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We report on oxygen K-edge soft x-ray emission spectroscopy from a liquid water jet at the Linac
Coherent Light Source. We observe significant changes in the spectral content when tuning over a wide
range of incident x-ray fluences. In addition the total emission yield decreases at high fluences. These
modifications result from reabsorption of x-ray emission by valence-excited molecules generated by the
Auger cascade. Our observations have major implications for future x-ray emission studies at intense x-ray
sources. We highlight the importance of the x-ray pulse length with respect to the core-hole lifetime.
DOI: 10.1103/PhysRevLett.113.153002

PACS numbers: 33.20.Rm, 33.80.Wz, 78.70.Ck, 78.70.En

The ultrahigh peak brilliances available at x-ray freeelectron lasers (XFELs) enable experimentalists to explore
new regimes of light-matter interaction. Nonlinear spectroscopies, which are well established for optical wavelengths (e.g., stimulated Raman scattering), have been
proposed [1–3] and recently pioneered in the soft x-ray
regime [4–6]. In particular, stimulated effects in x-ray
emission (XE) and resonant inelastic x-ray scattering
(RIXS) promise to improve signal levels by orders of
magnitude. This will enable an efficient application of these
highly selective spectroscopies to study elementary lowenergy excitations in, e.g., physical chemistry and materials
science [7–10].
However, the required high photon densities generate
significant concurrent radiation damage as a result of Auger
decays and subsequent electron cascades. In the limit of
complete stimulation, this damaging nonradiative decay
channel should be fully switched off by stimulating the
radiative decay faster than the Auger-dominated natural
core-hole lifetime [5]. But in an intermediate regime, the
electron cascades will prevent probing of the undisturbed
system. We present, here, the fundamental processes during
0031-9007=14=113(15)=153002(6)

