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We present a combined experimental and theoretical study of the Auger-emission spectrum following double
core ionization and excitation of gas-phase water molecules with hard-x-ray synchrotron radiation above the
O K−2 threshold. We observe an indication of ultrafast proton motion occurring within the 1.5 fs lifetime of
the double-core-hole (DCH) states in water. Furthermore, we have identified symmetric and antisymmetric
dissociation modes characteristic for particular DCH states. Our results serve as a fundamental reference for
state-of-the-art studies of DCH dynamic processes in liquid water both at synchrotron and free-electron-laser
facilities.

DOI: 10.1103/PhysRevA.98.063403

I. INTRODUCTION

Considered as the most important liquid in nature, water
remains the subject of unceasing interest for natural scientists
due to its key role in chemistry and biology, since most chem-
ical reactions and biological functions take place in aqueous
environments, as well as due to its anomalous properties
[1]. Various x-ray spectroscopy techniques, sensitive to the
chemical environment of a specific element, proved to be
an efficient probe of the electronic and hydrogen-bonding
structure of liquid water [2]. At the same time, in a living cell
x-ray ionization of water may lead to a significant indirect
radiation damage caused by the OH radicals and electrons
formed through a cascade of reactions and secondary ion-
ization processes [3]. Therefore, knowledge of the dynamic
response of water to the ionizing x-ray radiation is essential.

Multiple examples of experimental and theoretical studies
on electron and nuclear dynamics in aqueous solutions in the
soft-x-ray domain are discussed in Refs. [4–8] and references
therein. Recently, electron transfer processes from solvent
water molecules to the solvated cation in the hard-x-ray
regime have been observed [9]. However, the simultaneous
presence of electron and nuclear dynamics in x-ray-excited
liquid water hinders the interpretation of the measurements.
Namely, the nuclear dynamics of hydrogen atoms, occurring
in water excited at the oxygen K edge, may influence the
effect of electron delocalization and solvation through the
hydrogen-bonding network [10].
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One of the possibilities to reduce the effect of nuclear
dynamics, proposed in Ref. [11], refers to double-core-hole
(DCH) spectroscopy. Since the lifetimes of the DCH states
can be significantly shorter than the lifetimes of the corre-
sponding single-core-hole states (SCHs) [12–15], one can ex-
pect a considerable reduction of the nuclear dynamics in DCH
states. However, as we have recently shown, strongly dissocia-
tive potential-energy surfaces of molecular DCH states may
provide for a substantial nuclear dynamics [15] and may even
lead to an ultrafast dissociation [16]. Our earlier theoretical
investigations of gas-phase water molecules predicted fast
dissociative dynamics in the oxygen K−2 states, which should
be observable in the Auger spectra of these states [17].

In this paper we present a combined experimental and
theoretical study of the Auger-emission spectrum following
double core ionization and excitation of gas-phase water
molecules with hard-x-ray synchrotron radiation above the O
K−2 threshold. We observe an indication of ultrafast proton
motion occurring within the 1.5 fs lifetime of the DCH states
in water. Furthermore, we have identified symmetric and
antisymmetric dissociation modes characteristic for particular
DCH states. Our results serve as a fundamental reference for
state-of-the-art studies on DCH dynamic processes in liquid
water both at synchrotron and free-electron-laser facilities.

II. EXPERIMENT

The experiment has been performed at the HAXPES end
station, based on a hemispherical electron analyzer installed
on the GALAXIES beam line at the synchrotron SOLEIL
[18,19]. The spectrometer is set parallel to the light polar-
ization vector. The photon energy of 2.3 keV significantly
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FIG. 1. Oxygen KLL Auger spectrum in water at 2.3 keV pho-
ton energy (black, left axis) and an enlarged view of the satellite and
hypersatellite Auger lines recorded with higher statistics (red, right
axis).

