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Abstract

In this review, we advocate describing the liquid dynamics using the Van Hove correlation function, a
temporal and spatial correlation function. Recent progress in X-ray optics and X-ray sources makes it
possible to carry out inelastic and quasi-elastic x-ray scattering whose spectra can be converted into the
dynamic correlation function in real space. We describe the basic concept of the Van Hove correlation
function, how it is obtained from the X-ray scattering spectra using synchrotron X-rays and X-ray free
electron lasers, and the atomic dynamics in water and aqueous salt solution.

1. Introduction
A liquid is one of the fundamental states of matter. We learn this at elementary schools. Regardless,

there are not many scientists who can discuss the physics of liquids compared to the other states of matter,
gas and solid. Discussion on the specific heat of ideal gas and crystals at a molecular level is standard in
statistical physics at undergraduate/graduate levels. However, not so many scientists have discussed the
specific heat of liquid on a microscopic scale. Nowadays, in many colleges, a basic course of physics does
not include fluid dynamics that describes the macroscopic behavior of fluids, including liquids. So, although
it is daily material, the liquid is a subject such that even many professional physic scientists do not
understand both the macroscopic and microscopic behavior.

One example that shows our incomplete understanding of liquid physics is the changes in viscosity
in an aqueous salt solution. In an aqueous solution, the dependence of viscosity on the ion concentration is

approximated by the following Jones—Dole equation [1,2]:
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where 1, 1,, are the viscosity of aqueous solution and pure water, respectively, and ¢ is the concentration

of ions. The A-coefficient is explained by force between ions, but a reasonable explanation has not been
given to B-coefficient. Fig. 1 shows the B-coefficient at room temperature [1]. When the B-coefficient is
positive, the viscosity increases as the ion concentration increases, while the viscosity decreases when the
B-coefficient is negative. One of the explanations for this behavior is that ions enhance or destroy the
hydrogen-bonded network depending on the types of ions, and ions are classified as either structure maker
or structure breaker [3]. This argument ignores their dynamics, and such a description where the structural
viewpoint is highlighted too much is inappropriate. Neutron scattering, X-ray scattering, and molecular
dynamics (MD) simulation have provided information about the Pair Distribution Function (PDF) [4],
which allows us to obtain the averaged structure of water molecules surrounding the ions [5]. However, the
PDF analyses provide only the averaged snapshot of molecular configuration, and it is not sufficient to
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discuss the physics of fluids, particularly their transport phenomena. Various optical spectroscopies have
identified the intramolecular and rotational dynamics [6-9], but they do not contain their spatial information.
Understanding of the local dynamics of water molecules surrounding ions is insufficient, and the effect of
ions on the transport properties of the aqueous salt solution remains controversial. Understanding and
controlling the transport properties of liquid at a microscopic scale is important for both basic research and
the energy-related application such as butteries [10]. From the physiological point of view, the effect of
ions on the transport properties of an aqueous solution needs to be elucidated to understand better the
Hofmeister series that controls the salt-in and salt-out of proteins.

It is not trivial to set a starting point to discuss the dynamics of liquids [11]. In liquid, there is no
long-range order as in crystals nor ideal disorder as in ideal gas. The diffusive motion of particles is not just
a simple random walk but strongly correlated. When crystals are studied by X-ray and neutron scattering,
elastic scattering provides the structural information, quasi-elastic scattering reflects the diffusion behavior,
and inelastic scattering provides the lattice vibration (phonons). Their timescale and energy scale are
different and can be discussed separately. In liquids, their timescale is similar, at picoseconds. Therefore, it
is not trivial how to separate them experimentally, and we need to introduce a new framework to discuss
the physics of liquids, not simply extrapolating the physics formulated for solids and gas.

