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ABSTRACT
In this paper, we examine decay and fragmentation of core-excited and core-ionized water molecules combining quantum chemical cal-
culations and electron-energy-resolved electron–ion coincidence spectroscopy. The experimental technique allows us to connect electronic
decay from core-excited states, electronic transitions between ionic states, and dissociation of the molecular ion. To this end, we calculate the
minimum energy dissociation path of the core-excited molecule and the potential energy surfaces of the molecular ion. Our measurements
highlight the role of ultra-fast nuclear motion in the 1a−1

1 4a1 core-excited molecule in the production of fragment ions. OH+ fragments dom-
inate for spectator Auger decay. Complete atomization after sequential fragmentation is also evident through detection of slow H+ fragments.
Additional measurements of the non-resonant Auger decay of the core-ionized molecule (1a−1

1 ) to the lower-energy dication states show that
the formation of the OH+ + H+ ion pair dominates, whereas sequential fragmentation OH+ + H+

→ O + H+ + H+ is observed for transitions
to higher dication states, supporting previous theoretical investigations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141414., s

I. INTRODUCTION

The properties of water and of the water molecule are fun-
damental to understanding a plethora of different chemical pro-
cesses. In particular, studies of processes involving x-ray absorption
have provided deep insights into the dynamics of the isolated water
molecule. Core-excited water molecules revealed nuclear dynamics

on the fs time scale, thus competing with electronic decay of the
core-hole state. While x-ray absorption excites the molecule, sub-
sequent electronic decay can map out the highly rapid evolution
of the system. Both resonant inelastic x-ray scattering and resonant
Auger spectroscopy are powerful tools for monitoring the develop-
ment of the system as the wave packet evolves on the excited-state
potential energy surface.1–5 The latter technique was used by Hjelte
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et al.4 They observed resonant Auger decay arising from the molecu-
lar fragment, thus evidencing ultrafast dissociation when the photon
energy is tuned through the 1a−1

1 4a1 resonance.
This study aims to investigate electronic and nuclear dynamics

of the water molecule after core excitation to the LUMO as well as
core ionization. Core excitation and ionization can be induced by
soft x-rays promoting one of the electrons in the 1a1 core orbital to
an unoccupied molecular orbital (excitation) or to the vacuum level
(ionization). The excited molecule is very unstable and decays on
a fs time scale through electron emission3,6 or photon emission.7,8

Decay through electron emission—(resonant) Auger decay—is the
dominating channel.

Electronic decay also competes with nuclear dynamics on the
fs time scale. Especially in the case of excitation to the 4a1 orbital,
both resonant inelastic x-ray scattering (RIXS)2 and resonant Auger
electron spectroscopy (RAES)4 have shown that ultra-fast dissocia-
tion takes place within the core-hole lifetime, which for oxygen is
less than 5 fs. Ultra-fast dissociation implies that the core-excited
H2O∗ molecule dissociates to OH∗ + H before resonant Auger
decay, which then takes place in the OH∗ fragment. The probabil-
ity of ultra-fast dissociation after core excitation to the 4a1 orbital
was estimated to be as large as 30%.9 Theoretical investigations of
this process have also been presented.5,10,11

Nuclear motion leading to fragmentation of the water molecule
also happens in the ionic final states. Fragmentation of such valence-
excited ionic states has been extensively studied, both experimen-
tally12–14 and theoretically.10,11,15,16 Accordingly, in order to com-
pletely understand the excited molecule and the subsequent decay
and fragmentation, it is necessary to combine measurements of the
electronic decay with an understanding of the nuclear dynamics on
potential energy surfaces before and after electronic decay.

