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Electronic and Nuclear Dynamics En Route to Double Ionization

Chuan Cheng,' Zachary L. Streeter,>? Andrew J. Howard,*® Michael Spanner,% 7 Robert R. Lucchese,?
C. William McCurdy,?? Thomas Weinacht,! Philip H. Bucksbaum,*?® and Ruaridh Forbes® % 9:[]

! Department of Physics, Stony Brook University, Stony Brook, NY 11794, USA
2 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3 Department of Chemistry, University of California, Davis, CA 95616, USA
4 Stanford PULSE Institute, SLAC National Accelerator Laboratory
2575 Sand Hill Road, Menlo Park, CA 94025, USA
5 Department of Applied Physics, Stanford University, Stanford, CA 94305, USA
6 National Research Council of Canada, 100 Sussex Drive, Ottawa K1A OR6, Canada
" Department of Physics, University of Ottawa, Ottawa KIN 6N5, Canada
8 Department of Physics, Stanford University, Stanford, CA 94305, USA

9 Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

We investigate the role of nuclear motion and strong-field-induced electronic couplings during
the double ionization of deuterated water using momentum-resolved coincidence spectroscopy. By
examining the three-body dicationic dissociation channel, D™ /D% /O, for both few- and multi-cycle
laser pulses, strong evidence for intra-pulse dynamics is observed. The extracted angle- and energy-
resolved double ionization yields are compared to classical trajectory simulations of the dissociation
dynamics occurring from different electronic states of the dication. In contrast with measurements of
single photon double ionization, pronounced departure from the expectations for vertical ionization
is observed, even for pulses as short as 10 fs in duration. We outline numerous mechanisms by which
the strong laser field can modify the nuclear wavefunction en-route to final states of the dication
where molecular fragmentation occurs. Specifically, we consider the possibility of a coordinate-
dependence to the strong-field ionization rate, intermediate nuclear motion in monocation states
prior to double ionization, and near-resonant laser-induced dipole couplings in the ion. These results
highlight the fact that, for small and light molecules such as D>O, a vertical-transition treatment
of the ionization dynamics is not sufficient to reproduce the features seen experimentally in the

coincidence double-ionization data.

I. Introduction

Investigations into the mechanisms of strong-field ion-
ization (SFI) remain an important cornerstone in ultra-
fast science research due to its central role in strong-
field induced phenomena such as high-harmonic gener-
ation [IH3], laser-induced electron diffraction [4H6] and
Coulomb-explosion imaging [7,[§]. SFI has also been used
as a “pump” for experiments that aim to study charge
transfer or charge migration in molecular cations [9HI2].
For molecular systems this continued interest is in part
due to the complexity of the SFI process when compared
with atomic systems [13,[14]. Critical differences that are
partially responsible for this are: the spatial arrangement
of the nuclei that give rise to the molecular structure; the
presence of internal degrees of freedom, vibrations and ro-
tations; and the significantly higher density of electronic
states that are typically found in these systems [I5] [16].

For many experiments, the ideal scenario is that SFI
serves as a “sudden” transition, where the nuclei do not
move during the pulse that induces the ionization [I7-
[T9]. The electron rearrangement that accompanies sud-
den transitions can be compared to the “vertical” tran-
sitions that describe weak-field perturbative ionization,
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where a portion of the ground state vibrational wave
function is projected onto the electronic states of the
mono- or dication. The notion of a vertical transition is
based on the idea that the transition dipole moment for
the coupling of two electronic states by a weak (pertur-
bative) external field is roughly independent of nuclear
coordinate over the extent of the initial wave function.
This allows one to factor the coupling matrix element
into an electronic term which is multiplied by an over-
lap of the initial vibrational wave function with the vi-
brational eigenstates of the upper electronic state, and
thus the initial vibrational wave function is simply “ver-
tically lifted” and projected (mapped) onto the excited
state potential energy surface (PES). This assumption
is frequently described in terms of the Franck-Condon
principle [20].

Nuclear motion during the pulse is not the only mech-
anism for non-vertical ionization. Coordinate-dependent
strong-field ionization rates [21, 22] and impulsive Ra-
man excitation in one of the electronic states could also
result in deviations from vertical ionization [23] 24].

Recent work that considered the single-photon double
ionization of water showed excellent agreement between
the measured and calculated momentum resolved yield of
fragment ions assuming vertical ionization [25 26]. Here
we explore the extent to which SFI with short pulses can
be considered vertical. Using a combination of coinci-
dence velocity map imaging of fragment ions and tra-
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jectory calculations for the three body dissociation dy-
namics of the molecular dication, we demonstrate that
even for very short pulses (< 10 fs), the ionization can-
not be considered to be “vertical”, but involves reshaping
(changes to the first and second moments of the distri-
bution) of the vibrational wavefunction during the ion-
ization dynamics. We discuss different contributions to
the wave function reshaping during ionization.

