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Japan X-ray free-electron lasers (X-FELSs) present new opportunities to study ultra-

fast lattice dynamics in complex materials. While the unprecedented source

brilliance enables high fidelity measurement of structural dynamics, it also raises

experimental challenges related to the understanding and control of beam-

induced irreversible structural changes in samples that can ultimately impact

the interpretation of experimental results. This is also important for designing

reliable high performance X-ray optical components. In this work, X-FEL

beam-induced lattice alterations are investigated by measuring the shot-to-shot

evolution of near-Bragg coherent scattering from a single crystalline germanium

sample. It is shown that X-ray photon correlation analysis of sequential speckle

patterns measurements can be used to monitor the nature and extent of lattice

rearrangements. Abrupt, irreversible changes are observed following inter-

mittent high-fluence monochromatic X-ray pulses, thus revealing the existence

of a threshold response to X-FEL pulse intensity.

Keywords: X-ray; damage; two-time correlation
function; free-electron laser.

1. Introduction

From studies of condensed matter to biological systems, the
exceptionally high brightness of X-ray free-electron laser
(X-FEL) pulses has enabled obtaining information at unpre-
cedented small and fast spatial and temporal regimes (Bostedt
et al., 2016). However, that same quality also exacerbates the
risk of incurring damage to the sample under investigation by
the probing X-ray radiation itself. This technical challenge
has been a recurring concern for X-ray methods since their
beginnings in the late nineteenth century (Slater, 1951;
Henderson, 1995). FELs have for example demonstrated that
intense X-ray pulses focused down to very small sizes can
destroy materials in a single shot and can even affect X-ray
optical components (Hau-Riege et al., 2008, 2010; Koyama et
al.,2013). This reinforces that it is essential to characterize and
also understand X-ray FEL beam-induced damage processes.

While the potential risk of incurring radiation damage is a
concern for nearly all X-FEL experiments, its severity strongly
varies on various parameters such as the modes of operation,
the material of interest, and the X-ray measurement technique
being employed. The seminal work by Neutze et al. described
the key experimental concept of obtaining ‘diffraction-before-
destruction’ for the structure determination of macro biomo-
lecules, in which the X-ray diffraction out-runs the Coulomb
explosion and ensuing disintegration of the molecule thanks to
© 2020 International Union of Crystallography the femtosecond pulse duration and the ‘instantaneous’ nature
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of the X-ray scattering process (Neutze et al, 2000). This
concept has also been extended to crystalline samples, and
is further strengthened by the notion of ‘self-termination of
diffraction’ which addresses the faster than expected struc-
tural alteration by the extremely intense FEL pulses (Boutet
et al., 2012; Barty et al., 2012). This also enables damage-free
structural determination of biomolecules such as membrane
proteins and metalloprotein that are otherwise too sensitive to
cumulative damage effects induced by the effectively contin-
uous radiation delivery of third-generation synchrotron
sources (Kern et al., 2014).

In contrast to common conceptions, not all FEL experi-
ments operate in the diffract-before-destroy regime. For
example, ultrafast diffraction experiments probing excited
structural dynamics in condensed matter typically use stro-
boscopic measurements where the sample receives repetitive
localized exposures from X-ray pulses over hours (Trigo et al.,
2013; Clark et al., 2013; Gerber et al., 2017). The instantaneous
radiation dose must be limited to a low enough level to reduce
the risk of cumulative irreversible modification to the sample
that could change the dynamics under investigation. For X-ray
photon correlation spectroscopy (XPCS) and in particular
split-pulse XPCS, the probe-probe nature of the method
imposes even more stringent requirement on the intensity of
single pulses to minimize its impact on the dynamics being
investigated (Lehmkiihler et al., 2018; Moller et al., 2019).
Carnis et al. have used X-FEL radiation to examine the
relaxation dynamics of gold nanoparticles while also char-
acterizing the eventual occurrence of sample damage. They
demonstrated the feasibility of XPCS studies of soft matter
materials at X-FEL beamlines with the caveat that experi-
mental boundaries must be imposed to limit sample degra-
dations (Carnis et al, 2014). Similar X-ray beam-induced
atomic motion and relaxation dynamics have also been
recently observed during XPCS measurements at third-
generation synchrotron instruments in glassy systems (Holz-
weber et al., 2019; Pintori et al., 2019). Visibility spectroscopy
at very low X-ray doses has been shown to mitigate the risk
of incurring cumulative radiation damage in order to probe
dynamics in radiation sensitive materials (Verwohlt et al.,
2018). Generally, experimental efforts to characterize the
X-ray flux dependence on beam-induced sample damage have
mostly relied on empirical ‘trial and error’ approaches.
Systematic understanding of cumulative sample damage
mechanisms at FELs has been scarcely documented.

