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3Jožef Stefan Institute, 1000 Ljubljana, Slovenia12

4Department of Physics and Astronomy, Uppsala University,13

P.O. Box 516, SE-751 20 Uppsala, Sweden14

5MAX IV Laboratory, Lund University,15

PO Box 118, SE-22100 Lund, Sweden16

6Laboratorium für Physikalische Chemie,17
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Abstract22

Warm dense matter (WDM) is a ubiquitous state of matter encountered in various high energy23

density environments, at the frontier between a plasma and a condensed phase. It is key to24

astrophysics, planetary science and inertial confinement fusion research, but its electronic and25

ionic structure and dynamics remain poorly understood. Here, an intense and ultrafast X-ray26

free electron laser (XFEL) pulse is used to simultaneously create and characterize warm dense27

copper via L-edge X-ray absorption spectroscopy. The rich electron dynamics occurring within28

the 15-femtosecond pulse duration are revealed over a large irradiation intensity range. Below29

1015 W cm−2, an absorption peak below the L-edge appears, originating from the depletion of the30

3d band, and shows a distinct energy redshift with increasing intensity. This shift is a possible31

signature of ionization potential depression and electronic bond hardening. At higher intensities,32

massive ionization and collisions lead to the transition from reverse saturable absorption (opening33

absorption channels) to saturable absorption (material bleaching) of the XFEL pulse, an effect34

that holds promise for X-ray pulse shaping. The presented method is applicable to a wide range35

of materials and constitutes a robust benchmark for non-equilibrium models of electron dynamics36

in WDM.37

MAIN38

Introduction39

The interaction between intense X-rays and matter is a new area of science accessible40

through the development of X-ray free-electron lasers (XFEL). These brilliant and ultrafast41

sources, in conjunction with strongly focusing optics, are capable of driving solids out of42

equilibrium, inducing nonlinear effects such as saturable absorption (SA), through which,43

e.g., a metal transiently becomes transparent [1–4] in specific spectral regions, or its coun-44

terpart, reverse saturable absorption (RSA), where its absorption increases with increasing45

excitation level [5]. SA and RSA are routinely used in the optical regime for applications46

such as mode-locking, pulse-shaping or two-photon microscopy [6–8], with possible transi-47
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tions between these regimes [9, 10]. Thus, SA and RSA open the door to controlled X-ray48

pulse shaping [2, 11]. In the X-ray spectral region, the intense irradiation can transiently49

transform the system into warm dense matter (WDM) [12, 13]. In this state, the poten-50

tial energy of the interaction between electrons and nuclei and the kinetic energy of the51

electrons become comparable. The temperature of electrons is close to the Fermi temper-52

ature. Understanding the physics governing the transition from cold solid to WDM is key53

to many fields of research including astrophysics, planetary interiors and laboratory-based54

experiments such as inertial confinement fusion. The characterization of transiently evolv-55

ing WDM is, however, challenging. So far, X-ray emission spectroscopy (XES) has been a56

method of choice to reveal its non-equilibrium dynamics [14–17], enabling the estimation of57

collisional ionization rates [18, 19] and of the ionization potential depression (IPD) [20, 21].58

A complementary technique, time-resolved X-ray absorption spectroscopy (XAS), appears59

as a powerful tool to probe simultaneously the valence electron state and the atomic struc-60

ture [22]. Until now, XAS was mostly applied to infrared- and optically-heated WDM with61

picosecond to subpicosecond time resolution [23–28]. This excitation regime, heating valence62

electrons only, is drastically different from the X-ray regime, in which heating is initiated63

by ionization of core-shell electrons. So far, most of the few XAS measurements of X-ray64

irradiated solids [1, 3, 5] were spectrally integrated, thus providing limited information on65

the underlying structure of WDM.66

Here, we take advantage of the large spectral bandwidth of XFEL pulses created by67

the process of self-amplified spontaneous emission (SASE) to study the formation of warm68

dense copper via XAS. SASE bandwidths are typically large enough to perform XAS at69

the absorption edges of most elements [2, 29], giving a unique insight into the transient,70

non-equilibrium electronic dynamics of the irradiated solids during their evolution towards71

WDM state. We demonstrate in the X-ray regime the transition from RSA to SA, here at72

the Cu L2 (952 eV) and L3 (932 eV) edges. Such a transition was predicted in aluminum by73

Cho et al. [5, 30], but it has so far never been observed due to the lack of sufficient XFEL74

intensity. XAS also reveals the evolution of the electronic system: we observe a negative75

energy shift of the X-ray-induced pre-edge absorption originating from the 3d vacancies76

that are formed with increasing pulse intensity. This shift is interpreted as a signature of77

ionization potential depression and electronic bond hardening, as predicted in Refs. [22, 31].78

79
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Spectral observations of XFEL-generated WDM80

Absorption spectra (see Methods for details) from a 100-nm thick Cu film with XFEL81

pulses tuned to the L3 absorption edge are shown in Fig. 1 for various pulse intensities82

I. For intensities I ≥ 1 × 1013 W cm−2, the absorption increases in the spectral region83

below the edge. This pre-edge feature is well known [22, 25–28]. It is due to the presence of84

3d vacancies which trigger photoabsorption through 2p3/2 → 3d transitions. The pre-edge85

absorption drastically increases with pulse intensity to become 2.5 times larger than the cold86

