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X-ray Absorption Spectroscopy (XAS) is a widely used X-ray diagnostic method for studying
electronic and structural properties of matter. At first glance, the relatively narrow bandwidth

and the highly fluctuating spectral structure of X-ray Free Electron Lasers (XFEL) sources seem to
require accumulation over many shots to achieve high data quality. To date the best approach to
implementing XAS at XFEL facilities has been using monochromators to scan the photon energy
across the desired spectral range. While this is possible for easily reproducible samples such as liquids,
it is incompatible with many important systems. Here, we demonstrate collection of single-shot XAS
spectra over 10s of eV using an XFEL source, with error bars of only a few percent. We additionally
show how to extend this technique over wider spectral ranges towards Extended X-ray Absorption
Fine Structure measurements, by concatenating a few tens of single-shot measurements. Our

results pave the way for future XAS studies at XFELs, in particular those in the femtosecond regime.
This advance is envisioned to be especially important for many transient processes that can only be
initiated at lower repetition rates, for difficult to reproduce excitation conditions, or for rare samples,
such as those encountered in high-energy density physics.

X-ray Absorption Spectroscopy (XAS) is an extremely powerful diagnostic for simultaneously probing the elec-
tronic structure and the local atomic arrangement. XAS is a widely used technique and its user community is well
established among synchrotron users spanning a wide variety of research topics such as fundamental condensed
matter physics, materials science, plasma physics, biology, geoscience, chemistry, industrial applications and cul-
tural heritage'. More recently, the development of time-resolved XAS, often coupled to pump-probe techniques,
has allowed tracking of the ultrafast interplay between electron and atomic motion, or opening new perspectives
for understanding complex processes>.

Several X-ray Free Electron Laser (XFEL) facilities operating around the world are capable of routinely pro-
ducing beams with sub 10 femtosecond (fs) pulse width* tunable photon energy and extremely high intensity
(up to 102° W/cm?). As a consequence, it is possible to apply traditional x-ray synchrotron techniques to a wider
range of systems not previously accessible. For example, a concerted effort of many research groups has paved the
way to the development of serial femtosecond crystallography based on fs x-ray diffraction snapshots of thou-
sands of micron size crystals®. Ultrafast single-shot x-ray diffraction measurements of laser compressed samples
are also now commonly performed at XFEL facilities allowing pump—probe measurements of transient phases
and phase transition mechanisms®’. In addition, the high brightness of the XFEL pulse often enables (quasi-)
single-shot measurements, ensuring better statistics, higher reliability of the data and allowing wide ranges of
conditions to be scanned during an experiment.

As far as XAS is concerned, most implementations (at synchrotrons and XFELs) use an x-ray monochromator
to sequentially scan the X-ray photon energy over the range of interest. This approach is very well suited for dilute
samples or for samples that can be reliably excited at high repetition rates (>10 Hz). At XFELs, the Self-Amplified
Spontaneous Emission (SASE) process, currently used in all hard x-ray facilities, results in high beam brightness
but intrinsically highly fluctuating features. For instance, the pulse arrival time, the pulse intensity, the spectral
energy and the spectral features themselves all vary strongly from shot-to-shot. Specific developments have
optimized data collection and analysis of these shot-to-shot fluctuations, notably the intensity® and the laser to
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x-ray arrival time jitter®. These developments have made it possible to average over thousands of repeatable shots
per time-delay and study a variety of systems from short lived excited states in organometallic molecules'®!! to
proteins in solutions'* 1%, as well as 3d metal foils'* 1°.

It should be stressed that, for all works mentioned above, the time dependent XAS has been measured by
averaging thousands of laser-pump/xray-probe pulse pairs per desired x-ray photon energy, which is not cur-
rently possible for experiments with samples available in small quantities, or when using “pump-pulses” with
~0.1-0.001 Hz repetition rates (such as high-power lasers). It also imposes strong experimental restrictions,
limits the variety of conditions that can be probed during a standard allocation of experimental time and requires
post-experiment sorting and over-accumulation of data. If such an experiment could be performed in a single-
or few-shot mode, it would be a much more efficient process that would allow a much larger phase space to be
explored during limited periods of experimental access, as well as to enabling fs time-resolved Extended X-ray
Fine Absorption Spectroscopy (EXAFS).

To overcome these limits, single-shot XAS capabilities have been developed at synchrotrons'®-", at XFELs**-22,
and at facilities using optical laser-driven x-ray sources*> **. These developments are all based on a dispersive
method that allows an entire spectral range to be collected at once, using dispersive optics and position sensi-
tive detectors. A second important aspect consists in enabling high-quality normalisation by measuring the
so-called Ij reference spectra. At synchrotron facilities, major effort was put into stabilizing the x-ray beam and
optics to ensure negligible deviation between the transmitted spectra I' and the reference spectra Iy. In the case
of XFELs**-%, the shot-to-shot fluctuations prohibit using a similar approach. Therefore, dispersive XAS setups
and Iy normalisation were performed by either using a spatially resolved spectrometer??! that allows spatial
discrimination between the transmission and the reference spectra, or by using two spectrometers to inde-
pendently measure the transmitted and the I spectra. The first method is fairly limited as it can only work with
unfocused or partially focused geometry and assumes a homogeneous distribution of the XFEL spectra over its
spatial dimension. Coupled with a specific data treatment, both methods allow accumulation over tens of shots to
reach several percent signal to noise ratio. Unfortunately, high-quality single-shot XAS measurement, with under
few percent signal-to-noise and <1eV spectral resolution could not be demonstrated due to the intrinsically sharp
spectral features that vary from shot-to-shot. As a consequence, these XAS techniques require data accumula-
tion and assuming sufficiently identical shot-to-shot experimental conditions for averaging, which in the best
case is not ideal and can also place undesirable constraints on the experimental conditions and configurations?.

