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Abstract

The interaction of ionizing radiation with liquid water is pervasive in science and engineering. When
liquid water absorbs radiation, it initiates a complex sequence of electronic, structural, and chemical
processes that underpin phenomena ranging from radiation damage in biological systems to energy
deposition in accelerator environments and radioactive waste management in nuclear technology.
Although the chemical motif of water radiolysis has been studied extensively, direct experimental
observations of the structural dynamics occurring immediately after ionization remain limited. In
particular, the onset of the chemical stage, which spans nanometer length scales and picosecond
timescales, has remained largely inaccessible due to practical limitations in experimental method-
ologies. This thesis addresses this gap through a combination of ultrafast hard X-ray pump—probe
scattering experiments enabled by recent advances in split-and-delay optics at two X-ray free elec-
tron laser facilities. The experiments are complemented by hydrodynamic modeling, with the chief
objective of providing an interpretation of the transient structural response of liquid water following
hard X-ray ionization.

Time-resolved small- and wide-angle X-ray scattering measurements were performed at the
SPring-8 Angstrom Compact Free-Electron Laser and Linac Coherent Light Source facilities. Initial
experiments conducted under high pressure conditions, with the water contained in a flow-cell geom-
etry, revealed the emergence of a previously unobserved low-momentum-transfer scattering feature
on sub-picosecond timescales, alongside a well-known high-momentum-transfer transient signature
associated with ultrafast heating of approximately 13 K. The low-momentum-transfer feature evolved
in time, developing a characteristic length scale of 3.7-3.9 nm within 0.6 ps, shifting toward lower
momentum transfer with increasing pump—probe delay, and decaying after approximately 6 ps.
Measurements performed independently at both facilities yielded consistent results across distinct
beamline configurations, detector geometries, and pressure conditions, demonstrating the robustness
of the observed phenomenon.

To extend the accessible reciprocal-space range and probe the long-time evolution of the signal,
additional measurements were performed using a free-flowing liquid jet. These experiments demon-

strated that the low-momentum-transfer response does not simply decay after a few picoseconds.
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Instead, it progressively evolves toward lower momentum transfer while developing oscillatory fea-
tures corresponding to long-range density correlations. Analysis of the scattering response further
revealed a rarefaction—compression pattern propagating through the liquid at a speed of 1700-
1800 m/s, comparable to the speed of sound in water. The scattering response was also found to
be azimuthally symmetric, independent of pulse energy and temperature with respect to its charac-
teristic length scales, and exhibited linear scaling with pump energy. Together, these observations
established that the measured dynamics arise from a universal and reproducible structural response
to hard X-ray ionization.

A physical interpretation of the observed dynamics was developed through consideration of
radiation-induced energy deposition processes in liquid water. Estimates of the ionization frac-
tion, radiation spur spacing, and electron thermalization timescales indicate that the experimental
conditions correspond to weak ionization, with ionization fractions remaining below 1% even at the
highest pulse energies investigated. Under these conditions, hard X-ray photoabsorption generates
energetic photoelectrons that undergo secondary inelastic collisions and produce spatially isolated
radiation spurs. Electron thermalization within these nanometer-scale regions deposits energy lo-
cally on sub-picosecond timescales, launching a transient density perturbation into the surrounding
liquid. The experimentally observed length scales, propagation velocities, and pulse-energy scaling
were all found to be consistent with this picture.

To quantitatively describe the experiments, a hydrodynamic framework based on the compress-
ible Navier—Stokes equations was developed. Within this formulation, electron thermalization was
represented as a localized temperature perturbation under isochoric conditions, generating an equiva-
lent pressure rise that drives the density-wave propagation. Thermophysical properties were obtained
from Helmholtz free-energy equations of state and constitutive relations. The model reproduced the
experimentally observed SAXS response, including the emergence and propagation of oscillatory
features, the evolution of the scattering signal in reciprocal and real space, and the apparent faster-
than-sound velocities extracted from the experiments. Systematic variation of transport properties
further demonstrated that the propagation velocity is governed by the speed of sound of the medium,
whereas viscosity controls the attenuation of the response. Simulations performed for water, liquid
carbon dioxide, and ethanol additionally revealed that the response is universal across liquids, pre-
dictable through the same continuum framework.

