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Abstract: X-ray photon correlation spectroscopy (XPCS) enables the study of sample dynamics
between micrometer and atomic length scales. As a coherent scattering technique, it benefits from
the increased brilliance of the next-generation synchrotron radiation and Free-Electron Laser (FEL)
sources. In this article, we will introduce the XPCS concepts and review the latest developments of
XPCS with special attention on the extension of accessible time scales to sub-µs and the application of
XPCS at FELs. Furthermore, we will discuss future opportunities of XPCS and the related technique
X-ray speckle visibility spectroscopy (XSVS) at new X-ray sources. Due to its particular signal-to-
noise ratio, the time scales accessible by XPCS scale with the square of the coherent flux, allowing
to dramatically extend its applications. This will soon enable studies over more than 18 orders of
magnitude in time by XPCS and XSVS.

Keywords: X-ray scattering; X-ray photon correlation spectroscopy; X-ray speckle visibility
spectroscopy; X-ray intensity fluctuation spectroscopy; synchrotron radiation; free electron laser;
coherence

1. Introduction

With the advent of third generation synchrotron radiation sources in the early 1990s,
the application of coherent X-ray beams has become possible for the first time. This is
demonstrated in Figure 1a showing Airy fringes from Fraunhofer diffraction measured at
the coherence beamline ID10 of ESRF [1,2]. Thanks to the marked increase of brilliance the
coherent flux has risen many orders of magnitude compared to previous sources, paving
the way for new coherence-based techniques [3], such as coherent diffractive imaging
(CDI) [4,5], X-ray ptychography [6] and X-ray photon correlation spectroscopy (XPCS). The
rise of hard X-ray free-electron lasers (FEL) and the step to the next-generation storage rings
based on the multibend achromat lattice [7,8] will significantly expand the applications of
these techniques [9]. XPCS benefits in a larger degree than any other technique from the
increasing brilliance. Beyond the new facilities, many upgrades in beamline and detector
technology have improved the spatial and temporal resolution of these techniques. For
instance, XPCS particularly profits from the development of two-dimensional detectors,
allowing for real-time experiments up to sub-ms time resolution. In this article, we review
the major achievements using XPCS during the last decade.

XPCS probes the dynamic properties of matter by analyzing temporal correlations
in real time [10–19]. It is the X-ray analogue to dynamical light scattering (DLS) [20],
extending the probed length scale to atomic dimensions. Similar to DLS, it relies on the
coherent properties of the beam. When a coherent X-ray beam is scattered by a sample, a
grainy diffraction pattern, the so-called speckle pattern, is generated. If the sample changes
its structure over time, so does the speckle pattern, which is tracked by XPCS.
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Figure 1. (a) Airy fringes from Fraunhofer diffraction from slits of different sizes as indicated. Data has been measured
in the commissioning of the ID10 beamtime at ESRF, the first dedicated beamline for coherence applications [1]. Figure
reproduced from [2]. Copyright 1997 Society of Photo-Optical Instrumentation Engineers (SPIE). (b) g2 functions from
Fe3Al at the ( 1

2
1
2

1
2 ) superlattice reflection measured at ID10 [21] showing fluctuations above the order-disorder transition

temperature of Tc = 823.8 K.

After the first measurements of X-ray speckles [22] XPCS has been demonstrated
in 1994 [1,21], see Figure 1b. In the following, dedicated beamlines for XPCS have been
established at the European Synchrotron Radiation Facility (ESRF) in France [23,24] and at
the Advanced Photon Source (APS) at Argonne National Laboratory (USA) [25]. A second
generation of XPCS beamlines was built at PETRA III and NSLS II during the last decade,
that provided an increase of coherent flux and more flexibility on scattering geometries.
Finally, XPCS is also a driving force for FEL science, such as at the X-ray Correlation
Spectroscopy (XCS) instrument at LCLS [26] or the Materials Imaging and Dynamics (MID)
instrument at the European XFEL [27]. The development of XPCS is highlighted in Figure 2
showing the number of XPCS publications per year as well as the associated subject areas.
Therefore, a search on SCOPUS and Web of Science has been performed on “X-ray Photon
Correlation Spectroscopy”, its alternative name “X-ray Intensity Fluctuation Spectroscopy”
(XIFS), and the related technique “X-ray Speckle Visibility Spectroscopy” (XSVS). Their
appearance has been limited to titles, keywords, and abstract, so that the actual number of
XPCS and XSVS publications is likely slightly larger. Since the late 1990s, the number of
XPCS publications grew linearly, resulting to more than 40 publications in 2020. In addition,
the starting dates of new beamlines and the ID10 (ESRF) upgrade are marked as well.

While focussing first on slow dynamics on length scales of several 10 nm (i.e., using a
small-angle scattering geometry) [28], the application of XPCS has extended recently on
both time and length scales. Three main directions can be identified, that experienced a
strong boost in the last 10 years: (1) extension of XPCS to milli- and microseconds thanks to
new type of detectors and increased brilliance, (2) studies of molecular and atomic length
scales, and (3) XPCS and XSVS studies at FEL sources. Besides the FEL application, XPCS
will play a major role at the currently designed and already built next generation of storage
ring sources [7,8], as they promise to extend the time scale of XPCS towards nanoseconds.
In this review we will first introduce the XPCS concepts including higher-order correlations,
XSVS and the role of coherence. Afterwards, setup parameters for XPCS are discussed.
The main part of this review discusses dynamics studies from the last 10 years, focussing
on the new possibilities thanks to accessing faster timescales at storage rings and the
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performance of XPCS at FEL sources. Recent highlights that will be addressed in this
review include the observation of two types of liquid water [29] as well as probing real-
time dynamics in liquid water on femto- to picosecond time scales [30,31]. Furthermore,
new routes of understanding stress relaxation in glasses have been revealed recently [32].
The possibility of reaching faster time scales in a real time experiment enables the study
of in-operando dynamics, e.g., ion transport in lithium batteries [33], and paves the way
to sub-µs dynamics of soft matter [34,35] and biological systems [36–39]. Finally, future
opportunities will be addressed with special attention on possibilities at the new facilities.

Figure 2. (a) Publications mentioning X-ray photon correlation spectroscopy (XPCS), X-ray speckle visibility spectroscopy
(XSVS) or X-ray intensity fluctuation spectroscopy (XIFS) as keyword, in the title or abstract. The solid line models a linear
increase of the SCOPUS data between 1998 and 2020 with an increase rate of 1.62 publications per year. The dashed lines
mark the years where new beamlines with XPCS dedication became online. (b) Distribution of subject areas of XPCS
publications from 1995 to 2020. For each publication multiple areas are possible.

2. XPCS Concepts

When a (partially) coherent beam is scattered by a sample that is static during the
exposure, a grainy diffraction pattern, the so-called speckle pattern, is generated. This
speckle pattern includes information on the position of all scattering objects in the exposed
volume that can be obtained by iterative algorithms in many cases [3]. If the sample
shows any dynamics during the exposure, the speckle pattern will change accordingly. The
concept of XPCS is to track these changes over time by means of correlation functions from
series of speckle patterns (see Figure 3). The experimental quantity in XPCS studies is the
normalized intensity autocorrelation function

g2(q, ∆t) =
〈I(q, t)I(q, t + ∆t)〉

〈I(q, t)〉2 (1)

that compares the intensities I(q, t) and I(q, t + ∆t) at two different times with a lag time of
∆t. Here, q is the modulus of the wave vector transfer given by q ≡ |q| = 4π

λ sin(θ/2), with
wavelength λ and scattering angle θ. The averaging in Equation (1) is performed over both
detector pixels with equivalent q-values and all times t. Therefore, the g2-function provides
information on the average dynamics during the exposure. Strategies for measuring
dynamic heterogeneities without averaging over t are presented in the next section.

