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Warm dense matteris at the boundary between a plasmaand a condensed
phase and plays arole in astrophysics, planetary science and inertial
confinement fusion research. However, its electronic structure and

ionic structure uponirradiation with stronglaser pulses remain poorly
understood. Here, we use an intense and ultrafast X-ray free-electron laser
pulse to simultaneously create and characterize warm dense copper using
L-edge X-ray absorption spectroscopy over a large irradiation intensity
range. Below a pulse intensity of 10° W cm™, an absorption peak below
the L edge appears, originating from transient depletion of the 3d band.
This peak shifts to lower energy with increasing intensity, indicating the
movement of the 3d band upon strong X-ray excitation. At higher intensities,
substantial ionization and collisions lead to the transition from reverse
saturable absorption to saturable absorption of the X-ray free-electron

laser pulse, two nonlinear effects that hold promise for X-ray pulse-shaping.
We employ theoretical calculations that combine a model based on kinetic
Boltzmann equations with finite-temperature real-space density-functional
theory tointerpret these observations. The results can be used to benchmark

non-equilibrium models of electronic structure in warm dense matter.

The transient change and control of the optical properties of matter by
X-rayirradiation have led to anew area of nonlinear optical physics acces-
sible through the development of X-ray free-electron lasers (XFELs).
These sources provide intense femtosecond X-ray pulses that can drive
solids out of equilibrium toinduce nonlinear multiphoton effects such
assaturable absorption (SA), through which, for example, ametal tran-
siently becomes transparentinspecific spectral regions'™*, orits coun-
terpart, reverse saturable absorption (RSA), during which absorption
increases with increasingintensity’. SA occurs when the absorbing state
of amaterialis depleted (by absorption of ahigh photon flux) at afaster
ratethanitis replenished, thus causing the absorption to saturate. RSA

occurs whenthe excited state of amaterial has alarger absorption cross
section than the ground state. The temporal and spectral properties
ofthelight pulseinducing SA or RSA undergo drastic alterations. Both
effectsare routinely used in the optical regime for applications such as
mode-locking, pulse-shaping and two-photon microscopy®®, with possi-
ble transitions between these regimes®. Transferring them to the X-ray
spectral domain could be aroute to controlled X-ray pulse-shaping>'"'%,
Previous studies of XFEL-irradiated matter reporting SA or RSA
have mostly relied on spectrally integrated measurements"**. Here,
we present spectrally resolved measurements of the transition from
RSAto SA over alarge span of applied X-ray intensities.

A full list of affiliations appears at the end of the paper.
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The solid target undergoing such intense X-ray irradiation tran-
siently transforms into warm dense matter (WDM), a state that is too
hot to be described by condensed matter physics yet too dense to be
described by weakly coupled plasma physics (for a review, see, for
example, ref. 13). Although there has been progressin understanding
the thermodynamic and steady state structural properties of WDM in
thelast decade, bothexperimentally (for example, refs.14,15) and theo-
retically (forexample, ref. 16), studying the non-equilibrium electron
dynamics and structural changes following an external XFEL excitation
still poses great challenges. So far, X-ray emission spectroscopy has
beenthe method of choicefor revealing the evolution of XFEL-created
WDM"°, estimating collisional ionization rates®* and studying the
ionization potential depression®?*, A complementary technique,
time-resolved X-ray absorption near-edge structure spectroscopy
(XANES), is a powerful tool for simultaneously probing the valence
electron state and the atomic structure®. Until now, XANES has mostly
been applied to infrared- and optically heated WDM with picosecond
to subpicosecond time resolution® ',

