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ABSTRACT 

The recently constructed vacuum ultraviolet (VUV) free electron laser (FEL) at the Dalian Coherent Light 
Source (DCLS) is yielding a wealth of new and exquisitely detailed information about the 
photofragmentation dynamics of many small gas-phase molecules. This Review focuses particular attention 
on five triatomic molecules—H 2 O, H 2 S, CO 2 , OCS and CS 2 . Each shows excitation wavelength-dependent 
dissociation dynamics, yielding photofragments that populate a range of electronic and (in the case of 
diatomic fragments) vibrational and rotational quantum states, which can be characterized by different 
translational spectroscopy methods. The photodissociation of an isolated molecule from a well-defined 
initial quantum state provides a lens through which one can investigate how and why chemical reactions 
occur, and provides numerous opportunities for fruitful, synergistic collaborations with high-level ab initio 
quantum chemists. The chosen molecules, their photofragments and the subsequent chemical reaction 
networks to which they can contribute are all crucial in planetary atmospheres and in interstellar and 
circumstellar environments. The aims of this Review are 3-fold: to highlight new photochemical insights 
enabled by the VUV-FEL at the DCLS, notably the recently recognized central atom elimination process 
that is shown to contribute in all of these triatomic molecules; to highlight some of the potential implications 
of this rich photochemistry to our understanding of interstellar chemistry and molecular evolution within 
the universe; and to highlight other and future research directions in areas related to chemical reaction 
dynamics and astrochemistry that wi l l be enabled by increased access to VUV-FEL sources. 

Keywords: vacuum ultraviolet photochemistry, photodissociation, free electron laser, interstellar 
chemistry, chemistry of planetary atmospheres 
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photon promotes a molecule to a highly excited 
state from which it may break up promptly (direct 
dissociation) or more slowly (by predissociation). 
The resulting photofragments are often much more 
chemically reactive than the parent precursor, paving 
the way to (collision-induced) formation of larger 
molecules. Photodissociation processes are seen as 
key to understanding and modeling the chemistry 
prevailing in nearly every type of astrophysical re- 
gion. Examples include the edges of dense clouds 
near bright young stars, the surface layers of pro- 
toplanetary disks, envelopes around evolved stars 
and giant molecular clouds. Indeed, such clouds 
of gas and dust in which photodissociation is the 
dominant means of molecular destruction are now 

termed photodissociation or photon-dominated re- 
gions (PDRs) [ 1 ]. It is in these regions that 
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NTRODUCTION 

hotodissociation is a branch of photochemistry in
hich photon absorption results in fission of one
r more bonds in a molecule. Photodissociation of
xygen (O 2 ) by vacuum ultraviolet (VUV) radiation
rom the Sun and of ozone (O 3 ) at lower altitudes
s key to explaining the structure of the ozone layer
n Earth’s stratosphere. Successful life on Earth relies
pon the ozone layer preventing any solar radiation
ith wavelength λ shorter than 300 nm from reach-
ng Earth’s surface. 
Most of space has no such protective blanket

nd molecular photodissociation by radiation with
uch shorter (e.g. VUV) wavelengths from the Sun
as long been recognized as an important source
f atoms and small molecular species in, for exam-

le, cometary comae. Absorption of a single VUV 
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nowledge of photofragments and their yields is of
articular importance. But, as shown in this Review,
nly now are the broadly tunable sources of VUV
adiation with sufficient intensity to undertake the
inds of experiment required to provide such infor-
ation becoming available. 
The burgeoning field of astrochemistry is one,

ut by no means the only, driver for exploring
he VUV photochemistry of small molecules in
he gas phase. The photodissociation of an isolated
olecule from a well-defined quantum state pro-
ides an exquisite lens through which to investigate
ow and why chemical reactions occur. Compar-
sons between experimental data and high-level ab
nitio quantum chemical calculations have revealed
any fascinating phenomena [ 2 ], including quan-
um interference effects [ 3 , 4 ], striking isotope effects
 5 , 6 ], and roaming dynamics [ 7–10 ], etc. 
The last few decades have witnessed numerous

hotodissociation studies of small molecules follow-
ng excitation at UV wavelengths [ 2 , 7 , 11 ]. Studies
t VUV wavelengths shorter than that provided by
n argon fluoride (ArF) laser (i.e. λ < 193 nm), in
ontrast, are far fewer in number and largely concen-
rated at just a few specific wavelengths, e.g. 121.6,
57.6 and 193 nm, due to the lack of a suitably in-
ense, tunable VUV light source. This is a problem,
ince the electronic absorption of many of the most
mportant small molecules in the early universe, e.g.
 2 , CO, CH 4 , H 2 O, CO 2 , etc., for which detailed
hotochemical knowledge is essential for modeling
he interstellar chemistry lies entirely in the VUV re-
ion. Solutions are starting to appear. Tunable VUV
ources from table-top lasers, via sum and/or differ-
nce four-wave-mixing (FWM) schemes in Kr/Xe
as, have been used to explore aspects of the VUV
hotodissociation of molecules such as H 2 , CO, N 2 ,
O 2 , O 2 , N 2 O, OCS, etc. Such studies have been
ummarized in recent review papers by Gao et al.
 12 , 13 ]. A free electron laser (FEL), such as that
onstructed at the Dalian Coherent Light Source
DCLS) [ 14 ], offers a very attractive alternative. As
hown here, its high brightness and wavelength tun-
bility make it a new and unique tool for state-of-
he-art molecular photodissociation dynamics stud-
es across a very broad range of VUV wavelengths. 
This review highlights recent VUV photodissoci-

tion investigations of selected triatomic molecules
H 2 O, H 2 S, CO 2 , OCS and CS 2 ) enabled by the
UV-FEL, emphasizing both the new photodissoci-
tion dynamics revealed and the implications of the
ndings for understanding interstellar and circum-
tellar environments. These examples provide am-
le demonstrations of the scientific opportunities of-
ered by use of the FEL: ready access to short photol-
sis wavelengths ( λ < 121.6 nm) and the ease of un-
Page 2 of 17 
dertaking studies in an even-handed way over wide 
wavelength ranges that, in turn, can reveal hitherto 
unknown fragmentation pathways. Each subsection 
ends with a short summary of the recent progress 
and some key remaining questions. The review con- 
cludes by outlining several possible exciting future 
directions and applications of the VUV-FEL. 

EXPERIMENTAL METHODS 

The experiments highlighted in this review em- 
ployed a recently constructed apparatus for molecu- 
lar photochemistry centered on the VUV-FEL beam 

line at the DCLS [ 15 , 16 ]. The VUV-FEL output was
used to excite molecules directly, accessing disso- 
ciative continua and/or predissociating (ro)vibronic 
levels according to the system and the precise wave- 
length under study. The resulting photofragments 
were then detected using a second source of VUV 

laser radiation, generated using table-top lasers and 
an appropriate FWM scheme. 

The VUV-FEL facility ran in the high gain har- 
monic generation mode, wherein the seed laser was 
injected to interact with the electron beam in the 
modulator (Fig. 1 A). The seeding pulse, in the wave-
length ( λseed ) range of 240–360 nm, was generated 
from a picosecond duration Ti:sapphire laser pulse. 
The electron beam, generated from a photocathode 
radio frequency (RF) gun, was accelerated to a beam 

energy of ∼300 MeV by seven S-band accelerator 
structures, yielding a bunch charge of 500 pC. Af- 
ter passing the radiator, the micro-bunched beam 

was tuned to the n -th harmonic of the seed wave-
length, leading to coherent FEL radiation with a 
wavelength of λ/ n . Optimization of the linear ac- 
celerator yielded a high-quality electron beam with 
emittance of ∼1.5 mm·mrad, energy spread of ∼1 ‰ 

and pulse duration of ∼1.5 ps. The VUV-FEL op- 
erated at 10–20 Hz and the maximum pulse energy 
was > 500 μJ pulse −1 ( ∼3 ×10 14 photons pulse −1 ).
The horizontally polarized VUV-FEL output (with 
a typical bandwidth of ∼50 cm 

−1 ) served as the 
photolysis laser and entered the photodissociation 
chamber through a vacuum tube. Every FEL pulse 
was monitored using an online spectrometer, which 
established the center wavelength (tunable in the 
range 50 −150 nm). 