exceeds the oxygen K−2 double-photoionization threshold
located at 1171 eV [20]. As we have recently shown in neon
[21], single-photon hard-x-ray ionization leads to formation
of various types of DCH states: K−2 with two core electrons
emitted to the continuum, K−2V with one core electron in the
continuum and the other one in an unoccupied valence orbital
V , and K−2L−1 and K−2L−1V states, where the formation
of a DCH state is accompanied by a shake process of an
electron from an occupied valence orbital L. The transitions
from such intermediate DCH states form the hypersatellite
(HS) Auger decay spectrum. Figure 1 shows the oxygen KLL

Auger spectrum, recorded with a total experimental resolution
of 0.6 eV, which includes the spectrometer resolution and
the thermal Doppler broadening. The dominant lines in the
spectrum at the kinetic energy of 500 eV and below reproduce
the previously reported results obtained in gas-phase water by
electron impact [22]. However, the enlarged view of the high-
energy tail of the spectrum, measured with higher statistics,
shows a rich structure formed by the satellite and the HS
Auger lines. The satellites at the kinetic energy between 500
and 530 eV correspond to the Auger transitions from the
O K−1L−1V states resulting from single O K−1 ionization
accompanied by shake-up excitation of an electron from an
occupied valence shell L to an unoccupied valence shell V .
These peaks can be equally observed in the soft-x-ray regime
below the K−2 double-photoionization threshold [23]. The HS
Auger lines, originating from the decay of the DCH states,
are located at kinetic energies above 530 eV. For further
analysis, we zoom in on the 530–580 eV kinetic-energy range
and subtract the Lorentzian tail of the dominant KLL Auger
line in order to isolate the much weaker (factor of 103) HS
features. The resulting experimental DCH HS Auger spectrum
is shown in Fig. 2.

III. THEORY

To extract information on the dynamics in the DCH states
of water, we have performed calculations of the HS Auger
spectra by using the formalism outlined in Ref. [17]. The
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FIG. 2. (a) Comparison of an experimental hypersatellite
Auger spectrum of water measured at 2.3 keV (black circles) with
the Auger spectra calculated including the nuclear dynamics. The
total Auger spectrum (thick solid red line) is composed of various
hypersatellite contributions: K−2 (dash-dotted green), K−2V (thin
solid magenta), K−2L−1 (dotted cyan), and K−2L−1V (dashed blue)
states. (b) Comparison of the experimental HS Auger spectra (black
circles) to the calculation with fixed molecular geometry (dashed
black) and with the nuclear dynamics included (solid red).

Auger lineshape T (E) for the Auger electron stemming from
the decay of an electronic core hole state c, which has been
populated by the ionization of a neutral molecule in its ground
state, to a final electronic state f is given by the Kramers–
Heisenberg formula,

T (E) = �c→f

2π

∑
nf

∣∣∣∣∣
∑
nc

〈nf |nc〉〈nc|0〉
E − (

Enc
− Enf

) + i�/2

∣∣∣∣∣
2

, (1)

where |nc〉 and |nf 〉 denote vibrational eigenstates of the
intermediate, core ionized, and final electronic state with
energy Enc

and Enf
, respectively. The ket vector |0〉 is the

initial ground state and � = ∑
f �c→f is the total decay width

of the core hole state. In Eq. (1) it is assumed that the Auger
transition rate for going from electronic state c to electronic
state f by emitting an Auger electron, �c→f , is independent
of variations of the molecular geometry.
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Equation (1) can be rewritten with integration over time
as [24]

T (E) = �c→f

2π

∫ ∞

0
dte−�t

×
∫

d3q ′
∫

d3q〈0|eiHct |q′〉〈q|e−iHct |0〉

×
∫ t

−t

dτeiEτ 〈q′|e−iHcτ/2eiHf τ e−iHcτ/2|q〉, (2)

where the integrals over q and q′ are over the spatial coor-
dinates of the molecule and we have exploited the fact that
|nc〉 and |nf 〉 are eigenstates of the Hamilton operators Hc,
Hf that describe the dynamics in the core-ionized state and
the final electronic state, respectively.