Here, we take advantage of the full spectral bandwidth of XFEL
pulses created by the self-amplified spontaneous emission to study
the formation of warm dense copper with XANES. We use a15-fs-long
XFEL pulse to excite and probe a 15-eV-wide spectral window across
the CuL,(952eV)and L, (932 eV) edges. In both cases, direct 2p pho-
toionization above the edge followed by Auger decay and electron
impactionization are the main excitation mechanisms that lead to
the creation of 3d vacancies (Fig. 4). The latter strongly influence the
overall absorption of the pulse through resonant 2p > 3d transitions
of several ionic species that fit into the probed spectral window. By
varying the XFEL intensity, we demonstrate the transitionfromRSA to
SAinthe X-ray regime, here at the Cul,and ., edges. Such a transition
was predicted in aluminium by Cho et al.>" but has so far never been
observed dueto the lack of sufficient XFEL intensity. Our observations
are verified by theoretical modelling of the transient absorption using
Boltzmann kinetic equations to follow the evolution of the electronic
configurations and high-temperature XANES calculations using the
real-space Green’s function code FEFF10 (ref. 32).

Spectral observations of XFEL-created WDM
Absorption spectra (see Methods for details) for a100-nm-thick Cu
film with XFEL pulses tuned to the L, absorption edge are shown in
Fig.1for various pulse intensities /. For intensities />1x 10 W cm™,
the absorption increases in the spectral region below the edge. This
pre-edge peak is well known®?*** and is due to 3d vacancies, which
trigger photoabsorption through 2p,,, > 3dtransitions. The pre-edge
absorption drastically increases with pulse intensity to become 2.5
times larger than the cold L, edge amplitude at/, =1x 10" W cm™,
This increase is accompanied by a shift of the maximum of the peak
towards lower energies (redshift) due to screening effects, which are
discussed in detail later. For intensities/ > /., further ionizationbroad-
ens and shifts the spectrum maximum to higher energy (blueshift)
due to reduced screening of the nuclear charge, as discussed below.
The overall absorption then decreases. At the highest pulse intensity,
thel,edge cannotbeclearly resolved. A moderate, monotonicincrease
of absorption with photon energy is observed acrosstheentire energy
range probed.

Another distinct feature of the spectrum is an ~1-eV-wide peak
centred at 936.7 eV, asindicated by the black arrow in Fig. 1. This peak
is a signature of a van Hove singularity in the density of states of the
face-centred cubic crystalline phase of copper, which reflects the
long-range crystalline order®>*, It has been shown to disappear upon
melting in an optically excited pump-probe experiment®, which indi-
cates the loss of crystal order**. In our case, the pulse duration of 15 fs
isso short that no structural change involving ion motion takes place,
anassumption corroborated by our observation of the van Hove peak
up to intensities of 1x 10"* W cm™ At higher intensities, the peak is
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Fig. 1| Transient XANES of XFEL-created warm dense copper. a, Experimental
absorption spectra of 100-nm-thick filmat the L ;edge are shown for various XFEL
intensities, as indicated in the figure, in W cm™. The spectra are vertically offset
by 7 um™. The coloured areas around each spectrumindicate the 95% confidence
intervals. The red (blue) areas show the stronger (weaker) absorptionrelative to
the cold spectrum obtainedat /=5 x 102 W cm 2 The dashed line indicates the
position of the pre-edge peak at low intensity. The arrow shows the characteristic
peak originating from the zero-temperature van Hove singularity density of states
of Cu. b, Corresponding theoretical XANES calculations as discussed in the text.

suppressed by several broadening mechanismsandbecomesburiedin
the spectral region of the shifting pre-edge feature. Theredistribution
oftheelectronic statesisthen so strong (see discussions below) that the
van Hove singularity of cold copper is nolonger reliable for analysing
the crystalline structure. At the highest intensity of 7 x 10Y W cm 2, the
peak hasdisappeared.

