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ABSTRACT: The fragmentation dynamics of water in a superexcited state play an
important role in the ionosphere of the planets and in the photodissociation region
(PDR) of the planetary nebula. In this Letter, we experimentally study the
fragmentation dynamics of H2O with the energy above its ionization potential
initiated by vacuum ultraviolet free-electron laser pulses. The experimental results
indicate that the binary fragmentation channels H + OH and the triple channels O +
2H both present at 96.4 nm photolysis. Electronically excited OH super-rotors (v =
0, N ≥ 36, or v = 1, N ≥ 34), with the internal energy just above the OH (A)
dissociation energy, are observed for the first time, which are only supported by the
large centrifugal barriers. An absolute cross section of these super-rotors is estimated
to be 0.7(±0.3) × 10−18 cm2. The tunnelling rates of these extremely rotationally
excited states are also analyzed. This work shows a spectacular example of energy
transfer from a photon to fragment rotation through photodissociation.

The superexcitedmolecule, in which amolecule lies in a high
Rydberg state with the internal energy higher than its first

ionization potential (IP), plays an important role as a reaction
intermediate.1 In particular, these molecules are considered as
the Feshbach resonances2 in the collision between an electron
and amolecular ion. The presence of high-energy radiation fields
in the universe yields various superexcited molecules. Under-
standing the fragmentation processes of the superexcited
molecule is important in the upper atmosphere of the planets
and in the photodissociation region (PDR) of the planetary
nebula.3,4 However, the investigation of such processes is
challenging due to the lack of energetic photons in a lab that
excite the molecules to the extremely high-lying excited states.
With the advent of the intense, pulsed free-electron laser (FEL)
in Dalian Coherent Light Source (DCLS) at Dalian, China,5 the
photofragment study of molecules and radicals has become
feasible for vacuum-ultraviolet (VUV) wavelengths below 100
nm using the high resolution translational energy spectroscopy.
As a prototype system ofmolecular fragmentation, the process

of H2O → H + OH has been studied extensively, since its
importance in the terrestrial atmosphere and in the cometary
and planetary atmospheres.6,7 Excitation around 150−200 nm
to the lowest excited singlet state (Ã1B1) leads to a direct
dissociation that produces an H atom plus OH(X2Π) with very
low internal excitation.8−12 In contrast, at the Lyman-α
wavelength (121.6 nm), the dissociation dynamics are very
complicated.13−15 Direct dissociation following initial excitation
to the B̃1A1 state yields electronically excited OH(A2Σ+)

products, together with an H atom. The yield of this adiabatic
dissociation channel is relativelyminor, however, compared with
the major dissociation process yielding ground state OH(X)
products via nonadiabatic transitions at the conical intersections
(CIs) between the B̃ and X̃ state potential energy surfaces
(PESs) at linear H−O−H and H−H−O geometries.16−21 The
high rotational excitations of the OH(X) fragments are
generated following this dissociation process and are ascribed
to a consequence of strong angular forces at the CI regions.22−25

A striking odd−even quantum state population alternation of
the OH(X, v = 0, N) products has been observed, which was
attributed to dynamical quantum interference between path-
ways that pass through the rival CIs. These studies have
deepened our understanding of the peculiar dynamics of H2O
involved. So far, however, limited dissociation dynamics of H2O
on the high-lying potential surfaces are available to benchmark
theoretical predictions.
In this Letter, we report the experimental results for

photofragmentation of H2O at 96.4 nm, which excites H2O to
a high Rydberg state lying above its ionization potential
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(IP(H2O) = 98.2 nm), by using the VUV FEL at DCLS,
combined with the H atom Rydberg tagging time-of-flight (HR-
TOF) technique. The experimental results provide an exotic
feature in which electronically excited OH super-rotors, i.e.,
extremely rotationally excited OH(A) with its internal energy
above the bond dissociation limit, are generated. The tunneling
lifetimes of these extremely rotationally excited states are
investigated.
The experimental arrangement employed in this work

