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Vibrationally Resolved Photoionization Delays in the Water Molecule
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We have implemented a theoretical approach to provide time- and vibrationally resolved photoelectron
spectra and ionization time delays of polyatomic molecules as those expected from current high energy
resolution reconstruction of attosecond beatings by interference of two-photon transitions setups. Its
application to the H,O molecule reveals that two-photon ionization delays extracted from the calculated
photoelectron spectra do not vary monotonically with photon energy and can increase or decrease along the
vibrational progressions. The difference between one- and two-photon ionization delays is substantially
larger when the molecular cation is left in the symmetric stretching mode (up to 35 as, i.e., comparable to
the actual ionization delays) rather than in the bending mode, thus showing a strong vibrational selectivity
in the laser-photoelectron interaction. Hence, the variation of calculated two-photon delays with the final
vibrational state does not simply reflect the energy dependence of the Coulomb phases, as usually assumed
in a structureless electronic continuum, but also the changes in the molecular geometry associated with the
different vibrational modes. As vibrational excitation accompanying the emission of a photoelectron is the
rule rather than the exception in polyatomic molecules, the present Letter shows the importance of

considering nuclear motion for a correct interpretation of ionization time delays.
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The time an electron takes to escape from an atom or a
molecule after absorption of an extreme ultraviolet (XUV)
photon is usually very short, of the order of tens or few
hundreds of attoseconds. Measuring these photoionization
times has become standard practice in attosecond science
since its early days by using either electron streaking [1,2]
or two-photon interferometric approaches. Among the
latter, reconstruction of attosecond beatings by interference
of two-photon transitions (RABBIT) [3] is the most widely
employed method to date. Photoionization times are
intimately linked to the electronic structure of the system
and the potential landscape that the ionized electron sees in
its way out. For this reason, they can provide valuable
information complementary to that obtained from more
classical spectroscopic approaches in the energy domain.

RABBIT has amply been used to determine two-photon
ionization times in atomic systems (see, e.g., Refs. [4—15]
and references therein) and more recently in molecules
[16-28]. In the latter case, they have been shown to be
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sensitive to the presence of shape [17,21,23,29,30] or
Feshbach [16,19,25,27] resonances in the electronic con-
tinuum, to the anisotropy of the molecular potential arising
from its multicenter character [26], and even to nuclear
motion, including vibration [21] and dissociation [28]. In
many instances, these effects cannot be separated from each
other. For example, in the vicinity of narrow Feshbach
resonances, the nuclei may have enough time to move
significantly before ionization takes place, which strongly
affects ionization times [19,27]. Also, vibrations or breakup
of particular chemical bonds can induce changes in the
anisotropy of the molecular potential, which is reflected in
the measured delays [21]. All this makes extraction of
photoionization times and their interpretation challenging,
requiring support from theoretical modeling in which both
electronic and nuclear degrees of freedom are considered.
However, with the exception of molecules with a single
vibrational degree of freedom, H, [19,25,31], N, [21,27],
and CH, in reduced dimensionality (1D) [28], interpreta-
tion of measured photoionization times is mostly based on
the assumption that nuclei do not move (fixed-nuclei
approximation, FNA) [17,18,22,32-34].

With the increasing energy resolution available in atto-
second laboratories, RABBIT spectra can now provide
vibrationally resolved information for diatomic molecules
[16,21,27,31], which in conjunction with full dimensional
theoretical methods, allows one to retrieve photoionization
time delays resolved in both the photoelectron kinetic
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energy and the vibrational energy of the remaining molecu-
lar cation, thus offering new ways to understand the
complex intertwining between electronic and nuclear
motions. Getting a similar degree of understanding in
polyatomic molecules is much more demanding due to
the existence of several vibrational modes. In a recent
attempt to include all nuclear degrees of freedom,
Patchkovskii et al. [35-37] proposed to obtain RABBIT
spectra from two-photon ionization matrix elements con-
voluted with vibronic cross-correlation functions. In con-
trast with that work, here we have implemented a time-
dependent close-coupling approach that accounts for all
electronic and vibrational degrees of freedom and directly
provides time-resolved photoelectron spectra as those
measured in high energy resolution RABBIT experiments.

