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We report ultrafast dissociation of gas-phase water following photoexcitation above the O 1s ionization
threshold. High-resolution resonant Auger spectroscopy reveals sharp constant-kinetic-energy features
arising from nonradiative decay of neutral atomic oxygen formed within the O 1s core-hole lifetime.
Comparison with ab initio Auger spectra identifies these features as transitions from the atomic
ð1sÞ1ð2sÞ2ð2pÞ5 1P state, demonstrating that neutral fragments can form in well-defined electronic states
before Auger decay.
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Ultrafast dissociation (UFD) following core-level exci-
tation, i.e., fragmentation occurring on timescales compa-
rable to or shorter than the lifetime of the vacancy in the core
level, typically a few fs or shorter, was first identified by
Morin and Nenner in 1986 in electron spectra of core-
excited HBr [1]. Since then, UFD has been extensively
studied in systems ranging from simple diatomics to small
polyatomic molecules, typically involving core excitation
into antibonding orbitals [2–8].
In water, UFD has been observed under various con-

ditions. The earliest direct evidence for UFD in molecular
water came from studies of resonant Auger decay following
excitation of the O 1s−14a1 state. Hjelte et al. demonstrated
that core-excited H2O molecules dissociate on a few-femto-
second (≈4 fs) timescale into core-excited OH fragments
and neutral H atoms, producing “hot bands,” features
stemming from vibrationally excited OH, in the Auger
spectra [9].
More recently, UFD features of H2O have also been

observed using resonant inelastic x-ray scattering (RIXS).
Ertan et al. combined experiment and theory to show that

RIXS spectra of gaseous water upon 4a1 excitation exhibit
atomiclike narrow peaks, revealing signatures of nuclear
dynamics (i.e., UFD) [10].
In a related study, Yamazoe et al. explored high overtones

in the OH stretch region while approaching the continuum
of bond breakage in liquid water via RIXS, quantifying how
dissociative contributions evolve with excitation energy
[11]. Identifying the impact of UFD on the water RIXS
spectrum was essential for resolving the long-standing
debate about whether the characteristic split of the 1b1
emission peak arises from two distinct structural motifs in
liquid water [12].
Apart from water, UFD has been documented in mol-

ecules such as ammonia, halogenated ethanes, and other
small polyatomics. In the case of the isoelectronic molecule
NH3, resonant Auger spectroscopy (following N 1s → 4a1
excitation) revealed fragment bands whose spectral lines
remain at constant electron kinetic energy (KE) when
scanning the excitation across the resonance, characteristic
of dissociation occurring before or during the decay
process [7,13].
Similarly, Travnikova et al. studied “routes” to UFD in

polyatomic systems, including the Auger-Doppler effects
in fragmentation, confirming that core-excited states often
dissociate on ultrafast timescales when populated into
antibonding orbitals [5,7,14].
The above-mentioned cases of UFD all concerned exci-

tation of a single electron into an antibonding orbital, but
UFD after excitation into doubly excited states above the
core-ionization threshold has been suggested to occur as
well. One such case was N2 [15], but a later high-resolution
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study showed that the observations were likely due to
unresolved vibrational features from the N2 molecule
[16]. Building on earlier studies of H2O dissociation,
research into valence and core-level double excitations
has also suggested rapid fragmentation channels.
Experiments involving electron impact and synchrotron
radiation excitation have provided evidence for H atom
fragments with high KE, which were interpreted as origi-
nating from doubly excited states that quickly dissociate into
three neutral fragments [O in a ð2pÞ4 configuration, one
excited H atom, and one H in the ground state] [17,18].
In water, UFD following core excitation into the anti-

bonding 4a1 orbital is well established. However, it has also
been proposed that excitation to doubly excited states, with
one hole in the core orbital and one in a valence orbital,
above the O 1s ionization threshold might lead to disso-
ciation behavior. Piancastelli et al. made this proposal
based on observations of constant-KE features and apparent
vibrational structure, which they assigned to OH fragments
produced by UFD from such doubly excited states [19].
In contrast, our results demonstrate that UFD from

