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Abstract: We present a comparative theoretical study of silicon crystals irradiated with X-ray free-
electron laser pulses, using hard X-ray photons of various energies. Simulations are performed with
our in-house hybrid code XTANT based on Monte Carlo, Tight Binding and Molecular Dynamics
simulation techniques. By comparing the strength of the coherently scattered signal and the cor-
responding electronic radiation damage for three X-ray photon energies available at the SACLA
free-electron laser facility, we conclude that it would be beneficial to use higher photon energies for
“diffraction-before-destruction” experiments.
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1. Introduction

X-ray free-electron lasers (XFELs) provide ultrashort X-ray pulses with unique charac-
teristics, such as high spatial and temporal coherence, unprecedented brilliance, and MHz
repetition rates [1–3]. Thanks to these characteristics, they enable applications that were
not feasible with the synchrotron or high-harmonic generation sources, such as studies of
ultrafast structural transformations with pump-and-probe experiments and “diffraction-
before-destruction” applications [4–7]. The latter can provide opportunities for the structure
determination of radiation-sensitive samples, but they also introduce many challenges [8],
such as a potential target disordering during diffraction, which can deteriorate the quality
of structure determination. In an earlier work, we showed that the X-ray-induced electron
cascading can cause a delay in the structural changes at high photon energies [9,10], which
could improve the reliability of “diffraction-before-destruction” applications for sufficiently
short pulse durations.

Although the “diffraction-before-destruction” concept has been successfully applied to
many protein crystals and has enabled the identification of their atomic structure [11,12], it is
not clear whether one can realize advanced structure determination with this concept, going
beyond the determination of atomic positions. Namely, the visualization of electron density
distribution in chemical bonds and molecular orbitals still remains a challenge with ultrafast
X-ray imaging. Such advanced structural studies are routinely performed at synchrotron
X-ray diffraction beamlines [13]. However, applying XFEL pulses for such studies is
not straightforward, as the strong excitation of valence electrons triggered by intense
radiation on femtosecond timescales complicates the interpretation of the measurements.
For this reason, theoretical predictions are essential to fully benefit from diffraction imaging
opportunities at the XFEL facilities.

In this work, we study the effect of various hard X-ray photon energies on electronic
damage and coherently scattered signals from X-ray irradiated silicon crystals. We perform
computations with our hybrid code XTANT [14,15], based on the Monte Carlo (MC), Tight
Binding (TB) and Molecular Dynamics (MD) simulation techniques. For realistic irradiation
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parameters, available at the SACLA XFEL facility in Japan [16], at the absorbed doses
typical for serial femtosecond crystallography of inorganic materials and small-molecule
systems with micrometer-size focused beams [17–19], we predict the average number of
X-ray coherent and incoherent scattering events as well as the number of ionization events.
The results of our simulations point out the advantage of using harder X-ray photons for
ultrafast diffraction measurements.

2. Computational Approach

For the simulations, we use our in-house MC/TB/MD code XTANT [14,15]. It takes
into account X-ray photon absorption by core and valence electrons, impact ionization by
the photoelectrons, Auger electrons and secondary high-energy electrons (i.e., with energies
above ∼10 eV). These processes are described using atomistic approximation with a classical
Monte Carlo approach. The corresponding cross-sections, rates and energy levels are taken
from the EPDL97 database [20], EADL97 database [21], complex dielectric function [15]
and from Ref. [22]. Low-energy electrons in the valence and in the conduction band (the
latter with energies below 10 eV) obey the Fermi–Dirac distribution, which is updated at
every time step, taking into account how many electrons were excited to or de-excited
from the high-energy electron domain. Atomic trajectories are traced with a classical
MD module, using potential energy surface calculated from a TB Hamiltonian. The non-
adiabatic electron–ion coupling, which leads to atomic heating on picosecond time scales,
is taken into account with rate equations, including the Boltzmann collision integral [15].
The code has been successfully validated in earlier studies (for a recent review, see [15]).
It provides comprehensive information about the evolution of X-ray irradiated solids,
including transient electron density and temperature, electronic and atomic configuration
and optical parameters.

3. Results

Using the XTANT code, we performed simulations of silicon irradiated with an X-ray
pulse at photon energies of 4, 15, and 20 keV, and at X-ray absorbed doses of 1.5, 5, and
10 eV/atom [23], comparable to those used in current serial femtosecond crystallography
of non-biological samples [17–19]. Here, we set the pulse duration of the X-ray pulse
to 6 fs (FWHM), which is a typical value in the standard machine operation mode of
SACLA [24]. For simplicity, we assumed that the sample thickness was comparable with
the photon attenuation length (which is ∼10, 443 and 1038 µm for 4, 15, and 20 keV photons,
respectively [25]). This results in isochoric, almost homogeneous X-ray energy absorption
in the sample. Hence, we could perform constant-volume simulations for bulk silicon using
a 512-atom supercell, with periodic boundary conditions.