As a correlation function of intensity, the g2 function is a second-order correlation
function. It relates to the first-order or field autocorrelation function g1 via the Siegert
relation [40] to

g2(q, ∆t) = 1 + β|g1(q, ∆t)|2. (2)
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Here, 0 ≤ β ≤ 1 is the speckle contrast that is related to the degree of coherence and is
further discussed in Section 2.4. Obviously, a non-zero degree coherence is needed to detect
any dynamics information. The field correlation function g1 is also known as intermediate
scattering function. It is expressed by the normalized structure factor S(q, ∆t) that contains
all dynamic information of the sample via the trajectories rj of all N scatterers

g1(q, ∆t) = S(q, ∆t)/S(q, 0) =
1
N

〈
N

∑
k=1

N

∑
j=1

exp(iq · [rj(∆t)− rk(0)])

〉
. (3)

Depending on the underlying dynamics, g1 can be expressed in different forms. Some
examples will be given below. The standard approach for the majority of sample systems
is a Kohlrausch–Williams–Watts (KWW) function

g1(q, ∆t) = exp(−(Γ∆t)γ). (4)

The characteristic relaxation time τ is obtained as the inverse of the relaxation rate Γ = τ−1

that shows a characteristic q-dependence Γ ∝ qp. The KWW exponent γ is a measure
of the distribution of relaxation times of individual particles. Both exponents, p and γ,
specify the type of the dynamics. For diffusion, e.g., Brownian motion of nanoparticles,
one obtains an exponential decay with γ = 1 and a square-dependence of the relaxation
rate, i.e., p = 2. For spherical (nano-)particles dispersed in a liquid solvent the relaxation
rate is then given by

Γ(q) = D0q2 =
kBT

6πηR
q2, (5)

with the Stokes–Einstein diffusion constant D0 that depends on the particles radius R, the
solvent viscosity η at temperature T, and Boltzmann’s constant kB. Deviations from the
exponents indicate, e.g., hyper- or subdiffusive dynamics, examples are discussed below.
For dense samples, the dynamics is slowed down due to particle-particle interactions and
the effective diffusion constant becomes length-scale dependent:

D(q) =
D0H(q)

S(q)
(6)

with the static structure factor S(q). The function H(q) describes the hydrodynamic
interactions, including electrostatic repulsion between particles and solvent fluctuations
due to particle movement [41–44]. Furthermore, multiple dynamical processes can be
measured as well as a superposition of different decay of g2. Exemplary g2-functions are
shown in Figure 3b,c.

When performing an XPCS experiment, typically a series of n speckle patterns is
measured on a equidistant time scale. The exposure time of each pattern has to be slower
than the characteristic time that needs to be measured while the total duration of the series
should extend significantly longer. Ideally, the shortest time should at least be about 0.1τ,
while the length of the series should be longer than 10τ. Afterwards, the g2 function
is obtained by averaging over the whole series. This reveals several concerns: (a) What
happens if the sample shows heterogeneous dynamics, i.e., the dynamics change during the
exposure, (b) can dynamics faster than the minimum frame rate be detected, and (c) what
is the role of the degree of coherence β? These questions will be addressed the following
subsections.

2.1. Higher-Order Correlations

If the sample dynamics change during the XPCS series, the g2-function in Equation (1)
will not detect the dynamics of the sample accurately because of the averaging over time t.
In order to quantity such dynamical heterogeneities, the two-time correlation
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C(q, t1, t2) =
〈I(q, t1)I(q, t2)〉pix

〈I(q, t1)〉pix〈I(q, t2)〉pix
(7)

can be used [45,46]. It calculates the correlation between two patterns of the series at times
t1 and t2 averaged over all detector pixels of same q without any time averaging. Therefore,
it is mirror symmetric along the t1 = t2 axis, i.e., C(q, t1, t2) = C(q, t2, t1). Furthermore,
the g2 function can be obtained by averaging over t1 as g2(q, ∆t) = 〈C(q, t1, ∆t)〉t1 , with
∆t = t2− t1. Figure 4a shows an exemplary two-time correlation matrix of an aging system.
It was calculated from diffusing disks whose diffusion constant decreased with every
speckle pattern. In this way the correlated region in the vicinity of the t1-t2 axis broadens
with experimental time. This becomes obvious from Figure 4b showing cuts through C for
fixed t2 = t∗ that highlight the continuous slowing down. The degree and time scale of the
dynamical heterogeneities are quantified by the variance [47]

χ(∆t) =
〈C2(q, t1, ∆t)〉t1 − 〈C(q, t1, ∆t)〉2t1

〈C(q, t1, ∆t = 0〉t1

, (8)

whose peak marks the characteristic time scale and degree of dynamical heterogeneities
(see Figure 4c). Besides aging phenomena as shown in Figure 4, this procedure can be used
to detect avalanche dynamics, e.g., during phase transitions or sudden rearrangements of
structures, as well as intrinsic heterogeneous processes such as gelation or glass transitions.

Figure 3. (a) XPCS scheme in small-angle X-ray scattering (SAXS) geometry . The speckle patterns are recorded with
repetition rate of 1/∆tmin several meters downstream of the sample. Adapted from [48]. (b) Calculated g2 functions for
nanoparticles with radius of 50 nm dispersed in water at room temperature. The speckle contrast is set to β = 0.3. The
q2-dependence of the relaxation time is visible by the non-equidistant functions. (c) g2 showing different shapes: stretched
with γ = 0.5, single exponential, and double exponential with 1:1 contribution of the two decays. The first decay is
compressed (γ = 2) and is additionally shown as single curve as dashed green line. The dashed black lines mark the
corresponding relaxation times found at β exp(−2).
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Figure 4. (a) Two-time correlation matrix C(t1, t2) modelled for an aging system that continuously
slows down during the measurement. (b) Cuts through C at given t2 = t∗ as indicated in (a). The
lines are exponential fits up to ∆t = t1 − t∗ = 20, afterwards the modelling fails because of the aging.
(c) Variance χ from (a). The maximum χmax is found at about ∆t = 61 and marked by the dashed line.

2.2. X-ray Speckle Visibility Spectroscopy

Many current XPCS experiments are limited by the detector, i.e., the fastest accessible
time scale is defined by the lowest detector repetition rate. Nowadays, two-dimensional
megapixel detectors used for XPCS experiments reach several kHz up to MHz, allow-
ing to measure sub-ms correlations, see Section 3.2 for details. X-ray speckle visibility
spectroscopy (XSVS) is one way to circumvent the repetition rate and reach faster time
scales [49–52].

In an XSVS experiment, single speckle patterns are measured with different exposure
times. Different from XPCS, all patterns are treated individually. If the sample shows any
dynamics during the exposure, the speckle patterns will smear out and loose contrast. An
examples is shown in Figure 5a. Here speckle patterns from diffusing disks are calculated
for four different exposure times of 1, 10, 30 and 100 arb.u., respectively. Especially with
increasing q the reduction of speckle contrast becomes visible. The contrast obtained close
to the minimum intensity drops from β1 = 1 for the fastest exposure to β100 = 0.48 for a
100 times longer exposure. This is even more pronounced at larger q.

The contrast in XSVS experiments can be calculated from the exposure time texp and
the intermediate scattering function via [49,51]

β(q, texp) =
2β0

texp

∫ texp

0
(1− t/texp)|g1(q, t)|2dt, (9)

with the coherence factor, i.e., the speckle contrast for texp → 0, β0. For an exponential
g1(q, t) = exp(−Γ(q)t) as in the case of diffusion, Equation (1) can be solved analytically to

β(q, texp) = β0
exp(−2texpΓ(q))− 1 + 2texpΓ(q)

4t2
expΓ2(q)

. (10)

An example comparing directly g2 from XPCS with the result in Equation (10) is shown in
Figure 5b.

As XSVS does only depend on the exposure time, it can be used for faster processes
than conventional XPCS if the exposure time is controlled by, e.g., fast shutter systems
or electronic detector triggers. It allows in particular the reduction of the radiation dose
because the sample has to be exposed only up to texp, and may allow more flexible control
of intensity. In particular for fast processes in the fs range probed at FEL sources this is the
only way to obtain dynamics via speckle correlations.



Appl. Sci. 2021, 11, 6179 7 of 33

Figure 5. (a) Speckle patterns calculated from diffusing disks with different exposure times ranging
from from 1 to 100. The contrast calculated for the q-value marked by the dashed black circle
drops from 1 to 0.48. (b) g2(∆t) compared to the XSVS function using the same intermediate
scattering function.

2.3. Double-Pulse XSVS

While XSVS at storage rings as quasi-continuous X-ray sources is performed by
changing the exposure time on the sample or the detector, this concept cannot be applied
at FEL sources for studying fast time scales. Here, the pulse length can be varied, however,
this is limited to the femtosecond range [53–55]. This time scale can be extended using
a double-pulse XSVS scheme. Therein, either two pulses are generated by the FEL, or a
split-and-delay device is used to generate two X-ray pulses (see Section 4.2.4). The detector
measures the sum of both speckle patterns, allowing to use detectors with a slower read
out than the actual time scale that should be probed. Similar to XSVS, the speckle contrast
is analyzed to obtain the sample dynamics, but as a function of time delay ∆tDP between
both patterns. It can be shown [56] that the measured contrast is given as

βDP(q, ∆tDP) =
βSP(q)

2
(1 + |g1(q, ∆tDP)|), (11)

with the speckle contrast of a single pulse βSP. The intermediate scattering function g1(q, t)
can be measured in a similar way than in standard XPCS. Note that the maximum of
the double-pulse contrast equals the single-pulse contrast, while the minimum, i.e., full
decorrelation, results in an experimental contrast of βSP/2.