The tunable VUV radiation for probing the pho- 
toproducts was generated by sum or difference fre- 
quency mixing (Fig. 1 B). In the latter, λ1 was set 
at 212.556 nm (a two-photon resonance in atomic 
Kr) and λ2 was tunable between 220 and 870 nm to 
yield λVUV in the range 121–180 nm. Background sig- 
nals from unwanted secondary dissociation of frag- 
ments by the λ1 pulse was eliminated by using an off- 
axis biconvex lithium fluoride (LiF) focusing lens to 
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Figure 1. (A) Schematic of the VUV-FEL beamline at DCLS (revised from [ 15 ]). (B) The arrangement of the VUV-pump and VUV-probe time-sliced velocity- 
map imaging (TSVMI) system for photochemistry studies of interstellar small molecules, with the tunable pump radiation derived from either the VUV-FEL 
or by VUV four-wave mixing (FWM). (C) Schematic showing the molecular beam, laser beam and detection (TOF) axes for photodissociation experiments 
employing Rydberg tagging methods to detect H(D) atom products (revised from [ 15 ]). (D) The VMI approach for measuring photofragment speed and 
angular distributions (from [ 20 ]). 
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isperse the λ1 and λ2 beams away from the pho-
odissociation/photoionization region. Resonance
nhanced sum frequency mixing was used to gener-
te VUV-probe wavelengths of < 120 nm. 
The two independently tunable VUV laser

adiation sources were combined in a number of
ump (i.e. photolysis)–probe experiments, in-
luding H-atom Rydberg tagging time-of-flight
HRTOF) [ 17 , 18 ] and the time-sliced velocity-map
on imaging (TSVMI) [ 19 , 20 ] probe methods. As
ts name implies, the HRTOF method provides
n exquisitely sensitive way of detecting H (and
) atoms. The technique relies on the sequential
bsorption of photons with wavelengths of 121.6 nm
generated by FWM) and at ∼365 nm (Fig. 1 C) to
romote H atoms from the ground ( n = 1) state
o excited levels with n = 2 and then with n ∼ 40.
he Rydberg-tagged H atoms are then field ionized
ust before reaching the detector and recorded by a
ultichannel plate (MCP). The TSVMI methods
Fig. 1 D) were used to detect fragments (atoms,
Page 3 of 17 
radicals and molecules) other than H atoms. The 
S( 1 D) photofragments from the photolysis of H 2 S, 
for example, were probed by one photon excitation 
at λ = 130.092 nm [ 21 ]. The resulting S + ions were
accelerated through the remaining ion optics and 
detected by using a dual MCP detector coupled 
with a phosphor screen at the end of the ion TOF
tube. The transient images on the phosphor screen 
were recorded using a charge-coupled device cam- 
era. Both families of experiments return velocity 
distributions for the probed fragment, which can be 
worked up using momentum and energy conserva- 
tion arguments to yield the total translational energy 
distribution ( P ( E T )) of the products. 

Photochemistry of H 2 O 

Of the > 200 detected interstellar molecules [ 22 ],
water is special. It combines two of the most abun-
dant elements in the universe and it plays a key role
in the physics and chemistry of star- and planet- 
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Figure 2. Vertical excitation energies for various excited states of H 2 O featured in this 
review together with thermochemical threshold energies for the first few O–H bond 
fission, O atom elimination and three-body dissociation channels, and calculated min- 
imum energy transition states leading to various of these products (from [ 28 ]). 
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orming regions [ 23 ]. On planets, H 2 O and O 2 
re widely acknowledged as essential for potential
abitability and the emergence of life. The photodis-
ociation dynamics of H 2 O following excitation to
he lower energy singlet excited states (labeled the
, ˜ B , ˜ C and ˜ D states) have been the subject of nu-
erous experimental and theoretical investigations

n the past few decades. New quantum phenomena
ave been revealed and reviewed in [ 24 , 25 ]. Key ver-
ical excitation energies and dissociation limits are
ummarized in Fig. 2 . Here, we focus on recent new
nd important findings from studies of H 2 O photo-
hemistry at shorter wavelengths ( λ< 120 nm, i.e. at
nergies E > 10.2 eV), enabled by the VUV-FEL and
UV-probe pulses generated by FWM. 

ormation of extremely rotationally excited OH
ragments 
round (X) state OH fragments in rotational lev-
ls with quantum number N > 49 (and energies in
xcess of D 0 (O–H), the bond dissociation energy
f the OH radical) were first observed amongst the
roducts from photodissociation of partially deuter-
ted water (HOD) at 121.6 nm [ 26 ]. Similarly ro-
ationally excited OH(X) products were more re-
ently identified following excitation to the ˜ D state
f H 2 O at λ = 115.2 nm [ 27 ]. Figure 3 A displays the
 ( E T ) distribution derived from H-atom TOF mea-
urements at this wavelength. The peaks in the spec-
rum report on the quantum states of the OH part-
er formed in the dissociation process and the peak
ntensities reflect the relative populations of these
tates. As Fig. 3 A shows, > 30% of the OH(X) photo-
roducts at this wavelength are formed in rotational
Page 4 of 17 
levels with energies above D 0 (O–H), often in tan- 
dem with some vibrational excitation. These OH(X) 
‘super-rotors’ only exist by virtue of the centrifugal 
barrier in the potential energy function associated 
with the high rotational angular momentum [ 27 ]. 
Only the ground ( ̃  X ) and first excited ( Ã) states of
H 2 O correlate adiabatically with H + OH(X) prod- 
ucts. Theoretical analysis, guided by the ab initio po- 
tential energy surfaces (PESs) shown in Fig. 4 , shows 
that H 2 O molecules excited at 115.2 nm dissociate 
via non-adiabatic coupling at regions of degeneracy 
(conical intersections (CIs)) between, first, the ˜ D 

and ˜ B state PESs, and then between the ˜ B and ˜ X 

state PESs [ 28 , 29 ]. 
The latter degeneracies are key to understand- 

ing the massive rotational excitation of the OH(X) 
products. The topography of the ˜ B state PES encour- 
ages opening of the ∠ HOH bond angle in tandem 

with elongation of one O–H bond. In the case of 
H 2 O molecules excited at short VUV wavelengths, 
momentum conservation and the balance between 
the bending and stretching forces after non-adiabatic 
coupling to the ˜ B state PES enable sampling of a 
CI with the ˜ X state PES at linear H–O…H geome- 
tries. Some molecules undergo further intramolecu- 
lar ‘orbiting-like’ motion on the ˜ B state PES and ac- 
cess a rival CI between the ˜ B and ˜ X state PESs at 
linear H…H–O geometries. Both CIs (labeled CI-1 
and CI-2, respectively, in Fig. 4 ) act as ‘funnels’ that 
facilitate transfer of population to the ˜ X state PES 
and formation of H + OH(X) products, including 
the observed OH(X) ‘super-rotors’. 

The OH(X) radical is commonly observed in 
the interstellar medium (ISM). Astronomical obser- 
vations have reported OH(X) radicals carrying ex- 
traordinarily high levels of rotational excitation ( N 

≤ 34) in emission from HH 211 [ 30 ] and the T 

Tauri star DG Tau [ 31 ]. To the best of our knowl-
edge, there are no mechanisms for forming OH(X) 
radicals with such high rotational excitation other 
than VUV photodissociation of H 2 O. This implies 
that the observation of spontaneous emission from 

highly rotationally excited OH(X) radicals can act 
as a proxy for the presence of water in different re-
gions of the ISM. The experimental results described 
here imply that even more highly rotationally excited 
OH(X) radicals may well be present in the ISM; 
their non-observation to date could simply reflect 
limitations of the available detector [ 32 ]. Very re- 
cently, these experimental findings have been incor- 
porated to estimate the local UV radiation field and 
applied to modeling mid-infrared (IR) emission ob- 
served from the tip of the HH 211 protostellar jet 
[ 33 ]. 