This study combines the investigation of decay and dynamics
of core-excited and core-ionized molecules by means of electron-
energy-resolved photoelectron photoion coincidence spectroscopy
(PEPICO). This allows us to connect two fundamental outcomes
of the decay process: the kinetic energies of (resonant) Auger elec-
trons and the ion fragments produced from the same event, linking
the dynamics of the excited and final states. Measured resonant3,4

and normal6,17 Auger electron spectra have been presented in pre-
vious studies. Partial ion yields in the core-electron resonant region
have also been measured.18 In addition, the dynamics of fragmenta-
tion of the core-excited molecule has been studied by ion momen-
tum imaging.19 However, coincidence studies on water have, to our
knowledge, only been performed following VUV excitation.13,20

In addition to PEPICO measurements, we performed quantum-
chemical calculations of the potential energy surfaces of the core-
excited and core-ionized states in order to interpret the results. The
calculations help us to understand the effect of the nuclear motion.
Moreover, the combined experiments and calculations allow us
to chart in detail the three-step process involving movement on
the core-excited energy surface, electronic decay, and subsequent
movement and decay in ionic states.

II. EXPERIMENT
The photoelectron photoion coincidence (PEPICO) experi-

mental station has been described in detail in Ref. 21. The sys-
tem consists of a modified Scienta SES-100 hemispherical deflection

analyzer22 for electron analysis. The original CCD detector was
replaced by a resistive-anode detector (Quantar model 3394A) for
fast electron detection required by coincidence studies. A Wiley–
McLaren type23 time-of-flight mass spectrometer (TOFMS) was
used for ion detection.24 This TOFMS has a narrow extraction
region, and due to the delay between ion creation and the extrac-
tion pulse, ions with high kinetic energies escape the source region
before they are extracted toward the ion detector. The lightest ion,
H+, is thus likely to escape detection more often than heavier frag-
ments, such as O+ and OH+. The heavier fragments carry less kinetic
energy due to momentum conservation. Electrostatic simulations
with SIMION25 showed that positive ions with isotropic velocity
distribution had reduced transmission through the TOFMS starting
from 2 eV kinetic energy and for 10 eV ions was reduced to 9%. Ion
branching ratios are affected by this reduction and are thus not reli-
able as absolute measures. A comparison of the full (non-coincident)
electron spectrum to the coincidence spectrum, i.e., those electrons
that come in coincidence with at least one ion, exhibits significant
differences when transmission of the relevant ion is low. Therefore,
larger differences become an indirect indicator of production of fast
H+ ions. (In general, about one in fifty electrons are detected in
coincidence with an ion.)

The experiments were performed at the MAX IV Laboratory
in Lund, Sweden, at the (now decommissioned) I411 beamline26

located on the MAX II storage ring. The beamline was equipped
with a SX700 plane grating monochromator and operated in the
photon energy range of 50–1500 eV. The hemispherical electron
analyzer and the ion TOFMS were mounted facing each other, per-
pendicular to the photon beam, at the magic angle with respect to
the linearly polarized synchrotron radiation. For resonant Auger
measurements, the photon energy was tuned to the O 1s → 4a1
resonance at 534.0 eV. The normal Auger measurements were per-
formed at 550.0 eV photon energy. The beamline exit slit was set
to 60 μm, corresponding to approximately 640 meV photon band-
width. As the pass-energy of the hemispherical electron analyzer
was 200 eV, its resolution was approximately 3 eV. The electron
spectra were calibrated in two steps. The detector’s energy disper-
sion was established by using H2O valence photoelectron lines.27

Second, the absolute values of the kinetic energies of the resonant
Auger electrons were found by comparing the spectrum to the high-
resolution resonant Auger spectrum measured by Hjelte et al.4 at the
O 1s → 4a1 resonance maximum at 534.0 eV. The normal Auger
electron spectrum was calibrated using the energies from the exper-
imental study by Moddeman et al.17 The calculated energies were
shifted 2.5 eV toward higher energies (corresponding to less than
0.6% of the kinetic energy).

