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In the probe-before-destroy methodology, developed with the advent of X-ray free-electron lasers, the investi-
gated system is probed with an ultra-short (femtosecond) X-ray pulse within time shorter than that the X-ray-
induced damage needs to propagate. Radiation damage is typically considered in terms of the Coulomb explosion
which needs about 50 fs to induce observable effects in the material structure. It has been, however, shown
that the much faster electronic structure change has also a significant influence on the X-ray emission spectroscopy
data and may alter the X-ray diffraction patterns. This work reports on energy and time distribution of photo-
electrons induced in water by an X-ray pulse with properties typical for an X-ray free-electron laser operated in
the intensity regime below the sequential photoionization regime. The electron flux was simulated on the basis of
a kinetic model and was found to be significant over the course of the X-ray pulse duration. The presented findings
call for consideration of the X-ray-induced electrons in studies on solutions and samples embedded in matrices.
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1. Introduction

Since the work of Blake and Phillips [1] uncovering
the damaging effect of X-ray irradiation on crystalline
proteins, X-ray studies on complex systems has been
accompanied by a concern about the damage done by
the incident beam to the studied material, especially
when using the bright 3rd and 4th generation radiation
sources (see, e.g., Refs. [2–6]). The radiation damage is
the unwanted consequence of the high ionization of the
studied material by the intense probe beam: electronic
structure change, bond breaking, the Coulomb explosion,
structural change. This phenomenon naturally refers pri-
marily to the X-ray radiation damage and is crucial in
the case of study on chemical complexes and biological
systems as it does not allow an intact target material
characterization. Until now different approaches have
been developed to profit from the high peak brightness of
the pulsed X-ray sources without losing the sought infor-
mation on the studied system. The X-ray damage can be
overcome to a certain extent by placing the studied mate-
rial in a flowing liquid jet [7, 8]. It ensures that each inci-
dent X-ray pulse interacts with a fresh sample of the tar-
get, unaffected by the potential radicals released through
the damage done by the previous pulse. Another tool
of preventing the radiation damage influence on the mea-
sured data was brought with the development of cry-
ocooling techniques [9–11]. Cooling the target material
down to very low temperatures (of about 100 K) slows
down the free radicals diffusion which allows extending
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the time for data collection or equivalently increasing
the limit of acceptable radiation dose. Despite the radi-
ation damage prevention techniques used, in certain ap-
plications additional attenuation of too intense incident
photon beam is necessary.

A progress in overcoming the X-ray damage influence
on the experimental data has been made possible on
the part of the excitation beam itself with the advent
of the 4th generation X-ray sources, X-ray free-electron
lasers (XFELs). The extremely bright XFEL sources,
∼ 1010 brighter than synchrotrons, produce femtosecond-
short X-ray pulses reaching peak intensity on a target
of the order of 1020 W/cm2 and photon fluxes of about
1034 photon/(cm2 s) and beyond [12, 13]. These unique
properties allow studying new fundamental processes in
atomic and radiation physics (see, e.g., Refs. [14–17])
and in the case of more complex systems make time-
resolved measurements on femtosecond molecular pro-
cesses possible [18, 19]. It is shortening the X-ray pulse
duration to femtoseconds, while maintaining high num-
ber of photons that opened the way to develop the so-
called probe-before-destroy approach [20–29] allowing to
probe molecular systems before the radiation damage
causes observable changes in them. It was demonstrated,
mainly by means of the X-ray diffraction (XRD) method,
that this technique works with a wide range of pulse dura-
tions, with the minimal one of about 50 fs, where the pho-
ton flux was of the order of 1032 photon/(cm2 s) [28].

The radiation damage is typically considered in terms
of the Coulomb explosion leading to a structural change
while it has been shown that the much faster elec-
tronic structure change has also a significant influence
on the X-ray emission spectroscopy (XES) data [30]
and can potentially affect the X-ray diffraction (XRD)
results [31, 32]. This work is focused on a study of
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energy and time distribution of photoelectrons released in
a water target irradiated with an ultra-short X-ray pulse.
The distribution was simulated using a kinetic model
for the photon flux of 2.2 × 1032 photon/(cm2 s), thus
much below the sequential photoionization domain [33].
The results show that penetration of the sample by X-ray
photons is accompanied by a significant flux of ener-
getic electrons which can interact with the medium over
the course of the pulse duration. The described effect
must be taken into consideration in most of the studies
done at XFELs with samples diluted in the water envi-
ronment or enclosed in soft matrices, as the photoelec-
trons released can interact with the target sample and
modify the electronic configuration of the target atom,
possibly before the interaction with an X-ray photon from
the incident beam.

