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Photodissociation of water induced by a long UV pulse and probed
by high-energy-resolution x-ray-absorption spectroscopy
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A UV-pump x-ray-probe (UVX-PP) experiment for probing UV initiated dissociation of the water molecule
with long pulses is proposed on the basis of theoretical simulations. With long overlapping UV and x-ray pulses,
we can obtain high-spectral-resolution x-ray-absorption or ionization spectra, containing detailed information
about dynamics in the intermediate valence-excited state. The dynamics can be influenced with frequency
detuning of the pump UV pulse, which acts as a camera shutter by regulating the duration of the UVX-PP
process. Thereby, this UVX-PP setup gives access to ultrafast dynamics of the nuclear wave packet without
experimentally challenging requirements of ultrashort pulses and controlled delay times. In a case study of the
water molecule, we focus on the lowest UVX-PP channel (15; — 4a;, 1la; — 1b;) where both intermediate
valence-excited and final core-excited states are dissociative. The variation of the UVX-PP duration, controlled
by the UV detuning, and different dispersion laws of so-called molecular and atomic bands allow one to study
the dynamics of fragmentation of the water molecule in the intermediate state. A feature is that the long lifetime
of intermediate valence-excited states opens a door for studies of photoinduced dissociation of polyatomic

molecules with heavy fragments.

DOI: 10.1103/PhysRevA.104.032816

I. INTRODUCTION

Time resolved pump-probe spectroscopy is a powerful tool
for tracking ultrafast electron and nuclear dynamics. Due to
the fast development of new light sources in the x-ray dia-
pason, pump-probe spectroscopy is moving rapidly into the
short-wavelength range [1-3]. For example, high flux fem-
tosecond x-ray pulses allow time resolved x-ray-diffraction
measurements which give insight into phase-transition dy-
namics in solids induced by excitation of large-amplitude
coherent optical phonons [4-6]. Pump-probe spectroscopy
was initially enabled by progress in the field of optical laser
physics. High time resolution is often achieved with optimally
shaped, ultrashort laser pulses [7], but this is accomplished
at the expense of spectral resolution due the energy-time un-
certainty principle. As an alternative to short laser pulses [8],
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setups operated with long pulses [9] can give high spectral
resolution, which will be utilized in this paper.

Pump pulses often involve infrared (IR), optical, or ul-
traviolet (UV) pulses, while depending on the source the
probe pulses vary from terahertz to x-ray wavelengths. Time
delayed, Fourier-transform limited, and phase controlled IR
or UV pulses in table top experiments [10] can be used to
track vibrational and electronic states. IR and x-ray pulses
can be generated from synchrotrons [11,12], higher harmonic
generation [13], or free-electron lasers (XFELs) [14]. Also x-
ray pump—x-ray-probe experiments are possible in which high
spectral resolution can be obtained even for short stochas-
tic XFEL pulses with limited spectral coherence using the
covariance-mapping technique [15].

One of nature’s most fundamental processes is chemical
reactions in which chemical bonds in molecules rearrange to
form new compounds. Mapping the evolution of electronic
structure and nuclear dynamics is the key to explain mech-
anisms of chemical reactions. Quite often the photoexcitation
is accompanied by the fragmentation. The study of the dy-
namics of light-induced fragmentation or photolysis of the
molecules constitutes one of the important directions of ultra-
fast photochemistry [4,16]. Time resolved measurements can
be performed directly by varying the delay time between short
pump and probe pulses in conventional time resolved pump-
probe spectroscopy with limited spectral resolution due to
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short pulse duration. For example, photodissociation dynam-
ics of OCS into CO and S fragments was observed through
time delayed strong-field ionization and imaging of the kinetic
energy of the resulting CO* and ST fragments [17]. Time re-
solved VUV photoelectron spectroscopy was used to map the
entire occupied valence electronic structure of photoexcited
gas-phase Br, molecules during dissociation [18,19].