L3 edge amplitude at Itr = 1×1015 W cm−2. This increase is accompanied by a shift towards87

lower energies, which is discussed in details later. For intensities I > Itr the pre-edge peak88

broadens, it shifts towards higher photon energies and the overall absorption decreases. At89

the highest pulse intensity, the L3 edge can not be clearly resolved. A moderate, monotonic90

increase of absorption with photon energy is observed across the whole probed energy range.91

Another distinct feature of the spectrum is a ∼ 1-eV wide peak centered at 936.7 eV,92

indicated by the black arrow in Fig. 1. This peak is a signature of a van Hove singularity93

[32, 33], a singularity in the density of states characteristic for the face centered cubic94

crystalline phase of solid copper. It was shown to disappear upon melting in an optically95

excited pump-probe experiment [27], indicating the loss of crystal order [22, 33]. In our case,96

the pulse duration is so short that no structural change involving ion motion takes place, an97

assumption corroborated by our observation of the van Hove peak up to intensities of 1×101498

W cm−2. Since the spectra are averaged over the entire spatial, nearly Gaussian, intensity99

profile of the pulse, the presence of the peak may be enhanced by contributions from colder100

outer regions of the probed sample. At higher intensities, the peak becomes buried in the101

spectral region of the shifting pre-edge feature. The redistribution of the electronic states102

is then so strong (see discussions below) that the van Hove singularity of cold copper is no103

longer a reliable feature to analyze the crystalline structure.104

We measured similar series of spectra for 500 nm thickness (Supplementary Information105

Fig. S2), and at the L2 edge for 100 nm (Supplementary Information Fig. S3) and 500106

nm thicknesses (Supplementary Information Fig. S4). The L2 and L3 edges have similar107

structures [33] with an energy shift of 20 eV, but their intensities differ by a factor of 2 (the108

statistical branching ratio). In all conditions, we observed similar trends, in particular the109

transition from RSA to SA, which is described in details below.110
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FIG. 1. Transient XAS of XFEL-generated warm dense copper. Absorption spectra of 100 nm

thick film at the L3 edge are shown for various XFEL intensities indicated in the figure. The spectra

are offset from each other by 8 µm−1 for clarity purposes and overlaid with a reference spectrum

obtained at I = 5×1012 W cm−2 (black line). The shaded areas around each spectrum indicate the

95% confidence interval. The grey dashed line indicates the peak position of the pre-edge feature

at low intensity. The arrow shows the characteristic fcc peak resulting from a van Hove singularity.
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111

Transition from RSA to SA112

Fig. 2 (a) shows the XFEL pulse transmission as a function of intensity, exploring a113

transition from RSA to SA both at the L2 and L3 edges, for Cu films of 100 nm and 500114

nm thickness. For the 100 nm sample, the transmission is constant up to an intensity of115

1.6×1013 W cm−2 at the L3 edge and above that it decreases to a minimum at Itr = 1×1015116

W cm−2 (RSA), and then increases again for higher intensities (SA). We observe a similar117

behaviour at the L2 edge, but the characteristic features are shifted to higher intensities,118

with the transition from RSA to SA occurring at Itr = 1× 1016 W cm−2 (see our theoretical119

modelling for an explanation of this effect). For the 500 nm sample, the same RSA to SA120

transition is observed, albeit shifted towards higher intensities because of the overall larger121

absorption. The transition intensities are 1× 1016 W cm−2 at the L3 and 2× 1016 W cm−2
122

at the L2 edge, respectively. Strikingly, the transmission at the L2 edge is reduced by a123

factor of 3 by RSA, and becomes larger by a factor of 6 with respect to that of the cold124

sample by SA at I = 7× 1017 W cm−2.125

126

We also follow the spectrally-resolved transition from RSA to SA in Fig. 2 (b)-(e), by127

looking at regions centered below, on and above the L2 and L3 edges. The transmission128

level below the L3 edge at low intensity is, as expected, close to that of a cold target (87%129

for 100 nm [34]). The transition is observed in all considered regions except for region 1130

(below the L3 pre-edge), but the intensity at which it occurs is higher for regions of higher131

photon energies. This effect is discussed in detail below.132

133

Modelling with kinetic Boltzmann approach134

To get a better understanding of the dynamics within the irradiated copper at the L3 edge,135

we use a kinetic Boltzmann equations solver developed in [35] and adapted in [36, 37]. The136

atomistic model follows the non-equilibrium evolution of emerging free-electron densities and137

atomic configuration densities resulting from photoexcitations, Auger decays of core holes138
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FIG. 2. Transition from RSA to SA. (a): Transmission of a SASE XFEL pulse centered at the Cu

L2 and L3 edges as a function of pulse intensity and film thickness. In all cases, the transmission

first decreases (RSA), reaching a minimum, and then increases (SA) as a function of intensity. (b)

and (c): Transmission in selected spectral regions below the L3 or L2 pre-edges (1,4), on the L3 or

L2 pre-edge (2, 5) and on the L3 or L2 edge (3, 6), respectively, as shown in corresponding panels

(d) and (e), for 100 nm film thickness. The vertical dashed lines in (d) and (e) show, for a given

ionic species, the calculated 2p3/2 → 3d transition energy. The solid lines show the cold reference

spectra while the dotted lines show spectra where the pre-edge features are prominent, obtained

at I = 5× 1013 W cm−2 (d) and I = 9× 1014 W cm−2 (e), respectively. The error bars in (a), (b)

and (c) indicate the 95% confidence interval.

