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Ultrafast x-ray-induced nuclear dynamics in diatomic molecules using femtosecond
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The capability of generating two intense, femtosecond x-ray pulses with a controlled time delay opens
the possibility of performing time-resolved experiments for x-ray-induced phenomena. We have applied this
capability to study the photoinduced dynamics in diatomic molecules. In molecules composed of low-Z elements,
K-shell ionization creates a core-hole state in which the main decay mode is an Auger process involving two
electrons in the valence shell. After Auger decay, the nuclear wave packets of the transient two-valence-hole
states continue evolving on the femtosecond time scale, leading either to separated atomic ions or long-lived
quasibound states. By using an x-ray pump and an x-ray probe pulse tuned above the K-shell ionization threshold
of the nitrogen molecule, we are able to observe ion dissociation in progress by measuring the time-dependent
kinetic energy releases of different breakup channels. We simulated the measurements on N2 with a molecular
dynamics model that accounts for K-shell ionization, Auger decay, and the time evolution of the nuclear wave
packets. In addition to explaining the time-dependent feature in the measured kinetic energy release distributions
from the dissociative states, the simulation also reveals the contributions of quasibound states.

DOI: 10.1103/PhysRevA.94.013426

I. INTRODUCTION

Newly developed capabilities at x-ray free-electron lasers
(XFELs) allow for the production of two intense x-ray pulses
with a controlled time delay [1–6]. Those capabilities open
the possibility to track, with femtosecond resolution, x-ray-
induced phenomena in matter.

In recent years, tremendous progress has been made in
the study of molecular nuclear dynamics induced by strong-
field ionization [7–9] and valence photoabsorption [10–13].
These studies consist of a wide variety of time-resolved
experiments, in which the pump or/and the probe is a strong-
field optical laser. However, extracting information from
the experimental schemes involving strong-field interactions
requires theoretical modeling to account for the induced
strong-field effects [14]. With the advent of FELs, a new
generation of pump-probe schemes was conceived that uses
two XUV pulses [15–18]. The high flux of photons in a
femtosecond pulse generated by FELs is crucial to obtain the
needed signal in the pump-probe scheme, in which absorption
of at least one photon from each pulse by the same molecule is
required. By controlling the photon energy and the time delay
between the XUV pulses, it is possible in principle to excite and
select a particular state in the molecule and track the nuclear
dynamics with the probe pulse, with the advantage of avoiding
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strong-field effects or multiphoton excitations. This opens the
possibility of studying nonadiabatic effects at conical intersec-
tions [19], imaging or clocking nuclear wave packets [20,21],
and exploring isomerization processes [17,22,23]. Moreover,
the generation of two XUV pulses with table-top sources is
also possible, by using high-order high-harmonic generation
(HHG) [24]. Great progress has been made in performing
ultrafast measurements with HHG sources [25,26], despite the
challenge of generating enough photon flux in the inefficient
nonlinear conversion process.

Schemes for producing two intense x-ray pulses with a
controlled time delay at XFELs have been developed only in
recent years, and very few experiments have been performed
on molecules and atomic clusters using two x-ray pulses for
ultrafast measurements [27–29]. Those experiments aim at
providing novel information on x-ray-induced processes by
using an x-ray probe pulse. Selecting the x-ray energies of
the two pulses enables site-selective excitation and probing of
the evolving system, i.e., by following changes in the local
electronic configuration and nuclear geometry at a particular
site of the molecule [28].

One of the applications for such capabilities is the un-
derstanding of molecular fragmentation induced by x rays,
a process of fundamental interest and a relevant factor for
the radiation damage induced during the structural imaging of
biomolecules at XFELs [30–32]. Molecular ionization and
fragmentation follow absorption of a single synchrotron x
ray [33–35] or absorption of multiple x rays using XFEL
radiation [36–40]. In the present experiment, we exploited the
femtosecond time resolution of XFEL pulses, but the fluences
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of the pump and probe pulses were designed to observe single-
photon pump and single-photon probe events. We applied this
scheme to observe x-ray-induced molecular fragmentation.

Basic information on the dynamics involved in molecular
fragmentation by x rays can be obtained by measurements
and calculations on small molecules. Here we demonstrate an
x-ray-pump–x-ray-probe scheme to follow the x-ray-induced
molecular fragmentation of diatomic molecules by using a
coincidence ion momentum imaging spectrometer [41]. This
scheme, together with theoretical calculations, provides access
to the intermediate quantum nuclear wave packets propagating
during and after electronic relaxations.