The UV-pump x-ray-probe (UVX-PP) technique presents
an alternative opportunity to study nuclear dynamics in
valence-excited states using long pulses which preserve high
spectral resolution. This was recently demonstrated for the
UVX-PP process between bound states of the CO molecule
[20]. However, the excitation of molecules in repulsive states
is a rather common phenomenon. Contrary to the earlier
studied pump-probe scheme with the bound states [20],
the photofragmentation brings a qualitatively new element,
namely, the opportunity to map the evolution of the molecule
from the equilibrium through the possibly transient state to the
region of fragmentation. In the UVX-PP process the pump UV
pulse dissociates the molecule into molecular fragments and
the probe x-ray pulse provides a way for their identification
using element and state sensitivity of x-ray absorption. This
method is a valuable tool for the study of mechanisms of fast
photochemical reactions.

Similar to resonant inelastic x-ray scattering (RIXS) [4] the
UVX-PP method allows us to study in detail the dynamics of
the fragmentation. As we will show below, this method allows
us to trace in time development of two spectral bands—one
of the intact molecules (“molecular” band) and dissociation
fragments (“atomic” or “fragment” band). Contrary to RIXS
with the short lifetime of the intermediate core-excited state,
the long lifetime of the intermediate valence-excited state
allows us to study the fragmentation into the heavy fragments.
Due to the long lifetime of the intermediate valence-excited
state, the nuclear wave packet experiences dramatic changes
in the course of the UV-induced fragmentation. Let us single
out two important ingredients which couple dynamics and the
spectrum. The first one is that the shape of the wave packet
in different instances leads to specific spectral features like
molecular and atomic bands. The second key point is the in-
ternal timer of the UVX-PP process with the timing regulated
by the duration time 7. This time, controlled by the detuning
Quy from the UV absorption resonance, arises because of
the dephasing exp(iQ2yvt) of the amplitude in the process,
which quenches the long-time ¢ > 7 contributions similar to
RIXS [21].

The molecular band is formed by the probe pulse generat-
ing x-ray transitions near the equilibrium geometry, while the
atomic band is mainly due to core excitations of the fragments
of dissociation. We have already encountered such a structure
in similar processes, namely, RIXS and resonant Auger scat-
tering (RAS) against dissociative intermediate core-excited
states [4,22,23]. Due to different dispersion of the atomic and
molecular bands as a function of excitation energy, their spec-
tral features can be separated. However, quite often the atomic
peak in RIXS and RAS is rather weak because the core-
excited molecule does not have time to entirely dissociate
during the short lifetime of the intermediate core-excited state.
Hence, it is very difficult to track the dissociation into heavy
fragments, which is a common relaxation pathway for many

core excitations. This drawback in RIXS and RAS is absent
in UVX-PP due to a much longer lifetime of the intermediate
valence-excited state. Another advantage of the proposed UV
x-ray pump-probe method is that one can use ordinary syn-
chrotron light sources with pulses longer than 1 ps. There is
also a direct approach to correlate the relaxation pathways and
the fragments of the dissociation using the time-of-flight and
photoelectron-photoion coincidence measurements [24-26].
However, contrary to the UVX-PP technique, these methods
cannot identify the electron-vibrational state of the fragment.

To exemplify the concept of UVX-PP for dissocia-
tive states, we perform spectrum simulations for the wa-
ter molecule, where the UV excitation 1b; — 4a; of the
molecule into the lowest valence-excited state A(lbl_l4a%) is
followed by a x-ray probe transition la; — 1b; to the core-
excited state lal’14a{. Here, each molecular orbital (MO)
involved in the transitions is denoted by its irreducible rep-
resentation in the C,, point group of the ground-state water
molecule. The oxygen ls core orbital is denoted 1a;, whereas
in the valence 1b, is the highest occupied lone-pair MO and
4a; is the lowest unoccupied antibonding MO. A comprehen-
sive review of UV absorption transitions in the water molecule
can be found in Ref. [27].