The results of this thesis illustrate that hard X-ray ionization of liquid water produces long-
lived nanoscale density perturbations that evolve hydrodynamically on picosecond timescales. More
broadly, the work established a connection between microscopic ionization processes and macroscopic
transport phenomena and showed that continuum hydrodynamics remains remarkably effective at
describing liquid dynamics on these spatiotemporal scales. These findings provide new insight into
the earliest structural stages of water radiolysis and lay the groundwork for future investigations of

radiation-induced dynamics in liquids using ultrafast X-ray scattering techniques.
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of time delay for all pulse-energy bins. Error bars denote the propagated uncertainty
from the derivative fitting procedure and the uncertainty in Equation (2.19). (d)
Transient temperature change at all pulse energies. The temperature is estimated
using Equation (3.1) with AT = T'(7) — T(79.1). Shaded regions represent the uncer-
tainty obtained from the upper and lower bounds of the peak positions in panel (c).
Colors correspond to the color bar in panel (¢). . . .. ... ... ... ... .. ...
Pulse-energy distribution for the SACLA jet measurements at 80°C. (a)
Pump-—probe energy splitting ratio as a function of the total pulse energy. Grey
markers denote the full dataset, whereas the colored markers highlight the filtered
region around Ep,mp/Ero = 0.5 retained for further analysis. Pulse-energy distri-
butions at each time delay for the (b) pump and (c) probe pulses. Each successive
time delay is cumulatively overlaid on earlier delays for visual comparison. The black
curve outlines the total number of snapshots accumulated over all delays. . . . . ..
Validation of the SACLA jet measurements at 80°C. (a) SAXS profiles at
7 = 0 obtained after dark subtraction using Equation (2.13) for all pulse-energy bins.
The color bar indicates increasing pulse energy from 2 pJ to 8 uJ. (b) WAXS signal for
all pulse-energy values. Results are overlaid on reference data from [3] at 77°C. Each
curve is normalized by its respective maximum. Markers are plotted every fourth
data point for Q < 2.04 A" and at every data point otherwise to facilitate visual
comparison. Error bars in the present dataset were computed using Equation (2.17).
Differential scattering signal of the SACLA jet measurements at 80°C. Re-
sults are shown for a total pulse energy of Fy,; = 6 puJ. Error bars are computed using
Equation (2.19). Markers denote the local maxima at each time delay, determined
using the procedure outlined in Section 3.2.2. Curves are offset for clarity and are
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4.16

4.17

4.18

5.1

Pulse energy dependence of the SACLA jet measurements at 80°C. Results
shown are for 7 = 2 ps (a), 10 ps (b), and 40 ps (c). The left column shows the
differential scattering signal computed using Equation (2.16). The color bar indicates
increasing pulse energy from 2 pJ to 8 pJ. Markers denote the local maxima at each
corresponding delay, determined using the procedure outlined in Section 3.2.2. The
right column tracks the position of the local maxima as a function of total pulse
energy. Solid lines and filled markers correspond to the 20°C data, whereas dashed
lines and open markers indicate the 80°C measurements. . . . . . . . .. ... .. ..
Pulse energy scaling of the SACLA jet measurements at 80°C. (a) Peak
magnitude as a function of total pulse energy for 7 = 2 ps, 10 ps, and 40 ps. Solid
lines denote quadratic fits through each set of peaks. (b) Normalized peak magnitude
as a function of total pulse energy for all identified peaks and all sampled pump—probe
delays between 0.8 < 7 < 50 ps. Color coding and markers follow the convention
defined in the legend of Figure 4.15. The solid line represents a quadratic fit to all the
data, with the shaded region indicating a +10% deviation band. Peak magnitudes
are normalized to their value at the highest total pulse energy of 8 pJ. . . . . . . ..
Real-space representation of the SAXS response for the SACLA jet mea-
surements at 80°C. (a) Line plots of AG(r, 7, Eiot) for Eoy = 6 pJ at pump-probe
delays common to both jet experiments. Solid lines and filled markers correspond
to the 20°C dataset, whereas dashed lines and open markers indicate the 80°C mea-
surements. The grey shaded region denotes the inaccessible real-space range imposed
by the minimum @-value of the experiment, Qmin jet = 0.01225 AT (b) Temporal
evolution of the extracted real-space peak positions from the LCLS (triangles) and
SACLA jet measurements at 20°C (red crosses) and 80°C (dark red crosses). Solid
lines denote linear fits to the data, with shaded regions highlighting the associated
uncertainty in the fit parameters. Error bars indicate the uncertainty in the extracted
peak position, estimated from the width of the RPDF peak and the local signal-to-