doubly excited molecular states above the O 1s threshold
produces neutral atomic oxygen fragments rather than OH
fragments. The process is depicted in Fig. 1 based on
calculated potential-energy curves. Via photoexcitation and
shakeup, the ð1a1Þ−1ð3a1Þ−1ð4a1Þ2 state is populated,
leading to the immediate dissociation of two H atoms.
To our knowledge, single-photon excitation leading to the
immediate dissociation of two atomic fragments within the
core-hole lifetime has not been previously reported. This
double dissociation has several important implications for
core-excited molecular dynamics, notably advancing the
understanding of possible dissociation pathways and moti-
vating refined theoretical descriptions of the potential-
energy surfaces of core-excited and doubly excited states.
Photoemission spectra of gaseous water, containing the

Auger and resonant Auger region on a dense grid of photon
energies, were recorded at the P04 soft x-ray beamline [20]
of the PETRA III synchrotron-radiation facility (Deutsches
Elektronen-Synchrotron, DESY, Hamburg, Germany) using
the EASI setup [21]. Additional, polarization-dependent
electron spectra were recorded at the photoemission end
station of the low-density matter branch of the FlexPES
beamline [22] (MAX IV, Lund, Sweden). Detailed exper-
imental procedures are provided in Supplemental Material
[23] (see also Refs. [24–29] therein).
Autoionization spectra were calculated for the water

molecule and the atomic oxygen fragment employing the
one-center approximation [30,31]. Calculations for the
3P state and additional methodological details are provided
in Supplemental Material [23] (see also Refs. [32–39]
therein).
In Fig. 2(a), we present a false-color map of electron

spectra covering KEs between 509 and 521 eV and photon
energies between 547 and 552.5 eV, well above water’s

vertical O 1s ionization potential of 539.83 eV [40]. A
constant-intensity photoelectron feature that disperses with
photon energy is observed in this photon-energy range,
which arises primarily from ionization of the 2a1 inner-
valence orbital of H2O but also includes contributions from
two-hole-one-particle (2h-1p) states, overlapping in energy.
This feature has been subtracted in an analogous but higher-
resolution map shown in Fig. 2(d), from which the
integrated electron energy [Fig. 2(b)] and absorption
[Fig. 2(c)] spectra were produced. In Fig. 2(a), two weak
and sharp features at constant KE can be seen at 511.4(1)
and 513.1(1) eV. Their full width at half maximum
(FWHM) is very similar, 0.35(2) and 0.34(2) eV, corre-
sponding to ≈0.29 and ≈0.275 eV after deconvolution of
the spectrometer contribution. They are most intense at a
photon energy of hν ¼ 550.2ð2Þ eV [compare Fig. 2(c)],
and are populated over a photon-energy range of 4.55(1) eV
(FWHM). All features have been fitted using exponentially
modified Gaussian (EMG) peak shapes.
The constant KE of these resonant peaks indicates that

they arise from electronic decay processes decoupled from
the primary photoionization. In the study by Piancastelli
et al. [19], these features were attributed to decays of
neutral, core-excited OH fragments, produced by ultrafast
dissociation of water molecules following photoexcitation
to a doubly excited state. This conclusion was based on

FIG. 1. Calculated potential-energy curves along the symmetric
stretch coordinate. The energy is given relative to the equilibrium
geometry of the neutral ground state. The blue curve shows the
doubly excited ð1a1Þ−1ð3a1Þ−1ð4a1Þ2 state, which is populated
via core-electron excitation accompanied by shakeup from the
ground state (orange curve) at a photon energy of 550 eV. This
strongly repulsive state leads to ultrafast dissociation into atomic
fragments: an oxygen atom in the ð1sÞ1ð2sÞ2ð2pÞ5 1P state and
two hydrogen atoms in their ground states. The state sub-
sequently undergoes electronic decay into several cationic states;
for example, the green curve depicts a state that asymptotically
corresponds to an oxygen atom in the ð1sÞ2ð2sÞ2ð2pÞ3 2D state.
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both the constant KE of the peaks and the apparent
vibrational structure observed in their spectra.
In the spectrum shown in Fig. 2(b), which exhibits less