The first valence-excited state A(lbl_14a{) is dissociative
with the same dissociation limit as the ground state X'A; and
has been extensively studied theoretically [16,28-36]. The
first core-excited state la; '4al and related two-dimensional
potential-energy surfaces of ground, valence-excited, and
core-excited states were computed earlier in Refs. [28-31]
and studied experimentally in Ref. [37]. One should mention
also another—IR-pump x-ray-probe—scheme [38,39] applied
to study the water molecule. This method allows us to probe
nuclear dynamics in the core-excited state of vibrationally
excited molecules using one or two differently polarized co-
herent IR pulses [40].

Our paper has the following structure. We begin in
Sec. I with the outline of the employed model and the
time-dependent wave-packet formulation of the pump-probe
process. Section III is devoted to the computational details.
Results of the simulations are collected and discussed in
Sec. IV. We summarize our findings in Sec. V.

II. DYNAMICAL THEORY OF THE UVX-PP PROCESS

In this paper, we will study the interaction of molecules
with two long overlapping UV and x-ray pulses (we use
atomic units throughout the paper if it is not stated otherwise):

8X = %Exexei“’xl + c.c.
ey

These fields play different roles. The pump UV pulse (Eyy,
eyy, wyy) excites the molecule from the ground state zero
to the valence-excited state 1 and triggers the propagation of
the nuclear wave packet in the field of the potential U, (R).
The x-ray pulse with the amplitude Ex, polarization vector ey,
and frequency wy promotes the molecule into a core-excited
state 2, thereby generating an x-ray-absorption spectrum of
valence-excited molecules which probes the dynamics of the
nuclear motion in the intermediate state 1. In the specific

1 iwyyt
Euv = yEuveuveV' +c.c.,
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FIG. 1. UV+x-ray pump-probe scheme exemplified for the low-
est UVX-PP channel of the H,O molecule: UV transition 15, — 4a,
[27] followed by x-ray transition 1a; — 1b;. The details of calcula-
tions of potential-energy surfaces depicted in this figure are outlined
in Sec. IIL.

process for the water molecule (see Fig. 1)
wuy + 1X'A1) > |A(16]"'4a})) - ox + |A(1b]"4a)))
— |la; '4ay). Q)

The theory of this pump-probe process was developed ear-
lier and can be found in Ref. [20]. In short, the cross section
of the UVX-PP process

o o |(eyy - dor)(ex - d2)|? 3)

depends on the polarization of applied fields through the pref-
actor g, where the overline implies an average over molecular
orientations [4,22]. The dipole moments on the UV [dg; =
(1by|r|da,) = (dg;), 0,0)] and x-ray [dj; = (lai|r|1b;) =
(d%), 0,0)] transitions are perpendicular to the molecular
(z, y) plane because of the orthogonal orientation of the lone
pair 1b; orbital.

The UVX-PP spectrum is described by the factor oy, [20]:

0 = QO0nycl,

1 o . .
Couel = ;Re/ dt O-(t)el(wuv+wx—wzo+€o+lr)l,
0

o(t) = (WO)W@), W) =e ™ dy|¥(0)),

|W(0)) =/O dt € <[P ),  [Yi(0) = e M dpl0). (4)

Here h, = K + U,(R) — U™" is the nuclear Hamiltonian of
the nth electronic state. We omit here the derivation of Eq. (4)
because it is very similar to the case of RIXS [41]. The
spectrum [see Eq. (4)] depends on the dynamics of the nuclear
wave packets in the intermediate valence-excited |y (¢)) and
final core-excited |\W(¢)) states. This dynamics is controlled
by the complex time

1

y —i(wyy — w10+ €)

(&)

Tc =

It is natural to name the absolute value T = |7¢| of 7¢ as the
duration of the UVX-PP process, which can be controlled by

detuning from the UV absorption resonance, Quy = wyy —
w19 + €o. The duration time (see also Ref. [20])