We also measured aseries of spectraat the L,edge (Supplementary
Fig. 2). The L, and L, edges have similar structures® with an energy
shift of 20 eV, but their intensities differ by afactor of 2 (the statistical
branching ratio). The observed trends are summarized in Fig. 2a, in
whichthe variations of the XFEL pulse transmission are plotted against
intensity (see Methods for details). At the ; edge, the transmission as
a function of intensity is constant up to 1.6 x 10 W cm ™. It decreases
toaminimum at a transition intensity/, =1x 10" W cm2andincreases
again for higher intensities. Similar behaviourisobserved atthe L, edge
but shifted to higher intensities, with /, = 1x 10" W cm™. Looking at
spectral regions centred below, on and above the L, and [ ; edges, we
follow the spectrally resolved variation of transmissionin Fig.2b—e. A
transmission minimum s observedin all regions considered except for
region1(below the L, pre-edge), but theintensity at which itoccursis
higher for regions with higher photon energies. These observationsare
discussedin detail below. Note that the transmission level below the [,
edgeatlowintensity is, as expected, close to that of a cold target (87%
for 100 nm; ref. 35). More measurements of the 500-nm-thick sample
are presented in Supplementary Information Section II.

Theoretical description of XFEL-created WDM

Modelling the XANES structure of WDMin a state out of equilibriumis
challenging. Heretofore, there has been no ab initio electronic struc-
turetheory capable of predicting XANES structures for the presented
non-equilibrium regime. The challenge canbe approached either from
the plasma state or from the solid state. On the one hand, a plasma-state
description canteachus aboutionization dynamics, electron configura-
tions and non-equilibrium electronenergy distributions®. However, it
inherently lacks any description of bonding and hybridization of states
and electronic bands that are crucial for XANES calculations. On the
otherhand, if inelastic effects are neglected, XANES structures of states
under electronic equilibrium, for which an electronic temperature can
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Fig. 2| Transitionfrom RSA to SA. a, Transmission of an XFEL pulse centred
atthel,and . edgesofa100-nm-thick Cufoil as a function of pulse intensity /.
Inbothcases, the transmission first decreases (RSA), reaches a minimumand
thenincreases (SA) as afunction of intensity. b,c, Transmission at the L, edge (b)
and [, edge (c) inselected spectral regionsbelow the L, or L, pre-edge (1,4), on
theL,orL,pre-edge (2,5)andonthel,or L, edge (3, 6), respectively, asshown
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incorresponding panels dand e. d,e, The solid lines show the cold reference
spectra (absorption coefficient u,) whereas the dotted lines show spectrawhere
the pre-edge features are prominent, as obtained at/=5x 10° W em (d) and
=9 x10" W cm2(e). The vertical dashed lines, labelled 3", show the calculated
2p,,3d" > 3d"" excitation energies of various jons (Supplementary Information
Section VI.B). Theerrorbarsina, b and cindicate the 95% confidence intervals.

be defined, can be tackled by finite-temperature density-functional
theory (DFT)”. However, adirect extension of the principal foundations
of DFT to non-equilibrium electron energy distributions has yet to be
developed. Nevertheless, ad hoc extensions of DFT methods involving
twonon-equilibrium electronic temperatures®,anon-thermallattice®
or that go beyond the frozen core approximation® can be attempted
for transient states of WDM out of electronic equilibrium. Moreover,
finite-temperature quasiparticle approacheshaverecently been devel-
oped for equilibrium XANES calculations up to the WDM regime***.,

Here, we present an approach that combines a plasmadescription
of X-ray-excited copperbased on kinetic Boltzmann equations*>** with
finite-temperature extensions of DFT. We use the FEFF10 code® to cap-
ture the solid-state electronic structure and calculate the absorption
spectrum. Briefly, the overall approachfor simulating X-ray absorption
isasfollows. First, the Boltzmann equation solver was used to charac-
terize the state of the system, thatis, to predict therelative abundance
of various atomic configurationsin the system, asa function of time and
XFEL intensity. Next, for each timeand intensity, the FEFF10 real-space
multiple-scattering code was used to calculate the absorption due to
each of the relevant configurations, with the surroundings approxi-
mated by atomsatthe crystal lattice and with 3d occupation set to the
average 3d occupation obtained from the Boltzmann model. An effec-
tive 3d-band temperature was introduced to fix the average 3d occupa-
tion within FEFF (Supplementary Fig. 15) and allow for self-consistent
relaxation of the electron density. Finally, the total absorption was
calculated as anaverage over space and time of the contributions from
all relevant configurations, weighted by the pulse intensity. Details of
the theory and calculations can be found in Supplementary Informa-
tion Section VI. Due to space limitations, we restrict our analysis here
to a1l00-nm-thick Cufilmirradiated atthe L, edge.