Inelastic and quasi-elastic scattering of neutrons and X-rays have been used to measure the
microscopic dynamics of liquids. When Q is small (e.g., O <2 nm™! for water), hydrodynamic description
of liquid is effective [12], and its microscopic phenomena such as sound speed have been studied. In many
cases, the dynamic structure factor is described by the generalized Langevin equation using memory
functions, and the experimental data have been analyzed by fitting the spectra in reciprocal and energy
space. Description in reciprocal space is powerful when the system possesses a long-range order, there
exists a hidden long-range order, or the system is described by the perturbation from the long-range order.
Such assumptions do not apply to liquid and the description in real space is more appropriate than that in
reciprocal space. We have thus introduced the temporal and spatial correlation function introduced by Van
Hove [13] and have studied the local dynamics in liquid using this Van Hove correlation function [14-17].
Right after Van Hove showed the relationship between the correlation function and the scattering cross-
section, Brockhouse reported the Van Hove correlation function of liquid lead by using inelastic neutron
scattering [18]. In molecular dynamics simulation, the trajectory of all the particles can easily be recorded,
the Van Hove correlation function can easily be studied, and its self-part has been used to discuss the
particles’ self-diffusive motion, which is one of the main topics in the textbooks of liquid physics [19-21].
In experiments, measuring the Van Hove correlation function of atoms and molecules is not straightforward
as mentioned later. Thus, after the pioneering work by Brockhouse, the Van Hove function has hardly been
measured experimentally except for a few tries [22].

As described in the following sections, the Van Hove correlation function is related, via Fourier
transformation, to the dynamic structure factor that can be obtained from the inelastic scattering of X-rays
or neutrons. Thus, if the data that can be used for the Fourier transformation, the Van Hove correlation
function can be obtained. This requires the measurement of inelastic scattering spectra over wide energy
transfer (F= hw) and momentum transfer (Q) with a sufficient energy resolution and angular resolution
within a reasonable time. Such a measurement has been realized thanks to the recent development in the
highly brilliant X-rays and high-resolution spectrometer in X-ray scattering [23,24] and wide-Q
measurement using pulsed neutron and time-of-flight measurement in neutron scattering. Recent progress
in X-ray free electron laser and wide-Q measurement using wide-angle spin-echo spectrometer will broaden



the temporal and spatial range that can be accessed by the current approach. In this review article, we
introduce the real-space analyses of liquid using inelastic X-ray scattering.

2. Van Hove Correlation Function
2.1. Definition

The Scattering cross-section that is measured by inelastic scattering of X-rays and neutron is related
to the dynamic structure factor, S(Q, E) [13]. By calculating its Fourier transform over an energy transfer,
E, an intermediate scattering function, F(Q,t), is given. Intermediate scattering function, F(Q,t), is
directly measured by X-ray Photon Correlation Spectroscopy (XPCS) and neutron spin echo. We further
calculate the Fourier transformation of F(Q, t) over the momentum transfer Q, as the total scattering is
converted into the PDF. This provides the real-space dynamics described by the Van Hove correlation
function, G (r, t).

Van Hove Correlation Function is given by:

1
G(R,t) = mz §(R = |ri(0) —r;(®)])
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Here, p is the average particle number density, N is the number of particles, r;(t) is the position of ith
particle at time, ¢. §(R) is Dirac’s delta function. Van Hove Correlation function is divided into the self-
part G4(r, t) and the distinct-part G, (r, t). When X-rays are used, we usually observe coherent scattering
except the Compton scattering?. Thus, the Van Hove correlation function obtained from X-ray scattering is
G = Gg + G4. If we measure only the incoherent scattering as in incoherent neutron scattering, the Van
Hove correlation function corresponds to the self part, G5(r,t). Att = 0, G4(r, t) is identical to the PDF
and G(r, t) becomes the Delta function, §(7).