and subsequent electronic collisional processes (see Methods for details). This approach is139

suited for modeling early-time evolution following X-ray excitation. Since the 3d orbitals140

(the focus of our study) in copper are strongly localized [38], the atomistic picture is justified.141

For simplicity, we limit the calculations to the case of the 100 nm Cu film irradiated at the142

L3 edge. The sample is thin enough to assume uniform heating. Detailed outputs of the143

model can be found in the Supplementary Information (Figs. S7 - S10). Fig. 3 (a) and (b)144

show the evolution of the transient electron energy distribution, ne, for I = 5×1012 W cm−2
145
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FIG. 3. Evolution of the transient electron energy distribution in XFEL-irradiated Cu with (a):

pulse intensity I = 5 × 1012 W cm−2 and (b): pulse intensity I = 1 × 1017 W cm−2. The curves

represent the normalized electron distributions at various time instants (0 fs corresponding to the

maximum of the pulse). They are multiplied by the actual value of the transient ionization degree

per atom, ⟨Z⟩, i.e., the number of free electrons above the vacuum level divided by the total

number of atoms, in order to show the increase of the free electron density per atom in the sample.

The dashed curves show the Maxwell-Boltzmann distributions with a kinetic temperature equal

to the average electron kinetic energy at 20 fs. The broad peak with substructure at around 250

eV indicated by a blue arrow corresponds to the secondary electron emission during the collisional

ionization of neutral Cu and Cu+ ground states. The sharp peak at 943 eV indicated by a red

arrow is due to the Auger decay of the 2p3/2 core hole.

and I = 1× 1017 W cm−2. Initially, photo- and Auger electron peaks are visible in the high146

energy range of the spectra for both low and high X-ray intensities. At low X-ray intensity,147
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the electronic distribution below ∼30 eV increases with time and almost stabilizes after 10148

fs, approaching a Maxwell-Boltzmann (M-B) distribution. On the contrary, the high energy149

contribution to the energy spectra continuously decreases after 0 fs but keeps its peaked150

structure. This shows that the electronic system is still not equilibrated after the pulse has151

passed. At high X-ray intensity, the situation is different: the peaks in the high energy range152

are quickly redistributed between -20 and -10 fs due to efficient electron-electron interaction,153

thus increasing the overall kinetic electron energy. At 10 fs, the electron distribution has154

already thermalized into an M-B distribution.155

The simulation thus confirms that the initial evolution of the Cu bulk is drastically out156

of equilibrium. Consequently, our time-integrated XAS measurements contain significant157

contributions from the non-equilibrium evolution stages.158

159

Extracting the populations of the most abundant electron configurations of our model160

(see Fig. 4) directly connects to the spectral observations of Figs. 1 and 2. For I = 5× 1012161

W cm−2, the calculated neutral species [Ar]4s13d10 abundance is > 99% and the ionization162

degree at the end of the pulse is ⟨Z⟩ = 0.02. This is consistent with the low-intensity limit163

of the measured reference XAS spectrum (black reference in Fig. 1). For I = 5 × 1014164

W cm−2, we observe an abundant population of [Ar]4s13d9 of 29%, which opens up the165

2p3/2 → 3d transition and the appearance of a distinct pre-edge absorption feature. As the166

X-ray intensity is further increased, configurations with larger number of holes in the 3d shell167

are being populated, giving rise to the 2p3/2 → 3d absorption channels of the corresponding168

ionic species, with blue-shifted transition energies. Consequently, the spectrum broadens169

and absorption increases at higher photon energies, as seen in Fig. 1 for I = 9 × 1015 W170

cm−2. Eventually, at I = 1 × 1017 W cm−2, the ground state is completely depleted, and171

the number of significantly populated configurations and the average ionic charge state are172

further increased (see lower panels of Fig. 4). The 2p3/2 ionization energy and the 2p3/2 → 3d173

transition energies of these excited configurations fall out of the probed spectral range. In174

turn, the absorption level flattens out and the sample becomes to a large extent transparent175

in this spectral range.176177

The L2 edge spectral region (which we describe here only qualitatively for brievity) is178

even more complex. Not only does it contain the 2p1/2 → 3d absorption channels of the lowly179

charged ionic species, but also the 2p3/2 → 3d channels of higher ionic species, as shown180

9



0.0

0.2

0.4

0.6

0.8

1.0
[Ar] 4s13dNI [W cm−2]

5× 10
12

5× 10
14

9× 10
15

1× 10
17

0.0

0.1
[Ne] 3s23p54s13dN

10 9 8 7 6 5 4 3 2 1 0

N (number of 3d electrons)

0.00

0.05
[Ne] 3s23p44s13dN

920

940

960

980

E
2
p
3
/
2
→
3
d
[e
V
]

R
el
at
iv
e
ab
un
da
nc
e

FIG. 4. Relative abundance of the most populated Cu configurations for different pulse intensities

calculated with the Boltzmann kinetic model. The base configuration is shown on each panel and

the number of 3d electrons N is varied. The blue crosses and right axis in the upper panel show

the calculated energy of the 2p3/2 → 3d transition as a function of N .