Earlier RABBIT experiments on the H,O molecule [17]
have revealed the presence of structured harmonic (H)
bands and sidebands (SB) in the photoelectron spectra,
suggesting the presence of vibrational progressions,
although the limited energy resolution available at that
time did not allow for the extraction of vibrationally
resolved information. In this Letter we have explored the
same photon energy range as in Ref. [17] and retrieved
vibrationally resolved photoionization times of the H,O
molecule from the calculated RABBIT spectra.
Comparison with the experimental results of Ref. [17]
after averaging over all accessible vibrational states is very
good, thus validating our theoretical approach. More
importantly, we show that, in two of the three accessible
ionization channels, namely the X?B, and A2A, ones, the
recorded SBs exhibit pure symmetric stretching and bend-
ing vibrational progressions, respectively. The extracted
two-photon ionization delays (i) do not vary monotonically
with photon energy, (ii) can either increase or decrease
along the different vibrational progressions, and (iii) show a
strong selectivity of the laser-photoelectron interaction with
respect to the final vibrational mode, which is the conse-
quence of geometrical changes associated with such modes.

To cover the whole range of photon energies considered
in previous experimental work [17], we have used two
different APTs as described in the End Matter section,
where details of the theoretical method can also be found.
Figure 1 shows the calculated photoelectron spectrum
for one of the APTs at an XUV-IR delay of 7 = 0.2 fs
[Fig. 1(b)], as a function of such delay [Fig. 1(c)], and after
subtraction of the XUV-only spectrum [Fig. 1(d)]. The
spectrum shows that, besides the harmonic bands associ-
ated with the absorption of the XUV photons, much less
intense sidebands resulting from the additional absorption
or emission of an IR photon appear in between consecutive
harmonic bands [see also Fig. 1(a)]. As can be seen,
harmonic bands and sidebands associated with the different
ionization channels overlap in the same energy regions,
leading to the usual spectral congestion characteristic of
polyatomic molecules. The signature of the sidebands is
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FIG. 1. (a) Fourier transform of the XUV pulse used in this

Letter. (b) Photoelectron spectrum for an XUV-IR delay of
0.2 fs. (c) Photoelectron spectrum as a function of the XUV-IR
delay, z. (d) Difference spectrum, obtained by subtracting the
XUV-only photoelectron spectrum from the XUV + IR one.
Labels indicate the ionization thresholds for each channel, the
harmonics (H), and the sideband orders (SB).

more apparent in Fig. 1(d) after subtraction of the XUV
only spectrum. As expected, the sidebands oscillate with
twice the frequency of the IR field, ok [3], according to the
following formula:

S(7) = A+ B cos 2oRrT — Aol — Adxuy). (1)

When the A¢yxyy phase difference due to the attochirp is
known, this equation allows one to extract the intrinsic
phase difference between the two interfering paths,
A¢,.,;» and hence the two-photon ionization delay
Tmol = A@mor/2wr. In our calculations, A¢gxyy = 0.
Both harmonic bands and sidebands exhibit a rich
vibrational structure. To better identify its origin and
physical meaning, Fig. 2 shows the separate contributions
of the X?B,, A’A,, and BB, ionization channels in the
spectra integrated over the XUV-IR delays (top panel), as
well as the spectra resulting from the subtraction of the
corresponding XUV-only spectra (lower panels). In the
latter, the signature of the different sidebands can be seen in
the regions where the difference between the XUV + IR
and XUV spectra is positive. The vibrational states are
characterized by three quantum numbers (v, vy, v,),
corresponding to the symmetric stretching, bending, and
antisymmetric stretching vibrational motions, respectively.
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FIG. 2. Channel-resolved photoelectron spectrum for an XUV-
IR delay of 0.2 fs. (a) Total and channel-resolved photoelectron
spectra. (b)—(d) Difference spectra, obtained by subtracting the
XUV-only photoelectron spectrum from the XUV + IR one for the
X?B,,A%A|, and B?B, channels, respectively. The notation (v,, v,
v,) indicates the vibrational quantum numbers associated with the
symmetric stretching, bending, and antisymmetric normal modes.
Labels indicate the harmonics (H) and the sideband orders (SB).