noise ratio. . . . . . e e e e e e

Radiolysis reaction network model under the present experimental condi-
tions. Time-dependent concentrations of the major radiolytic species predicted using
the model of Schneider et al. [6] for (a) energy deposition distributed throughout the
X-ray illuminated volume (bulk flow scenario) and (b) localized energy deposition
within a representative radiation spur (spur scenario). Species not shown remain be-
low 10~% M throughout the simulation. Both panels share the same legend, displayed
only in panel (b) for clarity. The grey shaded region indicates timescales beyond the

experimental pump—probe window. . . . . . . . ... .. Lo
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6.1

6.2

6.3

6.4

6.5

6.6

Hydrodynamic model setup for the numerical simulations. The governing
equations are solved in radial coordinates on a numerical grid extending to rmax =
200 nm with a spatial resolution of Ar = 0.2 nm. A symmetry boundary condition
is applied at rg, taken to be rg = 0.1 nm to avoid division by zero, and an outflow
boundary condition is imposed at r = ry.x. The core region is highlighted in blue
and labeled inred. . . . . . . ...
Initial conditions for the hydrodynamic model. Spatial profiles of (a) density,
(b) temperature, and (c) pressure for the isochoric (red) and isothermal (black) initial
conditions. Insets show a zoomed-in view near the core radius region. . . . ... ..
Results from the hydrodynamic model for different initial conditions. Con-
tour map of the SAXS signal for (a) isothermal and (b) isochoric initial conditions.
(c) Experimentally measured SAXS signal from the liquid water jet at 20°C for
FEiot = 6 pJ. All datasets are normalized by their respective global maxima to fa-

cilitate comparison and are displayed using a shared color bar corresponding to panel

Results from the hydrodynamic model for different core radii. Line plots of
the normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps. Peak locations
are highlighted by markers, and different line styles correspond to each core radius:
dash-dotted lines (r. = 0.5 nm), solid lines (r. = 1 nm), dashed lines (r. = 2 nm),
and dotted lines (r. = 3 nm). All datasets are normalized by their respective global
maxima to facilitate comparison. The color scheme is consistent with that used in
Figure 4.7. . . . . . . e
Results from the hydrodynamic model for different transition widths. Line
plots of the normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps. Line
styles denote each case: dash-dotted lines (6§ = 0.5 nm), solid lines (§ = 1 nm), dashed

(0]

lines (§ = 2 nm), and dotted lines (6 = 3 nm). All other conventions follow Figure 6.4. 76

Results from the hydrodynamic model for different temperature increases.
Line plots of the normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps.
Line styles denote each case: dashed lines (AT = 0.5 K), solid lines (AT =1 K), and
dotted lines (AT = 2 K). All other conventions follow Figure 6.4. . . . . . ... ...
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6.7