in Fig. 2 (e). Therefore, as the pulse intensity and the ionization degree are increased,181

2p3/2 → 3d absorption channels start appearing in the L2 region, thus compensating the182

decrease of 2p1/2 → 3d absorption by Cu+. This effect is observed in Fig. 2 by comparing183

the evolution of the spectral regions 1 and 4. Below the pre-edge absorption feature of L3184

(region 1), the transmission as a function of pulse intensity remains constant, within the185

measurement error. In contrast, the transmission in region 4 sharply decreases between186

I = 5 × 1015 and 1 × 1016 W cm−2. This sudden change is attributed to the opening of187

Cu4+ and Cu5+ 2p3/2 → 3d absorption channels. These additional channels contribute to188

the overall absorption in the L2 spectral region. They are the reason why the transition189

from RSA to SA at the L2 edge is shifted to higher intensity compared to that at the L3190

edge.191

Discussion on the pre-edge feature energy shift192

Fig. 1 indicates a distinct redshift of the peak energy of the L3 pre-edge absorption193

feature with increasing intensity. Its evolution is presented in Fig. 5 and shows a maximum194

10



shift amplitude of 0.7 eV at I = 5× 1014 W cm−2. To interpret this shift, we first consider195

the simple picture of a static density of states (DOS). Upon XFEL irradiation, the 3d band196

is partially depopulated by the first part of the pulse via direct photoionization and electron197

impact ionization, starting from the most energetic electrons close to the Fermi level EF198

and continuing with less energetic electrons. Consequently, as the XFEL pulse intensity is199

increased, the number of unoccupied 3d states probed by the remainder of the pulse increases200

and their average energy is reduced, thus giving rise to a pre-edge feature that increases and201

shifts towards lower energy, as observed.202
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FIG. 5. Peak energy of the L3 pre-edge absorption feature as a function of pulse intensity.

However, it has long been predicted that the transient excitation of localized 3d electrons203

can reduce the screening of the nucleus potential, thus shifting the Cu 3d band itself towards204

lower energy [22, 27, 28, 31, 38, 39]. Such a shift could, in turn, transiently increase the205

lattice stability by hardening the phonon modes, an effect referred to as electronic bond206

hardening [31, 40]. This effect is expected to be stronger when the lattice and the electrons207

are strongly out of equilibrium, i.e. during the early stages of WDM formation. The relation208

between the 3d band shift and the L3 edge XAS spectrum is, yet, not trivial. In Ref. [22] (see209

Figs. 14 and 15 therein), Dorchies et al. predict that with increasing electron temperature,210

the pre-edge absorption feature should increase and its spectral content should shift towards211

lower energy, revealing the 3d band shift. In another work, the pre-edge feature energy212

shift is not predicted, because both the 3d and the 2p bands shift by the same amount due213

11



to the reduction of the nucleus screening [33]. These simulations are valid for thermalized214

electrons with moderate temperatures: such conditions poorly compare with the highly non-215

equilibrium states reached in our experiment. More recently, Lee et al. [28] introduced a216

non-thermal electronic contribution to their density function theory (DFT) calculations and217

showed that the redshift of the 3d band grows quasi-linearly with the number of 3d holes per218

atom due to the reduction of potential screening. The considered regime is closer to what we219

present here and the predicted amplitude of the 3d band shift is in agreement with that of the220

presently observed pre-edge feature shift, but the time scales investigated are much longer221

and the resolution is limited to 200 fs. In our case, the X-ray-induced heating of materials222

is efficient (our Boltzmann model predicts a final temperature of ∼7 eV at I = 5× 1014 W223

cm−2) and the achieved strongly ionizing regime was shown to lower the ionization potential224

[21]. Despite differences with the optically-heated WDM regime, transient band structure225

movements [41] and electronic bond hardening [42] are also expected and could explain the226

observed energy shift. This is corroborated by the observation of a similar shift at the L2227

pre-edge feature (see Fig. S5 in the Supplementary Information). Since the two edges have228

a similar structure, they should both be affected by the reduction of the nucleus potential229

screening and should manifest similar trends. Dedicated theoretical efforts are necessary to230

disentangle the effect of ionization potential depression from the simple depletion of the 3d231

band electrons.232

Finally, with further increase of pulse intensity, and the concomitant creation of higher-233

charge state configurations (see Fig. 4), the central energy of the pre-edge feature shifts234

back to higher energies (Fig. 5).235

Conclusion236

We have shown that strongly focused SASE pulses from XFELs enable both the creation237

and the characterization of WDM via transient XAS. The method reveals in an unprece-238

dented way the richness of the non-equilibrium electron dynamics within the material on the239

timescale of the X-ray pulse duration (15 fs FWHM). At moderate intensities, the localized240

character of the excited Cu 3d band and its negative energy shift is observed. At higher in-241

tensities, the transition from RSA to SA is observed and supported by our theoretical model.242

The latter shows the existence of non-equilibrium conditions in the electronic system and re-243
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lates the observations to the transient electronic state and atomic configuration occupancies244

of the X-ray-heated copper. While the agreement between the model and the experiment245

is reasonable, we note that other approaches, such as DFT, routinely used to investigate246

optically-heated WDM, typically assume a frozen core, a fixed density of states over time,247

and instantaneous electron thermalization. They are therefore inappropriate for the high248

pulse intensities considered here. Recent DFT calculations involving non-equilibrium two249

electronic temperatures [28], nonthermal lattice [43] or going beyond the frozen core approx-250

imation [42] might be future alternative approaches. Our present experimental results can251

be used to benchmark such theoretical developments.252

The intense, nonlinear interaction induces drastic alterations of the transmitted XFEL253

pulse that can lead to an effective shortening of the pulse duration. The demonstration254

of the transition from RSA to SA further widens the applicability of X-ray pulse shaping255

