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Femtosecond Reduction of Atomic Scattering Factors Triggered by Intense X-Ray Pulse
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X-ray diffraction of silicon irradiated with tightly focused femtosecond x-ray pulses (photon energy,
11.5 keV; pulse duration, 6 fs) was measured at various x-ray intensities up to 4.6 x 10'> W/cm?. The
measurement reveals that the diffraction intensity is highly suppressed when the x-ray intensity reaches of
the order of 10" w/ cm?. With a dedicated simulation, we confirm that the observed reduction of the
diffraction intensity can be attributed to the femtosecond change in individual atomic scattering factors due
to the ultrafast creation of highly ionized atoms through photoionization, Auger decay, and subsequent
collisional ionization. We anticipate that this ultrafast reduction of atomic scattering factor will be a basis
for new x-ray nonlinear techniques, such as pulse shortening and contrast variation x-ray scattering.
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Knowledge of the structure of matter at atomic resolution
is critical for understanding and accurately predicting
material properties. Since its discovery at the beginning
of the twentieth century, x-ray scattering has been a primary
tool for atomic-scale structural studies of various systems in
physical, chemical, and biological sciences, in particular of
crystalline materials [1].

The recent advent of x-ray free-electron lasers (XFELSs)
[2,3], which produce femtosecond hard x-ray pulses, is
enhancing the capabilities of x rays as an atomic-resolution
probe. When an XFEL pulse irradiates solid density matter,
atoms undergo sequential electron emission through photo-
ionization and Auger processes, which occur during the
x-ray exposure or shortly after. Subsequently, the ejected
electrons interact with bound electrons in neighboring
atoms, causing further electron excitations through colli-
sional ionization processes on a timescale of 10 fs or less
[4-7]. Although such electron excitations can trigger
atomic disordering through the electron-lattice interaction
and the modifications of interatomic potential [§—10], it has
been predicted [11] and experimentally confirmed [12—14]
that there is a several femtosecond time delay between the
x-ray exposure and atomic displacements. Therefore, the
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ultrafast XFEL pulses allow the measurement of diffraction
signal before the onset of the atomic displacements and
mitigate radiation damage in the samples, which has been a
long-standing bottleneck for x-ray structure determination
[15-18].

Based on this diffraction-before-destruction concept
[19], a large number of structures of protein microcrystals
have been solved using XFEL pulses [20,21]. In these
experiments, the XFEL pulses were focused to a few
micrometer spot size to increase the number of photons
irradiating the sample. Even though the intensity and
fluence of the microfocused XFEL pulses reached as high
as the order of 10'7 W/cm? and 103 J/cm?, respectively,
no significant electron density gain and loss were observed
in the electron density map of the determined structures
[22], indicating that the incident photons were predomi-
nately scattered by pristine atoms that had neither been
photoionized nor collisionally ionized.

Recent developments in nanofocusing optics for XFEL
pulses [23-28] will further strengthen the capabilities of
x-ray structure determination. The high intensity and flu-
ence of the nanofocused pulses (more than 10'° W/cm?
and 10° J/cm?, respectively) will reduce the required
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crystal sizes for structure determination and thereby largely
expand the targets of x-ray crystallography. However,
numerical simulations predict that the majority of the atoms
are ionized during the x-ray exposure [19,29,30] and that the
atomic scattering factors become lower than those for neutral
atoms [31,32]. Thus, it is not appropriate to use conventional
procedures for the structure analysis, and one needs to
develop new methodologies that incorporate the ultrafast
changes in the atomic scattering factors [33].