This calculation holds if both pulses are equal in size, coherence, intensity and pointing.
However, this is hardly achieved in experiments because of pulse-to-pulse fluctuations or
imperfect diffractive optics. Such fluctuations may result in different intensities as well as
varying overlap of both pulses. In these cases, a decoherence factor has to be measured,
e.g., from scattering from a static sample [57]. This typically affects the maximum and
minimum contrast in Equation (11). In addition, the intensity ratio of both pulses will
affect the measured contrast significantly. Therefore, the intensity of each pulse has to be
measured separately, and the intermediate scattering function can be obtained via [56,57]

βDP(q, ∆tDP) = βSP

(
r2

split + 1 + 2rsplit|g1(q, ∆tDP)|2

r2
split + 1 + 2rsplit

)
, (12)

where rsplit = I1/I2 denotes the splitting ratio of the intensities I1 and I2 of both pulses.
This double-pulse XSVS has been demonstrated user laser scattering [58] and is currently
applied at FEL sources covering delay times up to nanoseconds (see Section 4.2.4 for more
details) [57].
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2.4. Coherence and Speckle Contrast

The feasibility of XPCS and XSVS experiments strongly depends on the coherence
properties of the X-ray beam and the possibility of resolving speckles. The coherence
properties are given by the mutual coherence function of the field E in spatial and temporal
dimensions

Ψ(r1, r2, ∆t) = 〈E(r1, t)E∗(r2, t + ∆t)〉, (13)

where 〈〉 denote an ensemble average. Typically, the degree of coherence is used that is
given by the normalized mutual coherence as

ψ1(r1, r2, ∆t) =
Ψ(r1, r2, ∆t)√

Ψ(r1, r1, ∆t)Ψ(r2, r2, ∆t)
. (14)

As in X-ray experiments the intensity I is measured, a second order degree coherence is
used as

ψ2(r1, r2, ∆t) =
〈I(r1, t)I(r2, t + ∆t)
〈I(r1, t)〉〈I(r2, t)〉 . (15)

For Gaussians fluctuations, the Siegert relation combines both degrees of coherence to

ψ2(r1, r2, ∆t) = 1 + |ψ1(r1, r2, ∆t)|2. (16)

This is also the basis for XPCS where the time evolution of correlations is probed. For
calculation of the speckle contrast of single speckle patterns, we concentrate now on the
spatial coordinates.

Following Equation (15), the degree of coherence can be calculated from the speckle
pattern with r = r1 = r2 as variance of intensity at positions r on the detector

β(r) ≡ ψ2(r)− 1 =
〈I2〉
〈I〉2 − 1 =

〈I2〉 − 〈I〉2
〈I〉2 . (17)

The subtraction of 1 yields 0 ≤ ψ2 ≤ 1.
An important quantity in experiments is the speckle size that can be obtained from

a spatial autocorrelation of intensity [59]. The speckle size is connected to the coherence
volume of the X-rays. Typically, one distinguishes between the transverse coherence,
that depends on the source size, and the longitudinal or temporal coherence, that reflect
the monochromaticity of the beam. At current storage-ring beamlines the transverse
coherence length reaches values of several 10 µm to 100 µm, while FEL beams are typically
fully coherent over their whole size [60]. In contrast, as the longitudinal coherence is
bandwidth-dependent, it is typically around 1 µm for standard bandwidths in the order
of 10−4. The coherence volume is connected to the degree of coherence by the number of
coherence modes M via β = 1/M. If the illuminated sample volume is larger than the
coherence volume, the sample can be divided into M volumes, each of them of the size
of the coherence volume. Therefore, a fully coherent illumination consist of one coherent
mode and yields thus β = 1.

As in SAXS the path length differences of the X-rays are well below the longitudinal
coherence length, the transverse coherence properties can be probed directly by the speckle
contrast via Equation (17). In this case the speckle size is given by

s ≈ λdsd/w, (18)

with the sample-detector distance dsd and the beam size w. With increasing scattering angle,
the longitudinal coherence length affects the speckle contrast resulting in effective reduction.
The contrast can be calculated by considering the actual beam shape and coherence lengths,
details can be found in [59]. Here we want to discuss several consequences for measuring
speckle contrast and thus performing XPCS and XSVS experiments. Besides the bandwidth,
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coherence length and beam sizes, the sample dimensions and detector pixel sizes define the
measured speckle contrast. Examples for such geometrical speckle contrasts are given in
Figure 6. Note that this has to be multiplied by the actual degree of transverse coherence to
obtain the experimental speckle contrast. For a SAXS geometry, the contrast is maximized,
and drops towards the WAXS regime. This further demonstrates, that XPCS or XSVS in
SAXS geometry can be typically performed with beam sizes in the range of 10 µm and
sample thicknesses in the mm range. In contrast, WAXS geometries that allow probing
molecular length scales, demand smaller beam sizes and in particular thinner samples or
a smaller bandwidth. As both reduces the scattering intensity, XPCS in WAXS geometry
typically results in lower count rates.

Figure 6. (a) Geometrical speckle contrast as a function of q for different sample thicknesses dsamp. The beam size was set to
5 µm, the dashed line marks a typical q-value for intermolecular distances. (b) Geometrical speckle contrast as function of
beam size at different q values at dsamp = 500 µm. The dashed line marks a beam size of 5 µm as used in the left side. In
both parts the bandwidth was set to 1.4× 10−4, the sample-detector distance to 5 m, X-ray energy was 10 keV, and the pixel
size 75 µm.

In general, the speckle contrast can be either obtained from spatial correlations by
Equation (17) from single speckle patterns or similarly via XPCS from slow or static sample
by correlating in the time domain. However, at low intensities the validity of Equation (17)
is limited. In such cases one can take advantage of the intensity distribution of coherent
scattering experiments [61]. For fully coherent beams (β = 1), the intensity follows a gamma
distribution. At low count rates with single photon detections, the Poisson distribution
of photon detection processes is taken into account by convoluting it with the gamma
distribution. The result is the negative-binomial distribution

P(k) =
Γ(M + k)

Γ(M)Γ(k + 1)

(
1 +

M
〈k〉

)−k(
1 +
〈k〉
M

)−M
, (19)

with the gamma function Γ(·), the number of photons k and the average number of
photons per pixel 〈k〉. The contrast is then obtained as inverse of the mode number M by
histogramming the number of pixels that detected k photons. Furthermore, as the variance
of the negative binomial distribution is the sum of those for the gamma and the Poisson
distribution, the speckle contrast becomes [59]

βNB =
var(k)
〈k〉2 −

1
〈k〉 . (20)

For low count rates the second term dominates so that the extraction of contrast will
be affected a lot by counting statistics and thus be inaccurate. Instead for 〈k〉 < 10−2, P(k)
can be approximated by its Taylor series leading to a contrast estimate from the number of
two-photon events P(2) as β ≈ 2P(2)/〈k〉2 − 1 [59]. It is important to note that at least one
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two-photon event is necessary to estimate the contrast, if only 0 and 1 photon events are
measured P(k) cannot be distinguished from a Poisson distribution.

3. Experimental

In this section, we discuss experimental parameters for XPCS studies. We will focus
first on the signal-to-noise ratio which results from the definition of the g2 function and
compare it for XPCS and XSVS. Afterwards, current detectors as critical components of
XPCS studies are shortly introduced. Finally, resulting experimental parameters such as
beamsize and scattering geometry are discussed.

3.1. Signal-To-Noise Ratio

The signal-to-noise ratio rSNR in XPCS experiments is given by [62,63]

rSNR ∝ βI0

√
Npix · T · ∆tmin, (21)

where I0 denotes the incident coherent flux, Npix is the number of detector pixels, T the
total acquisition time and ∆tmin the shortest accessible time, e.g., defined by the repetition
rate of the detector. As a result, an increase of a factor x of intensity will result in a reduction
the accessible time scale ∆tmin of x2 at the same rSNR. This demonstrates that XPCS benefits
strongly from an increased brilliance at new X-ray sources and high-speed detectors.

Depending on the setup and sample, an optimal rSNR can be found. For SAXS ge-
ometries the optimal rSNR is obtained when the speckle size matches the detector pixel
size, although the contrast will be smaller than the maximum value [63]. Furthermore,
considering dose limitations for radiation-sensitive samples, a linear increase of rSNR with
I0 was reported [64]. For XSVS, the signal-to-noise ratio is given by [59]

rSNR ∝ βI0

√
NpixNpatt

2(1 + β)
, (22)

with the number of patterns Npatt. Depending on the sample, number of images and delay
times, this values can be larger than the one for XPCS [65].

3.2. Detectors

A critical component for XPCS experiment is the detector. On the one hand the
repetition rate of the detector defines the accessible time scale of the dynamics, on the
other hand it should provide a single-photon sensitivity because of the low count rate
in many XPCS studies. Furthermore, speckles need to be resolved for optimum contrast.
During the last decades XPCS was typically performed using CCD detectors with repetition
rates in the range of seconds. Therefore, slow dynamics of condensed matter have been
investigated frequently, with special attention on colloidal glasses, gels and polymer
melts [47,66–72]. Faster dynamics have been probed using fast diodes, such as for studying
capillary waves [73–77] or hydrodynamic functions [41–44]. Although microseconds could
be reached, such experiments are characterized by long data collection times to reach
sufficient statistics. In addition, as an effective single-pixel detector, only one q can be
probed at one time.