In this work, we investigate the ability to perform two regimes of XAS: X-ray Absorption Near Edge Spectros-
copy (XANES) and up to ~ 7A~1 EXAFS. We demonstrate a new and original approach to performing ultrafast
dispersive XANES in a truly single-shot as well as multi-shot (~ 10) EXAFS measurements at XFEL facilities.
We address the highly stochastic structure of the x-ray spectrum with multiple advances. First, we pursued our
development of identical two spectrometers to monitor both the incident reference spectra and the transmit-
ted spectra and hence allow a shot-to-shot normalisation of the spectra in a dispersive geometry. Second, we
have developed an alignment procedure to address the intrinsic spatial chirp and optical transport effects of the
XFEL pulse. Third, we have developed an iterative spectral registration optimization that allows us to accurately
characterize the XAS signal with the intrinsically stochastic XFEL spectrum.

Experimental approach

The presented experiment was performed at the XPP instrument of the LCLS* %, Dispersive XAS measurements
using unstable x-ray sources require normalizing a measured transmitted spectra IT(E) by the incident spectra
Io(E) for every single x-ray pulse. The energy dispersive experimental setup (see Fig. 1) consists of two identical
spectrometers®»?’ in a reference—transmission geometry. The first spectrometer, placed upstream of the sample,
collects the reference source spectrum while the second spectrometer, placed downstream of the sample, collects
the transmitted spectrum. This experimental setup, combined with a dedicated and careful spectrometer align-
ment procedure, an advanced data analysis technique and tuning of the XFEL spectral properties allows us to
overcome the limitations induced from XFEL typical shot-to-shot spectral and spatial variations.

X-ray spectrometers co-alignment
Dispersive XAS was already attempted at XFELs using different spectrometer designs**-*, all aiming at measuring
IT(E) and Io(E) simultaneously as well as correcting any perturbations that would affect the transmitted spectra
beyond the sample effect itself. While successive corrections were acquired and applied in order to correct from
beamline optical transport effects or experimental drifts, the shot-to-shot fluctuations between the incident and
transmitted spectra remained problematic. In our configuration, the Bragg angle is set by the angle between the
collimated XFEL beam and the local tangent of the bent crystal, which varies due to its curvature. This combina-
tion creates a correlation between photon energy and position in the XFEL beam (along the dispersion direction
of the spectrometer, vertical in Fig. 1A). In other words, the dispersive mechanism of the single-shot spectrometer
maps different spatial positions of the XFEL beam profile and the quality of the absorption spectra therefore relies
critically on the relative alignment and calibration of the spectrometer pairs along the XFEL beam position. An
implicit assumption of previous studies is that the spectral content of the incident beam is spatially uniform.
This however, is not always the case for the SASE FEL pulses. Past observation have shown that spectra sampled
from different part of the beam can be significantly different. This correlation between the spectral content and
the spatial coordinate of the XFEL pulse profile is called “spatial chirp” and might be overlooked at first but will
ultimately limit the achievable signal-to-noise if not considered.

We minimize the impact of spatial chirp on our measurements in two ways. First, we chose the vertical scat-
tering geometry in which the magnitude of the spatial chirp is expected to be the lowest due to the horizontal
dispersion elements in the accelerator?. Second, we ensure that each photon energy is measured from a closely
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Figure 1. Energy dispersive experimental setup at LCLS with the unfocused collimated (A) and the focused
(B) XFEL beam. Two identical spectrometers allow simultaneous measurement of the incident and transmitted
spectra.

neighboring spatial part of the beam profile on both spectrometers by aligning them to the same vertical location
in the XFEL beam. This is accomplished by rotating the crystal angle of the downstream spectrometer relative
to the XFEL beam (see the Supplementary Information SI Fig. 1), and thereby scanning different mappings of
Bragg angles to beam positions. When the two spectrometers are perfectly aligned and diffracting photons from
the same part of the XFEL beam, an intensity drop is observed in the second spectra and caused by extinction
from the crystal of the incident upstream spectrometer. Once the extinction position is recorded, the second
spectrometer is slightly misaligned (see supplementary material) to allow recording the transmitted spectra.
This alignment procedure significantly improves the quality of the measurement as shown in figures SI Figs. 2
and 3 of the supplementary material. Therefore it should be performed for each beamline configuration and FEL
operation mode that might affect the XFEL chirp distribution over its beam profile.

Data analysis

The spectrometer alignment described above is a necessary, but insufficient step for our purposes. Remaining
small variations between the spectrometers such as crystal curvature, crystal mounting to substrate, etc. cause
variations in the spectral and spatial mapping onto the detector, preventing perfectly identical spectral measure-
ments. However, a unique and systematic spatial-spectral dispersion for each spectrometer can be corrected for.
For that purpose it is possible to define a 2D image transformation function 7;p to match the downstream and
upstream spectrographs to each other. This function 75p is derived from the average of a few tens of pulses
acquired with no sample and is then applied to the absorption spectra with the sample inserted. 72p consists of
2D affine transformations such as rotation, translation and shear. In an iterative process, the difference between
the two spectrometer images is minimized by adjusting the transformation parameters of 7>p (see Method and
Supplementary material). The quality of this iterative procedure is estimated by calculating the absorbance A,

I (E)

that should equal 0 at all energies in absence of a sample. A = —log(T) = —log(m), with I7(E) and Iy(E)

being the integration of the 2D images, perpendicular to the dispersive direction. The minimized standard devia-
tion o of the no-sample absorbance is used to quantify the noise associated with our measurements. We also
found that it is necessary to record the no sample reference spectrographs shortly (ideally tens of minutes) before
inserting the sample for actual data collection.