2.2. Conversion from reciprocal-space/energy space to real-space/time

To convert S(Q, E) or F(Q,t) into G(R, t), we need to calculate their Fourier transformation. Ideally,
the Fourier transformation needs to be carried out over infinite space. In a real world, the measurable E-
range and Q-range are finite, which involves the truncation effect associated with the Fourier transform in
finite space. To mitigate this effect, we need to measure the spectra over Q and E as wide as possible. When
there are points where the spectra show discontinuity, particularly when the spectra at the upper limit of
energy transfer E,,,, and momentum transfer, Q,,,, are not zero, then the effect of discretization becomes
manifest in the transformed spectra. When the intra-molecular motion and high-energy excitation can be
ignored, the spectra become a decreasing function. Then if the time-scale of system is within the time-
window of instrument, the Fourier transformation over energy transfer hardly suffers from the truncation
errors. On the other hand, the Fourier transformation over Q is always affected by the truncation errors as
described below. An example of IXS experiment of water at SPring-8 BL43LXU [23-25] is shown in Fig.
2. The energy of X-ray was 21.747 keV and the spectra were recorded in 0.94 <0 <10.1 A and -10< E
< 100 meV. In the case of PDF measurement, using high-energy X-rays can extend the upper limit of Q.
The same approach is not feasible in [XS because of the limitation on X-ray energy and the maximum angle
that can be measured and currently Q,,,, is limited to around 10 A™'. So, we first calculated the Fourier
transformation over energy and obtained F(Q, t) (Fig. 2). Then, F(Q, t) is Fourier-transformed over Q at
each ¢. Because F(Q,t = 0) corresponds to the total scattering intensity, the profile was extrapolated to a
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higher Q by using high-energy X-ray scattering intensity that was measured at Advanced Photon Source
(Argonne National Laboratory). In this case, we extrapolated the profile up to O = 20 A™'. At finite t, the
extrapolation procedure is not trivial, but in the case of liquids, the self-diffusive motion is dominant at O
> 10 A ! and it is reasonable to assume the Gaussian approximation to extrapolate by using F(Q,t = 0). In
the current dataset, F(Q > Q. t) effectively becomes zero at t > 0.08 ps and the termination effect
associated with the Fourier transformation becomes negligible. Thus, at t < 0.08 ps, the termination effect
becomes dominant without the extrapolation but at a longer time, the Van Hove correlation function can
reliably be estimated.

The time-resolution in the Van Hove function is determined by the energy range used for the Fourier
transform. The long-time limit of the Van Hove function is set by the energy resolution of the measurement.
Thus, the analyses of liquid dynamics in ps time scales require a high-energy-resolution spectrometer with
a meV-resolution. The measured spectra are expressed as the convolution of the true spectra and the energy
resolution function. When the IXS spectra are analyzed in the energy domain, model functions convolved
with the energy resolution function are used, and the dynamical information, e.g., the width of the dispersion
curve, is analyzed. This approach is justified when the model function is obvious but not justified when the
choice of model is not evident, particularly for the spectra with weak signals. This issue can be mitigated
when the spectrum is converted into the information in the time domain because the convolution in terms
of energy can be expressed as the product of intermediate function and the Fourier transform of the energy
resolution function in the time domain. The details about the energy resolution function of the spectrometer
at BL43LXU, SPring-8, where we have used, are described elsewhere [26]. We used the scattering from
borosilicate glass to estimate the energy resolution function.

Because G(R, t) and S(Q, E) are connected via Fourier transform, we often receive the criticism that
all the information in G (R, t) is included in S(Q, E) and that there is no new information in G (R, t). But
this criticism is not warranted: first, we use new information over a wide Q-F space that has been ignored
in the conventional approaches. Also, the analyses using S(Q, E') highly depends on the model which we
choose. There is also a misunderstanding that the real-space correlation at R = AR corresponds to the
reciprocal-space correlation at Q = 2w /AR. It is not straightforward to discuss the molecular dynamics just
looking at S(Q, E) as clearly shown in Fig. 2 but it is obvious that G (R, t) shows the correlation between
neighboring molecules. In liquid, the real-space description using G (R, t) is a powerful approach in the
same way that the PDF analyses have been useful for carrying out the local structural study of non-
crystalline as well as crystalline materials.