[2, 11, 30] (see Supplementary Information for details).256

The presented method uses averaged signal and reference spectra, but a self-referencing257

scheme could significantly increase the signal-to-noise ratio [29]. Besides, the scheme can be258

extended to X-ray pump – X-ray probe XAS using the two-colour mode available at current259

XFEL facilities [44], to follow the evolution of the WDM state in a time-resolved manner.260

We recall that the time resolution of our method is only limited by the pulse duration. The261

prospect of attosecond XFEL pulses and attosecond transient XAS capabilities will further262

widen the applicability of the presented approach in the study of matter under extreme263

conditions.264

METHODS265

Experimental setup. The experiment was performed at the Spectroscopy and Coherent266

Scattering (SCS) instrument of EuXFEL. The XFEL pulse energy was measured with two267

X-ray gas monitors (XGM), one located before beam transport and the other one in the SCS268

instrument hutch, just upstream of the focusing optics. A gas attenuator filled with ajustable269

N2 pressure allowed the control of pulse energy. The beam was focused by Kirkpatrick-Báez270

(KB) mirrors and the beam size of 4 µm full width at half maximum was characterized271

by knife-edge scan. With a pulse energy of up to 2 mJ measured at the SCS XGM, an272

intensity of ∼ 7 × 1017 W cm−2 was achieved on sample. The accuracy of the intensity273

13



reached is estimated to be ∼ 25%, based on the uncertainty of the XGM measurement,274

the transmission of the KB mirrors and the knife edge beam size characterization. A pulse275

duration of 15 fs FWHM was derived from spectral correlation analysis (see Supplementary276

Information for details). The irradiated sample was a 100 nm or 500 nm thick copper foil277

supported by a nickel mesh. The sample was rastered to a fresh region for every shot at the278

10 Hz train repetition rate of EuXFEL, and the data points where the beam hit the mesh279

were discarded in the analysis. The spectrometer [45] was placed 2.3 m downstream of the280

interaction point and consisted of an entrance slit of 40 µm and a grating with 1200 lines/mm281

and 5 m radius of curvature used in Rowland geometry, coupled to a CCD camera (Andor,282

model Newton). Energy calibration was performed using the SASE 3 monochromator [46].283

The low fluence limit spectra were found in good agreement with those in Refs. [25, 27]. The284

resolution power was E/∆E ∼ 2400. To avoid saturation of the detector, attenuation of the285

transmitted beam was achieved with combination of Al filters of 3.5, 5 or 10 µm thickness286

upstream of the entrance slit of the spectrometer.287

Absorption spectra. Ultrashort pulses from the European XFEL were tightly focused288

on a thin Cu foil and their energy tuned at the L2 (952 eV) or L3 (932 eV) edge, with ∼40%289

of their spectral content above the edge and a total bandwidth of ∼0.7% FWHM. The290

spectrum of a SASE pulse contains randomly distributed spikes, such that averaging over291

many shots is necessary for a meaningful comparison of spectra with and without sample.292

Example of single shot and average spectra are shown in Fig. S1 of the Supplementary293

Information. For each experimental condition, a total of ∼ 2000 single shot spectra without294

sample were recorded as well as 200 to 1000 single shot spectra with sample. The drifts295

of photon energy or pulse energy between two data acquisitions were small enough to be296

neglected. The absorption coefficient was then calculated for each photon energy as µA =297

ln(Iref/ICu)/d where Iref is the averaged reference spectrum intensity, ICu is the averaged298

spectrum intensity with sample and d is the sample thickness.299

Transmission of the XFEL pulse. The integral over the entire SASE bandwidth of300

the spectra without sample, Sref , or with sample, SCu, is proportional to the total number301

of photons of the incoming or transmitted pulse, respectively. The total transmission is thus302

T = ⟨SCu⟩/⟨Sref⟩ where ⟨⟩ is the average over the number of collected spectra of a given303

pulse intensity. Likewise, a spectrally resolved transmission can be defined within a specific304

photon-energy window of the spectra.305
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Pre-edge shift. The energy shift of the pre-edge feature was extracted by looking at306

the zero-crossing of the derivative of the smoothed (using Savitzky-Golay filter) absorption307

spectra. Given the spectrometer dispersion and the error bar in the absorption spectra, the308

position accuracy varies from ±0.22 to ±0.11 eV.309

Boltzmann kinetic equations. The classical Boltzmann kinetic equations originate310

from the reduced N-particle Liouville equations, and include only single-particle phase-space311

densities of charge states and free electrons in the sample. The Boltzmann equation solver,312

originally constructed to follow non-equilibrium evolution of finite systems (e.g., atomic clus-313

ters) in [35] was adapted in [36] to study creation of plasma from bulk materials irradiated314

by X rays. In parallel, the extension of the code applicability to hard X-ray regime was315

performed. To circumvent the ’bottleneck’ of a very high number of active configurations316

involved in the excitation and relaxation of the X-ray irradiated material, in [36] an al-317

ternative “predominant excitation and relaxation path” (PERP) approach was proposed.318

