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Modern free-electron lasers (FEL) operating in XUV (extreme ultraviolet) or X-ray range allow
an access to novel research areas. An example is the ultrafast ionization of a solid by an intense
femtosecond FEL pulse in XUV which consequently leads to a change of the complex index of refrac-
tion on an ultrashort time scale. The photoionization and subsequent impact ionization resulting
in electronic and atomic dynamics are modelled with our hybrid code XTANT and a Monte Carlo
code XCASCADE. The simulations predict the temporal kinetics of FEL-induced electron cascades
and thus yield temporally and spatially resolved information on the induced changes of the optical
properties. In a series of experiments at FERMI and LCLS, single shot measurements with spatio-
temporal encoding of the ionization process have been performed by a correlation of the FEL pump
pulse with an optical femtosecond probe pulse. An excellent agreement between the experiment
and the simulation has been found. We also show that such kind of experiments forms the basis for
pulse duration and arrival time jitter monitoring as currently under development for XUV-FELs.

I. INTRODUCTION

Free electron laser has been a key for new classes of experiments in the fields of biology, femtochemistry and
material science. Examples of free-electron XUV/X-ray lasers include FLASH [1] and XFEL [2] in Germany,
FERMI@Elettra [3] in Italy, SACLA [4] in Japan, PAL-XFEL [5] in Korea, and LCLS [6] in the US. These in-
struments unveiled new horizons in photon science, enabling experiments of a new type and opening new areas in
physics. Femtosecond intense FEL pulses trigger ultrafast ionization of solids, which consequently leads to transfor-
mation of electronic and atomic structures of the materials. Modification of the dielectric constant of the material
implies changes of optical properties as well as phase effects. Changing optical characteristics can be measured by
using, e.g., a pump-probe technique with an XUV/X-ray pump and a delayed optical probe. In such a way, the
material can be transformed from the initial transparent state to an opaque state. Thus, a gate is created, which is
further referred to as an ’optical gate’. This gate reflects visible and infrared light. Due to the very fast ionization
dynamics in solids, formation of such an optical gate may take less than 10 fs following the Keldysh model [7, 8].
This is faster than the Kerr gate which is limited by the pulse duration [8]. Creation and introduction of such an
ultrafast optical gate are the goals of XUV-PUMA project. The ultrafast optical gate, in its turn, will be a basis for
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the ’timing tool’, which will give an opportunity to measure the pulse arrival time, to characterize the pulse structure
and to monitor the jitter of XUV- and X-ray FEL pulses.

II. MODELS AND EXPERIMENTS

For modelling electronic and atomic time dependent dynamics, we use our in-house codes XCASCADE (X-ray-
induced electron cascades) [9] and XTANT (X-ray thermal and non-thermal transitions) [10, 11]. XCASCADE is
a Monte-Carlo code which simulates electronic cascades in irradiated materials. An event-by-event Monte-Carlo
scheme averages over many trajectories to gather reliable statistics. These events may include photoexcitation of
hot electrons, decay of inner-shell holes, elastic and inelastic collisions of electrons with atoms. XCASCADE uses
predefined atomistic cross-sections for these processes. The material is supposed to be exposed to relatively low fluence
radiation that does not produce substantial damage and preserves quasineutrality during the electron cascading. It
is a versatile tool which can be applied to any material (within the abovementioned atomic approximation).

An XCASCADE-3D is an extension [12] of XCASCADE, which also tracks electronic cascades in space with 3D-
resolution. Thus, the effect of fast electron transport can be estimated. With the spatial and temporal estimation of
the electron density, the optical properties using the Drude model can be calculated.

The XTANT code keeps XCASCADE principles of Monte-Carlo based trajectory constructions for high-energy
electrons, but it also treats low-energy electrons within the valence band and bottom of the conduction band by
using temperature rate equations. Usage of the tight binding model allows to resolve a transient band structure
of the material at each time step and thus, by calculating a potential energy surface, we obtain the atomic forces
and, subsequently, molecular dynamics in the material. In such a way, changes in the atomic trajectories are also
available. The nonadiabatic electron-ion coupling is traced with the Boltzmann collision integral. Furthermore,
transient optical properties of the material can be calculated either with the RPA (random phase approximation)
or the Drude approach [13]. The tight binding parameterization in the current version of XTANT is restricted to
carbon, silicon and gallium arsenide [14, 15], although a new version of XTANT being developed now includes a more
universal parameterization scheme for numerous materials. A simplified scheme of XTANT modules is shown in Fig.
1.

