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HH 46/47 with Spitzer/IRS - Credit: NASA/JPL-Caltech/A. Noriega-Crespo (SSC/Caltech)

dust grain

Ices	  in	  star	  forming	  regions

•Molecules	  are	  found	  in	  gas	  and	  solid	  phase
•The	  main	  species	  in	  the	  condensed	  phase	  are	  H2O,	  CO,	  CO2



Low-‐mass	  star	  forming	  environments

•Molecules	  can	  freeze	  out/form	  on	  dust	  grains.
•The	  amount	  of	  ice	  and	  composition	  evolve	  during	  star	  formation	  process



Ice	  to	  gas

Thermal	  desorption
from	  surface with	  water	  ~100K Non-‐thermal	  desorption

Sputtering
Exothermic	  chemistry
Electron	  induced	  desorption
UV	  induced	  photodesorption

•Mechanisms



•Non-‐thermal	  desorption	  is	  required	  to	  
explain	  the	  presence	  of	  gas	  in	  cold	  and	  
UV	  exposed	  regions.

Photodesorption

e.g. Dominik et al 2005, Hersant et al 
2009, Hollenbach 2009, Oka et al 2012

Water in L1544 Credit: ESA/ 
Herschel/SPIRE/HIFI/Caselli et al.

MWC 480

1-0 13CO

Pietu et al. 2007

•Cold	  gas	  possibly	  originates	  from	  
photodesorption	  of	  ice	  grain	  mantles.	  



•Photo-‐induced	  processes	  studied	  using	  H2	  discharge	  lamp	  to	  simulate	  
Interstellar	  radiation.

Photodesorption	  in	  the	  lab

e.g. Westley et al 1995, Oberg et al 2007, 2009, Munoz-Caro et al 2010 

H2 discharge lamp emission profile - Munoz-Caro et al 2003



•Use	  of	  monochromatic	  light:	  SOLEIL	  synchrotron	  +	  SPICES	  set-‐up
•	  Wavelength-‐dependent	  measurements:	  application	  to	  various
	  ISM	  environments	  (different	  UV	  Xield)

•Unveil	  the	  underlying	  molecular	  mechanism

CO	  photodesorption



•Irradiation	  using	  monochromatic	  radiation	  between	  7	  -‐	  14	  eV

•Ice	  loss	  detection	  through	  ReXlexion	  Infra-‐Red	  Spectroscopy

•Gas	  phase	  desorption	  detection	  using	  mass	  spectrometry

IR beamdetector

Au surface - 18K

UV photons
7 - 14 eV QMS

CO	  photodesorption
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UV photons
7 -> 14 eV

•Increasing	  irradiation	  energy	  from	  7	  to	  14	  eV

•Clear,	  structured	  wavelength	  dependence	  of	  CO	  photodesorption
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CO	  photodesorption



Absorbed	  photons

Photo-‐desorbed	  molecules

absorption	  data	  from	  Lu	  et	  al.	  2005

1st electronic 
state

2nd - 3rd 
electronic 

state

UV photons
7 -> 14 eV

•Desorption	  efXiciency	  
sensitive	  to	  the	  wn
•Desorption	  Induced	  by	  
Electronic	  Transition	  
process
•Maximum	  desorption	  at	  
8.2	  eV,	  5	  x	  10-‐2	  mol.ph-‐1

QMS

A1Π - X1Σ

Fayolle et al. 2011

CO	  photodesorption

Ly-α



Implication	  for	  astrochem	  models

ISRF	  dominated	  regions:	  
1.2	  x	  10-‐2	  molecule.ph-‐1

Pre-‐stellar	  cores	  -‐	  cosmic-‐
rays	  excited	  H2	  emission	  
9.4	  x	  10-‐3	  molecule.ph-‐1	  

Protoplanetary	  disks	  -‐	  
TW-‐hydrae	  emission	  
6.6	  x	  10-‐3	  molecule.ph-‐1

•SpeciXic	  sublimation	  rates	  -‐>	  better	  interpretation	  of	  CO	  observation
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Fig. 1.—Left: FUV spectra of TTSs. Heavy solid line: HST/STIS spectrum
of BP Tau, obtained in program GO9081, with grating G140L. Light solid
line: Spectrum of TW Hya scaled by 3.5 to match the BP Tau continuum level.
We have combined the HST/STIS E140M spectrum from program GO8041,
above Å, with the FUSE spectrum below (Herczeg et al. 2002).l p 1150
The STIS E140 M has been convolved to the G140L resolution, while the
FUSE spectrum has been smoothed by 10 Å. Identification of important emis-
sion lines is given. The extension below 960 Å adopted in the calculations
for this work is shown as a dotted line (see § 2). The interstellar field from
Draine (1978) scaled by ∼540 Habing to match the integrated flux of the
adopted spectrum is shown in dashed lines. Right: Region around the Lya
line. The echelle spectrum of CY Tau obtained with STIS and grating E140M
in our program GO8206, convolved to the resolution of G140L, is shown with
dashed lines. Other line styles are as in left panel. The reddening toward CY
Tau is lower than toward BP Tau, and thus the central core of the line is more
apparent. The dotted line shows one of the adopted approximations for the
flux in the central core of the line (see § 5).