The τ integral in Eq. (2) dominantly contributes for small
times |t | < 1/�. Using the Baker–Campbell-Hausdorff for-
mula [25] we approximate the integrand as

eiEτ 〈q′|e−iHcτ/2eiHf τ e−iHcτ/2|q〉
= 〈q′|ei[E−(Hc−Hf )]τ+O(τ 3 )|q〉 (3)

� ei{E−[Vc (q)−Vf (q)]}τ δ(q − q′). (4)

In Eq. (3) all the second-order terms O(τ 2) in the exponent
cancel out, such that only O(τ 3) terms remain that involve
nested commutators of Hc and Hf .

The above approximation allows us to write the Auger
lineshape as

T (E) = �c→f

2π

∫ ∞

0
dte−�t

∫
d3q|〈0|eiHct |q〉|2

× 2 sin{[�Vc→f (q) − E]2t}
�Vc→f (q) − E

, (5)

where �Vc→f (q) = Vc(q) − Vf (q) is the difference of the
potential-energy surfaces of the core ionized and final elec-
tronic states at molecular geometry q.

The integrand in Eq. (5) contains the weighting factor e−�t

describing the decay of the core-hole state and the squared
density of the wave packet propagated on the potential-energy
surface of the core-ionized state, |〈0|eiHct |q〉|2. When consid-
ering a static wave packet, |〈q|e−iHct |0〉|2 � |〈q|0〉|2, and the
time integration yields

T (E) = �c→f

2π

∫
d3q

|〈0|q〉|2
[�Vc→f (q) − E]2 + (�/2)2 , (6)

which is a Lorentzian describing the finite lifetime of the core-
hole state convoluted with the static-wave-packet distribution.

Instead of a static wave packet, we assume a dynami-
cal wave packet for which the energy separation �Vc→f (q)
slowly evolves compared with the timescales of the decay
τ = 1/�. Accordingly, we approximate the term

2 sin{[�V (q) − E]2t}
�V (q) − E

in the integration kernel with an effective Lorentzian with a
full width at half maximum FWHM = 1/�,

T (E) �
∫

dt e−�t T (E, t ), (7)

with

T (E, t ) = �c→f

2π

∫
d3q

|〈q|e−iHct |0〉|2
(�Vc→f (q) − E)2 + (�/2)2

. (8)

In Eq. (7) the lineshape can be read as an incoherent super-
position of instantaneous spectra T (E, t ) at time t weighted
with the factor exp(−�t ) describing the decay of the core-
hole-state population. The dominant broadening in the spectra
is due to the vibrational width via convolution with the wave
packet. The width due to finite lifetime is only a relatively
small part (for the DCH state in water the lifetime corre-
sponds to a FWHM of 0.44 eV and the vibrational broadening
contributes on top of that with a FWHM of 2.2 eV). We
therefore further simplify this expression and use instead of
the Lorentzian the corresponding Gaussian distribution,

T (E, t ) � �c→f√
2πσlifetime�

∫
d3q|〈q|e−iHct |0〉|2e

−[�Vc→f (q)−E]2

2σ2
lifetime ,

(9)

with σlifetime = �

2
√

2 ln 2
.

To evaluate the spectral lineshape, we assume that the wave
packet maintains its Gaussian shape during the lifetime of
the core-hole state τ = 1/�. The center of the wave packet,
as well as its width, changes in time due to dissociation.
Expanding �Vc→f (q) up to the first-order derivative and
taking into account additional experimental broadening σexp,
the instantaneous lineshape becomes

T (E, t ) = �c→f

�
√

2πσE (t )
exp

{−[�Vc→f (qc(t )) − E]2

2σ 2
E (t )

}
,

(10)

with the instantaneous �Vc→f (qc(t )) calculated by using the
time-dependent center position of the vibrational wave packet
qc(t ) and

σE (t )2 =
∑

i

[
d�Vc→f (qc(t ))

dqi

σi (t )

]2

+ σ 2
exp + σ 2

lifetime.

(11)

In Eq. (11) the sum runs over the vibrational modes
in the water molecule, d�Vc→f (qc (t ))

dqi
is the derivative of the

potential-energy surface difference along the vibrational mode
coordinate qi at the center of the wave packet at time t , and
σi (t ) is the time-dependent width (standard deviation) of the
wave packet along the normal coordinate at time t .