In the general case, absorption of an x ray by the molecule
creates a core-hole state by the promotion of an inner-shell
electron into a valencelike state or the continuum. The
core-hole state is highly unstable and decays rapidly, with
a lifetime on the order of hundreds of attoseconds to a
few femtoseconds. The decay occurs either by nonradiative
processes, such as Auger decay, or by radiative processes,
such as x-ray fluorescence. The decay of the core-hole may
induce other inner-shell or valence-shell holes in higher-energy
shells, consequently triggering other nonradiative or radiative
processes. This picture is far more complicated in molecules
than in atoms, because the nuclear motion must also be consid-
ered. The removal of electrons during nonradiative processes
may produce highly charged states with strong dissociative
behavior. In some cases, the nuclear dynamics cannot be
neglected even during the characteristic core-hole lifetimes.

Here we implement a pump-probe scheme to study the
fragmentation of the nitrogen molecule upon the absorption of
an x-ray photon. In molecules composed of low-Z elements,
such as N2, the ionization of a K-shell electron creates a core-
hole state in which the main decay mode is an Auger process
involving two electrons in the valence shell. Therefore, after
Auger decay, excited states with two holes in the valence shell
are populated. The core-hole lifetime in the nitrogen molecule
is about 3.6 fs. With the present experimental setup, the time
resolution of ∼10 fs is not sufficient to measure dynamical ef-
fects during the Auger decay. However, it is possible to follow
the induced nuclear motion that proceeds after Auger decay.

By measuring kinetic energy releases (KERs) at different
time delays between the pump and the probe, we are able
to resolve the nuclear dynamics for a specific breakup chan-
nel. We previously reported on an x-ray-pump–x-ray-probe
experiment on XeF2 molecules [28]. Due to the complexity
of the vacancy cascade, a classical model based on Coulomb
repulsion was used to model the breakup of the molecular
ions. For the case of N2 studied here, we present a quantum-
mechanical treatment of K-shell photoionization by the x-ray
pump, Auger decay, propagation of nuclear wave packets
on the N2

2+ potential curves, and the time-dependent KERs
induced by the x-ray probe. Our simulation is in agreement
with the measured KER and allows an interpretation of the
underlying mechanism.

With our present time resolution and ion coincidence
spectrometer we are able to observe the breakup of N2

2+ into
atomic ions and explain our measurements with a quantum-
mechanical simulation. Our results are encouraging for future
experiments at XFELs that will generate few-femtosecond
x-ray pulses at high repetition rates [42]. These advances

will allow coincidence detection of electrons with ions and
enable the possibility to select intermediate states, explore
electronic relaxation processes during the Auger decay, and
observe nuclear nonadiabatic couplings.

II. EXPERIMENT

The pump-probe setup is illustrated in Fig. 1. The exper-
iment was performed at the Linac Coherent Light Source
(LCLS) using the Atomic, Molecular, and Optical (AMO)
physics end station [43]. The pump and probe x-ray pulses with
a controlled time delay were generated at 120 Hz using single
electron bunches and split undulator sections as described
in Ref. [1]. We used two 10-fs x-ray pulses with energies
∼700 eV, that is, far above the ∼410-eV K-shell ionization
energy of N2 [44] and of the K-shell ionization energies of
atomic nitrogen ions [45]. The two pulse energies were roughly
balanced, and the combined pulse energies were ∼33 μJ. The
x-ray transport optics have an efficiency ∼20%, and the focal
spot area was ∼5 μm2. The combined peak intensity for the
overlapping pump and probe pulses was ∼1.3 × 1016 W/cm2.
Measurements were made with pump-probe delays of 4, 29,
and 54 fs. While higher time resolution and additional time
points are desirable, the available beamtime and the need to
record ion-ion coincidences with sufficient counting statistics
were limitations.