Another challenge unique to FEL sources is the intrinsic
intensity fluctuation of SASE-generated X-ray pulses (Boni-
facio et al., 1994). Not only does this further complicate the
optimization of XPCS measurements, but, if the beamline is
operating in a configuration that experiences large shot-to-
shot incident intensity variations, the sudden occurrence of a
high intensity pulse could damage the sample or even beam-
line optics. For example, Koyama and co-workers at the
SPring-8 Angstrom Compact Free-Electron Laser Facility
(SACLA) have observed the single-shot ablation of thin films
and substrates commonly used for X-ray optics applications by
monochromatic hard X-rays, observing a threshold response

and imprint size directly correlated to the X-ray pulse inten-
sity (Koyama et al., 2013).

In fact, the so-called ‘imprint’ technique has been widely
used as a way to quantify beam profiles of pulsed laser sources
(Liu, 1982; Hau-Riege et al., 2010; Koyama et al., 2013). While
useful, the method relied on the systematic examination of the
dose-array exposed samples at a later time using high reso-
lution optical or electron microscopy. With the commissioning
of new X-FEL facilities with even higher brilliance and
repetition rates underway, new techniques for monitoring the
degradation of materials during the course of experiments
will be crucial in identifying optimal measurement conditions.
Hence, an on-the-fly, pulse-resolved method compatible with
typical scattering experiment setups such that any occurrence
of sample alteration can be event-correlated would be desired.

Over the past decades, XPCS studies have demonstrated
that the two-time correlation function (TTCF) can be used to
study subtle changes in the material structures and dynamics
on small length scales with high sensitivity (Sanborn et al.,
2011; Evenson et al, 2015). In this work we employ this
method to investigate the creation and evolution of lattice
disorder in a single-crystalline sample via TTCF analysis of
sequential X-ray speckle correlation measurements. We show
that by comparing FEL X-ray pulse intensities with their
resultant lattice rearrangement effects (i.e. as manifested
in the decorrelation of subsequent speckle patterns) the
threshold for permanent lattice disorder rearrangement can
be determined.

2. Experimental setup and observations

The experiment was performed at the X-ray Correlation
Spectroscopy (XCS) instrument at the Linac Coherent Light
Source (Alonso-Mori et al., 2015). As illustrated in Fig. 1,
an X-ray beam with a photon energy of 9.5 keV was mono-
chromated using a dual-channel-cut four-bounce Si(220)
monochromator [i.e. the fixed-delay branch of the compact
split-delay system (Sun et al., 2019) was used] down to a
bandwidth of 0.5 eV. The X-ray pulse duration was estimated
to be approximately 50 fs. Pulse intensities were monitored
in situ by a photodiode measuring scattering from a Kapton
foil between the two Si(220) channel-cuts. Beryllium
compound refractive lenses (CRLs) with a focal length of
0.9 m were used to focus the beam to approximately 2 pm
at the sample location. The germanium single crystal was
polished into a 10° wedge shape and mounted on a compact
goniometer in air at room temperature. The wedge shape
allows to adjust the sample thickness with a simple translation;
thus enabling the adjustment of the balance between the
signal level, speckle size, and speckle contrast. After locating
the (111) Bragg peak, the sample was rotated by 1° from the
peak position around the vertical axis to avoid detector
saturation. The detector samples a slice of the reciprocal space
near the Ge(111) Brillouin zone center. Downstream of the
sample, the scattered X-rays traveled through a vacuum flight
path before being recorded by an ePix100a detector at a
distance of 5.5 m (Carini et al., 2016). The detector pixel size
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Figure 1