XFEL spectral optimization for XAS

We have investigated various XFEL operation modes to directly modify the XFEL spectral characteristics and
optimize the single-shot absorption spectra quality. For single-shot XAS, the two primary goals are to minimize
the effect of the valleys in the spiky x-ray spectrum, which turns inherently into noisy part of the absorption
spectra and to increase the XFEL bandwidth to the ~ 50-100 eV required for XANES. We therefore investigate
several non-standard modes that could potentially broaden the spectrum and its spiky features. In the normal
operation mode, the SASE bandwidth is determined largely by the undulator gain length, and the resulting spec-
tral full widths are typically 0.2-0.3%, or 15-20 eV at 7 keV?’. One way to increase the overall bandwidth of the
x-ray pulses is to increase the energy-chirp of the electron bunches®*>!. In practice, the over-compression mode,
with electron bunch head-tail switches in the compressor chicane of the accelerator®” *2, produces a reversed
energy correlation along the length of the electron bunch (lower energy at the tail side) known as chirp. Linac
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structure wakefields downstream of the compressor chicane introduce additional energy loss in the tail part of
the electron bunch, which further enhances the amplitude of the existing energy chirp. By spreading the electron
energy, different slices of the bunch in the undulator can therefore lase independently at different photon ener-
gies leading to increased XFEL bandwidth®® but also ensure a minimal number of x-ray photons over the whole
bandwidth. We understand the over-compressed mode to minimize the effect of the deep valleys in between
the peaks in the spectrum. These valleys with almost zero photon numbers strongly degrade the signal-to-noise
ratio at these energies in the spectrum. The choice of the over-compressed mode doesn’t maximize the intensity
per pulse but rather increases the low-photon number parts of the spectrum, preventing overly deep valleys. It
ensures the full bandwidth has sufficient photon flux for low-noise, single-shot measurements.

X-ray absorption spectroscopy from a focused XFEL

Finally, we also evaluated the capability of measuring a single-shot XANES spectra in a focused beam geometry
that is usually needed to reach x-ray focal spots smaller than ~ 100 wm. In this case, the two spectrometers
are symmetrically positioned up and down stream of the beam focus. In order to preserve the spatial-energy
mapping relation in the spectrogram, we needed to flip the scattering direction of the second spectrometer (see
Fig. 1B). We used compound refractive lenses with 4 meters focal length and with the best focus set close to the
sample position. The obtained XANES spectra are presented in Fig. 2 without and with sample (left and right
respectively). This demonstration is particularly important as we expect this to be a more common experimental
configuration. Indeed, most of the experiments only probe a small fraction of the excited sample as the probed
region is usually required to be smaller than the pumped one and vary from few m to few hundreds of um. For
example, the sample can be in the form of a 10 um scale diameter liquid jet*, or the uniformly excited region of
the sample may be limited by the pump laser power and spot size to well below 100 um™*. This is also particularly
relevant for extreme high pressure and laser heated Diamond Anvil Cell studies that are usually performed with
samples measuring a few tens of microns'® 3.

Results

No-sample x-ray absorption spectroscopy and quality assessment

Figure 2 shows spectra for four different machine operation modes : the low-charge mode (A), the enlarged
bandwidth low-charge mode (B), the normal operation mode (C), and the over-compressed mode (D). Three
random single-shot spectra are displayed for each of the four XFEL configurations. The acquisition is performed
without a sample to assess the noise associated with our absorption measurement. A perfect spectrometer align-
ment and registration would yield zero absorption in the no-sample case and we use the standard deviation o of
the measured absorption spectra as a metric for evaluating the quality of each XFEL mode. In the Fig. 2-Right,
x-ray absorption spectra corresponding to each (A)-(D) XFEL spectra are calculated after applying the transfor-
mation function 7>p (see Suppl. Mat.). The function is optimized on previous shots as described above. In each
plot, we write the o above the absorption curve of each shown spectra. The o is calculated in the range bound
by the dashed vertical lines, which corresponds to the regions of interest for XANES measurements at the iron
K-edge. As we can observe, the widely varying o shows the XFEL tuning strongly impacts the signal to noise
ratio of the XANES measurement and therefore the quality of the single-shot data.

First, the fluctuating XFEL spectral spikes are clearly visible in the measured spectra (left panels of Fig. 2).
The highly non-uniform distribution of the intensity is a challenge for normalization as for each shot there will
be parts of the spectral range with very low intensity. Our previous work performing dispersive XANES meas-
urements using XFEL radiation addresses the problem by averaging multiple shots in order to obtain a more
uniform distribution of the reference spectra®® 2. In this experiment however, we overcome this challenge by first
identifying and optimizing the XFEL operation mode to increase the spectral bandwidth and more importantly
minimize the spectral regions with few photons, i.e. ensuring a minimum level of signal at each energy of the
spectrum. This XFEL machine optimization has been performed by the accelerator experts of LCLS and consists
optimizing different modules of the Linac that directly affect the properties of the electron bunch spectra and
therefore the single-shot x-ray spectra.

In particular the ‘over-compressed’ mode allows us to extend the spectral range to almost 100 eV, more than
5 times of the typical SASE bandwidth, as shown in Fig. 2D. Here, the overcompressed mode systematically
shows a standard deviation o below 0.05 and down to 0.02-0.03 in most of the cases. This implies ~2-3% noise
associated with our single-shot absorption measurements. This mode has been identified as the most suitable
for single-shot XANES measurements at LCLS. Other modes such as the low charge mode, with and without
enlarging of the bandwidth or the nominal mode full charge (Fig. 2A,B,C respectively) produce between ~ 4 and
10% noise in average. All data presented below have been obtained with the over-compressed mode.