The ions created by x-ray fragmentation of N2 molecules
were projected onto a hexanode delay-line detector by a
homogeneous electric field and detected in coincidence. Their
momenta were determined from their times of flight and
positions on the detector [41]. Figure 2 shows the Nq1

+
-Nq2

+

breakup channels in a photoion-photoion coincidence map.
The kinetic energy release (KER) distributions of the breakup

FIG. 1. Scheme of the experimental setup. Two 10-fs x-ray pulses
are produced with a controlled time delay, as described in Ref. [1].
The pump and probe x-ray energies were both ∼700 eV, i.e., far
above the 410-eV K-shell ionization energy of N2. Three time delays
are considered: 4, 29, and 54 fs. The first pulse triggers K-shell
ionization and Auger decay of N2, dominantly producing the N+-N+

breakup channel. K-shell ionization and Auger decay of one of the N+

ions by the probe pulse converts it to N3+. The ions are recorded in
coincidence with a position-sensitive detector and the kinetic energy
release (KER) is determined. The time-dependent pump-probe signal
is observed in the measured KER of the N+-N3+ breakup channel.
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FIG. 2. Photoion-photoion coincidence map showing the ion
breakup channels of N2 from x-ray-pump–x-ray-probe measure-
ments. The axes are the times of flight (TOFs) of the two ions that are
detected in coincidence and a momentum conservation filter has been
applied. The color intensity scale is normalized to 6720 maximum
counts and the total counts is 49 680.

channels are sensitive to the charge states and ion-ion sep-
arations, so the KERs of the pump-probe events depend on
the time delay and yield information on the system during the
dissociation process. The main outcome of our measurements
and data analysis is the observation of the delay-dependent
population transfer from the N+-N+ channel produced by
x-ray absorption within the pump pulse to the N+-N3+ final
state resulting from subsequent probe-pulse x-ray absorption
by one of the N+ ions. As explained below, the KERs also
contain contributions from quasibound N2

2+ states.

III. RESULTS

The potential energy curves (PECs) of the two-hole states
of N2

2+ have been characterized before, and some states
are dissociative while others are quasibound [46]. Some
quasibound states are long lived and the dication molecule
remains undissociated when detected. This is well known in
ion time-of-flight spectra of N2 that show a narrow peak from
zero-momentum N2

2+ ions and broad wings from energetic N+
ions [37,46]. The dissociative states are correlated with either
two separated N+ ions or separated neutral N atom and N2+
ion. The Auger decay in N2 has been studied through Auger-
electron [47,48], KER [49,50], and ion-electron coincidence
spectroscopy [51–53]. For the dissociative states in the N+-N+
breakup channel, the range of the KER distribution reflects
the energy difference between the final two-hole states after
Auger decay and the separated ion products. In the past, our
knowledge about the transient states after x-ray absorption has
mainly relied on measurements of final products (electrons,
ions, or photons) and the proper theoretical modeling. In the
present work, a second x-ray pulse is used to gain insight on
the transient states in real time with ∼10 fs resolution.

By absorbing a second x-ray from the probe pulse, a
second 1s electron from one atomic site is removed, and that
predominantly triggers a second Auger process. The probe-
induced K-shell ionization and Auger decay predominantly
increases the charge state of the system by 2. In the following,
we show theoretical simulations that demonstrate how the
probe pulse maps the dication nuclear wave packets onto the
KER of the tetracation states. Hence, by changing the time
delay and measuring the KER, we can retrieve nuclear motion
information of the low-charge-state channels.

KER spectra of molecular nitrogen after absorption of a
single x ray have been reported [51,52]; the main detected
breakup channels are N+-N+ and N+-N2+. Production of
the N+-N2+ channel is due to many-electron correlation
effects associated with shake-off processes in the Auger decay
step [48,49]. In our experiment, due to the absorption of
two photons [37], we measure higher-charge states; N+-N3+,
N2+-N2+, N2+-N3+, and N3+-N3+ (see Fig. 2). Those charge
states can be produced by the absorption of two photons either
in the pump or in the probe pulse, but also by pump-probe
events, i.e., the absorption of one photon from the pump pulse
and the absorption of a second photon from the probe pulse.