Until now, the response of materials to intense XFEL
pulses has mainly been studied using gas-phase atoms and
molecules [34]. In such systems, the collisional ionization,
which is the main electron excitation channel in solid-state
materials, is not significant because the majority of the
photoelectrons and Auger electrons escape from the sys-
tem. Therefore, it is impractical to infer how materials with
solid density respond to an intense x-ray pulse based solely
on previous studies conducted on gas-phase materials.
Several pioneering groups have explored XFEL-induced
electron excitation in experiments of x-ray emission spec-
troscopy for solid and solution samples [35,36]. In these
studies, the x-ray photon energy is set slightly above the
absorption edge. This results in a significant increase in the
photoabsorption cross section, leading to the production of
a large number of photoelectrons. However, as these
photoelectrons are not highly energetic, the excitation of
deep inner-shell electrons by collisional ionization is not
significant. On the contrary, in most experiments of x-ray
structure determination, the photon energy is tuned to be
well above the absorption edge to reduce sample absorp-
tion. In such cases, the photoelectrons can effectively ionize
deep inner-shell electrons and induce massive electron
excitations. Therefore, the mechanism of electron excita-
tion differs from that in the case of emission spectroscopy.
Detailed structural studies of x-ray-excited materials with
solid density remain unexplored, and hence there are still
fundamental questions about x-ray structure determination
using intense x-ray pulses, such as whether and to what
extent the atomic scattering factors are suppressed at high
X-ray intensity.

We describe here an x-ray diffraction measurement
of silicon (Si) under irradiation of femtosecond x-ray
pulses for different peak intensities and fluences up to
4.6 x 10" W/cm? and 3.0 x 10° J/cm?, respectively. By
employing the unique capability of SACLA [37] that can
generate XFEL pulses with duration well below 10 fs
[38-40], we measured the x-ray diffraction signals before
the manifestation of the x-ray-induced atomic disordering,
which becomes prominent at ~20 fs after the x-ray exci-
tation [12-14], and directly evaluated the change in the
atomic scattering factors caused by electron excitations.
From the comparison between the experimental results and
a dedicated simulation, we discuss the detailed mechanism
for the ultrafast reduction of atomic scattering factors at
high x-ray intensity.

MPCCD detector
Aluminium plate
(0.4 mm or 0.6 mm)

Si attenuators
(0.5, 1.0, 1.5 mm)
Kirkpatrick-Baez
focusing system

e 0/
1

O Beam stop

Sl nanocrystal
film

Inline intensity monitor

FIG. 1. A schematic illustration of the experiment.

The experiment was performed at experimental hutch 5 of
SACLA beamline 3 [41,42] (Fig. 1). The 11.5-keV x-ray
pulses with duration of 6 fs were focused by using a
Kirkpatrick-Baez focusing system [28]. The full-width-at-
half-maximum beam size evaluated by the knife-edge scan-
ning method was 180 nm (horizontal) x150 nm (vertical).
A 10-pm-thick Si nanocrystal film (grain size of 500 nm,
U.S. research nanomaterials) attached to a polyimide film
was used as a sample. The sample was placed at the focus,
and five diffraction peaks (111, 220, 311, 400, 331 reflec-
tions) in the vertical plane were measured in a shot-by-shot
manner with a multiport charge-coupled device detector
(MPCCD) [43] that covered the scattering angle (26) range of
18°-53°. To prevent detector saturation, we placed an
aluminum plate (thickness of 0.4 mm or 0.6 mm) in front
of the detector. The x-ray intensity at the sample position was
tuned by inserting or removing Si attenuators with nominal
thicknesses of 0.5, 1.0, and 1.5 mm (measured transmittance
was 7.52%, 0.60%, and 0.045%, respectively) before the
focusing system. The pulse energy at the sample position was
monitored by a calibrated inline intensity monitor at the
experimental hutch [44], taking into account the transmit-
tance of the Si attenuator. The fluence for each pulse was
determined by dividing the pulse energy by the product of
horizontal and vertical beam sizes (180 nm x 150 nm). The
peak intensity was calculated by dividing the fluence by

\/7/(4log?2) - At with pulse duration At = 6 fs.