Because the derivative along the antisymmetric mode is
zero by symmetry, the broadening due to antisymmetric
stretching is not yet taken into account via Eq. (11). To
also implement the effects of dissociation along the anti-
symmetric stretching mode, we have expanded the potential-
energy-surface difference up to the second derivative along
the antisymmetric stretch mode, d2�Vc→f (qc(t ))/dq2

a . With
the effects of antisymmetric dissociation included, the

063403-3



T. MARCHENKO et al. PHYSICAL REVIEW A 98, 063403 (2018)

instantaneous lineshape reads

T (E, t ) =
∫

dqapa (qa, t )
1√

2πσE

exp

⎧⎪⎨
⎪⎩

−
[
�Vc→f (qc(t )) + 1

2
d2�Vc→f (qc (t ))

dq2
a

q2
a − E

]2

2σ 2
E

⎫⎪⎬
⎪⎭, (12)

where σE is the width according to Eq. (11) for the symmetric
stretching and bending mode, and the integral is performed
along the antisymmetric stretching mode coordinate qa , for
which we employ the spatial distribution

pa (qa, t ) = 1√
2πσa (t )

exp

(
− q2

a

2σ 2
a (t )

)
, (13)

where σa (t ) is the spatial width of the wave packet along the
antisymmetric stretching mode at time t . Note that this inte-
gral causes an asymmetric broadening: for d2�Vc→f /dq2

a >

0 the line is shifted to lower energies, for d2�Vc→f /dq2
a < 0

the line is shifted to higher energies. Using molecular dy-
namics simulations, we followed the propagation of the wave
packet along the potential-energy surfaces of the core-excited
states and obtained the time-dependent nuclear wave packet
ρ(q, t ).

Auger decay rates �c→f were calculated by using the
procedure described in Ref. [17]. In essence, initial and final
electronic states are calculated by using a configuration in-
teraction calculation employing an orbital basis consisting of
molecular orbitals optimized for the DCH state. To determine
the wave function of the Auger electron, we conduct a single-
center expansion of the electronic potential in the final Auger
channel and solve it for the wave functions in the electronic
continuum. For a better comparison with experiment the total
spectrum is shifted by 2 eV to lower energies. This small
overall shift may be attributed to missing contributions in the
electronic-structure calculation, such as relativistic contribu-
tions, correlation effects, and finite-basis-set effects.

IV. RESULTS

In Fig. 2(a) the experimental DCH HS Auger spectrum
obtained after the background subtraction is compared with
the calculated Auger spectrum. Apart from the dominant
DCH K−2 state, the calculations include the contributions
from K−2V , K−2L−1, and K−2L−1V states. For atoms it
has been shown that the probability of different shake-off
processes is mainly determined by the occupation of the cor-
responding subshells [26]. We therefore think that the relative
weight for the different hypersatellites states is, to a good
approximation, the same as for the isoelectronic neon atom
[27]. According to our earlier measurements in neon, where
HS contributions were identified with the electronic structure
calculations as well as by their widths and shapes [21], the
relative weights of different HS states were fixed here as K−2 :
K−2V : (K−2L−1 + K−2L−1V ) = 0.56 : 0.04 : 0.4. The rel-
atively low contribution of K−2V hypersatellites is consistent
with observations reported for the N2 molecule at high photon
energies [28]. The relative weights of different K−2L−1 and
K−2L−1V states were left as free fitting parameters. The
results of the fitting show that K−2L−1 and K−2L−1V states

provide nearly equal contributions to the total HS Auger spec-
trum. The obtained relative weights of different intermediate
states are summarized in Table I, column A.

One can observe an overall agreement between experiment
and the total calculated HS Auger spectrum. The dominant
K−2 contribution has a strong peak around 553 eV and a peak
around 531 eV, in agreement with the measurements. A small
feature seen at 578 eV can be associated with Auger decay of
K−2L−1V states.

