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The ultrafast dynamics of water molecules excited to the two F states is studied by combining
two-photon excitation and time-resolved photoelectron imaging techniques. The lifetimes of
the F'A; and F'B; states of HyO (D20) were derived to be 1.040.3 (1.940.4) and 10+3
(30410) ps, respectively. We propose that the F'A; state mainly decays through the D
state, due to the nonadiabatic coupling between them, while the F1B; state decays through

the F'1A; state via Coriolis interaction.
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I. INTRODUCTION

Photochemistry of water in the gas phase is one of
the most important, yet challenging topic in molecu-
lar reaction dynamics. It also serves as an ideal model
system to study complicated excited-state dynamics of
polyatomic molecules. Excited-state dynamics of wa-
ter molecules has been intensively studied, both experi-
mentally and theoretically, for more than four decades,
rich information has been obtained from various stud-
ies, such as absorption spectra [1], resonance-enhanced
multiphoton ionization (REMPI) spectra [2], OH prod-
uct fluorescence excitation spectra [3], H product action
spectra [4] and photodissociation dynamics [5, 6], time-
resolved excited-state dynamics [7, 8], etc.

Among these studies, most focus on the four lowest
singlet excited states, A'B;, B'A;, C'B;, and D'A;
states. Excitation in the longest wavelength vacuum
ultraviolet (VUV) absorption band of water around
150—200 nm leads to excitation of the A state which is
a prototype of direct dissociation with a lifetime around
20 fs [9-11]. The B'A; state, corresponding to the
second absorption band centered around 128 nm, ex-
hibits very complicated and interesting dynamics [12—
18]. Adiabatic dissociation on the B state potential
energy surface (PES) leads to H atom and first excited
electronic state OH(A2X1) radical. However, the main
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dissociation channel of the B state is predissociation
through the A and X states, generating H atom and the
ground state OH(X?II) radical. There are two conical
intersections (CI) between the B and X states, both lin-
ear and with H-O—H and O—H—H geometry, respec-
tively, facilitating a very efficient nonadiabatic transi-
tion from the B to the X state. Wavepacket on the B
state PES evolving to H+OH(X?II) products through
both CIs and quantum interference has been observed,
manifesting itself with oscillations in the even-odd ro-
tational state population of OH products [19]. The first
rotationally resolved absorption band is the transition
to the C state located around 124 nm [1, 2, 20, 21]. The

C state was found to be predissociative with a lifetime
of the order of 1 ps, but showed a clear dependence on
(J.?) (the expectation value of the square of the rota-
tional angular momentum about the molecular a-axis):
with an increase of (J,%), the lifetime of the C' state
rapidly decreases [2, 4, 7, 21-23]. In one of our recent
studies, an accidental resonance mediated predissocia-
tion pathway for the first bending mode excited state
in the C state of HoO was also revealed [8]. The next
electronic state is the D state which is strongly predis-
sociated by the B state [24]. The wavepacket initially
excited to the D state evolves promptly to the B state
PES, and then following the photodissociation dynam-
ics on the B state PES, resulting in a similar internal
state and angular distributions of the OH products with
those from the B state when it is directly excited.

The study of dynamics of H,O molecules excited to
higher Rydberg states, such as the E and F states, is
rare, due to the lack of the tunable and intense VUV
radiation source. Recently, the photodissociation dy-
namics of HyO excited to the F states at 111.5 nm has
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been studied by Yuan and coworkers using a tunable
VUV free electron laser (FEL) facility (Dalian Coher-
ent Light Source, DCLS) and the H-atom Rydberg “tag-
ging” time-of-flight (TOF) technique [25]. The internal
state and angular distributions of the H+OH products
were derived and the possible dissociation mechanisms
were discussed.

In this paper, we present a fs time-resolved study on
the ultrafast dynamics of water molecules excited to the
F states, by combining two-photon excitation and time-
resolved photoelectron imaging (TRPEI) techniques.
The lifetimes of the F states are measured and the de-
cay dynamics is discussed in detail.

Il. EXPERIMENTS

The experiment was carried out in a similar way
to that described in Ref.[8], on a velocity map imag-
ing (VMI) spectrometer [26]. The pump and probe
laser pulses were obtained from a fully integrated
Ti:Sapphire oscillator/regenerative amplifier system
(<50 fs, 800 nm, 3.8 mJ and 1 kHz, Coherent, Libra-
HE). There were two optical parametric amplifiers
(OPA, Coherent, OperA Solo), each pumped by a frac-
tion (1.3 mJ per pulse) of the fundamental output of the
amplifier. The probe laser pulse was directly obtained
from one of the OPAs and fixed at 335.5 nm (~3 mJ per
pulse). For the pump laser pulses (223.0 and 225.6 nm
for HoO and 222.6 nm for D50, ~1.5 mJ per pulse), the
output of the other OPA (around 500 nm, >20 mJ per
pulse) was mixed with a 400 nm laser beam (~50 mJ
per pulse) using an 5-BBO crystal (0.15 mm), which it-
self was the doubling of a fraction (~300 mJ per pulse)
of the amplifier fundamental output using another -
BBO crystal (0.1 mm). The bandwidth of the pump
pulses was about 170 cm™! (FWHM).