Fe K-edge x-ray absorption measurements

To further assess the quality of the absorption spectra measured with the dispersive setup, we have measured
absorption spectra of a 4 pum thick iron foil (Goodfellow) and compared with dispersive data from ESRF'® 7.
For comparison, the spectrum of a typical undulator source at a third generation synchrotron has a continuous
spectrum with a minimum bandwidth of several hundred eV'®. In Fig. 3, we show five consecutive spectra and
their associated sample absorption, convolved with 0.5 eV smoothing resolution function. Here, the Fe K-edge
is clearly observable in a single shot as well as the well identified pre-edge and shoulder features at 7.115 keV
and 7.125 keV respectively’’. Averaging over the five shots in Fig. 3 clearly shows an improvement of the signal
to noise and highlights the stability of the single shot data. A single-shot and a long time accumulation XANES
spectra taken at ESRF—ID24!7 are also shown for comparison. The good agreement between ESRF and LCLS

Scientific Reports |

(2023) 13:18203 | https://doi.org/10.1038/s41598-023-44196-2 nature portfolio



www.nature.com/scientificreports/

= (A) 5 o=12.1%

© ]

£ 5 0 =6.5%

> +—J

= o

(@]

2 * A 2 0=7.1% I

[Vp} < fF--dmmm————- I

3 (B) E o =8.0%

© ]

- C

£ IS o=11.4%

5 o

O

2 2 0 =6.2%

@ S e bt A T

=@ E 0 =5.8%

S ]

£ IS o =7.9%

> ]

5 o

O

2 2 oh=9.9%

wn An A-A N < '# -

5|(D) E 0=22%

© ]

£ S 0=25%

5 ]

5 o

(@)

2 2 o =2.6%

A < uww
7100 7150 7100 7150

Energy (eV) Energy (eV)

Figure 2. Left—Three consecutive single-shot XFEL spectra are displayed in dark blue, pale blue and green.
They have been obtained for various tuning of the LCLS machine® : low charge mode* (A), low charge mode
with large bandwidth (B) nominal mode full charge (C), overcompressed mode?® (D). The 1000-shot average
spectra is shown in orange on the left panel. Right—Corresponding single-shot no-sample absorption spectra
with their calculated standard deviation o, showing the fluctuations around the average absorption value. This
value is calculated for the spectral range shown by vertical dashed lines. The extraction of the absorption spectra
is described in the method section.

data confirms that high quality data can be obtained using an XFEL with one or a few shots despite the unstable,
jagged structure of the x-ray spectrum produced by the SASE process.

Despite the improved single shot spectral window (~100 eV) obtained with the optimized XFEL settings,
an extended spectral range is necessary for certain applications****3. This can be done by changing the central
wavelength of the emitted XFEL spectrum (see Fig. 4Left). Note also that at LCLS at least, it can be done by the
user in a fraction of a second, within 100-200 eV spectral range (larger changes require machine expert tuning).
In addition, the spectral range of the Si membrane spectrometers intrinsically covers several hundreds of eV in
this configuration, allowing up to 7A~! wavenumber EXAFS spectrum to be recorded with minimal efforts and
almost immediately. Such spectrometers can easily be modified to cover a larger spectral range with lower spectral
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Figure 3. Left panels—XFEL spectra measured before (light gray) and after (black) the sample with the
optimized FEL mode for 5 consecutive shots; Middle panels—Corresponding single-shot XANES spectra
(blue line) and 5 shots averaged spectra (orange line); Right panel—comparison of different XANES spectra: a
single-shot LCLS spectra (blue), 5 shots LCLS averaged (orange), a single bunch ESRF-ID24 spectra (blue with
a cross) and a long time accumulation reference spectra from ESRF (light green with a full dot). The spectra
are vertically shifted to improve the clarity of the figure. The two arrows are showing the pre-edge and shoulder
distinctives features of the iron K-edge XANES.
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Figure 4. Left panels—XFEL spectra of the ‘best mode’ coupled with a controlled photon energy drift to enlarge
the average spectral range. The two spectra from the incident and transmitted spectrometers are represented in
gray and black respectively. Middle panels—Single-shots (blue line) and 10 shots averaged absorption spectra
(orange line). Right panel—Large spectral range absorption spectra obtained for 1 to 64 accumulated shots
compared with a long time accumulation spectra from ESRF (light green).
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resolution?. To test that our experimental approach was still valid in this case, we have changed the central energy
by 100 eV over the data collection of several shots. In Fig. 4, accumulated spectra over a large spectral range are
shown for 1, 2, 4, 8, 16, 32 and 64 shots and are again compared with a typical long-time-accumulation spectra
from the ESRF synchrotron. Our results demonstrate that it is easily feasible to extend our XAS measurements
towards EXAFS features that can be reconstructed with only a few shots, and that averaging over 10-20 shots
allows access to detailed spectral features over an extended energy range.

Fe K-edge x-ray absorption with focusing XFEL

In Fig. 5Left and Middle, we show absorption spectra obtained for 1, 3, 5, 10, 20, 40 and 100 accumulated shots
with a few micron focused XFEL beam. The single-shot noise varies between 3 and 5 % and still achieves around
1% noise after accumulation. We note that the fine spectrometer alignment procedure was not performed for
the focused beam configuration, which induces a higher standard deviation for the single-shot measurement
(between 3 to 5% noise to be compared to 2-3% previously—see Fig. 2). The quality of our XANES measurement
in the focusing geometry could be easily improved by following the alignment procedure described above for
the unfocused beam.