Water vapor was introduced to the sample area through a cap-
illary, increasing the chamber pressure to 2.5 ⋅ 10−6 mbar. The cap-
illary tip was aligned to the beam to ensure maximum pressure in
the sample area (estimated to be 10–50 times higher than the cham-
ber pressure). The deionized liquid water sample was connected to
a gas inlet system. Before leaking the gas into the chamber, the gas
inlet was cleaned by repeated freeze–pump–thaw cycles. The vapor
pressure of the water sample was sufficient to provide a steady flow
through the capillary during the experiments.

The coincidence data were acquired by collecting TOFMS
detector signals, which act as a stop, following a start pulse orig-
inating from either an electron detection or a random trigger
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from a pulse generator. These coincidence events contain infor-
mation about the kinetic energy of an observed electron and the
ion time-of-flight data. With this setup, up to four ions arriving in
coincidence with the electron can be recorded. The TOFMS was
operated in the pulsed mode so that for every start trigger, whether
it is an electron or a random trigger, the ions’ time-of-flight was
measured. Thus, an electron-energy-resolved coincidence spectrum
was obtained at the same time as the non-coincident ion mass
spectrum provided by the random triggers. With suitable normal-
ization, as described in Ref. 21, the non-coincident spectrum can
be subtracted from the coincidence spectrum, which removes the
contributions from accidental coincidences. This methodology was
employed in the production of the PEPICO maps and coincident ion
yields (CIYs) in this paper.

III. CALCULATIONS
We designed quantum chemical calculations to simulate the

core-excited and core-ionic potential surfaces of water. We used the
atomic natural orbital basis sets (ANO-RCC), which are relativistic
contractions of the ANO-L basis set.28 We made relativistic cor-
rections using the second order Douglas–Kroll–Hess transformed
Hamiltonian.29,30 The core-excited states of the water molecule have
a mixed valence and Rydberg character. Therefore, we modified the
oxygen ANO-RCC basis set by supplementing two s, two p, and one
d diffuse functions placed at the oxygen atom position as described
by Rubio, Serrano-Andrés, and Merchán.31 The energies for the
ground, ionized, excited, and final (di)cation states were calculated
based on multireference second-order perturbation theory using a
restricted active space self-consistent field (SCF) wave function as
reference—RASPT2/RASSCF.32 The RASSCF is a multiconfigura-
tional SCF method, but since the RASSCF energies lack dynamic
correlation, it is added using perturbation theory in a subsequent
calculation using RASPT2. We assume that the Born–Oppenheimer
approximation is valid, i.e., the ionization or excitation process is
much faster than nuclear motion. Therefore, the starting geometry
of the molecule chosen after excitation or ionization is the same as
for the ground state. The Born–Oppenheimer approximation also
applies to the Auger process, where we assume that the geometry of
the resulting ion is identical to that of the core-excited molecule.

In the ground state, the water molecule has C2v symmetry with
an O–H bond length of 0.957 Å and an H–O–H angle of 104.5○.33

This symmetrical geometry was used as the starting point, but since
the core-excited state dissociates asymmetrically by elongation of
one O–H bond,2,4 we introduced a slight asymmetry (r1 = 0.9570 Å,
r2 = 0.9573 Å) in order to avoid artificial preservation of symmetry in
the geometry optimization. The calculations presented in this paper
were performed using the MOLCAS quantum chemistry package.34

A. Resonant Auger spectrum
Excitation of the core electron to the 4a1 orbital initiates an

ultra-fast dissociation process, where one hydrogen atom is sep-
arated from the core-excited OH fragment.4 We used the SLA-
PAF module of the MOLCAS package to optimize the geome-
try. The active space consisted of ten electrons in eleven active
orbitals. Within this configuration space, we obtained the orbitals
by minimizing the average energy of the selected states, defined

by configuration interaction (CI). We then computed the nuclear
motion in the 1a−1

1 4a1 state by following the minimum energy path
along the potential energy surface. The result is shown in the top
panel of Fig. 1. At step 5, where the O–H bond distance of the

