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Direct tracking of ultrafast proton transfer in
water dimers
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Upon ionization, water forms a highly acidic radical cation H2O
+· that undergoes ultrafast proton transfer (PT)—a

pivotal step in water radiation chemistry, initiating the production of reactive H3O
+, OH� radicals, and a (hydrat-

ed) electron. Until recently, the time scales, mechanisms, and state-dependent reactivity of ultrafast PT could not
be directly traced. Here, we investigate PT in water dimers using time-resolved ion coincidence spectroscopy
applying a free-electron laser. An extreme ultraviolet (XUV) pump photon initiates PT, and only dimers that have
undergone PT at the instance of the ionizing XUV probe photon result in distinct H3O

+ + OH+ pairs. By tracking
the delay-dependent yield and kinetic energy release of these ion pairs, we measure a PT time of (55 ± 20) fem-
toseconds and image the geometrical rearrangement of the dimer cations during and after PT. Our direct mea-
surement shows good agreement with nonadiabatic dynamics simulations for the initial PT and allows us to
benchmark nonadiabatic theory.
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INTRODUCTION
Radiation chemistry is, to a large extent, the physics of ionizing ra-
diation acting on water: Water is ubiquitous in living organisms,
and most of the radiation-induced changes proceed indirectly via
the formation of reactive intermediates in water. Understanding
the action of ionizing radiation on water is, thus, a necessary prereq-
uisite for a variety of applications ranging from medical radiation
therapy to nuclear reactor technologies (1).

It is generally agreed that, upon valence ionization of solvated
water molecules, proton transfer (PT) takes place, producing a hy-
dronium ion (H3O+), a hydroxyl radical (OH·), and a (hydrated)
electron
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While the secondary reactions of these three highly reactive
products have been studied in depth, details on the initial ultrafast
PT step are still elusive. In particular, the PT time and its depen-
dence on the initially excited electronic state and the geometrical
rearrangement during and after PT have almost exclusively been
subject to calculations. Measurements are complicated by the very
fast nature of PT and the need to overcome the ionization potential
of water to trigger PT. With the wider availability of short wave-
length free-electron laser (FEL) sources, it starts to become possible
to trace PT directly.

Early attempts to directly follow the PT in liquid water via broad-
band absorption spectroscopy could only place an upper limit on

the PT time because they were hampered by the temporal resolution
of the experimental apparatus (2). In a more recent soft x-ray tran-
sient absorption experiment, the PT time in liquid water was deter-
mined to be (46 ± 10) fs (3). While absorption spectroscopy gives
insights into electronic structure changes, it does not allow one to
follow the nuclear structure evolution of the intermediate and final
cation structures directly. The formation time of the (H3O+)OH
complex in liquid water was recently determined to be 140 fs
using time-resolved electron diffraction (4). Both successful exper-
iments on the PT dynamics in liquid water used strong-field exci-
tation pulses to overcome the ionization energy (IE) of water via
multiphoton ionization. However, the interaction with a strong
laser field perturbs the molecular potential, which may, in turn,
alter the PT dynamics. Furthermore, it leaves the molecule ensem-
ble in a rather undefined broadly excited state. Excitation with a
single photon is a complementary and cleaner approach to trigger
PT but experimentally more difficult due to the need to control laser
pulses in the extreme ultraviolet (XUV) regime. Efforts with more
state-specific excitation pulses are also ongoing using table-top laser
sources (5, 6).

Exploring the ionization dynamics in water clusters offers an ap-
pealing complementary alternative to the liquid phase to isolate and
focus on the fundamental PT process. The molecular fragments can
then be directly detected, and the dynamics can be investigated si-
multaneously in the time and energy domains. Water clusters
provide a test bed for experiments [e.g., (6–9)] and theory [e.g.,
(10–13)] to study the photoionization and, in turn, PT dynamics
of water in unprecedented detail for different target size (14). PT
manifests as the almost exclusive formation of protonated water
clusters following valence ionization, which was experimentally
confirmed in clusters of various sizes using time-of-flight measure-
ments (15–17). The smallest possible cluster, the water dimer, plays
a prominent role: Calculations for the dimer can be performed most
accurately and may, therefore, serve as asymptotic benchmarks for
theories that aim at describing larger clusters and liquids (10, 11,
18). Furthermore, experiments can be unambiguously interpreted
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by directly tracing the composition of the products and their ener-
gies, which provides a more detailed view of the dynamics.