Electronically excited OH(A) fragments are also 
formed in the photodissociation of H 2 O once the 
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Figure 3. The P ( E T ) spectra derived from H-atom TOF measurements following pho- 
todissociation of H 2 O at (A) 115.2 nm (B) 112.8 nm and (C) 107.5 nm (data from 

[ 27 , 39 , 44 ], respectively) with the detection axis in all cases aligned at 54.7 o (magic 
angle) to the polarization direction of the VUV-FEL radiation. 
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hoton energy is above its thermochemical thresh-
ld (i.e. λ < 136.89 nm, E > 9.10 eV, Fig. 2 ), with
 highly inverted rotational state population distri-
ution. The ˜ B state of H 2 O correlates adiabatically
ith H + OH(A) products and the rotational ex-
itation of the latter products can be similarly un-
erstood as a carry-over of the opening of ∠ HOH
n tandem with extension of one O–H bond in
olecules that dissociate on the ˜ B state PES shown

n [ 34 , 35 ]. In one spectacular recent example, H 2 O
hotolysis at λ = 96.4 nm (a wavelength that pop-
lates a Rydberg state lying above the first ioniza-
ion potential of H 2 O) was shown to yield excep-
ionally rotationally excited OH(A) fragments, in-
luding some in the vibrational ground-state ( v = 0)
evel with N ≥ 3 6 [ 3 6 ]. The internal energy of
hese photofragments is above the thermochemi-
al threshold for the OH(A) → O( 1 D) + H dis-
ociation channel. Again, such extremely rotation-
lly excited products are only bound by their associ-
Page 5 of 17 
ated centrifugal barrier. These ‘electronically excited 
OH super-rotors’ can dissociate to O( 1 D) + H by
tunneling through the centrifugal barrier, but the 
tunneling rate is relatively slow. The OH(A) po- 
tential is also crossed by no fewer than three re-
pulsive states, each of which correlates with O( 3 P) 
+ H products. Predissociation by coupling to these 
repulsive states is the dominant decay route for 
these OH(A) super-rotors. The estimated lifetimes 
of OH(A, ν = 0, N = 36 − 40) super-rotors are in
the range of 370 −57 ps, implying that such electron- 
ically excited super-rotors might contribute to chem- 
ical reactions in dense atmospheres. 

Formation of highly vibrationally excited 
OH fragments 
In contrast with the prevalence of rotationally ex- 
cited OH photoproducts, the identification of highly 
vibrationally excited OH products from H 2 O pho- 
tolysis has—until very recently—been rare. The 
most notable earlier example arose when exciting a 
few specific low rotational levels of the zero-point 
( v = 0) vibrational level of the ˜ C state, which, by
virtue of their rotational symmetry, were unable to 
predissociate by Coriolis (i.e. rotationally induced) 
coupling to the ˜ B state continuum [ 37 , 38 ]. How-
ever, recent FEL-enabled studies of H 2 O photoly- 
sis at λ = 112.8 nm (Fig. 3 B) revealed formation of
highly vibrationally excited OH(X) products with 
an inverted population distribution, maximizing at 
v = 9 and extending to at least v = 15 [ 39 ]. These
OH(X, high v ) products have been explained by a
sequence of non-adiabatic couplings from the photo- 
prepared ˜ E state via an intermediate state of 1 A 2 sym- 
metry en route to the Ã state PES, i.e. the ˜ E → 

˜ I 1 A 2 
→ 

˜ A radiationless transitions, mediated by asym- 
metric stretching motions in regions of configu- 
ration space where the respective PESs are near 
degenerate—i.e. at geometries involving one short 
and another extended O–H bond. The OH(X, high 
v ) products derive from the O–H bond that survives
after the final coupling to the Ã state PES [ 38 , 39 ]. 

This finding could also have potentially major 
astrochemical significance. The OH Meinel bands 
are important contributors to the airglow in Earth’s 
mesosphere/lower thermosphere [ 40 ] and have also 
been observed in the upper atmospheres of Mars 
[ 41 ] and Venus [ 42 ]. The Meinel band emissions
are associated with multi-quantum transitions from 

high to low vibrational levels of the OH(X) rad- 
ical. The OH(X, high v ) species in Earth’s atmo-
sphere have traditionally been viewed as products 
of the H + O 3 reaction, the exothermicity of which
allows formation of OH(X) radicals in vibrational 
levels with v ≤ 9 [ 43 ]. However, recent model-
ing shows that OH(X, high v ) radicals from H 2 O
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Figure 4. 3D representations of potential energy surfaces for the ˜ X , ˜ B and ˜ D states of 
H 2 O plotted as functions of θ , the inter-bond angle, and one O–H bond length, illustrat- 
ing regions of conical intersection (CI) between the ˜ D and ˜ B states at geometries close 
to the ground-state equilibrium bond angle and between the ˜ B and ˜ X state PESs at 
linear H…OH (CI-1) and OH…H (CI-2) geometries. This representation (adapted from 

[ 44 ]) illustrates vertical excitation to nd Rydberg states and subsequent efficient inter- 
nal conversion to the ˜ D state continuum and subsequent bifurcation of the dissociating 
flux. Some undergo three body dissociation (TBD) to O( 1 D) + 2H products on the ˜ D 
state PES (black arrow) and the remainder undergo non-adiabatic coupling at the CI 
between the ˜ D and ˜ B state PESs. Flux that remains on the ˜ B state PES can dissociate 
to electronically excited H + OH(A) and/or O( 1 D) + 2H products (red trajectory) or fur- 
ther couple via CI-1 or CI-2 to access the ˜ X state PES and H + OH(X) and/or O( 3 P) + 

2H products (white arrows). The potential energy is represented by a false color scale 
where blue through red represents 0–12 eV. 
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hotolysis might make a perceptible contribution to
he OH Meinel band dayglow in Earth’s upper atmo-
phere and should dominate in the Martian atmo-
phere [ 39 ]. 

hree-body dissociation to O( 1 D/ 3 P) + 2H 

ragments 
he P ( E T ) spectra derived from TOF measure-
ents of the H atoms formed by H 2 O photoly-
is at λ = 107.4 nm (Fig. 3 C) are dramatically dif-
erent from those that are dominated by two-body
issociation processes [ 44 ]. In addition to weak
harp structures attributable to the H + OH(X) and
 + OH(A) channels, the spectrum is dominated
y two broad continua: one with E T ≤ 600 cm 

−1 

hat shows a striking angular anisotropy, assigned to
he O( 1 D) + 2H three-body dissociation (TBD)
hannel; and a much broader, weaker feature that
pans the range 60 0 ≤ E T ≤ 16 0 0 0 cm 

−1 , at-
ributable to the O( 3 P) + 2H TBD channel, which
isplays a much smaller angular anisotropy. Fur-
Page 6 of 17 
ther experiments at λ < 107.4 nm show that O 

atoms (in their ground ( 3 P) and first excited ( 1 D)
states), rather than OH radicals, are the major O- 
containing products from H 2 O photolysis at such 
short wavelengths [ 44 ]. Dynamical modeling shows 
that both TBD processes mostly involve sequential 
dissociations, via an H + O–H intermediate step. 
Excitations to nd Rydberg states dominate the H 2 O 

absorption spectrum at these wavelengths and the 
current consensus is that a significant fraction of 
the photoexcited H 2 O molecules decay by fast in- 
ternal conversion to the ˜ D state from whence dis- 
sociation to O( 1 D) + 2H products is predicted to 
be barrierless—and thus sufficiently direct to ac- 
count for the observed recoil anisotropy. A rival non- 
adiabatic coupling to the ˜ B state PES could further 
boost the O( 1 D) + 2H product y ield (v ia a highly
rotationally excited OH(A) intermediate). More im- 
portantly, further non-adiabatic coupling via the pre- 
viously documented ˜ B / ̃  X CIs offers a plausible route 
to the observed O( 3 P) + 2H products (via a highly
internally excited OH(X) intermediate). 