With the rise of commercial 2D counting and hybrid detectors, the sub-s regime
became accessible for real-time XPCS [78]. Nowadays, Eiger detectors and Medipix-based
developments are used at XPCS beamlines, enabling repetition rates up to several kHz.
The detectors used at current XPCS beamlines are outlined in Table 1 highlighting their
size in pixel units, pixel size p and maximum repetition rate f . For comparison, the current
version of the PI PIXIS CCD detector is added as well, which provides a significantly
smaller pixel size on the cost of a slow repetition rate. Further detector developments
point towards even faster repetition rates [79–81], such as the recently developed Rigaku
XSPA detector or the Sydor Keck-PAD, at least in burst-mode operation collecting a limited
number of patterns. A different detection scheme may become available using event-based
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detection with Timepix3 [82] and its successor Timepix4 that is currently under design.
With Timepix3, a single event can be detected with a time resolution of 1.56 ns in the
event-based detection scheme. However, using such a detector demands new types of
analysis routines, tracking single events via their time stamps.

At FEL sources, special integrating detectors have been developed that are adapted to
both the high peak brilliance and the particular repetition rate at the different instruments.
This includes the AGIPD at European XFEL, the ePix detector at LCLS and the MPCCD
at SACLA, listed as well in Table 1. A commercialized version of the AGIPD is currently
designed and named SPARTA, allowing the collection of several 100 patterns with MHz
repetition rate.

Table 1. Detectors used for XPCS experiments. Here, p is the pixel size in one dimension, and
f the maximum frame rate. Note that different versions may exist, e.g., the data for the dual
MPCCD and a single module of ePix are given. Different frame rates are connected to different
operation modes or detector versions. Notes: a Different versions with various sizes and frame rates
available. b Continuous and burst-mode operation. c In burst modes with different number of frames.
d Full-frame repetition rate. Faster times can be accessed with the event-driven read-out offering a
time resolution of 1.56 ns per single event.

Detector Size (Pixels) p (µm) f (kHz) Beamlines References

PI PIXIS 1300 × 1340 20 0.001 P10, XCS
PILATUS 2M a 1475 × 1679 172 0.01 / 0.1 cSAXS (SLS) [78]
Eiger 4M a 2167 × 2070 75 0.75 P10, CHX [83,84]
Eiger 500k 1030 × 514 75 9 / 22 ID10, P10, ID02 [83–85]
Lambda 750k a 1536 × 512 55 1–23 P10, 8-ID [86]
Maxipix 2 × 2 a 512 × 512 55 0.3 ID10, P10 [87,88]
XSPA-500k 1024 × 512 76 56 / 1200 b 8-ID [81,89,90]

Keck-PAD 512 × 512 150 up to 10,000 c [91]
SPARTA 128 × 512 200 up to 6500 c [92]
Timepix3 256 × 256 55 2 d [82]

AGIPD 1M 1024 × 1024 200 6500 MID, SPB/SFX [93]
ePix 352 × 384 50 1 XCS, XPP [94]
MPCCD a 1024 × 1024 50 0.06 SACLA [95]

3.3. Experimental Parameters for XPCS Experiments

Following the estimations from the signal-to-noise ratio, an optimum is achieved for
matching sizes of speckles and detector pixels. Typically, pixel sizes of hard X-ray detectors are
in the range of 10 µm to several 100 µm (see Table 1). Thus, using a speckle size of s ≈ 100 µm
and a wave length of λ ∼ 0.1 nm we can estimate from Equation (18) a relation between beam
size w and sample detector distance dsd to detect speckles: dsd ∼ 106w. Consequently, XPCS
beamlines need a long sample-detector distance of several meters and small beam sizes in
the µm range. This is further supported by the coherence properties discussed in Figure 6. In
particular, as the transverse coherence lengths is as well in the range of several 10 to 100 µm,
the beam size has to be limited to these dimensions. Slits or pinhole are frequently used
to the reduce the beam size to about 10 µm. With the development of different focussing
schemes, compound-refractive or kinoform lenses have become a standard equipment at XPCS
beamlines [96,97]. Together with a smaller source size, larger coherence lengths are achieved
that enable coherent fluxes of above 1011 photons per second. Especially for experiments at q
values probing molecular length scales the beam size is typically reduced to few µm. At the
same time, the sample-detector distance is chosen to several meters. A standard configuration
is dsd ≈ 5 m. Such a configuration is used at XPCS instruments at beamlines 8-ID (APS) [25,98],
ID10 (ESRF), P10 (PETRA III), 11-ID (NSLS-II) [99], XCS at LCLS [26], as well as MID (European
XFEL) [27]. All of those instruments enable as well WAXS studies. In addition, a growing
number of XPCS beamlines offer USAXS options, allowing for larger beamsizes that are
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particularly suited for radiation-sensitive samples. Sample-detector distances from 16 m (CHX
at NSLS-II) over 21 m (P10 at PETRA III [38]) up to 30 m (ID02 at ESRF [100]) are currently used.

4. Studies

In this section, we want to discuss the main directions of XPCS and XSVS studies
during the last decade. As introduced before, three key topics have been pursued:

• Extension of XPCS from slow dynamics to milli- and microseconds for complex fluids;
• Studies of molecular and atomic length scales;
• XPCS and XSVS studies at FEL laser sources.

Recent advances on molecular and atomic length scale comprise domain wall dynam-
ics, atomic diffusion and glass transition studies [101–103] and are discussed in the review
by Ruta et al. in the same issue. Therefore, we will focus on the first and third point in this
chapter.

4.1. Towards Microsecond Real-Time XPCS at Storage-Ring Sources

As pointed out above, XPCS has recently experienced a marked increase of performance—
defined by the accessible relaxation times—thanks to new detectors and increased brilliance.
The kHz regime has become standard in many different applications at storage-ring beam-
lines, particularly enabling real-time studies beyond equilibrium dynamics. In this section,
we will present recent XPCS studies, with special attention on soft matter and liquids.

4.1.1. Dynamical Heterogeneities via Two-Times Correlations

One of the main directions of XPCS research in recent years focussed on the mea-
surement of dynamical heterogeneities. As introduced above, the use of higher-order
correlation functions reveals non-equilibrium processes by accessing the age-dependence
of the relaxation time in real-time experiments. Dynamical heterogeneities are partic-
ularly present in gels [47,104,105], elastomers [106], in glasses and close to the glass
transition [29,107–110], as well as reported recently during liquid–liquid separations in
dense protein dispersions [39]. Here, we want to highlight few recent examples.

In an combined XPCS-XRD experiment, Perakis et al. studied the transition from
high-density amorphous ice (HDA) to low-density amorphous ice (LDA) in the SAXS
regime [29]. At temperature around 89 K, the dynamics are dominated by viscoelastic
relaxation and stress release of the metastable HDA. Upon heating, a second relaxation
process appeared above 110 K that further speeded up at higher temperatures. This is
accompanied by an abrupt decay of χ indicating a transition from heterogeneous to more
homogeneous dynamics. These observations let to the conclusion that the HDA-LDA
transition is actually taking place via high- and low-density liquid forms of water named
HDL and LDL, i.e., a HDA-HDL-LDL-LDA transition was observed. This study provided
one of the first experimental evidence for the existence of two forms of liquid water, that
has been strengthened in subsequent FEL studies on water [111–113].

Recently, two-time correlations have been used in in-operando studies. Johnson et al. in-
vestigated the dynamics of nanoparticles in epoxy resin during 3D printing in real-time [114].
By mapping the sample both spatially and temporally its dynamics and morphology was
found to reach a quasi-equilibrium state during the first few seconds after deposition and
were characterized by slow aging similar to colloidal clay suspensions. The dynamics are
anisotropic during the recovery process of the printed material, indicating structural align-
ment on the nanoscale induced by the extrusion and deposition. The dynamics associated
with the curing of an industrial epoxy adhesive at different temperatures was investigated
by Yavitt et al. [115]. Tracer particles have been used to perform the XPCS experiment in
SAXS geometry. Approaching the curing temperature, the dynamics speed up and slow
down rapidly once this temperature is reached. Both in operando XPCS studies provided
new information on industrial products which may help to improve the design of future
generations of tailor-made products.



Appl. Sci. 2021, 11, 6179 13 of 33

A particular application of two-time correlations is the stress-relaxation in amorphous
matter. Such spontaneous events are hardly visible in ensemble-averaged experimental
quantities, but can be tracked by higher-order correlations. Therefore, we discuss four
recent examples on interfaces, colloidal glasses and gels.