Tight binding 

(wave functions, 

band structure, 

atomic forces) 

Boltzmann 

collision integral 

(nonadiabatic 

electron-ion 

coupling) 

Molecular 

dynamics 

(atomic motion) 

Rate equations 

(valence and 

conduction band 

electrons) 

Monte Carlo 

(photons, high-

energy electrons, 

core holes) 

FIG. 1: Scheme of the modules of the XTANT code and connections between them. Figure reproduced from Ref. [11].

To conclude, XCASCADE and XTANT serve as tools for modelling ionization dynamics in solids irradiated with
XUV/X-ray pulses. Calculation of transient optical properties such as reflectivity, transmissivity or temporal phase,
which are typically measured with the pump-probe technique, gives an opportunity to compare results of simulations
directly with time resolved experiments. We have tested the validity of the XTANT model on published experiments
with diamond and silicon where optical pump radiation was used to create transient non-equilibrium states of the
materials [13]. With modern tools at FELs, it became possible to make single-shot experiments with optical or X-ray
probe and time resolution down to 10 fs [16–18].

An example of such an experiment was performed at FERMI@Elettra in 2016 by Franz Tavella et al [19]. A
polycrystalline diamond sample was exposed to the soft X-ray pulses of photon energy Ephot = 47.4 eV. Then it was
probed by an optical pulse with a wavelength λ = 630 nm. The time resolution of the experiment did not exceed 10
fs. The result was a detection of a solid-to-solid nonthermal transition of diamond into graphite on a time scale of 150
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fs which is one of the fastest phase transitions ever observed. Non-thermal graphitization had been observed earlier
by Gaudin et al. [20], but not in a time-resolved mode, and theoritically described by Medvedev et al. [10].

The local dose absorbed by the material should be at least 0.7 eV/atom to cause graphitization. The mechanism of
such a phase transition includes very fast electronic excitation from the valence to the conduction band (within a few
femtoseconds for XUV case) followed by a diamond band gap collapse and further atomic relocation to new equilib-
rium positions corresponding to overdense graphite. All stages of this transformation were followed by experimental
measurements of a transmission signal as well as by XTANT simulation of transient transmission, found in excellent
agreement with each other. Further confirmation of actual graphitized final state was made by post-mortem analysis
of the sample, which included scanning probe microscopy, confocal Raman micro-spectroscopy and X-ray photoelec-
tron spectroscopy. Different experimental fluences resulted in different observed graphitized layers in the targets. A
finite transmission coefficient was higher in samples with a thinner graphitized layer (Fig. 2). The dependence of the
layer thickness on a transmission coefficient was accounted in XTANT by adding relaxation time approximation for
electronic relaxation. This simplified model assumed linear dependence of an affected layer thickness, evolving from
the attenuation layer, on a probe time delay.
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FIG. 2: Transmission signal observed experimentally (error bars) and simulated with XTANT (solid lines) from XUV irradiated
diamond for various transient graphite layers at 400 fs. FEL photon energy Ephot = 47.4 eV, FEL pulse duration τFEL = 52.5
fs, probe pulse wavelength λ = 630 nm.

A number of other interesting modelled effects has also been recently observed with XTANT. One of the best
studied examples is melting of silicon. Depending on the absorbed dose from the FEL pulse, solid silicon which has a
diamond-like crystal lattice can either transform into the low density liquid (LDL) through a thermal channel (Fig. 3)
or into the high density liquid (HDL) through a primarily non-thermal channel (Fig. 4). The thresholds are estimated
to be ∼ 0.65 eV/atom for thermal melting and ∼ 0.9 eV/atom for non-thermal melting [11, 21]. The presence of
the LDL or HDL phase in a simulation can be resolved by the positions of silicon atoms and interatomic bonds or
by a characteristic powder diffraction pattern. The mechanism of the thermal melting transition is attributed to
non-adiabatic electron-ion coupling when hot electrons transfer its energy to the lattice, heating and transforming it.
The mechanism of non-thermal melting is identical to the non-thermal graphitization case: if the density of electrons
in the conduction band is sufficiently high, a change of the interatomic potential and band gap shrinking before the
heating of the crystal lattice may be induced.
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FIG. 3: Snapshots of silicon being irradiated by the FEL pulse with 0.66 eV/atom absorbed dose, photon energy Ephot = 50
eV, τFEL = 10 fs.

FIG. 4: Snapshots of silicon being irradiated by the FEL pulse with 1.78 eV/atom absorbed dose, photon energy Ephot = 50
eV, τFEL = 10 fs.