1
Q2 + 2
Véuv TV

effectively plays the same role as the pump-probe delay time
in conventional time resolved spectroscopy. Here we define
Wpp = UMD — UMt a5 the difference between the bottom
of the potential wells U, (R) and U,(R). The dynamics of
the studied process is characterized by two relaxation time
constants, namely, the lifetime broadenings (half width at
half maximum) of the valence y and core-excited I" states.
The prefactor o (3) is not included in simulations, because
the spectral shape of the UVX-PP cross section does not
depend on the polarization vectors. In the case of water,
the dissociative intermediate and final states make it nu-
merically convenient to use a time-dependent representation
[20,28,41,42] for the nuclear part (4) of the UVX-PP cross
section. The time-dependent representation for the cross sec-
tion (4) together with the duration time (6) has also the
advantage that it shows how the spectrum is affected by the
dynamics of nuclear wave packet |{(¢)) as controlled by
the frequency detuning Qyy via the factor exp(—¢/t¢). This
important aspect will be elucidated in detail in Sec. IV.

(6)

T=|tc| =

II1. DETAILS OF SIMULATIONS

The potential-energy surfaces of H,O (Fig. 1) are derived
from calculations [31] carried out in the restricted active space
self-consistent field [43] framework in the MOLCAS package
[44]. Other details can be found in Ref. [31]. Since the UV
transition occurs near the equilibrium distance R,, where the
transition dipole moment dy; is almost constant, we neglect its
R dependence. Also, the R dependence of the transition dipole
moment of x-ray excitation d;, is negligible.

During the long lifetime (1/y) of the valence-excited state
1b1’14a{, the wave packet propagates a large distance, R >
Ro +v/y =~ 26 a.u. Here v &~ \/2E /my is the velocity of
the leaving hydrogen atom, where the kinetic energy E is
defined in Fig. 1. In order to get full convergence of the results
of the simulations, we propagate the wave packet |y (¢))
up to R =95 a.u. The experimental value [28,45] of the
lifetime broadening of the core-excited state, I' = 0.079 eV
(1/T" = 8.33 fs), was used in the calculations. For the life-
time broadening of the valence-excited state we used only
a reasonable estimation, y = 0.01 eV (1/y =65.8 fs). In a
real system the lifetime of a lower valence-excited state is
usually much longer, which results in smaller lifetime broad-
ening, thus improving the spectral resolution of the UVX-PP
technique. Here we consider the case of weak long UV and
x-ray pulses, which implies that the pulses cannot make any
sufficient change in the populations and that their duration
is sufficiently longer as compared to all relaxation times
of the system. Under these conditions, the actual pulse pa-
rameters do not play any role for the simulation. In order
to fulfill the above stated criteria for the pulse parameters
in experiment the pulse durations must be chosen so that
Tx, tuv > 1/, 1/y > 100 fs; for the pulse intensities the
corresponding Rabi frequencies must satisfy the following
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FIG. 2. Theoretical UV and x-ray-absorption profiles of H,O.
The experiments give the following value of the peak positions:
7.447 eV for 1by — 4a; UV absorption [27] and 534 eV for 1la; —
4a, x-ray absorption [37].

condition: |Eyydo |, |Exd2] < T, y. Given that the transition
dipole moment of the core-to-valence transition is 0.08 a.u.
[31] the laser intensity must be limited by «10'> W/cm?.
Let us note that deviation from the Gaussian pulse envelope
may result in the formation of weak side spectral structures
as it was shown for the case of a rectangular pulse for x-ray
absorption [46].

The calculation of the UVX-PP cross section o,y (4)
was performed using wave-packet software [47] employing
a direct solution of the time-dependent Schrodinger equation
in Cartesian coordinates with a split-time operator algorithm
[48]. Before concluding this section, we should notice that the
dynamics of the UVX-PP process is sensitive [28,41,42] to the
spectral shape of the UV absorption 0 — 1,

nucl —

o0
gibs lRe/ dt o (t)ei(Cl)UV_CUIU‘f‘GU‘HV)Z’
T 0

o1(t) = (0[y1 (7)), (7

as well as to the x-ray absorption 0 — 2, which is defined by
the same equation after replacement of the UV frequency by
a x-ray frequency (wyy — wyx), the valence excitation by the
core excitation (I — 2), and a corresponding replacement of
the lifetime broadening (y — I).