Sidebands (as well harmonic bands) in the X2B, channel
exhibit a short vibrational progression in the symmetric
stretching mode, which is dominated by the (0,0,0) peak
with satellite contributions for the (1,0,0) and to a lesser
extent the (2,0,0) vibrational states. This is the consequence
of the fact that the geometry of the H,O" cation in the
minimum of the PES of the X?B, state is similar to that of
the X'Al state of the neutral molecule (see, e.g., Ref. [38]).
In contrast, sidebands associated with the A’A; channel
exhibit a long vibrational progression in the bending mode,
ranging from (0,0,0) to (0,7,0) due to the different positions
of the minima in the PES of the A%A; and X, A, states. The
largest peak corresponds to leaving the cation in the (0,3,0)
vibrational state. Contribution from the B?B, channel to the
spectrum is the smallest, and it is only visible at the lower
photoelectron energies, below 8 eV. In this channel, the
three vibrational modes contribute, with progressions in
each individual mode and combinations of them. As a
result, no individual vibrational peaks can be resolved.
Although a direct comparison with the spectra reported in
[17] is not possible because three different APTs were used
in that work, the main features observed in the calculated

spectrum nicely reproduce the experimental observations,
notably the internal structure of the harmonic bands and
sidebands, although here with much higher resolution.
To extract vibrationally resolved two-photon ionization
delays, we have used Eq. (1) to fit the sidebands, for each
vibrational state associated with each ionization channel, at
their specific photon energies (2nAmg). Note that, at a
given photon energy, different vibrational states correlate to
electrons with different energies according to energy
conservation 2nhwg = €, + E,, , where ¢, and E,, are
the photoelectron and vibrational energies associated with
channel a, respectively. In Ref. [17], relative two-photon
ionization delays, A?A, —X?B;, were determined.
Extraction of relative instead of absolute ionization times
is so far the only way to discount the effect of the APT
attochirp in RABBIT experiments. So, in order to compare
with that experiment, we have also evaluated these relative
ionization delays. As the experiment did not resolve the
individual vibrational peaks, we have averaged our calcu-
lated relative delays over the whole vibrational progressions
in the X2B, and A%A, sidebands. The results are shown in
Fig. 3. The agreement with the experimental data is quite
satisfactory. In particular, the theoretical results reproduce
the nonmonotonic variation of the measured delays with
photon energy, which pass from being positive (~ + 25 as) at
the lower photon energies to negative at the higher photon
energies (~ — 15 as). The theoretical results predict that
this nonmonotonic behavior is even more pronounced than
the one expected from the available experimental data,
especially between 22 and 28 eV, where unfortunately there
are no experimental results. Remarkably, the observed
variation of the two-photon delays does not follow that of
the one-photon ionization delays, either in the FNA (also
reported in [17]) or by including nuclear motion. In the FNA,
the one-photon delay remains close to zero, and variations
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FIG. 3. Calculated and measured one- and two-photon relative

A’A, — X°B, ionization delays. The experimental data were
extracted from Ref. [17].
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FIG. 4. Vibrationally and channel-resolved one- and two-photon delays for different orientations of the light polarization vector as a
function of photon energy. Insets represent the light polarization direction with respect to the molecule.

do not exceed 5 as in the whole photon energy range. The
same holds for the one-photon delays that include nuclear
motion, although below 23 eV, they increase dramatically
as we go down in photon energy, in notorious disagreement
with the behavior of the two-photon delays. This implies
that continuum-continuum transitions induced by the IR
field play a critical role and that this role changes with
photon energy in a nonmonotonic way, even at the level of
relative delays, where one would expect that the effect of
the IR field should cancel out, at least partially.