The abiotic generation of molecular O 2 in plan- 
etary atmospheres remains a very active area of in- 
vestigation [ 45 ]. In addition to CO 2 (see later), wa-
ter must be considered as another potential source of 
O 2 , since H 2 O is the third most abundant molecular
species in the universe. Recent studies of the coma 
of comet 67P/Churyumov–Gerasimenko found a 
strong correlation between the O 2 and H 2 O signal 
intensities and that the O 2 /H 2 O ratio was isotropic 
and did not change systematically with heliocentric 
distance [ 46 ]. TBD is the dominant decay process 
following excitation of H 2 O at shorter photolysis 
wavelengths and the TBD yields have been derived 
from the P ( E T ) spectra obtained at 12 wavelengths
in the range of 92.0 ≤ λ ≤ 121.6 nm ( λ = 92 nm de-
fines the onset of the ionization continuum of atomic 
hydrogen, which limits the penetration of all shorter 
wavelengths in the ISM) [ 44 ]. Convoluting the so- 
lar photon flux prevailing in the prebiotic period, the 
photoabsorption cross sections and the TBD yields 
implies that ∼21% of the H 2 O photoexcitation 
events would result in O atoms, which could produce 
molecular oxygen via the three-body recombination: 
O + O + M → O 2 + M. These studies suggest
that H 2 O photochemistry might have been an im- 
portant prebiotic source of O 2 in Earth’s early atmo- 
sphere [ 44 ]. Astrochemical modeling [ 47 ] incorpo- 
rating these recent photochemical data also suggests 
that the TBD of H 2 O may be a significant contribu- 
tor to the O 2 production rate in the comae of comets 
at early ( < 1 day) times following sublimation. Such 
environments satisfy the requirements of minimal 
screening of the necessary short-wavelength solar 
radiation and, at early times, a sufficient collision 



Natl Sci Rev , 2023, Vol. 10, nwad158 

f  

t  

t  

p  

w
 

t  

i  

1
 

c  

i  

o  

o  

c  

p  

o  

m  

3
 

r

F
f
H  

H  

w  

f  

s  

m  

t  

c  

i  

p  

i  

t  

v  

t  

i  

c  

b  

c
 

v  

m  

[  

a  

a  

i  

C  

a  

r
 

n  

e  

T  

p  

O  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/10/8/nw

ad158/7181505 by guest on 30 Septem
ber 2023
requency for the necessary three-body recombina-
ion. At longer times, and thus greater distance from
he nucleus and lower collision rates, the model
redicts O 2 concentrations close to those obtained
hen ignoring the TBD channel. 
The recent experiments also reveal that more

han a third of the O atoms from short-wavelength-
nduced TBD of H 2 O are formed in the metastable
 D state. The O( 1 D) atoms are highly reactive and
apable of reacting with almost all the gases emitted
nto the atmosphere, thereby driving the evolution
f the early atmosphere. For instance, the reaction
f O( 1 D) with methane could have been a signifi-
ant source of formaldehyde and methanol in Earth’s
rimitive atmosphere [ 4 8 ]. Fur ther, it is wor th rec-
gnizing that the O( 1 D) atoms from TBD of H 2 O
ay contribute to the often monitored O( 1 D →

 P) 630.0/636.4-nm emissions in interstellar envi-
onments [ 49 ]. 

ormation of vibrationally excited H 2 

ragments 
 2 elimination following VUV photoexcitation of
 2 O is thermodynamically (and spin-) allowed at
avelengths λ < 176 nm. The branching ratio for
orming O( 1 D) atoms together with ground (X)
tate H 2 products at one wavelength (121.6 nm) was
easured long ago [ 50 ] but any contribution from
he higher energy O( 1 S) + H 2 (X) fragmentation
hannel was only demonstrated for the first time
n recent VUV-FEL pump/VUV-FWM probe ex-
eriments employing TSVMI detection [ 51 ]. O( 1 S)
maging studies following photolysis of H 2 O in
he wavelength range λ ∼100–112 nm returned in-
erted H 2 (X) vibrational-state population distribu-
ions peaking at v ∼3 or 4, which could be rational-
zed in terms of the relevant PESs and non-adiabatic
ouplings en route to O( 1 S) + H 2 (X) products. A
ranching ratio of 16 ± 8% was estimated for this
hannel [ 51 ]. 
Vibrationally excited H 2 (X, v ) molecules can sur-

ive for several days in rarefied interstellar environ-
ents and have been widely observed in the ISM

 52 ]. The vibrational energy can impart greater re-
ctivity (cf. H 2 (X, v = 0) molecules), making H 2 ( v )
 reactive species with many atoms, molecules and
ons in interstellar space. The C 

+ + H 2 ( v = 0) →
H 

+ + H reaction, for example, is endothermic with
n energy barrier of ∼0.37 eV, but this barrier can be
eadily surmounted by H 2 ( v > 0) molecules [ 53 ]. 
Intriguingly, observations towards the reflection

ebula NGC2023 reported significantly enhanced
mission intensities from H 2 (X, v = 4) levels [ 54 ].
his matches the maximum in the vibrational-state
opulation of the H 2 fragments formed via the
( 1 S) + H 2 (X) channel in the short-wavelength
Page 7 of 17 
photodissociation of H 2 O [ 51 ], hinting that H 2 O
photolysis could be a contributory source of H 2 ( v )
molecules in PDRs within the ISM. The O( 1 S) 
atoms observed in the recent VUV-pump–VUV- 
probe experiments are also very relevant to the 
‘forbidden’ atomic oxygen emission lines at 557.7 nm 

(green) and at 630.0/636.4 nm (red), associated 
with, respectively, the O( 1 S → 

1 D) and O( 1 D →
3 P) transitions. These emissions are ubiquitous in 
terrestrial atmospheres and in cometary comae, 
where they are viewed as a proxy for H 2 O [ 55 ]. A re-
calculation of the photodissociation rates of both the 
O( 1 S) + H 2 (X) and O( 1 D) + H 2 (X) channels from
solar photolysis of H 2 O based on the recent DCLS
measurements returns green-to-red line intensity ra- 
tios and intrinsic line widths for both emissions that 
are consistent with those observed in comets [ 56 ]. 

Isotopic effects 
Isotope abundance ratios in comets, planets, the so- 
lar wind and the ISM are vital to understanding and 
reconstructing the history and origin of materials in 
the solar system. Understanding the formation and 
evolution of water during star and planet formation 
is key to our recognizing the conditions for life in
other planetary systems. Long-standing cometary 
measurements have returned a wide range of D/H 

ratios in the water within Jupiter family objects, 
which tend to rule out the idea that the reservoir
is composed solely of Earth-ocean-like water [ 57 ]. 
Most early photochemical models based on the 
self-shielding effect attributed isotopic fractionation 
effects to shifts in absorption line positions upon iso- 
topic substitution and did not allow other possible 
sources of isotopic fractionation in the photodisso- 
ciation process [ 58 ]. Recent experimental studies 
of CO photodissociation at wavelengths λ ∼93 nm, 
however, have demonstrated that the branching 
into electronically excited C atom products is very 
sensitive to substituting 12 C by 13 C [ 5 ]. This isotope
effect was shown to be sensitively dependent upon 
the specific rovibronic quantum state that is being 
excited and has been proposed as a source of isotope
heterogeneity. 