represents a newly constructed instrument for molecular
photofragmentation around the VUV FEL beamline. The
schematic has been shown in Figure 1. The VUV FEL facility

operates in the High Gain Harmonic Generation mode,26 in
which the seed laser is injected to interact with the electron
beam in the modulator. The seeding pulses between 240 and
360 nm are generated by a Ti:sapphire laser. The electron beam
generated from a photocathode RF gun is accelerated to the
beam energy of ∼300 MeV by 7 S-band accelerator structures,
with a bunch charge of 500 pC. The microbunched beam is then
sent through the radiator, which is tuned to the nth harmonic of

the seed wavelength, and a coherent FEL pulse at λ/n is emitted.
With proper optimization of the linac, a high quality beam with
the projected energy spread of ∼1‰, and a pulse duration of
∼1.5 ps is obtained. The VUV FEL beam pulse operates at 10
Hz, with the photon flux of∼3 × 1014/pulse and the wavelength
tuning range of 50−150 nm. The spectral bandwidth of the VUV
FEL pulses is around 50 cm−1.
The HRTOF technique employs a sequential two-step

excitation of the H atom.27−30 The first step involves the
excitation of the H atom from the n = 1 ground state to the n = 2
state by absorbing one photon at 121.6 nm. The second step
concerns the UV laser excitation (365 nm) of the H atom to a
high-n Rydberg state from the n = 2 state. Coherent light source
at 121.6 nm is generated by difference four-wave mixing (FWM)
of two 212.55 nm photons and one 845 nm photon in a stainless
steel cell filled with a 3:1 ratio Ar/Kr mixture. Laser light at
212.55 nm (∼1.0 mJ/pulse, and ∼0.1 cm−1 bandwidth) is
produced by doubling the output of a 355 nm (Nd:YAG laser,
8−10 ns) pumped dye laser (Sirah, PESC-G-24) operating at
∼425 nm. A portion of the 532 nm output of the same Nd:YAG
laser is used to pump another dye laser (Continuum ND6000),
which operates at ∼845 nm (∼5.0 mJ/pulse, and ∼0.05 cm−1

bandwidth). The remaining 532 nmpower from the YAG laser is
used to pump a third dye laser (Radiant Dye Laser-Jaguar,
D90MA), operating around 732 nm and then doubling to 365
nm (∼5.0 mJ/pulse, and ∼0.1 cm−1 bandwidth). Any charged
species formed in the detecting region by multiphoton
ionization or autoionization are extracted away from the TOF
axis by a small electric field (∼30 V/cm) placed across the
interaction region. The neutral Rydberg H atoms then fly about
280 mm to reach a rotatable MCP detector and are ionized by
the strong electric field (2500 V/cm). The HRTOF technique
eliminates the TOF blurring by charged particle interactions,
giving a high translational energy resolution of about 0.5%. Since
the detection beam of 121.6 nm light would generate
photodissociation signals, it is necessary to subtract the 121.6
nm background signal by turning the VUV FEL beam on and off.
H2O molecules were photoexcited by the VUV FEL radiation

to the high Rydberg state through the nd← 1b1 transition.
31 At

96.4 nm, only ∼30% H2O molecules were ionized (the H2O
+

cannot dissociate at this energy), while the rest remained neutral
as superexcited molecules.32 Dissociation on such superexcited
state leads to the binary dissociation channels H2O → H +
OH(X/A), as well as the triple dissociation channels H2O →
O(3P/1D)+2H. TOF spectra of the H atoms resulting from
these channels were then recorded with the detection direction
parallel and perpendicular to the laser polarization. Knowing
both the distance traveled and the masses of the fragments, the
TOF distributions can be transformed into spectra of the total
kinetic energy release (ET(TKER)) by using the equation, ET =