with accretion luminosity (N. Calvet et al. 2003a, in prepara-
tion).
We now have a much better knowledge of the FUV fields

characteristic to TTSs. Figure 1 shows the FUV spectrum of
BP Tau, a TTS with mass, radius, , and age (0.5 M,, 2 R,,Ṁ

M, yr!1, and ∼2 Myr; Gullbring et al. 1998) typical!83# 10
of the class. The observations were obtained in Hubble Space
Telescope (HST ) program GO9081 and are reported elsewhere
(N. Calvet et al. 2003b, in preparation). The low-resolution
(G140L) spectrum has been scaled to 100 AU, using 140 pc
as the distance of Taurus (Kenyon, Dobrzycka, & Hartmann
1994), and corrected for reddening using the interstellar law
and (Gullbring et al. 1998).A p 0.5V

We also show in Figure 1 the spectrum of the 10 Myr old
star TW Hya, from Herczeg et al. (2002). This star has a mass
of 0.8 M,, a radius of 1 R, (Webb et al. 1999), and a mass
accretion rate ∼10!9–10!8 M, yr!1 (Alencar & Batalha 2002).
The flux from TW Hya suffers little or no reddening but has
been scaled by ∼3.5 to match the continuum of BP Tau.4 Com-
parison between the spectra of BP Tau and TW Hya indicates
that the shape of the continuum is roughly similar. More differ-
ences can be seen in the strength of the emission lines that
permeate the spectra. These are lines of highly ionized metals,
He, and hydrogen Lyman series (Valenti, Johns-Krull, & Linsky
2000; Ardila et al. 2002). The largest difference can be seen in
Lya, shown in the right inset in Figure 1. The core of the line
is lost to absorption in the line of sight to BP Tau. We also show
the Lya profile of CY Tau, a star with parameters similar to BP
Tau (Gullbring et al. 1998), but a lower reddening, ,A p 0.3V

so more of the Lya core can be seen. Still, the flux in Lya is
much lower than that of TW Hya. This comparison indicates
that variations of more than a factor of 10 are expected in the
flux of the Lya line among TTSs.
With this information, we have constructed a composite FUV

spectrum that is representative of the low-mass TTSs, which
constitute the largest fraction of the newly born young stars.
The adopted spectrum is equal to that of BP Tau between 1150
and 2000 Å and to the scaled TW Hya Far Ultraviolet Spec-
troscopic Explorer (FUSE) spectrum down to 950 Å. Below
950 Å, we assume a linear extension with the same slope as
the continuum. For the chemical calculations in § 5, we inte-
grate the adopted spectrum in 10 Å bins.
We show in Figure 1 the ISRF scaled by 540 to match the

total luminosity of the adopted spectrum between 900 and
1700 Å.5 The overall strength of the representative TTS FUV
continuum spectrum at 100 AU is of the order of a few hundred
Habing, significantly lower than generally assumed. In addition,
Figure 1 shows that the representative FUV spectra differ from
the interstellar field in several ways: (1) the shape of the con-
tinuum is different in the sense that the TTS spectra rise as
wavelength increases, and (2) the TTS spectra are dominated by
emission lines, which carry at minimum ∼35 % of the flux.6

4 This is consistent with the ratio of their mass accretion rates, allowing for
intrinsic variability and uncertainties of the mass accretion rate determination.

5 To make this comparison, we have used the expression for the interstellar
field energy density ul from Draine (1978) as given by eq. (23) of Draine &
Bertoldi (1996), with . In addition, we have adopted the scalingJ p cu /4pl l

, which matches the interstellar field as estimated by Habing (1968). Thisx p 1
field is lower by a factor of 1.71 than the one given by , with Il fromhcI /4pll

van Dishoeck (1987). We have then used , with Q the solidF p 4pJ p I dQ!l l l

angle, to compare with the observed flux.
6 For BP Tau and TW Hya, lines carry, respectively, at least 35% and 85%

of the luminosity between 1100 and 1700 Å. These percentages are lower limits
because of interstellar and wind absorption of Lya photons.