Figure 4 shows absolute vibrationally resolved one-
photon and two-photon ionization delays for the X2B,
and A?A, channels. For a deeper understanding, the delays
are given for the three main polarization directions, as
defined in the inset of the figure. The corresponding delays
for randomly oriented molecules are shown in Fig. 6 of the
End Matter. For the one-photon delays, differences between
the various vibrational states are only visible at the lower
photon energies. We have checked that, in all cases, these
differences vanish almost completely when the one-photon
delays are plotted as a function of photoelectron energy,
indicating that the differences observed at a given photon
energy are almost exclusively due to the different velocity
of the escaping electron. As the vibrational progression in
the A%A, channel is rather long and the energy spacing
between consecutive bending vibrational states is ~220 meV
along the whole progression, differences in the one-photon
ionization delays can be as large as ~40 as at the lowest photon
energy. This is because at low electron kinetic energies the
Coulomb phase shift varies rapidly with energy, so that its
energy derivative, hence the one-photon delay, varies even
more rapidly with energy [39-42].

The picture is substantially different for the two-photon
delays. First, for both the X>B, and A?A, channels, there
is a visible difference between delays associated with

different vibrational states all over the investigated photon
energy range, typically of not less than ~10 as. Second, the
difference between the one- and the two-photon ionization
delay, usually called 7,.. [39—42], is substantially larger in the
X?B, channel, where only the symmetric stretching vibra-
tional progression is observed, than in the A%A; channel,
where only the bending vibrational progression is observed.
The largest differences in the X>B, channel are found for
SB,y and SB,4, where they can reach up to ~35 as. It can
also be observed that, for the AZAI channel, the vibrationally
resolved one- and two-photon delays exhibit a qualitatively
similar, almost monotonic behavior with photon energy,
except for SB24. In contrast, for the X>B; channel, the
behavior of the vibrationally resolved one- and two-photon
delays is quite different and nonmonotonic, with one of the
delays exhibiting maxima where the other presents a mini-
mum and vice versa. Since 7. is the time delay associated
to the continuum-continuum transitions induced by the IR
field, these findings indicate that the IR-photoelectron
interaction exhibits pronounced selectivity with respect to
the vibrational mode of the remaining molecular cation, i.e.,
to the specific structural changes associated with each mode.

The origin of this selectivity is intricate and cannot be
attributed to a single mechanism. On the one hand, the
interaction of the photoelectron with the IR pulse opens
additional ionization channels involving partial waves of
higher angular momentum, allowing the photoelectron to
encounter centrifugal barriers along its path that are absent
after absorption of the XUV photon. Depending on the
effective height and width of these barriers, which in turn
depend on the effective molecular geometry associated with
a given vibrational state, the two-photon ionization process
may be accelerated or delayed. On the other hand,
diffraction patterns arising from the scattering of the
photoelectron by multiple atomic center—as predicted
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for polyatomic molecules within the fixed-nuclei approxi-
mation [43—45]—are naturally sensitive to variations in
molecular geometry, and hence to vibrational motion. We
show that these effects not only exert a stronger influence on
7. than on one-photon delays, but also that, despite the
vibrational spacings being comparable for the two modes
investigated, their impact differs dramatically between them.

In conclusion, we have implemented a theoretical
approach that provides time- and vibrationally resolved
photoelectron spectra of polyatomic molecules as those
expected from high energy resolution RABBIT experiments.
The method accounts for all electronic and vibrational
degrees of freedom and provides an accurate description
of electron correlation. Application to the H,O molecule
shows that the difference between one- and two-photon
ionization delays significantly depends on the vibrational
mode and the degree of vibrational excitation in the remain-
ing molecular cation. For the 5(231 channel, where only the
symmetric stretching mode can be excited, this difference
can be as large ~35 as, i.e., comparable in magnitude of the
measured delays. This is mostly the consequence of a
pronounced selectivity of the IR-photoelectron interaction
with respect to the specific structural changes associated
with each vibrational mode. A similar selectivity on vibra-
tional mode and vibrational excitation is expected for any
small and medium-sized polyatomic molecule, which calls
for high energy resolution RABBIT experiments able to
uncover the effect of molecular vibrations.
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End Matter