Figure 5Middle, shows XANES spectra sorted from bottom-to-top by increasing number of accumulated
single-shots corresponding to the Fig. 5Left. In addition, the data are sorted as a function of the XFEL pulse
energy to observe its effect on the XANES spectra. A XANES spectra obtained by accumulating up to 40 single-
shots of 2.4 m] pulse energy (in brown) is compared with a XANES spectra from an average of 100 shots at
1.4 m] pulse energy (in blue). Compared to the reference spectra from ESRF (green curve), we observe that the
XANES features are already modified at low beam energy (around 1.4 mJ, repeated blue curve) and the modifica-
tion increases with increasing XFEL pulse energy. These modifications are due to irradiation by the probe pulse
and demonstrate the need to attenuate the XFEL beam in this scenario. This can affect the photon statistics for
high signal-to-noise ratios and could imply that increasing the number of accumulated shots is required. The
XFEL intensity at which modifications to the XANES occur through self-irradiation is dependent on the XFEL
parameters (photon energy, pulse energy, pulse duration, focal spot size) and the material studied and should be
checked as part of any experiment. It cannot be safely assumed that the XFEL probe occurs before the material
electronic density of states has been influenced*.
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Figure 5. Left and Middle—Absorption obtained without a sample (Left) and with a 4 um Fe sample (Middle)
for a focused XFEL. The XFEL spot size is estimated around 3 um. The number of accumulated shots is varying
from 1 to 40 and the respective standard deviations of the absorption without sample ¢ are varying from 3.6%

to 1.1%. On the Middle panel, the accumulated reference spectra from ESRF is also shown in light green and
compared with an accumulation of 100 shots at low XFEL flux from the present experiment (in blue). Right
panel—We overlay Yoneda’s results'® with our absorption spectra at high and low XFEL intensities (40 shots
accumulated over fresh iron samples at 2.4 mJ and 100 shots at 1.4 m] respectively). All results have been equally
normalized by determining their normalization factors from their respective ambient condition iron XANES
measurement, which were then applied to the high-intensity XFEL XANES spectra.
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Discussion

XFEL non linear effects

The increased irradiance in the focused XFEL configuration causes changes to the Fe absorption spectra includ-
ing loss of edge features at 7117 eV, 7125 eV, and 7132 eV and edge broadening (see Fig. 5). Similar changes can
be associated with elevated temperature®?, however this cannot explain our observations due to the timescale of
our experiment. In our case, the XFEL pulse is acting both as a pump and a probe during its ~50 fs pulse dura-
tion. This timescale is comparable to the electron thermalization timescale (up to several tens of fs*!) and much
faster than electron—ion thermalization can occur*2. Our sample is therefore out-of-thermal equilibrium and
our measurement in the focused geometry reflects the rapidly evolving electron distribution and density of states.
Figure 5-Right shows our experimental data overlaid with the recent XANES measurements by Yoneda et al'>.
Their results show a significant decrease of the absorption above the edge as well as K-edge broadening and shift-
ing due to the high-density excitation of the 1s electrons. Yoneda et al. interpret the observed XANES changes as
saturable absorption of Fe but at higher irradiance (10'3720 W/cm? vs. 4-7 1017 W/cm? here), achieved by using
a 7 fs XFEL pulse duration. In our data, the increase of the transmission above the Fe K-edge is consistent with
Yoneda’s data and would correspond to the onset of saturable absorption near the irradiance threshold between
107 and 108 W/cm?. However, our results do not show similar behavior below the edge, where the absorption
increases in Yoneda’s et al. paper. As the XANES features below the edge are strongly related to the local electronic
density of states, we expect that these effects are more difficult to observe in our experimental conditions, where
we used a ~50 fs pulse duration. Indeed, XANES may be even more sensitive to saturable absorption when the
XFEL pulse duration is closer to the core-hole recombination timescale (estimated between ~500 as and few fs
for a K-shell core hole in iron) as it is the case in'°. At the fs timescale, XANES is directly related to the ultrafast
changes of the density of states and less affected by the electron thermalization at longer time scales. Proper
evaluation of the XANES signal would require detailed knowledge of the XFEL temporal pulse shape and more
advanced analysis tools like Density Functional Theory in the non-linear photoionization regime, which exceeds
the scope of this work. Additionally, we note that the XANES spectra obtained by Yoneda et al. were accumulated
over ~ 100 shots selected by post hoc XFEL pulse intensity sorting. Our focused geometry requires accumulation
over only a few shots to observe an ultrafast change of the XANES spectra upon XFEL irradiation.