3. DISK MODEL

For the calculations in this Letter, we adopt a disk model
that fits the median spectral energy distribution (SED) for clas-
sical (accreting) TTSs in the Taurus clouds (D’Alessio, Calvet,
& Hartmann 2001). Typical stellar parameters are adopted,

, , and K (Gullbring etM p 0.5 M R p 2 R T p 4000∗ , ∗ , ∗
al. 1998; Hartmann et al. 1998), and the mass accretion rate
used, , is near the average in Taurus!8 !1Ṁ p 3# 10 M yr,

(Hartmann et al. 1998). Dust grains were assumed to be se-
gregate spheres of compounds with abundances as in Pollack
et al. (1994) and with a size distribution given by n(a)da ∝

, where the grain radius a varies between 0.005 mm and!3.5a da
1 mm. The disk outer radius is AU; with this, andR p 350d

, the mass of the disk is 0.03 M,.a p 0.05
We self-consistently solve the complete set of vertical struc-

ture equations, including irradiation and viscous heating, re-
sulting in detailed profiles of temperature and density with
vertical height and disk radius. Figure 2 shows the vertical
profiles of temperature and column density for the adopted disk
model at a radius AU, which is used in the discussionsR p 100
of the following sections.

4. TRANSFER OF FUV RADIATION

We follow the transport of FUV radiation through the disk
using an analytical approximation that allows for the inclusion
of scattering in addition to pure absorption (see also van Za-
delhoff et al. 2003). We assume that stellar radiation at an
ultraviolet wavelength l comes in a single beam that makes
an angle to the local surface , defined by the con-v (l) z (l)0 s

dition , where is the radial optical depth. We followrad radt ∼ 1 tl l

standard procedures for solving the transfer equations in the
plane-parallel approximation.7 We assume that there is no local

7 This is justified because of the small geometrical thickness of the disk (cf.
D’Alessio et al. 1999).

Bergin et al. 2003

Fayolle et al. 2011

Gredel et al. 1987

Mathis et al. 1983



Substrate	  &	  coverage	  inXluence

•UV	  photons	  on	  gold	  sample:	  photoelectrons	  for	  Ephoton	  >	  4.4	  eV
•Irradiation	  for	  different	  coverage,	  different	  substrate

•PSD	  spectra	  are	  very	  similar	  for	  CO	  
coverages	  between	  3	  and	  250	  ML

•No	  effect	  due	  to	  the	  substrate	  is	  
seen	  in	  the	  photodesorption	  spectra.

•CO	  photodesorption	  is	  a	  DIET	  
process	  involving	  only	  the	  CO	  ice.	  Hot	  
and	  photoelectron	  contribution	  is	  not	  
observed

Bertin et al. 2012



Surface	  vs	  bulk	  process
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Surface	  vs	  bulk	  process
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Surface	  vs	  bulk	  process
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Surface	  vs	  bulk	  process

Bertin et al. 2012

•12CO	  photodesorption	  is	  hindered	  by	  only	  1-‐2	  ML	  of	  13CO	  overlayer
•Photodesorption	  originates	  from	  the	  two	  top-‐most	  layers
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Surface	  vs	  bulk	  process

}
13CO	  photodesorption	  
is	  triggered	  by	  the	  
excitation	  of	  the	  
underlying	  12CO

Shift	  from	  12CO	  to	  13CO	  
vibronic	  progression

Bertin et al, 2012
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Proposed	  mechanism

•The	  role	  of	  energy	  transfer	  between	  the	  excited	  molecule	  and	  the	  
desorbing	  molecule	  is	  a	  key	  parameter	  that	  drives	  the	  desorption	  
efXiciency	  !

•The	  initial	  excitation	  step	  takes	  place	  below	  the	  top-‐most	  layers
•CO	  photodesorption	  is	  a	  (sub)surface	  process

Bertin et al, 2012
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Take	  home

•Photodesorption	  yields	  are	  wavelength-‐dependent.
•Quantitative	  yields	  can	  be	  used	  to	  predict	  photodesorption	  
efXiciency	  in	  various	  ISM	  regions.
•Local	  molecular	  environment	  matters	  and	  should	  
accounted	  for	  in	  astrochemical	  networks.
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Stay	  tuned...

•Currently:	  O2,	  H2O/D2O,	  CH3OH,	  mixtures...	  photodesorption	  under	  
analysis

•Perspective:	  CO2	  photodesorption,	  pump	  probe	  system	  to	  unveil	  
photodesorption	  energy	  balance

SPICES set-up

SOLEIL synchrotron

Laser @ UPMC
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