Another modelled example, related to silicon, is ablation. The threshold for this process was predicted to be ∼ 2.6
eV/atom [11]. Absorption of such a dose results in at least 12 % of valence electrons in the conduction band and
electronic temperature of ∼ 20 kK. The material disintegrates, and single atoms and small molecular fragments are
expected to be observed. The ablation goes via the non-thermal melting mechanism on a subpicosecond timescales
through the HDL phase (Fig. 5).
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FIG. 5: Snapshots of silicon being irradiated by the FEL pulse with 3 eV/atom absorbed dose, photon energy Ephot = 92
eV, τFEL = 10 fs. Corresponding simulated powder diffraction patterns are obtained for X-ray photons of 1.54 Å. Figure is
reproduced from Ref. [11].

Similar disintegration is observed in amorphous carbon (a-C) at doses above ∼ 0.85 - 0.9 eV/atom [11]. The
spallation of a-C goes through graphitization on a timescale of a few picoseconds. As a result, the material is
fragmented, forming separate clusters (Fig. 6). That distinguishes it from ablation when single atoms or few-atomic
species are removed from the bulk.
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FIG. 6: Snapshots of amorphous carbon being irradiated by the FEL pulse with 1 eV/atom absorbed dose, photon energy
Ephot = 92 eV, τFEL = 30 fs. Corresponding simulated powder diffraction patterns are obtained for X-ray photons of 1.54 Å.
Figure is reproduced from Ref. [11].

At extremely intense FEL irradiation, ultrafast atomic disorder leads to the warm dense matter formation on
a timescale of few tens of femtoseconds. Diamond, absorbing a dose between ∼ 18 and 25 eV/atom, transiently
undergoes melting through a very quick graphite-like state which lasts only a few fs [22] (Fig. 7). Such a process can
be considered almost purely non-thermal, since it is too fast for non-adiabatic effects to contribute, as was confirmed
by a separate simulation done within the Born-Oppenheimer approximation framework.
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FIG. 7: Snapshots of diamond being irradiated by the FEL pulse with 18.5 eV/atom absorbed dose, photon energy Ephot =
6100 eV, τFEL = 10 fs. Corresponding simulated powder diffraction patterns are obtained for X-ray photons of 1.54 Å. Figure
is reproduced from Ref. [11].

The XCASCADE code is also efficient for calculations in a regime of excitation below damage threshold, when the
atomic rearrangement insignificantly affects the optical properties within the cascade duration. Such an experiment,
aiming to study electron cascades in a solid, was conducted at LCLS in 2017 by Katalin Mecseki et al [23]. Samples of
Si3N4, Si and SnO2 were irradiated with approximately 20 fs FWHM FEL pulse at 5 keV and 9 keV photon energies
arriving at 30◦ to the target. Simultaneously, they were probed by an ultrashort (τ < 10 fs) optical pulse at λ = 800
nm at a normal incident angle and the transmission signal was decoded. By measuring the transmission of a sample,
the electron dynamics and free electron density were analyzed via changes of the complex index of refraction.

Such measurements in optical cross-correlation experiments allow for diagnostics of the X-ray FEL pulse, namely
its arrival time and duration. The perfect ’timing tool’ material should be highly transparent for the X-ray radiation
and also sensitive to an optical pulse [9]. Then the impact of an X-ray pulse to the experimental setup is minimized
and detection of optical response to the ionization dynamics is feasible.

Both, experimental observations and XCASCADE demonstrated faster electron kinetics and ionization in SnO2

compared to Si3N4 and especially to Si (not shown) (Fig. 8). The effect is even more pronounced at ~ω = 9 keV,
as the L-shell ionization potential approximately equals to Ip = ~ω/2. As a result, saturation of the electron density
takes less than 50 fs. Measuring transient transmission and calculating its derivative were followed by the direct time
domain deconvolution of the laser pulse duration which yielded the material response to the FEL pulse. These results
were also in agreement with the modelling.

