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Coupling x-ray photon correlation spectroscopy and dynamic coherent x-ray diffraction imaging:
Particle motion analysis from nano-to-micrometer scale
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Two well-known measurement methods use coherent x rays: x-ray photon correlation spectroscopy (XPCS)
and coherent x-ray diffraction imaging (CXDI). We propose and demonstrate an approach to analyze particle
motion in heterogeneous solutions over a wide spatiotemporal scale by combining XPCS and dynamic CXDI
using a data-driven approach. By applying this approach to analyze of the dynamics of colloidal gold particles
dispersed in aqueous polyvinyl alcohol solutions, we found that Brownian motion exists in the range of a few
hundred nanometers, and two modes of motion exist in the micrometer range, i.e., trapping in a narrow region
and diffusion motion along a preferred direction. This approach can be applied to analyze dynamic heterogeneity
in materials and cells that do not transmit visible light and electrons.
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The motion of particles inside liquids and solids is related
to the mechanical properties of materials, e.g., the viscoelas-
ticity of nanocomposites [1]. Particles are also used to probe
the rheological properties within living cells [2]. In both cases,
it is necessary to observe the particle motion over a broad
spatiotemporal scale. Particle motion is analyzed either by
examining the temporal correlation of scattered light intensity
from particles or by direct observation. Both methods are
extensively used in the visible light range and are commonly
known as dynamic light scattering (DLS) [3] and single-
particle tracking (SPT) [4]. The particle motion information
obtained by DLS is the average of all the particles present
in the illuminated area of the sample. SPT can only ana-
lyze particles within the field of view and depth of field of
the microscope, which often limits the sample environment.
However, the information obtained is differentiated for every
particle in the illuminated area and can provide information
on spatial motion inhomogeneity. Polymers and biological
cells have complex internal structures, and particle diffusion
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is based on multiple modes of motion [5,6], thus necessitating
a method for classifying the modes of motion. For example,
classification methods based on multiple parameters related
to particle motility have been investigated [7,8]. SPT in the
visible light range makes it difficult to observe dynamic phe-
nomena with spatial resolution at the nanoscale. It is also
difficult to observe samples that do not transmit visible light.
Using transmission electron microscopy, dynamic phenomena
can be observed with single-nanometer spatial resolution [9],
but it is difficult to observe micrometer-order thick samples.
X-rays, owing to their short wavelength and penetra-
tion power, are suitable for observing microscopic dynamic
phenomena inside thick materials. X-ray photon correlation
spectroscopy (XPCS) [10] can be regarded as a DLS method
in the x-ray region and is used to analyze dynamic phenomena
inside materials at the nanoscale based on the time correlation
of coherent x-ray scattering intensities. The use of heterodyne
XPCS [11] has also been proposed to analyze multiple motion
modes, which requires the construction of a stable optical sys-
tem with drift responses with smaller magnitudes than those of
conventional XPCS [12]. Coherent x-ray diffraction imaging
(CXDI) [13,14] is one of the methods used to obtain high
spatial resolution images using x rays. The phase image of
a sample is reconstructed by the phase-retrieval calculation of
the two-dimensional coherent x-ray diffraction intensity pat-
tern from the sample. Scanning CXDI [15], commonly known
as x-ray ptychography, is extensively used in synchrotron
radiation facilities; however, it has been challenging to capture
the dynamic phenomena of samples in terms of temporal
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FIG. 1. Schematic of coherent diffraction pattern measurement
of gold colloidal particles in solution.

resolution. Several nonscanning CXDI methods with ex-
cellent temporal resolution have been proposed [16-23].
However, these are still in the proof-of-principle stage,
and there have been no reports capturing movement in
actual samples in the hard x-ray region. Recently, we pro-
posed and demonstrated a practical method for single-frame
CXDI [24,25], in which a triangular aperture is used as a
critical element in the optical system. The image of a selected
field of view of an extended object is reconstructed from the
single-frame diffraction intensity pattern based on a phase-
retrieval calculation.