The Boltzmann kinetic equation solver (see Methods for details)
follows the non-equilibrium evolution of emerging free-electron
densities and active atomic configuration densities resulting from
photoionization, Auger decays and subsequent electronic collisional
processes. Detailed results obtained with the model can be found in
Supplementary Figs. 9-12. The most populated Cu configurations

over the pulse duration mainly consist of various 3d shell occupations,
although the configurations with 3p shell vacancies can also appear
at very high intensities, as shown in Fig. 3. The model also follows the
non-equilibrium evolution of the transient electron energy distribu-
tion p.(E), asillustrated for /=5x102Wcm2and /=1x 10" W cm2in
Fig. 4a,b, respectively. Initially, photoionization and Auger electron
peaks are present in the high-energy regions of the spectra for both
low and high X-ray intensities. For a low X-ray intensity (Fig. 4a), the
electronic distribution below ~30 eV increases with time and almost
stabilizes after 10 fs. It approaches a Maxwell-Boltzmann distribu-
tion, but the peak distribution in the high-energy range remains at
20 fs. This shows that the electronic system has still not equilibrated
after the pulse has passed. For ahigh X-ray intensity (Fig. 4b), the situ-
ationis different. The peaksin the high-energy range are quickly redis-
tributed between -20 and -10 fs due to efficient electron—electron
interactions, which increase the overall kinetic electron energy. At
10fs, theelectron distribution has already thermalized into a Maxwell-
Boltzmann distribution. The simulation thus suggests that our
time-integrated XANES measurements contain notable contributions
from the non-equilibrium evolution stages.

The absorptioncross sectionata specificinstantin time and point
inspace depends both on the electronic configuration of the absorbing
atom and on the state of the surrounding system. Absorption at the
L, edge is simulated for each atom in the system at time ¢, with initial
configurations taken from the Boltzmann model. In the final state
of absorption, the atom has a hole in the 2p,,, orbital. We neglect the
atoms with initial configurations containing holes in deeper shells
than 3d, as their contributions are relevant only at very high intensities,
123 x10"W cm~(Fig.3 and Supplementary Fig. 13). The environment
of the absorbing atom is accounted for by introducing an effective
electronic temperature T, chosen such that the average 3d-band
occupation given by a self-consistent solid-state calculation matches
that given by the kinetic Boltzmann simulations at time ¢ for a given
X-ray intensity. The temperature T,; was found to be in good agree-
ment with the kinetic temperature reached at the end of the pulse
fromBoltzmann simulations. The transient absorptioncross sections
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Fig.3|Electronic configurations of XFEL-created warm dense copper.

a-c, Relative abundances of the most populated Cu configurations averaged
over the pulse duration, obtained from the kinetic Boltzmann calculations, for
different pulse intensities /and plotted against the number of 3d electrons N.
The base electronic configurations are [Ar] 4s'3d" (a), [Ne] 3s*3p°4s'3d" (b) and
[Nel3s*3p°4s'3d" (c).

for each configuration A of the absorbing atom are then calculated
over a range of T (Supplementary Fig. 19) and weighted by the
relative abundances p, resulting from the Boltzmann simulations to
determine the total absorption cross section o(w, x, y, z, t) = Y ,pi(X, y,
z,t)0)(w, T.), where w is the incoming photon frequency and (x, y, z)
are the atom coordinates. To provide a gauge of the reliability of the
approach, we compareitinthe Supplementary Informationtoasecond
calculation that neglects the variations of the surrounding system
with intensity but better accounts for the density and potential of
the absorbing atom. We found that this calculation also qualitatively
explainsthe observed trends but cannot predict the observed redshift
atlow to moderate intensities.