The calculations were performed with a 5 fs time step. At each time step, the MC
results were averaged over 500,000 iterations.

Figure 1 shows the evolution of the number of high- and low-energy excited electrons
(the latter denoted as conduction band electrons), as well as the number of photons absorbed
by time t for the case of an absorbed dose of 1.5 eV/atom. This is above the nonthermal
structural damage threshold in silicon (0.9 eV/atom [23,26]). Following [26], this threshold
dose can be translated into the critical number of excited conduction band electrons,
which lies in this case between 0.27 and 0.4 electrons per atom. For 4 keV, 15 keV and
20 keV photon energy (Figure 1a–c), the number of excited conduction band electrons
never exceeds the critical number. Note that absorbing the threshold dose yields a full
disordering of the silicon structure on timescales much longer than the pulse duration of
6 fs considered here [23]. Still, some atomic dislocations may have possibly started on such
a short timescale. However, at time zero, the number of excited electrons ranges from only
0.03 for 4 keV photons down to 0.006 for 20 keV photons. Because time zero corresponds
to the maximal intensity of the X-ray pulse, yielding the strongest diffraction signal, such
a prediction indicates that during the 6 fs long X-ray pulse, the X-ray-induced sample



Photonics 2023, 10, 948 3 of 9

damage should not significantly affect the quality of the structure determination in all the
considered cases.
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Figure 1. Number of conduction band (i.e., low-energy) electrons (green solid line) and high-energy
electrons (blue line) in silicon as a function of time. This was calculated with the XTANT code,
assuming irradiation of silicon by an X-ray pulse with 4 (a), 15 (b), and 20 keV (c) photons. The pulse
duration was 6 fs, and the average absorbed dose was 1.5 eV/atom. The pulse shape is shown with
a light-blue, dotted line in arbitrary units. The number of absorbed X-ray photons by time t is also
depicted for comparison (red line).
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Similar observations are made for higher absorbed doses. Figures 2 and 3 present
the results regarding the number of excited electrons and absorbed photons for the X-ray
absorbed doses of 5 eV/atom and 10 eV/atom, respectively. For the lowest photon energy,
4 keV, the number of excited electrons exceeds the critical electron number at the end of
the pulse. However, for higher photon energies, 15 keV and 20 keV, this number never
exceeds 0.20 electrons per atom. Also, at time zero, the number of excited electron per
atom ranges from 0.07 for 4 keV photons down to 0.02 for 20 keV photons at the absorbed
dose of 5 eV/atom, and from 0.13 for 4 keV photons down to 0.03 for 20 keV photons at
the absorbed dose of 10 eV/atom. Again, like in case of the 1.5 eV/atom dose (Figure 1),
the application of higher photon energies at the same absorbed dose yields a much smaller
average ionization degree in the irradiated sample than in the case of the lower photon
energy applied.

This shows a clear advantage of using harder X-ray photons for high-resolution
crystallography. Given that the typical crystallographic reliability factor in charge density
studies is in the region of a few percent [27], the small electron excitation predicted by the
simulation for 20 keV photons implies the feasibility of the nearly damage-free visualization
of electron density distribution even when using an intense X-ray beam providing an
absorbed dose above the damage threshold.

Using the XTANT code with the electron–phonon coupling switched on (see [23]), we
performed test simulations for the case of 4 keV photon energy, and 1.5 and 5 eV/atom
absorbed doses. The obtained plots were indistinguishable from those obtained without
the electron–phonon coupling taken into account (Figures 1a and 2a). We then concluded
that the electron–ion coupling did not affect the presented results on the short time scales
considered. Therefore, all the results were calculated without taking this into account,
which decreased the overall computational costs.

Concerning the scattering signal, Figure 4 compares the number of coherent and inco-
herent photon scatterings with the number of photoabsorption events for the considered
simulation conditions. The numbers were estimated with the respective cross sections
taken from the NIST XCOM database [28]. This shows that the coherent scattering signal
in the single-shot imaging increases with increasing photon energy, which is beneficial.
The disadvantage is the increase in the incoherent signal contributing to the background.
However, such an increase in the incoherent signal would not deteriorate the quality of
structural studies of crystalline materials because the contribution of incoherent scattering
can be readily eliminated by estimating the background signal for each Bragg spot [29].
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Figure 2. Cont.
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Figure 2. Number of conduction band (i.e., low-energy) electrons (green solid line) and high-energy
electrons (blue line) in silicon as a function of time. This was calculated with the XTANT code,
assuming irradiation of silicon by an X-ray pulse with 4 (a), 15 (b), and 20 keV (c) photons. The pulse
duration was 6 fs, and the average absorbed dose was 5 eV/atom. The pulse shape is shown with
a light-blue, dotted line in arbitrary units. The number of absorbed X-ray photons by time t is also
depicted for comparison (red line).