Herein, we first demonstrate the visualization of nanoscale
dynamics by coupling XPCS and dynamic CXDI using
synchrotron x rays. We employ several machine-learning
techniques as a data-driven approach to perform SPT to ex-
tract and analyze the kinetics of individual particles. This
approach enables us to investigate novel behaviors of nanopar-
ticles at a large spatiotemporal scale by considering the
phenomenon based on data analysis and obtaining statistical
evidence to gain insights objectively that could lead to the
proper reasoning of novel observations.

Figure 1 shows a conceptual diagram of the measurement
performed at SPring-8 BL29XUL [26]. A 4.5 wt % polyvinyl
alcohol (PVA) solution containing gold colloidal particles
(particle size = 150 nm) was prepared. The PVA solution
at 4.5 wt % is known as a Newtonian fluid according to the
literature; thus, the diffusive behavior of particles should be
in a simple Brownian manner [27]. Using the preparation vol-
ume, the concentration of colloidal gold particles in the PVA
solution was estimated to be 0.74 wt %. The aqueous, gold
colloid solution was then sealed in a cell made by sandwiching
a Kapton spacer (thickness = 50 um) between two silicon ni-
tride membranes. The depth of focus [28] in the present CXDI
system was estimated to be 138 um, which is larger than the
thickness of the Kapton spacer. The number of particles in
the irradiated volume was estimated to be approximately 120,
which is sufficient according to the previous studies using
nanofocused beams [29,30]. The particles reached a state of
sedimentation equilibrium after a certain time in this PVA
solution, and all the synchrotron experiments were performed
in the sedimentation equilibrium state. The incident 5-keV
monochromatic x-ray beam was cut by a triangular aperture
(side length of ~10 pum); the triangular apertures were fab-
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FIG. 2. (a) Diffraction pattern from an aqueous gold colloid
solution measured with an exposure time of 0.1 s. (b) Two-time
correlation calculated from the diffraction intensity in the region g =
0.0230 £ 0.0025 nm~!. (c) Time autocorrelation function normal-
ized by the parameters obtained by curve fitting. (d) ¢ dependence
of the inverse of the relaxation time, I'(g). Error bars are standard
deviations in curve fitting.

ricated using focused ion beam processing on platinum foil
(thickness = 15 um, polished on both sides). The Fresnel
zone plate (FZP) reduced the triangular aperture by a factor of
2, and a triangular x-ray beam of approximately 5 um per side
was illuminated onto the sample. The diffraction intensity pat-
terns were recorded by using an in-vacuum pixelated detector
(EIGER 1M, Dectris) with a pixel size of 75 pm, which was
placed 3.14 m downstream of the sample. To suppress x-ray
scattering from the air, the optical elements, the sample, and
the detector were placed in a vacuum chamber and maintained
at a pressure of ~1 Pa. The number of photons incident on
the sample surface was ~3 x 10° photons/s. The temperature
increases due to x-ray absorption into the solution were esti-
mated to be less than 0.2 °C/s. As the solution conducts heat
by convection, the effect of the temperature increase due to
x-ray irradiation is negligible. Diffraction intensity patterns
were collected using (a) 2000 consecutive images with an
exposure time of 1 s and (b) 1000 consecutive images with
an exposure time of 0.1 s. Under both conditions, x rays were
illuminated at the same position on the sample.

First, the fast dynamics of the particles were analyzed
using XPCS. Figure 2(a) shows one of the diffraction pat-
tern datasets measured at an exposure time of 0.1 s. The
time autocorrelation function was calculated using the diffrac-
tion intensities at |q| = 0.0197, 0.0230, and 0.0273 nm~!
outside the FZP projection region, shown using white lines
in Fig. 2(a), where q is the scattering vector. Figure 2(b)
shows a two-time correlation function [31] calculated from the
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scattering intensity at |q| = 0.0230 £ 0.0025 nm~! using