The pump and probe laser pulses were combined
collinearly by a dichroic mirror without further com-
pression, and then focused using an f/75 lens to in-
tersect a seeded water molecular beam in the interac-
tion region of the VMI spectrometer. The HoO and
D50 molecular beams were generated by bubbling He
of ~4 bar through the HoO or D50 sample at room tem-
perature using an Even-Lavie pulsed valve operated at
1 kHz. Both the pump and probe pulses were linearly
polarized and the polarization direction was parallel to
the micro channel plate (MCP) detector. Time delays
between pump and probe pulses were scanned using a
computer-controlled stepper motor which was located
upstream of the first OPA to change the delay of in-
put fundamental. Photoelectron images arising from
the pump and the probe laser alone were also recorded.
The sum of the single color photoelectron images was
subtracted in order to correct for background photo-
electrons generated from single color multiphoton ion-
izations. The 2D photoelectron image was transferred
to the 3D distribution using the polar basis function
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expansion method [27]. The time-dependent photoelec-
tron 3D distributions were further integrated along the
recoiling angle to derive the kinetic energy distributions
of the photoelectron, i.e., time-resolved photoelectron
spectra (TRPES).

Electron kinetic energy calibration was achieved us-
ing multi-photon ionization of Xe atom. This also
served to measure the cross-correlation (i.e., instrumen-
tal response function, IRF) between the pump and the
probe laser pulses. At pump wavelengths employed
here, resonance-enhancement in the multiphoton ion-
ization of Xe was observed which prevented a reliable
determination of the cross-correlation. Therefore, the
pump pulse was tuned to a slightly longer wavelength
to avoid the resonant transition lines in Xe. The time
delay-dependent curve of the electron yield was fitted,
based on the approximation that both pump and probe
laser pulses have a Gaussian profile. It has to be noted
here that only photoelectron was generated by absorp-
tion of two pump photons and a single probe photon
was taken into account in this analysis, thanks to the
capability of VMI technique in differentially analyzing
the outgoing photoelectron as a function of delay with
respect to kinetic energy. The derived 241" IRF was
about 15015 fs (FWHM), and it was used as an approx-
imation to the true IRF and varied in a small range in
the fitting of the photoelectron transients to find a best
fit (least squares) and estimate the confidence intervals
of the derived time constants. The time-zero overlap
and molecular beam condition were checked before and
after the TRPES measurement to make sure there was
no severe drift of the time-zero during measurement.

I1l. RESULTS AND DISCUSSION
A. Experimental results and data analysis

Water molecules were excited into the F states
by two-photon absorption whereupon another delayed
laser pulse probed the excited state water molecules via
one-photon ionization (FIG. 1). FIG. 2 (a) shows the
TRPES data of H,O at pump wavelength of 223.0 nm.
The TRPES data are mainly comprised of three fea-
tures: a diffuse and strong feature (labeled as feature I
in FIG. 2(a)) around time-zero, showing no or a very
fast decay dynamics; a single sharp, strong peak (fea-
ture IT) centered at 2.2 eV, showing a ps decay dynam-
ics; and a weak, diffuse feature (feature IIT) over the
kinetic energy range from 0.8 eV to 1.8 eV with a dy-
namics shorter than that of feature II. In the following,
we first analyze and identify the sources of these fea-
tures in detail.

By systematically changing the pump and probe
wavelengths, it was shown that feature I includes two
different contributions, both resulted from a two-color
three-photon ionization process. The first contribution,
corresponding to the photoelectron around 0.2 eV, is
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FIG. 1 Schematic view of the pump and probe schemes used
in the present experiment and the proposed decay mecha-
nisms of the F' states.