Schematics of the experimental setup. It consists of a four-bounce Si(220) monochromator using a
pair of channel-cut crystals, slits for defining the beam trajectory, beryllium CRLs for focusing, and a
diffractometer for orienting the sample. The scattering was collected with an ePix100a detector at a
distance of 5.5 m from the sample. The inset shows the geometry of the crystal ‘wedge’ and the

light scattering experiments. The TTCEF,
: which measures the statistical similarity
x between intensity measurements at any

ePix100a

two points in time (Madsen et al., 2010),
can be calculated as

(I(q,1,)1(q, 1)),
(I(q, 1)) 4(1(q, )y
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'8 ‘ (111)
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where I(q, ) is the pixel intensity at the
momentum transfer ¢ and time ¢ ¢ in
the subscript of the bracket indicates
averaging over the pixels where corre-
lation shows negligible variation. It

orientation of the Ge(111) lattice plane, as well as the reciprocal space scattering geometry. may be convenient to think about

was 50 pm x 50 um. Its position was centered near the peak of
the initial thermal diffuse scattering (TDS) near the Ge(111)
Bragg reflection direction.

For perfect crystals at finite temperatures, near-Bragg
intensities in the form of TDS are a manifestation of dynamic
atomic displacements from the ideal crystal lattice positions
(Warren, 1990). As larger amplitude static disorder is intro-
duced into the crystal structure, additional diffuse scattering
contributes to intensity increases near the zone center. When
illuminated with coherent X-rays, these diffuse scattering
contributions will appear as X-ray speckles (Sutton et al.,
1991). The speckle pattern is a reflection of the arrangement
of the disorder within the scattering volume. The measure-
ments of the evolution of the speckle pattern thus carry
information on how the disorder is changing from shot to shot.
Fig. 2 shows a typical sequence of near-Bragg coherent scat-
tering patterns. Starting from a single crystal in its pristine
condition, we observe a weak but relatively uniform distri-
bution of TDS on average as shown in Fig. 2(a). As the FEL
irradiation continues, we observed step-wise increase in the
total diffuse scattering intensity. We also observe clearly
that the diffuse scattering form ‘temporarily static’ speckle
patterns as shown in Figs. 2(b)-2(d). The speckle patterns
remained similar for typically a few tens of pulses and then
rearranged significantly as seen in the difference between
Figs. 2(c) and 2(d).

The step-wise sudden changes of the speckle pattern are
triggered by so-called ‘hot shots’, as monochromatization of
the SASE X-FEL beam presents high pulse intensity fluc-
tuations (Zhu et al., 2014). On the other hand, we did not
observe significant changes in speckle sizes nor a build up
of Debye-Scherrer ring, which suggests that the structural
modification to the single crystal sample was still relatively
subtle. This will be further discussed in a subsequent section.

To evaluate the sequence of scattering growth and speckle
evolution, we employ the two-time -correlation analysis
method. The TTCF is an extended formulation of the standard
temporal correlation function g®(q, ) first used in dynamic

g?(q.t,,t,) as a moving evaluation of

g¥(q, t) such that ¢, is always along the
t, =t, diagonal. In these terms, the autocorrelation lag time is
t = t, — t;. The time-boundary cases of the standard g?(q, t)
extend to the two-time formulation as follows,
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Figure 2

(a)-(d) Time-averaged near-Bragg scattering speckle patterns showing

the evolution of speckles. (e) Single-shot (pink) and ten-shot integrated

(black) speckle intensity as a function of total number of X-FEL pulse

exposures, showing intensity increase in successive abrupt steps.
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where B is the optical contrast (Madsen et al., 2010). Note that
the time unit in the context here are ‘pulses’ rather than the
real time as we are interested in the beam-induced pulse-to-
pulse changes. From the coherent scattering patterns, we
selected a 250 x 250 pixel region of interest (ROI) from the
ePix100a detector images centered near the peak of the TDS
and covering a reduced momentum transfer range q, —
[—0.6, 0.4] A~!. The reduced momentum transfer is defined
with respect to TDS center of mass. While our TTCF ranges
over 3200 sequential images, we only present the TTCF up to
a lag time of ¢t = 800, as speckle decorrelations usually occur
within the first few hundred shot increments and the total
number of calculations to complete scales with the square of
the number of images used.