It still uses true atomic configurations but limits their number by restricting the sample319

relaxation to the predominant relaxation paths, determined by largest cross sections and320

transitions rates. The current scheme includes the most probable photoionization and the321

most probable Auger decay from each configuration within the path. Consistently with322

the treatment of only the predominant photoinduced processes, only the predominant colli-323

sional ionization processes (from the outermost shell of all considered atoms and ions) and324

the corresponding three-body recombination rates are modeled. They are all included in325

the Boltzmann collision terms. The collision terms are derived in the atomistic approxi-326

mation including the interaction of isolated atoms with impact particles, and implemented327

within the two and three body Boltzmann collision integrals (for details see, e.g. [47, 48]).328

The respective cross sections and rates of atomic processes induced by X-ray photons are329

obtained with the XATOM code [49, 50] based on the Hartree-Fock-Slater scheme. The330

respective impact ionization cross sections (and the respective recombination rates) are cal-331

culated with Lotz formulas [51]. The short range electron-electron scattering are modeled332

with the Fokker-Planck collision integral [48]. The Pauli blocking is not included, as the333

electron system is assumed to be classical in this model. The modified Boltzmann equation334

code has been successfully applied to describe the evolution of X-ray irradiated bulk carbon335

and gold [36, 37].336
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to free-electron-laser radiation with Boltzmann equations, Eur. Phys. J. D 40, 465 (2006).473

[36] B. Ziaja, V. Saxena, S.-K. Son, N. Medvedev, B. Barbrel, B. Woloncewicz, and M. Stransky,474

Kinetic Boltzmann approach adapted for modeling highly ionized matter created by x-ray475

irradiation of a solid, Phys. Rev. E 93, 053210 (2016).476

[37] B. Ziaja, J. J. Bekx, M. Masek, N. Medvedev, P. Piekarz, V. Saxena, M. Stransky, and477

S. Toleikis, Tracing X-ray-induced formation of warm dense gold with Boltzmann kinetic478

equations, Eur. Phys. J. D 75, 224 (2021).479

[38] E. Bévillon, J. P. Colombier, V. Recoules, and R. Stoian, Free-electron properties of metals480

under ultrafast laser-induced electron-phonon nonequilibrium: A first-principles study, Phys.481

Rev. B 89, 115117 (2014).482

[39] N. Jourdain, L. Lecherbourg, V. Recoules, P. Renaudin, and F. Dorchies, Electron-ion thermal483

equilibration dynamics in femtosecond heated warm dense copper, Phys. Rev. B 97, 075148484

20

https://doi.org/10.1103/PhysRevLett.127.175003
https://doi.org/https://doi.org/10.48550/arXiv.2005.01572
https://doi.org/https://doi.org/10.48550/arXiv.2005.01572
https://doi.org/https://doi.org/10.48550/arXiv.2005.01572
https://doi.org/10.1063/1.5030472
https://doi.org/10.1103/PhysRevLett.96.055503
https://doi.org/10.1103/PhysRevLett.96.055503
https://doi.org/10.1103/PhysRevLett.96.055503
https://doi.org/10.1103/PhysRev.89.1189
https://doi.org/10.1103/PhysRevB.101.125127
https://doi.org/10.1103/PhysRevB.101.125127
https://doi.org/10.1103/PhysRevB.101.125127
https://doi.org/10.1140/epjd/e2006-00240-x
https://doi.org/10.1103/PhysRevE.93.053210
https://doi.org/10.1140/epjd/s10053-021-00235-z
https://doi.org/10.1103/PhysRevB.89.115117
https://doi.org/10.1103/PhysRevB.89.115117
https://doi.org/10.1103/PhysRevB.89.115117
https://doi.org/10.1103/PhysRevB.97.075148
https://doi.org/10.1103/PhysRevB.97.075148
https://doi.org/10.1103/PhysRevB.97.075148


(2018).485

[40] R. Ernstorfer, M. Harb, C. T. Hebeisen, G. Sciaini, T. Dartigalongue, and R. J. D. Miller,486

The formation of warm dense matter: Experimental evidence for electronic bond hardening487

in gold, Science 323, 1033 (2009).488

[41] J. J. Bekx, S.-K. Son, B. Ziaja, and R. Santra, Electronic-structure calculations for nonisother-489

mal warm dense matter, Phys. Rev. Res. 2, 033061 (2020).490

[42] Q. Zhang, X. Yu, Q. Zeng, H. Zhang, S. Zhang, C. Gao, D. Kang, J. Wu, and J. Dai, Effect of491

nonequilibrium transient electronic structures on lattice stability in metals: Density functional492

theory calculations, Front. Phys. 10, 838568 (2022).493

[43] L. Waldecker, R. Bertoni, R. Ernstorfer, and J. Vorberger, Electron-phonon coupling and494

energy flow in a simple metal beyond the two-temperature approximation, Phys. Rev. X 6,495

021003 (2016).496

[44] S. Serkez, W. Decking, L. Froehlich, N. Gerasimova, J. Grünert, M. Guetg, M. Huttula,497