Our measurements, calculations and analysis may help
interpret previous work that made use of SFI as probe of
excited state dynamics [27H29] and for vibrational wave
packet holography [30]. In the case of probing excited
state dynamics, while SFI produced qualitatively simi-
lar time dependent yields as weak field or single photon
ionization, quantitative agreement was not possible [27].
We argue that this is due to variation in SFI rates with
nuclear geometry and reshaping of the vibrational wave
packet during SFI. While the holography measurements
showed very nice agreement between the experiment and
theory in terms of the interference fringe positions and
visibility, details of the comparison were not perfect due
to the limited ion imaging ability and the assumption
of vertical ionization. Our work directly examines this
assumption and can be thought of as characterizing the
instrument response function associated with SFI as a
probe. Particularly for early time delays in pump probe
experiments, where the initial and final PESs vary sig-
nificantly with nuclear coordinate, SFI can differ from
vertical ionization significantly. Also, for high intensi-
ties, one can see enhancement of ionization to higher
charge states through charge resonance enhanced ioniza-
tion, which also violates the notion of vertical ionization
[31,[32]. Finally, for pulses longer than 10 fs, experiments
and simulations are greatly affected by laser-induced dy-
namic alignments and couplings between different elec-
tronic states [33H36].

In terms of theoretical investigations into the SFI dy-
namics of water, recent frozen-nuclei time-dependent R-
matrix ab initio ionization computations on HyO [37] sug-
gest that laser coupling in the ion can significantly mod-
ify the angular dependence of the ionization dynamics
when using multi-cycle pulses. However, if intermediate
motion takes place on the ionic surface, adding the laser
coupling during the ionizing pulse without also including
nuclear motion on the laser-coupled ionic states becomes
suspect. Motion on the ionic states will affect the phases
and populations on each laser-coupled surface, which can
in turn affect the ionization dynamics. The current al-
ternative approach to modelling ionization in multi-cycle
strong fields when motion in the ion states is present can
be seen in studies of NJ lasing, where the strategy is to
compute half-cycle ionization yields which are then used
as inputs into separate laser-coupled ion dynamics com-
putation [38] [39]. This is the approach that we adopt in
the present manuscript—our half-cycle ionization yields
were presented in a previous paper [36], and herein we
carry out the laser-driven ionic dynamics. A more rigor-
ous treatment could involve adding the ionization contri-

butions from different half-cycles to the laser-coupled ion
dynamics simulation through inclusion of a source term
in a density matrix approach [40].

II. Experiment

Two similar apparatuses were used to carry out the
measurements. Since they are almost the same, we pro-
vide a description for the apparatus used to carry out
the 10 fs pulse measurements (described in detail in pre-
vious work [41], 42]) and indicate any differences for the
apparatus used for the 40 fs pulse measurements. Briefly,
the output from a commercial amplified Ti:sapphire laser
system (1 mJ, 780 nm, 1 kHz) is spectrally broadened
using filamentation in Ar gas, and compressed to ~10 fs
using chirped mirrors and an acousto-optic pulse shaper
[43]. The laser pulses are directed into a vacuum chamber
(base pressure of 1071% mbar) and focused at the center
of a velocity-map imaging (VMI) spectrometer using an
in-vacuum concave silver mirror (f = 5 cm). The in situ
intensity was calibrated by SFI of argon, measuring the
classical 2U,, cutoff for field-ionized electrons from argon
[44] at low pulse energies and extrapolating to higher ones
(using a procedure outlined in Ref. [45] for the 40 fs mea-
surements). The estimated intensities for the 10 fs and
40 fs measurements are 400 TW /cm? and 600 TW /cm?,
respectively.

Target DoO molecules are expanded into a separate
source chamber and subsequently skimmed to yield an
effusive molecular beam [4I]. This beam intersects the
focused laser at the center of the electrostatic lens stack
of the VMI spectrometer [41I]. The extracted ions and
electrons are recorded using a microchannel plate (MCP),
phosphor screen, and TPX3CAM camera [411,[46] with 1.5
ns time resolution (a Roentdek hexanode detector, with
a time resolution of <1 ns [47] was used for the 40 fs
pulse measurements).

In order to ensure the low count rates required for
coincident detection of all charged particles, a working
pressure of 4x107 1% Torr was used throughout the ex-
periment (with a base pressure of about 1x1071° Torr).
The adopted pressure resulted in an average event rate
of approximately 0.8 per laser shot, which in turn corre-
sponded to an event rate of < 0.1 per shot for the double-
ionization channels considered in this work. Presented
in Table [[T] are the experimentally extracted yields and
branching ratios for the dissociation channels following
strong-field double ionization. Two-body fragmentation
into OD* /D™ is the dominant channel followed by three-
body fragmentations into D*/D* /O and D*/D/O%. In
the present work we focus our discussion on the three
body D /D" /O fragmentation channel. A detailed anal-
ysis of fragmentation into ODT /DT was included in an
earlier publication, which investigated the roles of dy-
namic and geometric alignment during water double ion-
ization [35]. We note that our extracted ratios differ sig-
nificantly in some channels from reported values for single
photon double ionization [48] and, more critically, SFI
with higher intensity longer duration pulses [49]. Fur-
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TABLE I. Table of electronic states of the water dication in different conventions. Branching ratios are for the dissociation
dynamics on the ab initio potential surfaces with initial conditions from the Wigner phase space distribution of the ground
vibrational state, calculated from 10° trajectories on each potential surface, similar to the calculations in 25, 26].

h 1 counts: efficiency: | counts: |efficiency:
CRAMNES | neorrected |uncorrected | corrected | corrected
D+/0OD+ | 6.5x10" 0.632 3.7x10° | 0.702
D+/D+/0| 3.0x10" 0.288 8.8x10" [ 0.165
D+/0+/D| 8.2x10° 0.080 7.0x10* | 0.133

TABLE II. Table of branching ratio of relevant water dication
dissociation channels. The detection efficiency of different
ions are estimated to be 0.58(D*1), 0.2(O") and 0.3(OD™).

thermore, we note the absence of the weak D5 /Ot chan-
nel observed in Ref. [49] for our data recorded with 10 fs
pulses. A detailed investigation into the pulse duration
dependence of double ionization branching ratios is be-
yond the scope of the present work.