the transition from the linear single-photon to the nonlinear
multiphoton regime in soft x-ray-matter interaction. Their
complete understanding is essential to fully exploit the
potential of stimulated as well as normal XE spectroscopy
at XFELs.
We report on soft XE spectroscopy from a liquid water
jet for a wide range of incident x-ray fluences at the Linac
Coherent Light Source (LCLS) at the SLAC National
Accelerator Laboratory. For fluences exceeding the linear
single-photon regime (above ∼0.2 J=cm2 in the presented
experiment), we observe significant modifications of the
spectra as well as a decrease of the total emission yield.
These modifications are interpreted as a result of reabsorption of the emitted x-rays by valence-excited (VE) molecules. The valence excitations are generated by the ultrafast
Auger cascade. Based on this mechanism, we present a
model that describes the measured data through the singlephoton regime and up to ∼10 J=cm2 for the conditions in
this Letter.
We performed experiments at the soft x-ray materials
science instrument (SXR) of the LCLS [11]. To measure
oxygen K-edge XE spectra from liquid water, we used the
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Liquid Jet Endstation (LJE) [12,13]. Briefly, the LJE
features a 20 μm diameter liquid microjet in vacuum and
a Grace spectrometer XES 350 [14] mounted at 90° with
respect to the incident x-ray beam (inset of Fig. 1). The
sample volume in the interaction region is exchanged with a
kHz–MHz repetition rate by the liquid jet (depending on
flow rate, jet diameter, and vertical x-ray spot size).
Therefore, each x-ray pulse, arriving with a repetition rate
of 120 Hz, probes a new liquid water sample. We used the
unmonochromatized beam with a central photon energy of
550 eV (well above the oxygen K-edge absorption resonance) with a bandwidth of ∼5 eV from 100 fs full width at
half maximum (FWHM) long electron bunches. The x-ray
spot size was varied using the bendable Kirkpatrick-Baez
(KB) focusing optics of the SXR instrument. Four different
spot sizes were used (hor × vert): 25 × 20 μm2 , 20 ×
70 μm2 , 35 × 170 μm2 , and 75 × 520 μm2 (FWHM, determined by microscope images of a fluorescent screen [15]). In
addition, the gas attenuator was scanned for each spot size,
which enabled a continuous variation of the incident x-ray
fluence at the sample between 0.01 and 20 J=cm2 . Scans at
different spot sizes were properly normalized to account for
different illuminated areas as well as changes in the
experimental alignment [15]. The x-ray pulse energy was
measured with a shot-to-shot pulse energy monitor [16–19]
located in the front end upstream of the entire SXR beam
line. The number of photons per pulse at the sample were
calculated by assuming 10% x-ray transmission from this
front end pulse energy monitor to the sample as determined
from commissioning results of a further pulse energy
monitor located downstream in the SXR beam line (just
upstream of the KB optics). Reference spectra were measured with the same setup at beam line U49/2 PGM-1 of the
synchrotron radiation source BESSY II at the HelmholtzZentrum Berlin, Germany.
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FIG. 1 (color). X-ray emission spectra for a wide range of
incident x-ray fluences. The lower emission yield and distortion
of the spectra with increasing fluence are observed. The inset
shows a schematic illustration of the experimental arrangement.
The red shaded volume represents the excited volume for an x-ray
spot size of about 20 × 20 μm2 .
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We illustrate the experimental arrangement in the inset of
Fig. 1. The red shaded volume represents the excited
volume where the incident x-rays interact with the liquid
water sample. Since the penetration depth (0.5 μm [20]) of
550 eV x-rays in water is significantly shorter than the
dimensions of the x-ray spot, the excited volume forms a
thin curved sheet on the liquid jet surface.
In Fig. 1, we present the complete experimental data set.
The detected x-ray emission yield (emission signal divided
by incident fluence) is shown as a function of emission
energy and incident fluence. Note the logarithmic scale of
the fluence axis. Increasing x-ray fluence results in a
significant decrease of the emission yield. This decrease
is nonuniform for different emission energies, which results
in spectral distortions. We observed, at most, 80 counts in a
single-shot image and can, thus, exclude saturation effects
in the detection system.
To quantify these experimental findings, we display, in
Fig. 2(a), how the integrated emission signal changes with
the incident fluence. We observe the expected linear
dependence of incident and detected photon numbers only
for the low fluence regime up to ∼0.2 J=cm2 (lower inset).
For higher fluences, the detected emission signal rises less
than linearly with a square root like dependence. From
about 10 J=cm2 , a linear dependence sets in again, however, with a smaller slope than in the low fluence regime. In
Fig. 2(b), we analyze the spectral distortions. We compare
XE spectra for selected fluences from LCLS with a
reference spectrum from BESSY II. The lowest fluence
LCLS spectrum agrees well with the reference spectrum
from BESSY II as well as with previous XE studies of
liquid water at other synchrotron light sources [21,22]. For
increasing fluence, the most intense emission feature
(around 526 eV emission energy) starts to decrease in
intensity first. For even higher fluences, the less intense
regions of the spectrum start to decrease in intensity as well.
To understand this nonlinearity in the detected emission
intensity and the spectral distortion, we depict, in Fig. 3(a),
the two major decay channels after absorption of a 550 eV
photon. The absorption removes an electron from the
oxygen 1s core level and leaves the molecule in a coreionized state. This state has a lifetime of about 4 fs [23].
The dominant decay channel in the soft x-ray regime
(>99% [24]) is nonradiative Auger decay. Here, an electron
from the occupied valence levels fills the core hole. The
excess energy is transferred to a second electron (Auger
electron) from the valence levels, which leaves the molecule with a kinetic energy of about 500 eV [25]. The
Auger electron then scatters elastically as well as inelastically at surrounding water molecules (Auger cascade). In
each inelastic scattering event, a portion of the electron
kinetic energy is transferred to a water molecule, ultimately
creating a valence excitation in this molecule. A single
primary Auger electron can create tens of valence excitations within a few femtoseconds [26–30].
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FIG. 2 (color). (a) Detected signal as a function of incident
photon numbers. Markers represent measured data and the grey
shaded area gives a 1σ confidence band representing the
measurement uncertainties. Red curves (solid and dashed) are
results of the model described in the main text. Dashed black line
is a linear fit to the experimental data below 0.2 J=cm2. The lower
right inset gives a zoom into the low fluence regime. The upper
left inset shows the complete data set on a double logarithmic
scale. (b) X-ray emission spectra from BESSY II (solid black
curve) and for selected incident fluences at LCLS (colored
curves). The dashed black curve superimposed with each LCLS
spectrum is the result of the model described in the main text.