FIG. 1. (Top) The minimum energy path along the potential energy surface of
1a−1

1 4a1 core-excited state. The x-axis and y-axis are the two bond distances,
respectively. Step 0 corresponds to the (slightly distorted, see text) experimen-
tal ground-state geometry. The geometry for each step 1–5 corresponds to the
geometry that has the minimum energy within a fixed hypersphere around the pre-
vious geometry. The result is an asymmetrical bond elongation. The bond angle
(not displayed) changes by less than 2○ from the ground-state geometry. (Bot-
tom) The calculated energies of the core-excited state (black line) and several
ionic final states (blue lines) corresponding to steps 0–5. The three lowest ion
states (solid blue lines) are the bonding 1b−1

1 , 3a−1
1 , and 1b−1

2 states. The higher
states (dashed blue lines) are examples chosen from an ensemble of spectator
anti-bonding ion states.
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TABLE I. Calculated Auger electron energies resulting from decay to the domi-
nant final dication states (H2O2+). They are compared with previous calculations by
Inhester et al.36 Our calculated energies are also shown in Fig. 4.

State Energy (eV) Energy (eV)36

1b−2
1

1A1 499.4 499.39
3a−1

1 1b−1
1

1B1 498.8 497.98
3a−2

1
1A1 496.1 494.64

1b−1
2 1b−1

1
1A2 493.7 494.68

3a−1
1 1b−1

2
1B2 492.2 492.36

1b−2
2

1A1 485.4 487.45

dissociating hydrogen atom is larger than 2 Å, we consider the O–H
bond to be completely dissociated.

The dominant de-excitation process is Auger decay. Since
ultra-fast dissociation and Auger decay compete on the fs time scale,
Auger decay can take place at any point during the dissociation.
Within the Born–Oppenheimer approximation, the kinetic energy
of the emitted electron corresponds to the energy difference between
the core-excited state and the final ionic state—with the same geom-
etry at that moment. We have therefore calculated the energies of
some final ionic states for the geometries along the minimum energy
path. These are shown in the bottom panel of Fig. 1.

B. Auger spectrum
The vibrational structure observed in the O 1s photoelectron

spectrum of water35 is a signature of the bonding character of the
core-ionized state. Indeed, calculations of the nuclear dynamics after
single core-electron ionization in water show only a bending vibra-
tional mode.36 Therefore, no dissociation is expected prior to Auger
decay. Nevertheless, a small degree of nuclear motion is expected
during the core-hole lifetime.

We examined the behavior of the core-hole state 1a−1
1 by dis-

tributing the nine electrons among eleven active orbitals, with the
added restriction that (at most) one electron occupies the 1a1 orbital.
Optimization of the core-hole state geometry indicates a slight
increase in bond length (r1 = 0.9595 Å, r2 = 0.9592 Å) and opening
of the angle (122.5○) in accordance with previous calculations (listed
in Table 1 of Ref. 35 and shown in Ref. 36). We expect the Auger
process to take place within this optimized geometry. Therefore, we
calculated the energies of a number of dication states in this geom-
etry and used the resulting H2O2+ energies to calculate transition
energies to these dication states. The calculated transition energies
for singlet states are shown in Table I and are compared with the
energies calculated by Inhester et al.36 The triplet states were omitted
in our calculations, since the previously calculated transition proba-
bilities36,37 show that triplet states only exhibit observable intensities
around 478–482 eV, which is out of the observed energy range in
this work.

IV. RESULTS AND DISCUSSION
We present and discuss the experimental and theoretical results

in Subsections IV A and IV B. Subsection IV A focuses on the

resonant Auger decay (i.e., from the core-excited state), while the
Subsection IV B focuses on Auger decay (i.e., from the core-ionized
molecule).

A. Resonant Auger decay
The experimental data are presented in Fig. 2 as a PEPICO

map. The right-hand-side TOF spectrum only shows coincident
ions. Notably, we did not observe any O2+ ions in coincidence
with electrons, whereas O2+ was observed in non-coincident ion
TOF at this photon energy.18 The H+

2 fragment was not detected in
our study but was measured in previous studies.19 Coincident ion
yields (CIYs) for all detected fragments are shown in the left-side
panels.