Interpretation of XANES spectra

Figure 1 compares the calculated XANES spectra to the experimental
results. The theory confirms that thereis a transition fromRSA atlow to
intermediate intensities to SA at the highestintensity. RSAis evidenced
by the appearance of the pre-edge peak arising from the growing prob-
ability of resonant absorption by 2p®3d°® atoms at low intensity. Not
only does the pre-edge peak grow, but it also extends towards lower
energy and shows aredshift, asin the experimental observations (Sup-
plementary Fig. 7). Physically, several effects contribute to this net
energy shift. First, the valence electron density of states (3d-DOS) is
partially depopulated by the initial fraction of the pulse, starting from
the most energetic electrons close to the Fermilevel £ and continuing
with less energetic electrons. Consequently, as the XFEL pulse inten-
sity is increased, the number of unoccupied 3d states probed by the
remainder of the pulse increases and their average energy is reduced,
as seenin Fig. 5a, which shows the redshift of the Fermi energy for dif-
ferent configurations. Second, as Tincreases, the partial depopulation
of the 3d-DOS induces a reduction of the electronic screening of the
nuclear charge, whichincreasesthe electron-ion potential and leads to
adramatic redshift of the 3dband of the order of afew electronvolts to
tensof electronvolts, as seenin Fig. 5b and in agreement with previous
studies®?%**5¢_ However, the observed net shift is much smaller (<1 eV).
This is because the reduction of the electronic screening also affects
thebound (2p) electron levels by acomparable amount*-*¢. In fact, the
shift of the 2p levels dominates for highly ionized atoms and leads to
blueshifted excitation energies (Fig. 2d,e and Supplementary Fig. 16).

____________ N — -20fs
N — -10fs
R — Ofs

10'
E (eV)

Fig.4 | Evolution of the free-electron energy distribution. a,b, Evolution of
the transient electron energy distribution p.(£) in XFEL-irradiated Cu with pulse
intensity /=5 x 10" W cm™(a) and pulse intensity /=1x 107 W cm™ (b). The curves
represent the electron distributions at various time instants with time zero
corresponding to the maximum of the 15 fs FWHM Gaussian pulse. p. is defined
by [p.(E)dE = (Z) where (Z) denotes the transient ionization degree per atom,
thatis, the number of free electrons above the vacuum level divided by the total
number of atoms. The black dashed curves show the Maxwell-Boltzmann (MB)
distributions with a kinetic temperature equal to the average electron kinetic
energyat 20 fs:2.2 eV (a) and 90 eV (b). The broad peak with a substructure
ataround 250 eV, as indicated by ablue arrow, corresponds to the secondary
electron emission during the collisional ionization of neutral Cuand Cu* ground
states. The sharp peak at 943 eV, as indicated by ared arrow, is due to the Auger
decay of the 2p,, core hole.

Finally, the width of the 3d band shrinks with increasing T (Fig. 5b).
Because of this, in our calculations, the distance between the centroid of
the3dband (whichis used toalignthe spectra) and the chemical poten-
tial for agiven configuration decreases as T.isincreased to produce an
additional redshift for higher 3d occupation, for example, 3d° and 3d™°.

As the intensity is increased, we observe the continued growth,
broadeningand merging of this pre-edge peak with the cold edge (Fig.1).
This evolution is due to the increased probability of absorption from
atoms with eight or fewer electrons in the 3d shell. These states have
blueshifted excitation energies with broadened absorption profiles
(Supplementary Figs.16-18). Thus, for increasing intensity and deple-
tion of the 3d states, the pre-edge absorption peak shifts to the blue
end of the spectrum. Eventually the absorptionlines move beyond the
spectral window of the applied field (closing of absorption channels
resulting in SA). This is why both the onset of RSA and the RSA to SA
transition shift to higher intensities at higher photon energies. This can
beseeninFig.2b,c by comparingregion 2 withregion 3 andregion5with
region 6.Inaddition, the van Hove peak decreases with intensity. Theo-
retical predictionsindicate thatitbecomes negligible at 5 x 10° W cm™.
Our experiment confirmsitat 7 x 107 W cm™. This effect is also due to
the modifications of the excited 3d band, which drastically alter the
absorption spectrum for each configuration (Supplementary Fig.17).
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Fig. 5| Influence of temperature on3d-DOS. a, Occupied 3d-DOS calculated at
room temperature (0.025 eV) for different configurations, which was used to find
the chemical potential z, for each configuration. The total 3d-DOS is also shown
for comparison. Similar 3d-DOS data exist for each effective temperature T.(n)
for each 3d-band occupancy. b, 3d-DOS as a function of energy relative to the
vacuum level F at different effective temperatures.