Boucheron et al. probed the stress-relaxation of a monolayer of nanoparticles on the
water surface [116]. The particles formed island that have been laterally compressed. After
the compression had been stopped the dynamics showed aging, i.e., continuously slowed
down with different characteristics depending on the stressed state, including sudden
rearrangements visible as “pinch-points” in the two-time correlation matrix. At the same
time, the average structure was unchanged.

In general, the extraction of a two-time correlation function relies on sufficient sta-
tistical accuracy. Therefore, 2D detectors are essential, because the correlation function is
averaged over many 1000 pixels forming an iso-q ring. Recently, thanks to the increased de-
tector performance and coherent flux, direction-dependent structural heterogeneities could
be accessed for different samples, calculated from fractions of pixels. Jain et al. studied
the aging of a colloidal gel after quenching it close to and below the gelation point [105].
Stress-induced microcollapses were found to couple with cooperative rearrangements on
larger scales, as indicated by dynamical heterogeneities at small q. These were captured in
the “slower” horizontal direction, while aging dominates the temporal fluctuations in the
vertical direction. As the gel ages, the distribution of the stress points homogenizes and the
anisotropy of the dynamics reduces.

Dallari et al. investigated the stress relaxation in colloidal glasses [32]. They used
a special sample preparation that leads to colloidal glasses with an directional built-in
stress field. The stress-induced dynamics were investigated as a function of direction
from the two-dimensional speckle patterns, see Figure 7 showing a two-time correlation
function in horizontal direction together with the corresponding χ results. The maximum
of χ is found at qmax corresponding to the S(q) maximum and thus to the interparticle
distance. In this study, the stress-induced dynamics were interpreted as a collection of
mobile regions with approximately 20 particle diameters corresponding to about 2 µm that
move cooperatively with an overall stationary but locally ballistic dynamics. This study
showed that a glass may consist of a collection of mobile regions on the mesoscale. These
rearrange intermittently and heterogeneously with the residual stresses acting as driving
force. Furthermore, the glass remains trapped in an overall out-of-equilibrium condition,
which evolves only very slowly on the time scale of the experiment.

Figure 7. (A) Two-time correlation matrix C(qmax, t1, t2) computed at the peak of S(q) in horizontal direction. Fluctuations
are clearly visible as a sign of heterogeneous dynamics. (B) χ(q, t) (here named χ4) and the corresponding normalized
intensity autocorrelation function at qmax. (C) Peak value of χ(q, t) compared to S(q). Both functions show a maximum
at qmax. Multiplying the maximum of χ(q, t) and the total number of particles in the scattering volume an estimate of the
number of particles participating in a correlated ballistic motion is found to 104. Figure from [32] reproduced under CC
BY-NC 4.0.
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Chen and co-workers combined XPCS with in situ rheometry on soft colloidal glasses [117].
The microscopic process of stress relaxation was found to be associated with slow convective
motion antiparallel to the preceding strain. This motion persist for long times and is accompa-
nied by intermittent motion in the perpendicular direction. Similarities to other studies suggest
that this stress relaxation may be generalized to all amorphous solids.

4.1.2. Anisotropic Dynamics

As already introduced in the previous section, anisotropic dynamics are observed
frequently in gel or glasses. Besides, anisotropic dynamics are particularly relevant for
anisotropic particles. In [118], the dynamics of peanut-shaped magnetic nanoparticles
have been studied. In presence of a magnetic field, these particles form chains along the
field direction. There the dynamics strongly depends on the length scale probed, showing
diffusive and superdiffusive regimes. In the perpendicular direction, diffusion dominates,
accompanied by sedimentation due to gravity.

In presence of such advective motion, the g2 function becomes direction-dependent [119]

g2(q, ∆t) = gD
2 (q, ∆t) · gv

2(q, ∆t), (23)

where gD
2 is the diffusive part from Equation (4) and gv

2(q, ∆t) describes the contribution
from advection. This typically depends on the distribution of velocities [120]. For uniformly
distributed velocities, one obtains for the direction of the movement q‖

gv
2(q‖, ∆t) =

1
(q‖∆tv)2 sin2(q‖∆tv), (24)

leading to oscillations in the measured g2 function and thus access to the velocity v. Möller et al. used
these models for accessing the dynamics of sedimenting nanoparticles [120]. A well-defined
distribution of velocities dominated the early sedimentation stage. At later times, the con-
tribution of advective motion decreased and Brownian motion dominated. Using similar
models, Lhermitte and co-workers measured the parabolic velocity distribution of Poiseuille
flow in a mm-sized flow channel [121].

Combining the study of anisotropic dynamics by XPCS and X-ray microscopy, the
ion transport in lithium-ion battery electrolytes has recently been revealed [33]. With
a heterodyne XPCS approach, oscillations in the g2 functions taken in operando could
be related to the ion velocity in the electrolyte providing a concentration-independent
transference number of 0.2. This study particularly highlights the applicability of modern
XPCS for understanding and solving technological challenges.

4.1.3. Kinetics during Gelation

Many studies on dynamics in gels and during gelation revealed a reduction of the
experimental speckle contrast [105,122,123]. This indicates that a faster dynamic process
appears during gelation that falls outside the accessible time scale of the detector. Such
a two-step relaxation process is typical for gels and glasses, often denoted as α- and β-
relaxation [124]. The fast β-relaxation describes the dynamics of the single particles, i.e.,
rattling of particles, while the α-relaxation reflects the collective dynamics, e.g., due to the
structure or jamming. In many gel studies the β-relaxation was not accessible. However,
the lack of contrast is frequently modelled with a localization length [66] that is a measure
of the range of localized particle motion. With the avenue of measuring faster dynamics,
direct access to the full relaxation process will be in range.

This was first demonstrated by Zhang et al. [125,126]. Using a prototype of the
UFXC32k chip that has become part of the XSPA-500k detector (see Table 1), the formation
of a colloidal gel was followed with few µs time resolution. Gel formation of octadecyl-
grafted silica particles suspended in decalin was followed after temperature quenches
around the gel temperature of 278 K. A unified scaling between the depth of the quench
∆T and the gel formation was observed. The effective interaction derived from the data
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is much stronger than anticipated from the interaction potential. This is consistent with a
collective behavior connected to the gel formation.

Begam et al. recently revealed the kinetics of the heat-induced gelation of hen-egg
white [38]. Conventional hen-egg white from chicken eggs was used and heated to 80 ◦C.
The subsequent gelation was measured in USAXS geometry, allowing to use a large X-ray
beam and thus reducing the radiation-induced damage. A reaction-limited aggregation
process was found with an average network mesh size of about 400 nm. At this length
scale, the relaxation time grew exponentially with experimental time. This was followed
by a steady state after about 400 s that was characterized by a compressed exponential
correlation function and temporal heterogeneity. This study demonstrates the possibility
of investigating processes on length scales from nm to µm which are particularly relevant
for the food industry.

4.1.4. Phase Behaviour of Soft Colloids

Despite their simple interaction, colloidal hard spheres show different phases de-
pending on their volume fraction and size dispersity [127], covering liquid, crystal and
glass. Soft colloids show an even more complex phase diagram [128–130], including, e.g.,
different crystalline phases as well as glasses and gels. The most frequently studied soft
colloidal system is micro- or nanogels of poly(N-isopropylacrylamide) (PNIPAm) particles
dispersed in water [131,132]. These particles show a reversible volume transition at a
lower critical solution temperature (LCST) around 306 K. Below the LCST, the particles
are swollen with water, while they become hydrophobic above and reduce their volume.
Different from hard spheres, these microgels can reach overpacked states, i.e., volume
fractions well above the packing limit of spheres of 0.74.

Several XPCS studies have recently studied the phase behaviour of PNIPAm-based col-
loidal suspension. Frenzel et al. [133] used a core-shell systems of a silica core and PNIPAm
shell. In a densely-packed system, the relaxation rate showed an anomalous q−3-behaviour
together with a compressed g2 function below the LCST that might be connected to the
chain-dynamics of the polymer. Above the LCST, the dynamics slowed down by several or-
ders of magnitude, and changed to a q−1-dependence and γ > 1.5, indicating the formation
of colloidal gel. This was later extended to effective volume fractions between about 0.01
and overpacked states above 1, revealing the temperature and concentration-dependence
of the gelation via the structure and dynamics of the dispersion [134]. Furthermore, the
influence of the co-solvent trimethylamine N-oxide (TMAO) on the gelation temperature
has been investigated [135]. A reduction of the gelation temperature with increasing TMAO
concentration was found, indicating a reduction of PNIPAm-water hydrogen bonds. This
results in a stabilisation of the collapsed PNIPAm state and suppresses gelation of the
nanogel dispersion.