The detected XE photons result from the radiative decay
of the core-ionized molecule [Fig. 3(a), bottom]. These
photons have an energy below the core level absorption
resonance. Hence, the probability for absorption by surrounding molecules in the ground state is low. The relevant
valence orbitals for core to valence transitions are occupied.
However, molecules in a valence-excited state can absorb

FIG. 3 (color). Processes after oxygen 1s core ionization: (a) The
dominating nonradiative Auger decay channel (top) leaves the
molecule in a double valence-hole state. The emitted fast electron
can create about forty secondary valence-excited states on the
timescale of a few femtoseconds through electron scattering. The
photons from a radiative decay (bottom) can, at high excitation
densities, get reabsorbed by valence-excited molecules. (b) Exemplary time evolution of the different states of the molecules in the
excited volume. The experimental parameters for 7 J=cm2 in a
single Gaussian XFEL pulse of 100 fs duration (grey line) are
applied. Since a single Auger decay can create about forty
secondary valence-excited states, the respective fraction of molecules increases quickly and becomes significant far before the
pulse reaches its maximum. The majority of decays from the coreionized state happens in the presence of significant valence
excitations.

the photon, as they have a hole in the corresponding
valence levels. An emitted x-ray photon can get reabsorbed
by a molecule that has a valence hole at exactly the same
level from which the photon was emitted. We show, in the
following, that this reabsorption of x-ray emission by
valence-excited molecules within a single XFEL pulse is
responsible for the decrease in total emission yield as well
as for the spectral distortions.

153002-3

PRL 113, 153002 (2014)

PHYSICAL REVIEW LETTERS

During data analysis, we considered alternative mechanisms to explain our observations. In particular, stimulated
x-ray emission could focus the radiative decay [5] into a
direction outside the spectrometer acceptance and, hence,
decrease the emission yield detected in the spectrometer.
However, due to the long XFEL pulse (100 fs), as
compared to the oxygen 1s core-hole lifetime (4 fs), the
high core-hole density needed for stimulated emission is
not achieved in our experiment [see below and Fig. 3(b)].
Using the formalism from Beye et al. [5], we expect
stimulated emission to become sizable only around
1000 J=cm2 in our case. This mechanism should, furthermore, cause the same decrease of emission yield for all
emission energies in contrast to our observations. Other
possible nonlinear effects like power-broadening, multiphoton absorption, harmonic generation and saturated
x-ray absorption also struggle to explain the spectral
distortions.
For a quantitative description of the data, the valencehole density ρvh is a central quantity, since it determines the
probability for reabsorption. ρvh increases with increasing
fluence and can get bigger than the density of molecules,
since each molecule can have multiple valence holes. We
assume ρvh to develop much faster than the incoming x-ray
pulse; i.e., we ignore the temporal evolution of the
excitations in the sample during the XFEL pulse.
This approach is justified through a comparison of the
relevant time scales, Fig. 3(b). We illustrate the time
evolution of the excited molecules during the 100 fs
XFEL pulse. We assume a Gaussian envelope for the
temporal intensity distribution in the pulse. Each incident
photon creates a core-ionized molecule, which decays
within the core-hole lifetime of 4 fs [23] (for the oxygen
K-edge) into a valence-ionized state. Hence, only a small
fraction of molecules in the excited volume is core-ionized
at each time point within the XFEL pulse. This fraction of
core-ionized molecules is represented by the black area in
Fig. 3(b). After the Auger decay, the originally core-ionized
molecules are in a doubly valence-ionized state, that we call
the primary valence-excited state represented by the dark
red area in Fig. 3(b). This state has a lifetime significantly
longer than the XFEL pulse length. The emitted energetic
Auger electron scatters at other primarily unexcited molecules (Auger cascade) and loses its energy by creating
valence excitations in these molecules. These we call
secondary valence-excited states and represent them by
the light red area in Fig. 3(b). We conservatively assumed a
10 fs [29] duration for the Auger cascade and 40 secondary
valence excitations from a single Auger electron. The rapid
increase of valence-excited molecules already in the early
part of the XFEL pulse justifies neglecting the time
evolution of the valence-hole density.
For a proper description of the valence-hole density as
a function of incident intensity (see [15] for a detailed
derivation), we consider the minimum energy needed to
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create one valence hole Evh . For the first valence hole in a
molecule, Evh equals the band gap EBG while it increases
stepwise for each additional valence hole to be created in
the molecule. However, the average of Evh over the
ensemble of molecules in the excited volume will increase
linearly from EBG up to EBG þ 2EW with EW being the
width of the valence band. The total energy needed to
create ρvh valence holes per molecule follows from integrating Evh up to ρvh . From the result of this integration, we
derive an expression for ρvh as a function of the total energy
Etot that was deposited in each molecule in the excited
volume. Etot is directly connected to the number of incident
photons N in and the number density of molecules nmol :
Etot ¼ ðN in hνÞ=nmol . Finally, we find a square root dependence of ρvh on the number of incident photons with material
constants a and b
ρvh