Despite the overall qualitative agreementin the trends of the XANES
versus pulse intensity between theory and experiment, some discrepan-
ciesarenotable.In particular, thecalculated RSA to SA transition occurs
at higher intensity than experimentally observed. Several factors con-
tribute to this disagreement. One is the experimental characterization
ofthebeamintensity, which can differ by approximately 50% (Methods).
Another is the restricted accuracy in the description of the state of the
system by aplasmaapproach (here, the Boltzmannmodel). We discuss
in detail the limitations of this model in Supplementary Information
Section V.B.Inaddition, at low to intermediate intensities, the predicted
redshift of the pre-edge peakisnot aslarge asexperimentally observed.
This could be an indication that the calculation of the excitation ener-
giesis incorrect. At higher intensities, the blueshift is not seen in the
peak of the theoretical spectrum. If one considers the centroid of the
peak, ablueshiftis evident but appears at much higher intensities than
those seeninthe experiment. This could again be linked to amismatch
between the relative abundance of different ionic states predicted by
the Boltzmann model and that presentinthe real system. Another pos-
sible contribution could be an overestimate of the broadening used in
the calculations. This could be due to the lack of solid-state effects in
the estimate of atomic multiplet splitting, which are known to reduce
the effect of e-e Coulomb interactions”, or the use of an equilibrium
distribution to describe free electrons when calculating the interaction
betweenthe photoelectron and the free electrons. One other noticeable
disagreementbetween experiment and theory is that atintermediate to
highintensities, the absorption cross section predicted by the theoryat
high energy (938 to 940 eV) is reduced compared to the ambient sys-
tem, whereas the experimental cross section showslittle to no change.
This points to the possibility that it is incorrect to use an equilibrium
electron distribution when calculating the cross section.

The L, edge spectral region is even more complex but can be
described qualitatively now that we have established the link between
the blueshift of the XANES spectrum and the appearance of higher
charge states. Not only does the bandwidth of the pulse contain
the 2p,, » 3d absorption channels of the 3¢’ ionbut also the 2p; , > 3d

channels of several higherionic species, as shownin Fig. 2e. Therefore,
asthe pulseintensity and the ionization degree areincreased, the satu-
ration of 2p,, - 3d absorption by Cu®is compensated for by 2p,, > 3d
absorption by higher charge states. This effect can be observed by
comparing the evolution of spectral regions1and 4 in Fig. 2. Below the
pre-edge absorption peak of L, (region1), the transmission as afunction
of pulse intensity remains constant, within the measurement error.
In contrast, the transmission in region 4 sharply decreases between
1=5x10"and 1x 10" W cm. This sudden change is attributed to the
opening of 2p,, > 3dabsorption channelsin Cu*', Cu®*and Cu®". These
other channels contribute to the overall absorptionin the L, spectral
region. They are why the transition from RSA to SA at the L, edge is
shifted to higher intensity compared to thatat the L, edge.