Here, we use time-resolved ion coincidence spectroscopy to
track PT in water dimers using a single XUV photon from the
pump pulse to induce PT and a single XUV photon from the
probe pulse to track PT (cf. Fig. 1). In coincidence spectroscopy,
we use momentum conservation to select only those ions that
formed one dimer. Thus, it allows us to extract even rare reaction
channels in small molecular clusters and their energetics by calcu-
lating their released kinetic energy after Coulomb explosion into
ionic fragments (19, 20). We exploit this unique advantage of fol-
lowing the dynamics in isolated water dimer cations by monitoring
all created radical pairs (H3O+⋯OH⋅ and H2O+⋅⋯H2O) in real
time, yielding a PT time of (55 ± 20) fs. Furthermore, by measuring
the delay-dependent kinetic energy release (KER) of the ionic frag-
ments, we are able to draw conclusions on the intermolecular geom-
etry changes during and after PT. Our nonadiabatic dynamics
calculations show an overall very good agreement with the experi-
mental results. We demonstrate that gas-phase ion coincidence
spectroscopy enables tracking PT in dimers directly and to follow
the associated geometrical changes. The present experiment
allows us to benchmark theory and might open up the possibility
to unravel even more complex ultrafast processes in water radiation
chemistry.

RESULTS
The experimental scheme that we used to determine the PT time in
water dimers is illustrated in Fig. 1. We use two identical XUV
pulses with adjustable delay to perform an XUV-pump–XUV-
probe experiment. One photon from the pump pulse ionizes one
water molecule. The selected photon energy of 24 eV is sufficient
to remove an electron from one of the three lowest electronic
states in a water molecule with the IEs: IE(1b1) = 12.6 eV, IE(3a1)
= 14.8 eV, and IE(1b2) = 18.6 eV [the binding energies of water
dimers are similar, e.g., for the highest occupied molecular orbital
(HOMO) level, the (1b1) peak splits into two peaks at 12.1 and 13.2
eV; (21)]. Ionization of all three states occurs with similar probabil-
ity due to their similar cross sections σ: σ(1b1) = 6.5 Mb, σ(3a1) = 5.8
Mb, and σ(1b2) = 6.5 Mb (22). According to calculations and

previous experiments, the majority of valence-ionized water
dimers is expected to undergo PT.

In our experiment, the onset of PT is probed by further ionizing
the generated dimer cation with the probe pulse (cf. Fig. 1). Only if
PT is completed at the instance of the probe pulse, H3O+ + OH+ ion
pairs are created and detected. To exclude the production of doubly
charged H3O2+ ions, the photon energy was chosen below the IE of
the singly charged H3O+ cation (23); see also the Supplementary
Materials. In contrast, if PT is not completed when the probe
pulse further ionizes, then H2O+ + H2O+ ion pairs are produced.
Therefore, the signature of PT is imprinted in both the delay-depen-
dent yield of H3O+ + OH+ and H2O+ + H2O+ ion pairs. Using ion
coincidence spectroscopy (20), we have measured the delay-depen-
dent ion yield and KER of both respective reaction pathways. We
assume that, in the second ionization step, all outer valence elec-
trons can be ionized from the neutral particle, which can be
either H2O or the OH· radical. This is confirmed by our
calculations.

The delay-dependent yield of coincident H3O+ + OH+ ion pairs,
shown in Fig. 2A, increases for larger delays due to more cations
undergoing PT and provides clear evidence that PT is taking
place. In contrast, the H2O+ + H2O+ coincidence channel in Fig.
2B shows the anticipated decreased rate for large delays. Both
delay-dependent yields are riding on a constant background,
which stems from a combination of false coincidences and two-
photon absorption within the pump or the probe pulse alone (see
details in the Supplementary Materials). For the H2O+ + H2O+ co-
incidence channel, two-photon absorption within one pulse is the
by far dominating process. Furthermore, a narrow peak appears at
time zero, which we attribute to an enhanced intensity and, in turn,
multiphoton rate due to temporally overlapping coherent self-am-
plified spontaneous emission (SASE) spikes (24) of the pump and
the probe pulses. Competing relaxation channels from highly
excited electronic states, which result in water cation fragments,
are also present (18). In summary, the H2O+ + H2O+ channel is
strongly contaminated by multiphoton ionization manifesting as a
constant background as well as a rate increase at time zero and com-
peting decay channels. In contrast, the only mechanism resulting in
H3O+ + OH+ ion pairs is PT. Thus, we use it to extract the PT time.