Theoretical method: We solve the time-dependent
Schrodinger equation (TDSE),

(H(r,R, 1) — i%)‘l’(r,R, 1) =0, (Al)

where r represents all the spin and position coordinates of
the electrons, and R denotes all nuclear coordinates (three
in the present case). The operator H(r,R,7) can be
partitioned as the sum of the field-free molecular
Hamiltonian H,(r, R), and the field-molecule interaction
potential V(r, 1),
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H(r,R, 1) = Ho(r,R) + V(r,1). (A2)

The field-free Hamiltonian H,(r, R) can be written as the
sum of the Born-Oppenheimer electronic Hamiltonian
Hy(r,R) and the nuclear kinetic energy operator,

Ho(r,R) = Ty + Ho(r,R). (A3)

The time-dependent wave function in Eq. (A1) is expanded
in a basis set of fully correlated adiabatic states [46,47],

chhu l//b r, R))(,b(R) —iEpy,t

Z / de Zc‘”’”

at gmy

<y ) (,R)y,, (R)e

¥(r,R, 1)

—i(Eqp, +ea)t‘

(A4)

In Eq. (A4), y,(r, R) are the bound states of the neutral
£a(-)

molecule, and w5 (r,R) are electron-ion scattering

states or electronic continuum states satisfying the proper
asymptotic conditions, namely, incoming spherical waves
in all channels and outgoing spherical waves only in
channel af,m,. The labels ¢, and £,m, represent the
asymptotic photoelectron energy and the photoelectron
angular momentum quantum numbers. All the electronic
states in Eq. (A4) are defined as the eigenfunctions of the
Born-Oppenheimer electronic Hamiltonian,

Hy(r,R)y, (r,R) =E,(R)y,(r,R)

Ho(r Ryt (1 R) = [Eo(R) + e, (R R).  (AS)
The vibrational states y,, (R) and y, (R) in Eq. (A4) are
the eigenfunctions of the vibrational Hamiltonian for each
of the potential energy surfaces of the neutral E,(R) and
ionic E,(R) electronic states of the molecule.
Computational details: The state energies and dipole
couplings between bound-bound, bound-continuum, and
continuum-continuum states have been calculated using the
XCHEM approach [48,49]. As shown in previous works
[27,50-54], XCHEM provides an accurate description of
electron correlation for both bound and continuum states.
The ground state of water X'A, was obtained from a
complete active space configuration interaction (CAS-CI)
calculation, including the first five a;, two by, and two b,
orbitals, with the 1a; core orbital always doubly occupied.
These orbitals were optimized using the state-average
restricted active space SCF (SA-RASSCF) capability of
MOLCAS [55], where the ground state of neutral water,
X'A,, and the three lowest states of the corresponding
cation, X2B,, A%A,, and B%B,, were included in the state
average. We used the cc-pVTZ one-electron basis set
[56,57]. The cation states were obtained by constructing

the (N — 1)-electron configuration state functions (CSFs)
using the same orbitals obtained in the MOLCAS state
average. The first three cation states (energetically open)
were included in the close-coupling calculation.

The set of monocentric GABS basis functions [48] used
to describe the photoelectron is placed at the system origin,
with the B-splines being nonzero for radii » > R, and the
monocentric Gaussians being nonzero for a radii r < R,
such that Ry < R;. The B-splines part of the basis consists
of asetof 800 B-splines of order k = 7 extending from Ry = 7
ag up to Ry, =400 ay with Z<6. The Gaussian
part contains a set of 22 even tempered functions

aop  H25 ' ' 1
|j H23

35 t H21
30 L H19 |

H17
25 E
20 b
~
> B’B,
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R 1 E
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= | Ee—
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D 10 L L L
S 7o 0.2 0.4 0.6 0.8 1
@ E(w) au
=
8 40 T T T T ]
=]
=
35 E
H21
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30/ G _
B 7
25 E H15 T
| H13
20 E
B%B,
15 E__________________________________=
A2A,
X?B,
10 1 1 1 1
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FIG. 5. Spectra of the two APTs used in our calculations.