Here we consider how the VUV photochemistry 
of H 2 O/HOD/D 2 O might influence the D/H ra- 
tios of water in comets, planets and the ISM. The
3D contour plots shown in Fig. 5 A and B show the
P ( E T ) distributions of the D + OD and H + OH
products from photodissociation of, respectively, 
D 2 O and H 2 O following excitation to specific ro-
tational levels of their respective ˜ C (010) states at 
λ ∼122 nm. These studies employed a table-top 
VUV-FWM photolysis laser, which offers a narrower 
bandwidth but also much less flexibility than the 
FEL [ 6 , 59 ]. The action spectra for forming H(D)
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E

D2O + hv → D + OD

HOD + hv → D + OH HOD + hv → H + OD

H2O + hv→H + OH  

HOD: 121.08 nm

C (010): 110 ← 000

(B)

(C) (D)

(A)

Figure 5. 3D contour plots showing the angle-resolved P ( E T ) distributions of the (A) D + OD products from the photodisso- 
ciation of D 2 O and (B) H + OH products from the photodissociation of H 2 O via the 1 10 ← 0 00 lines of the respective ˜ C (010) −
˜ X (000) transitions, with E T ≤ 30 000 cm 

−1 (redrawn using data from [ 6 ]); and the (C) D + OH and (D) H + OD products from 

the photodissociation of HOD at 121.08 nm, with E T ≤ 20 000 cm 

−1 (redrawn using data from [ 61 ]). The double-headed arrow 

in (B) shows the alignment of the polarization vector of the VUV-FEL radiation, ε. The outer rings in both plots are associated 
with the formation of rovibrational states of ground-state OH/OD(X) radical products, whereas the inner structures are mainly 
due to OH/OD(A) products. 
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toms at these wavelengths and, as Fig. 5 A and B
hows, the OH(OD) product state distributions all
isplay striking isotopologue-dependent differences.
n H 2 O, the probability of coupling to the ˜ B state
ontinuum is greatly boosted by an isotopologue-
pecific accidental vibronic resonance, i.e. ˜ C (010)

 

˜ D (0 0 0) → 

˜ B → rotationally excited OH(A and
) products [ 6 ]. Such accidental-resonance-induced
tate mixing could contribute to the D/H isotope
eterogeneity in the solar system. 
Photodissociation processes of the mixed iso-

opologue, HOD, have also been suggested to play
n important role in determining the D/H ratio het-
rogeneity in the solar system. Photochemical mod-
ling [ 60 ] has assumed that HOD photodissociation
nto the H + OD and D + OH channels shows the
ame wavelength dependence, but the validity of this
ssumption has yet to be proven experimentally. In-
eed, recent experiments at six different wavelengths
n the narrow range of 120.8 ≤ λ ≤ 121.7 nm have
eturned [H + OD]/[D + OH] branching ratios
hat vary between 0.70 ± 0.10 at 121.08 nm and
.49 ± 0.10 at 121.6 nm [ 61 ]. Such wide variations
Page 8 of 17 
raise serious questions about the assumption, partic- 
ularly at shorter photolysis wavelengths where each 
isotopologue shows a quite richly structured absorp- 
tion spectrum. Noting the great abundance of water 
in the solar nebula, HOD photodissociation must be 
a potentially significant contributor to D/H isotope 
heterogeneity and deserves more careful considera- 
tion in photochemical models. 

As Fig. 5 C and D shows, the photodissocia- 
tion dynamics of HOD at λ = 121.08 nm also 
show marked channel-dependent differences. For 
the D + OH channel, most of the OH products are
formed in their ground (X) electronic state. Roughly 
half of these are in the v = 0 level, with the remainder
distributed over several v > 0 levels. These OH(X) 
products are highly rotationally excited. In the case 
of the H + OD channel, however, most of the OD
products are formed in the v = 0 level of the excited
(A) electronic state. Of these, > 80% are in just three
rotational levels, with N = 27–29. This localization 
of the OD(A, v = 0) population, termed a ‘single N
propensity’ when first observed [ 62 ], is viewed as a
signature of dissociations that explore the near lin- 
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Figure 6. (A) Wavelength dependences of the general interstellar radiation field (ISRF, 
black line) and the total absorption ( σ tot , navy line) and photoionization ( σ ion , blue line) 
cross sections of H 2 S. The P ( E T ) spectra derived from H-atom TOF spectra following 
photodissociation of H 2 S at (B) 154.53 nm, (C) 139.11 nm and (D) 122.95 nm (i.e. when 
exciting on the features marked with red arrows in (A)), with the detection axis aligned 
at the magic angle ( θ = 54.7°) to the polarization vector of the photolysis laser radia- 
tion, ε. The inset in (C) shows an expanded view of the low E T part of the corresponding 
θ = 0° and 90° data. The combs on these spectra show the E T values associated with 
formation of H atoms in conjunction with selected rovibrational levels of the primary 
SH(X) and SH(A) fragments and, in (C), with H atoms formed by predissociation of pri- 
mary SH(A, v = 0, N ) fragments. The maximum E T values associated with the various 
primary fragmentation channels are shown by colored arrows. (E) The quantum yield, �, 
for forming SH(X) photoproducts (red dots). The sigmoidal function (black line) through 
these data is used to derive the overall SH(X) product quantum yield ([ 21 ]). 
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ar OD…H region of the HOD 

˜ B state PES, whereas
he energy disposal in the D + OH(X) products is
uch more characteristic of molecules that disso-
iate by non-adiabatic coupling via the ˜ B / ̃  X CI at
inear DO…H geometries [ 61 ]. These data provide
urther i l lustration of stri king isotopic effects in the
hotodissociation of HOD that could map through

s D/H isotopic heterogeneity in the ISM. 
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Summary 
The photochemistry of H 2 O has attracted great at- 
tention for many years. The new FEL apparatus at 
DCLS has enabled further investigations, at a hith- 
erto unprecedented level of detail, over a broad range 
of absorption wavelengths (90 ≤ λ ≤ 120 nm), de- 
tecting both H and H 2 elimination channels. Branch- 
ing ratios between H and H 2 fragment formation 
channels have been reported at specific photolysis 
wavelengths but determining these branching ratios 
across the whole VUV region remains a challenge, 
since it would require quantum yield measurements 
of all active H 2 O dissociation channels. Accurate 
determination of wavelength-dependent [H]/[H 2 ] 
branching ratios from H 2 O photolysis is suggested 
as one of the most important future research direc- 
tions due to its importance in astrochemical models 
involving H 2 O. 

Photochemistry of H 2 S 

The photodissociation dynamics of H 2 S, the heav- 
ier homologue of H 2 O, have also received much 
attention in recent decades. Solar photodissocia- 
tion is an important destruction route for interstel- 
lar H 2 S molecules [ 63 ]. Astrochemical databases 
currently recommend S–H bond fission, yielding 
H + SH fragments, as the sole decay process fol-
lowing photoexcitation at all energies up to the 
first ionization potential [ 1 , 64 ]. Recent VUV-FEL-
enabled photodissociation studies of H 2 S have re- 
vealed shortcomings in this picture. Since the S atom 

and SH radical abundances in the ISM are strongly 
linked with H 2 S, and its photodissociation by VUV 

photons, a comprehensive understanding of H 2 S 
photochemistry is clearly desirable for improved as- 
trochemical modeling. 

The SH(X) radical yield 
A s w ith H 2 O, the electronic absorption spectrum
of H 2 S shows continuous absorption at long wave- 
lengths and a structured region, associated with ab- 
sorption to predissociated Rydberg states, at shorter 
wavelengths (Fig. 6 A). The velocity distributions 
of the H atom and S( 1 D) atoms formed by FEL-
induced photolysis of jet-cooled H 2 S molecules have 
been recorded at many wavelengths in the range 
122 ≤ λ ≤ 155 nm [ 21 ]. S( 1 S) photoproducts 
have also been detected, by TSVMI, following VUV- 
FEL excitation in the range 122 ≤ λ ≤ 136 nm 