Nigro et al. performed combined DLS and XPCS studies on interpenetrating networks
of PNIPAm and poly(acrylic acid) (PAAc) [136,137]. By tuning the ratio of both constituents,
a different particle softness was achieved and thus the system’s fragility [138]. The experi-
ment was focused on two temperatures below and above the LCST, studying the dynamics
as function of volume fraction. In this way more than nine orders of magnitude in time
were covered from µs to more than 1000 s, see Figure 8a. At a critical volume fraction
the behaviour of the relaxation time changes from a super-Arrhenius to a slower than
Arrhenius behavior. At the same volume fraction, a minimum for the KWW exponent was
found that coincides with a maximum of the exponent n reflecting the q-dependence of the
relaxation time (see Figure 8). A similar behaviour was observed for other soft systems
using light scattering, the origin of this behaviour is currently under discussion [139].

4.1.5. XSVS for Radiation-Sensitive Samples

The increasing coherent flux at modern X-ray sources challenges the application of
XPCS experiments on radiation sensitive samples. Here, XSVS may offer an alternative
approach to study the sample dynamics. Most importantly, the repetition rate of the
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detector does not define the accessible time scale because shorter exposure times can
be used in many cases. Instead, electronic triggers may enable accessing much faster
timescales. An example was given by Möller et al. using the Eiger 4M and Eiger 500k
detectors [140] with exposure times down to 10 µs. However, the authors found a peculiar
detection error of the detector, which resulted in too many 2-photon events. While this is
not relevant for many applications, low-intensity XSVS relies on the correct counting of all
photons. Nevertheless, the authors presented a correction algorithm which allowed the
calculation of speckle contrasts.

Figure 8. (a) g2 functions from interpenetrating networks of microgel particles at T = 311 K and q = 0.022 nm−1 at
different concentrations. The inset shows the temperature dependence of the hydrodynamic radius measured by DLS at low
concentrations. (b) Exponent n showing the q-dependence of the relaxation rate (τ ∝ q−n). The inset shows the relaxation
times as a function of q for selected concentrations. Reprinted with permission from Nigro et al. Macromolecules 2020, 53,
1596–1603 (2020) [136]. Copyright 2020 American Chemical Society.

Advantages of XSVS for longer time scales were shown in [65]. Therein, the dynamics
of ionic liquids were studied around their structure factor peak close to their glass transition.
Independent from the exposure time, the sample volume experienced the same dose,
resulting in count rates below 10−2 photons per pixel. The exposure times were chosen
between 0.05 s and 1 s. These times would be as well accessible by standard sequential-
mode XPCS, however, much higher doses would have been needed. On the other hand, the
correlation functions are built from many single measurements taking several minutes to
hours which does not allow to access out-of-equilibrium processes or real-time experiments.

4.1.6. Sub-Ms Relaxation Times and Beyond

The availability of new fast detector generation recently resulted in studies focussing
on sub-ms relaxation times. In particular at beamline 8-ID at APS the UFXC32k chip
and its commercialized version as XSPA-500k have been used in many studies, providing
repetition rates faster than 1 µs using a special burst mode of the detector, see Figure 9a [81].
Here we want to highlight some of such µs XPCS studies at storage rings.

In a combined XPCS and rheology experiment Chen and co-workers probed the
dynamics of Laponite clay over almost 8 orders of magnitude [141]. This system evolves
over time, changing from a fluid to a soft glass which is governed by aging. At short
time scales, indications of the faster relaxation process have been found that is mostly
unaccessible as discussed above. The data suggest that heterogeneous localization plays a
key role in the evolution towards nonergodicity.

Sheyfer et al. studied critical fluctuation dynamics in a complex fluid [142]. It consisted
of a mixture of dodecane mixed with a large-molecule amphiphilic extractant and Ce(NO3)3.
Such a systems is used in liquid–liquid extraction of ions. Studies of critical dynamics are
usually performed by DLS as they are typically too fast for standard XPCS experiments.
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In this study, the authors could reach a time resolution of 20 µs, allowing them to cover
the relevant time and–different from DLS experiments–length scale. A good agreement
with both static and dynamic scaling was found and the critical exponents agree with
Ising models.

In a recent study by Jo et al. at beamline P10 of PETRA III, the ultimate time resolution
at a storage ring for XPCS was achieved [35]. The authors used a single ASIC of the
AGIPD [93] which was designed for the sub-µs resolution of the European XFEL. This
enabled the measurement of speckle patterns from single X-ray pulses using the 40-bunch
mode of PETRA III, corresponding to a pulse separation of 192 ns, see Figure 9b. In this
way, the diffusion dynamics of nanoparticles in water were tracked by measuring the full
g2-function. This study demonstrate the possibility of nanosecond XPCS using the full
time window at next-generation storage-ring sources.

Figure 9. MHz XPCS from diffusion of silica nanoparticles in water at (a) beamline 8-ID of APS using
a prototype of the XSPA detector [81] and (b) beamline P10 of PETRA III using AGIPD [35]. The inset
in panel a shows the relaxation time as function of q, the solid line is a fit with the slope of −2. Figure
from [81] reproduced with permission of the International Union of Crystallography, figure from [35]
reproduced under CC-BY 4.0.

4.2. XPCS at Free-Electron Laser Sources

Revealing ultrafast dynamics on molecular length scale is a key science question moti-
vating the design and construction of free-electron lasers in the hard X-ray regime in the last
two decades. The LCLS [143,144], SACLA [145], PAL-XFEL [146], and SwissFEL [147] pro-
vide single pulses with repetition rates around 100 Hz, whereas the European XFEL [148] is
based on superconducting accelerator technology and allows for experiments using MHz
rates. Due to the exceptional coherence obtained at these facilities, they are supposed to be
perfectly suited for XPCS and XSVS experiments. Especially in the soft X-ray regime, their
high degree of coherence was proven by double-slit experiments [60,149–151]. For hard
X-rays, coherence properties have been obtained from speckle patterns from amorphous
samples as discussed above [59,152–155].

Due to the short pulse length in the femtosecond range, XFEL facilities are particularly
suited for XSVS experiments, using both double pulses from a split-and-delay line or single
pulses with varying lengths. Examples for both are presented below. Apart from that, even
with repetition rates in the 100 Hz range, XFEL sources provide still an average coherent
flux per second that exceeds storage-ring source by two to three orders of magnitude.
This enables studies of slow dynamics in weakly scattering materials in the range of
milliseconds. Furthermore, MHz repetition rates have become available at the European
XFEL and will be provided at LCLS-II, which can currently only be achieved for special
cases at storage-ring sources as shown in the previous section. However, the application of
such sequential-mode XPCS at FEL sources is challenging for several reasons [156]:

1. Because of the exceptional high peak intensity the sample may be damaged after the
first pulse.
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2. SASE fluctuations of energy, intensity and coherence, but even more pointing, wave-
length and beam size may lead to decorrelation as every pulse probes a different
sample spot under different beam conditions [157,158].

3. Typically, the full SASE beam without monochromator (pink beam) is used at FEL
sources, making large q experiment impossible because the large bandwidth leads to
very low speckle contrasts (see Figure 6).

Attempts how to circumvent these challenges are discussed in the following two
sections, presenting the first sequential-mode XPCS experiments at LCLS, SACLA and
European XFEL. This studies particularly demonstrate the performance of sequential-mode
XPCS, double-pulse XSVS using split-and-delay devices as well as single pulse XSVS as
proposed more than a decade ago as a science case for such FEL [156,159].

4.2.1. Role of SASE Fluctuations

In a first XPCS study performed at LCLS, Carnis et al. measured slow dynamics of
gold nanoparticles suspended in polymer melts [160]. The experiment was performed
at the XCS instrument [26] using a monochromatized beam of 8.7 keV, which resulted in
about 109 photons per pulse. Speckle patterns were measured in SAXS geometry using a PI
CCD camera, that only allowed to access a minimum lag time of ∆tmin = 7 s. Nevertheless,
dynamics could be measured between 7 s and 1000 s and showed the expected behaviour.
Therefore, significant impact from radiation damage could be ruled out, the estimated
temperature increase due to absorption of X-rays [59,156] was on the one hand well below
the damage threshold. On the other hand, the heat relaxed faster than 100 µs, so that
even with the 120 Hz repetition rate of the LCLS the temperature has been equilibrated
before the next pulse. Although the correlation times matched the expected trends, the g2
functions only showed a speckle contrast of about 0.1. From the experimental parameters a
single-pulse contrast above 0.8 was estimated [152,153]. The authors connected this with
the SASE fluctuations, leading to an effective reduction of the speckle contrast in the g2
functions.

A study at SACLA proved this by comparing XPCS series of static and dynamic
samples [161] using a repetition rate of 30 Hz at BL3 [162]. While the contrast of single
patterns using a pink beam was in the range of 0.4 to 0.5 [154,161], the g2 functions showed
values around 0.1. This reduced contrast could be modelled assuming variations of beam
size and pointing positions, e.g., average variations of about 20% of both, corresponding
to about 0.3 µm on a pulse-to-pulse level would already result in the observed difference.
Nevertheless, the diffusion dynamics of nanoparticles could be obtained from series of sev-
eral 100 to 1000 pulses without any indication of radiation damage. This study highlighted
the importance of measuring the maximum speckle contrast using, e.g., static samples as a
starting point for obtaining dynamics information. Otherwise, potential faster processes
may not be identified, or a wrongly assigned speckle contrast leads to incorrect correlation
times and KWW exponents.