Perspectives on single-shot x-ray absorption spectroscopy at XFEL
The presented results show that with the present spectrometer design, alignment procedure, and optimized
machine parameters, x-ray absorption spectra can be measured with a single XFEL pulse. The combination of
over compression of the electron bunches with additional tuning of the ’spatial chirp’ of the spectra provided
single-shot XANES spectra with a few percent noise. In this operation mode, the XFEL bandwidth corresponds
to almost 2%. It is important to note that this operation mode also implies a longer pulse duration of the XFEL,
on the order of around 50 fs. The spectral resolution is given by the thin-bent crystal spectrometers, with ~ 0.5 eV
resolution in the chosen Si(220) configuration. Higher resolution can be achieved by adopting a different crystal
reflection”. The tuning of the XFEL mode has been performed directly on the x-ray absorption spectra in order
to minimize the fluctuations of the absorption, allowing a few percent noise in a single-shot across the primary
energy range. Our experimental design sets the path for EXAFS and future finer XANES measurements such as
pre-edge modifications of the Fe K-edge following spin transitions*’, valence state quantification** and reduc-
tion of iron in exotic high pressures phases*, usually requiring signal variations between few % and down to less
than 0.5%. Such typical features of the Fe K-edge should be observable in a single or few shots, enabling further
studies under irreversible conditions at XFELs. We should mention this method is only possible when using
a transmission geometry and is not suited for studies of diluted samples or extremely thin samples. These are
usually studied using total fluorescence yield measurements. However these techniques require significant data
accumulation. Here we demonstrate the possibility to provide single-shot XANES and to fully benefit from such
exceptional diagnostic that can provide both the electronic and atomic structures with sub-eV spectral resolution.
Because electronic structure transformation is active on the fs timescale, ultrafast time-resolved XAS
holds great potential for further understanding material properties at extreme conditions® *®. This is especially
true when studying, for example, spin transitions and oxidation in Fe minerals*, melting curves under high-
pressure?® 4748 ‘anomalous heating process such as bond hardening or bond weakening?**, electron - ion
relaxation®”*! or ionisation potential depression in warm dense matter®?. Shock-compressed matter or ultrafast
laser irradiation are systematically destructive experiments and their reproducibility is extremely sensitive to laser
parameters and stability, sample qualities, or even alignment procedures. To date, the approach to managing this
issue has been to average XAS spectra taken at similar conditions by ensuring parallel in-situ measurements for
post facto sorting. This was performed at the cost of large error bars and wasted data. The approach presented
here puts an end to this critical experimental limitation?’. Furthemor, studies employing strong magnetic field
can also benefit from high-quality single-shot XANES and x-ray Magnetic Circular Dichroism (XMCD) meas-
urements. Such an approach at XFELs could be further enhanced by the new possibilities with the MHz bunch
trains at the European XFEL to probe ns dynamics with single-shot XANES after a single laser pump excitation
as well as variable gap undulator and two-color XFELs to quickly reconstruct EXAFS spectra. The fs pulse dura-
tion of the XFEL also makes it possible to track unprecedented transient dynamics. Our results open promising
perspectives for fs time-resolved fine XAS measurements on highly out of equilibrium systems.

50,51

Methods

Details on the experimental setup

Each spectrometer is composed of a 5 mm x 15 mm x 10 pm thick (220) Si membrane crystal as an analyser and
a YAG screen coupled with an optical microscope and a CCD camera to record the spectra on a shot-to-shot
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basis. Such spectrometer designs are regularly used at LCLS and have been developed by Zhu et al.. They are
fully described in reference?. At 7.1 keV and for a 50 mm radius of curvature, the spectral resolution is ~0.5 eV,
well below the core hole lifetime broadening of 1.25 eV for the iron K-edge®*. The spectral range covered by the
Si (220) spectrometer is ~ 200eV, allowing the XFEL energy to be changed in order to perform spectral-range-
limited EXAFS without changing the angle, nor realigning the spectrometers. The transmission of each thin
Si crystal membrane is around 62% at 7.1 keV. The spectrometers were placed ~ 200m from the source. At the
sample position, the XFEL beam size varied from 150 x 800 um in the unfocused case (defined by slits) down
to few um size when focusing. The focusing geometry using CRL lenses to focus the x-ray beam. In this case the
second spectrometer is flipped vertically in order to keep the 2 systems identical, i.e. the second spectrometer
must select the same energy from the same part of the beam as the first one which is reversed due to converging
and diverging beam.

Alignment of spectrometers

Both Si crystals membranes were first aligned by scanning their vertical and horizontal positions and centered
on the beam. A fine relative alignment is performed by online minimisation of the no-sample absorption spectra
fluctuations when scanning the Bragg angle of one of the spectrometer to match the other spectrometer align-
ment. This procedure aims at selecting the same spectral component of the XFEL from the same spatial position
in the beam. This is a relative alignment and one could equally scan the downstream or upstream spectrometer.
SI Fig. 1 in the supplementary material shows the integrated intensity of the downstream spectrometer while
scanning the Bragg angle of the upstream spectrometer. We notice a sharp extinction of the signal at —26.96
degrees, that corresponds to the expected wavelength extinction at best alignment. To avoid complete extinc-
tion of the signal and poor quality measurements, we choose an optimized Bragg angle, slightly away from this
extinction and at a maximum detected intensity. This position corresponds to the best standard deviation and
is indicated by an arrow in the supplementary material.

Analysis

The Python analysis code is freely available at https://github.com/marcocamma/dispersiveXanes. It includes tools
to read and analyze the data as well as the scripts used to produce the figure of this manuscripts. SI Fig. 2 and
SI Figure 3 in the supplementary materials shows 2D images of the two spectrometers and their corresponding
integrated spectra. We also show the difference of the 2D images and the ratio of the spectra with their calculated
standard deviation in the considered spectral range. SI Fig. 2 shows the results for a single-shot before image
transformation while SI Fig. 3 shows the same single shot data but after data treatment. In the figures, we also
overlay both spectra (red and blue respectively) to underline their differences before and after image transfor-
mation. Once the image transformation is applied to the data, we can observe that the 2 spectra are very well
matched. This analysis results in a significant improvement of the absorption fluctuations. For this specific shot,
the standard variation o, with no sample inserted in the beam, varies from 0.71 to 0.04 after data treatment. We
also underline that the data treatment is performed on a finer pixel grid than the actual spectrometer resolution.
For that reason, all presented data are smoothed with a 0.5 eV resolution.

Data availability
The datasets generated and/or analysed during the current study are available in the dispersiveXanes/figures/
figures_v2/data/ repository, https://github.com/marcocamma/dispersiveXanes.