( )( )m 1 m
m

d
t

1
2 H

2
H

OH
+ , where d is the flying path length of H

atom and t is the measured time-of-flight. Photodissociation of
HI at 212.5 nm were also performed to calibrate the flying path
length.33 As shown in Figure 2, the ET spectra display some
features that distinguish them from any spectra reported
hitherto following H2O photolysis at longer wavelengths, all of
which are dominated by progressions of sharp features,
indicating formation of specific rotational quantum states of
theOH (X or A) fragments.19,20 Themain feature here is a broad
and structureless component in the translational energy region
of <∼30 000 cm−1. A group of sharp structures are also observed
in Figure 2, but are fewer in number. Previous works on H2O

Figure 1. (a) Schematic of the DCLS beam output. (b) Experimental
setup for the photodissociation of H2O by using FEL VUV laser beam.
The VUV-FEL facility at the DCLS generates the radiation with the
wavelength continuously tuning between 50 and 150 nm. This radiation
crosses perpendicularly with the H2O molecular beam, which is
generated by expanding a 3% mixing of H2O and Ar at a stagnation
pressure of 600 Torr through a pulsed nozzle. About 5 ns after the VUV
FEL photodissociating H2O, the H atom products are excited to a high
Rydberg state via two-step resonant excitation by absorbing the
photons of 121.6 and 365 nm. The neutral Rydberg H atoms then fly a
certain TOF distance (∼280 mm) to reach a rotatable microchannel
plate (MCP) Z-stack detector with a fine metal grid (grounded) in the
front and are field-ionized by the electric field (∼2500 V/cm) applied
between the front plate of the Z-stack MCP detector and the fine metal
grid. The signal detected by the MCP is then amplified by a fast
preamplifier, and counted by a multichannel scaler.
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photodissociation suggested that the ET spectra of the binary H
+ OH channel and the triple dissociation channels are
characterized by the fine structures and a broad, structureless
distribution, respectively.19,20 Thus, the broad structureless
component in Figure 2 should dominantly arise from the triple
dissociation channels, whereas the fine structures mainly arise
from the binary channels. The overall signal in the parallel
direction is a little larger than that in the perpendicular direction,
which suggests a parallel transition from the ground state to the
high Rydberg state (nd 1A1 ← X̃1A1). We have also performed a
series of experiments in the photolysis wavelengths between 90
and 107 nm, the triple dissociation channels are always
dominant, the dynamical features of which are reserved for a
future publication. Here we focus on the binary dissociation
process.
For the dissociation process, the total energy must be

conserved. The internal excitation of the OH fragments
(Eint(OH)) then is deduced from conservation of momentum
and energy,

E E D E E(H O) (H OH) (OH)hint 2 0 int T+ − − = +ν (1)

In the supersonic expansion, the water molecule is cooled
down, with a rotational temperature of ∼10 K, suggesting
Eint(H2O) ≈ 0. The photon energy, Ehν, and the dissociation
energy, D0(H−OH), are known constants.19 From eq 1, each
peak shown in the ET spectrum corresponds to a specific

rovibrational level of OH. Using previously determined
spectroscopy constants for the OH radical,34 most of the
sharp features in the ET spectra can be then assigned to the
OH(A, v′,N) (the OH(A, v′,N) term values are shown in Table
S1 in the Supporting Information). The striking findings in
Figure 2B are the formation of extremely rotationally excited
OH(A) fragments. The intense peak in the ET spectra at
∼10 860 cm−1 involves contributions from the ν′ = 0, N = 36,
and ν′ = 1,N = 34 levels of OH(A), with internal energies above
the O(1D) + H dissociation limit.19 We term such extremely
rotationally excited OH products “electronically excited OH
super-rotors”. The higher energy peak clearly associated with
OH(A) can be assigned to ν′ = 0, N = 40, or ν′=1, N = 38
fragments, which has an energy of about 0.4 eV above the
dissociation limit. Figure 3 shows the OH(X, ν = 0) rotational

state population distributions obtained by simulating the
Eint(OH) spectra (see Figure S1). The level corresponding to
the super-rotors is marked by a red arrow. The ground state
OH(X) super-rotors have been reported previously by Harich et
al.35 in HOD photodissociation at 121.6 nm, and by Chang et
al.36 in H2O photodissociation at 115.2 nm. However, the
electronically excited OH super-rotors have never been found
before, to the best of our knowledge. It is noted that the
rotational state distributions are subtly different in the parallel
and perpendicular directions (Figure 2), which means the
angular distributions are rotational state-specific.
We now seek to gain an explanation for this extremely