Fig. 1. Pump-probe scheme used to investigate the PT dynamics in water dimers. Triggered by valence ionization through absorption of a 24-eV pump photon,
water dimer cations may either undergo PT resulting in H3O

+⋯OH complexes or remain (H2O⋯H2O)
+ complexes. The probe pulse, which is delayed up to 300 fs, further

ionizes one of the neutral species. Because H3O
+ + OH+ ion pairs can only be generated if PT is completed by the time that the probe pulse arrives, this reaction channel

provides a clean signature to track PT. If PT is not completed when the probe pulse further ionizes, then H2O
+ + H2O

+ ion pairs are produced and detected.
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To determine the PT time, the delay-dependent H3O+ + OH+

ion yield is fitted with an exponential rise convoluted with the
FEL pulse duration of 40 fs (Fig. 2A), yielding a rise time of (55 ±
20) fs. The error bars correspond to 1 standard deviation. The ex-
perimental observation time window of 300 fs limits the accessible
lifetimes and omits the observation of possible slow decay channels
on the hundreds of femtosecond time scales. The corresponding
calculated state-averaged H3O+ + OH+ ion yield, convoluted with
the measured pulse duration and offset and scaled with the results
of the exponential fit of the experimental data, is shown as a black
dashed line in Fig. 2A. Fitting the rise time of the simulated ion yield
with an exponential function [1 − exp (−t/τ)]results in a PT time of
60 fs. The averaged calculated and measured H3O+ + OH+ ion yields
in Fig. 2A show an excellent agreement. A more detailed view of the
reactions initiated by valence ionization is provided in Fig. 3, where
the ratios of the different product channels are analyzed. The ioni-
zation into the D0 state leads almost exclusively to PT, and the
H3O+⋯OH complex stays bound within the simulation period.
Ionizing the higher states leads to a higher degree of fragmentation.
For 1b2 ionization, three-body fragmentation is even dominant.
Therefore, the lower-lying electronic states contribute more to the
H3O+ + OH+ channels.

The summed kinetic energy of all ionic fragments (KER) allows
us to draw conclusions on the dynamical changes of internuclear
distances because it is inversely proportional to the cations’ inter-
molecular distance R, not considering molecular bonds: KER ≏ 1

R.
This holds only approximately, as we show in the Supplementary
Materials. The measured and simulated KER distributions for
several time delays averaged over all electronic states resulting in
H3O+ + OH+ and H2O+ + H2O+ ion pairs are shown in Fig. 4 (A
to D). The measured KERs for early (25 to 75 fs) and late (225 to
275 fs) delays are shown in blue and red, respectively, in Fig. 4 (A
and B) for both ion yield channels. The simulated KERs in Fig. 4 (C
and D) are displayed for three delay points 50, 100, and 250 fs.
Notably, the contribution of ion pairs with KERs below 4 eV is in-
creasing with the time delay. The origin of these low KERs can be
understood with the help of the delay-dependent KER spectra,
shown in Fig. 5 (A to D).