Remarkably, a very good agreement is observed at the
higher-energy part of the spectrum around 560 eV, where
a marked tail was earlier predicted as a fingerprint of
the nuclear dynamics in the doubly-core-ionized water
molecule [17]. This tail, clearly observed in the experimental
spectrum, appears in the calculations due to the dynamical
broadening of all the HS peaks contributing in this energy
region. The role of the nuclear dynamics is further revealed
through comparison to the calculations with fixed molecular
geometry, where fitting the relative weights of different HS
contributions fails to reproduce the tail at 560 eV. As an
illustration, Fig. 2(b) shows the shape of the total calculated
Auger spectrum in the absence of the nuclear dynamics in
comparison with the experiment and with the calculations
including nuclear dynamics.

To eliminate other possible interpretations of the tail ob-
served at 560 eV we evaluate in the following the effects of
several assumptions made in our work.

A. Effect of line shape

In our theoretical approach, we approximate in Eq. (9)
the Lorentzian due to finite lifetime by the corresponding
Gaussian function. Since a Lorentzian has a slower decaying

TABLE I. The relative weights of different intermediate elec-
tronic states contributing to the HS Auger spectrum. Column A
shows weights that are according to the distribution found in neon;
Column B shows weights with a reduced contribution for the main
satellite K−2 and a stronger contribution for the K−2L−1V satellites.

Electronic Relative Relative
Configuration state weight (A) weight (B)

K−2 K−2 0.56 0.48
K−2V K−24a1 0.02 0.05
K−2V K−22b2 0.02 0.05
K−2L−1V K−23a−1

1 4a1 0.06 0.10
K−2L−1V K−22a−1

1 4a1 0.09 0.10
K−2L−1V K−21b−1

2 2b2 0.07 0.11
K−2L−1 K−23a−1

1 0.03 0.02
K−2L−1 K−21b−1

2 0.07 0.08
K−2L−1 K−22a−1

1 0.09 0.02
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FIG. 3. Comparison of calculated Auger line profile for one of
the dominant Auger channels (K0 → K11b−2

1 ) employing the Gaus-
sian approximation in Eq. (9) and without. The solid red line shows
the full calculated Auger spectrum, the dash-dotted green and dashed
blue lines show the instantaneous (t = 0 fs) Auger line profile for a
single Auger channel. For the dash-dotted green line, the broadening
due to finite lifetime was incorporated through a Lorentzian, and for
the dashed blue line by employing a corresponding Gaussian. The
inset shows a magnified region around the tail of the peak.

tail, the long tail seen in the experimental Auger spectrum
might also arise to a certain degree from the Lorentzian tail.
To verify our approximation we have calculated the Auger
line profile for a single Auger transition at time t = 0 fs by
using a Lorentzian instead of a Gaussian lifetime broadening.
As can be seen in Fig. 3, the effects on the lineshape are
hardly visible, and therefore cannot be be responsible for the
appearance of the tail extended to higher energies discussed
in Fig. 2.

B. Effect of relative weights

Due to the more extended spatial geometry of the elec-
tronic structure in water compared with neon, the creation of
higher hypersatellites might be facilitated in water compared
with neon. One might expect that the relative weight of the
K−2L−1V and K−2V satellites might thus be a bit higher than
for neon. To account for this uncertainty, we also conducted a

fit where we have assumed a lower weight for the K−2 main
satellite. The relative weights of the contributing electronic
states, obtained as a result of this alternative fitting procedure,
are summarized in Table I, column B. The resulting spectra
with and without nuclear dynamics are shown in Fig. 4. The
vertical lines in Fig. 4(b) show the Auger transitions of the
dominant K−2 main satellite line. As can be seen, without
inclusion of nuclear dynamics the transition involving the
fastest Auger electrons (1b−2

1 channel) is below 558 eV. Even
a stronger contribution of satellite weights K−2L−1V cannot
explain the observed tail above 558 eV.