6.8

6.9

6.10

6.11

Results from the hydrodynamic model across a wide range of thermody-
namic conditions. Contour maps of the simulated SAXS response with r. = 1 nm
and § = 1 nm at (a) Px, = 50 bar and T, = 30°C, (b) Psx = 150 bar and T, = 30°C,
(¢) Psx =2 bar and T, = 22°C, and (d) Ps = 5 bar and T, = 80°C, all computed
with AT =1 K. Panel (e) shows the corresponding experimental SAXS response for
the heated jet measurement at 80°C and a total pulse energy of 6 pJ. Panel (f) presents
the upper-bound simulation for P, = 150 bar with AT = 69 K and T, = 30°C. All
datasets are normalized by their respective global maxima to facilitate comparison
and are displayed using a shared color bar in panel (b). Red lines denote positive
contour levels at 0.22, representing the evolution of the SAXS peaks. . . . . . . . ..
Representative density and SAXS profiles from the hydrodynamic model.
Normalized change in density at (a) 2 ps, (b) 15 ps, and (c) 40 ps, shown for the
upper-bound scenario corresponding to P,, = 150 bar, T, = 30°C, AT = 69 K,
re = 1 nm, and § = 1 nm. Markers denote the positions of the primary, secondary,
and tertiary density maxima. The resulting SAXS response at the same time delays
is presented in panels (d), (e), and (f), respectively, with peak positions indicated
consistently in reciprocal space. . . . . . ... L
Overlaid peak positions from the hydrodynamic model. Position of the com-
pressive density wavefront as a function of time for all simulation cases. Each case
is denoted by a distinct marker and color, as indicated in the legend on the right.
The experimentally extracted peak positions from the change in the reduced pair dis-
tribution function for the heated water jet are also included for comparison, where
the error bars indicate the uncertainty in the extracted peak position. The solid line
shows a linear fit to the baseline case (gold circles) over the time window 0-25 ps.
The shaded region represents the standard deviation of the fit residuals. . . . . . . .
Influence of transport mechanisms on the predicted hydrodynamic re-
sponse. Contour maps of the normalized SAXS intensity for (a) no thermal conduc-
tion, (b) no viscosity, and (c¢) no viscosity and no thermal conduction. All simulations
were performed using the same initial perturbation parameters as the baseline water
case. The responses are normalized by their respective global maxima to facilitate
COMPATISOIL. « + v v v v v v e v e e e e e e e e e e e e e e e
Influence of fluid thermophysical properties on the predicted hydrody-
namic response. Contour maps of the normalized SAXS intensity calculated for
(a) water, (b) liquid COs, and (c) ethanol. All simulations were conducted using
AT = 1K, Ty = 29415 K, r. = 1 nm, and § = 1 nm. For water and ethanol,
P, = 1 bar, whereas for COs, P,, = 150 bar was used to attain liquid conditions.

The responses are normalized by their respective global maxima for comparison.
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6.12 Temporal evolution of the compressive density wavefront predicted by the

Al

A2

A3

A4

A5

A6

hydrodynamic model for water, liquid CO;, and ethanol. (a) Position of the
compressive wavefront peak as a function of time. Symbols represent the extracted
peak positions, and solid lines show linear fits to the data. (b) Peak magnitude of the

compressive wavefront as a function of time for each fluid. . . . . . ... .. ... ..

Differential scattering signal from SACLA at 50 bar for Fy,; = 3.3,4.6,7.3 and 8.7 pJ
(from top to bottom). The left column displays the results as a contour map, whereas
the right column presents the individual line plots. Shaded regions correspond to the
uncertainty calculated with Equation (2.19) from the main text. . . ... ... ...
Differential scattering signal from SACLA at 150 bar for F;,; = 3.3,4.6,7.3 and 8.7 uJ
(from top to bottom). The left column displays the results as a contour map, whereas
the right column presents the individual line plots. Shaded regions correspond to the
uncertainty calculated with Equation (2.19) from the main text. . . ... ... ...
Differential scattering signal from LCLS at Eyo; = 2,3,4 and 5 pJ (from top to bot-
tom). The left column displays the results as a contour map, whereas the right column
presents the individual line plots. Shaded regions correspond to the uncertainty cal-
culated with Equation (2.19) from the main text. . . . . . ... ... ... ... ...
Pulse energy dependence of the SACLA jet measurements at 20°C (solid lines, filled
markers) and 80°C (dashed lines, open markers). Results shown are for 7 = 6 ps
(a), 15 ps (b), 25 ps (c), and 50 ps (d). Markers denote the local maxima at each
corresponding delay, determined using the procedure outlined in Section 3.2.2.