III. Trajectory Calculations

Classical trajectory calculations simulate the condi-
tions of single-photon double ionization of the ground
state of D5O in which the molecule undergoes a Franck-
Condon transition to the doubly ionized excited state.
The trajectories are propagated on the potential surfaces
of the lowest nine states of the water dication. Those
states are created, in the simple molecular orbital pic-
ture, by removing two electrons in all possible ways from
the highest three filled molecular orbitals of the neutral
as indicated in Table [I| leaving the DoO™™ ion in all
possible spin states for each configuration. The surfaces
were calculated earlier [25, 50] with MOLPRO [51], 52]
using internally contracted multireference configuration
interaction (icMRCI) methods at the configuration in-
teraction singles and doubles (CISD) level, including the
Davidson correction to the CI energy. The full dimen-
sional surfaces were then fitted using a functional form
developed by Gervais et al. [50].

The trajectory calculations assumed the neutral water
molecule is initially in its ground vibrational state with
zero total rotational angular momentum. The initial con-
ditions for 10° trajectories on each potential surface were
sampled from the Wigner phase space distribution for the
computed normal modes of the ground electronic state in
icMRCI calculations. The Phase space distribution has
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FIG. 1. Potential energy curves for the first nine states of
the D2O di-cation as a function of the symmetric stretch co-
ordinate Rop, together with the neutral ground state wave
function (solid black line). The vertical shaded grey line il-
lustrates the extent of the ground state wave function. The
curves included in this figure are reproduced from Ref. [25].
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where N is the number of atoms, w; are the associated
frequencies, and the vectors Q and P are the normal
mode coordinates and momenta, respectively, and is pos-
itive definite for the case of the ground state. A similar
trajectory study was performed for double ionization of
H50 previously [25] and compared extensively with ex-
perimental momentum images [26] from single photon
double ionization measurements using the cold target
recoil ion momentum spectroscopy (COLTRIMS) tech-
nique [53H55]. That comparison validated the accuracy



of this ab initio treatment of the dissociation of the cation
in all but its finest details. The present calculations dif-
fer only in the masses of the atoms (D versus H) and the
larger number of trajectories on each surface (10° versus
10?). They thus show small quantitative differences from
the previous work, for example in the two-body versus
three-body dissociation branching ratios.

The potential energy curves along the symmetric
stretch coordinate of the first 9 states of dication are
shown in the Fig. The state characters are labelled
according to Cg, symmetry in that figure. Outlined in
Table [[ are the equivalent labelling conventions in other
symmetries, together with the dominant electronic con-
figurations for these states near the equilibrium geometry
of neutral molecule and the associated two- and three-
body theoretical branching ratios for the present case of
D50O. The criterion for categorizing a trajectory as three
body in this work was that the Rop distance of one deu-
terium be 200 Bohr or greater and that the other reach
at least 50 Bohr. All others were categorized as two-body
dissociation.

IV. Measurements

Given the agreement between the trajectory calcula-
tions and the single photon double ionization measure-
ments described above, the question we address here is
whether strong-field double ionization prepares a simi-
lar superposition of states of the dication, and whether
the wave packet launched on each state via SFI is sim-
ilar to the one launched by single photon (weak field)
ionization - i.e. can the SFI process be thought of as
vertical? We therefore compare the calculated double
ionization yield as a function of 8 and KER with our
measurements. Fig. [2| shows the measured and calcu-
lated D*/D* /O yield. Panel (a) shows the measured
yield as a function of 8 and KER. Panel (b) shows the
calculated yield vs § and KER assuming vertical ioniza-
tion with equal population of the di-cation states. Panel
(c) shows the same results as panel (b) with coefficients
for the first 9 states of the dication fitted to achieve the
best agreement with the measurements. Panel (d) shows
the calculated results accounting for experimental broad-
ening of the features due to the limited resolution of our
VMI apparatus. Details of which are discussed below.

In the fitting procedure, due to the lack of the spin
state information about the oxygen atom, states of the
the same Cs, symmetry (e.g. I1B; and 3B1) have been
grouped together since they are not separable in the S-
KER plot [25]. From now on we just use the word “state”
to represent different Cg, symmetries. As can be seen
from Fig. @ each state populates a distinct region (“is-
land”) of the S-KER plot. More details on the island
assignments can be found in Refs. [25] 26] as well as in
Appendix [A] Based on these islands, a simple principle
component analysis (PCA) procedure that minimizes the
residual was used to reproduce the 5-KER plot. Different
states population have been fitted and the reconstructed
B-KER plot is shown as Fig. [2fc). The fitted relative

KER [eV]
- ot ~
[= th (=

h

0
0 50 100 150 0 50 100 150
3 [deg] 3 [deg]
State B, 218, | *A, *B, 31A,
Weight 1 0.804 |0.287| 0.163 | 0.092