The measured delay-dependent KER distribution of H3O+ +
OH+ ion pairs in Fig. 5A contains contributions with different
KER time dependencies. For small delays, the KER distribution is
narrow and centered around 4.5 eV. Toward larger delays, the dis-
tribution is drawn out to smaller energies with a continuous KER
distribution reaching down to 2 eV. Ion pairs with a decreasing KER
for larger delays undergo dissociation during the delay between
pump and probe pulse. Thus, they are ionized by the probe pulse
at a larger R, resulting in smaller KERs. In contrast, ion pairs with
a constant KER for all delays have not undergone dissociation or
another intermolecular rearrangement up to our largest measured
delay of 300 fs. These cations are either stable or have substantially
longer dissociation times than the observation time window. Con-
sequently, nondissociating H3O+⋯OH structures have a constant
KER around 4.5 eV, and dissociating H3O+⋯OH ion pairs exhibit
a broad delay-dependent KER distribution. The amount of dissoci-
ating structures, which fan out to low KERs, is well reproduced with
the theoretical simulations at the extended multi-state complete
active space perturbation theory n=2 (XMS-CASPT2) level (cf.
Fig. 5C). The XMS-CASPT2 can be contrasted with the complete
active space self-consistent field (CASSCF) calculations, lacking
the dynamical correlation; see the Supplementary Materials.
These calculations predict a faster dissociation time than measured
in the experiment.

The simulated delay-dependent H2O+ + H2O+ KER distribution
(see Figs. 5D and 4D) peaks around 50 fs, rising to KERs beyond 5
eV, and decreases afterward. In the corresponding experimental
data (Fig. 5B), this KER increase is not visible. The KER increase
around 50 fs in theory indicates that the intermolecular distance de-
creases when PT takes place. Furthermore, the calculated delay-de-
pendent H2O+ + H2O+ KER distribution in Fig. 5D shows almost no
ion pairs for large delays, which is expected due to the fast PT time
constant. A fraction of the KER distribution branches out to lower
values with growing delay, which indicates H2O+⋯H2O cations that
dissociate or start to dissociate within 300 fs. The amount of non-
dissociating ion pairs is similar (cf. Fig. 4D). In contrast, the mea-
sured delay-dependent H2O+ + H2O+ KER distribution, shown in
Fig. 5B, is dominated by a constant KER distribution centered
around 4.3 eV for all delays. While the expected ion yield drop

Fig. 2. Measured delay-dependent ion yields. (A) The measured delay-dependent ion yield for coincident H3O+ + OH+ ion pairs is shown in blue with light blue error
bars (statistical counting error). An exponential fit convoluted with the pulse duration plotted in green yields a PT time constant of (55 ± 20) fs. The calculated state-
averaged delay-dependent ion yield is plotted as black dashed line. The displayed simulated data were convoluted with the measured pulse duration and scaled and
offset with the parameters from the exponential fit (green) of the experimental data. The simulated state-averaged PT time amounts to 60 fs when fitted with an ex-
ponential. (B) The measured delay-dependent ion yield for coincident H2O+ + H2O+ ion pairs is shown in blue with light blue error bars (statistical counting error).
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with increasing delay is clearly visible, the majority of the signal
remains for large delays (cf. Fig. 4B). This background can be attrib-
uted to two-photon absorption within one pulse, which creates ion
pairs with constant KERs for all delays. In particular, for large
delays, when most dimer cations have completed PT, the signal is
dominated by multiphoton ionization. Thus, the experiment does
not allow us to draw clear conclusions on the structural evolution
of H2O⋯H2O+ complexes on longer time scales because the multi-
photon signal and the pump-probe signal can not be disentangled.

Multiphoton ionization resulting in H2O+ + H2O+ ion pairs
does, however, allow us to retrieve the dimer cation structure just
after excitation (i.e., the ground state structure) by applying the
so-called reflection principle (25–27). Such an approach offers a
simulation-free method to determine the structure of the clusters,
and it is, therefore, interesting to see the applicability of this ap-
proach for multidimensional systems. Figure 6 shows the evaluated
nuclear density along the O-O coordinate together with a calculated
distribution from the path integral–based simulations. As the sim-
ulated KER for the smallest delay in Fig. 4D agrees well with the

corresponding experimental KER in Fig. 4B, we can assume that
these distributions are close to the real situation. However, when
we would assume only the Coulomb forces between the water mol-
ecules, the calculated and reflection-principle distributions differ
quite a lot. The agreement gets very good once we take into
account also the polarization forces. The simulated and reflection-
principle maxima almost coincide, yet the distribution extracted
from the KER is broader than the molecular dynamics (MD)
model. Note that the calculations cover both the thermal motion
and nuclear quantum effects, including anharmonicities. Thus,
the discrepancy most likely stems from the reduction of the multi-
dimensional problem to a single dimension defined by a single co-
ordinate R. The broader experimental peak could partially also stem
from the dissociation on different dicationic states than used in the
calculations; however, the different states are largely parallel. A
more detailed analysis is provided in the Supplementary Materials;
see also fig. S16.