3. Examples
3.1. Real-space dynamics in water and aqueous salt solution

The real-space analysis using the Van Hove correlation functions is used for water [16,17] and
aqueous salt solution [27,28]. The Van Hove correlation function of pure water is shown in Fig. 2. These
spectra correspond to oxygen—oxygen correlation because the scattering from hydrogen is negligible
compared to that from oxygen in the case of X-rays. At the first neighbor (2.8 A), the position of the
correlation peak moves toward a large R, while at the second neighbor (4.5 A) moves toward the opposite
direction. This peak shift indicates that the dynamics at the first and second neighbors are not independent
but are dynamically correlated. Such a correlated shift in the peak position is also observed in molecular
dynamics simulation using various kinds of water potential but not in metallic liquid [16].



At the first neighbor, the peak intensity shows a two-step decaying behavior, as shown in Fig. 3. The
first-step decay does not depend on temperature at room temperature, and we speculate that this relaxation
corresponds to the rattling-like motion inside a cage made of the surrounding molecules. The second step
decay depends on temperature and its decaying time was found to be comparable to 7 ¢ that is defined by
the time to lose one neighbor by examining the result of molecular dynamics simulation. For liquid metals
at T > T,, where T, is the viscosity crossover temperature, there is a relationship t,,~7; where 7, is the
Maxwell relaxation time 7y, = 11/Go [29]. Our result shows that water shows a similar relationship,
indicating the existence of universality that the macroscopic timescale characterizing viscosity and
microscopic timescale characterizing the configurational changes among molecules.

The above discussion applied to the system where only one component, water, exists in the system
and the intra-molecular motion was also ignored. When there are more than two components in a system
or the intra-molecular motion cannot be ignored, the measured spectra become complicated accordingly.
To describe the dynamics in such a system, e.g., an aqueous salt solution, we have introduced the pseudo-
partial Van Hove correlation function, which is similar to the partial correlation function used in the
structural analysis of a multi-component system [28]. For example, the Van Hove correlation function of
low-concentration aqueous salt solution is approximated as follows:

G(R,t) = 1 = WywlGww' (R, t) — 1] + Wwc[Gwc (R, t) — 1] + WywalGwa (R, t) — 1]

Here W, C, A represent water, cation, and anion, respectively. We assume that the correlation between
anion and cations can be ignored at a short distance. Wqg is the weighting coefficient that was introduced

by Warren and is defined as follows when the scattering is measured at Q < Qpax:

1 Qmax
Wop = Qmaxj;) wep(Q) dQ.
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¢ and £, (Q) are the concentration and atomic form factor of ith element. In the case of neutron scattering,
the Q-dependence of atomic form factor can be ignored, but not in the case of X-ray scattering. So, the
averaged weighting factor, W,g, was used. As summarized in Ref. [27] for w,z(Q) of NaCl aqueous
solution, wyg of ionic correlation is significantly small and it is reasonable to approximate the Van Hove
correlation function using the above three terms. Fig. 4 shows the pseudo-Van Hove partial correlation
functions of the aqueous solution of NaCl, NaBr, and Nal (molality: 1.5 mol/kg). At short times, there exist
the termination effect associated with the Fourier transformation, but two positive correlation peaks and
one negative correlation peak are clearly observed. The positive correlation peaks appear at R = Ry2- +

Rc &R = Ry2- + R5 T where Ry2-, Rc, and R, are the ionic radius of 0%, cation, and anion, respectively.
The negative correlation peak appears at R = 2Ry2-. Analyzing the relaxation behavior at this position
enables us to study the dynamics between neighboring molecules/ions in aqueous salt solution. In this way,

correlation function in terms of both time and distance makes it possible to disentangle the correlation in
multi-component system.