FIG. 2. Measured and calculated Dt /D% /O yield as a func-
tion of angle between the two DV ions’ momentum, 3, and
the kinetic energy release (KER). Panel (a) Measured coinci-
dence D' /D™ /O yield as a function of 8 and KER for laser
parameters described in the text; (b) Simulated Dt /D% /O
yield as a function of 8 and KER for equal population of each
of the first nine states of the dication; (c) simulation S-KER
with fit; (d) simulation S-KER with experimental resolution
included. The table at the bottom lists the relative fitting
populations for each states where the states are labeled with
their Caz, symmetry due to lack of the spin information in the
observable. Details are outlined in the text.

state population has been listed as the table in the fig-
ure as well. The coefficients from the fit are decreasing
with increasing ionization potential, roughly in agree-
ment with expectations from a simple quasi-static tun-
nel ionization model of Ammosov-Delone-Krainov (ADK
theory [56]). An interesting observation is that while the
relative weights for states that involve removing electrons
from different orbitals are in reasonable agreement with
predictions from ADK theory, the relative weights for sin-
glet states that involve removing two electrons from the
same orbital with opposite spins are significantly higher
than predictions based on ADK theory. This observa-
tion may indicate cooperative behavior, or non-sequential
double ionization to states of the dication that involve re-
moving two electrons from the same orbital.

The fitting in Fig. (c) only coarsely matches the mea-
surements shown in Fig. a). Although the experimen-
tal yield shows a center of mass similar to the calcula-
tions, the distinct state resolved features in the S-KER
plot are not captured in the SFI results. An important



first check that we carried out in addressing this discrep-
ancy is to determine whether our experimental resolu-
tion broadens the features such that they are no longer
resolved. Using the coincidence events from 2 body disso-
ciation channel (DT/OD™), we obtained an uncertainty
for the measured DT momentum of 2.7 a.u by checking
their nature of momentum conservation in all three di-
mensions (pg, py and p). The energy of each D ion in
the 3 body channel is about 4.5 eV. Thus the uncertainty
of KER is calculated to be SKER = v/2pdp/m = 0.99 V.
Similarly one can obtain the uncertainty of angle between
the two Dt momentum to be 68 = v/26p/p = 6.24°.
Applying the PCA, together with the experimental
resolution correction, yields Fig. d). The agreement
between theory and experiment is still relatively poor:
Notably, the islands corresponding to the 'B; and 3B
states are absent in the measurements (see Appendix.
In the panel Fig. 2(d), where the states are blurred ac-
cording to our instrument response function, the state is-
lands feature are still present. This is completely at odds
with the experimental yield shown in Fig. a), where
no discrete features are present. Thus, we conclude that
there has to be some mechanism that drives the differ-
ence between simulation and the experiment. We note
that this disagreement between experiment and theory is
independent of exactly what representation one chooses
(i.e. which observables to look at), and a number of dif-
ferent data representations are shown in the Appendix

Sec. Bl
V. Dynamics Calculations and Discussion

The calculated and measured 5-KER plots show some
rough agreement, but disagree on many details, so it is
natural to ask whether the discrepancies can be due to
dynamics occurring during the SFI process. In particu-
lar, we consider the role of wave-packet reshaping (due to
coordinate-dependent ionization rates for example) and
nuclear dynamics (such as bending or rotation). As a first
test of how much displacement the wave packet would
need to alter the S-KER plot, we mapped the correla-
tion between initial and final values for the distribution
of sample points used in the classical trajectory calcula-
tions. As the dynamics calculations include an ensemble
of initial and final coordinate values, we can plot the fi-
nal values as a function of the initial ones, allowing us to
see if there are correlations between them that lead the
strong field reshaping of the ground state wave function
to smear out the features in the measured 5-KER plot.

Based on the simulation we constructed the correla-
tion maps shown in Fig. Presented are correlation
maps for three different electronic states, illustrating the
correlation between initial opening angle and symmetric
stretch coordinate with respect to the final § and KER.
The correlation between initial symmetric stretch coor-
dinate Rop and final § and KER, or initial DOD angle
and final 8 and KER are a result of the finite width of
the initial wave function and the nonzero slope of the
dicationic PES at the Franck Condon location.

200
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FIG. 3. Calculated D /D% /O yield as a function of KER, 3
and initial O-D separation or D-O-D bend angle 6 for three
states. The top left panel (a) shows the DT /DT /O yield as a
function of initial D-O-D angle and final 3. Panel (b) shows
the DT /D% /O yield as a function of initial O-D distance and
final 8. Panel (c) shows the D*/D% /O yield as a function
of initial D-O-D angle and final KER. Panel (d) shows the
DT /D% /0 yield as a function of initial O-D distance and final
KER. The color coding here is consistent with Fig. @

The upper row in Fig. [8] which shows how the final /3
values depend on the initial coordinates, exhibits a strong
state dependence. The 3B; and 2'A; states show a pos-
itive correlation between the final 8 value and the initial
opening angle, while the 3A, state shows a negative cor-
relation. The behavior with respect to the initial O-D
distance is the opposite. This illustrates how reshaping
or motion of the initial ground state wavefunction can re-
sult in different 8 distributions than those predicted for
single photon ionization. The bottom row in Fig. [3]shows
the KER dependence on the initial coordinates. Again,
there is a significant dependence of the KER on initial
bend angle and O-D distance, illustrating how reshaping
or motion of the initial ground state wavefunction can
distort the KER distributions predicted for single photon
ionization. These plots motivate an examination of the
different strong-field mechanisms that can result in non-
vertical ionization and the measured S-KER plots. The
sensitivity of the correlation between initial and final co-
ordinates to electronic state is related to the breakdown
of the axial recoil approximation and “slingshot” motion
of the D ions for the 3B, and 2'A; states, as discussed
in more detail in [25].