[ 65 ]. The P ( E T ) spectra derived from HRTOF mea-
surements at three widely separated wavelengths, 
shown in Fig. 6 B–D, display a clear evolution. Long-
wavelength excitation yields ground-state SH(X) 
fragments in a very broad spread of rovibrational 
levels; the quantum yield for forming H + SH(X) 
products is unity at λ ≥ 157.6 nm. Electronically 
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xcited SH(A) products become increasingly impor-
ant as the photolysis wavelength is reduced, how-
ver, and are the exclusive SH product at λ = 122.95
nd 121.6 nm. Formation of SH(A) super-rotors is
vident in Fig. 6 C and D, and can be explained by
on-adiabatic coupling to and dissociation on a PES
ith a topography reminiscent of that of the ˜ B state
f H 2 O [ 21 ]. Since the TBD channel to S( 1 D) +
H products is evident in the P ( E T ) spectra derived
rom both the H-atom TOF measurements and the
( 1 D) ion images recorded at shorter wavelengths,
his component serves as a reference when estimat-
ng branching ratios for the H and H 2 forming prod-
ct channels. These experimental data returned a
uantum yield for forming H 2 + S( 1 D) products
t λ = 139.11 nm of ≤0.12. The quantum yield for
( 1 S) + H 2 production is estimated to be smaller
ti l l [ 65 ], implying that S–H bond fission i s the dom-
nant primary event at this wavelength [ 21 ]. 
However, all SH(A) primary products wi l l pre-

issociate on a nanosecond (or shorter) timescale to
ield another H atom (along with an S( 3 P J ) part-
er) [ 66 ]. This secondary dissociation contributes
nother progression in the P ( E T ) spectrum derived
rom HRTOF measurements—as i l lustrated in the
ase of the λ = 139.11 nm data in the inset within
ig. 6 C. Thus, only those H 2 S photodissociation
vents that yield SH(X) radical products should con-
ribute to the SH/H 2 S abundance ratios observed
n different regions of the ISM. Convoluting the
avelength-dependent H 2 S absorption, the spec-
rum of the general interstellar radiation field (ISRF)
Fig. 6 A) and the quantum yield for forming SH(X)
adicals determined at each wavelength investigated
Fig. 6 E) reveals that only ∼26% of H 2 S molecules
xcited by the general ISRF would yield a stable
H radical [ 21 ]. This experimental result may ex-
lain the interstellar SH/H 2 S abundance ratio of
13% reported from the star-forming region W49N

 67 ] and is generally consistent with more recent
odel predictions that suggest an [SH]/[H 2 S] ra-
io of ≤0.2–0.6 at the edge of PDR regions in the
SM [ 68 ]. This quantum yield estimate implies that
tomic sulfur is the dominant S-containing species
rom H 2 S processing by the ISRF—a result that ac-
ords well with the observed strong correlation be-
ween measured S and H 2 S signals in the coma of
omet 67P/Churyumov–Gerasimenko [ 69 ]. 
The S-atom abundances can also provide clues

bout star-formation history, connecting the local
nd distant universes [ 70 ]. There are several S-atom
ransitions available for observational studies in the
tellar spectra, including the ‘forbidden’ S( 1 D) →
( 3 P 2 ) transition at 1082 nm [ 71 , 72 ]. As one of the
ost abundant S-bearing molecules in many inter-
tellar environments, H 2 S photolysis might be an im-
Page 10 of 17 
portant source of the observed S( 1 D) atoms—a pro- 
posal that might be amenable to testing by careful 
linewidth measurements. 

Parent rotational state-dependent 
predissociation dynamics 
This subsection provides a further stri king i l lustra- 
tion of the richness and complexity of the H 2 S pho-
todissociation process. Figure 6 C displays the P ( E T )
spectrum obtained from the HRTOF measurements 
following the FEL excitation of a jet-cooled H 2 S 
sample at λ ∼139.1 nm, which lies in the middle of 
the VUV wavelength range where H, SH(X), SH(A), 
S( 1 D) and H 2 fragments have all been observed [ 21 ].
The bandwidth of the FEL pulse ensured that the 
experiment sampled much of the origin (i.e. v = 0 
← v = 0) band of the 1 B 1 ← 

˜ X 

1 A 1 transition. This
1 B 1 Rydberg state predissociates (by non-adiabatic 
coupling to dissociative valence excited states) at a 
rate that is sufficiently slow that many of its rota- 
tional ( J KaKc ) levels contribute resolvable fine struc- 
ture within the 1 B 1 ← 

˜ X 

1 A 1 band. 
This is i l lustrated in Fig. 7 A, which shows the

photofragment excitation (PHOFEX) spectra for 
forming H atoms and S( 1 D) atoms recorded by the 
HRTOF and TSVMI techniques, respectively, using 
a much narrower bandwidth VUV FWM pump laser 
source [ 19 ]. The spectra show four well-resolved 
features, associated with transitions to specific rota- 
tional levels of the 1 B 1 ( v = 0) state, but the rela-
tive line intensities are obviously different [ 19 ]. Ear- 
lier spectroscopy studies [ 73 ] of this 1 B 1 state had
identified both homogeneous (i.e. vibronic) and het- 
erogeneous (i.e. Coriolis- or rotationally induced) 
predissociation mechanisms but were silent with re- 
gard to the products. The rate of Coriolis-driven 
predissociation was shown to scale with < J b 2 > (i.e. 
with the expectation value of the square of the an- 
gular momentum about the b -inertial axes in the ex- 
cited rotational level), indicating that this predisso- 
ciation pathway involved coupling to a continuum of 
1 A 

′ symmetry. 
The 3D contour plots shown in Fig. 7 highlight 

the very different P ( E T ) distributions obtained from 

the HRTOF (panels B and C) and S( 1 D) imag- 
ing (panels D and E) data when exciting at, re- 
spectively, λ = 139.125 nm (panels B and D) and 
λ = 139.051 nm (panels C and E). The former in- 
volves a single rovibronic transition (the 0 00 ← 1 10 
line). The populated level has < J b 2 > = 0 and de-
cays by a pure homogeneous predissociation path- 
way yielding S( 1 D) + H 2 (X, high v , low J ) and/or
2H fragments (Fig. 7 D) and H + SH(X) fragments 
in a very broad range of v , N levels (Fig. 7 B) prod-
ucts following vibronic coupling to a dissociative 
valence continuum of 1 A 

′′ symmetry. Excitation at 
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Figure 7. (A) The H-atom (upper curve) and S( 1 D)-atom (lower curve) PHOFEX spectra 
obtained following photodissociation of a jet-cooled H 2 S in Ar sample at wavelengths 
in the range 139.14 ≥ λ ≥ 138.99 nm, offset vertical by 0.5-arb. units for clarity. The 
dominant transitions contributing to the four features are indicated (revised from [ 19 ]). 
The 3D contour plots of the P ( E T ) distributions of the H + SH products from the pho- 
todissociation of H 2 S via (B) the 0 00 ← 1 10 and (C) the 1 10 ← 0 00 lines, with E T ≤
41 000 cm 

−1 . Analogous 3D contour plots of the S( 1 D) + H 2 products when exciting 
on (D) the 0 00 ← 1 10 and (E) the 1 10 ← 0 00 lines at ∼139 nm, with E T ≤ 35 000 cm 

−1 

(data in all cases from [ 19 ]). The double-headed arrow in panel B shows the alignment 
of ε. The outer rings in plots (B) and (C) are associated with the population of rovibra- 
tional levels of the ground-state SH(X) radical products, whereas the inner structures 
are mainly due to SH(A) and/or S( 3 P) + 2H products. The rings in plots (D) and (E) are 
associated with the formation of rovibrational states of the H 2 (X) products. 
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= 139.051 nm, in contrast, is dominated by the 1 10 
 0 00 transition. The excited level in this case has
 J b 2 > = 1 and the additional heterogeneous decay
oute by Coriolis coupling to the 1 A 

′ continuum can
ontribute, resulting in S( 1 D) + H 2 (X, low v , high
 ) (Fig. 7 E) and H + SH(A, low v , high N ) (Fig. 7 C)
roducts. As noted above, the SH(A) products pre-
issociate further, to H + S( 3 P) atoms. The two
Page 11 of 17 
other peaks in the PHOFEX spectrum are blended 
features involving more than one rovibronic transi- 
tion. The photoexcited levels populated when excit- 
ing either feature can each decay by both predisso- 
ciation pathways, but with different relative rates, so 
the measured P ( E T ) spectra are sensitively depen-
dent on the exact excitation wavelength, the sample 
temperature and thus the relative populations of the 
various H 2 S( ̃  X , v = 0, J KaKc ) levels [ 19 ]. 