Fig. 3. Calculated reaction yields for different reaction channels. The reaction yield curves are different for each of the electronic states, which is specified above in
each of the subplots [Subplots (A) to (F) show the NAMD starting from the D_1-D_6 states, respectively]. The full black curve represents the summation of both PT
channels, and the dotted black curve is the fitted exponential function of the summation. Individual fitted PT times are indicated at the top of each subplot. The cal-
culations were performed at the XMS-CASPT2 level. See also the Supplementary Materials for a detailed list of other channels.
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DISCUSSION
Time-resolved coincident ion momentum spectroscopy provided
us with a clear picture of the dynamical processes following the
valence ionization of water dimers. The dominant process is PT,
taking place in (55 ± 20) fs. Within the first 300 fs, there is very
limited nuclear motion of the oxygen atoms in the dimer.

The combined experimental difficulty of PT being a fast process
on the few tens of femtosecond time scale and being only accessible
by a single photon in the VUV (vacuum ultraviolet) or XUV regime
poses high demands on the pump and probe pulses for such a mea-
surement in the single-photon absorption regime. Efforts in this di-
rection are ongoing: In a pioneering experiment on small water
clusters, sub–50-fs VUV pulses were used for resonant excitation
of the water molecules, and subsequent hydrogen transfer was
probed with an 800-nm strong-field pulse (5). In a more recent
time-resolved experiment on larger water clusters, a single-photon
excitation scheme was used to study the formation time of the sol-
vated electron applying VUV pulses from low-order harmonic gen-
eration (6). In our experiment, the unique properties of an XUV
FEL are exploited to generate two intrinsically synchronized XUV
pulses for single ionization within the pump and single ionization
within the probe pulse. The detection of H3O+ + OH+ ion pairs is an
unmistakable signature of PT, which is also validated by theory.
With this information, our experiment is able to benchmark calcu-
lations of the PT lifetime and the dimer cation dynamics after ion-
ization. Because the used photon energy of 24 eV is well beyond the

IE of water, we also gain access to the PT dynamics of higher excited
states, which are predicted to proceed differently (18, 28). While we
measure a state-averaged PT time and dynamics, coincident detec-
tion of photoelectrons would allow one to extract details of the PT
time and nuclear rearrangement following the removal of electrons
from individual electronic states.

In a previous ion coincidence experiment on water dimers,
where a single strong-field 800-nm laser pulse was used to double
ionize the dimers, the measured yield of H3O+ + OH+ ion pairs was
found to be consistent with a PT time of ∼30 fs (8). The difference to
our result is relatively small, especially considering error bars in
both experiments. The measurements are, however, quite different:
On the one hand, strong-field laser excitation populates a broad
range of excited states, and only a fraction of the molecules ends
up ionized. On the other hand, a strong-field pulse influences the
molecular potentials and may, in turn, affect the PT dynamics,
which is a particular concern in a fragile system, like the water
dimer. The latter is generally unknown in any experiment where
multiphoton excitation or ionization is applied. Other recent exper-
iments looking into the PT dynamics in liquid water (3, 4) also used
strong-field pump pulses and, therefore, suffer the same
uncertainties.

The present experiments can be used for benchmarking the dy-
namical calculations. Therefore, we would like to point out which
levels of theory we found to be necessary for quantitative modeling
of the water dimer ionization: First, we need to correctly sample the

