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X-ray photon correlation spectroscopy (XPCS) is a powerful technique for
evaluating microscopic dynamics using coherent X-rays. Detecting fast or small-
scale dynamics typically requires strong illumination and wide-angle scattering
detection; however, such conditions can cause non-negligible sample damage.
This study presents a non-uniform pulse-interval XPCS approach that enables
quantitative dynamical analysis with substantially reduced X-ray exposure. In
conventional XPCS, continuous acquisition at uniform time intervals leads to
long cumulative exposure, which can introduce radiation-induced artefacts. In
this study, only 11 scattering images were recorded at non-uniform intervals,
providing a broad range of delay times from a single measurement and enabling
dense temporal sampling without increasing the exposure dose. The resulting
dataset was analyzed using both XPCS- and X-ray speckle visibility spectro-
scopy (XSVS)-based schemes, and the results demonstrated that these two
independent analyses yield consistent relaxation behaviors. The proposed
approach offers an efficient framework for probing complex or non-Brownian
dynamics in radiation-sensitive materials and expands the applicability of XPCS
to soft and biological systems.

1. Introduction

X-ray photon correlation spectroscopy (XPCS) is used to
evaluate microscopic dynamics by illuminating a sample with
partially coherent X-rays and analyzing temporal fluctuations
in the resulting scattering patterns. In conventional XPCS,
coherent X-ray speckle images are repeatedly acquired at
fixed exposure times and uniform time intervals, and various
correlation functions are computed to characterize the
dynamics of the scatterers (Sutton, 2008). X-ray induced
changes in dynamics have been observed for samples that are
sensitive to X-ray irradiation (Ruta et al., 2017; Chushkin et al.,
2022; Timmermann et al., 2023). As synchrotron radiation
sources are being upgraded to fourth-generation facilities
worldwide and continue to provide increased brightness,
obtaining reliable dynamical information while avoiding irra-
diation effects has become increasingly important. The
development of high-speed detectors has facilitated sub-
microsecond measurements using storage rings (Zhang et al.,
2018; Jo et al., 2021; Chushkin et al., 2025). Additionally, XPCS
experiments using pulsed X-ray free-electron laser (XFEL)
sources have been reported (Carnis et al., 2014; Lehmkiihler ez
al.,2015,2018), and, at the European XFEL, measurements of
megahertz-scale dynamics using megahertz-pulse trains are
now possible (Lehmkiihler er al, 2020; Reiser et al., 2022;
Girelli et al., 2025; Jo et al., 2025). Various experimental stra-
tegies are being developed to take full advantage of these
rapidly evolving light sources, while mitigating radiation

382  https://doi.org/10.1107/5160057752600038X

]. Synchrotron Rad. (2026). 33, 382-389


https://doi.org/10.1107/S160057752600038X
https://journals.iucr.org/s
https://scripts.iucr.org/cgi-bin/full_search?words=X-ray%20photon%20correlation%20spectroscopy&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=X-ray%20photon%20correlation%20spectroscopy&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=X-ray%20speckle%20visibility%20spectroscopy&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=X-ray%20speckle%20visibility%20spectroscopy&Action=Search
https://scripts.iucr.org/cgi-bin/full_search?words=X-ray%20radiation%20damage&Action=Search
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Hoshino,%20T.
https://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Tang,%20J.
mailto:taiki.hoshino.c7@tohoku.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1107/S160057752600038X&domain=pdf&date_stamp=2026-02-18

research papers

damage and overcoming limitations imposed by detector
frame rates and photon statistics.

X-ray speckle visibility spectroscopy (XSVS) has been
developed as an extension of XPCS. This technique was
originally introduced in visible-light laser experiments (Dixon
& Durian, 2003; Bandyopadhyay et al., 2005); more recently,
several implementations using X-rays have been reported
(Inoue et al., 2012; DeCaro et al.,2013; Li et al., 2014; Sun et al.,
2020). XSVS can be broadly categorized into two categories.
The first approach investigates the dependence of speckle
visibility on the exposure time. In this method, scattering
images are recorded with various exposure times within a
single-frame acquisition and the dynamics are inferred from
the rate at which the visibility decreases. Faster scatterer
motion leads to more rapid speckle fluctuations, resulting in a
quicker decay in visibility. By controlling the analyzed expo-
sure time, this approach can probe time scales beyond the
frame-rate limitation of the detector. It also enables dynamical
analysis under very low dose conditions where the scattered
intensity is extremely weak (Verwohlt et al., 2018; Moller et al.,
2021). However, accessing long relaxation times requires long-
exposure data, and, for systems exhibiting slow dynamics, the
X-ray intensity must be significantly reduced to avoid radia-
tion damage during these extended exposures.