The main decay pathways are schematically illustrated in Fig. 3
together with the fragmentation patterns following excitation to the
anti-bonding state. Upon excitation to the anti-bonding state, an
asymmetric bond elongation is initiated along the minimum energy
path on the potential energy surface. The geometry of the molecule
is expected to change along the minimum energy path, as described
above. If the resonant Auger decay is prompt, the molecule can decay

FIG. 2. Electron–ion coincidence map measured on top of the 4a1 resonance.
(Top) The resonant Auger electron spectrum showing both all electrons and those
electrons detected in coincidence with ions. (Right): The coincident ion TOF spec-
trum. (Left) Electron–ion coincidence map. Solid red lines show coincident ion
yields (CIYs) for all fragments. The ticks for the CIYs are arbitrary, but comparable,
units.
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FIG. 3. A schematic illustration of the excitation, dissociation, and possible reso-
nant Auger decay channels. The neutral ground state and the neutral core-excited
state are shown in black lines, while H2O+ states are shown in red dashed
lines. The molecule is excited from the H2O ground state to the core-excited
H2O∗(1a−1

1 4a1) state, where it starts to dissociate along the potential energy sur-
face. The possible decay patterns are (1) prompt decay to a bonding ion H2O+

state, (2) later decay to a bonding ion state, (3) decay to an anti-bonding dissocia-
tive ion state, and (4) late decay where the fragmented OH∗ + H ensemble decays
to OH+ + H.

to a bonding ion final state (case 1). The decay produces a H2O+ ion
and a resonant Auger electron with high kinetic energy. If the Auger
process occurs slightly later, the distorted molecule can still decay
to a bonding ion state (case 2), also resulting in a H2O+ ion. How-
ever, in this case, the energy of the resonant Auger electron would
be slightly lower. Case 3 illustrates decay to an anti-bonding ion
state. In this case, dissociation continues in the final state, as pre-
dicted by its potential energy surface, primarily resulting in an OH+

+ H ensemble. Case 4 illustrates a resonant Auger decay where the
core-excited molecule dissociates into an OH∗ + H pair prior to elec-
tronic decay. The result is then primarily an OH+ + H pair. This case
is identical to the ultra-fast dissociation of core-excited molecules.4

We will refer to these cases when discussing the experimental
results.

Note that we expect the parent H2O+ ion in coincidence with
electrons at 521 eV, corresponding to the prompt decay to the low-
est ion 1b−1

1 state.3 Our measurement range does not include these
higher energy electrons. In region I, we observe only the H2O+ par-
ent ion. One possibility in this energy range is prompt decay to the
bonding 3a−1

1 ion state (case 1). Another is later decay to the bond-
ing 1b−1

2 ion state (case 2). We conclude from looking at the calcu-
lated potential energy surfaces for ionic states in Fig. 1 that decay to
one of the two lowest-energy states is the only energetically possible

process. Coincident detection with the parent H2O+ ion is consistent
with the calculations.

In region II at 514–517 eV, both the parent H2O+ ion and
the OH+ fragment are observed. The appearance of the parent ion
can be explained by a combination of prompt decay to the third-
lowest bonding 1b−1

2 ion state (case 1) and later decay to the 3a−1
1

ion state (case 2). Although it is not possible to access anti-bonding
ion states in this energy range, we also observe OH+, O+, and even
H+ ions in this region. The appearance energy for the OH+ frag-
ment is 18.01 eV.38 In our experiment, the equivalent process would
be electrons with 516 eV kinetic energy or less measured in coin-
cidence with OH+ for 534.0 eV excitation energy. Therefore, the
appearance of OH+ is energetically possible in region II if a suitable
decay pathway exists. Indeed, direct valence ionization studies13,38

show that OH+ fragments result from dissociation of the 1b−1
2 ion

state. The mechanism for forming the OH+ + H pair has been stud-
ied in detail by Suárez, Méndez and Rabadán.16 They showed that
there is fast transfer (less than 10 fs) from the 1b−1