C. Effect of postcollision interaction

For the K−2 double-core-hole hypersatellites two photo-
electrons are produced. The excess energy of the photoioniza-
tion process is split up into kinetic energies of these two pho-
toelectrons in a U-shaped distribution. Typically a fast photo-
electron carries away most of the excess energy and another
slow photoelectron is emitted with kinetic energy lower than
those of the subsequent Auger electrons. The energy of the
Auger electron and its lineshape is altered when it overtakes
this slower photoelectron. In case the Auger electron is much
faster than the slow photoelectron, the instantaneous lineshape
of the Auger electron due to this postcollision interaction
(PCI) is [29,30]

T (E, t ) = �c→f

2π

∫
d3q|〈0|eiHct |q〉|2

× πξ

sinh (πξ )

exp
[
2ξ arctan

(
2[�Vc→f (q)−E]

�

)]
[�Vc→f (q) − E]2 + (�/2)2 ,

(14)

with

ξ = −Qd

vPE
and Qd = 1 − vPE

vAE

, (15)

where vPE and vAE is the velocity in atomic units of the slow
photoelectron and the Auger electron, respectively.

To estimate the effects of PCI on the shape of the HS
Auger spectrum in water we have calculated the Auger
line profile for a single Auger transition at time t = 0 fs
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FIG. 5. Comparison of calculated Auger line profile for the dom-
inant Auger channel (1b−2

1 ) employing the Gaussian approximation
in Eq. (9) (dashed blue line) and employing the PCI lineshape as
given in Eq. (14) with ξ = −0.46 (dash-dotted green line). The solid
red line shows the full calculated Auger spectrum, the green and blue
lines show the instantaneous (t = 0 fs) Auger line profile for a single
Auger channel. The inset shows a magnified region around the tail of
the peak.

assuming a parameter of ξ = −0.46 that was observed in the
Auger-hypersatellite spectrum of neon [13]. This parameter
corresponds to a slow photoelectron with kinetic energy of
�40 eV. Figure 5 compares the instantaneous spectra at t = 0
fs for the Auger channel K0 → K11b−2

1 . As can be seen, the
PCI effect slightly shifts the peak position of the spectra to
higher energies and leads to an asymmetric broadening that
leave tails on the high-energy side of the peaks.

For the water molecule, the double-core-hole binding
energy (�1171 eV) [20]) is much lower than for neon
(�1863 eV [31]). Since for both experiments the same photon
energy (2.3 keV) was used, the excess energy that the two pho-
toelectrons share is much larger for water than for neon. We
expect therefore that both photoelectrons that are produced
along with the creation of double-core-hole hypersatellites
in water are faster than those produced in the corresponding
process in atomic neon. Since the PCI effect depends strongly
on the velocity of the slow photoelectron, we expect the PCI
effect to be weaker for the water molecule than for neon. Our
comparison of the PCI effect in Fig. 5 represents therefore
an upper limit of the lineshape distortion. An asymmetric
broadening and a small shift to higher energies due to the PCI
effect is insignificant for the dominant K−2 line and, there-
fore, cannot be responsible for the tail observed at 560 eV.

However, the PCI effects may be significantly stronger for
the K−2L−1 lines corresponding to emission of three photo-
electrons due to the creation of additional valence vacancies.
Among the three photoelectrons produced, we can expect
two to have a velocity lower than the Auger electron. This
effect cannot be accounted for in the calculations and may
be responsible for the discrepancies observed between the
calculated and the experimental spectrum at 540–550 eV.

V. DISCUSSION

The evolution of molecular geometry of a water molecule
upon core ionization is an issue essential for applications.
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FIG. 6. Dynamics of the water molecule in the (a) K−2, (b)
K−24a1, and (c) K−22a−1

1 4a1 states. The crosses mark the peak of
the Wigner distribution of the vibrational wave packet. The squares
indicate the atom positions at t = 0 fs in the neutral ground state
optimized geometry. The green dots indicate the spatial Wigner
distribution of the vibrational wave packet. (d) Evolution of the
average O–H bond distance as a function of time for the three
electronic states.

Earlier theoretical studies demonstrated that, in the case of
single-core-ionization K−1, the bending mode is dominant,
whereas dissociation is absent [17,32]. However, in the singly-
core-excited K−14a1 state, the antibonding character of the
4a1 orbital was predicted to drive antisymmetric dissociation
into H + OH during the 4.1 fs lifetime of a single core hole
[33,34].