We compared the diffraction intensities for high and low
x-ray intensity conditions as follows. First, we measured
300 successive single-shot diffraction images at a fixed
sample position with the 1.5-mm Si attenuator. The x-ray
peak intensity and fluence at the sample were ~2.1 x
10 W/cm? and ~1.3 x 10? J/cm?, respectively. Given
that electron cascade size for an 11.5 keV photoelectron is
~1 pm [45], the average x-ray absorbed dose after the
electron cascading in measurement with the 1.5-mm
Si attenuator was estimated to be on the order of
0.01 eV/atom, which is 2 orders of magnitude smaller
than the predicted damage threshold for Si [9,46]. In fact,
we did not observe significant changes in the diffraction
intensity during the irradiation with these low-intensity
successive pulses. From the average diffraction image, we
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calculated the one-dimensional diffraction intensity profile
[11ow(20)] by azimuthal integration. Next, we reduced the
attenuator thickness or removed the attenuator and mea-
sured the single-shot diffraction intensity profile at the
same sample position as the measurement with the 1.5-mm
Si attenuator, Iy,;,,(26). After each single-shot exposure to
the intense pulse, we translated the sample and repeated
measurements of x-ray diffraction from undamaged
areas using weak and intense pulses. We obtained the
dataset of Iygy(26) for three conditions of the peak
intensities: (4.6 +1.2) x 10" W/cm? (without attenua-
tor), (3.54+0.9) x 10'® W/cm? (Si 0.5-mm attenuator),
and (2.8 £0.7) x 107 W/cm? (Si 1.0-mm attenuator),
along with the corresponding 1., (26). We collected
diffraction images at ~500 different sample positions for
each high intensity condition. After being normalized by
the pulse energy, Iy, (260) and I, (26) were averaged over
different positions. Hereafter, we simply refer to these
averaged diffraction intensity profiles as diffraction inten-
sity profiles at high and low peak intensities.

Figures 2(a)—(c) show diffraction intensity profiles at
high peak intensities [(2.840.7)x 10'7, (3.5+0.9) x 10'8,
(4.6+1.2) x 10" W/cm?] and corresponding diffraction in-
tensity profiles at low peak intensities (~2.1 x 10! W/cm?).
Here, we placed a 0.4-mm-thick aluminum plate in front of
the detector for the measurement shown in Fig. 2(a), while
we selected a 0.6-mm-thick plate for the measurements
shown in Figs. 2(b) and 2(c). The background for the
diffraction intensity profiles at high and low x-ray intensity
conditions was in excellent agreement, indicating that
normalization by the pulse energy went well. As seen
from Figs. 2(a) and 2(b), the diffraction intensity profiles
at the peak intensities of (2.8 +£0.7) x 107 W/cm? and
(3.5+£0.9) x 10'® W/cm? were almost the same as that at
low x-ray intensity. This result proves that the XFEL pulses
with the intensities of up to 10'® W/cm? do not change
the atomic scattering factors and the degree of atomic
disordering during the x-ray exposure, validating damage-
free protein crystallography using microfocused XFEL
pulses (typical intensity and fluence are 10'7 W/cm? and
10° J/cm?, respectively), which is routinely performed at
XFEL facilities [20,21].

In contrast, the diffraction intensity at the highest peak
intensity [(4.6 + 1.2) x 10" W/cm?] was suppressed
compared with that at low peak intensity [Fig. 2(c)]. The
observed decrease in the diffraction intensity indicates
structural and/or electronic damage in Si crystals during
the x-ray exposure. To quantitatively evaluate how much
the diffraction intensity was suppressed at high x-ray
intensity, we first estimated the background of the diffrac-
tion profiles at high and low x-ray intensity by fitting the
profiles in the vicinity of diffraction peaks with polynomial
functions [dotted curves in Fig. 2(c)]. After subtracting the
estimated background, each diffraction peak was fitted by a
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FIG. 2. X-ray diffraction intensity profiles of Si at high
peak intensities: (a) (2.8 £0.7) x 107, (b) (3.540.9) x 108,
(c) (4.641.2) x 10" W/cm?, and corresponding diffraction
intensity profiles at low peak intensity (~2.1 x 10'© W/cm?).
Dotted curves in (c) represent the estimated background.