Real-space analyses using the Van Hove correlation function can be combined with the molecular
dynamics simulation to discuss the detailed motion of each molecule. This approach can also be used as a
benchmark for evaluating the potential that is used in the simulation. There are many models of water



potential. Several benchmarks are used for the water potential, such as density, specific heat, and the PDF
determined by X-ray and neutron scattering is one of the atomic-scale benchmarks. However, the PDF
represents just the averaged snapshot and does not reflect the dynamic nature of liquids. We compared the
Van Hove correlation functions determined by various classical MD and ab-initio MD and showed that the
experimental Van Hove correlation function could be the benchmark that reflects the dynamic nature of
liquids [30].

3.2. Analyses of self-motion using Van Hove correlation function

When discussing the dynamics of liquids at atomic or molecular scales, the self-diffusive motion
is often studied. Tracer measurement and field gradient nuclear magnetic resonance (NMR) have been
widely used to measure the self-diffusive motion in liquid. Their spatial resolution is far greater than the
length scale of atomic-level dynamics and the self-diffusion dynamics determined by these methods are
macroscopic. Quasi-elastic incoherent neutron scattering and dynamic light scattering measurements
provide information about the self-diffusive dynamics via S(Q, E) and F(Q, t). These techniques can probe
the dynamics in a length scale much smaller than that in tracer and NMR. For simple liquids, these different
techniques provide essentially the same result regardless of the different length scales being measured [20].

In quasi-elastic neutron scattering, the self-diffusive dynamics is analyzed by using the data taken
at O < 1-3 A™'. This Q-range corresponds to the length scale after the multiple collisions. The local
dynamics before or at the onset of diffusion can be inferred by fitting low-Q spectra using a model such as
the jump-diffusion model [31]. However, the details of the atomic-level dynamics remain unexplored at a
timescale for the onset of diffusion, which bridges the short-time vibrations and the long-time
hydrodynamic diffusive behavior.

We thus studied the self-motion of water by using the Van Hove correlation function [32]. As
shown in Fig. 5, the Van Hove correlation function at around r = 0 is described by the Gauss function
(Gaussian approximation):

—Rz/a(t)

_c@®
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Here the hydrodynamic diffusive behavior is described by a(t) = 4Dt and ideal gas-like behavior is

described by a(t) = ZkB re? [21]. The coefficient C(t) is introduced to take account the difference from the

3a(t)

Gaussian approximatlon. By calculating the mean squared displacement (r?(t)) = , we obtained

(r?(t))~t at t > 0.4 ps. The self-diffusion coefficient Dy that was calculated by using the data at > 0.6
ps is compared with macroscopic self-diffusion coefficient Dyy,,, in Fig. 6. As the temperature lowers, the
discrepancy between Dyyp and Dy, becomes larger. We suspect that this discrepancy reflects the
difference of length-scale that is described by these quantities: Dy,,, corresponds to the diffusive behavior
at hydrodynamic limit, while Dyyp observes local self-dynamics at (r?(t)) < 2 A%. Conventional
approach using incoherent neutron scattering at low-Q measures the dynamic corresponding to the length
scale where the multiple collisions take place and has not provided the information of the onset of diffusion
process. Our results demonstrate that the self-part of the Van Hove correlation function can be determined
by experiment with the high-resolution inelastic X-ray scattering over momentum transfer wide enough to
mitigate the termination effect. The same approach can be utilized for other liquids using both inelastic X-
ray and neutron scattering.



3.3. Analyses of pico-second dynamics using X-ray Free Electron Laser

The real-space approach using the Van Hove correlation function enables us to visualize the local
dynamics in liquid. Water dynamics happens to be within the time window of high-resolution IXS at
SPring-8, but access to much slower dynamics is needed to study supercooled water and other liquids.
Backscattering of neutron and neutron spin echo spectroscopy provide the relevant energy resolution, but
their Q-range is usually restricted to the narrow range, which prevents us from transforming the spectra into
real-space information. To expand the real-space approach to much slower dynamics, we used X-ray Photon
Correlation Spectroscopy (XPCS) using an X-ray Free Electron Laser (XFEL).