S. Karabekyan, A. Koch, V. Kocharyan, Y. Kot, E. Kukk, J. Laksman, P. Lytaev, T. Malte-498

zopoulos, T. Mazza, M. Meyer, E. Saldin, E. Schneidmiller, M. Scholz, S. Tomin, M. Vannoni,499

T. Wohlenberg, M. Yurkov, I. Zagorodnov, and G. Geloni, Opportunities for two-color exper-500

iments in the soft x-ray regime at the European XFEL, Appl. Sci. 10, 2728 (2020).501

[45] J. Nordgren, G. Bray, S. Cramm, R. Nyholm, J.-E. Rubensson, and N. Wassdahl, Soft x-ray502

emission spectroscopy using monochromatized synchrotron radiation, Rev. Sci. Instrum. 60,503

1690 (1989).504

[46] N. Gerasimova, D. La Civita, L. Samoylova, M. Vannoni, R. Villanueva, D. Hickin, R. Car-505

ley, R. Gort, B. E. Van Kuiken, P. Miedema, L. Le Guyarder, L. Mercadier, G. Mercurio,506

J. Schlappa, M. Teichman, A. Yaroslavtsev, H. Sinn, and A. Scherz, The soft X-ray monochro-507

mator at the SASE3 beamline of the European XFEL: from design to operation, J. Synchrotron508

Radiat. 29, 1299 (2022).509

[47] V. V. Aristov, Direct Methods for Solving the Boltzmann Equation and Study of Nonequilib-510

rium Flows (Springer Dordrecht, 2001).511

[48] I. P. Shkarofsky, T. W. Johnston, and M. P. Bachynski, The particle kinetics of plasmas, Am.512

J. Phys. 35, 551 (1967).513

[49] S.-K. Son, L. Young, and R. Santra, Impact of hollow-atom formation on coherent x-ray514

scattering at high intensity, Phys. Rev. A 83, 033402 (2011).515

21

https://doi.org/10.1103/PhysRevB.97.075148
https://doi.org/10.1103/PhysRevB.97.075148
https://doi.org/10.1126/science.1162697
https://doi.org/10.1103/PhysRevResearch.2.033061
https://doi.org/10.3389/fphy.2022.838568
https://doi.org/10.1103/PhysRevX.6.021003
https://doi.org/10.1103/PhysRevX.6.021003
https://doi.org/10.1103/PhysRevX.6.021003
https://doi.org/10.3390/app10082728
https://doi.org/https://doi.org/10.1063/1.1140929
https://doi.org/https://doi.org/10.1063/1.1140929
https://doi.org/https://doi.org/10.1063/1.1140929
https://doi.org/10.1107/S1600577522007627
https://doi.org/10.1107/S1600577522007627
https://doi.org/10.1107/S1600577522007627
https://doi.org/10.1007/978-94-010-0866-2
https://doi.org/10.1007/978-94-010-0866-2
https://doi.org/10.1007/978-94-010-0866-2
https://doi.org/10.1119/1.1974182
https://doi.org/10.1119/1.1974182
https://doi.org/10.1119/1.1974182
https://doi.org/10.1103/PhysRevA.83.033402


[50] Z. Jurek, S.-K. Son, B. Ziaja, and R. Santra, XMDYN and XATOM: versatile simulation tools516

for quantitative modeling of X-ray free-electron laser induced dynamics of matter, J. Appl.517

Crystallogr. 49, 1048 (2016).518

[51] W. Lotz, Electron-impact ionization cross-sections for atoms up to Z=108, Z. Phys. 232, 101519

(1970).520

22

https://doi.org/10.1107/S1600576716006014
https://doi.org/10.1107/S1600576716006014
https://doi.org/10.1107/S1600576716006014
https://doi.org/10.1007/BF01393132
https://doi.org/10.1007/BF01393132
https://doi.org/10.1007/BF01393132


Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementaryinformation20221220.pdf