IV. RESULTS AND DISCUSSION

A. Photodissociation dynamics of water

Because both the intermediate valence-excited and the
final core-excited states are dissociative the UV and x-ray-
absorption profiles computed using Eq. (7) show broad peaks
(Fig. 2). At the UV resonance (Q2yy = 0), the UVX-PP spec-
trum [see Eq. (4)] exhibits a narrow atomic peak (Fig. 3),
which is much stronger than the broad molecular band. This
differs qualitatively from the RIXS spectra of water [31] and
methanol [41] where the intensity of the molecular band is

—
1=0.44 fs

3.0x10° 4% WS EV ;
0.0 L —
5.0x105 | 1=0.66 fs
0.0 | L —
7 0x106 —+0 5 eV =132 1s

1 I T
524 525 526 527 528 529 530
o, (eV)

FIG. 3. Theoretical UVX-PP spectra (4) of H,O for different
detuning Quy = wyv — w0 + €. One can see the anti-Raman dis-
persion (8) for the molecular band and nondispersive for the atomic
peak, which vanishes for large |Qyv|. Guidelines for anti-Raman
dispersion (blue) and nondispersive (red) are included. The UVX-PP
spectra show the gradual quenching of the nondispersive (8) atomic
peak (red) with an increase of |Qyy| due to shortening of the du-
ration T (6). When the UVX-PP process becomes fast we have an
almost instantaneous transition from ground to final state, 0 — 2.
Due to this, the dispersive molecular (blue) band (8) converges to the
broadband which mimics the shape of x-ray-absorption spectroscopy
la; — 4a, shown in Fig. 2.

comparable with that of the atomic peak. The reason for this
is the short lifetime of the intermediate core-excited state in
RIXS in comparison with the long lifetime of the intermediate
valence-excited state in the UVX-PP process which makes the
probability of fragmentation much larger in UVX-PP than in
RIXS, namely, I'/y times larger. As it was pointed out earlier
[20], the dynamics of the UVX-PP process is characterized
not only by the lifetime of intermediate state 1/y but also by
the detuning from the top of UV absorption Quy = wyy —
wyo + €9. Above, Egs. (4) and (5) contain the characteristic
time constant T = |t¢| [see Eq. (6)] which characterizes the
duration of the studied process (similar to RIXS [21,22]).
Figure 3 shows that the dependence of the UVX-PP spectrum
on the detuning is not the same for positive and negative Qyuy.
The reason for this is the asymmetry of the spectrum with re-
spect to the point of the vertical transition in potential-energy
curve U; (R) (see state 1b;'4al in Fig. 1).

The shortening of the UVX-PP duration with increase of
|Quy| explains the quenching of the narrow atomic peak
when the frequency of the pump UV radiation is tuned away
from the resonance (see Fig. 3). The observed quenching of
the atomic peak is, however, only one part of the dynamical

032816-4



PHOTODISSOCIATION OF WATER INDUCED BY A LONG ...

PHYSICAL REVIEW A 104, 032816 (2021)

effects found in our simulations. One can see also that the
molecular and atomic bands

o™ & —wuy + on(Ry), )" & w1(00) = const (8)
depend very differently on the frequency of the UV field
(Fig. 3), showing anti-Raman dispersion and nondispersive
behavior, respectively. Here w,,,(R) = U,,(R) — U,(R). This
behavior can be understood by examining the energy conser-
vation laws for the molecular band, formed near equilibrium
[wuv + Up(Ro) + wx = U>(Rp)], and for the atomic peak
[wx + U;(00) = Uy(00)], formed in the asymptotic region
where the potentials U; (R) and U, (R) are both flat (see Fig. 1).
One should notice that the anti-Raman dispersion law is
strictly fulfilled only when the UV frequency wyy is tuned
beyond the 0 — 1 UV resonance (similar to RIXS [22]).