(a)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

-10 -5 0 5 10 15 20

4 keV

N
u

m
b
e
r 

(1
/a

to
m

)

Time (fs)

Absorbed photons x500

High-energy electrons

Conduction-band electrons

Figure 3. Cont.



Photonics 2023, 10, 948 6 of 9

(b)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

-10 -5 0 5 10 15 20

15 keV

N
u

m
b
e
r 

(1
/a

to
m

)

Time (fs)

Absorbed photons x500

High-energy electrons

Conduction-band electrons

(c)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

-10 -5 0 5 10 15 20

20 keV

N
u

m
b
e
r 

(1
/a

to
m

)

Time (fs)

Absorbed photons x500

High-energy electrons

Conduction-band electrons

Figure 3. Number of conduction band (i.e., low-energy) electrons (green solid line) and high-energy
electrons (blue line) in silicon as a function of time. This was calculated with the XTANT code,
assuming irradiation of silicon by an X-ray pulse with 4 (a), 15 (b), and 20 keV (c) photons. The pulse
duration was 6 fs, and the average absorbed dose was 10 eV/atom. The pulse shape is shown with
a light-blue, dotted line in arbitrary units. The number of absorbed X-ray photons by time t is also
depicted for comparison (red line).
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Figure 4. Number of coherent and incoherent photon scattering events and number of photoionization
events in silicon during a 6 fs long FEL pulse. This was obtained for photon energies of 4, 15,
and 20 keV at the absorbed dose of 5 eV/atom. The corresponding cross-sections were taken from
the NIST XCOM database [28] .
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4. Discussion

As we mentioned above, we assume a homogeneous energy distribution across the
whole simulation volume, because we do not perform quantitative studies to be com-
pared to the results of an experiment, but aim to identify predominant physical processes
and trends, following hard X-ray irradiation. In Ref. [30], we showed how one could
take the spatial pulse profile into account and perform a rigorous volume integration of
the simulated diffraction signal. Such computationally expensive research is not neces-
sary for the scope of the current work; we aim to advertise here a general idea of using
hard X-rays for imaging without attempting to perform a comparison with any concrete
experimental result.

Concerning the temporal pulse profile, the XFEL pulses can have a spiky structure due
to the finite bandwidth (for instance, see Figure 4 of Ref. [31] and Figure 21 in Ref. [3]). When
analyzing experimental data on nonlinear X-ray effects, it is important to consider these
spiky structures because the instantaneous intensity can be higher than the average intensity.
However, we do not expect such effects in the cases studied here, because (i) the electron
photoexcitation process is linear, and (ii) the timescale of the electron photoexcitation
processes is much longer than the temporal spike width. Hence, we use a temporal
Gaussian pulse profile in the simulations.

Considering an eventual effect of the finite spread of pulse energy on electron excita-
tion, since the photoabsorption cross-section will be almost the same for the whole spectral
range of the XFEL pulse (which is located far from any inner-shell ionization threshold,
and with very small relative energy spread of dE/E ∼0.3% or less), we can accurately
describe the electron excitation processes using the monochromatic XFEL pulse.

Our simulations of X-ray-irradiated silicon crystals have shown that the electronic
damage of the sample quantified by its average ionization degree (i.e., the number of
excited conduction band electrons per atom) at a fixed absorbed dose decreases with
the increasing X-ray photon energy. This also results in a much slower increase in the
sample ionization degree with time for higher photon energies, increasing the onset for
structural changes in the irradiated sample (see [10]). Therefore, it should be beneficial
for the diffraction-before-destruction experiments to use higher-energy photons. They are
already available at FEL facilities such as SACLA, for example [16].

Our study demonstrates that electronic damage can be to a large extent mitigated by
the choice of proper photon energy. This opens a promising pathway towards advanced
structure determination, i.e., the visualization of electron density distribution with ultrafast
X-ray pulses.

5. Conclusions and Outlook

In summary, we studied electronic damage in silicon during and shortly after its
irradiation with an XFEL pulse. The simulations were performed at the absorbed X-ray
doses relevant for ultrafast diffraction experiments. The results demonstrate that electronic
excitation becomes less significant as the photon energy increases, indicating a potential
benefit of using hard X-ray photons for structure determination. In particular, the use of
20 keV XFEL pulses with a duration of 6 fs, as available at SACLA, allows the suppression
of the electron excitation to the level where one can visualize electron density distribution
in a nearly damage-free condition. This advantage of using hard X-ray photons also holds
at higher absorbed doses, such as those typically used in diffraction experiments with
silicon. Our simulations thus indicate the feasibility of charge density studies with intense
XFEL pulses. This will provide new scientific opportunities that are challenging with
conventional X-ray sources, such as the damage-free visualization of chemical bonding
in inorganic–organic hybrid materials and the visualization of ultrafast electron transfer
induced by femtosecond optical laser pulses.
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