The calculated 8-KER plot shown in Fig. [2| (b) and



Fig. [0 are results of applying one-photon perturbation
theory to describe the transition from the initial neu-
tral directly into the dication states, which is then fol-
lowed by classical propagation to compute the final frag-
ment energies and angles. In this treatment, the ini-
tial Wigner function launched on the dication states is
then simply the Wigner function corresponding to the
normal-mode ground state of the neutral species, that
is, the Franck-Condon wave packet. While this treat-
ment is applicable to weak-field ionization where one-
photon perturbation theory is applicable, additional ef-
fects are present during SFI that modifies the initial neu-
tral ground-state wavepacket before it arrives on the di-
cation surfaces. First, the SFI rate can depend strongly
on the nuclear coordinates, an effect which can reshape
the initial ground state nuclear wavepacket during ion-
ization. Second, multiple ionization via SFI is typically a
sequential process where there is a time delay between
the ejection of each liberated electron, thereby giving
the nuclei a chance to relax and rearrange in between
different ionization events. Finally, since there is still a
strong-field present during this time delay, near-resonant
laser-driven electronic transitions can occur, causing ad-
ditional non-ionizing electronic transitions that reshape
the nuclear wave packets while the molecule is in an in-
termediate ionic state.

We now outline each of these effects in more detail.
We do not attempt a complete treatment of DoO double
ionization in strong-fields with all degrees of freedom ac-
tive, which although desirable, represents a massive the-
oretical and computational task. Rather, we limit our-
selves to outlining each effect using simplified reduced-
dimensionality models. Since ionization to both the X
and A cation states is expected to occur [36], modifica-
tions and dynamics arising from ionization to both X and
A are used to exemplify these effects.

Coordinate-dependence of the SFI rate: SFI with low-
frequency fields can be envisioned as a quasistatic tunnel
ionization process where the ionization rate depends ex-
ponentially on the ionization potential (IP) through the
Keldysh tunneling rate I'(R, t) [57, [68]. In this descrip-
tion, ionization occurs in short sub-cycle bursts near the
peaks of the laser oscillations. With the assumption that
the nuclei remain stationary during a single ionization
burst, the ionized wave packet after the burst can be
written as

Uk (R) =T(R,1)¥o(R). (2)

where Uo(R) is the initial nuclear wave packet before
ionization and R stands for all nuclear coordinates. If
ionized from the neutral at equilibrium, ¥o(R) is often
called the Franck-Condon wavepacket. The Keldysh rate
is given by

_2(2IP(R))*?

I'(R,t) =Pexp 30|

3)

where P is a slowly-varying (i.e. non-exponential) prefac-
tor that depends weakly on IP, ', and R. Here F' denotes
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FIG. 4. Modification of the nuclear wave packet due to the
coordinate-dependent Keldysh ionization rate. Panels (a) and
(b) show the effect of the Keldysh weighing on the bending
coordinate during the single ionization event to both the X
and A cation states. The panels plot both the ionization
potentials (IP) for the transitions in question, the unmodi-
fied initial neutral (i.e. Franck-Condon) wave packet, and the
nuclear wave packet after applying the Keldysh weighting.
Panels (c) and (d) show the effects of the Keldysh weighting
for two examples of single-to-double ionizing transitions (in-
dicated in the figures) as a function of Ron bond length of the
symmetric stretch mode. All probability densities |¥|? have
been normalized have a maximum of 1.

the amplitude of the electric field. In molecular systems,
the P prefactor would also encode the molecular orienta-
tion dependence of SFI as well as other molecular effect
such as enhanced ionization, and accurate computation
of P would require some form of ab initio numerical sim-
ulation of the ionization process. In the following we set
P =1 for simplicity and consider only the effects of the
Keldysh exponent. Eq.(2) shows that the Keldysh rate
can modify the spatial structure of Franck-Condon wave
packet through the coordinate-dependence of the IP.

Fig. [] shows examples of the Keldysh rate modifying
the initial Franck-Condon wave packet in D,O. Fig.
shows the IPs for the first ionization step from the neu-
tral to the X state of the ion along the bend coordinate
0 together with cuts through the nuclear wave function
both with and without applying the Keldysh weighting
applied. Fig. plots the same but for the neutral to



A state. While very little change in the wave function
occurs for X ionization along this coordinate, it can be
seen that the Keldysh weighting has the effect of shifting
the Franck-Condon wave packet along the bend coordi-
nate. Panels ¢ and d plot similar cuts for two transitions
of the second ionization steps, X— 1'A; (Sy) and X—
3A5 (Ty), but now taken along the symmetric stretch
coordinate. Due to the increased magnitude and steep
coordinate dependence of the IPs for these transitions,
the Keldysh-induced shifts of the wave function are more
pronounced compared to the previous single-ionization
examples.

Few-cycle nuclear motion in the ion: Following the first
ionization event, the nuclear wave packet can begin to
move on the cationic surfaces before the second ionization
occurs. This intermediate motion can change the nuclear
wave packets before being projected onto the dicationic
states. From our investigations of the cationic surfaces,
the dominant motion is expected to be along the bend
coordinate. In reality the motion in the cation occurs in
the presence of the laser field, but we first consider the
effects of field-free motion, which alone can already cause
pronounced reshaping of the wave packets. Laser-driven
motion in the cation is considered below.