B. Photodissociation dynamics of polyatomic molecules
with heavy fragments

The suggested UVX-PP technique is nicely suited for
studying dynamics of the photoinduced fragmentation of
polyatomic molecules with heavy fragments of the disso-
ciation. Indeed, the dynamics of the dissociation channels
leading to formation of heavy fragments cannot be detected
by RIXS, because the lifetime of the intermediate core-excited
state (<1 fs) is much shorter than the fragmentation time [4].
This drawback is absent in the UVX-PP technique due to the
much longer lifetime of the intermediate valence-excited state
(2100 fs).

Let us point out another advantage of the suggested UVX-
PP method for fragmentation dynamics studies. In the case
of photodissociation of a polyatomic molecule by visible or
UV light [24,25], the tunability of synchrotron or XFEL radi-
ation allows us to separate probe x-ray spectra from different
dissociation fragments due to element selectivity of x-ray
spectroscopy. The first showcase is an important reaction of
the formation of tropospheric ozone [49]:

N02+wUV — NO + O.

When x-ray radiation is tuned near the N K edge one can
probe in time the dissociation dynamics of the NO fragment.
In the case when x rays are tuned near the O K edge the
probe x-ray-absorption spectrum includes both NO and the
oxygen atom Xx-ray-absorption spectra contributions. How-
ever, these probe signals can be distinguished since the first
x-ray-absorption spectroscopy resonances of the NO molecule
(531.1 eV) [50] and of the O atom (527 eV) [51] are separated
by approximately 4 eV.

Another example is UV-induced dissociation dynamics of
nitromethane CH3;NO, [52]. Excitation to the lowest band
wyy ~ 6.3 eV corresponds to the n — 7* transition localized
on the NO, moiety, thus the main photodissociation channel
is [52]

CH3N02 — CH3 + NOz.
The dynamics of the reaction can be probed by the UVX-PP
technique using x rays tuned in the vicinity of either the C

K edge of CHj or the N K (O K) edge of NO, fragments
similar to Fig. 3. The element selectivity of x rays gives a

simple and powerful tool to identify fragments of dissociation
as well as the electronic states of the fragments because x-
ray-absorption spectra of CH3 and NO, are sensitive to their
electron-vibrational excitation [4,53].

V. SUMMARY

We have explored the theoretical foundations for using
long overlapping UV and x-ray pulses for obtaining a high-
resolution UV+4x-ray pump-probe spectrum of gas-phase
water. We have chosen a channel in which first the UV
pulse excites the electron from highest occupied 15, MO to
lowest unoccupied 4a; MO, then the x-ray pulse promotes
the Ols electron to the created hole in the lone pair 1b;
orbital. The choice of these channels is twofold. First of all,
this allows us to avoid spectral overlap of the UVX-PP sig-
nal with the conventional x-ray absorption from the ground
state. Secondly, our paper sheds light on the advantages of
the suggested pump-probe scheme in studies of molecular
fragmentation because both intermediate (1b1_14a 1) and final
(la,~"4ay) states are dissociative. One of the main advantages
of the proposed scheme for UVX-PP spectroscopy is that a
O-H bond in the water molecule is almost completely broken
in the long-lived, dissociative valence-excited state 1b1_14a1.
This drastically enhances (by I'/y times) the intensity of the
x-ray-probe signal from the fragment of the dissociation in
comparison with akin processes, like RIXS [31] and RAS
[4] with the short lifetime of the intermediate state. This
circumstance together with the very different dispersion of the
so-called molecular and atomic bands and variable duration
of the process controlled by the frequency of the UV field
opens the door to study photoinduced dissociation on a longer
timescale as in the case of heavy dissociation fragments. The
detection of heavy products of the dissociation is impossible
in RIXS and RAS spectroscopy due to the short lifetime of
core-excited states.
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