rotational product distribution. The dissociation mechanism of
H2O in this work is not immediately clear due to the lack of high-
lying potential energy surfaces (PESs) of H2O. It is rational that,
however, the OH(A) products are generated via dissociation on
the B̃ state PES following internal conversions from the initial
excited nd Rydberg states to the B̃ state, since only the B̃ state
PES correlates with the H + OH(A) fragments (see Figure
S2).36 The observed rotational energy disposal then relies on the
remarkable topography of the B̃ state PES of H2O. Figure 4
shows a contour plot of the B̃ state PES for one OH bond length
fixed at 2.14 bohr, which is equal to the equilibrium bond length
of anOHwith ν′ = 0,N = 36. The surface has deep wells, and the

Figure 2. ET spectra derived from H atom TOF spectra following
photodissociation of H2O at 96.4 nm, with the detection axis parallel
(black) or perpendicular (red) to the photolysis laser polarization, εphot.
The energetic limits of the two triple dissociation channels and two
binary dissociation channels are marked in (a); the ro-vibrational state
assignments are marked in (b).

Figure 3. Simulated rotational state population distribution of the OH
(A, ν = 0) products formed in the photodissociation of H2O at 96.4 nm.
The first super-rotor level, above the O (1D) + H dissociation limit, is
indicated by the red arrows. The higher super-rotor levels lie to the right
of the red arrows.
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well depths are about 2.5 eV at the two collinear geometries
(HOH and HHO). The strong angular anisotropy ensures that
the forces point near perpendicular to the radial direction. Thus,
the H atom accelerates toward either of the collinear geometries
and gains a large amount of orbital angular momentum. At the
same time, the OH partner rotates clockwise in order to
compensate the change in angular momentum of the H atom,
since the total angular momentum must be conserved, i.e., J = L
+ j, where J is the total angular momentum (|J| ≈ 0 in the
supersonic beam), L is the product orbital angular momentum,
and j is the OH rotational angular momentum. The OH(X)
fragment then could form on the X̃ state PES via the HOH CI
pathway or the OHHCI pathway from the B̃ state to the X̃ state,
while theOH(A) product could arise directly on the B̃ state PES,
since the H + OH(X) and H + OH(A) channels adiabatically
correlate with the X̃ state and the B̃ state PESs, respectively. In
both cases, the OH products rotate strongly in order to
compensate for the change in angular momentum of theH atom.
The extremely high tangential velocities of the departure H
atoms ensure the production of the OH super-rotors. The
dominant dissociation channel is H + OH(X) from the H2O
photodissociation on the lower electronically excited states, as
reported in the previous works.16−18 In this work, however, the
H +OH(X) channel is minor. This suggests that a highly excited
H2O molecule is not necessary to move along the minimum
energy path through the two CI pathways of the B̃−X̃ PESs.
The OH super-rotor, with an energy above the bond

dissociation limit, only exists by virtue of the associated
centrifugal barriers. We have recalculated the potential energy
curves (PECs) of OH, as shown in Figure 5. The ground
electronic state X2Π and the three repulsive states a4Σ−, 12Σ−,
and 14Π asymptotically correlate with the lowest dissociation
limit of O(3P) + H. The A2Σ+ state is correlated to the second
dissociation limit of O(1D) + H. Nuclear rotation has important