Single-pulse exposures were used to calculate the TTCF so
that any shot-to-shot evolution of the speckle pattern would
not be time-averaged away. This required a high enough
scattering intensity to enable sensitivity in speckle visibility
measurement for each X-ray pulse (Falus et al, 2006). The
data presented are collected from a slightly thicker part of the
sample (~20 um) with an X-ray pulse energy distribution that
triggers relatively frequent speckle rearrangement during
the experiment (every few seconds). We have also excluded
scattering patterns from very low intensity pulses in our
analysis as they were too weak to provide an accurate corre-
lation measurement. Pulses at those intensities appeared to be
below the threshold that would induce any observable speckle
changes based on pulse-averaged measurements with atte-
nuated beams. All speckle patterns were first thresholded at
the detector pixel ADU value equivalent to half a photon in
order to remove the readout noise of the dark region. Gaus-
sian smoothing is then used to balance the intensity variation
across the g, region of interest prior to the calculation of the
correlation (Fluerasu et al., 2005). In total, 3200 sequential
speckle pattern images from the ePix100a detector were used.

1.6

g9(t1, )

t2 (shot index)

300 400 500 600 700
t1 (shot index)

Figure 3

800 x 800 crop of the two-time speckle correlation. Autocorrelation
amplitudes lie along the #; = t, diagonal and lag times can be scanned
across vertical and horizontal directions.

Fig. 3 shows an 800 x 800 section of the full two-time corre-
lation function matrix.

While two-time correlation analysis is predominantly used
to study dynamics in non-equilibrium systems (Evenson et al.,
2015; Liittich et al., 2018; Madsen et al., 2010), our aim is to
examine the abrupt changes of the speckle patterns resulting
from stochastic variations in the X-FEL probe pulse intensity.
Quick inspection of the TTCF in Fig. 3 reveals a sequence of
square tiles arranged along the autocorrelation diagonal. Tiles
in the TTCF correspond to time-durations of minimal varia-
tion in the speckle intensity configuration, while their
outward-facing edges characterize decorrelation within the
time span between FEL exposure events. This signifies a rapid
transformation of the atomic lattice structure similar to the
two-time observations of martensitic transformations in cobalt
by Sanborn and others (Sanborn ef al., 2011). This behavior is
examined more closely in Fig. 4. Fig. 4(a) shows an example of
speckle intensity line-out as a function of pulses, where abrupt
transitions can be directly visualized. In the corresponding
TTCF map shown in Fig. 4(b), we can see that the transitions
of various degrees map very well to the touching corners of
the square tiles of similar correlation values. All the abrupt
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Figure 4

(a) A typical line-out of the speckle pattern as a function of number of
shots. (b) A 75 x 75 ROI of the TTCF. (c¢) Shot-by-shot X-ray pulse
intensity measurements. One sees that the high intensity spikes align well
with TTCF edges indicating conjunction between high intensity laser
pulses and abrupt speckle decorrelation on the next exposure event.
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transitions are also well matched to the shot-by-shot FEL
pulse intensity measurement plotted on an aligned horizontal
axis in Fig. 4(c). Clearly, the extent of ‘decorrelation’ of the
speckle pattern from the previous pattern is strongly related
to the pulse energy of the previous pulse. To analyze this
relationship more quantitatively, we define the speckle
reconfiguration amplitude §(¢), that has the expression

8(0) = g2 (6, 1) — g2t 1 = 1), (©)

which is a measure of the change in g amplitude at each
time-step. Because a speckle pattern contains information that
reflects the disordered structure producing it (Sutton et al.,
1991), we can use 48(¢) as a shot-by-shot monitor of the extent
of lattice rearrangement that occurs in the irradiated portion
of the sample. Equation (3) is evaluated along the t = ¢, = ¢,
diagonal for the full range of TTCF data. We use the event-
index ¢ to gather pulse intensities /,(t — 1) from the previous
FEL shots. A plot of the speckle transition amplitude versus
X-FEL pulse intensity is shown in Fig. 5.

Figure 5 shows a threshold behavior of the speckle recon-
figuration amplitude as a function of the X-FEL pulse inten-
sity. While the energy deposition from the X-ray pulse is
proportional to the measured pulse energy, there appears to
be a minimum pulse energy required to induce observable
structural changes in the sample that led to the rearrangement
of the speckle pattern. In the plot we show that a least-squares
linear fit to the data (with a fitting range for X-FEL pulse
intensity larger than 0.28 a.u.) can be used to estimate the
damage threshold intensity of 0.3 a.u. However, while this in
principle can be a rather sensitive and accurate probe to the
structural damage threshold, it requires accurate measure-
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Figure 5
Speckle reconfiguration amplitudes 8(r) evaluated over 3200 measure-
ments versus X-FEL pulse intensities of the previous shot at index (t — 1).
A linear fit (solid line) is applied to data with pulse intensities above 0.3
(post-onset). Its crossing with the baseline (dotted line, median value of
the pre-onset intensity data) is used to determine the decorrelation onset-
intensity that drove the speckle reconfigurations. The dashed vertical line
through the crossing intersection points to a decorrelation onset pulse
intensity value of 0.28.

ment of the beam size, profile, as well as pulse energy which
unfortunately was inadequate in this experiment.