The second approach overlays two frames recorded with
different time separations and evaluates the resulting reduc-
tion in visibility, a method known as double-pulse XSVS (DP-
XSVS) (Gutt et al., 2009). By varying the inter-frame delay
and shifting the beam position for each measurement, the
irradiation time at any given position is limited to two frames,
thereby greatly reducing radiation damage. Owing to this two-
frame requirement, DP-XSVS has been effectively combined
with XFEL pulse sources and optical delay units (Roseker et
al., 2018; Shinohara et al., 2020; Dallari et al., 2021; Sun et al.,
2021; Majumdar et al., 2024). This approach makes it possible
to achieve primary target time scales in the femtosecond to
nanosecond range.

In both approaches, measurements must be performed at
multiple delay times and the sample position must be shifted
after each measurement to avoid cumulative irradiation.
Consequently, the total measurement time can become
extremely long. Depending on the number of exposure-time
patterns and sample positions, 10°-10* individual measure-
ments may be required. With high-intensity X-rays, such as
those from XFELs, the beam position must be changed
frequently after every two frames to prevent damage;
however, particularly in synchrotron storage-ring experiments,
it is generally feasible to obtain several frames at a single
position without significant degradation, and recent advances
indicate that this is also achievable at XFELs under optimized
irradiation conditions.

In practice, an optimal experimental strategy must balance
irradiation damage, the required time scales, the accessible g
range (where ¢ denotes the magnitude of the scattering
vector) and the total available measurement time. For simple
Brownian motion, the temporal autocorrelation function is
a single exponential; therefore, a relatively small number of

delay times may be sufficient. However, many systems studied
using XPCS are more complex than simple liquids and their
autocorrelation functions often deviate from a single-expo-
nential form; consequently, evaluating these deviations is
essential. Therefore, it is desirable to acquire a sufficiently
large number of delay-time data points.

In this study, we demonstrate a practical approach for
efficiently obtaining temporal autocorrelation functions while
mitigating radiation damage. This approach is applied to a
polymer gel that exhibits moderate sensitivity to X-ray
exposure. Unlike standard XSVS, which evaluates only two
frames, multiple speckle images — typically up to ~10 frames —
are acquired at non-uniform time intervals at a single beam
position in the proposed approach. This significantly increases
the number of available delay-time combinations, enabling a
substantial enhancement in the density of delay-time sampling
and allowing XSVS measurements to be performed more
efficiently. Recent advances in detector technology have
significantly improved the accessible time resolution of serial
XPCS. The present approach is applicable to both XPCS- and
XSVS-based analyses. In this study, we perform and compare
dynamical analyses based on both XPCS and XSVS using the
same non-uniform pulse dataset.

2. Methods
2.1. Conventional XPCS

In conventional XPCS, a sequence of N coherent X-ray
images is recorded at uniform time intervals, and the temporal
intensity autocorrelation function is calculated as follows
(Sutton, 2008),

_ g, 01(g, t+ 7)),
(U(q.0)/,

where (---), denotes averaging time and t relates to delay
times. When temporal evolution is important, the two-time
correlation function is evaluated instead (Brown et al., 1997;
Malik et al., 1998),

2(q, 1) (1)

(I,(q, 1) 1,(q, 1)),
(I(q. 1)), (I (q. 1),

where (- --),, denotes averaging over all detector pixels within
a g ring of width dq. For systems in equilibrium, the conven-
tional correlation function g, can be obtained by time-aver-
aging the two-time correlation function as follows,

gz(q’ ‘E) = (Cl(qv ts t—‘f_ T))t' (3)

Cilg, 1, ) = 2

2.2. XPCS using log pulses

We next consider XPCS measurements performed using a
sequence of non-uniform pulse intervals. Let us assume that
N (>2) images are obtained from a single measurement. By
introducing non-uniform time spacing between frames, a
single measurement provides N(N — 1)/2 distinct delay times
7. Using equation (3), these delay times yield a g, function
containing N(N — 1)/2 data points. In practice, however, log-
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pulse schemes are designed such that no duplicate delay-time
pairs are produced. Consequently, the time-averaging (- - -), in
equation (3) is not performed. Instead, each individual two-
time correlation value Ci(q,t, ¢ + 7) is directly used as the
corresponding g»(q, ) value.