consequences for the outcome of the dissociation. It modifies
the shape of the PECs for the radial Schrödinger equation
through centrifugal contributions. The effective potentials for
different OH rotational states (N = 0, 24, and 42) are shown in
Figure 5a−c. For N = 42, the barrier is evident. OH formed in
these super-rotationally excited levels can dissociate by
tunneling through the centrifugal barrier. Figure 5d shows the
tunneling lifetimes of these extremely rotationally excited OH
levels, calculated using the semiclassical phase integral
method.37 It is interesting to point out that even though the N
= 36 pure rotational level of OH (A, v = 0, N = 36) is already
above its dissociation limit, the tunneling lifetime of this state
through the centrifugal barrier is quite long (>1020 ps).
However, the crossings of the ro-vibrational levels (v = 0, N >
24 or v = 1, N > 15 or v ≥ 2) with the repulsive states (a4Σ−,
12Σ−, and 14Π) cause severe predissociation.38−40 Figure 5e
shows the predissociation decay times of some high rotationally
excited states of OH (A, ν = 0−5). The predissociation rate is
several orders magnitude faster than the tunneling rate. As a
result, the lifetimes of the OH (A, ν = 0, N = 36−40) super-
rotors are around 370−57 ps (a few times of molecular rotation
periods). This suggests that these electronically excited super-
rotors identified in the present work may have a role in the
subsequent chemical reactions in the dense atmosphere. It is
interesting to point out that for N = 24, the lifetimes of ν = 5
states are longer than lower vibrational states (ν = 2, 3, 4). That
is because the ν = 2, 3, 4 states are close to the crossing regions
with the three repulsive states, which may have important
consequences for predissociation rates.
Through the simulation of the ET spectra, a branching ratio of

the triple dissociation channels and the binary dissociation
channels is estimated to be ∼0.8:0.2 (see Figure S1). With the
references, the absorption cross-section of H2O at 96.4 nm is
σH2O ∼ 1.7 × 10−17 cm2, and the ionization quantum yield for
H2O at this wavelength is ∼0.3, suggesting the partial cross
section for the neutral H2O photodissociation would be ∼1.7 ×
10−17 × (1 − 0.3) = 1.19 × 10−17 cm2.32,41 Given the previously
reported (small) cross-section for non-H atom forming
channels,42 the absolute cross section for H2O photodissocia-
tion to H + OH(A/X) at 96.4 nm can be estimated to be 1.19 ×
10−17 × 0.2 = ∼(2.4 ± 1.0) × 10−18 cm2, where the error
represents ±10% uncertainty for fitting the triple dissociation
channels. Taking 30% OH fragments populating as electroni-
cally excited super-rotors, the estimation of the cross-section for
forming OH(A) super-rotors at λ = 96.4 nm: σ ∼ (0.7 ± 0.3) ×
10−18 cm2. These highly excited OH fragments are substantially
stretched by the centrifugal force. For instance, the mean bond
length for N = 36 is more than 30% longer than for the
rotationless OHmolecule, while that of theN = 40 is about 45%
longer. Since these rotationally excited molecules are signifi-
cantly stretched like highly vibrationally excited molecules, it
would be interesting to compare the physical and chemical
properties of these two very different excited species. Thus, the
relative large cross section here presents an experimentally
feasible way to generate electronically excited OH super-rotors
from H2O photodissociation for substantial investigations.
Besides, superexcited H2O molecules (above the ionization
potential), formed by absorbing one VUV photon or colliding
between an electron and a molecular ion, might exist in the
ionosphere and in the planetary nebula. The neutral
fragmentation from these superexcited molecules governs the
disappearance of charged species in such circumstances.

Figure 4.Contour plot of the B̃ state potential energy surface for anOH
distance of 2.14 bohr, corresponding to the equilibrium bond length of
anOHwith ν′ = 0,N = 36. Energies are given in electronvolts relative to
the minimum of the ground state. The initial location of the second H
atom is indicated with the red cross. The conical intersections (CIs) at
the linear H−O−H and O−H−H geometries, where the minima of the
B̃ state PES are degenerate with the maxima of the X̃ state PES, are
shown with red dots.
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In summary, we have displayed a benchmark study for
photodissociation of the extremely high-lying potential surfaces
of H2O molecules using the new intense VUV free-electron
laser. The dominant dissociation channel yields an O atom and
two H atoms through the triple dissociation pathways. The
extremely rotationally excited OH(A) products are generated in
the binary dissociation channels. These dissociation processes
may have as yet unrecognized roles in the upper planetary
atmosphere.
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