3. Discussion and conclusion

The threshold response of §(¢) favors the picture that the FEL
beam induces a transient thermal gradient within the beam
footprint. The center part of the irradiated sample reached
a crystalline structural instability close to, or beyond, the
melting point of the sample. While the intensity monitor used
for measurement was not accurately calibrated, we provide
here an order-of-magnitude estimate of the pulse energy on
the sample based on upstream diagnostics and analysis of the
beamline transmission. The front-end gas-fluorescence based
pulse energy monitor measured a mean pulse energy of
~2 mlJ. Considering the typical SASE bandwidth of 30 eV, and
the 0.5 eV bandwidth of the four-bounce channel-cut system,
there is a factor of 1/60 loss in pulse energy. In addition,
there are transmission losses due to the limited aperture and
absorption of the short-focal-length CRLs, and reflectivity
losses from the crystal and mirror optics and absorption loss
from the air path and various diagnostics. With these factors
accounted for, the mean pulse energy on the sample was
estimated to be no more than ~0.35 pJ. At 2 pm focal spot
size, the estimated deposited dose is 0.24 eV atom™! for Ge.
This would correspond to 0.12 (a.u.) on the pulse energy axis
of Fig. 5. This estimate of the absolute pulse energy density on
the sample puts the threshold dose of 0.28 (a.u.) almost 2.5
times above the the melting dose of Ge at approximately
022 eVatom™!. We emphasize, however, that this pulse
energy estimate can have a systematic uncertainty up to a
factor of two.

The absence of the formation or even a precursor of a
Debye-Scherrer scattering ring indicates that the resolidifi-
cation following the likely melting of the sample did not result
in an isotropic polycrystalline structure within the illumination
volume of the X-ray beam. It is also highly unlikely that the
melted portion of the sample would enter an amorphous phase
as Ge is known as a poor glass former while in our circum-
stances the cooling rate through thermal diffusion is relatively
slow. In addition, an amorphous region at the center of the
X-ray illuminated volume would lead to the observation of
reduced speckle sizes as damage is incurred, as the effective
volume of the sample contributing to the preferential scat-
tering towards the g-region of interest will be larger, with
more contribution from the tails of the beam. However, we
have not observed significant speckle size changes. We thus
hypothesize that the cooling rate must be sufficiently low such
that a partially melted sample volume would have enough
time to adiabatically recrystallize following the general lattice
orientation of the surrounding cooler part of the crystal. This
hypothesis is also supported by the lack of surface ablation
features, damage craters, or other commonly found damage
features as carefully examined with both optical and scanning
electron microscopes.

In conclusion, we have demonstrated a coherence-based,
pulse-resolved technique for investigating irreversible FEL-
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induced crystal structural alterations. Two-time correlation
analysis of near-Bragg speckle measurements was shown to
be a sensitive probe for monitoring the evolution of atomic
structural disorder in a single crystal, which will be useful for
further studies. We have also shown that crystalline structural
damage thresholds relevant to specific reciprocal space
regions can be determined by quantitative measurement of
the decorrelation between successive speckle patterns and its
correlation with the incident X-ray pulse intensities. This
method is simple and can be made compatible with many hard
X-ray scattering instruments at FEL facilities. With sufficient
angular resolution on the detection side, it offers a much more
sensitive monitor for the sample condition, as compared with
the measurement of the average scattering.

Finally, the observation of intermittent rearrangement of
the speckle patterns, and the correlation analysis protocol
used to pinpoint the transitions, are relevant for data-reduc-
tion algorithms applicable to capturing rare events (Engels et
al., 1999; Heinz & Shpyrko, 2017), which is a new opportunity
enabled by the upcoming MHz X-FEL sources such as LCLS-
IT and LCLS-II-HE. We anticipate implementing TTCF-like
analysis at the hardware level on the detector to down-select
the transitional image arrays and thus play a key role in taking
full advantage of high-brightness high-repetition X-FEL
sources (Islambek et al., 2019).
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