The bending wavepacket dynamics on the X?B; and
A2%A; cationic surfaces is simulated using the following
simplified model of DoO™. First, the bond lengths are
fixed at the neutral equilibrium values, R.,, throughout
the dynamics. Second, the bending is restricted to a sin-
gle plane of motion, where the overall rotational motion
about the center-of-mass is not considered during these
wavepacket simulation. Finally, the mass of the oxygen
atom is assumed to be infinite, which significantly sim-
plifies the corresponding kinetic energy operator. With
these restrictions, the Hamiltonian of the model system
is written (in atomic units) as

1
~ — + Vx () O
Ho,t)=| o )
0 T 2uRZ; 692 +Va(0)
(4)
where p = mp/2 is the reduced mass of the bend co-

ordinate, mp is the mass of atomic deuterium, while
Vx(6) and V4(0) are the potential energy surfaces of
the X?B; and A2A; states. This Hamiltonian is used to
solve the time-dependent Schrédinger equation (TDSE)
10,0 (0,t) = ﬁ(Q, t)¥(0,t). In order to investigate the ef-
fect of wave-packet motion as separate from the Keldysh
effects discussed above, we populate both the X and A
surfaces during the ionization event starting from the
unchanged Franck-Condon wave packet, and hence the
initial condition for W(6,t) at the moment of ionization
is taken to be the bending ground state, ¥y(6), on the
neutral surface. The TDSE is solved using the Fourier-
split-operator technique [59].

The first three panels of Fig. [5| show the effects of in-
termediate field-free few-cycle motion on the X and A
cation surfaces. Fig. shows the Wigner function of
the initial Franck-Condon wave packet. This is the ini-
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FIG. 5. Wigner functions demonstrating the effects of nuclear
dynamics in the cation. (a) Wigner function of the Franck-
Condon wave packet. (b) & (c) Wigner functions after field-
free propagation on the X and A states respectively for a time
equal to 2 cycles of the laser. (d) & (e) Wigner functions on
the X and A states after laser-driven propagation for a time
of 2 laser cycles with the initial population starting on the X
state. The simulation was started at the peak of the pulse (¢ =
0) with the laser parameter A\o=780 nm, Iy = 400 TW /cm?,
and 7=10 fs. (f) & (g) Same as previous two panels but now
with initial population on the A state. Note that in all cases
the magnitude of the Wigner function is shown.

tial state of the bending coordinate that is used in the (-
KER trajectory simulations. Figs. and c plot Wigner
functions after this initial state has propagated field-free
for a time corresponding to 2 laser cycles of the 780 nm
field (2x2.6 fs) on the X and A states, respectively. The
X-state Wigner has undergone a little acceleration and
motion as can be seen by the small shift of the center
of the Wigner function, but there is still significant over-
lap between the propagated and initial Wigner functions
in this case. However, the 2-cycle field-free propagation
on the A-state substantially modifies the initial Wigner
function, which now has effectively zero overlap with the
initial state. The remaining panels of Fig. |5 pertain to
laser-driven motion in the ion, which is outlined in the
following.

Near-resonant dipole coupling in the ion: At 780 nm,
the laser induces a near-resonance one-photon coupling
between the X and A states. This coupling is included in
the wave packet simulation by adding off-diagonal dipole
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FIG. 6. Time-resolved simulations of the strong-field coupling
between the X state of the water cation and the A state in
the presence of (a) the 10 fs pulse with A\g = 780 nm and
Ip = 400 TW/cm? and (b) the 40 fs pulse with central wave-
length Ao = 800 nm and peak intensity Ip = 600 TW/cm2
(parameters chosen to match the experiments). In each case,
the cation is initiated in the X state (red/blue solid line) at a
local peak in electric field (solid green line) that roughly cor-
responds to the point at which the pulse intensity is half it’s
maximum value: t/7 & -0.5. Due to the presence of the field,
the X population couples to the A state (red/blue dashed
line). Plotted below each of these figures is the probability
distribution over bend angle, 6, for the mixture of states dis-
played above, shown separately for (c) the case of a 10 fs pulse
(blue) and (d) the case of a 40 fs pulse (red). In each case,
dotted gray lines denote the equilibrium bend-angles for the
X and A states. In all four panels, green shading roughly in-
dicates the window in time over which the second ionization
event in sequential double-ionization is expected to occur.

terms to the Hamiltonian, which then becomes

—F(t) - dxa(0)

2

‘Tﬁzq 25+ Vx(0)
2

72H11%§q % + VA(G)

H.t)=| 7 F(t)-dxa(6)

()
where dx4(0) is the transition dipole between these
states, and F'(t) is the electric field of the laser which is
chosen to be parallel to dx 4(0), i.e perpendicular to the
molecular plane. The electric field of the laser is taken
to have a Gaussian envelope

F(t) = Foexp l—41n2 <t> ] cos(wot) (6)
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FIG. 7. B-KER plot for SFI with (a) 10 fs and (b) 40 fs
pulse durations. A higher kinetic energy feature is observed
for the longer pulses in panel (b). This feature can be
assigned to trication formation and fragmentation via the
D*/D*/O%tchannel. A discussion of which is presented in
Appendix [C]

where wy is the carrier frequency, F is the peak electric
field magnitude, and 7 is the full width at half maximum
of the corresponding intensity envelope |F(¢)]2.