Fig. 4. Measured and calculated KER distributions for different delays and ion channels.Measured KER for coincident (A) H3O+ + OH+ and (B) H2O+ + H2O+ ion pairs
for early delays (25 to 75 fs) in blue and late delays (225 to 275 fs) in red. The corresponding simulated KERs for (C) H3O+ +OH+ and (D) H2O+ + H2O+ ion pairs are plotted at
50 fs in blue, at 100 fs in green, and at 250 fs in red. The y axes are ion yields, where absolute comparisons are only possible within a theory or experiment plot.
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initial conditions, taking into account both the thermal motion and
nuclear quantum effects as well as including the anharmonicities.
This can be done with path integral simulations or using the
quantum thermostat approach. Second, nonadiabatic simulations
are needed to describe dynamics starting at different interacting
electronic states. It turns out that these different states contribute
quite distinctly to the observed reaction channels, i.e., H3O+ +
OH+ and H2O+ + H2O+. Last, we emphasize the role of the electron-
ic structure description: Multireference treatment is needed to
account for all the interacting states. However, the dynamical cor-
relation is also important to achieve a quantitative agreement. While
the dynamics with both applied methods, CASSCF and XMS-
CASPT2, predict the ultrafast PT correctly, only the latter method
is able to also predict the long stability of the formed complexes.

Most of the previous theoretical studies focused dominantly on
the ground state dynamics of the ions, e.g., (29–33). Other studies
focused on water complexes ionized by strong-field ionization (34).
Water dimer dynamics for the HOMO ionization using wave packet
simulations on a reduced dimensionality potential energy surface at
the equation-of-motion ionization-potential coupled-cluster
singles and doubles (EOM-IP-CCSD) level have also been studied
(28). These simulations have already pointed to some differences
between the lowest ionized state and the lowest excited cationic
state at the very short time scales before the nonadiabatic effects

Fig. 5. Measured and calculated delay-dependent KER distributions for different ion channels.Measured (A and B) and state-averaged simulated (C and D) delay-
dependent KER distributions of H3O

+ + OH+ and H2O
+ + H2O

+ ion pairs.

Fig. 6. Reflection-principle estimate of the O-O distance distribution in
neutral water dimers. The bars show the results of the simulation based on the
generalized Langevin equation (GLE), using the BMK/6-31++g** theory for de-
scribing the electronic structure. The black curve shows the distribution extracted
from the measured KER, considering only Coulomb interaction between the two
charged water units. The blue curve shows the distribution extracted with the cal-
culated ab initio intermolecular potential for the triplet ground state of the dica-
tion; see also fig. S16 more details.
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started to play a role. The differences for all valence electronic states
were also observed in CASSCF dynamics (35).

Our study demonstrates the capability and great potential to
probe molecular dynamics of weakly bound systems using XUV/
x-ray pump and probe pulses using an FEL source. Ionization at
XUV/x-ray energies is typically perturbative in contrast to strong-
field multiphoton interactions or streaking scenarios at long wave-
lengths. It lays the foundation for future experiments to investigate
radiation chemistry using multiparticle coincidence spectroscopy
exploiting the full potential of the upcoming high–repetition rate
FEL facilities.

For water complexes, small molecular clusters are the upper size
limit for time-resolved coincidence momentum spectroscopy as we
need to record all outgoing fragments. While this method brings an
unprecedented level of detail to chemical dynamics, one might ask
whether the results are relevant for condensed matter, e.g., in the
context of radiation chemistry. The water dimer is the smallest
unit that allows us to track the elementary reactions in radiation
chemistry like PT. The processes following upon PT already differ
for the different phases: In the gas phase, the charged clusters dis-
sociate, whereas, in liquid water, the charges separate via the Grot-
thuss mechanism. The dimer also has distinguishable hydrogen
bond donor and hydrogen bond acceptor units; this separation is
not seen anymore already for the trimer. However, our time- and
energy-resolved data allow us to understand how much of the
energy is deposited into electronic and internal degrees of
freedom, which is the same also for the liquid phase. Ultimately, a
full picture of PT can, thus, be only gained by combining comple-
mentary experiments from different phases. Furthermore, a water
dimer is simple enough for chemical theory. Nonadiabatic on-
the-fly simulations at high electronic structure levels such as those
presented here or wave packet simulations are still possible. The pre-
sented data can, thus, serve as a basis for benchmarking of the non-
adiabatic simulations in the condensed phase.