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ −a þ a2 þ bN in :

ð1Þ

At this point, Eq. (1) gives the number of valence holes per
molecule. To obtain the valence-hole density, we multiply
by nmol.
From a simple rate equation (see [15] for the explicit
formulation), we derive an expression for the number of
detected photons as a function of incident intensity and
emission energy. We fit this expression to the experimental
data with a single free parameter that accounts for the
overall signal strength, including, e.g., detection efficiency
and the quality of the experimental alignment. All other
parameters in the model are determined by the experimental geometry or are properties of the studied material.
The fitted curves are presented together with the experimental data in Fig. 2. We find good agreement with the
integrated emission intensity [Fig. 2(a), solid red curve] up
to an incident fluence of about 10 J=cm2 , including the
linear dependence in the low fluence regime and the
following nonlinearity due to the onset of reabsorption.
The second linear dependence above 10 J=cm2 is not
reproduced by our model.
We model the spectral distortions with the same parameter set [Fig. 2(b)]. The general trend of stronger intensity
decrease for the more intense emission lines due to a higher
valence-hole density for the corresponding valence levels
[15] is reproduced. While the model describes the measured data well at lower fluences, we observe again
deviations at the upper end of the studied fluence range.
The fundamental reason for the observed deviations from
our model at extremely high fluences above 10 J=cm2 lies
in our application of ground state parameters. We use the
electronic structure and the cross sections from the low
fluence regime, where those properties are determined by
the ground state. In the high fluence regime, the studied
system considerably deviates from the ground state and our
model anticipates water molecules with far more than one
valence hole. Effects like Coulomb explosion strongly
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affecting the geometric structure have been observed for
heavier elements, e.g., silicon [31–35] in a similar fluence
regime and have been predicted and observed for lighter
elements at significantly higher fluences [36,37]. Although
a detailed description of the connected effects on the
electronic structure and nuclear motions is beyond the
scope of this Letter, the created valence holes can still
reabsorb x-ray emission at these high fluences. In general,
we anticipate a lower probability for the creation of
additional valence holes and smaller interaction cross
sections due to the lowered number of electrons in the
valence levels at high fluences. These changes would lead
to smaller reabsorption effects than predicted with our
model, which agrees with the observed evolution.
We can empirically include these effects through introducing an upper limit for the valence-hole density of 2.8
holes per molecule, resulting in the dashed red curve in
Fig. 2(a), which matches the measured data. For a full
theoretical description, simulations of the complete Auger
cascade, including the time evolution of the core- and
valence-excited states, are necessary, including possible
multiple excitations. These simulations have been performed for different materials and parameter spaces including water and ice [27–30], while they mostly concentrated
on much lower fluence ranges.
In summary, the derived model provides a satisfactory
description of the experimental data. We have presented
strong evidence that ultrafast generation of a multitude of
valence holes within a single intense XFEL pulse and the
following reabsorption of x-ray emission by valenceexcited molecules are responsible for significant spectral
distortions and a decrease in the detected emission yield.
Our findings have important implications for future XE
and RIXS studies at XFEL sources. Since the presented
reabsorption mechanism is mostly independent of the
studied material, measurements from dense samples at
high fluences will effectively always result in high
valence-hole densities and, hence, be accompanied by
additional effects, like reabsorption and spectral distortions.
Approaches to prevent these high valence-hole densities
while still using the ultrahigh peak brilliance available at
XFELs are desirable and could be realized through completely stimulating radiative decays, thus, preventing electronically damaging Auger decays [5].
In addition, we stress the importance of short XFEL
pulses. A high instantaneous core-hole density and simultaneously a low valence-hole density are required for
stimulated XE without reabsorption. This can only be
achieved with an XFEL pulse length on the order of, or
shorter than, the core-hole lifetime. Longer XFEL pulses
will always lead to a high density of secondary valenceexcited states and prevent probing of the undisturbed
system.
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