2.3. XSVS using log pulses

In DP-XSVS, the scattering intensities I(f) and I(t + 1)
obtained from two frames separated by a delay time 7 are
considered. If the speckle contrast from a single frame is
denoted by Bsr(q), the speckle contrast Bpr(gq, v) of the
summed image formed from the two frames is given by (Gutt
et al., 2009)

Bse(9)
Por(a: ) =31+ 1 8i(a. D) “)
Here, g1(q. 7) is the intermediate scattering function, which is
related to g>(¢, v) via the Siegert relation, g(q,7) = 1 +
Bse(q) |g1(q, 7)]>. The probability distribution function P(K)
for observing K photon counts in a speckle pattern can be

expressed as follows (Mandel, 1959; Goodman, 1985),

(K +M) M\ (k) \f
P(K)_F(K+1)F(M) <<K>+M> <M+<K>>’ ®

where (K) is the mean count rate, I is the relaxation rate and
M is the number of modes.

In conventional DP-XSVS, a pair of frames with a delay
is acquired in each measurement and data are collected for
various values of 7. In the present study, we considered
acquiring N (>2) scattering frames in a single measurement,
referred to as multi-pulse XSVS. By introducing non-uniform
time spacing between frames, a single measurement yields

(a)  Normal
XPCS

N(N — 1)/2 distinct delay times 7. For each 7, the speckle
contrast fpr = 1/M can be obtained using equation (4),
providing information equivalent to that of the temporal
autocorrelation function.

2.4. Experiments

XPCS and XSVS measurements were performed using
beamline BL10U at NanoTerasu. NanoTerasu is a 3 GeV high-
brilliance synchrotron radiation facility (Obara et al., 2025;
Nishimori et al., 2025) and BL10U is a vacuum-sealed undu-
lator beamline that provides tender to hard X-rays (Ishiguro et
al., 2024). In this study, X-rays with an energy of 12.40 keV
were selected using a Si (111) double-crystal monochromator.
During the experiments, the storage-ring current at Nano-
Terasu was 320 mA.

A partially coherent X-ray beam was defined to 20 pm
x 20 um using slits placed upstream of the sample. The beam
illuminated the sample, and the scattered X-rays were
detected 9.3 m downstream using an EIGER 1M two-dimen-
sional photon-counting detector (DECTRIS, Switzerland)
with a pixel size of 75 pm x 75 pm. The incident flux was
attenuated to approximately one third using attenuators. At
the sample position, the beam size was ~30 pm x 30 pm (full
width at half-maximum) and the flux was 2 x 10° photons s ™.

Two data-acquisition schemes are illustrated in Fig. 1. For
comparison, both conventional continuous time-resolved
measurements and log-pulse time-resolved measurements
were conducted. In the standard XPCS measurement, 1000
frames were acquired with an exposure time of 80 ms per
frame (f#), while the shutter remained open throughout,
resulting in a total exposure time of 80 s. In the log-pulse time-
resolved measurements, 11 scattering images with an exposure

Shutter |

1st 2nd 3rd
(b) Log-Pulse
measurement

11th

2t

= |
Detector I I |_|

4t

Shutter | I_I

Figure 1

time

Illustration of two data-acquisition schemes. (a) Normal XPCS measurement: 1000 frames were acquired with an exposure time of 80 ms per frame, with
the shutter kept open throughout. (b) Log-pulse measurement: 11 scattering images with an exposure time of 60 ms were recorded at times ¢ = nt;, with
n=1,2,4,8, 16, 32, 64, 128, 256, 512 and 1024, where #; = 80 ms. Apart from during exposure periods, the shutter was kept closed.
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time of 60 ms were recorded at times ¢ = nt;, withn =1, 2,4, 8,
16, 32, 64, 128, 256, 512 and 1024, where #; = 80 ms. These 11
frames provided 55 distinct delay times 7 through pairwise
combinations. Pulse control was implemented using the
Digital Discovery module (DIGILENT Inc.), which synchro-
nized the shutter and detector. Apart from during exposure
periods, the shutter remained closed to prevent sample illu-
mination. To compensate for shutter-opening latency, the
trigger signal was configured to rise 30 ms before the intended
opening time.