N+-N+ is the dominant channel after pump excitation,
therefore we expect pump-probe signals in both the N2+-N2+
and the N+-N3+ channels. At short internuclear distances, the
valence electrons are delocalized and interatomic interactions
are strong. There, the probe-induced Auger decay populates
either the N2+-N2+ or the N+-N3+ channel. As the separation
between the ions increases, however, the probe interacts with
an isolated N+ ion and enhances the N+-N3+ channel. We
show in Fig. 3(a) the KER for the N+-N3+ breakup channel at
three time delays. The main structure is centered near 40 eV.
This structure could come from two-photon absorption or from
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FIG. 3. Kinetic energy release for the N+-N3+ breakup channel
at three time delays: 4 fs (blue), 29 fs (red), and 54 fs (green).
(a) Experimental measurements. The shaded areas are the pump-
only measurements. The arrow indicates the peak due to pump-
probe events from dissociative intermediate states. (b) Theoretical
calculations for pump-probe events. The lower-energy peaks in the
29- and 54-fs calculations are from N+-N+ dissociative intermediate
states, and the peaks at ∼38 eV are from N2

2+ quasibound states.
The dissociative and quasibound states are unresolved in the 4-fs
simulation.
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single-photon absorption, since synchrotron x-ray measure-
ments show that N3+ ions are produced at photon energies
much higher than the K-shell ionization threshold [54]. The
relative yield of N3+ ions obtained in our experiment is in the
same order as the high-energy synchrotron data of Ref. [54].
However, in Fig. 3(a), we also clearly observe a peak that
shifts towards lower KER as the time delay increases. Our
proposed explanation is that, at shorter time delays, such as
our 4-fs measurement, the dissociative states of N+-N+ are still
close to the internuclear distance of N2. Then, the interaction
with the probe promotes those states into the N+-N3+ breakup
channel with a high Coulomb repulsion force and high KER.
However, at longer time delays, the internuclear distances of
the dissociative states have increased, and when promoted to
the N+-N3+ channel, the Coulomb repulsion is not as strong.
That pathway ends up with low KER, in accord with the feature
observed in Fig. 3(a). In order to support this interpretation and
gain insight of the underlying mechanism, we have performed
quantum-mechanical simulations that are described in the
following.

IV. THEORY AND SIMULATIONS

Our time-resolved measurements can be theoretically de-
scribed by a molecular dynamics model that accounts for the
N+-N+ channel. We need to account for both the K-shell
ionization induced by the pump pulse and the Auger decay
that populates a manifold of final dication states, concurrently
with the time evolution of the nuclear wave packets. We
use Fourier-transform-limited pulses with a full width at half
maximum (FWHM) of 10 fs for the theoretical simulation. In
the experiment we use self-amplified-spontaneous-emission
(SASE) pulses, but the bandwidths of the pulses are not
relevant in this case, because the x-ray energies are far above
the K-shell ionization threshold, so only core-hole states with
a high-energy photoelectron are produced. The electric dipole
moments needed in the ionization are calculated with Cowan’s
Hartree-Fock program [55,56]. The Auger transitions from the
core-excited state to the final dication states are taken from
Ref. [57]. The time evolution of the system is calculated by
solving the equations of motion for amplitudes (EOM). EOM
are obtained by projecting the whole Hilbert space onto the
electronic levels in which the main dynamics is confined.
In particular, we expand the wave function of the system
as

�(X,R,t) = bi(R,t)�i(X,R)

+
∫

dEphbce(Eph,R,t)�ce,Eph
(X,R)

+
∑

n

∫ ∫
dEphdEa bn(Eph,Ea,R,t)

×�n,Eph,Ea
(X,R), (1)

where X stands for the electronic coordinates and R for the
nuclear coordinates. �i(X,R) is the ground state, �ce,Eph

(X,R)
is the core-excited state, and �n,Eph,Ea

(X,R) are the final
dication states. Eph labels a particular quantum state with
a specific photoelectron energy, while Ea refers to a specific
Auger-electron energy. For the nitrogen molecule, R is reduced

to one dimension and from here on we take this variable as
the internuclear distance between the nitrogen atoms. Hence,
the amplitudes b depend on the internuclear distance and
are nuclear wave packets propagating in the corresponding
electronic energy curves. Nonadiabatic effects have not been
taken into account. The energy curves for the ground state,
core-excited state, and the dication states have been obtained
from Refs. [46,58,59]. In our simulations, nine low-lying
excited states of the dication molecule are included, with
symmetries 1�g