(1(q, 11)I(q, 12))pixel
(I(q, 1)) pixet 1 (Q 22)) pixel

where I(q, t;) is the scattering intensity at q, and time f;
(- )pixet 1s the average of all pixels. It has been reported
that radiation damage can cause the cross-linking of PVA
polymers when present in an aqueous solution [32]. Be-
cause no correlation trend is observed in Fig. 2(b), the effect
of the radiation damage of the PVA aqueous solution on
the motion of colloidal gold particles is considered to be
negligible. To obtain the relaxation time of the motion of
gold colloidal particles, the temporal autocorrelation function
g (g, t) was calculated from the scattering intensity at g =
0.0197 £ 0.0025, 0.0230 £ 0.0025, and 0.0273 £+ 0.0025
nm~! using

C(q, t,h) = (1)

({(q, DI(q, 1 + T))pixel)
g(Z)(q’r)= 2p e t, )
<(I(q, t))pixel)r
where 7 is the time interval between the two diffraction pat-
terns for which the intensity correlation was calculated. Curve
fitting was then performed with

§2(q, 1) = B(@exp{—2T(q) - T} + goo(q), 3)

where B(q) is the contrast, I'(¢) is the inverse of the relax-
ation time, and g, is the baseline. Figure 2(c) shows the
autocorrelation and fitting curves [33]. If the mode of motion
of colloidal gold particles in an aqueous solution is Brow-
nian, the relationship between the inverse of the relaxation
time and g is I'(g) = qu [3], where D corresponds to the
diffusion coefficient of colloidal gold particles in motion in
the PVA solution. Figure 2(d) shows a plot of the inverse of
the relaxation time I'(¢) and a curve-fitting approximation of
I'g) = qu. Because the inverse of the relaxation time I'(g)
shows a tendency to follow I'(g) o< g%, the motion of particles
in the illuminated region can be regarded as Brownian motion
in a simple liquid with Dxpcs = 7550 £ 850 nmz/s. Addi-
tionally, in Fig. 2(c), the baseline increased with a decrease
in g, possibly suggesting the presence of another slower mode
on a larger spatial scale.

The slow motion of individual particles was then analyzed
using real-space movies of single-frame CXDI. In image re-
construction, a single-object function 7. was reconstructed
from a single diffraction pattern Iy using the probe function
Pr(k) with modes k = 1, 2, 3, and 4. The probe function was
obtained using x-ray ptychography. Herein, we employed a
phase-retrieval algorithm based on the reciprocal-space con-
straint expressed as

Tk
W =P V== @
i[9
and the subsequent update in the real space given as
Pl [y _ (k)
Tr/zTr_l_aZk r {wr wr } (5)

Zk |P1'(k)|r2nax

where r denotes the real-space coordinate vectors, respec-
tively, and o denotes the weight coefficient for the 7 update.

t = 1698 (s) t= 1699 (s) t=1700 (s)

= s -0.4

FIG. 3. Images of gold colloidal particles in an aqueous
polyvinyl alcohol solution reconstructed from three consecutive
diffraction patterns. The images below are magnified views of the
areas enclosed by the red squares in the images listed above. The
scale bar size in the upper image is 4 pm and 300 nm in the lower
image.

The exit wave-field ¥*) and its Fourier transform \I’flk) were
determined as ¥ = POT, and WP = Fly]. Fifty it-
erations of phase-retrieval calculations were performed on
each diffraction pattern using a weight coefficient of &« = 0.6.
Figure 3 shows the object images reconstructed from three
consecutive diffraction patterns with an exposure time of
1 s. The black dots represent colloidal gold particles. Some
particles changed their positions over time. The motion of
the particles can be displayed in the form of a video [34].
This video can be found in the Supplemental Material [34].
Although the image quality is poor compared with that shown
in Fig. 3, we also reconstructed the object image with an
exposure time of 0.1 s [34].