Reduced pair distribution function for the 20°C water jet at Eoy = 3, 5, 7, and 8 pJ
(from top to bottom). The left column displays the results as a contour map, whereas
the right column presents the individual line plots. . . . . . .. ... ... ... ...
(a) Contour map of the reduced pair distribution function, AG(r, 7, Eys), calculated
with Equation (4.7) for E . = 6 pJ for the SACLA jet measurements at 80°C. (b)
Line plots of AG(r,7, Eiot) at 6 pJ for all sampled pump-probe delays at 80°C.
Peak positions are indicated by cross markers. The grey shaded region denotes the
inaccessible real-space range imposed by the minimum @-value of the experiment,
Quinier =0.01225 A0 .

xxiii

103



Chapter 1

Introduction

Water is essential to life on Earth and is widely considered to be a key ingredient for life elsewhere in
the universe [7]. Despite decades of intensive research, water continues to exhibit rich and sometimes
anomalous behavior. Recently, a growing body of literature [5, 8, 9] has provided evidence for the
existence of a liquid-liquid critical point in supercooled water. This suggests that ambient water
may already exist in a supercritical state and highlights that even its phase behavior is not yet fully
understood.

Beyond its scientific interest, water is ubiquitous in both natural and engineered systems. In
nature, water is a major constituent of all living organisms [10] and a universal solvent capable of
dissolving more solutes than any other liquid [11]. In engineering, it serves as the primary coolant
in nuclear power plants [12], as a means of power generation [13], as a medium through which
chemical reactions take place [14], and as the solvent environment in which the structure of proteins
is determined [15]. In many of these settings, a common challenge arises: water is exposed to high-
energy radiation. Unlike low-energy radiation, ionizing radiation—such as that from X-rays, ~-rays,
and fast-moving charged or neutral particles—possesses sufficient energy to liberate electrons from
water molecules, including from inner-shell orbitals. This, in turn, initiates a cascade of processes
collectively known as radiolysis.

Radiolysis plays a fundamental role across a wide range of applications. In radiotherapy [16],
high-energy proton and electron beams are employed to destroy cancerous cells, which are pre-
dominantly composed of water [10]. In nuclear technology [17], radiolysis accelerates corrosion
and material degradation. In X-ray crystallography [18], radiation-induced effects in the hydration
environment must be accounted for to accurately resolve the structure of macromolecules. Radiol-
ysis has also been proposed as a central mechanism for oxygen formation in cometary ice [19] and
hydrogen production in deep geological environments [20]. Besides its importance on Earth, under-
standing radiolysis is a critical component of mitigating radiation damage during extended human

spaceflight [21].
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1.1 Water Under lIonizing Radiation

Radiolysis is conventionally described as a sequence of stages (physical, physico-chemical, chemical,
and biological) that immediately follow the deposition of energy by ionizing radiation. These stages
span a large temporal domain [22]: the physical stage concludes within a few femtoseconds, the
physico-chemical stage by approximately 1 ps, and the chemical stage extends from 1 ps to 1 us;
processes occuring on longer timescales are typically grouped into the biological stage, which can
last up to days or sometimes years.

At photon energies below 15 keV and for light elements such as oxygen and hydrogen, the
photon absorption cross-section far exceeds that of elastic scattering [23]. As such, photoionization
is the primary interaction mechanism, and it initiates the physical stage. In water, this process is
dominated by ionization of the oxygen atom, as its photon absorption cross-section is significantly
larger than that of hydrogen. A key threshold in this regard is the K-shell binding energy of oxygen,
538.2 €V [24]. Radiation with photon energies exceeding this threshold ejects core-shell electrons,
leaving behind highly unstable water cations. Core ionization takes place on a femtosecond timescale
and is typically associated with the physical stage of radiolysis [25].

During the physico-chemical stage, the water cations decay primarily via local Auger decay
[26,27], in which an electron from the same atom, but a higher-energy orbital, fills the core vacancy
and a valence electron is released. This is not the only relaxation pathway, however. In pure liquid
and aqueous environments, additional non-local pathways become available, including intermolecular
Coulombic decay (ICD) [28], where an inner-shell electron fills the core hole and excess energy is
transferred to a neighboring molecule, leading to electron emission, and electron transfer mediated
decay (ETMD) [29], in which the core vacancy is refilled by a valence electron from a nearby molecule,
resulting in ionization of that neighbor. These decay processes occur on ultrafast timescales (<10-
50 fs, depending on the mechanism and local environment) [30-33] and result in the generation
of energetic secondary electrons, water dications (HyO?*), and water cations with an inner-shell
vacancy (HoO®T). Both species (HoO?T and HoO®") are short-lived, with lifetimes not exceeding
52 fs [34, 35], and undergo rapid proton transfer reactions with neighboring water molecules to
produce hydronium cations (H3O0") and hydroxyl radicals (OH).