In order to address the question of the radiation damage on soft matter samples, the
dynamics of radiation-sensitive PNIPAm nanogel systems have been studied as well at
SACLA in a sequential XPCS experiment with 30 Hz repetition rate [163]. Similar to the
previous study, the speckle contrast was determined using static samples. Analysis of
structure and dynamics of pure PNIPAm nanogels and silica-PNIPAm core-shell systems
showed that below a critical dose in the range of 105 Gy the dynamics of dense systems
could be obtained. This threshold is similar to the ones observed at storage-ring based
experiments [133], proving that similar models are valid for both type of experiments.

4.2.2. Sub-Microsecond Dynamics of Non-Equilibrium Dynamics

With the start of the European XFEL as the first MHz repetition rate hard X-ray
FEL [148], sequential XPCS is possible down to the sub-µs level. This has been demon-
strated in an experiment at the SPB/SFX instrument [164] on a prototypical soft matter
sample of silica nanoparticles dispersed in water [34]. The European XFEL offers a different
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pulse scheme than the normal-conducting FEL sources. Every 0.1 s pulse trains of up to
2700 pulses and repetition rates up to 4.5 MHz are generated. In the first XPCS experiment,
the pulse trains consisted of 120 pulses with a repetition rate of 1.128 MHz. Diffraction
patterns taken with the AGIPD are shown in Figure 10a. It was found, that already a single
train of 120 pulses is sufficient to obtain the dynamics of the sample, as shown by the
intermediate scattering functions at different q in Figure 10b. Different from the XPCS
experiments at LCLS and SACLA as reported above, the temperature increase after one
pulse does not relax before the next pulse impinges on the sample. Consequently, the
sample heats up step-wise [156] resulting in a speeding-up of the dynamics during the
pulse train. This was demonstrated by two-time correlation functions that enabled the
determination of g2 starting from different pulse numbers within the train. Besides the
water, the nanoparticles show a higher temperature increase, but with a faster relaxation.
However, existing models of Brownian motion of such hot particles [165] overestimated
the diffusion coefficients, instead the speeding-up could be modelled by non-linear and
time-resolved temperature increase. Depending on the fluence of the X-ray pulses, effective
temperatures above 450 K have been reported, indicating extremely overheated water
states. The dynamics of the particles were still diffusive. While no futher radiation damage
was observed, such XPCS experiments can be applied for measuring both equilibrium and
non-equilibrium dynamics during gradual temperature increase.

Figure 10. (a) Scattering pattern measured with AGIPD at SPB/SFX averaged over 500 trains (Top) and single-shot speckle
pattern (Bottom). White parts are masked pixels and blind regions between the AGIPD modules. The intensity scale is
given in analog-to-digital unit (ADU) values, one photon corresponds to 65 ADU. (b) Intermediate scattering functions
measured from diffusing silica nanoparticles in water from as single train of 120 X-ray pulses. Figures adapted from [34].

Besides the dynamics study, the speckle contrast was measured as well for the different
pulse schemes of the European XFEL. With the given setup, single pulse speckle contrasts
were measured between 0.2 and 0.3 in SAXS geometry. This perfectly matches the calcu-
lated values taking beam size, wavelength and the AGIPD geometry into account. Most
importantly, the same values were obtained from g2 function measured from static samples.
Consequently, there is no significant contribution from SASE fluctuations during the pulse
trains. Train-train correlations were about a factor of 3 lower, reproducing the results from
LCLS and SACLA. These results indicate that a superconducting accelerator such as the
European XFEL provides a superior stability that perfectly matches the requirements of
sequential XPCS experiments.

4.2.3. Femtosecond Dynamics by Pulse Length Variations

Access to dynamics in the range below 100 fs is realized by changing the pulse length
of the FEL pulses. This was applied in [30] studying the dynamics of liquid water at LCLS.
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The X-ray pulse length was modified between 13 fs and 126 fs. The pulses impinged on
a water jet of 100 µm thickness giving rise to a speckle pattern measured in the vicinity
of the structure factor peak of water around 2 Å−1. These patterns were analyzed using
the XSVS scheme. With increasing pulse length, the contrast drops due to the dynamics
of the sample. This decreasing contrast was compared to a ballistic dynamics model as
well as two molecular dynamics (MD) models, see Figure 11a. While the ballistic model
underestimates the speckle contrast and thus the relaxation time, the MD model match
the data well. Here, the semi-classic MB-pol model [166] provided a slightly better match
than the classic TIP4P/2005 [167], however, both models did not cover the temperature
dependence of the contrast well. The results indicate that the water dynamics are influenced
by cage effects, i.e., the molecules are slowed down due to the hydrogen bonding to their
neighbours, in contrast to the common assumption of ballistic-like motion in the sub-150 fs
regime. Hence, this real-time study of molecular dynamics represents a benchmark for
MD simulations. To extend the time scales covering the full dynamics up to nanoseconds,
double-pulse schemes can be applied as presented in the subsequent section.

Figure 11. Dynamics of liquid water measured at FEL facilities. (a) By changing the pulse width, the
speckle contrast obtained by XSVS follows expectations from molecular dynamics simulations [30].
(b) Longer times are achieved using a split-and-delay device at SACLA, where the speckle contrast
depends on the pulse intensity suggesting radiation-induced dynamics [31]. Figures are reprinted
from [30,31] under CC-BY 4.0.

4.2.4. Split-And-Delay Lines

In order to produce two FEL pulses, so-called split-and-delay lines are used. Therein,
the FEL pulse is split in two pulses that proceed on different routes with tunable lengths
introducing a delay between them. For dynamics studies, both pulses generate a speckle
pattern whose sum is measured by the detector. The dynamics are obtained as described
above, considering the intensity splitting ratio and the overlap between the two pulses.

Due to spatial restrictions, delays up to few nanoseconds can be achieved by such
devices. Special accelerator modi have been introduced at the FEL machines, that allow gen-
eration of double pulse, however, limited to multiples of a fundamental radio-frequency of
the accelerator, e.g., 350 ps at LCLS [168,169]. Shorter time scales, or flexible choice of longer
ones, demand the application of a split-and-delay line. Here, the pulses are split either
by amplitude, i.e., using thin crystals [170], or geometrically by wavefront splitting [171].
The first split-and-delay device has been installed at LCLS (see Figure 12) [172–174], others
have followed or are currently under commissioning at other sources [175–178].

For dynamics studies, both beams need to probe the same sample volume. This
introduces several challenges, e.g., as both beams may experience different sizes or shapes,
that have an impact on the measured speckle contrasts because of partially overlapping
beams [179,180]. Furthermore, the pulses are reflected by several silicon mirrors with
fixed bandwidth, resulting to large pulse-to-pulse intensity fluctuations as only few of
the spectral spikes generated in the SASE process are transmitted through the split-and-



Appl. Sci. 2021, 11, 6179 21 of 33

delay unit [157]. Nevertheless, first experiments have been successfully performed using
these devices. Roseker et al. demonstrated the application of a hard X-ray split-and-delay
line at LCLS [57]. The authors measured diffusion dynamics of gold particles of 1 nm
radius. Furthermore, they demonstrated the extraction of speckle contrast for different
splitting ratios as well as the importance of measuring the single pulse contrast from static
samples. Instead of probing different delay points, a fixed delay of 1.3 ns was used and
the q-dependence of the intermediate scattering function was analyzed. As the scattered
intensity was below 0.01 photons per seconds, a dedicated maximum-likelihood approach
was introduced for data analysis.

Figure 12. Top: Photograph of the first split-and-delay line [174] installed at the XCS instrument of LCLS. The incident FEL
beam comes from left and is denoted by the yellow line. The beam is split at the beam splitter position into two parts that
propagate inside the delay line defined by Bragg crystals of the upper branch (yellow line) and lower branch (red line). Fine
adjustment of the overlap between the split beam is done by the heat stage mounted in the lower branch. Each branch is
equipped with the beam stop allowing to switch promptly between the beams. To reduce the X-ray absorption in air the
setup can operate in He environment thanks to the plexiglass enclosure. The inset shows the closed box that is flushed with
helium to reduce parasitic scattering.