+, 3�u
+, 1�u, 3�g , 1�g

+, 1�g , 1�g , 1�u
+,

and 1�g
+ [46]. Those excited states present the largest Auger

decay rates after K-shell ionization [57]. As seen in Fig. 4(a),
the numerical results reproduce the line shape of the Auger
spectrum measured in a previous experiment [60]. Note that
the quality of the calculated Auger energies mainly depends
on the potential energy surfaces that are used, while the ratio
of the peaks for different electronic levels mainly depend
on the Auger decay rate calculations. Figure 4(b) shows the
calculated KER for the N+-N+ channel compared with our
experimental data. The two main peaks centered at 10 eV are
well described. The high (> 13 eV) KER of the spectrum
originates from high-lying excited states of the dication [46]
that are not included in the simulations. The high KER part
is very difficult to model because of the numerous excited
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FIG. 4. (a) Auger-electron spectrum after K-shell ionization of
N2. Blue dot points: Experimental data extracted from Ref. [60]. Red
line: Results from theoretical calculations presented in this paper.
(b) Kinetic energy release of the N+-N+ breakup channel. Blue
dot points and the red line are experimental data and theoretical
results presented in this paper, respectively. No time dependence was
observed in this channel.
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states and Auger transitions that need to be included. However,
the high KER part is not needed to qualitatively explain the
time-dependent feature observed in Fig. 3(a), as we will argue
in the following.

The theoretical simulations describe the essential observ-
ables due to the absorption of the pump pulse. In order
to account for the effects of the probe pulse we make the
following assumptions: (1) The probe pulse increases the
charge state of the system by two, and (2) the nuclear wave
packet is promoted into a potential energy curve that is mainly
dominated by the Coulomb repulsion between N+ and N3+.
The first assumption is not exact, because other processes,
such as valence ionization, x-ray fluorescence, and shake-off,
might result in charge-state changes other than two. However,
in nitrogen, those processes are at least one order of magnitude
less frequent than the normal Auger decay. In the second
assumption, we consider only the case in which the Auger
decay is mainly localized in one site and there is no charge
redistribution. By using the classical model, described in
Ref. [61], we can estimate the internuclear distance at which
this assumption is valid, i.e., when the charge redistribution
from one site to the other site is forbidden. Using that model
we obtain an internuclear distance of 6.3 a.u. By a classical
breakup of two N+ ions starting at the equilibrium distance,
we estimate that an internuclear distance of 6.3 a.u. is reached
around 20 fs. Therefore, the second assumption for the shortest
time delay at 4 fs is not necessarily valid, but it should be a
good approximation for dissociative states at the 29- and 54-fs
time delays. The KER of the N+-N3+ channel is then directly
obtained from the nuclear wave packet of the N+-N+ channel.
We map the internuclear distance distribution, given by the
nuclear wave packet of N+-N+ in a specific time delay, into
the KER of the N+-N3+ channel (a similar model was used for
calculating KERs in Ref. [14]). We show the numerical results
for the KER of N+-N3+ in Fig. 3(b) and observe the time-
dependent peak moving towards lower KER with increasing
delay, as observed in the experiment. From our simulations,
we can assign the origin of that peak to the dissociative states
after the Auger decay process. At 4 fs, contributions from both
quasibound and dissociative states are located at large KER,
around 38 eV. However, for longer time delays, the dissociative
states move out of the equilibrium distance, which is reflected
in the time-dependent peak moving towards the low KER
distribution. The multipeak structure remaining around 38 eV
arises from quasibound states populated after the Auger decay.
Some of them are very long lived and impossible to observe
in the measured KER of N+-N+ (they arrive at the detector
without dissociating, as a single N2

2+ ion). However, the probe
pulse can promote the quasibound states into the N+-N3+ dis-
sociative channel and they may be detectable. Unfortunately,
in our experiment, we did not have enough statistics to resolve
this multipeak structure, because it lies on the top of the
main structure that is most likely dominated by one-photon
absorption. For very long time delays, we expect the N+-N+
KER distribution [see Fig. 4(b)] to mainly be mapped into
the N+-N3+ channel. The high KER range of the N+-N+
channel that has not been modeled should then not interfere
with the observed time-dependent peak, since it produces a
broad distribution in the higher part of the transient KER
spectrum.

We should remark that if the pump step involves low-energy
continuum or resonant core-hole states, the SASE bandwidth
(∼2–3 eV in the present experiment) will broaden the transient
nuclear wave packets. That is not a factor in the present
case of N2 excited far above threshold. Therefore, although
the theoretical model is not complete, it clearly explains the
observed peak moving towards lower KER in the N+-N3+
breakup channel. The theory allows the assignment of this
peak to the dissociative, low-lying excited states of N+-N+.
Moreover, the simulations also offer a broader perspective
of the information we could extract in the general time-
resolved experiment, such as the possibility to measure the
quasibound excitation after molecular Auger decay or to
do nuclear wave-packet imaging on the femtosecond time
scale. We also note that we performed the same experiment
using ∼700-eV pump and probe pulses on oxygen molecules
that have a K-shell ionization energy ∼543 eV. We observe
a similar time-dependent peak moving towards lower KER
in the O+-O3+ breakup channel, supporting the underlying
mechanism discussed above.