The effects of the dipole coupling on the Wigner func-
tions can be seen in Figs. [5d)-(g), while a more complete
picture of the laser-driven dynamics is shown in Fig. [f]
We first consider the Wigner functions. Figs.[5{d) and (e)
plot the Wigner functions on the X and A states respec-
tively after the system was initialized with the Franck-
Condon wave packet on the X state at the peak (t=0) of
alaser pulse with 7 = 10 fs and intensity of 400 TW /cm?,
and allowed to propagate for 2 cycles of the laser. Ini-
tially only the X state is populated, but due to the near-
resonant dipole coupling some population is transferred
to the A state, which is discussed further below. In ad-
dition to the modifications due to field-free propagation,
seen in Figs[p)b) and (c), both of the Wigner functions
on the X and A states have acquired additional struc-
tures after the laser-driven propagation. These struc-
tures arise due to light-induced potentials created by the
strong near-resonant laser field that modify the field-free
potential energy surfaces, an effect known as bond soft-
ening [60, [61]. Additionally, the transfer of population
from one state back to the other, which occurs through
cascaded one-photon transitions between the X and A
states induced by the strong near-resonant laser, also
contributes to these structures. Figs[5(f) and (g) plot
Wigner functions for the same scenario but now with
the initial population starting on the A state. Again,
it is seen that new structure not present in the Franck-
Condon wave packet have developed.

In order to put things into perspective, we compare
the amount of X to A coupling that occurs in a 10 fs
pulse to a significantly longer pulse with a duration of
40 fs. Fig [6] shows a broader picture of the laser-driven
dynamics. The top panels show the population of ground
and first excited states of the monocation together with
the laser field as a function of time for 10 fs (top left)



and 40 fs (top right) laser pulses. The bottom two panels
show the corresponding probability density as a function
of D-O-D angle and time. The figures illustrate the fact
that while population transfer and nuclear dynamics can
take place during a 10 fs pulse, they have a much more
dramatic effect for a 40 fs pulse.

The calculations described above suggest that in a
longer pulse, dynamics in the monocation en route to
the dication during a longer pulse also leads to significant
unbending and a S-KER plot that is shifted to larger an-
gles. We therefore compare the S-KER plot for 10 and
40 fs pulses as a test of the conclusions of the theoretical
results. Fig. [7] shows this comparison, which bears out
the predictions based on the calculations above. We note
that the comparison shows that 40 fs tend to have larger
B angles and also the lower KER. The former is what
we expected from the simulation while the latter is not
easy to explain. Nevertheless, this comparison provides
strong evidence that while there is rough agreement be-
tween the measured and calculated momentum resolved
fragment ion yields for sub 10-fs pulses assuming verti-
cal ionization, reshaping of the wave packet and nuclear
dynamics during ionization can lead to significant differ-
ences between strong- and weak-field ionization. And one
needs to understand the strong-field dynamics in order
to predict the reaction products in an SFI measurement.
Finally, a weak diffuse feature at higher KER (~20 eV)
and smaller 3 values is observed for 40-fs pulses, which is
notably absent for the short pulse case. This feature can
readily be assigned to trication Coulomb explosion and
is discussed in detail in Appendix [C]

VI. Conclusion

In conclusion, while we find rough agreement between
measurements of the DT /DT /O yield as a function of 3
and KER for double ionization of DoO with 10 fs laser
pulses and calculations of the same yield assuming weak-
field /vertical ionization, there are significant differences
in the details. As summarized in the Fig. [§] these differ-
ences may be ascribed to wave packet reshaping by the
strong-field of the laser pulse, and nuclear dynamics dur-
ing the pulse. These result in SFI being a non-vertical
transition, with an understanding of the strong-field dy-
namics being important for the calculation of the frag-
ment ion yield momentum distributions.

Our calculations of the wave packet reshaping suggest
that the coordinate dependence of the tunnel ionization
rate plays an important role in reshaping the initial wave
packet, particularly for the second ionization step in a
sequential double ionization process. This is a result of
the dication having a larger coordinate dependence to
the ionization potential. Calculations of the monocation
dynamics in the presence of the strong laser field indi-
cate that field dressed nuclear dynamics can also reshape
the vibrational wave packet. The reshaped wave packet
is then projected onto the dication potential energy sur-
faces toward the end of the pulse. These observations
are supported by measurements of the double ionization

50p
2-body states
ATk 3-body states
cation - X
vy cation - A
neutral - X
41 ‘ \)
38 1 2
V.,
’/
20pF

Relative Energy [eV]

KER

1 2 3 4 5 6 7 8 9 10
ROD [Bohr]

FIG. 8. Concluding figure with PES of relevant states. Four
different steps are participating in the strong field double ion-
ization of water: 1- Tunnel ionization to X and A states of
monocation, which involves reshaping of wave function due to
R-dependent ionization; 2- near resonant coupling of X and A
states as well as motion on A state’s potential; 3- ionization
to the dication, which also involves reshaping of wave func-
tion; 4- dication dissociation, which can be simulated through
trajectory calculations.

yield as a function of f and KER for 10 fs and 40 fs
pulses. This comparison has significant bearing on the
use of SFT as a probe of molecular structure and dynam-
ics, and indicates that while very short pulses (< 10 fs)
can minimize nuclear dynamics during the pulse, wave
packet reshaping by the strong field of the laser can still
result in significant distortion of the initial wave function
of the molecule. We believe this work will have impor-
tant consequences for pump-probe techniques, such as
time-resolved Coulomb explosion imaging, that aim to
track nuclear dynamics during excited state photochem-
ical processes.