The sample was a polymer gel prepared by mixing poly-
(vinyl alcohol), borax (FUJIFILM Wako Pure Chemical
Corporation, Japan) and pure water. During gel synthesis,
silica particles with a diameter of 120 nm (Nissan Chemicals,
Japan) were dispersed at a volume fraction of 1 vol%. The
sample was sealed inside a 2 mm-diameter quartz capillary
and the top was covered with epoxy resin to prevent drying.
Measurements were repeated 30 times while shifting the
irradiation position by 50 um for each repetition.

3. Results and discussion
3.1. Conventional XPCS results

Fig. 2 shows the results obtained from conventional XPCS
measurements. Fig. 2(a) illustrates the two-time correlation
function at ¢ = 0.0190 nm™". In this study, the width of the ¢
ring dq was 0.003 nm™'. A clear decrease in the relaxation
time was observed as the measurement progressed. Initially,
the relaxation time was of the order of several seconds;
however, toward the end, it became as fast as the limit of the
measurement time window. Fig. 2(b) shows the time correla-
tion functions extracted at several times by horizontally slicing
the two-time correlation function, as indicated by the arrow in
Fig. 2(a) (Bikondoa, 2017). All curves were well described by
the following function,

g,(q, 1) = Bexp[—2('1)"] + baseline, (6)

where B is the speckle contrast determined by the experi-
mental conditions, I' is the relaxation rate and « is the stret-
ched or compressed exponent.

Fig. 2(c) shows the temporal evolution of I" obtained from
the above fitting. The figure also shows the accumulated dose,
calculated using the estimated dose rate of 0.9 kGy s~ based
on the sample composition. No clear trend is observed during
the first 1.5 s (corresponding to a dose of ~1.4 kGy), but
thereafter a gradual increase can be observed. Furthermore,
the temporal evolution of the total scattered intensity —
obtained by summing all pixels used in the analysis — shown in
Fig. 2(d), remains nearly constant during the first 10 s, then
increases rapidly. These trends indicate that X-ray irradiation
gradually alters the gel structure and accelerates the motion
of the probe particles. Under such conditions, the intrinsic
dynamics of the system cannot be evaluated without the
influence of X-ray irradiation.
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(a) Two-time correlation function at ¢ = 0.0190 nm~" obtained from the
conventional XPCS measurement. (b) Time correlation functions
extracted at several times by horizontally slicing the two-time correlation
function. (¢) Temporal evolution of I' obtained from the fitting by
equation (6). (d) The temporal evolution of the total scattered intensity
obtained by summing all pixels used in the analysis. The colored regions
in (¢) and (d) indicate the time corresponding to the total exposure
duration of the log-pulse measurement.
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3.2. Log-pulse XPCS results

Fig. 3(a) shows the frame dependence of the total scattered
intensity obtained from the log-pulse time-resolved measure-
ments, plotted for ten representative positions along with the
average over all 30 positions. Fig. 3(b) illustrates the repre-
sentative scattering profiles obtained from 11 frames. The total
irradiation time in this measurement, including the shutter
opening and closing periods, was less than 1.26 s (11 exposures
of 60 ms and shutter operation times of <30 ms, repeated 20
times). As highlighted by the colored regions in Figs. 2(c) and
2(d), this duration is shorter than the timescale over which
changes in the dynamics or intensity become apparent. In both
cases, the values remained nearly constant, indicating that no
significant change in scattering intensity occurred over the 11
frames due to X-ray irradiation.