As we already mentioned, the XCASCADE-3D code allows to trace X-ray/XUV-induced cascades in 3-dimensional
space, which is a significant improvement compared to the original XCASCADE code, providing only temporal res-
olution. Based on the common roots and similar programmistic structure of XCASCADE-3D and XTANT codes,
another challenging idea is to combine the advantages of the both codes. XTANT code is capable of calculating optical
properties from the electronic band structure within the RPA model [13, 24], which is a more precise estimation than
the Drude model implemented in XCASCADE-3D [13]. In addition, XTANT does not have any spatial resolution.
Using the spatially resolved cascading information from XCASCADE-3D, XTANT can then calculate optical coeffi-
cients within a particular chosen layer of the material. Temporal distribution of electrons in the material may become
very non-uniform because of fast ballistic transport and diffusion effects. In Fig. 9 examples of the temporal and
spatial electron energy density distribution in silicon nitride calculated by XCASCADE-3D are shown for the cases of
XUV (~ω = 50 eV) and hard X-ray (~ω = 9000 eV) irradiation. The calculations take into account both elastic and
inelastic collisions of electrons on atoms. The plots are averaged over tens of thousands of cascades. The electrons
are stopped after their kinetic energy falls below 8.15 eV. Hard X-ray photons excite electrons to higher energies, and
created core shell holes also decay via Auger process, cascading in this case lasts significantly longer than in the case
of XUV. Additionally, the longitudinal electron range in the case of X-ray is much larger due to the higher photon
attenuation depth and electron ballistic transport.
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FIG. 8: Measured (solid lines) and calculated (dashed lines) single shot and averaged transmission and the derivative of the
measured transmission of SnO2 (blue lines) and Si3N4 (green and red lines) at photon energies 5 keV (a) and 9 keV (b). Figure
is partly reproduced from Ref. [23].

(a) (b)

FIG. 9: Calculated spatial and temporal distribution of electron energy density in XUV, 50 eV (a), and X-ray, 9000 eV, (b)
irradiated Si3N4 sample, pulse duration τ = 74.9 fs. Propagation of electrons in z direction deeply into the bulk of the material
is taken into account. The point z = 0 corresponds to the position in which a single photon was absorbed (probable from
surface to the attenuation depth of the material). The point t = 0 corresponds to the center of the FEL pulse.

An idea of the ionization based ’timing tool’ we mentioned, was presented in [8]. Therein, the probe pulse and
its spectral properties were characterized. However, in our FEL-related studies, the original experimental setup is
modified to match our requirements. The pump pulse, which initializes effects and changes in a sample, is produced
by the FEL. The ultrashort infrared probe is produced by a NOPA (non-collinear optical parametric amplifier) and
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well characterized independently. The IR-pulse from the NOPA obviously cannot serve as a pump for the XUV FEL
probe pulse. In such a way, an XUV pump is investigated and characterized from correlation measurement with the
IR-pulse. The temporal axis of the single-shot experiment is encoded spatially into the ionization structure on the
sample which then is imaged onto a CCD camera. In order to get a single-shot diagnostic, the wavefront of the FEL
pulse is tilted with respect to the target. The arrival time of each portion of the pulse is then defined by the spatial
positions on the sample [18, 25]. The sketch of the complete experimental setup is shown in Fig. 10. This setup
allows to characterize a single FEL pulse in time and frequency domains, as particularly it was demonstrated in [18].
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FIG. 10: Scheme of the XUV pump - optical probe correlation experimental setup.

III. CONCLUSIONS

Ultrafast ionization of solid samples by ultrashort wavelength FEL pulses has been investigated at various conditions.
The results show that, depending on the energy and the intensity of an FEL pulse, the ionization process can be either
used as a ’timing tool’ to diagnose temporal properties of the FEL pulse, or, alternatively, as an instrument to induce
various phase transitions in the target.

The material modifications strongly depend on the absorbed X-ray or XUV dose. Phase transitions such as solid-to-
solid, solid-to-liquid, ablation, spallation, or warm dense matter formation can be observed. A notable example of the
XFEL induced phase transition is the ultrafast non-thermal graphitization of diamond, which has been identified in
both experiment and simulations. It has been shown that this process is faster than any known non-thermal melting
transition which requires at least ∼ 300 – 500 fs.

At relatively low intensities and high photon energies, electron cascading may occur. As observed in experiments,
this may have a strong influence on pulse duration measurements. However, by choosing a suitable target material for
a particular photon energy, cascading time may be shortened. This is important for ’timing tool’ diagnostics based on
the described method. For example, it was shown that SnO2 is a suitable material for the pulse diagnostics at 5 keV
photon energy. Then, in comparison to other (standard) materials, the cascading time in it is significantly reduced
and thus improves the accuracy of the measurements.

The present work shows that our in-house codes XTANT and XCASCADE, dedicated to a prediction of the photon-
matter interaction in the range from XUV to hard X-ray, are capable of producing accurate results. Experimental
results for graphitization and electron cascades in target materials successfully confirmed the validity of the codes.
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