supplementaryinformation20221220.pdf

https://preprints-us-east-1-production.s3.amazonaws.com/files/rs-2396961/4e44f5333a49f31010621abb995f7b7d.pdf?response-content-disposition=attachment%3B%20filename%3D%22supplementaryinformation20221220.pdf%22&X-Amz-Content-Sha256=UNSIGNED-PAYLOAD&X-Amz-Security-Token=IQoJb3JpZ2luX2VjEI3%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJHMEUCIQCR%2F7%2FxvW7Zo2I0s8D9zUgf11e4GtxYIyVIk%2BKmRPytMgIgFfulUQgfk5CtpJDLLoZjfRkklwvP5OBfgpVkvrAUetgq%2BwMI5v%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FARAAGgw3OTg1MDI2MTc2ODMiDJkTl9458bGbqm3U7irPAyrIKbhJgkuZ22FjsrngWhU8x0%2FBA5wE4S1yLoLJmguk5m7I5PhGCpeCsusbXegqsXO0LG26i6sA11ui4u8frpa8lYoyvflfWUDFjuu2OOgXd6%2Bm3ymhjDGZcuhFDQhvd7MB7iPPb0PZQZG5sTONiWf9g%2B0ngmNGxng0Sasz0Eok1wZu4DQi22bnueW8iql1PckL7kFbnYkRVIlRa3AC%2FF0LyUfHuHtiwuLduQimDFtxbIc7LuUprEQfjo9bVRlTsGMbx5pCCfF3G6%2Fl8rtgu8ihnSJajEfGK2KXd7rqMhfXCpYdPZgD4fI5wroqW7bYutswYKMEwSq7icTVRGEu%2FtHRGqGfKFxpziAsnL5stssobqq2YUKczsZGnJT576AKlgTzqaEionz5wD2Ah1u%2B4vYrb%2FArOoLideZoXhu%2F5Kx5vy2LjvWgFlqQKQJGcTNmy0DkNgEQrEA%2Ft7PEccJJ84N7%2Fy9%2F5GQxM4tzoYXcqGfCfpPPDxgna68VLKKt1zK1s3TIkbicwygtXqoKUnPFY7qWFfsRCVC9hH4%2BYkl2rIvsfu66soKmGR%2Fb0kuaf05OJEX9nQSbLDS3BCizuxCvrS%2BfqP08lrp191cvcfXetJIwn%2BuIngY6pQFIuadKL0tKp9Mo61K91gcXKWQopxME30OpvSfUzFeqe0K5gRj4ntidg8PsLpKFWaSEPFCwC0s8345ZZNvsXCIaejiGwSQSQL%2BmKIO7tkrbOyoGIwZrSXAYWq2dKiJzRx0PAjKbwJQbjzgNSnyDjjhpUQWE87WcWWmlPSLj8sNIOrs3uhbaVPpQ3Ew07PweNqSVh6ciylt3pvWRhWQZ5LPLdO97bk0%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=ASIA3T2TXAJJ4RNUWYLJ%2F20230114%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Date=20230114T072002Z&X-Amz-SignedHeaders=host&X-Amz-Expires=3600&X-Amz-Signature=92c02e485c490134d1962bc513089c6424195bf6cf7b3e2a965f5fe1fc9ce865
https://rand-automation-production.s3.amazonaws.com/acdc/NPHYS-2022-12-03372/supplements/supplement/d921-dd3d-a66f-474f-877c-2406f5e212d7-1671533125931?response-content-disposition=attachment%3B%20filename%3D%22supplementaryinformation20221220.pdf%22&X-Amz-Content-Sha256=UNSIGNED-PAYLOAD&X-Amz-Security-Token=IQoJb3JpZ2luX2VjEI3%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJHMEUCIQCR%2F7%2FxvW7Zo2I0s8D9zUgf11e4GtxYIyVIk%2BKmRPytMgIgFfulUQgfk5CtpJDLLoZjfRkklwvP5OBfgpVkvrAUetgq%2BwMI5v%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FARAAGgw3OTg1MDI2MTc2ODMiDJkTl9458bGbqm3U7irPAyrIKbhJgkuZ22FjsrngWhU8x0%2FBA5wE4S1yLoLJmguk5m7I5PhGCpeCsusbXegqsXO0LG26i6sA11ui4u8frpa8lYoyvflfWUDFjuu2OOgXd6%2Bm3ymhjDGZcuhFDQhvd7MB7iPPb0PZQZG5sTONiWf9g%2B0ngmNGxng0Sasz0Eok1wZu4DQi22bnueW8iql1PckL7kFbnYkRVIlRa3AC%2FF0LyUfHuHtiwuLduQimDFtxbIc7LuUprEQfjo9bVRlTsGMbx5pCCfF3G6%2Fl8rtgu8ihnSJajEfGK2KXd7rqMhfXCpYdPZgD4fI5wroqW7bYutswYKMEwSq7icTVRGEu%2FtHRGqGfKFxpziAsnL5stssobqq2YUKczsZGnJT576AKlgTzqaEionz5wD2Ah1u%2B4vYrb%2FArOoLideZoXhu%2F5Kx5vy2LjvWgFlqQKQJGcTNmy0DkNgEQrEA%2Ft7PEccJJ84N7%2Fy9%2F5GQxM4tzoYXcqGfCfpPPDxgna68VLKKt1zK1s3TIkbicwygtXqoKUnPFY7qWFfsRCVC9hH4%2BYkl2rIvsfu66soKmGR%2Fb0kuaf05OJEX9nQSbLDS3BCizuxCvrS%2BfqP08lrp191cvcfXetJIwn%2BuIngY6pQFIuadKL0tKp9Mo61K91gcXKWQopxME30OpvSfUzFeqe0K5gRj4ntidg8PsLpKFWaSEPFCwC0s8345ZZNvsXCIaejiGwSQSQL%2BmKIO7tkrbOyoGIwZrSXAYWq2dKiJzRx0PAjKbwJQbjzgNSnyDjjhpUQWE87WcWWmlPSLj8sNIOrs3uhbaVPpQ3Ew07PweNqSVh6ciylt3pvWRhWQZ5LPLdO97bk0%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=ASIA3T2TXAJJ4RNUWYLJ%2F20230114%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Date=20230114T072002Z&X-Amz-SignedHeaders=host&X-Amz-Expires=3600&X-Amz-Signature=1332f7e2412bb47d6232bcd440f7eabe17656d3ffff81dd055d106e6658ddb51

	Transient Absorption of Warm Dense Matter Created by an X-Ray Free-Electron Laser
	Abstract
	 Main
	Introduction
	Spectral observations of XFEL-generated WDM
	Transition from RSA to SA
	Modelling with kinetic Boltzmann approach
	Discussion on the pre-edge feature energy shift
	Conclusion

	 Methods
	 Acknowledgements
	 Author contributions
	 Data availability
	References