noise than those reported in Ref. [19], no discernible
vibrational structure is observed in the peaks, although a
slight asymmetry toward higher KEs is apparent. The
vibrational spacing in OHþ is expected to be on the order
of 400 meV for the lowest electronic states [9], which is
well within the resolution capability of the spectrometer.
Additional data recorded at the FlexPES beamline of
MAX IV also show no discernible vibrational structure
(see Fig. 3 and Fig. S1 in Supplemental Material [23]).
The narrow linewidth and absence of vibrational struc-

ture instead suggest that the peaks originate from non-
radiative decay within an atomic fragment. In this scenario,
the slight asymmetry can be attributed to decays occurring
at different points along the dissociation pathway on the
potential-energy surface of the core-excited state, which, in

general, is not parallel to the one of the respective
final state.
The emergence of the atomic decay spectrum from

the molecular Auger spectrum along the ultrafast
dissociation pathway following shakeup into the
ð1a1Þ1ð1b2Þ2ð3a1Þ1ð1b1Þ2ð4a1Þ2 1A1 configuration is ex-
plained in the End Matter and in Supplemental Material
Sec. V [23]. We confirm that signatures of molecular Auger
decay are barely visible owing to the substantial line
broadening and strong energy shifts that occur during
dissociation. Ultimately, the only observable features are
the sharp atomic lines originating from the oxygen atom.
The energies of core-hole resonant Auger decays from

photoexcited O atoms were determined experimentally by
Caldwell et al. [41]. Following the optically allowed
excitation from the ð1sÞ2ð2sÞ2ð2pÞ4 3P ground state to
the ð1sÞ1ð2sÞ2ð2pÞ5 3P core-excited state, the spacing
between the two lowest observed final states reached by

(a)

(c) (d)

(b)

FIG. 2. (a) Electron spectra mapped as a function of photon energy around the features of interest, shown on calibrated photon-energy
(left) and KE (bottom) scales, recorded at beamline P04 approximately at the “magic angle” (130° tilted with respect to the photon-beam
axis [21]). Two resonant features with constant KE are observed, while the dispersive feature originates from photoionization of the 2a1
orbital. (b) Photoemission spectrum of the resonant features obtained by integrating over the full photon-energy range of the map in
panel (d). (c) Photoabsorption spectrum derived by integrating over the shown KE range of the map in panel (d). (d) High-resolution
scan of the resonant feature, with the signal contribution from the 2a1 orbital subtracted. The features in (b),(c) have been fitted using
exponentially modified Gaussian (EMG) profiles.
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Auger decay, ð1sÞ2ð2sÞ2ð2pÞ3 2D and ð1sÞ2ð2sÞ2ð2pÞ3 2P,
was found to be 1.68 eV. This exactly matches the
separation of the peaks we observe, while the absolute
energies found in Ref. [41], 510.12 and 508.44 eV,
respectively, are lower by about 3 eV. As a cross-check,
the expected KE for these transitions can be estimated to be
510.32 and 508.62 eV from the difference between the
excitation energy of the ð1sÞ1ð2sÞ2ð2pÞ5 3P state (527.26 eV
[42]) and the ionization thresholds of the final states [16.94
and 18.64 eV for the ð1sÞ2ð2sÞ2ð2pÞ3 2D and 2P states,
respectively [43]], in reasonable agreement with the values
in Ref. [41].
As anticipated from the calculated potential-energy

curve in Fig. 1, the electrons originate from the decay of
a higher-lying core-excited state of the oxygen atom,
namely, the ð1sÞ1ð2sÞ2ð2pÞ5 1P state. This state has been
theoretically estimated to lie between 2.71 and 3.01 eV
above the 3P state [2,44,45], bringing the calculated
energy separation close to our observation. Thus, a
consistent interpretation is that the observed features
arise from electronic decays of a neutral oxygen fragment
in the ð1sÞ1ð2sÞ2ð2pÞ5 1P core-excited state into the
ð1sÞ2ð2sÞ2ð2pÞ3 2D and 2P final states.
We can further support this interpretation by examining