These studies reveal another important and fun- 
damental detail that is not immediately evident in 
the P ( E T ) spectra plotted with the compressed scale
used in Fig. 7 . H 2 S molecules contain two identical
H nuclei (fermions) and symmetry dictates that each 
rotational level of H 2 S must satisfy either ortho - or
para -nuclear spin statistics. In the case of H 2 S, these
are distinguished by whether the sum K a + K c in the
ground state is, respectively, an odd or even num- 
ber. Key to the current discussion, the 0 00 ← 1 10 
( λ = 139.125 nm) and 1 10 ← 0 00 ( λ = 139.051 nm)
transitions sample, respectively, ortho - and para -H 2 S 
molecules and analysis of the P ( E T ) spectra of the re-
sulting S( 1 D) + H 2 (X, v , J ) photoproducts reveals
rigorous conservation of nuclear spin symmetry in 
the dissociation process: ortho -H 2 S molecules yield 
only ortho -H 2 (i.e. odd J ) products and para -H 2 S
molecules yield only para -H 2 (i.e. even J ) products. 

Summary 
These recent studies of H 2 S photolysis provide 
some of the most complete experimental investiga- 
tions of molecular photofragmentation processes re- 
ported to date, affording initial parent quantum state 
selection and detailed investigation of competing 
product channels. After H 2 O, H 2 S is probably cur-
rently the second most comprehensively studied 
molecule. Its photodissociation dynamics have been 
studied across the whole range of VUV wavelengths 
up to the first ionization limit and al l spin-al lowed
dissociation channels have been explored. The re- 
cent experimental studies afford detailed views of 
different photofragmentation pathways in H 2 S, but 
any complete interpretation of the dynamics sti l l 
requires better knowledge of the topographies of, 
and non-adiabatic couplings between, the various 
excited-state PESs. 

Photochemistry of CO 2 , OCS and CS 2 

Carbon dioxide (CO 2 ) is an important molecule in 
Earth’s atmosphere, as one of the main greenhouse 
gases. It is also the major ( > 95%) component in the
atmospheres of Venus and Mars and, as noted earlier 
in this Review, is generally considered the most likely 
source of molecular oxygen in the early prebiotic at- 
mosphere of Earth [ 74 ]. Carbonyl sulfide (OCS) is
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he most abundant, long-lived S-containing gas in
arth’s atmosphere and a major supplier of sulfur
o the stratospheric sulfate aerosol layer. OCS has
een observed in the deep atmosphere of Venus, in
ense molecular clouds and in Jupiter’s atmosphere
ollowing the impact of comets [ 75 ]. Carbon disul-
de (CS 2 ) is also ubiquitous in the ISM and has been
roposed as a likely precursor for CS and S 2 radicals
bserved in cometary coma [ 76 ]. 
Unsurprisingly, therefore, the photochemistry of

hese molecules has been the subject of many pre-
ious theoretical and experimental studies. Each of
he molecules has 16 valence electrons in the ground
tate and a linear ground-state equilibrium geome-
ry. Excitation at longer UV wavelengths in each case
nduces a π* ← π electron promotion and results
n population of one or more bent excited valence
tates. As in H 2 O and H 2 S, the absorption spectrum
f each of these molecules at shorter (VUV) wave-
engths is dominated by sharp features associated
ith excitation to predissociated Rydberg states. 

hotochemistry of CO 2 
he electronic spectrum of CO 2 displays two weak
nd partially overlapping regions of continuous ab-
orption in the wavelength range 120 < λ< 180 nm.
he long-recognized primary photodissociation fol-
owing VUV photoexcitation involves single C–
 bond fission. Several studies at λ = 157.6 nm
ave reported on the competing spin-forbidden and
pin-allowed fragmentation paths to, respectively,
( 3 P J ) and O( 1 D) atoms together with ground-
tate CO(X) products [ 77 ]. More recent TSVMI
tudies, detecting the O( 3 P J ) atom products, have
rovided detailed information about the CO(X, v )
ibrational-state population distributions and the
roduct recoil anisotropies following excitation at
horter wavelengths in the range 129.02 ≤ λ ≤
34.67 nm [ 78 ]. 
Almost all of the energy-allowed C–O bond fis-

ion channels correlating with O( 3 P J ), O( 1 D) and
( 1 S) products have now been confirmed following
xcitation of CO 2 in the wavelength ranges 90.67 ≤
≤ 91.58 nm [ 79 ] and 101.47 ≤ λ ≤ 103.76 nm

 80 ], and the O( 1 D) and O( 1 S) forming channels
ave been investigated further by VUV-FEL-enabled
SVMI measurements in the range 104.76 ≤ λ ≤
08.82 nm [ 16 , 81 ]. The CO(X) partner fragments
re formed highly vibrationally excited, populating
 levels up to the limit dictated by the available en-
rgy. Such data provide valuable information about
he photodissociation mechanisms of CO 2 that can
e used to test and validate future higher-level ab ini-
io calculations. 
Much less expected was the finding of a direct

hannel yielding molecular oxygen, i.e. elimina-
Page 12 of 17 
tion of the central atom, to yield C( 3 P J ) + O 2 (X)
products when exciting in the range 101.5 ≤ λ ≤
107.2 nm [ 82 ]. Figure 8 A shows the P ( E T ) spectrum
derived by imaging the C( 3 P 2 ) products, following 
CO 2 photolysis by the VUV-FEL at λ = 100.7 nm, 
which reveals population of all energetically avail- 
able O 2 (X, v ) partner states. The O 2 elimination 
from dissociative electron attachment to CO 2 has 
also been reported recently [ 83 ]. Both processes 
could be of great importance for understanding the 
origin of O 2 in Earth’s prebiotic primitive atmo- 
sphere, in which CO 2 is believed to have been a 
major component. 

Photochemistry of OCS 

A s w ith CO 2 , the electronic spectrum of OCS shows
diffuse absorption bands attributable to excited va- 
lence states and sharper Rydberg features at shorter 
VUV wavelengths. The photodissociation of OCS at 
near UV wavelengths λ > 200 nm is dominated by 
the spin-allowed channel yielding S( 1 D) + CO(X) 
products; the latter are formed vibrationally ‘cold’ 
but rotationally ‘hot’, in at least qualitative accord 
with that expected given the forces introduced by 
a bent ← linear excitation process [ 84 ]. The same
product channel has been investigated using TSVMI 
methods following excitation in the range 142.98 ≤
λ ≤ 154.37 nm [ 75 ] and other single-bond fission 
channels yielding S( 1 S) + CO(X) [ 85 ] and S( 3 P) +
CO(A) [ 86 ] products have also been reported when 
exciting at similar VUV wavelengths. 

Figure 8 B i l lustrates the operation of a C( 3 P 0 )
atom elimination channel yielding SO(X, v ) co- 
fragments (analogous to the CO 2 → C( 3 P) + 

O 2 (X) process reported above) when exciting OCS 
at λ = 126.1 nm. This channel was shown to be ac-
tive at all wavelengths investigated in the range 126.1 
≤λ≤138.5 nm and, in all cases, to yield SO(X) frag- 
ments in all vibrational states permitted by energy 
conservation [ 87 ]. 

Photochemistry of CS 2 
The photodissociation of CS 2 following excitation to 
the strongly absorbing excited state of 1 B 2 symme- 
try at λ ∼200 nm has been studied using a range of
techniques, which have shown that both the S( 3 P) 
+ CS(X) and S( 1 D) + CS(X) fragmentation chan- 
nels are active but return some wide differences 
in branching ratios [ 88 , 89 ]. Electronically excited 
CS(a 3 �) photoproducts are observed once with λ
< 158 nm and are the dominant diatomic photo- 
product in the region 125 ≤ λ ≤ 150 nm [ 88 ]. 
Contemporary studies of the associated dissociation 
dynamics are limited to a TSVMI study of the S( 1 D)
and S( 3 P J ) products formed following two-photon 
absorption at four wavelengths at the low-energy end 
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Figure 8. Time-sliced ion images and the corresponding P ( E T ) spectra from: (A) and (B) the photodissociation of CO 2 at 
λ = 100.7 nm obtained by monitoring the C( 3 P 2 ) products (VUV-FEL photolysis and VUV + UV 1 + 1’ ionization detection); 
(C) and (D) the photolysis of OCS at λ = 126.1 nm, detecting the C( 3 P 0 ) products (VUV-FWM photolysis and VUV + UV 1 + 1’ 
ionization detection, data adapted from [ 87 ]); and (E) and (F), the photodissociation of CS 2 at λ = 141.0 nm detecting the 
C( 3 P 1 ) products (VUV-FEL photolysis and VUV + UV 1 + 1’ ionization detection, data adapted from [ 91 ]). The rings evident in 
the images (and the peaks in the corresponding P ( E T ) spectra) report on the population of different vibronic ( v ) states of the 
O 2 , SO and S 2 co-products, as indicated by the superposed combs. 
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f this range (303 ≤λ≤ 315 nm) [ 90 ]. A s w ith CO 2
nd OCS, C( 3 P) atom elimination has also been
emonstrated from CS 2 following two-photon exci-
ation in this wavelength region and using one VUV-
EL photon in the range of 127.9 ≤ λ ≤ 143.9 nm
 91 ]. As Fig. 8 C shows, the S 2 partners are deduced
o be formed in a broad spread of vibrational levels of
he triplet ground (X) state and, when energetically
llowed, in the excited a 1 	 and b 1 
+ states. 
CS and S 2 are both observed in the coma