In the case of double core ionization K−2, our calculations
predict symmetric dissociation into H+ + O + H+ within sev-
eral femtoseconds [17]. The molecular dynamics in K−2 state
within the first few femtoseconds is shown in Fig. 6(a). In
the figure the squares indicate the atom positions at t = 0 fs
in the neutral ground state optimized geometry and the green
dots indicate the spatial Wigner distribution of the vibrational
wave packet. One can see that the protons are expelled from
the molecule in a symmetric way, while the spatial distribution
of the vibrational wave packet remains essentially localized.
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FIG. 7. Auger decay spectrum for the double K-shell ionized
water molecule. The solid red line shows the assembled Auger
spectrum according to Eq. (7). The dash-dotted/dashed/dotted lines
show the instantaneous Auger spectra for different snapshots in time
weighted by exp(−�t ).

The effect of this fast dissociation on the Auger spectrum is
demonstrated in Fig. 7, where instantaneous Auger spectra
at different time steps are shown. As can be seen, with
proceeding dissociation the Auger line of the dominant 1b−2

1
channel shifts to higher energies, causing the marked tail
towards higher energies in the Auger spectrum.

The molecular dynamics in the K−24a1 state is shown in
Fig. 6(b). Although the K−24a1 state is only singly charged,
the dissociative motion is faster in this case owing to the
antibonding character of the 4a1 orbital. In contrast to the
K−2 state, the nuclear dynamics in the K−24a1 state has a
strong contribution along the antisymmetric stretching mode,
resulting in one short and one long bond distance. This
leads to a much stronger smearing out of the spatial Wigner
distribution. This finding corroborates an earlier theoretical
prediction that both symmetric and antisymmetric stretching
of the O–H bond might be involved in the nuclear dynamics in
the K−24a1 state [35]. Propagation of the nuclear wave packet
along the antisymmetric stretching mode leads to considerable
additional broadening of the K−24a1 contribution in the HS
Auger spectrum.

In Fig. 6(c) the wave-packet evolution of the K−22a−1
1 4a1

state is shown. Due to the presence of an electron in the 4a1

orbital the molecule also experiences antisymmetric motion
but the additional vacancy in the 2a1 orbital leads to an even
faster dissociation, dominated by the symmetric mode and

occurring within a few femtoseconds. The evolution of the
average O–H bond length is shown in Fig. 6(d), demonstrat-
ing the different speed of proton dissociation for different
DCH states. Note that the dissociative dynamics in the DCH
states of water, revealed here in the HS Auger spectra, are
susceptible to continue in the following steps of Auger cas-
cade through multiply charged states with few-femtosecond
lifetimes, leading eventually to molecular fragmentation [16].

VI. CONCLUSION

In conclusion, we have demonstrated an experimental indi-
cation of ultrafast nuclear dynamics in a doubly-core-ionized
and excited water molecule. Although the lifetime of the DCH
states is very short, 1.5 fs, spectral features of the HS Auger
spectrum indicate the presence of ultrafast proton motion that
we have identified via ab initio electronic-structure calcula-
tions. Theoretical analysis reveals contributions of multiple
DCH states created in water molecules irradiated with hard-
x-ray synchrotron radiation above the O K−2 threshold. Our
calculations allow us to disentangle the different dissociation
modes involved in the evolution of the molecular geometry in
the doubly-core-ionized water molecule. While the dominant
K−2 DCH state leads mainly to a symmetric nuclear dynam-
ics, other K−2V DCH states undergo even faster dissociative
dynamics with a strong antisymmetric character. The results
obtained for the gas-phase water are useful for interpreta-
tion of dynamic processes occurring in liquid water irradi-
ated with modern hard-x-ray sources. In contrast to resonant
spectroscopy, which requires monochromatic radiation at a
specific photon energy, HS Auger spectroscopy is pertaining
at any photon energy exceeding the double-core-ionization
potential and can be equally used at synchrotron and free-
electron-laser sources.
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