additional final-state features expected to appear in the
decay spectrum. A complication is that the energy range
where these final states would appear is dominated by
molecular water KVV (core-valence-valence) Auger fea-
tures. To overcome this issue, we recorded spectra at the
FlexPES beamline over a broader range of KEs at photon
energies of 545 eV (below the onset of these resonant
features) and 550 eV (near the maximum) and constructed a
difference spectrum. In Fig. 3, we show the outcome for
two angles with respect to the horizontal linear light
polarization, 90° (vertical) and 54.7° (“magic angle”).
For a clearer comparison of the difference spectra between
these two angles, we have subtracted the contribution from
2a1 photoemission from the spectra recorded at 54.7°; this
contribution is already strongly suppressed in the 90°
spectrum due to its large positive β value. The peaks
attributed to decays of atomic oxygen generally exhibit
relatively isotropic angular distributions, with the exception
of the ð1sÞ2ð2sÞ2ð2pÞ3 2D state, which has β ¼ −0.51ð5Þ.
This negative value can be attributed to orientation selec-
tion resulting from the molecular dissociation (see
Supplemental Material [23] and Ref. [46] therein).
In addition, we plot orange bars in Fig. 3 corresponding

to calculated positions and relative intensities for the
most intense decays of atomic oxygen excited to the
ð1sÞ1ð2sÞ2ð2pÞ5 1P state and labeled by their assignments
of the final states. In the difference spectra, two sharp peaks
appear at approximately 477.4 eV and 490.1 eV KE, in
addition to those at 511.4 and 513.1 eV. The calculated
estimates for the most intense decays are close to these
peaks, and the relative intensities are well reproduced

(see Table I). The energy spacings between the peaks at
477.4 and 490.1 eV are also nearly identical to those
reported by Caldwell et al. for features assigned to the
ð1sÞ2ð2pÞ5 2P and ð1sÞ2ð2sÞ1ð2pÞ4 2P final states, respec-
tively. These differences are reflected in our simulations of
decays from the latter state, which are presented in
Supplemental Material [23].
The emergence of these sharp peaks at a photon energy of

550 eV confirms their resonant character. The agreement
between the observed peaks and the calculated spectrum for
the 1P excited state of atomic oxygen and the near-perfect
agreement in the energy spacing to that reported by Caldwell
et al. confirms their assignment to core-excited neutral
oxygen fragments. The core-excited state cannot be accessed
directly via dipole excitation from the O ð1sÞ2ð2sÞ2ð2pÞ4 3P
ground state, but can clearly be populated through dissoci-
ation of the core-excited water molecule.
The singlet-triplet splitting estimated from our self-

consistent-field calculations is 2.61 eV, slightly smaller
than earlier estimates based on configuration-interaction
calculations [44,45] and on the analogy with (isoelectronic)
atomic neon [2]. We note that this value implies an
excitation energy of the ð1sÞ1ð2sÞ2ð2pÞ5 3P state of

FIG. 3. Top: electron spectra recorded at 54.7° relative to the
light polarization using photon energies of hν ¼ 545 eV (green
curve) and hν ¼ 550 eV (purple curve); the 2a1 feature has been
subtracted from the spectra (see Supplemental Material for details
[23]). Bottom: the blue and red curves show the difference spectra
(550 eV − 545 eV) for 90° (Auger spectra not shown above) and
54.7°, respectively, multiplied by a factor of 20. Four peaks,
which we attribute to atomic oxygen, can be observed. The
orange bars indicate the calculated positions and relative inten-
sities of the strongest decays of atomic oxygen excited to the
ð1sÞ1ð2sÞ2ð2pÞ5 1P state, labeled according to their final states.
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≈527.4 eV, which is in good agreement with the
most recent high-precision laboratory measurement of
527.26(4) eV by Leutenegger et al. [42].
In summary, we have demonstrated that photoexcitation

