (rayons cosmiques)



Water Vapor and Water Ice
in protoplanetary disks
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Motivations: gas-to-ice balance

SOLID PHASE GAS PHASE

Thermal desorption

X

In cold regions

Carbonaceous
or silicate core

T=10-30 K




Motivations: gas-to-ice balance

SOLID PHASE GAS PHASE

Thern&desorption

Non-thermal desorption

In cold regions

Carbonaceous
or silicate core

* Energetic particles
e Chemistry

T =10-30 K * Sputtering in shocks

* UV photodesorption



UV Photodesorption desorption in the
Interstellar Medium

MWC 480 *- "
0

UV PHOTODESORPTION
Protoplanetary disks, Photon-
Dominated Regions, inner and outer
regions of molecular clouds
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Pietu et al. 2007
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UV Profiles in Astrophysical Environments
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UV Profiles in Astrophysical Environments
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UV Profiles in Astrophysical Environments
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UV-Photodesorption in the Laboratory

First theoretical estimate: 10> - 10® molecules /UV Photon (CO)
Hartquist & Williams 1990

Photodesorption rates

Microwave-Discharge Hydrogen-Flow Lamp

= Absolute Yields (Lya)

Westley 1995, Oberg 2007, 2009a, 2009b,
Muhoz Caro 2010, Bahr & Baragiola 2012, Yan
& Yates 2013 etc...

H,0 (D,0), CO, N,, 0, @ low T

10-3 molecules / UV photon




Experimental Conditions

v Photon Flux : 1014 photons cm2 s1
v Photon Fluence : 10*>- 1017 photons cm

v’ Methods : IR absorption or Microbalance
Molecule generally not detected into the gas phase

v VUV spectrum depends on experimental operating conditions
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SGLEIL

SYNCHROTRON

Fully tailored polarization

Undulator : 4.5 — 40 eV
\\,

OLEIL

SYNCHROTRON




« SPICES » set-up : Surface Processes and ICES

1 UHV - 8-200 K

d Gas Phase
Mass spectrometry

 Surface
Reflexion Absorption Infrared
Spectroscopy

UV photons

. Au surface Te [13,3001 K




L « SPICES » @ SOLEIL (DESIRS beamline)

SYHCHAOTRON

PHOTODIODES

IS ., o Set-up% L



bEIL « SPICES » @ SOLEIL (DESIRS beamline)
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« SPICES » @ SOLEIL (DESIRS beamline)

OLEIL

SYNCHROTRON

Mass spectrometer
10 1213 photons/s QMS = f(E)

EWHM : 20-40 meV Photodesorption
spectra
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1 |Measured
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20 25
Photon energy (eV)
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New Experimental Approach

v"Monochromatic irradiation

Differential photodesorption yields
Y=f(E) => application to any FUV profiles

v Detection of molecules into GP
=> high sensitivity

v low Flux / Fluence
Favor identification of primary processes

v' Understanding molecular processes
- Photodesorption mechanisms in pures ices
- Indirect desorption in binary ices
- Interconnection between photochemistry and
photodesorption



pure ices



CO Photodesorption Spectrum
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1€Q RPhotedesorption-mechanism

Mass spectrometer
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CO photodesorption: molecular mechanism
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Pure N, photodesorption
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Pure N, photodesorption
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Photodesorption of pure N,: induced by N + N recombination ?
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Photodesorption and Photochemistry
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Photodesorption of
Layered and mixed ices
(without chemistry)



CO photodesorption: molecular mechanism
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CO photodesorption: molecular mechanism
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CO photodesorption: molecular mechanism
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CO photodesorption: molecular mechanism
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A surface process: only the topmost molecules are desorbing
Only the upper 1-3 layers are affected with photodesorption



CO photodesorption: molecular mechanism
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12CO
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CO photodesorption: molecular mechanism
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Bertin et al., Phys Chem Chem Phys 2012
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CO photodesorption: molecular mechanism

12CO* AMI vibrational levels
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CO photodesorption: molecular mechanism

12CO* AT vibrational levels
]

———r—r ————— —
1 1 1 )
v+ 1 13COsigna
1 1 1
1 1 1
1 1
1 1
1 1
1
1
1
)
=
>
2
s
©
c
o
(72}
o)
= 1
|
|
|
|
|
|
|
|
|
7,5 8,0 8,5 9,0 9,5 10,

Photon Energy (eV)