Within ~1 ps [36,37], at the onset of the chemical stage, the secondary electrons thermalize,
become trapped, and eventually hydrated, i.e., their energy drops below the excitation threshold of
liquid water, 7.3 eV [38]. In the process, they can be captured by nearby water cations in geminate
recombination [39], resulting in excited water molecules (H2O*). The excited water molecules can
then decompose into hydrogen (H) and hydroxyl radicals, or into molecular hydrogen (Hs) and
excited oxygen atoms (singlet O(1D) or triplet O(3P) states). In addition, they can autoionize to
produce hydrated electrons (e,,) and water cations or relax back to the ground state by releasing

energy [40]. Although the exact de-excitation pathways remain poorly understood, it is generally

2q) H307", and OH are present, among other species such as H, Ha, and excited

accepted that e
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oxygen atoms, near each core ionization site.

On nanosecond to microsecond timescales, radiolytic species formed at the onset of the chemical
stage begin to diffuse away from their parent ionization sites and undergo bimolecular reactions,
including radical recombination and scavenging reactions [41]. This transition marks the crossover
to homogeneous chemistry and the production of longer-lived molecular species such as hydrogen
peroxide (H202) [22]. For timescales beyond a few microseconds, radiolysis is well described by
established chemical kinetics frameworks [6,42,43]. Figure 1.1 shows a pictorial representation of

the various radiolysis stages along with the timescales at which they evolve.
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Figure 1.1: Summary of ionization events and primary species in radiolysis. Ionization
by high-energy radiation occurs in the physical stage, producing highly reactive water cations and
secondary electrons. The water cations react during the physico-chemical stage with nearby water
molecules to generate hydronium cations and hydroxyl radicals, and undergo local or non-local decay
that produces additional cations. Longer-lived, primary radiolysis species are formed in the chemical
stage that contribute to radiation damage on longer than microsecond timescales.

1.2 The Structural Motif of Radiolysis

While the foregoing discussion has focused on radiation chemistry, radiolysis is inherently a spa-
tially heterogeneous process, and its structural motif is equally important. This is because at the
onset of the chemical stage, radiolytic species (ea_q, H30™, OH, etc.) form and are distributed in
distinct geometric patterns known as radiation track structures [1,44-47]. The structures arise from
local energy deposition by secondary electrons [18] and define the initial conditions for subsequent
diffusion-controlled chemical reactions [19]. Ultimately, it is these reactions, along with inelastic
collisions between hydrated electrons and surrounding molecules, that mediate radiation damage in
biological contexts [10,50,51].

The spatial extent and morphology of radiation track structures are complex and strongly depend

on the ionizing energy. In the low linear energy transfer (LET) regime, isolated “Magee” spurs [45,40]
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are expected. The spurs manifest as nearly spherical clusters with characteristic radii in the range of
2-5 nm [52,53]. In the high LET regime, however, a picture of overlapping spurs emerges, resulting
in a geometry referred to as a short track [46] with characteristic dimensions on the order of the
inelastic mean free path of the ionizing electrons. Figure 1.2 highlights a typical radiation track

structure under high-LET radiation.

Pénombre Coeur
(ionisations clairsemées) (lonisations denses)

Rayons &

Figure 1.2: Radiation track structure under high-LET radiation. A short track is formed
along the primary ionization path. In addition, secondary ionization events involving energetic
electrons produce a surrounding penumbra and lead to d-ray branches that propagate into adjacent
regions. Figure from [1].