Shinohara et al. applied the split-and-delay line of SACLA for studying the dynamics
of liquid water [31]. By using self-seeded X-ray pulses, the spectral width was reduced
and thus the pulse energy that passed the split-and-delay-line increased. This enabled the
authors to study the atomic-scale dynamics of water up to 2 ps, see Figure 11b. The speckle
contrast was found to depend on the delay time as expected from theory and inelastic X-ray
scattering. Furthermore, fast heating of water by the first pulse was observed at high pulse
fluences, which on the one hand did not allow measurement of equilibrium dynamics from
such pulses, on the other hand demonstrates the usage of split-and-delay lines for pump-
probe applications. Nevertheless, these studies promise to use split-and-delay techniques
in a pump-probe or laser pump - X-ray probe-probe scheme for many other questions, e.g.,
tracking the kinetics of melting of different materials on femto- to picosecond time scales
by laser or X-ray pulses [181–183].
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5. Future Opportunities

The studies discussed above demonstrate access to dynamics below ms and up to
several hours by means of XPCS at storage rings, on length scales from about 1 µm down
to molecular and atomic scales. On the other hand, fast time scales between ns and fs can
be reached at FEL sources. The gap between both regimes will be closed soon with the start
of XPCS experiments at diffraction-limited storage rings [7,8,184–186], and the availability
of new fast detectors (see Section 3.2). The accessible time and length scales of XPCS (and
XSVS) experiments are summarized in Figure 13 and compared to further techniques. In
general, XPCS and XSVS will thus cover more than 18 orders of magnitude in time, ranging
from femtoseconds up to more than 1000 s at different facilities.

Figure 13. Length-time scale map of different scattering techniques. Raman, Brillouin and dynamic
light scattering use optical lasers as source. IXS refers to inelastic X-ray scattering whose time
resolution is given by the energy resolution. PETRA III and PETRA IV are exemplary used as storage
ring sources. With PETRA IV, the brilliance is supposed to be increase by a factor of 500, leading to
access of 5002 faster time scales compared to PETRA III [48].

New type of experiments will be enabled, in particular at diffraction-limited storage
rings. Here, we will outline few directions.

5.1. Dynamics on Intrinsic Length and Time Scales

Dynamics of polymers or liquids are frequently probed indirectly using tracer particles
in a microrheology approach [187–190]. As example, the glass transition of poly-propylene
glycol (PPG) was studied revealing the temperature-dependent dynamics of silica nanopar-
ticles dispersed in PPG [108]. At room temperature, the dynamics are diffusive, i.e., the
relaxation rate shows a q2 dependece as Γ ∝ q2 and the KWW exponent is γ = 1. With
decreasing temperature towards the glass transition, the viscosity of the PPG increases,
resulting in a slowing down of the silica motion. Furthermore, the KWW exponent and q-
dependence of Γ changed, indicating collaborative dynamics due to formation of dynamic
domains.
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This study made use of two advantages of the microrheology approach: (1) due to the
size of the tracer particles the relevant q is changed to the SAXS regime instead of larger
q for the polymer and (2) the time scales are increased by several orders of magnitude.
While the diffusion of the colloidal particles could be covered within 10 ms to 1000 s, the
polymer dynamics are in the range of (sub-)µs in the liquid and several 1000 s in the glassy
state, unaccessibly in standard XPCS experiments. However, the tracer particle provide
only limited information, the full dynamics, in particular on multiple length scales of the
polymers, are hidden. These restrictions will not exist at future sources, allowing direct
access to polymer dynamics on many length and time scales.

5.2. Water-Based Soft Matter

Besides the use of tracer particles, many experiments on water-based soft matter are
challenging because of the comparably low viscosity of water and thus fast relaxation times.
This is demonstrated in Figure 14a, where the q-dependence of the relaxation time is shown
for colloidal particle showing Brownian motion in water. It is important to note, that the
relaxation time τ0 at the intrinsic length scale q0 = 2π/R scales with R3, resulting in 103

times faster relaxation for 10 times smaller particles. Currently, diffusion dynamics and hy-
drodynamics in water are accessible in the USAXS regime probing small q-values [191,192]
only, or using point detectors with limited spatial resolution and statistical accuracy [41–44].
The accessible times are marked by the repetition rate of detectors introduced above. In
order to probe dynamics on length scales of few nm corresponding, faster detectors or
different experimental schemes such as XSVS or event-based detection [193] will be needed
for expanding towards nanosecond XPCS [35].

Figure 14. (a) q-dependence of relaxation time τ as a function of q for nanoparticles of 1 nm, 10 nm,
and 100 nm radius undergoing Brownian motion in water. The solid black line marks the relaxation
time τ0 = τ(q0) at the intrinsic length scale q0 = 2π

R , the dashed line marks the repetition rate of
three detectors listed in Table 1. (b) Geometrical speckle contrast βgeom as function of X-ray energy
for some q-values. The parameters used for the calculation are: 75 µm detector pixel size, 5 m
sample-detector distance, 10 µm beamsize, 1 mm sample thickness, and a bandwidth of a Si(111)
monochromator. Contrasts are highlighted for q = 0.01 nm−1 for 8 keV, 24 keV, and 40 keV.

5.3. High-Energy XPCS

The coherent flux and coherence lengths at diffraction-limited storage rings will par-
ticularly be larger at higher X-ray intensities compared to third-generation synchrotron
radiation sources. This will allow XPCS and XSVS experiments at high intensities for differ-
ent applications. For instance, dynamics of samples in dedicated sample environments for
experiments at extreme condition, such as diamond anvil cells for high-pressure research,
will become accessible due to the lower absorption of X-rays at higher energies. Recent
experiments demonstrated already XPCS on biopolymers at liquid–liquid interfaces [194]
and the diffusion of colloidal particles on confined geometries [195,196] using an X-ray
energy of 21 keV. Furthermore, growth processes at interfaces on atomic length scales
have been recently demontrated [197,198]. As these take place at high temperatures—in
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this case up to above 950 K—high-energy XPCS provides more flexibility for the sample
environment for such experiments.

Figure 14b shows the speckle contrast factor due to geometrical parameters (i.e., scat-
tering geometry and detector pixel size) as a function of X-ray energy at some q-values.
The speckle contrast drops significantly at large energies, basically because of the smaller
speckle size (see Section 2.4). This will make experiments at energies beyond 30 keV
challenging. Nevertheless, experiments in the range of 20 to 30 keV will become feasible,
which is sufficient for studying buried interfaces or penetrating high-pressure chambers.

5.4. Biological Samples

With the extension of time scales, the dynamics of biological samples will become
accessible. These samples will need to be studied in their native aqueous environments.
The relevant length scales, e.g., the size of a protein, is usually in the range of few nm,
thus, diffusion dynamics as fastest relevant process will extend to the sub-µs regime.
Radiation-induced damage has to be considered for such samples, leading to a modified
signal-to-noise ratio [37,64]. First XPCS studies on protein diffusion have been demon-
strated recently using fast detectors with access to µs time scales [36,199,200]. In addition
to storage-ring based XPCS, application of XSVS schemes will be applied to limit the radia-
tion damage [65,140], as well as studies at FEL sources are foreseen using different pulse
schemes [37]. Besides protein dynamics, XPCS will become possible for nanomedicine
studies, such as probing nanoparticle-protein interaction which is important for drug
release in cellular environments [201].

5.5. Structure-Dynamics Correlations

Understanding the correlation of structure and dynamics is crucial for many scientific
question. For instance, the glass transition of many materials is governed by a marked slow-
ing down while the ensemble-averaged structure remains unchanged [124,127]. Instead,
the increase of the relaxation time is believed to be connected to higher-order structural
correlation, such as bond ordering [202]. Such information can be obtained by X-ray cross
correlation analysis (XCCA) [203–205], probing spatial correlation in speckle patterns. Sim-
ilar to XPCS this technique will significantly benefit from the increased coherent flux at the
next-generation X-ray sources. In particular, studies combining higher-order structure and
dynamics will become feasible for many applications, down to resolution of few nm using
nanofocused X-ray beams [206].

A recent example is given in [207], where the orientational order of colloidal hard
spheres was studied in the vicinity of the glass transition. Here, a linear increase of
structural higher-order correlations was observed while the static structure did not change.
This was accompanied by an exponential slowing down close to the glass transition.
Different from optical microscopy, a wide range of time scales can be probed in such
experiments, which corresponds to different phases from liquid, supercooled liquid, to
glasses and gel phases in such systems.

6. Conclusions

The investigation of sample dynamics by the coherent X-ray scattering techniques
XPCS and XSVS has experienced an exceptional gain of performance during its short
history. While first experiments in the early 1990s obtained dynamics with time resolutions
of several 10 seconds, sub-ms are routinely studied nowadays at modern synchrotron
radiation sources. The development of new detector generations already demonstrated
access to µs and below. On the other hand, the rise of FEL sources paved the way to
ultrafast dynamics between femto- and nanoseconds. Dedicated beamlines at the next
generation of storage rings such as ESRF-EBS and PETRA IV will close the time gap,
enabling access to more than 18 order of magnitude in time. This will further extend the
fields of application of XPCS and XSVS to, e.g., weakly scattering systems, such as biological
samples. Furthermore, equilibrium and non-equilibrium dynamics will uniquely become
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accessible on their intrinsic length scales, from several µm down to atomic dimensions,
thus complementing many spectroscopy and microscopy methods.
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