Analyses of dynamics in liquid using XPCS with XFEL have been proposed since the project of
XFEL was initiated [33,34]. In conventional XPCS, coherent X-rays are used, and the temporal correlation
of speckled scattering images provides the intermediate scattering function. The temporal resolution is set
by the temporal resolution of the detector (in SR) or the repetition rate of XFEL (in XFEL), making it
difficult to measure the dynamics in picoseconds and nanoseconds. When scattering at a large scattering
angle is measured, the path difference of scattering can be longer than the temporal coherence length
depending on the beam size and sample size. In this case, the speckle is not observed, impeding the
measurement of atomic-scale dynamics. The limitation is mitigated by using two X-ray pulses generated
from a single XFEL pulse. The X-ray pulses are separated in time, and the sum of speckle scattering patterns
from a sequence of two separate X-ray pulses is analyzed. This approach uses the concept of Speckle
Visibility Spectroscopy (SVS) [35-39] that was developed using a visible light laser. The accessible
timescale is determined by the time separation between the two pulses, making it possible to study the
dynamics in femtoseconds, picoseconds, and sub-nanoseconds. A similar approach with variable pulse
duration has recently been demonstrated for the femtoseconds dynamics in supercooled water [40]. The key
component to realizing this approach is Split-Delay Optics (SDO), which creates two sub-pulses from a
single XFEL pulse and controls a delay time between the sub-pulses by their path length difference [41,42].
An SDO system for the XPCS has been developed, and a few experimental results at small-angle scattering
range where the experimental difficulty is rather low has been reported [43]. However, the study of atomic-
level dynamics at a sub-nm scale with an SDO has not been reported because of the lack of SDO stability
and the insufficient pulse energy of X-rays.

To improve the statistics, we used the highly stable SDO [41] developed at SACLA [44] and a seeded
XFEL[45][46]. Room-temperature water was measured at BL3, SACLA. The experimental layout is shown
in Fig. 7. By using an SDO at the optical hutch, the time-delay of 0-2 ps between two-pulses was created
and the two pulses were focused on the sample position with 0.7 um (H) x 0.9 um using an X-ray mirror.
The sample was water jet stream with the radius of 25 pm. The X-ray energy was 10 keV. The scattering
images were recorded by several MPCCD which located at 1 m downstream of the sample. A typical
scattering image from the sample shown in Fig. 8 shows that the number of measured photons is small.
This makes it difficult to calculate the contrast of speckle images directly. To mitigate this difficulty, the
visibility was calculated by the maximum likelihood of the statistics of observed photons by assuming that
the probability for observing k photons at a single pixel is described by a negative binomial distribution
[39,40,43,47]. This approach can be used only if the frequency of measuring more than two photons at a
single pixel is not too small. When a conventional SASE XFEL is used, the averaged single-shot X-ray
energy at sample position is 0.38 pJ and it is not possible to record data when the water jet of 25 pm is used.



The use of seeded XFEL makes it possible to use 7.7 pJ of X-ray pulse on average, which allows us to
measure multiple photons at several pixels.

Fig. 9 shows the speckle contrast that is estimated by the maximum likelihood. /fixeq is the pulse
energy of the first pulse. The dependence of the contrast on At agrees with the intermediate scattering
function that is calculated from the IXS measurement. At If,.q > 3 pJ, there are discrepancies in this O-
range due to the heating effect by the first X-ray pulse [46,48]. Measurement at XFEL records various
quantities and parameters shot-by-shot, which makes it possible to post-process the data to extract the
reliable experimental data that are hardly influenced by the heating and other unwanted effect.