Mainly an

the excited molecule is not
the one which desorbs

2ML,, $3CO / 10ML,, 12CO

3ML,, 13CO / 10ML,, 12CO

Pure 20 ML, *CO

Séminaire CERN, 27 Juin 2014



CO photodesorption: molecular mechanism

Indirect — surface DIET mechanism

Desorption of f

<
Z-
< surface CO M,
{2) molecule

(N
“ " At e e
o @ CO ice e (ﬁ - e ¢

CO ice

Important role inter-molecular energy coupling

Bertin et al., Phys Chem Chem Phys 2012

Séminaire CERN, 27 Juin 2014



HOPG, 14 K
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Layered ices : N, / CO
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Layered ices : N, / CO
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Layered ices : N, / CO
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Layered ices CO / N,
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—— CO desorption from CD:szind ice

—— N _desorption from CO:N_ mixed ice -

—— Linear combination of PSD spectra of pure CO ({x0.5)
and pure N_ (xD.4)
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Bertin et al., 2013 APJ. In press



Pure Pure CO from Ny from
Environment CO 1ce” N, ice? Mixture 0.9 ML,, Mixture 0.9 ML,,
CO:Ns 1:1 Noon CO CO:Ny1:1 Nyon CO
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Protoplanetary disk® 7.2 x 1072 53 x 1072 23x10% 3.0x107* 21x1072% 27x107?




Integrated Photodesorption
rates (mol.ph’!)
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Integrated Photodesorption
rates (mol.ph’!)

Pure

CO from Ny from

Environment CO 1ce” Mixture 0.9 ML, Mixture 0.9 ML,,

CO:No 1:1 Noon CO CO:Ns 1:1 Ns on CO

Joes gt 12102 26x10=2 57x10=3% 53x10=2% 55x103 80 x10-*
b

Prestellar cores

1.0 x 102 |[2.2 % 1073]| 3.0 x 102 3.9 x 10-3|[3.0 x 103 5.1 x 103

Protoplanetary disk® 7.2 x 107° 5.3 x 10\

23x107° 3.0x107° 2.1 40 ° 2.7x107"

Prestellar

Cores

GAS PHASE
CO N,

€0)

Carbonaceous
or silicatecore

H,0



Integrated Photodesorption
rates (mol.ph’!)
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CO : H,0 layered ice

Bertin et al., Phys Chem Chem Phys 2012

Desorbing CO signal (arb. units)

CO /250 ML, amorphous H,0

CO /250 ML crystalline H,0

Pure CO
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Interactions of CO-H,0 quench the photodesorption process by at least a factor of 15



Photodesorption and photochemistry
The CO, case
( New Results)
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Pre-irradiated CO,

Photodesorption rate (molecule/photon)
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Mechanisms

Desorption related to

COZg (& Cog) Cog COZg solid CO, absorption

T A spectrum
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O photodesorption without chemistry

| N | co

Ly man-alpha 1,5 103 4 103

v Energy dependent, High absolute rates

v' Indirect desorption from electronic excitation Edge of 2,6 103 1,2 102
ouas

v’ Rates depends on the chemical composition and
ice structure

O CO,: photodesorption and Photochemistry interconnected
CO photoproduced induce the photodesorption of CO, below 10 eV

FUTURE DIRECTIONS  v'Indirect desorption ?
CO: H,CO and CO : CH,OH

v' Competitive photodissociation

v'Energy partitioning

Séminaire CERN, 27 Juin 2014



FUTURE DIRECTIONS
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CO2 ice after irradiation at:
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CO photodesorpti

on: mechanism

Fayolle et al., ApJ 2011

Photoelectrons can trigger desorption for
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CO photodesorption: mechanism | UPMC
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Desorbing CO signal (arb. units)

Photodesorption of CO on H,0 ices
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Interactions of CO-H,0 quench the photodesorption process by at least a factor of 15



Thermal Desorption Experiments
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CO and N2 layered films
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Results CO
Secondary processes ?
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H,O Photodesorption

Molecular Dynamics Simulations
Andersson 2005, 2006, 2008

INDIRECT PROCESS Arasa 2010

H,O PhotoDesorption

= recombination
OH+H —> H,0

= H Kick off H,0

H,O — OH +H

Experiments

Yabushita 2008 (Laser)
Hama 2009,2010 (Laser)
= Hatoms 2102 /photon
YVestIey 1995 = OH 3104 /photon
Oberg 2009
=H,0 1,4 10 /photon

Weak Temperature dependence



Photodesorption : H,O

20 ML ASW H,0 ice on HOPG at 15 K and 100 K
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