V. CONCLUSIONS

In conclusion, we demonstrate the feasibility of using
two x-ray pulses for studying molecular nuclear dynamics
triggered by the absorption of an x-ray photon. A first
x-ray pulse is absorbed by the molecule and initiates the
dynamics under study. Then a second x-ray pulse probes the
molecular dynamics at variable time delays. The pump and
probe pulses have similar photon energies tuned well above
the K-shell ionization threshold. Here we use this scheme
to study the molecular fragmentation of nitrogen molecules.
The probe-induced Auger decay maps the time-dependent
nuclear wave packet in a particular charge-state channel onto
the Coulombic repulsive potential curve corresponding to a
higher-charge-state channel, resulting in a delay-dependent
KER. Hence, by measuring KERs at different time delays,
we are able to resolve femtosecond nuclear dynamics in a
specific breakup channel. Quantum-mechanical simulations
on nitrogen are in agreement with the measured KER and
allow the interpretation of the underlying dynamics. This
scheme fully exploits the recent capabilities at XFELs in order
to generate two intense x-ray pulses with a controlled time
delay, and it is not affected by the temporal or the energy jitter
of the pulses, ideal for SASE pulses. This work opens the
possibility of designing time-resolved experiments with two
x-ray pulses based on KER spectroscopy, suitable for studying
x-ray-induced nuclear dynamics in diatomic molecules.

Future capabilities with much shorter pulses will enable
the possibility to explore the nuclear wave-packet propagation
during the same time scale as Auger processes. This might
open the possibility to explore the role of Auger processes
in the coherent evolution of the nuclear wave packets.
Also, future x-ray sources with high-repetition rates will
enable electron-ion coincidence measurements and, therefore,
the retrieval of electronic configuration information. This
will open the door of monitoring the nuclear wave-packet
propagating via nonadiabatic crossings. In particular, it will
be very interesting to explore the nonadiabatic effects on
triatomic molecules and extend our theoretical approach in
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order to consider not only the nonadiabatic couplings during
nuclear propagation, but also more than one nuclear degree of
freedom.
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Krässig, L. Young, D. A. Arms, E. M. Dufresne, D. A. Walko,
O. Vendrell, S. K. Son, and R. Santra, Phys. Rev. A 86, 033401
(2012).

[35] R. Guillemin et al., Nat. Commun. 6, 6166 (2015).