Outlook

Theexperimental method presented uses averaged signal and reference
spectra, but a self-referencing scheme could substantially increase the
signal-to-noise ratio*®. Besides, the scheme can be extended to X-ray
pump and X-ray probe XANES using the two-colour mode available at
current XFEL facilities*. This would allow us to follow the evolution of
the WDM state in a time-resolved manner. Recall that the time resolu-
tion of our method is limited only by the pulse duration. The prospect
of attosecond XFEL pulses and attosecond transient XANES capabilities
will further widen the applicability of the presented approachin the
study of matter under extreme conditions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541567-024-02587-w.
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Methods

Experimental set-up

The experiment was performed at the Spectroscopy and Coherent
Scattering (SCS) instrument of the European XFEL (EuXFEL). The XFEL
pulse energy was measured with two X-ray gas monitors, one before
beam transport and the other one in the SCS instrument hutch, just
upstream of the focusing optics. A gas attenuator filled with N, at an
adjustable pressure allowed the pulse energy to be controlled. The
beamwas focused by Kirkpatrick-Baez mirrors. The beamsize of 4 pm
full-width at half-maximum (FWHM) was characterized by aknife-edge
scan. With a pulse energy of up to 2 m) measured at the SCS X-ray gas
monitor, an intensity of -7 x 10” W cm ™ was achieved on sample. The
accuracy of the intensity reached was estimated to be -25% based on
the uncertainty of the measurements by the X-ray gas monitors, the
transmission of the Kirkpatrick-Baez mirrors and the knife-edge beam
size characterization. A pulse duration of 15 fs FWHM was derived from
a spectral correlation analysis (see Supplementary Information for
details). Theirradiated sample was a100- or 500-nm-thick copper foil
supported by anickel mesh. Great care was taken in the fabrication (by
Luxel) and handling of the experimentally studied samples, and no sign
of oxidation was found, as evidenced by the absence of apre-edge peak
characteristic of CuO or Cu,0 in the low-intensity limit spectra. The
samplewas rastered to a pristine region for every shot at the 10 Hz train
repetition rate of EUXFEL, and the spectrawhere the beam hitthe mesh
were discarded in the following way. As the mesh was 15 pm thick, it fully
blocked the X-ray pulse uponirradiation, evenat the highest irradiation
intensities. The spectrawhere the mesh was hit were filtered out by set-
tingathreshold ontheintensity of theintegrated spectrum below which
the pulse was considered to have hit the mesh. Inaddition, the position
ofthe stage was recorded and corroborated with the threshold analysis.
Finally, a post-mortem analysis with an optical microscope allowed us
toreliably confirm the datasorting. The very few points (approximately
less than 1% of the number of pulses per XANES spectrum) where a Ni
mesh hit was not clear were discarded. The spectrometer*® was placed
2.3 mdownstream of the interaction point and consisted of an entrance
slit of 40 pm and a grating with 1,200 lines per mm. It had a radius of
curvature of 5m in the Rowland geometry and was coupled to a CCD
camera (Andor, model Newton). The energy was calibrated using the
beamline monochromator®. The low-fluence limit spectra were found
tobeingoodagreement withthoseinrefs.28,30. The resolving power
was E/AE =2,400. To avoid saturation of the detector, the transmitted
beam was attenuated by a combination of Al filters of 3.5, 5 or 10 pm
thickness upstream of the entrance slit of the spectrometer.

Absorptionspectra

Ultrashort pulses from EuXFEL were tightly focused onto a thin Cu foil.
Theirenergy levelswere tuned at the L, edge (952 eV) or L;(932 eV) edge,
with~40% of their spectral contentabove the edge. The total bandwidth
was ~0.7% FWHM. The spectrum of an XFEL pulse contains randomly
distributed spikes originating from the self-amplification of the spon-
taneous emission process, such that averaging over many shots is
necessary for ameaningful comparison of spectra with and without a
sample. Examples of single-shot and average spectraare shownin Sup-
plementary Fig. 1. For each experimental condition, including the
low-intensity limit,~2,000 single-shot spectra were recorded without
asampleand200t01,000 ssingle-shot spectrarecorded withasample.
The drifts of the photon energy and pulse energy between two data
acquisitions were small enough to be neglected. The absorption coef-
ficient was then calculated for each photon energy as p, = In(Jyef/lcy)/d,
where /¢ is the averaged reference spectrum intensity, /, is the aver-
aged spectrumintensity with asample and diis the sample thickness.