MATERIALS AND METHODS
Experiment
The experiment was carried out at the FLASH2 FEL in Hamburg
using the Reaction Microscope endstation at FL26 (36, 37). The
FEL was tuned to a photon energy of 24 eV, yielding a pulse
energy of 10 μJ and a pulse duration of ∼40 fs (full width at half
maximum) at a repetition rate of 800 pulses/s. Identical XUV-
pump–XUV-probe pulses with tuneable delay were produced
using a multilayer-mirror split, delay and focusing setup. The
delay was continuously scanned up to 300 fs with time zero as
well as the pulse duration determined in an independent cross-cor-
relation measurement on argon (cf. the Supplementary Materials)
(38). The FEL beams were spatially overlapped in a supersonic
water cluster jet, generated by a heatable nozzle with in-vacuum
water reservoir. The dimer production rate was optimized to ∼1%
using a water reservoir temperature of 44°C and—to avoid conden-
sation—keeping the nozzle warmer at 70°C. Photoions were accel-
erated in a homogeneous electric field of 38 V cm−1 toward an
microchannel plate (MCP)–delay line detector combination.
Using the impact time and position, the three-dimensional
momenta and KERs of the generated water dimer fragments were
reconstructed (19, 20). The KER for selected coincident ion pairs,
i.e., H2O+ + H2O+ and H3O+ + OH+, is analyzed as a function of the

delay of the XUV pump-probe pulses. More details are given in the
Supplementary Materials.

Theory
The ab initio simulations attempted to model the ultrafast reactions
following the removal of electrons from outer valence orbitals. In
the present study, we considered the ionization from the 1b1, 3a1,
and 1b2 orbitals (six states in total). We have performed the simu-
lations using the nonadiabatic surface hopping scheme in its fewest
switches version (39). The electronic structure was described with
the extended multistate complete active space second-order pertur-
bation theory (XMS-CASPT2), which covers both the dynamical
and static correlation. We used the correlation-consistent polarized
valence-only double-zeta (cc-pVDZ) basis set. The energies, gradi-
ents, and nonadiabatic couplings were evaluated in the brilliantly
advanced general electronic-structure library (BAGEL) electronic
structure package, version 1.2.0 (40). The active space was set to
11 electrons in six orbitals for the singly ionized states. We have con-
sidered six states in the doublet manifold, corresponding to the ion-
ization of both the proton donor and proton acceptor water
molecules in their 1b1, 3a1, and 1b2 states. The equations of
motion were integrated using the Verlet algorithm, with an integra-
tion time step set to 4 atomic units (a.u.), which correspond to ap-
proximately 0.1 fs. The total length of the simulations was 350 fs.
The nonadiabatic simulations show a nonnegligible fraction of tra-
jectories that have ended prematurely due to electronic structure
problems (maximum of 7% for the initial state D4). Only success-
fully finished trajectories were used for the analysis and further cal-
culations. For comparison, we have also performed the dynamical
calculations at the CASSCF level, lacking the dynamical part of cor-
relation. These data are shown in the Supplementary Materials.

To decide what will be the final outcome of the pump-probe ex-
periment, we have simulated the ensemble of structures for a given
delay time in the doubly ionized state. These simulations were per-
formed with the CASSCF method and the 6-31++g** basis set in the
Molpro computational package, version 2012.1.11 (41). The active
space was set to 10 electrons in six orbitals. Only the triplet ground
state was considered during the calculations due to the better stabil-
ity of these calculations. However, the energetics for the singlet and
triplet manifold is comparable for the water dimer case; see fig. S16.
The simulation step size was set to 4 a.u., and the total length was
97 fs.

The initial conditions for the water dimer in the neutral state
were generated using molecular dynamics with the quantum ther-
mostat based on the generalized Langevin equation (GLE) (42). In
this way, the nuclear quantum effects are taken into account for
both the atomic positions and momenta. This approach provides
an exact mapping of the system onto the phase space for harmonic
systems, yet, in our experience, it reliably describes also moderately
anharmonic systems. The temperature was set to 180 K, and the
GLE parameters ℏω/kT = 50 and Ns = 50 were taken from the
GLE4MD website (43). The time step for the GLE MD was 20
a.u. (approximately 0.48 fs), and the total simulation length was
set to 20 ps. Energies and gradients were evaluated with the
Boese-Martin for kinetics (BMK) functional (44) and 6-31++g**
basis set using the Gaussian09 package, revision D.01 (45). All the
dynamical calculations were performed in our in-house multipur-
pose ab initio MD program (ABIN) code (35).
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