f comets and studies of 67P/Churyumov–
Page 13 of 17 
Gerasimenko show that CS is a daughter of CS 2 
[ 92 ]. The source of the observed S 2 species is less
clear. The S 2 species has a short lifetime in the gas
phase, as it is readily destroyed by UV excitation at
λ ∼283 nm [ 1 ]. Thus it is excluded from some as-
trochemical models and in other instances, as in the 
case of the coma of 67P/Churyumov–Gerasimenko, 
its observed yield is much greater than the model 
predictions [ 76 ]. This could imply a hitherto unrec-
ognized production route, i.e. that CS 2 photolysis 
might contribute S 2 daughter species in the ISM. 
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ummary 
otwithstanding impressive recent progress towards
dentifying active fragmentation channels in the
UV photolysis of the molecules summarized in this
ection, the wavelength-dependent product branch-
ng ratios in almost all cases remain to be character-
zed. From an astrophysical perspective, these are ar-
uably the most important information, particularly
n the case of CO 2 given its central importance in
strochemistry and planetary science. In this regard,
e highlight the estimation of the relative yields of
he C( 3 P J ) + O 2 (X) vs. O( 1 S) + CO(X) product
hannels (5 ± 2%) following CO 2 photolysis in the
ange 101.5 ≤λ≤107.2 nm, i.e. at energies just above
he energetic onset of the former process, from mea-
urements of relative signal intensities and consider-
tion of the relative detection efficiencies [ 82 ]. 
The identification of the central atom elimination

hannel—wherein two chemical bonds break and a
ew one is formed—in all three of these molecules
uggests that such processes may be much more gen-
ral than recognized hitherto. Indeed, the earlier sec-
ions reported observations of O( 1 D) + H 2 and
( 1 D) + H 2 channels from VUV photodissociation
f H 2 O and H 2 S, respectively. 
The recent literature outlines two different
echanisms for such photoinduced central atom
liminations. One invokes dissociation from a tran-
ition state accessed by prior structural rearrange-
ents of the molecule, the other invokes fission
f one chemical bond followed by an intramolec-
lar ‘reaction’ between the resulting fragments—a
rocess often termed ‘roaming’ [ 10 , 93 ]. Recent
heoretical studies of C( 3 P) elimination from CS 2 ,
or example, have identified local minima associated
ith both linear CSS and cyclic CS 2 structures on
he ground-state PES and non-adiabatic pathways—
ypically involving the second 1 B 2 PES accessible
t energies above ∼7.2 eV—via which such struc-
ures might plausibly be sampled and could aid
( 3 P) elimination [ 94 ]. This would be viewed
s an example of the transition-state mechanism
nd it remains unclear to what extent the ‘classic’
oaming mechanism, such as that identified for
he UV photodissociation of H 2 CO [ 93 ], wi l l
ontribute in the photodissociation of triatomic
olecules. A roaming mechanism has been invoked
o account for the almost isotropic recoil velocity
istributions observed for the C( 3 P) + SO(X)
roducts formed when exciting OCS just above the
nergetic threshold for this process, but the photo-
limination dynamics observed at shorter excitation
avelengths are more readily accommodated by a
equence of non-adiabatic couplings between PESs.
he orbiting motion of an H atom about the OH
or SH) partners invoked in the photodissociation
Page 14 of 17 
pathways of H 2 O (H 2 S) that sample the CIs at linear
H…H–O (H…H–S) geometries might also be 
viewed as an example (all be it a very constrained 
example) of a roaming mechanism. In general, how- 
ever, the threshold for eliminating the central atom 

in a triatomic molecule wi l l lie at high energies (i.e.
in the VUV region) and the density of non-adiabatic 
couplings between many PESs wi l l make it hard to
distinguish roaming- and transitional-state pathways 
to the same products. 

OUTLOOK 

The foregoing reports just a fraction of the molecules 
for which the VUV-FEL light source has enabled new 

and detailed photodissociation dynamics studies, fo- 
cusing particularly on triatomic systems of impor- 
tance in planetary atmospheres and in interstellar 
and circumstellar environments. The chosen exam- 
ples demonstrate many of the unique attributes of an 
FEL source for studies of this kind. It affords ready 
availability of short ( λ< 121.6 nm) photolysis wave- 
lengths (tunable down to λ ∼ 50 nm if required), 
simplifies studies of different target molecules over 
wide wavelength ranges in an even-handed way and 
thereby facilitates the identification of hitherto un- 
recognized fragmentation pathways. 

Photodissociation induced by the VUV-FEL can 
also provide a pulsed atomic beam source for inelas- 
tic and reactive gas-phase and gas-surface scattering 
studies. UV photolysis of HI(DI) molecules within 
their A-band continuum (200 ≤ λ ≤ 270 nm) has 
long been a popular route for forming H(D) atom 

reactants with well-defined, narrow-velocity (and 
kinetic-energy) distributions [ 95 , 96 ]. Moving to 
slightly shorter photolysis wavelengths (e.g. 193 nm) 
has offered a route to forming H(D) atoms with 
higher translational energies, boosting the prospects 
for observing new insights into non-adiabatic re- 
action dynamics involving excited-state PESs (e.g. 
studies of geometric phase effects in the H + HD 

→ H 2 + D reaction [ 97 ]) and for studies of the in-
elastic scattering of H atoms off metal and graphene 
surfaces [ 98 ], but the advent of the VUV-FEL at
DCLS opens the way to the first well-defined stud- 
ies of such processes at much higher, hyperthermal, 
translational energies. 

Reactions between neutral gas-phase species 
have long been recognized as important in molec- 
ular evolution in extraterrestrial environments. Re- 
actions involving radical species are now seen as 
key to driving the growth of more complex organic 
molecules and solar photolysis is one of the most im- 
portant ways of generating such radicals. The poten- 
tial astrochemical significance of VUV-FEL-induced 
molecular photodissociation studies such as those 
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urveyed in this Review thus extends beyond the rev-
lation of sources of smaller photofragments. Such
hotolyses can also serve as well-defined sources
f atoms and radicals (in their ground and/or ex-
ited states) for studies of collision-induced growth
f larger molecules via reactions with other species. 
To date, the VUV-FEL at DCLS has typically

een run with picosecond pulse durations, but it is
esigned to operate also as an ultrafast light source
apable of delivering pulse durations as short as
100 fs. Such VUV-FELs can be used as a probe

aser to capture the ultrafast dynamical process oc-
urring during a molecular dissociation or isomer-
zation. One recent i l lustration used extreme UV
XUV) radiation at λ = 64.44 nm (from the FEL
t FERMI) and time-resolved photoelectron spec-
roscopy (TRPES) methods to track the ultrafast
hotochemistry of a heterocyclic molecule, thiophe-
one, during and after UV-induced ring opening
 99 ]. The wavelength range and the ease of tuning
he VUV-FEL at DCLS offers a ready route to ion-
zing essential ly al l molecules, opening the way to
reparing state-selected molecular cations (e.g. by
ppropriate threshold ionization), to distinguishing
somers or different sizes of cluster (by differences in
heir respective ionization thresholds) [ 100 ] and to
robing ultrafast reaction dynamics (e.g. by TRPES
easurements, as in the recent thiophenone ring-
pening study). 
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