Received: 12 December 2022; Accepted: 4 October 2023
Published online: 24 October 2023

References
1. Abe, H. et al. Improving the quality of XAFS data. J. Synchrotron. Radiat. 25, 972-980 (2018).
2. Chergui, M. Time-resolved X-ray spectroscopies of chemical systems: New perspectives. Struct. Dyn. 3,031001 (2016).
3. Dorchies, F. & Recoules, V. Non-equilibrium solid-to-plasma transition dynamics using XANES diagnostic. Phys. Rep. 657, 1-26
(2016).
4. Kang, H. & Ko, L. S. Attosecond XFEL for pump-probe experiments. Nat. Photon. 14, 78 (2020).
5. Boutet, S. et al. High-resolution protein structure determination by serial femtosecond crystallography. Science 337, 362-364
(2012).
6. Gleason, A. E. et al. Ultrafast visualization of crystallization and grain growth in shock-compressed SiO2. Nat. Commun. 6, 8191
(2015).
7. McBride, E. E. et al. Phase transition lowering in dynamically compressed silicon. Nat. Phys. 15, 89-94 (2019).
8. Lemke, H. T. et al. Femtosecond X-ray absorption spectroscopy at a hard X-ray free electron laser: application to spin crossover
dynamics. J. Phys. Chem. A 117, 735-740 (2013).
9. Harmand, M. et al. Achieving few-femtosecond time-sorting at hard X-ray free-electron lasers. Nat. Photon. 7, 215-218 (2013).
10. Lemke, H. T. et al. Coherent structural trapping through wave packet dispersion during photoinduced spin-state switching. Nat.
Commun. 8, 15342 (2017).
11. Britz, A. et al. Resolving structures of transition metal complex reaction intermediates with femtosecond EXAFS. Phys. Chem.
Chem. Phys. 22, 2660 (2020).
12. Miller, N. A. et al. The photoactive excited state of the B12-based photoreceptor CarH. J. Phys. Chem. B 124, 10732-10738 (2020).
13. Levantino, M. et al. Observing heme doming in myoglobin with femtosecond X-ray absorption spectroscopy. Struct. Dyn. 2(4),
041713 (2015).
14. Tamasaku, K. et al. Nonlinear spectroscopy with X-ray two-photon absorption in metallic copper. Phys. Rev. Lett. 121, 083901
(2018).
15. Yoneda, H. et al. Saturable absorption of intense hard X-rays in iron. Nat. Commun. 5, 5080 (2014).
16. Pascarelli, S. et al. The time resolved and extreme conditions XAS (TEXAS) facility at the European Synchrotron Radiation Facility:
The energy dispersive x-ray absorption spectroscopy beamline ID24. J. Synchrotron. Radiat. 23, 353-368 (2016).

Scientific Reports |

(2023) 13:18203 | https://doi.org/10.1038/s41598-023-44196-2 nature portfolio


https://github.com/marcocamma/dispersiveXanes
https://github.com/marcocamma/dispersiveXanes

www.nature.com/scientificreports/

17. Torchio, R. et al. Probing local and electronic structure in Warm Dense Matter: single pulse synchrotron x-ray absorption spec-
troscopy on shocked Fe. Sci. Rep. 6, 26402 (2016).

18. Sévelin-Radiguet, N. et al. Towards a dynamic compression facility at the ESRE. J. Synchrotron. Radiat. 29, 167 (2021).

19. Das, P. et al. Single-pulse (100 ps) extended x-ray absorption fine structure capability at the Dynamic Compression Sector. Rev.
Sci. Instrum. 91, 086115 (2020).

20. Gaudin, J. et al. Towards simultaneous measurements of electronic and structural properties in ultra-fast x-ray free electron laser
absorption spectroscopy experiments. Sci. Rep. 4, 4724 (2014).

21. Inubushi, Y. et al. Spatially resolved single-shot absorption spectroscopy with x-ray free electron laser pulse. Rev. Sci. Instrum. 92,
053534 (2021).

22. Harmand, M. et al. X-ray absorption spectroscopy of iron at multimegabar pressures in laser shock experiments. Phys. Rev. B 92,
024108 (2015).

23. Levy, A. et al. X-ray absorption for the study of warm dense matter. Plasma Phys. Control. Fusion 51, 12402 (2009).

24. Ping, Y. et al. Solid iron compressed up to 560 GPa. Phys. Rev. Lett. 111, 065501 (2013).

25. Emma, P. et al. In Proceedings of the 26th International Free Electron Laser Conference and 11th FEL Users Workshop, FEL2004,
Trieste, Italy 333. (Comitato Conferenze Elettra, Trieste, Italy, 2004).

26. Chollet, M. et al. The X-ray pump-probe instrument at the linac coherent light source. J. Synchrotron Radiat. 22, 503-507 (2015).

27. Zhu, D. et al. A single-shot transmissive spectrometer for hard x-ray free electron lasers. Appl. Phys. Lett. 101, 034103 (2012).

28. Zhu, D. et al. Design and operation of a hard x-ray transmissive single-shot spectrometer at LCLS. J. Phys. Conf. Ser. 425 052033
(2013).

29. Ding, Y. et al. Beam shaping to improve the free-electron laser performance at the Linac Coherent Light Source. Phys. Rev. Acc.
Beams 19, 100703 (2016).

30. Guetg, M. W. et al. Measurement of Advanced dispersion-based beam-tilt correction. In Proceedings of [IPAC2016, Busan, Korea
(2016).