Fig. 4(a) shows the g, function (averaged over 30 positions)
calculated using equation (3), as described in Section 2.2. The
error bars represent the standard deviation of the average
over the 30 positions. As expected, larger g values exhibited
faster relaxation. From the 11 scattering images, 55 delay times
7 were obtained and plotted. All curves were well described by
equation (6). In this low-g range, the contrast is expected to
remain nearly constant and independent of g based on the
calculations considering the optical setup (Hruszkewycz et
al., 2012); however, the speckle contrast 8 decreased with
increasing g. As seen in Fig. 3(b), the scattering intensity
decreases by approximately one order of magnitude across
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Figure 3

(a) Frame dependence of the total scattered intensity obtained from log-
pulse time-resolved measurements. (b) Representative scattering profiles
obtained from 11 frames, with the corresponding summed image. The
intensity is displayed on a logarithmic scale and the scale bar corresponds
to 0.05 nm™".
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(a) Representative g»(q, t), averaged over 30 positions. (b) The ¢
dependence of I" and « (inset) for different numbers of averaged posi-
tions. The dashed line represents a power-law fit to the data averaged
over 30 positions.

this g range. Across a larger g range, the signal-to-background
ratio decreases, leading to a reduction in speckle contrast, as
reported in previous studies (Lhermitte et al., 2017; Chevre-
mont et al., 2024). Additionally, the baseline is ~1.004, slightly
higher than unity. This can be attributed to very slow dyna-
mical modes present in the gel.

The values of I and « obtained from the fitting are shown
in Fig. 4(b) for different numbers of averaged positions.
Although the g dependence was already evident even with
relatively few averages, the scatter decreased as the number of
averaged positions increased. A power-law fit of the relaxation
rate for the 30-point average I o ¢" yielded n ~ 1, whereas «
considered values greater than unity. These features indicate
hyperdiffusive motion, which is characteristic of soft solids
such as gels, polymer networks, epoxy resins, and polymers
near the glass-transition temperature (Hoshino et al., 2013,
2021; Ruta et al., 2014; Hernandez et al., 2015; Frenzel et al.,
2019; Yavitt et al., 2021). Therefore, the motion of the particles
dispersed within the gel was clearly captured.

3.3. Log-pulse XSVS results

Fig. 5 shows a representative intensity distribution obtained
by summing the speckle images from the seventh and eighth
frames (7 = 15.360 s) at ¢ = 0.0285 nm ™" with dg = 0.003 nm ™.
When this distribution was fitted using equation (5), with (K)
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Figure 5

Representative intensity distribution obtained by summing the speckle
images from the seventh and eighth frames (v = 15.360s) at g =
0.0285 nm ™" with dg = 0.003 nm ™.

and M as free parameters, the fit was in good agreement with
the data, as shown in the figure. The same analysis was applied
to all 55 combinations of frame pairs generated from the
11 frames.

The obtained representative Bpr(q, T), averaged over 30
positions, are plotted in Fig. 6. The error bars represent the
standard deviation of the average over the 30 positions. The
solid lines indicate fits to the following function, which has the
same form as equation (6),

Bor(q, T) = By exp[—2('1)"] + baseline. (7)

Here, B, is the contrast prefactor corresponding to the speckle
contrast at T — 0. All curves showed good agreement with the
fitting function. The g dependence of the baseline is more
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Figure 6

(a) Representative Bpr(q, ), averaged over 30 positions. (b) The g
dependence of I" and « (inset) for different numbers of averaged posi-
tions. The dashed line represents a power-law fit to the data averaged
over 30 positions.

pronounced than the results obtained by log-pulse XPCS. This
is because, in XSVS, the contrast contributes not only to the
relaxation term but also to the baseline [equation (4)], and the
difference in contrast is considered to originate from the ratio
of the scattering intensity to the background, as discussed
previously. The relaxation rate I" and the exponent « obtained
from these fits are shown in Fig. 6(b) for different numbers
of averaged positions. Even for a small number of averaged
points, a clear increasing trend with ¢ was observed, and the
scatter decreased as the number of averages increased. The ¢
dependence of the relaxation rate was described by I' oc ¢,
and o« again took values greater than unity. These trends were
consistent with those obtained from the log-pulse XPCS
results.

In all cases, the relaxation rates were slower than those
obtained from the conventional XPCS measurements, indi-
cating that the proposed method successfully avoided radia-
tion-induced acceleration of the dynamics. In this experiment,
the log-pulse XSVS results exhibited greater scatter than the
log-pulse XPCS results. However, when the scattered intensity
is extremely weak and the per-pixel count in a single frame is
low, XPCS calculations become unreliable, whereas XSVS can
provide more reliable dynamical information.