associated with a two-probe-photon excitation and one-
pump-photon ionization process. Two probe-photons
(335.5 nm) correspond to an energy of 7.39 eV. HyO
is excited to the A state by two probe photons and
ionized to the ground state (Dg) state of HoO" by ab-
sorbing another pump photon (223.0 nm). The ener-
getic limit of photoelectron from this process is 0.33 eV,
calculated using the first photoionization potential of
12.62 eV [28], consistent with the experimental obser-
vation. The A state is a prototype of direct dissociation
with a lifetime around 20 fs [9-11], rendering to a very
fast decay of the corresponding photoelectrons. Photo-
electrons of feature I above 0.6 eV arise from another
process: one pump-photon plus one probe-photon ex-
citation and one pump-photon ionization. The energy
of one pump-photon and one probe-photon is 9.26 eV
and corresponds to the excitation of the B state. The
B state has a combination of electronic configurations
of 3pby<1b; and 3sa;<+3aq, and therefore is associated
to both Dy and D; states of HO" upon photoioniza-
tion [29, 30]. Further, one of the dissociation channels
of the B state is the ultrafast predissociation through
the A state [12-18]. The latter mainly corresponds to
the ground state (Do) of HoOT upon photoionization
[30]. The A state is repulsive along the antisymmet-
ric stretching (v3) coordinate and would have a broad
Franck-Condon (FC) progression along the antisym-
metric stretching coordinate upon photoionization, con-
sistent with the experimental results [31]. The kinetic
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energy distribution of photoelectron of feature I above
0.6 eV is converted into the binding energy distribution,
by assuming a process involving two pump photons and
one probe photon (FIG. 2(c)). The experimental results
at another two pump wavelengths are also included. It
is clear that the four peaks can be readily assigned to
the four different vibrational states of Dy with v3=0-3,
further consolidating the assignments of feature I pro-
posed above.

In FIG. 2 (d) and (e), the time delay dependences of
feature IT (integrated over 2.08—2.28 ¢V) and III (inte-
grated over 0.80—1.80 eV) are shown. A least-squares
method was employed to fit these time delay dependent
curves in order to extract more detailed dynamics infor-
mation. The kinetic model used involves a convolution
of the following expression:

for t >0,

S(t) =1+ iAZ- exp (—Tt) "

i=1 v
for t <0,
S(t) =0

with the IRF which was determined separately. Here,
S(t) represents the total time delay-dependent curve,

t
and A; exp (—) is the contribution with a lifetime
T

(2

and amplitude of 7; and A;, respectively. IRF stands
for the contribution from feature I which shows dynam-
ics with a time constant much smaller than IRF and
can be very well represented by IRF. In the fit, time-
zero varied in the range of the experimentally measured
time-zero drift and IRF was also varied in the range of
their uncertainties to obtain the best fit. This analysis
also served to estimate the confidence intervals of these
time constants. The derived time constants, together
with the corresponding curves for each component are
also presented in FIG. 2 (d) and (e).

There are two components derived for the feature II,
with a lifetime of 1.0+0.3 and 1043 ps, respectively.
According to the absorption spectrum of water, they are
assigned to the F''B; and FA; states [20, 32]. Both F
states are of Rydberg character with an electron from
the highest occupied molecular orbital (HOMO) excited
to 3da), and 3db, respectively, and as such they may
be expected to possess a minimum energy geometry
very close to that of the Dy state of HyOV, resulting
in the photoionization process to be dominated by di-
agonal FC factors (Av=0) [29]. This is consistent with
the observations in the photoelectron kinetic energy dis-
tribution: a single peak located at the energetic limit
(2.20 eV). The TRPES spectra were also measured at
longer pump wavelengths where the two photon ener-
gies were insufficient for the excitation of the F' states
[20, 29, 32-34]. Feature II observed at pump wave-
length of 223.0 nm disappeared at these longer pump
wavelengths, in support of the assignment of feature II
at 223.0 nm pump wavelength to the F' states.
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FIG. 2 (a,b) TRPES spectra of HoO at pump wavelengths of 223.0 and 225.6 nm, respectively. The background photo-
electrons generated from single-color multiphoton ionization have been subtracted. (c) The binding energy distributions
of photoelectron at pump wavelengths of 223.0, 225.6, and 228.1 nm. (d—f) Normalized transients for photoelectrons over
kinetic energy ranges of 2.08—2.28, 0.80—1.80, and 0.02—0.20 eV, respectively. Solid dots show the experimental data, while

the lines show the fits to the experimental data.

Feature III is well fitted by including a single expo-
nential decay function, besides IRF presenting the con-
tribution from feature I (FIG. 2(e)). The derived time
constant is 1.5+0.3 ps. Feature III shows differences
both in the time delay dependence and pump wave-
length dependence, suggesting that it has a different
source other than the F states. However, the assign-
ment of feature III is less clear-cut. We tentatively as-
sign it to the excitation of lower electronic state(s), pre-
sumably vibrationally excited. The detailed analysis is
out of the scope of the current study and no further
discussion will be given.

The TRPES data for the DO molecule, shown in
FIG. 3(a), are fitted and analyzed in an analogous man-
ner and lifetimes of 1.940.4 and 30£10 ps are derived
for the two F' states, respectively.