These results showcase the need for a more compre-
hensive theoretical description of SFI processes, which
include the role of nuclear motion occurring during the
ionizing laser pulse duration. As outlined in the introduc-
tion, such nuclear dynamics could have implications for
computations of SFI from multi-cycle pulses when invok-
ing the frozen-nuclei approximation, such as recent state-
of-the-art time-dependent R-matrix ionization computa-
tions for HyO that highlighted modifications to the angu-
lar dependence of ionization when significant laser cou-
pling in the ion is present for the frozen-nuclei case. Fur-
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FIG. 9. Transparent theoretical S-KER plot generated from
the simulations outlined in Sec.[[T]} Annotations of the specific
states associated with each distinct spectral feature are shown
(ovals). A state dependent color coding consistent with Fig.
is adopted for clarity.

ther experimental investigations into the pulse shape and
intensity dependence of SFI processes in water may help
to target future modelling of these dynamics.
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A. Individual dication state contributions to
6-KER plot

In order to try to connect the observed dissociation
features in our strong-field double ionization experiment
to specific dication states we adopted a similar method-
ology to Refs. [25 26]. In those studies, the HT /HT /O
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yield following single photon double ionization of HoO
were compared against classical trajectory simulations on
various electronic states of water diction. By comparing
theoretical kinetic energy releases (KERs) and relative
angle correlations (between the two H' fragments) to
the experimental data, it was unambiguously shown that
specific features could be connected to dissociation oc-
curring on different electronic states of the dication.

Classical trajectory simulations of three-body dissoci-
ation of DoO%** into DT /DT /O were performed using a
methodology briefly outlined in Sec. [[TI} In Fig. [3] theo-
retical KERs and DT /DT relative angles, 8, from these
calculations are shown alongside the experimental data.
In order to connect the features observed in theory to
the dication states that are expected undergo three-body
decay (see Table[l), Fig. [9] shows the 8-KER plot with
annotated regions corresponding to specific final states.
For clarity we adopt the same state specific color scheme
outlined in Fig.

B. Alternative representations of the D™ /D*1/0
channel

In Sec. [[T] it was briefly outlined that by exploiting
the TPX3CAM camera in conjunction with a voltage
switching VMI apparatus it is possible to coincidentally
detect all charge particles (electrons and ions) following
strong-field double ionization, provided a suitably low
number («1) of double-ionization events per laser shot
is achieved. For the ions, the time-stamping capabilities
of the camera permit the three-dimensional vector mo-
menta of all fragments to be extracted. This information
permits observables, such as the relative angles between
fragments or total KERs, to determined. As is outlined
in the main text of manuscript, as well as Appendix[A] a
particularly useful way to view the data associated with
the D* /D" /O channel is to consider the relative angle
between the two DT ions, 3, as a function of KER. We
note, however, that there exists a large number of possi-
ble representations of the data due to three-dimensional
correlated information extracted during the experiment.
To highlight this, Fig. shows various cuts of the full
data set along the KER, 3, Ep; and Eghare coordinates.
Here Ep; and Egpape refer to the kinetic energy of the
one of deuterons and the sharing of kinetic energy be-
tween both the deuterons, respectively. In Fig. the
equivalent plots for the theoretical simulations outlined
in Sec. [[I] are presented.

Similar to the discussion of the S-KER plot in the main
text there exists some coarse agreement between theory
and experiment in several of the panels. However, it is
apparent that the well-resolved features in Fig. are
absent in the experimental data. This is likely due to the
mechanisms outlined in Sec. [V} A particularly notewor-
thy region of disagreement is observed in the panel where
the yield is plotted as a function of Egpare and 8. A weak
feature extending over all angles at Egyape = 0 and 1 is
seen experimentally but has no analogous signature in the
theory. In Fig. a zoomed [-Egnare plot is presented



to highlight this discrepancy. We attribute this large
angular spread in 8 to a process by which D,O?* ini-
tially undergoes two-body decay into D¥/OD™ but sub-
sequently fragments into three-bodies (D*/D*/0) via
a sequential break-up mechanism. A corresponding fea-
ture was observed in the HT /H* /O yield following single-
photon double ionization [26] and has also been observed
in SFI induced fragmentation of triatomic molecules such

as OCS [62].

C. Signatures of trication formation in 40-fs pulse
data

The comparison of the S-KER plot for the cases of
short (10 fs) and long (40 fs) pulse durations (see Fig. [7)
provided experimental support for the role of nuclear mo-
tion occurring during double ionization process. These
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data highlighted two significant differences. The first is
a shifting of the feature observed at ~7.5 eV to higher 3
angles. This, as discussed in the main text, can be at-
tributed to unbending dynamics that result in the water
dication undergoing fragmentation from geometries close
to linear. A second, higher KER, feature is discernible
in the 40 fs data but is notably absent for the case of
shorter pulses.

In Fig. [L3] we present S-angle-integrated KER spectra
for the two pulse durations. A striking difference is ob-
served between the spectra, with the majority of the 40 fs
counts originating from the feature centred at ~20 eV.
Given the significantly higher KER, a likely origin of this
is fragmentation occurring from a more highly charged
water ion and a missing coincidence partner ion (due to
the limited detection efficiency of our apparatus). In or-
der to verify this, we examined the D*/D*/O% coinci-
dence channel and can unambiguously assign the origin
of the higher KER feature to such a process.
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