013426-6

http://dx.doi.org/10.1103/PhysRevLett.110.134801
http://dx.doi.org/10.1103/PhysRevLett.110.134801
http://dx.doi.org/10.1103/PhysRevLett.110.134801
http://dx.doi.org/10.1103/PhysRevLett.110.134801
http://dx.doi.org/10.1103/PhysRevLett.110.064801
http://dx.doi.org/10.1103/PhysRevLett.110.064801
http://dx.doi.org/10.1103/PhysRevLett.110.064801
http://dx.doi.org/10.1103/PhysRevLett.110.064801
http://dx.doi.org/10.1038/ncomms3476
http://dx.doi.org/10.1038/ncomms3476
http://dx.doi.org/10.1038/ncomms3476
http://dx.doi.org/10.1038/ncomms3476
http://dx.doi.org/10.1103/PhysRevLett.111.114802
http://dx.doi.org/10.1103/PhysRevLett.111.114802
http://dx.doi.org/10.1103/PhysRevLett.111.114802
http://dx.doi.org/10.1103/PhysRevLett.111.114802
http://dx.doi.org/10.1038/ncomms3919
http://dx.doi.org/10.1038/ncomms3919
http://dx.doi.org/10.1038/ncomms3919
http://dx.doi.org/10.1038/ncomms3919
http://dx.doi.org/10.1038/ncomms7369
http://dx.doi.org/10.1038/ncomms7369
http://dx.doi.org/10.1038/ncomms7369
http://dx.doi.org/10.1038/ncomms7369
http://dx.doi.org/10.1103/PhysRevLett.95.093001
http://dx.doi.org/10.1103/PhysRevLett.95.093001
http://dx.doi.org/10.1103/PhysRevLett.95.093001
http://dx.doi.org/10.1103/PhysRevLett.95.093001
http://dx.doi.org/10.1103/PhysRevA.82.013408
http://dx.doi.org/10.1103/PhysRevA.82.013408
http://dx.doi.org/10.1103/PhysRevA.82.013408
http://dx.doi.org/10.1103/PhysRevA.82.013408
http://dx.doi.org/10.1103/PhysRevA.83.013417
http://dx.doi.org/10.1103/PhysRevA.83.013417
http://dx.doi.org/10.1103/PhysRevA.83.013417
http://dx.doi.org/10.1103/PhysRevA.83.013417
http://dx.doi.org/10.1126/science.1144920
http://dx.doi.org/10.1126/science.1144920
http://dx.doi.org/10.1126/science.1144920
http://dx.doi.org/10.1126/science.1144920
http://dx.doi.org/10.1126/science.1164498
http://dx.doi.org/10.1126/science.1164498
http://dx.doi.org/10.1126/science.1164498
http://dx.doi.org/10.1126/science.1164498
http://dx.doi.org/10.1103/PhysRevLett.103.123005
http://dx.doi.org/10.1103/PhysRevLett.103.123005
http://dx.doi.org/10.1103/PhysRevLett.103.123005
http://dx.doi.org/10.1103/PhysRevLett.103.123005
http://dx.doi.org/10.1038/nature09084
http://dx.doi.org/10.1038/nature09084
http://dx.doi.org/10.1038/nature09084
http://dx.doi.org/10.1038/nature09084
http://dx.doi.org/10.1103/PhysRevA.86.013415
http://dx.doi.org/10.1103/PhysRevA.86.013415
http://dx.doi.org/10.1103/PhysRevA.86.013415
http://dx.doi.org/10.1103/PhysRevA.86.013415
http://dx.doi.org/10.1088/0953-4075/43/19/194004
http://dx.doi.org/10.1088/0953-4075/43/19/194004
http://dx.doi.org/10.1088/0953-4075/43/19/194004
http://dx.doi.org/10.1088/0953-4075/43/19/194004
http://dx.doi.org/10.1103/PhysRevA.81.051402
http://dx.doi.org/10.1103/PhysRevA.81.051402
http://dx.doi.org/10.1103/PhysRevA.81.051402
http://dx.doi.org/10.1103/PhysRevA.81.051402
http://dx.doi.org/10.1088/0953-4075/46/16/164027
http://dx.doi.org/10.1088/0953-4075/46/16/164027
http://dx.doi.org/10.1088/0953-4075/46/16/164027
http://dx.doi.org/10.1088/0953-4075/46/16/164027
http://dx.doi.org/10.1103/PhysRevLett.113.073001
http://dx.doi.org/10.1103/PhysRevLett.113.073001
http://dx.doi.org/10.1103/PhysRevLett.113.073001
http://dx.doi.org/10.1103/PhysRevLett.113.073001
http://dx.doi.org/10.1103/PhysRevLett.115.193003
http://dx.doi.org/10.1103/PhysRevLett.115.193003
http://dx.doi.org/10.1103/PhysRevLett.115.193003
http://dx.doi.org/10.1103/PhysRevLett.115.193003
http://dx.doi.org/10.1103/PhysRevA.83.013414
http://dx.doi.org/10.1103/PhysRevA.83.013414
http://dx.doi.org/10.1103/PhysRevA.83.013414
http://dx.doi.org/10.1103/PhysRevA.83.013414
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.108.063009
http://dx.doi.org/10.1103/PhysRevLett.105.263002
http://dx.doi.org/10.1103/PhysRevLett.105.263002
http://dx.doi.org/10.1103/PhysRevLett.105.263002
http://dx.doi.org/10.1103/PhysRevLett.105.263002
http://dx.doi.org/10.1088/0953-4075/45/19/194001
http://dx.doi.org/10.1088/0953-4075/45/19/194001
http://dx.doi.org/10.1088/0953-4075/45/19/194001
http://dx.doi.org/10.1088/0953-4075/45/19/194001
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093532
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093532
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093532
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093532
http://dx.doi.org/10.1038/nphys2033
http://dx.doi.org/10.1038/nphys2033
http://dx.doi.org/10.1038/nphys2033
http://dx.doi.org/10.1038/nphys2033
http://dx.doi.org/10.1038/nphoton.2015.77
http://dx.doi.org/10.1038/nphoton.2015.77
http://dx.doi.org/10.1038/nphoton.2015.77
http://dx.doi.org/10.1038/nphoton.2015.77
http://dx.doi.org/10.1038/ncomms9199
http://dx.doi.org/10.1038/ncomms9199
http://dx.doi.org/10.1038/ncomms9199
http://dx.doi.org/10.1038/ncomms9199
http://dx.doi.org/10.1038/ncomms11652
http://dx.doi.org/10.1038/ncomms11652
http://dx.doi.org/10.1038/ncomms11652
http://dx.doi.org/10.1038/ncomms11652
http://dx.doi.org/10.1126/sciadv.1500837
http://dx.doi.org/10.1126/sciadv.1500837
http://dx.doi.org/10.1126/sciadv.1500837
http://dx.doi.org/10.1126/sciadv.1500837
http://dx.doi.org/10.1038/35021099
http://dx.doi.org/10.1038/35021099
http://dx.doi.org/10.1038/35021099
http://dx.doi.org/10.1038/35021099
http://dx.doi.org/10.1103/PhysRevB.84.214111
http://dx.doi.org/10.1103/PhysRevB.84.214111
http://dx.doi.org/10.1103/PhysRevB.84.214111
http://dx.doi.org/10.1103/PhysRevB.84.214111
http://dx.doi.org/10.1107/S1600577515002349
http://dx.doi.org/10.1107/S1600577515002349
http://dx.doi.org/10.1107/S1600577515002349
http://dx.doi.org/10.1107/S1600577515002349
http://dx.doi.org/10.1103/PhysRevA.86.033401
http://dx.doi.org/10.1103/PhysRevA.86.033401
http://dx.doi.org/10.1103/PhysRevA.86.033401
http://dx.doi.org/10.1103/PhysRevA.86.033401
http://dx.doi.org/10.1038/ncomms7166
http://dx.doi.org/10.1038/ncomms7166
http://dx.doi.org/10.1038/ncomms7166
http://dx.doi.org/10.1038/ncomms7166