B. The decay mechanism of the F states

The decay dynamics study of the F' states of water
is lack. In a high resolution absorption spectroscopic
study, the rotational lines of the F'1B1(0,0,0)+X(0,0,0)
band of HoO were partially resolved and a lifetime of
7—15 ps was estimated based on the linewidths of the
rotational lines [35]. This is in very good agreement
with one of the time constants derived from the current
study, 1043 ps. Therefore, the time constant of 10+3
ps is assigned to the lifetime of the F'B; state, while
1.040.3 ps to the F'A; state.
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_ The nd components, D" Ay, E'By, E'B,, F'A; and
F!B, for 3d, are mutually coupled with each other
through Coriolis interaction [36]. The two F' states
show heavy similarities in many aspects of the potential
energy surface [29]. The excitation energies of these two
states are also virtually the same: the largest separation
derived from various experimental and theoretical stud-
ies is only ~60 meV [20, 29, 32-34]. It is, therefore, wor-
thy of a detailed investigation on why the F'A; state
decays with a rate about one order of magnitude faster
than the F''B; state. In an ab initio configuration inter-
action calculation by Child and coworkers, the bending
potential energy curves of Rydberg 'A;, 1Ay, !By and
1B, states of HoO were derived [29]. In the manifold of
LA, Rydberg states, the ‘bent’ D and ‘linear’ B states
are energetically lower than the F' 1A1~ state. Strong
configuration interaction between the D and B states
results into a sharp avoided crossing between their po-
tential energy curves. The resulting adiabatic potential
energy curve of the D state is strongly repulsive at small
bent angles and nonadiabatic coupling between the D
and F''A; states is expected, presumably caused by the
bending mode (of A; symmetry). Therefore, we pro-
pose that the dominating decay channel of the F1A,
state is internal conversion (IC) to the D state that is
again strongly predissociated via the B state [7, 8, 34].
A close inspection of the TRPES data (FIG. 2(a)) pro-
vides a direct evidence to this decay mechanism: there
is a very weak, sharp peak at 0.1 eV. The time-delay
dependence of this peak (integrated over 0.02—0.20 eV)

(©2019 Chinese Physical Society
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FIG. 3 (a) TRPES spectra of D2O at pump wavelengths of
222.6 nm. The background photoelectrons generated from
single-color multiphoton ionization have been subtracted.
(b) Photoelectron transient integrated over 2.10—2.30 eV.
Solid dots show the experimental data, while the lines show
the fits to the experimental data.

is shown in FIG. 2(f). Tt is fitted using Eq.(1) and a sin-
gle exponential decay function is involved, besides the
IRF accounting for the contribution from feature I. The
fitting quality is satisfactory and the derived time con-
stant is the same as that of the F'A, state: 1.040.3 ps.
The F'A; state is dominated by the 3db;<1b; con-
figuration and mainly associated to HoO% (Dg) upon
photoionization. However, the D state has a combina-
tion of 3pb;<+-1b; and 3sa;<-3a; configurations due to
the strong interaction with the B state. As such, the
D state can be ionized to both the Dy and D, states of
Hy07". Therefore, the 0.1 eV peak is associated to pho-
toionization of the D state to HoO™ (Dy). The expected
energy of photoelectron is 0.09 eV, calculated using the
vertical excitation energy of Dy (14.73 €V) [37], in per-
fect agreement with the experimental results. The life-
time of the D state is much smaller than 1 ps [7, 8],
rendering the time-delay dependence of photoelectron
signal from the D state resembles that of the F1A; state
itself. The decay mechanism proposed above is consis-
tent with a recent study on the photodissociation dy-
namics of HyO [25]. In this study, it was found that the
rotational and angular distributions of OH fragments
after excitation at 111.5 nm are very similar to those
for the B state photodissociation and the authors sug-
gested that the initial excited F*A; state decays to the
B state, through a series of IC processes.
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The lifetime of the F1B; state is about an order of
magnitude longer than that of the F1A; state. The
likely decay channel of the former is IC to the latter,
caused by Coriolis interaction. In summary, the decay
mechanisms of the F' states can be expressed as:

HQO(FlBl) Coriolis interaction HQO(FlAl),
Tigip, =10£3 ps

HQO(FlAl) Nonadiabatic coupling HQO(DlAl )7
Tiia, =1.020.3 ps

Configuration interaction

HQO(DlAl) HQO(BlA1)7

Thia, <1 ps

IV. CONCLUSION

The ultrafast dynamics of water molecules excited to
the F' states is studied by combining two-photon ex-
citation and TRPEI techniques. The lifetimes of the
F'A; and F'B; states of H,O (D20) were derived to be
1.0+0.3 (1.940.4) and 10+3 (30£10) ps, respectively.
We propose that the F'A, state mainly decays to D
state, through the nonadiabatic coupling between them,
while the F''B; state decays through the F'A; state via
the mutual Coriolis interaction. High-level theoretical
work is demanded to verify the proposed decay mecha-
nisms.
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