The SPT process, including single-particle detection and
motion tracking, was then applied to the reconstructed images
with an exposure time of 1 s to investigate the motion behav-
ior of the particles [34]. Based on SPT results from CXDI
frames, we estimated the diffusion coefficient Dcxpy for each
particle by analyzing the mean-squared displacement (MSD)
of the constructed trajectories [34]. Figure 4(a) shows the
relationship between Dcxpy and the sampled period of time At
using a linear regression model, where the dashed black line
represents the linear correlation determined by the diffusion
coefficient estimated from XPCS measurements. Figure 4(b)
displays a histogram comparing the diffusion coefficients es-
timated from SPT on CXDI frames and XPCS.

In contrast to conforming to a Gaussian distribution
centered around an expected value of a single diffusion coef-
ficient, which typically implies a single type of diffusion [35],
the distribution of the estimated diffusion coefficients dis-
plays a significant deviation. This deviation is characterized
by a prominent peak on the left, corresponding to the
low-value region, and several smaller peaks on the right,
associated with the high-value region. These characteristics
suggest instances of superdiffusion during which particles
exhibit substantial displacements from their initial positions
and subdiffusion during which particles are confined within
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FIG. 4. (a) Diffusion coefficient Dcxp; estimated by fitting the
mean-squared displacement (MSD) of particles tracked in coherent
x-ray diffraction imaging (CXDI) frames with the sampled period
of time Ar using a linear regression model. The dashed black line
shows the linear dependence of MSD on the time interval according
to the diffusion coefficient estimated from x-ray photon correlation
spectroscopy (XPCS) measurements. (b) Histogram of the diffusion
coefficients estimated by tracking single particles in CXDI frames
and from XPCS measurements (red line).

limited areas. The visualization of these anomalous diffu-
sion modes can be observed by considering the linear-fitting
accuracy [34]. Notably, the average value of the diffusion
coefficients Dcxpr estimated from tracking particles in CXDI
frames is 8000 nm?/s, which aligns with Dxpcs (7550 & 850
nm?/s), thus confirming the compatibility between the SPT
process employed on CXDI frames and the XPCS experi-
ments.

To gain a detailed understanding of the temporal evolution
of motion modes, it is important to analyze trajectory seg-
ments rather than the entire trajectory, despite the overview
provided by MSD analysis. To address this aspect, the sliding
time window technique was used to convert each trajectory
into fragments by shifting a time window of size w by a
constant time step. Figure 5(a) shows a schematic deriving
motion-related properties from a trajectory using the time-
sliding window. Via defining the confined radii [7], two
descriptors, tortuosity [8] and anisotropy, were introduced to
respectively characterize the spatial extent and directionality
of particle motion within each time window. The systematic
investigation of the dependence of tortuosity and anisotropy
on the time window size leads to Figs. 5(b) and 5(c), which
respectively display the distributions of two descriptors cap-
tured by sliding time windows (with widths w) ranging from
20 to 40 frames and a fixed sliding time step of 5 frames
in logarithmic axes. The tortuosity (012 /w) distributions pre-
dominantly exhibited single peaks when the sampling window
width was between 20 and 25 frames, thus indicating transla-
tional motion along the o direction with an average speed
of ~1.4 pixels/s (56.8 nm/s). However, for w > 30 frames,
a new peak emerged at 012/w ~ 1, suggesting back-and-
forth motion patterns with an average speed of ~ 1 pixels/s
(40.6 nm/s). In terms of anisotropy (07 /o7), all estimated dis-
tributions displayed two peaks, thus representing directional
and back-and-forth motions. As w increases, the contribution
of the component with higher o7 /o values increases, thus
indicating that more particles comply with back-and-forth
motion patterns at longer timescales. These findings for tor-
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FIG. 5. (a) Schematic of deriving motion-related properties from
a trajectory with a time-sliding window. (b, c¢) Distributions of (b) tor-
tuosity and (c) anisotropy of trajectory fragments sampled by sliding
windows of various widths with a constant step of 5 frames. (d) Joint
distribution of the tortuosity and anisotropy of mode-assigned trajec-
tory fragments sampled by overlapping time windows (width = 25
frames, step = 5 frames). (e) Trajectories of a particle experiencing
different motion modes over time.

tuosity and anisotropy consistently suggest the presence of
at least two distinct modes associated with particle motion
behavior.