In addition to the spatial distribution of radiolytic species, an important aspect of radiation track
structures is the local energy deposition by secondary electrons, which has long been theorized to
produce a transient temperature increase within the structures, a so-called “thermal spike” [54-58].
Estimates of the temperature rise vary widely, from a few tens of degrees for low-LET radiation
[59,60] to as high as 10* K in the tracks of high-LET fission fragments [61]. Although the magnitude
of the thermal spike has not been experimentally established in water, such localized heating is
predicted to give rise to a thermomechanical response in the vicinity of the track structures [62—-
64], potentially influencing long-term radiolytic yields [47,65] and radical diffusion kinetics. As a
result, radiation track structures not only serve as the starting point from which radiation-induced
damage develops [(6], but they also modulate their local environment. Despite their significance,
a direct characterization of the dynamics of radiation track structures and their local environment

has remained elusive.

1.3 Need for High-Energy Ultrafast Probes

The complex nature of radiation track structures, along with their formation on picosecond timescales

and nanometer length scales, poses significant challenges for existing experimental techniques. On
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the one hand, advances in modern X-ray free electron lasers (XFELs) [67-69], with the capability
of generating ultrashort energy pulses on the order of femtoseconds, have allowed real-time tracking
of the femtosecond dynamics in liquid water following strong-field ionization [35], optical excita-
tion [70], and extreme ultraviolet laser absorption [36,71]. These developments have improved the
understanding of the physical stage by establishing lifetimes of early radiolytic species, such as HzO*
and OH. At the same time, hydrated electrons (e;,) have been extensively studied using absorption
spectroscopy [37,72,73]. Most recently, the generation of attosecond pulses [74] has opened the
door to tracking electron dynamics immediately following photoionization. Yet, these techniques
fall short in that they do not directly probe radiolysis initiated by high-energy ionizing radiation.

Pulse radiolysis [59, 75-77], on the other hand, using sources such as 7y-rays or high-energy
electron beams, overcomes this limitation and has traditionally been used to study the formation and
decay kinetics of transient species in the chemical stage, on nanosecond-to-microsecond timescales.
However, even the fastest implementation of pulse radiolysis is limited to a time resolution of 10 ps
[77], which is still insufficient to directly observe the dynamics of radiation track structures during
the early part of the chemical stage.

Latest developments in high-energy split-and-delay optics (SDO) [78-80] at two XFEL facilities,
SPring-8 Angstrom Compact Free-Electron Laser (SACLA) [31] and the Linac Coherent Light Source
(LCLS) [82] at the Stanford Linear Accelerator Center (SLAC), bridge this gap. In particular, by
generating two coherent X-ray pulses with tunable femtosecond-to-picosecond time delays, these
instruments combine the ultrafast temporal resolution of XFEL sources with the ability to initiate
radiolysis through high-energy photon absorption. This unique capability provides a direct pathway

to probe the picosecond dynamics of liquid water during the chemical stage of radiolysis.

1.4 Research Objectives

The primary objective of this thesis is therefore to investigate how ultrafast energy deposition within
radiation track structures impacts their local environment. To this end, the thesis presents results
from three separate experimental campaigns, conducted at both SACLA and LCLS, with the aim
of providing a comprehensive characterization of the picosecond dynamics of liquid water radiolysis.

The specific objectives of the thesis are as follows:

e Identify the spatial and temporal length scales over which the response of liquid water to
ultrafast energy deposition evolves, from the initial sub-picosecond regime up to 100 ps. This

includes explaining how local energy deposition is converted into detectable structural features.

e Understand how this response is affected by thermodynamic conditions, specifically high pres-
sure and elevated temperature. Special attention is given to how changes in transport proper-

ties influence the resulting dynamics.
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e Elucidate the physical mechanism underlying the observed response within the picosecond

measurement window and analyze its dependence on the deposited energy.

e Develop a reduced-order analytical model that captures the experimentally observed dynamics
while remaining both physically and computationally tractable. The model should reproduce

key observables and provide insight into the parameters governing the structural dynamics.