2. Method

The photoelectrons of energy E ejected from water
molecules in the photoionization events undergo inelas-
tic collisions with the H2O molecules at the average
frequency per electron fe(E) [34, 35]:

fe (E) = naσi,e↔a (E) ve (E) , (2.1)
where na is the number of atoms a per unit volume,
σi,e↔a(E) is the cross-section for inelastic interaction of
an electron with an atom a, and ve(E) is the average elec-
tron speed. Inelastic collisions result in electron energy
losses, which makes both E and E-dependent quantities
evolve in time t. With the average energy loss per interac-
tion Eloss,e↔a(E) the temporal evolution of an electron’s
energy E can be described with the following differential
equation:

dE = −fe (E) Eloss,e↔a(E) dt. (2.2)
Introducing the stopping power defined by Inokuti [36]:

Sa (E) =
dEloss,e↔a

dz
= na σi,e↔aEloss,e↔a(E), (2.3)

where Sa(E) denotes the linear stopping power for
atoms a and dEloss,e↔a/dz represents a derivative of
electron energy loss over distance travelled in a medium,
Eq. (2.1) and Eq. (2.2) can be combined in the formula:

dE = −Sa(E) ve(E) dt. (2.4)
Energy and time distributions of the energetic electrons
ne(E, t) were calculated using Eq. (2.4) and the inci-
dent X-ray pulse’s time distribution was described with
a Gaussian of the full width at half maximum (FWHM)
of 30 fs and with the total number of photons per pulse
of 4 × 1011. The target was described as a planar water
jet of the mass density of 1 g/cm3 and of the thickness of
0.1 mm. The calculation was done for the irradiation area
of 6 µm2 and for three energies of incident photons: 4, 6,
and 8 keV. The released electrons were assumed not to es-
cape the irradiated volume. In the simulation the partial
photoionization cross-sections from Ref. [37] were used
and stopping powers for H2O were taken from Ref. [38].

3. Results and discussion

In the simulation only the electrons of energy above
12 eV were considered due to the lack of precise stop-
ping power of data below this limit. The energy and
time distributions of photoelectrons simulated for three
energies of incident photons are presented in Fig. 1a–c.
For the three studied photon energies 4, 6, and 8 keV,
respectively 82, 24, and 10% of photons were absorbed
by the O atoms inducing a considerable flux of photo-
electrons which at certain moments, especially for softer
X-ray irradiation, exceeded the flux of incident photons.
The electrons penetrate the medium losing their energy
gradually over the course of the pulse duration which
results in a very broad electron spectrum at every mo-
ment. Figure 1d presents electron spectra at the moment
of photon pulse maximum (0 fs) for the three incident
photon energies studied. As shown, the lower is the pho-
ton energy, the more electrons are released in the sam-
ple. The electron pileup appearing at the lowest energies
arises from the small electron stopping power for water
in this energy range.

The effect of stronger photoionization for less ener-
getic X-rays is better illustrated in Fig. 2a showing how
the total electron flux evolves in time for different inci-
dent photon energies. The presented electron curves tend
to have Gaussian-like profiles with maxima at tens of fs
after the X-ray pulse maximum. It is worth noting that,
as it is shown in Fig. 2a, the total number of electrons

Fig. 1. (a, b, c) Energy and time distributions of in-
duced photoelectrons (blue bars) simulated for three en-
ergies of the incident X-rays: 4, 6, and 8 keV, respec-
tively. The Gaussian profiles of X-ray pulses are also
shown (red bars). The data were integrated over 5 fs
time periods and 500 eV energy intervals. (d) The sec-
tions highlighted in (a), (b), and (c).
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Fig. 2. (a) Temporal evolution of the total number of
electrons and photons per unit volume. (b) Mean elec-
tron energy as a function of time. The gray line indicates
the moment of the X-ray pulse maximum intensity.

penetrating the sample at a given moment may be
greater than number of photons irradiating the material
at the same moment. It is due to the fact that electrons
interact with the medium multiple times losing the en-
ergy gradually (see Fig. 2b), while interaction of each
photon has a binary character.

Despite the total number of photoelectrons being
smaller than that of the incident photons, the electrons
can take a significant part in ionization of the sample dis-
solved in water. It was shown for example in a work done
at an XFEL on hexacyanoferrate(II) groups in a water
solution [30]. The authors showed that Fe atoms were
ionized by photo- and Auger electrons at average fre-
quency which was half of the photoionization rate and
estimated that about 5% of Fe atoms were already ion-
ized by electrons prior to absorbing the probe photon.
This is possible due to the fact that, unlike photons,
electrons circulate in the material longer and the cross-
section for electron-impact is much larger than the pho-
toionization cross-section. A few keV electrons, with
the average travel range between collisions in water of
about 20–30 nm [39] and average travel time of less than
1 fs, may ionize the target atoms within the irradiated
volume and the pulse duration limits at a frequency com-
parable to that of photons.

4. Conclusions

In this work typical XFEL experimental conditions
were adopted to simulate energy and time distribution
of photoelectrons released in a water target irradiated
with an ultra-short X-ray pulse. The amount of energetic
electrons was estimated to be comparable or exceeding
that of the incident photons, particularly for soft X-rays.
Analysis of X-ray-induced electron flux including Auger
electrons and its impact on the material ionization were
described elsewhere (see, e.g., Ref. [30]). The presented
results indicate a potential necessity of considering in
X-ray studies the electron flux induced in the investigated
material by the probe X-ray beam, even with a XFEL
beam of ultra-short pulses. The energetic electrons may

significantly alter the electronic structure of the material
within time shorter than 50 fs needed for atoms move-
ment [28], and affect XES [30] and XRD [31, 32] data.
The described effects may be of particular importance in
experiments on solutions and on embedded samples.
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