of gaseous water significantly above the oxygen 1s ioniza-
tion threshold can lead to the ultrafast formation of neutral
atomic oxygen fragments. High-resolution resonant Auger
electron spectroscopy reveals two sharp, constant-KE fea-
tures whose energies, widths, and absence of vibrational
structure are inconsistent with previously proposed core-
hole decays of OH fragments. Instead, our experimental
data, supported by molecular and atomic Auger energy
calculations, unambiguously identify these features as elec-
tronic decays of atomic oxygen in the ð1sÞ1ð2sÞ2ð2pÞ5 1P
state to the ð1sÞ2ð2sÞ2ð2pÞ3 2D and 2P final states. Additional
measurements uncovered the ð1sÞ2ð2pÞ5 2P and
ð1sÞ2ð2sÞ1ð2pÞ4 2P final states, hidden below the much
more intense molecular water KVV Auger features.
The photon-energy region in which we observe UFD has

previously been investigated by photon-energy-dependent
ion-yield spectroscopy with sensitivity to both cations and
anions [47,48]. At the same photon energy of 550 eV we
discuss here, an increase in the yield of negatively charged
oxygen ions, O−, is apparent. By calculations, Stråhlman
et al. assign these to the decay of doubly excited states with
a ð1sÞ−1v−14a12 configuration, where v designates an outer-
valence orbital. Due to the strongly antibonding character
of the 4a1 orbital, these same states could be responsible for
the UFD we observe here. In the anion yield, one would
then observe the fraction of the states which has not
undergone UFD, as some charge exchange between the
oxygen and the protons seems to be necessary for creation
of the O− fragment.
This finding establishes a new form of ultrafast double

dissociation, in which both O–H bonds rupture within
the lifetime of the O 1s cole hole, producing neutral
O fragments prior to Auger decay in the unique near-
threshold photon-energy regime of 550.2� 4.55 eV
explored here, where nuclear motion can outpace electro-
nic relaxation processes. These results challenge earlier

interpretations of high-energy UFD features in water and
highlight the need to refine theoretical descriptions of core-
excited and doubly excited potential-energy surfaces.
Our identification of atomic-fragment Auger emission

following molecular core excitation reveals a previously
unrecognized fragmentation channel in water that may also
occur in other small molecules. This mechanism provides a
benchmark for the interplay between electronic decay and
nuclear motion on few-femtosecond timescales and has
implications for radiation-induced chemistry in aqueous
and atmospheric environments. Although our study focuses
on isolated gas-phase water, similar ultrafast decay path-
ways could occur in small clusters or in the upper
atmosphere. Even the extremely short-lived (≈4 fs) for-
mation of neutral atomic oxygen may influence the earliest
stages of chemical reactivity, highlighting a prototypical
channel through which electronic decay couples to molecu-
lar fragmentation.
Extending such studies into the time domain remains

challenging. Resolving Auger electron dynamics requires
subfemtosecond pulses and, therefore, essentially attosec-
ond x-ray pump-probe schemes, which are only now
becoming feasible. To date, time-resolved Auger studies
remain scarce (Refs. [49,50]), while current x-ray pump-
probe experiments mainly probe nuclear dynamics on the
tens-of-femtoseconds timescale. Direct access to electronic
decay will enable real-time tracking of correlated electron
motion and provide stringent tests of theory.
Neutral atomic oxygen acts as a highly reactive electro-

philic species that readily attacks other compounds. Atomic
oxygen is usually not considered to play a significant role in
biological radiation damage, as any atoms produced would
react rapidly with the surrounding water. In less dense and
more radiation-intense environments, such as the Earth’s
mesosphere and lower thermosphere, however, atomic oxy-
gen is important for photochemistry and energy balance
(see, for example, Ref. [51]). This includes the formation of
other reactive oxygen species (ROS), i.e., highly reactive
oxygen-containing molecules and free radicals. For exam-
ple, atomic oxygen can react with molecular oxygen to form

TABLE I. Kinetic energies (KE), relative energies (ΔE), and relative intensities (Int) obtained from the difference spectrum recorded at
54.7° with respect to the polarization, shown in Fig. 3, compared with results from our calculations for the ð1sÞ1ð2sÞ2ð2pÞ5 1P state
Auger spectrum, including the angular parameter value l (superscript a), and experimental values for decays from the ð1sÞ1ð2sÞ2ð2pÞ5 3P
state (superscript b) [41]. All energies are given in eV.