31. Guetg, M. W,, et al. Commissioning of the Radiabeam/SLAC dechirper. In Proceedings of IPAC2016, Busan, Korea (2016).

32. Turner, J. L. et al. FEL overcompression in the LCLS. In Proceedings of FEL2014, Basel, Switzerland (2014).

33. Welch, J. et al. FEL spectral measurements at LCLS. Proceedings of FEL2011, Shanghai, China (2011).

34. Fletcher, L. B. et al. High resolution x-ray Thomson scattering measurements from cryogenic hydrogen jets using the linac coherent
light source. Rev. Sci. Instrum. 87, 11E524 (2016).

35. Nagler, B. et al. The matter in extreme conditions instrument at the Linac coherent light source. J. Synchrotron. Radiat. 22(3),
520-525 (2015).

36. Morard, G. et al. Solving controversies on the iron phase diagram under high pressure. Geophys. Res. Lett. 45, 11074-11082 (2018).

37. DeBeer George, S. (2008). Prediction of iron K-edge absorption spectra using time-dependent density functional theory. J. Phys.
Chem. A 112, 12936-12943 (2008).

38. Filipponi, A. EXAFS for liquids. J. Phys. Cond. Math. 13(7), R23-R60 (2001).

39. Pettifer, R. E et al. Measurement of femtometre-scale atomic displacements by X-ray absorption spectroscopy. Nature 435, 1 (2005).

40. Inoue, L. et al. Observation of femtosecond X-ray interactions with matter using an X-ray pump-probe scheme. PNAS 113(6),
1492-1497 (2016).

41. Ziaja, B. et al. Tracing X-ray-induced formation of warm dense gold with Boltzmann kinetic equations. The Eur. Phys. J. D 75, 224
(2021).

42. Fernandez-Panella, A., et al. Reduction of electron-phonon coupling in warm dense iron. Phys. Rev. B 101, 184309 (2020).

43. Sanson, A. et al. Local structure and spin transition in Fe203 hematite at high pressure. Phys. Rev. B 94, 014112 (2016).

44. Wilke, M. et al. Oxidation state and coordination of Fe in minerals: An Fe K-XANES spectroscopic study. Am. Min. 86, 714-730
(2001).

45. Boulard, E. et al. Ferrous iron under oxygen-rich conditions in the deep mantle. Geophys. Res. Lett. 46, 1348-1356 (2019).

46. Pickard, C. Aluminium at terapascal pressures. Nat. Mater. 9, 624-627 (2010).

47. Boccato, S. et al. The melting curve of nickel up to100 GPa explored by XAS. J. Geophys. Res. Solid Earth 122, 1 (2017).

48. Boccato, S. et al. Melting properties by X-ray absorption spectroscopy: common signatures in binary Fe-C, Fe-O, Fe-S and Fe-Si
systems. Sci. Rep. 10, 11663 (2020).

49. Recoules, V. Effect of intense laser irradiation on the lattice stability of semiconductors and metals. Phys. Rev. Lett. 96, 055503
(2006).

50. Cho, B. L. et al. Measurement of Electron-Ion Relaxation in Warm Dense Copper. Sci. Rep. 6, 18843 (2016).

51. Mahieu, B. et al. Probing warm dense matter using femtosecond X-ray absorption spectroscopy with a laser-produced betatron
source. Nat. Commun. 9, 3276 (2018).

52. Vinko, S. M. et al. Creation and diagnosis of a solid-density plasma with an X-ray free-electron laser. Nature 482, 59-63 (2012).

53. Krause, M. O. & Oliver, J. H. Natural widths of artomic K and L leves, Ko X-ray lines and several KLL Auger lines. J. Phys. Chem.
Ref. Data 8, 2 (1979).

54. Ding, Y. et al. Generating femtosecond X-ray pulses using an emittance-spoiling foil in free-electron lasers. Appl. Phys. Lett. 107,
191104 (2015).

Acknowledgements

The presented results were obtained at the XPP beamline of the LCLS facility at SLAC. In particular, we would
like to thanks the support of the machine experts who optimized the XFEL beam spectral parameters for x-ray
absorption spectroscopy. This work was supported by the French Agence Nationale de la Recherche with the
ANR IRONFEL 12-PDOC-0011. This project has also received funding from the European Research Council
(ERC) under the European Union Horizon 2020 research and innovation program (grant agreement No. 670787
D PLANETDIVE). AK is currently working under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344. We also would like to thank Y. Ding and
O. Mathon for helpful discussions.

Author contributions

M.H., AK,H.TL., D.Z., M.Ca. designed and build the experimental setup and run the experiment with the help
of M.Ch. H.T.L., D.Z., M.Ca. developed the on-line analysis. M.H. and M.Ca. analyzed the data and wrote the
manuscript with help from all other authors.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-44196-2.

Scientific Reports|  (2023) 13:18203 | https://doi.org/10.1038/s41598-023-44196-2 nature portfolio


https://doi.org/10.1038/s41598-023-44196-2
https://doi.org/10.1038/s41598-023-44196-2

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to M.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:18203 | https://doi.org/10.1038/s41598-023-44196-2 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Single-shot X-ray absorption spectroscopy at X-ray free electron lasers
	Experimental approach
	X-ray spectrometers co-alignment
	Data analysis
	XFEL spectral optimization for XAS
	X-ray absorption spectroscopy from a focused XFEL

	Results
	No-sample x-ray absorption spectroscopy and quality assessment
	Fe K-edge x-ray absorption measurements
	Fe K-edge x-ray absorption with focusing XFEL

	Discussion
	XFEL non linear effects
	Perspectives on single-shot x-ray absorption spectroscopy at XFEL

	Methods
	Details on the experimental setup
	Alignment of spectrometers
	Analysis

	References
	Acknowledgements