ULTRAFAST X-RAY-INDUCED NUCLEAR DYNAMICS IN . . . PHYSICAL REVIEW A 94, 013426 (2016)

[36] M. Hoener, L. Fang, O. Kornilov, O. Gessner, S. T. Pratt, M.
Guhr, E. P. Kanter, C. Blaga, C. Bostedt, J. D. Bozek, P. H.
Bucksbaum, C. Buth, M. Chen, R. Coffee, J. Cryan, L. DiMauro,
M. Glownia, E. Hosler, E. Kukk, S. R. Leone, B. McFarland,
M. Messerschmidt, B. Murphy, V. Petrovic, D. Rolles, and N.
Berrah, Phys. Rev. Lett. 104, 253002 (2010).

[37] L. Fang, T. Osipov, B. Murphy, F. Tarantelli, E. Kukk, J. P.
Cryan, M. Glownia, P. H. Bucksbaum, R. N. Coffee, M. Chen,
C. Buth, and N. Berrah, Phys. Rev. Lett. 109, 263001 (2012).

[38] T. Osipov, L. Fang, B. Murphy, F. Tarantelli, E. R. Hosler, E.
Kukk, J. D. Bozek, C. Bostedt, E. P. Kanter, and N. Berrah, J.
Phys. B: At., Mol. Opt. Phys. 46, 164032 (2013).

[39] B. Erk, D. Rolles, L. Foucar, B. Rudek, S. W. Epp, M. Cryle,
C. Bostedt, S. Schorb, J. Bozek, A. Rouzee, A. Hundertmark,
T. Marchenko, M. Simon, F. Filsinger, L. Christensen, S. De,
S. Trippel, J. Kupper, H. Stapelfeldt, S. Wada, K. Ueda, M.
Swiggers, M. Messerschmidt, C. D. Schroter, R. Moshammer,
I. Schlichting, J. Ullrich, and A. Rudenko, Phys. Rev. Lett. 110,
053003 (2013).

[40] B. Erk et al., Science 345, 288 (2014).
[41] J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L. Ph. H.
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