3.4. Discussion

Fig. 7 shows a comparison of the three types of time
correlation functions corresponding to three different g values
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Figure 7

Three representative types of time correlation functions obtained from
log-pulse XPCS, log-pulse XSVS and conventional XPCS, with the
conventional XPCS data extracted from the two-time correlation func-
tion within the range r < 0.4 s.
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obtained from log-pulse XPCS, log-pulse XSVS and conven-
tional XPCS, with the conventional XPCS data extracted from
the two-time correlation function in the initial time range <
0.4 s. For all datasets, the baseline was subtracted and the
curves were normalized. The log-pulse XPCS and log-pulse
XSVS data agreed well with each other, consistent with the
results discussed above. In contrast, the correlation functions
obtained from conventional XPCS showed slightly faster
relaxation. However, the log-pulse results represent averages
over 30 positions, while the conventional XPCS result shown
here is based on a single position. Thus, it remains unclear
whether the observed difference is significant. This will be
examined in future work.

Finally, the measurements obtained are constrained by
statistical limitations. For the current dataset, the error bars
become larger at high g, primarily due to the reduced scat-
tered intensity. At a high g, the signal-to-background ratio
decreases, leading to a reduction in speckle contrast, as shown
in Figs. 4(a) and 6(a). Consequently, it leads to larger uncer-
tainties in the fitted relaxation parameters I" and «. In addition
to intensity-related effects, the limited number of frames in a
single log-pulse sequence can inherently affect the estimation
accuracy of I' and «. Although the present approach could
efficiently generate 55 distinct delay times from only 11 frames
— significantly more than conventional XSVS schemes that
provide a single delay time from two frames — the statistical
quality remains lower than that of standard continuous XPCS
measurements. As a result, the analysis is more susceptible to
experimental noise and X-ray intensity fluctuations. These
limitations can be mitigated in several ways. Combining
datasets acquired using different frame-time patterns can
improve the coverage of delay times and reduce gaps in the
temporal sampling. Furthermore, increasing the number of
measured positions enhances statistical reliability, but sample
heterogeneity must be considered. The optimal number of
positions depends on the degree of sample uniformity and
therefore varies from system to system. Rather than fixing the
number of measurement points in advance, it is more effective
to monitor the convergence and scatter of the fitted para-
meters during the experiment and to determine the stopping
criterion based on the observed statistical stability.

4. Conclusions

In this study, we performed non-uniform pulse XPCS
measurements on a gel material that is highly sensitive to
X-ray irradiation. In conventional XPCS measurements
performed for comparison, time correlation functions were
calculated from a 1000-frame time series and clear radiation-
induced damage was observed. By contrast, in the non-
uniform pulse XPCS measurements, only 11 speckle images
were acquired, from which both the temporal autocorrelation
function and relaxation behavior of the visibility contrast were
evaluated. By reducing the total irradiation time to ~100th of
that used in conventional measurements, the dynamics could
be assessed while effectively suppressing radiation damage.
Moreover, the g dependence of the relaxation rates obtained

from the two analysis methods (log-pulse XPCS and log-pulse
XSVS) showed good agreement. The use of non-uniform
pulses provides a sufficiently large number of delay-time
combinations, enabling evaluation of deviations from a simple
exponential form in the autocorrelation function. This
capability is a significant advantage when investigating
systems that exhibit non-simple Brownian motion.

Using the proposed method, we demonstrated that
temporal autocorrelation functions can be obtained efficiently
without requiring measurements at several positions.
Although the method is limited to homogeneous samples in
equilibrium, it is particularly effective when only a small
amount of a uniform sample is available, as extensive spatial
averaging is not necessary. As demonstrated in this experi-
ment, this method is most effective for probing dynamics on
millisecond and longer timescales. By enabling efficient and
damage-suppressed XPCS measurements, this approach is
expected to facilitate dynamical studies not only of polymer
gels but also of a wide range of other systems, including
organic materials and biological samples. As XPCS becomes
accessible to a broader scientific community through upgraded
light sources and improved instrumentation, radiation damage
is expected to emerge as a central concern beyond the tradi-
tional XPCS user base. The proposed approach provides a
practical and broadly applicable strategy for addressing this
challenge.
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