As highlighted in the fact that one of the first beamlines at LCLS was X-ray Correlation Spectroscopy
[49], the measurement of atomic-scale dynamics using the SDO has been explored at each XFEL facility
in the world. Our measurement is the first successful measurement of atomic-scale dynamics with
controlling the picosecond-scale time-delay using the SDO. This success at SACLA is the result of highly
brilliant seeded XFEL and the high stability of X-ray optics available at SACLA. In particular, the SDO at
SACLA is notable for its long-time stability, as exemplified in [46]. Future studies at wider Q and time-
delay would determine the Van Hove correlation function at a timescale that is hard to measure using the
IXS.

4. Perspective

This review discusses the real-space approach to studying the liquid dynamics, particularly water and
aqueous salt solution, using the Van Hove correlation function obtained from X-ray scattering. The key to
this approach is a careful measurement of spectra that have been thought useless and discarded. The current
approach can be used for not only liquids but other systems such as a highly disordered system where the
reciprocal space description is not appropriate. Combining X-ray and neutron scattering will enable us to
change the scattering contrast, leading to detailed analyses of dynamics as has been done for structural
analyses using PDF. Furthermore, other scattering contrast such as magnetic scattering can also be
converted into the real-space correlation function, which will make it possible to extract the real-space
correlation that is otherwise hidden in reciprocal space.

Decades ago, it was a dream for many researchers to measure the dynamic structure factor over wide
Q-F and to determine the Van Hove correlation function of liquid [50]. Thanks to recent progress in X-ray
and neutron scattering techniques, such a dream comes true. We hope this review helps study the dynamics
of liquids hidden in reciprocal space.
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Fig. 1 (Color online) Viscosity B-coefficient at room temperature. Data taken from Ref. [1].
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Fig. 2 Dynamic structure factor, S(Q, E), intermediate scattering function, F(Q, ¢), and the Van Hove
correlation function, G(R, t), of pure water at room temperature.
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Fig. 3: Temporal changes in the area of the first-neighbor neighbor correlation in aqueous solution of
sodium chloride and their enlarged view (inset): (open circles) pure water, (triangles) m = 0.75 mol/kg,
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(squares) 1.5 mol/kg, (closed circles) 2.26 mol/kg, and (diamonds) 3.0 mol/kg. The shaded areas represent
uncertainties of each dataset. Figures are taken from [27].
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Fig. 4: Pseudo-partial Van Hove Correlation Function of aqueous solution of NaCl, NaBr, and Nal (m =
1.5 mol/kg). Figures are taken from [28].
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Fig. 5: Self-part of the Van Hove correlation function of water at (a) 285 K, (b) 295 K, (¢) 310 K, and (d)
318 K. The symbols represent the experimental data, and the dashed lines represent the fitting results
using the Gaussian approximation. Figures are taken from [32].
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Fig. 6: Self-diffusion coefficients extracted from the IXS experiment (Dyyr) and from a reference

(DMacro)[51]. Figures are taken from [32].
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Fig. 7. Setting of the XSVS using XFEL at SACLA BL3. The seed pulse was produced by
monochromatizing the SASE from the upstream undulator segments. Then the seed was amplified in the
downstream undulation. The amplified X-ray pulse was split into two sub-pulses using the SDO. The sub-
pulses with a delay time are focused by mirrors and hit the water jet. Scattered X-rays were recorded by the
MPCCDs. Figure taken from Ref. [46].
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Fig. 8: Example of single-shot scattering image from water at around Q =2 A™'. Single photon energy of
10 keV X-ray corresponds to ~ 590 ADU. Figure taken from Ref. [46].
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Fig. 9: Comparison of XSVS result and IXS results at O = 2.00 + 0.06 A™'. The solid line represents the
contrast measured when there was no overlap between two sub-pulses. The uncertainty was calculated
using the second derivative of the log-likelihood. The dashed lin represents the decaying behavior that is
estimated by the result of IXS. Figure taken from Ref. [46].
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