2 state to the 3a−1
1

state through a conical intersection, while a much slower transfer
(several ps) from the 3a−1

1 state to the 1b−1
1 state takes place due

to Renner–Teller coupling. The 1b−1
1 ground state may dissociate

to OH+ + H. Our observation of OH+ in region II as well as the
decrease in the parent ion signal at lower electron energies is there-
fore in good agreement with a prompt resonant Auger decay to the
ion 1b−1

2 state. In addition, dissociation of the vibrationally excited
3a−1

1 state leads to production of H+. Although the H+ ion yield is
weak in region II, our data hint at an increase in H+ production
in this region. The weakness of this channel was also discussed by
Suárez, Méndez, and Rabadán. They argued that the larger exper-
imental cross section for production of OH+ indicates that frag-
mentation through the 1b−1

1 state is larger than that via the 3a−1
1

state.
Between 510 eV and 512 eV (region III), we see a large increase

in both electrons and OH+ fragments. Hjelte et al.4 showed that sev-
eral features in the resulting resonant Auger decay spectrum result
from ultra-fast dissociation, which was attributed to the OH∗ frag-
ment, i.e., case 4. Indeed, if the core-excited OH∗ + H ensemble
is created at 531 eV excess energy, this would involve transitions
to fragment ionic states with binding energies between 19 eV and
21 eV. Stranges et al. measured the inner-shell absorption spec-
trum of neutral OH and extracted spectroscopic parameters for the
2Σ+ core-excited state.39 The vertical energy is 525.8 eV. Hirst and
Guest calculated the energy of ionic states in the valence region,40

and Katsumata and Lloyd measured the binding energy of the first
ionic state at 13.0 eV.41 Using these values, we expect the highest
energy feature in the OH resonant Auger energy spectrum to be at
approximately 512.8 eV. For vibrationally excited OH∗ fragments,
the “hot band” would result in a slightly higher kinetic energy—
513.4 eV. These values agree with the calculation presented by Hjelte
et al.4 and closely match the energy of the experimental feature in
region II.

It is not possible to determine whether the dissociation seen in
region III takes place in the core-excited state or in the final ionic
state from the experimental data alone. Nevertheless, the energies of
the potential energy surfaces in Fig. 1 support the claim that the OH+

ions in the region 510–512 eV practically all result from ultra-fast
dissociation in the core-excited state. There are no accessible final
states for the non-dissociated molecule in this range.
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In region IV, we reach higher anti-bonding spectator reso-
nant Auger final states in both early and late resonant Auger decay
while remaining below the double ionization threshold (31.6 eV,42

corresponding to kinetic energy 502.4 eV). The amount of OH+

decreases, and complete atomization resulting in O+ is evident. The
O+ fragment appearance energy is 18.7 eV.38 However, Hult Roos
et al.13 observed only a very weak O+ yield at this energy. There-
fore, the O+ production must also be the result of decay to anti-
bonding spectator resonant Auger final states. We also observe light
H+ ions with practically zero kinetic energy, indicating a sequential
dissociation to O + H+

slow + Hfast.
Below 502.4 eV (region V), it is energetically possible to

create an ion pair. In addition, the participator 2a−1
1 state is

reached. According to our calculations, only prompt resonant
Auger transitions to spectator final states or to the 2a−1

1 final
state can produce these electron energies. The possible specta-
tor final states are strongly repulsive, and high kinetic energies of
fragments are expected. The presence of both O+ and H+ ions
is again a sign of sequential fragmentation leading to a com-
plete atomization, where the first hydrogen (either H or H+) leav-
ing the parent ion will carry away most of the kinetic energy
released.