Gaussian function, and the integrated diffraction intensity
for hkl reflection (hkl = 111, 220, 311, 400, 331) was

determined (I ﬁi’gh and I7*). Table I summarizes the ratio of

the diffraction intensity at high intensity to that at low

intensity I = Ijf} /I1v] (hereafter called the diffraction

efficiency) and corresponding scattering vector Q =
47 sin @/ with the x-ray wavelength A. The experimental
uncertainty of I7A' in Table 1 represents the standard
deviation of the diffraction efficiency calculated for five
independent subensemble datasets. The diffraction effi-
ciency did not depend much on Q, indicating that the
atomic disordering during the pulse irradiation (which
reduces the diffraction intensity more at higher Q values
[47]) was not significant in the present experiment. Thus, it
is natural to consider that the observed reduction of the
diffraction intensity was attributed to the femtosecond
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TABLE I. Ratio of x-ray diffraction intensity of Si normalized
by incident pulse energy at high peak intensity [(4.6 + 1.2)x
10! W/cm?] to that at low peak intensity (~2.1 x 10'6 W/cm?).

Reflection (k) 1 = 0 A™
11 0.650 + 0.040 2.00
220 0.735 + 0.084 3.27
311 0.760 + 0.138 3.84
400 0.769 + 0.169 4.64
331 0.724 £ 0.046 5.04

change in atomic scattering factors due to the electronic
excitations induced by the XFEL pulse.

To justify this statement, we performed simulations of Si
crystal under irradiation with a 6-fs XFEL pulse, using the
released version of the molecular dynamics code XMDYN
[32,48,49]. Neutral atoms, atomic ions, and ionized elec-
trons were treated there as classical particles, and their real-
space dynamics were calculated by molecular dynamics
technique. The electronic configurations of atoms and ions
were followed by taking into account all relevant x-ray-
induced processes in matter (such as photoionization,
Auger processes, fluorescent decay, and collisional ioniza-
tion and recombination). Although the focal spot of the
XFEL pulses had a Gaussian shape in the present experi-
ment, and the diffraction signals originated from various
sample areas with different fluence, we performed the
simulations assuming uniform x-ray fluence to reduce the
computational cost.

The simulation was performed for the incident pulse with
a constant pulse duration (6 fs) and different peak inten-
sities. After normalization of the simulated diffraction
intensity by the incident pulse energy, /" was calcu-
lated by dividing the normalized diffraction intensity by
that for peak intensity of 2.1 x 10'® W/cm?. We found
that the simulation results for the peak intensity of
1.0 x 10 W/cm? could well reproduce the trend of 17X
shown in Table I [Fig. 3(a)]. In Fig. 3(a), the error bars for
the simulation results represent the deviation of maximum
and minimum values of I’K' from the average value
obtained from ten independent XMDYN simulations.
Similarly to the experimental observations, the simulation
predicts a nearly constant decrease in the diffraction effi-
ciency for the five reflections (hkl = 111, 220, 311, 400,
331). Figure 3(b) shows the simulated root-mean-square
atomic displacement during irradiation with the XFEL pulse
at the same intensity. For reference, the temporal intensity
envelope of the XFEL pulse is also shown. The atomic
displacement is much less than lattice spacing for the
measured reflections, indicating that the reduction of the
diffraction efficiency is not caused by x-ray-induced atomic
disordering. Figures 3(c) and 3(d) show the relative ion
population of Si atoms and the average hole numbersin K, L,
and M shells per atom. Itis clearly seen from Fig. 3(c) that the

(a)