Final state KE ΔE Int KEa ΔEa Inta la ΔEb Intb

ð2sÞ2ð2pÞ3 2D 513.1(1) 0 1 513.09 0 1 2 0 1

ð2sÞ2ð2pÞ3 2P 511.42 1.68(1) 0.55(2) 511.39 1.70 0.49 0, 2 1.68 0.551

ð2sÞ1ð2pÞ4 2P 490.08 23.02(4) 0.43(10) 489.92 23.17 0.55 1 22.99 0.219

ð2sÞ2ð2pÞ2ð3pÞ1 2P … … … 486.66 26.43 0.05 1 … …

ð2sÞ0ð2pÞ5 2P 477.36 35.74(9) 0.19(10) 476.61 36.48 0.23 0, 2 35.80 0.24
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ozone via Oþ O2 → O3. Reactions with water may produce
hydroxyl radicals via Oþ H2O → 2·OH or hydrogen
peroxide via Oþ H2O → H2O2. All three ROS − ·OH,
O3, and H2O2—are highly reactive, making the formation
of atomic oxygen a potential starting point for cascading
chemical reactions.
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End Matter

Figure 4 depicts calculated instantaneous Auger
spectra TðE; tÞ at selected times (see Supplemental
Material Sec. V [23]), as well as the resulting Auger
spectrum TðEÞ (brown curve, termed “convoluted”). For
comparison, we also show the atomic spectrum
corresponding to the 1P core-excited state. Note that the
atomic peak at 490 eV differs slightly from the
asymptotic molecular peak because a somewhat smaller
configurational space was employed in the molecular
calculations. The time-resolved Auger spectra clearly
illustrate how the spectrum evolves from molecular to
atomic character, accompanied by substantial shifts of

the spectral lines. The high-energy contribution at
520 eV is associated with decay processes involving
electrons in the 4a1 orbital. These transitions are
suppressed as the hydrogen atoms dissociate from the
molecule. The resulting spectrum is thus a mixture of
contributions from the transient molecular species and
the final atomic fragment. However, the molecular
component is extremely broad because the wave packet,
when projected onto the steep potential-energy curves
(see Fig. 1), spans a wide range of energies for each
decay transition. During dissociation, this broadening
mechanism becomes less pronounced as the potential-

FIG. 4. Emergence of the atomic Auger spectrum from the one-dimensional dynamics model: instantaneous Auger spectra at selected
times t according to Eq. (S2) in Supplemental Material [23], the resulting Auger spectrum according to Eq. (S1) in Supplemental
Material [23], and the atomic Auger spectrum. The dotted lines show the results obtained without including the additional broadening
arising from other vibrational degrees of freedom.
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energy curves flatten. One must also consider that an
effective broadening arises from the evolving electronic
structure during dissociation: the energetic positions of
the Auger transitions shift considerably, thereby
smearing out the molecular Auger contributions in the
final convoluted spectrum. Moreover, the molecular
Auger transitions exhibit splitting due to the slightly
different electronic character of the oxygen p orbitals,

which is reduced as dissociation proceeds. These effects
ultimately give rise to much sharper Auger lines for the
atomic fragment than for the molecule, rendering the
atomic Auger features more prominent in the spectrum.
The weak features observed in the experimental
spectrum at 515 eV (Fig. 3), together with the broad
feature at 505 eV, may therefore be interpreted as
remnants of the transient molecular Auger transitions.
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