B. Ion–Auger electron coincidence spectra
The experimental data are presented as a PEPICO map in Fig. 4.

Core-electron ionization followed by the emission of an Auger elec-
tron creates a rapidly dissociating dication due to Coulomb repul-
sion. Indeed, Piancastelli et al.18 did not detect the parent H2O2+ ion
in their study near the O 1s ionization threshold. Our data can be
separated into three regions in the PEPICO map: A, B, and C. The
dominating feature (A) in the spectrum is due to Auger transitions
to the 1b−2

1 and 3a−1
1 1b−1

1 states. According to Gervais et al.,43 these
states dissociate into an OH+ + H+ ion pair. OH+ is indeed observed
in our experiment. As indicated above, protons, carrying most of
the kinetic energy released in a Coulomb explosion, are expected to
escape detection.

Events in the next region (B) are associated with Auger tran-
sitions to states in 3a−2

1 , 1b−1
2 1b−1

1 , and 1b−1
2 3a−1

1 configurations,
observed mainly in coincidence with H+. Given the geometry of the
experimental setup, detection of any protons is a strong indication
of a sequential three-body break-up: This process entails the par-
ent dication emitting a fast proton, and then the resulting OH+ ion
dissociates further into a slow O + H+ pair. The absence of O+ in
this region supports this interpretation. If neutral oxygen is pro-
duced, the only possible fragmentation channel would indeed be
H2O2+

→ OH+ + H+
fast → O + H+

slow + H+
fast.

For the 3a−2
1 state, an indication of the intermediate product

(OH+) is seen in our PEPICO map. This supports the suggestion
that the 3a−2

1 final dication state can produce OH+ fragments or an
O + H+ pair if the excess kinetic energy is high enough to overcome
the potential well.43

The feature seen in region C is interpreted as originating from
dication triplet states with one hole in the 2a1 orbital.6,36 Gervais
et al.43 did not study the potential energy surfaces of these
triplet states, but they predicted three-body fragmentation even
for low-energy triplet states. Our observation of O+ supports the
suggestion of complete atomization. Whether it is a concerted

FIG. 4. Electron–ion coincidence map measured at 550 eV photon energy. (Top)
The non-resonant Auger electron spectrum showing both all electrons and those
electrons detected in coincidence with ions. Calculated transition energies from
the 1a−1

1 core-ionized state to the final H2O+ states are also shown. (Right) The
coincident ion TOF spectrum. (Left) Electron–ion coincidence map. Solid red lines
show coincident ion yields (CIYs) for all fragments. The ticks for the CIYs are
arbitrary, but comparable, units.

H2O2+
→ O+ + H+ + H or sequential H2O2+

→ OH+ + H+
→ O+

+ H+ + H fragmentation is not possible to deduce in our data.

V. CONCLUSIONS
We have studied fragmentation of the water molecule after core

excitation to the 4a1 orbital as well as after O 1s ionization. In order
to chart the concerted effects of electronic decay and nuclear dynam-
ics, we performed electron-energy-resolved photoelectron photoion
coincidence (PEPICO) experiments and multi-configurational elec-
tron structure simulations.

For resonant excitation to the 1a−1
1 4a1 state, electrons in the

energy range of 515–520 eV are detected mainly in coincidence with
H2O+ ions. These can be produced by decay to the 1b−1

2 and 3a−1
1

states. OH+ fragments at 515 eV electron energy are produced by
population of the 1b−1

2 state, which dissociates via the 3a−1
1 state.16

We have shown that electrons with 510–512 eV kinetic energy in
coincidence with OH+ fragments arise from ultra-fast dissociation
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before electron emission. At lower electron energies, a manifold of
higher anti-bonding ion states results in complete atomization and
production of both O+ and H+ fragments.

The electronic decay of the core-ionized molecule to the 3a−2
1 ,

1b−1
2 1b−1

1 , and 1b−1
2 3a−1

1 states leads to a sequential fragmentation
H2O2+

→OH+ + H+
fast →O + H+

slow + H+
fast evidenced by the observa-

tion of slow H+ fragments. Decay to the lowest dication states 1b−2
1

and 3a−1
1 1b−1

1 leads to the formation of a OH+ + H+ ion pair.
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