Dashed lines indicate the position of the lowest three ionization
thresholds of H,O.
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GM(r)x it e=ar  with a; = apf’ (ay = 0.01, f = 1.46,
i=0,1,...,21),and { = 0,7 < 6.

The three-dimensional vibrational wave functions
describing symmetric, antisymmetric, and bending vibra-
tional modes are obtained using the harmonic approxima-
tion within the vertical-Hessian approach [58], which has
been shown to be a good approximation when all relevant
transitions occur in the Franck-Condon (FC) region, as it is
the case in the present Letter. Combining all calculated
electronic and vibrational states amounts to 118,001
vibronic states in the close-coupling expansion given in
Eq. (A4). Although the A%A, and X2B, states of the cation
become degenerate at the linear geometry, leading to the
appearance of a rovibronic coupling between them
(Renner-Teller effect), such linearization occurs well out-
side the Franck-Condon (FC) region (see, e.g., Fig. 1 of
Ref. [38]), so it is not expected to play a significant role in
the present Letter. Dipole matrix elements between vibronic
states associated with bound-bound, bound-continuum, and
continuum-continuum transitions were evaluated within the
FC approximation, which, as shown in [27], is a good
approximation when all relevant laser-induced transitions
occur in the FC region.

We have used an IR pulse of 30 fs duration, 1.55 eV central
frequency, 3 x 10! W/cm? peak intensity, and cosine
envelope, and XUV attosecond pulse trains (APTs) of similar
duration, cosine envelope, and 10'> W/cm? peak intensity,
in one case containing intense enough harmonics of the IR
frequency from H13 to H21 [see Figs. 1(a) and 5(a)] and in
another case from H17 to H25 [see Fig. 5(b)]. The two
different selections of the APT cover the whole energy range
investigated in Ref. [17]. The delay between the APT and the
IR was varied between —6 fs and +6 fs. The integral over
continuum intermediate states in Eq. (A4) is performed over
adiscrete grid of continuum wave functions [46,47]. In these
calculations the energy grid consisted of 2000 points
equidistant in energy with spacing Ae = 4.0 x 107 a.u.

Ionization delays for randomly oriented H,O
molecules: Figure 6 shows the vibrationally resolved
two-photon ionization delays associated with the symmet-
ric stretching vibrational progression in the X?B, channel
(left) and the bending vibrational progression in the A%A;
channel (right) for randomly oriented molecules. They are

'|'"|"'|0(;0"|"'|"'|"'
(0,0,0) —=—- ~
75 1,0,0) ---3--- 2 -
Ez,o,og : X°B;
L One-photon === i

50
- 25}
<
~—
g)} L
g ol -
D
=
P L o
% —25 1 1 1 1 1 1
[=] LA V| BLANL N B R B e S e M S e e B e
2 oL & (H i, ]

\ ,2,0) — -

S 70- ! ‘\\\ 0,3,0) 1
ot | \l\\\\ (0,4,0) J
5 ool A o
S 50 Nk 070 - T
= RN One-photon === /n
= I OO /y -
i 30 y

10

-=10

Photon energy (eV)

FIG. 6. Vibrationally resolved two-photon ionization delays
associated with the symmetric stretching vibrational progression
in the X?>B, channel (up) and the bending vibrational progression
in the A”A; channel (down) for randomly oriented molecules.
The corresponding one-photon ionization delays for the highest
and lowest vibrational states are indicated by dashed blue lines.
One-photon delays for all other vibrational states lie in the shaded
blue region. The vibrationally unresolved one-photon delays are
indicated by the black dashed line.

compared with the corresponding one-photon ionization
delays. As can be seen, all conclusions obtained in the main
text remain valid for the case in which molecular orienta-
tion is not resolved.
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