—
O
~

1.0F™ T T ™ 0.08—
< <
g5 = 5
=~ L d C 3
2 0.8 } ; 2 o0.06- oy
c 3
(5} ) 3 g
S 0.6 < & g
B & 0.04f 2
c © <
S 04} A b 8
3 € =
2 9 0.02¢ g
5105 0.2 e Simulation 1 @ 3’"
o =
m Experiment S
0.0k . . L .00k T
20 30 40 50 10 -5 0 5 10
Q (A1) Time (fs)
(©) (@),
1.0 T e T ™31.0 o 4 T N T ™31.0
s ‘;‘. = —K-shell i
c Siv B = & |—Lshell; 5
S o} P 1 i 1
S 08 oo Jos 3 S | eshel 10.8 3
CAN AT z £ : g
g oef— S | {062 = 06 =
- S Tg 3
‘o 0.4f ST S 9 S
E o] 0.4 =t 0.4 <
© —siov} 19) 24l B
© 02l 023 g 023
o
0.0k’ =00 2 ol
10 5 0 5 10 LTS 5 1000
Time (fs) Time (fs)
FIG. 3. xmDYN simulation results for Si crystal during its

exposure to 6-fs XFEL pulse with photon energy of 11.5 keV and
peak intensity of 1.0 x 10> W/cm?. (a) Comparison of diffrac-
tion efficiency for 111, 220, 311, 400, 311 reflections of Si
obtained from simulations (red circles) and from experiment
(black squares). (b)—(d) (b) Root-mean-square atomic displace-
ment, (c) relative ion population, and (d) average numbers of K,
L, and M holes per atom, for Si exposed to the XFEL pulse. Time
zero corresponds to the intensity maximum of the XFEL pulse.
Black dotted curves represent temporal intensity envelope of the
XFEL pulse.

majority of Si atoms are no more neutral during the x-ray
exposure. Furthermore, the x-ray-induced electron excita-
tions are not limited to valence electrons [Fig. 3(d)]; many
atoms have vacancies in their inner shells (K and L shells).
Since the atomic scattering factor is related to electron
density distribution via Fourier transformation [1], the
x-ray scattering by valence electrons occurs only in the
forward direction with small scattering angles. The atomic
scattering factors of neutral and ionized Si atoms at scattering
vector corresponding to Bragg reflections are predominantly
determined by the electronic occupation of atomic inner
shells. Thus, the massive excitation of inner-shell electrons
reduces the diffraction efficiency. The simulation results
support our hypothesis that the suppression of the diffraction
intensity at high x-ray intensity of the order of 10! W /cm?,
which was observed in the experiment, was caused by the
reduction of atomic scattering factors triggered by x-ray-
induced electron excitations.

In summary, we measured the x-ray diffraction inten-
sity of Si under irradiation of nanofocused 11.5-keV
XFEL pulses. The measurement reveals that diffraction
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intensity is suppressed at the x-ray intensity on the order of
10" W/cm?. From a nearly constant decrease in the
diffraction efficiency for the five reflections and a dedicated
simulation, we concluded that the reduction of diffraction
intensity was attributed to femtosecond change in individ-
ual atomic scattering factors due to x-ray-induced electron
excitations. We anticipate that the ultrafast reduction of the
atomic scattering factors can be a basis for novel applica-
tions of high-intensity XFEL pulses. One intriguing appli-
cation is the nonlinear optical device for pulse shortening in
the hard x-ray regime [50]. The simulations results show in
Fig. 3 predict that Si crystals under high-intensity x-ray
irradiation become highly ionized, and thereby its overall
scattering strength is largely suppressed in the second half
of the pulse. Therefore, the photons at the leading edge of
the pulse are selectively diffracted, effectively making the
pulse duration of the diffracted beam shorter than the
incident pulse duration. Since the suppression of atomic
scattering factors at high x-ray intensity is expected to
occur in all materials, thin single crystals made of light
elements in Laue geometry are promising candidates for
high-throughput optical devices designed to shorten the
pulse duration. Another potential application is the contrast
variation x-ray scattering in polyatomic samples. Since the
electron-impact ionization cross sections depend on atomic
number [51], we can expect that the magnitude of decrease
in the atomic scattering factor at high x-ray intensity will
differ from atom to atom. The diffraction measurement at
different x-ray intensities will then enable contrast variation
of scattering strengths between different types of atoms
[52,53]. This can open a new route for de novo structure
determination of protein crystals.
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