Further investigating the hypothesized behaviors of particle
diffusion, we employed a joint distribution of the two descrip-
tors sampled by an overlapped sliding window with a width of
25 frames and a sliding step of 5 frames, as shown in Fig. 5(d).
A two-dimensional Gaussian mixture model with two compo-
nents was applied to assign modes to all trajectory fragments
based on tortuosity and anisotropy. From the joint distribution,
and particularly in terms of anisotropy, these two modes of
particle diffusion can be distinguished based on the char-
acteristics of the trajectory fragments. Trajectory fragments
categorized within the first mode, characterized by low log-
arithmic values of log(o?/w) and high logarithmic values of
log(c7/o}), represent instances where particles diffuse with
a low rate and no specific directional preference. Conversely,
trajectory fragments assigned to the second mode, character-
ized by consistently high values of log(ol2 /w) and low values
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of log(c}/a}), are indicative of particles displaying active
diffusion along specific directions. Figure 5(e) shows an ex-
ample of the trajectory of a single particle exhibiting different
modes of motion and visually illustrates the discrimination
between these modes. Indeed, the first mode can reasonably
be attributed to simple Brownian motion and subdiffusion
resulting from the confinement of particles within a narrow
region, whereas the second mode likely corresponds to diffu-
sive motion along a preferred direction (superdiffusion) [5,6].
Generally, particles in polymers can exhibit a variety of
dynamic behaviors, including simple Brownian motion, subd-
iffusion, and superdiffusion [36,37]. In the present measured
sample, a PVA solution, the presence of heterogeneity might
influence particle motion, leading to the existence of multiple
diffusive modes. Simple Brownian motion and subdiffusive
motion were observed at short timescales and small spatial
scales, while superdiffusive motion was observed at longer
timescales and larger spatial scales. These distinct behaviors
offer valuable insights into the heterogeneous dynamics of
the solution over a substantial spatiotemporal scale [6,8,9],
thereby highlighting novel aspects of particle diffusion within
this specific context.

Our proposed measurement system and accompanying
analysis of particle motions have the potential to offer a pow-
erful tool to investigate the dynamic evolution of polymer
materials and colloidal systems. XPCS provides an average
depiction of the fast dynamics of particles. Conversely, dy-
namic CXDI provides a moving image of the slow motion of
individual particles and uses a data-driven approach to analyze
the mode of motion. Although XPCS in the ultrasmall-angle
region allows access to dynamics at the micrometer range,
quantitative evaluation is complex owing to the effects of
multiple scattering [38]. Therefore, the current (combined)

approach is promising for investigating the dynamics at mi-
croscopic scales and multiple modes of motion owing to
various inhomogeneities at the macroscopic scale. For exam-
ple, it can be applied to the analysis of nonexponential decay
or multiple-step decay shapes of the time autocorrelation
function [39], as well as the dynamic heterogeneity of various
materials, such as polymer nanocomposites [40], glass-
forming polymers [41], and magnetic colloidal systems [42].

The spatiotemporal resolution of this measurement method
depends on the performance of the synchrotron radiation
source and the imaging detector. With the advent of low-
emittance synchrotron radiation sources and next-generation
imaging detectors, further performance improvements are ex-
pected. Conversely, it should be noted that an increase in
incident flux can cause non-negligible damage to the sample.
This measurement method can also be applied to pump-
probe CXDI measurements using free-electron lasers [43,44],
where dynamics on the femtosecond-to-picosecond scale,
which is difficult to measure with synchrotron radiation,
can be analyzed. Currently, pump-probe CXDI is limited
to isolated samples, and the present approach can be ap-
plied to spatially extended samples. We expect that this
general approach can potentially allow imaging of a broad
range of dynamical phenomena with high-spatiotemporal
resolution.
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