Transmission of the XFEL pulse
Theintegral over the entire bandwidth of the spectrawithoutasample
S..sOr withasample S, is proportional to the total number of photons

oftheincoming or transmitted pulse, respectively. The total transmis-
sionis, thus, T=(S.,)/(S,), where (...} is the average over the number
of collected spectra of a given pulse intensity. Likewise, a spectrally
resolved transmission can be defined within a specific photon-energy
window of the spectra.

Pre-edge shift

The energy shift of a pre-edge feature (Supplementary Fig. 7) was
extracted by determining the position of the zero-crossing of the deriv-
ative of the absorption spectrasmoothed using a Savitzky-Golay filter.
Giventhe spectrometer dispersionand the error barin the absorption
spectra, the position accuracy varied from+0.22to +0.11 eV.

Boltzmann kinetic equations

The Boltzmann kinetic equation solver models the interaction of an
X-ray pulse with a bulk material. The X-ray pulse was assumed to have
atemporal Gaussian profile of 15 fs FWHM. It was also assumed to be
monochromatic, with photon energy -1eV above the L; cold edge. This
approximationisjustified by the slow variations of the absorption cross
sections below and above the edge. In Supplementary Information
Section I, we discuss the differences between excitation below and
abovetheL;edge. The classical Boltzmannkinetic equations originate
from the reduced N-particle Liouville equations and include only
single-particle phase-space densities of charge states and free electrons
inthe sample. The Boltzmann equation solver, originally constructed
tofollow the non-equilibrium evolution of finite systems (for example,
atomicclusters) inref. 42 was adapted inrefs. 43,44 tostudy bulk mate-
rialsirradiated by X-rays. To circumvent the ‘bottleneck’ due to the very
high number of active configurationsinvolved after irradiating a mate-
rialwith X-rays, analternative ‘predominant excitation and relaxation
path’ approach was proposed in ref. 43. Although this approach still
uses true atomic configurations, it limits their number by restricting
the sample relaxation to the predominant paths, as determined by
the largest cross sections and transitions rates. The current scheme
includes the most probable photoionization and Auger decay chan-
nels from each configuration within the path. Consistently, only the
predominant collisionalionization processes (from the outermost shell
of allatoms and ions considered) and the corresponding three-body
recombination rates are included. The collision terms were derived
by assuming that isolated atoms interact with the impact particles,
and these terms were implemented within the two- and three-body
Boltzmann collisionintegrals (for details, see, for example, refs. 52,53),
with respective cross sections and rates of atomic processes induced
by X-ray photons obtained with the XATOM code’*** based on the
Hartree-Fock-Slater scheme. Note that the Cu 2p level is degenerate
inthis framework. It has an energy of 939.11 eV. Therefore, a constant
redshift of 6.41 eV was applied to all atomic levels calculated to fit the
L;-edge position of neutral copper (932.7 eV). Impact ionization cross
sections (and the respective recombination rates) were calculated with
Lotz formulas®®. The short-range electron-electron scattering was
modelled with the Fokker-Planck collision integral®. Pauli blocking
was not included, as the electron system was assumed to be classical
in thismodel.

Data availability

Data recorded for the experiment at the European XFEL are available
(ref.57).Source data are provided with this paper. Further experimental
dataaswellasthe simulation datathat support the findings of this study
areavailable fromthe corresponding authors upon reasonable request.

Code availability

Thekinetic Boltzmann equation solver that supports the conclusions
within this paper and other findings of this study is available under a
licence agreement. The licensor is Deutsches Elektronen-Synchrotron
DESY, Notkestr. 85, 22607 Hamburg, Germany. Please contact the
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corresponding authors for more details. The current stable version
of FEFF10 is available (ref. 58). The version used for these calculations
was slightly modified to allow for higher temperatures and is available
(ref.59).
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