1.5 Thesis Outline

The remainder of the thesis is organized as follows:

e Chapter 2 describes the experimental methods employed at SACLA and LCLS to probe ul-
trafast structural dynamics in liquid water, including the theoretical background of X-ray

scattering, the experimental geometries, and the data analysis procedure.

e Chapter 3 presents the first set of experimental results obtained using a high-pressure flow-cell
geometry. The chapter focuses on the long-term response of liquid water at elevated pressure
and the early-time response following ultrafast energy deposition. These results establish the

emergence of nanometer-scale structural dynamics on sub-picosecond timescales.

e Chapter 4 extends these results in momentum space using a liquid jet geometry. The chapter
investigates the evolution of the observed low-Q response at larger length scales, its dependence
on pulse energy and temperature, and the scaling behavior of the scattering signal under
different fluence conditions. These results reveal reproducible structural features associated

with liquid water radiolysis initiated by hard X-ray ionization.

e Chapter 5 develops an interpretation of the observed dynamics. The chapter discusses the
characteristic spatiotemporal scales of the response and motivates the physical framework

used to describe the results.

e Chapter 6 introduces a computational framework to model the experimental observations. The

model is used to connect local energy deposition to macroscopic variables.

e Chapter 7 summarizes the main findings of the thesis, discusses their implications for radiolysis,

and outlines possible directions for future research.

1.6 Accomplishments

The work presented in this thesis advances the understanding of the chemical stage of radiolysis, and,
more broadly, radiation-induced damage in aqueous systems by providing insight into the ultrafast

structural dynamics. The major contributions of this work are summarized below:
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e Leveraged an experimental framework based on X-ray free-electron laser split-and-delay optics
to enable femtosecond-resolution pump—probe measurements of liquid water following X-ray
absorption. This approach bridged the gap between conventional pulse radiolysis and ultrafast

spectroscopy by combining X-ray ionization with ultrafast temporal resolution.

e Resolved the dynamics in the chemical stage of radiolysis from the sub-picosecond regime up
to 100 ps. In doing so, we established characteristic timescales associated with the onset of

the structural evolution and the early development of radiation track structures.

e Demonstrated how the structural dynamics are influenced by thermodynamic conditions, in-
cluding elevated pressures and temperature. This highlighted the role of transport properties

in shaping the early dynamics of radiation-induced changes.

e Developed a reduced-order analytical model that reproduces the experimentally observed dy-
namics. The model connected local energy deposition to measurable structural observables
and provided a physically interpretable description of the evolution of X-ray irradiated liquid

water on nanometer length scales.



Chapter 2

Background and Methods

This chapter provides an overview of X-ray scattering principles employed in this thesis. It establishes
the theoretical framework required to interpret the measured signals and describes the experimental
methods used to probe ultrafast structural dynamics in liquid water. Two complementary hard
X-ray pump—probe approaches are introduced. Together, they enable measurements of radiolysis on

picosecond timescales and nanometer length scales.

2.1 Fundamentals of X-ray Scattering

In a typical X-ray scattering experiment, an incident X-ray pulse with wavelength in the range
~0.01-10 nm [83], corresponding to photon energies of 100-0.1 keV, impinges on a sample. As
it propagates through the sample, the pulse is attenuated due to interactions with the electronic

structure of the atoms and molecules. Three main interactions channels dominate [34]:
1. Elastic (Rayleigh) scattering, in which photons are deflected without energy loss;

2. Inelastic (Compton) scattering, in which photons are deflected, lose part of their energy

to electrons, and may ionize them in the process;

3. Photoabsorption, in which photons are absorbed, leading to electronic excitation or ioniza-

tion.

At higher photon energies, additional processes such as nuclear interactions or electron-positron pair
production may occur, although these are negligible in the energy regime considered in this work [35].
These interaction channels are probabilistic in nature, governed by quantum electrodynamics (QED).
However, their averaged cross-sections are well established and readily tabulated [23,86]. In this

work, unless otherwise stated, tabulated cross-sections are used.



CHAPTER 2. BACKGROUND AND METHODS 9

A detector placed downstream of the sample collects the transmitted and scattered photons. The

measured detector intensity can be expressed as [37]:

1(Q) = In| F(Q)[%, (2.1)

where Q = k’ — k is the scattering vector defined by the scattered and incident wavevectors, k> and

k, respectively. For elastic scattering, its magnitude is given by:
A .
Q = 1Ql = Tsin0), (22)

where 6 is half the scattering angle and ) is the X-ray wavelength. The prefactor I;j is the Thomson
scattering cross-section of a single electron, while F'(Q) is the molecular form factor.

The molecular form factor is the Fourier transform of the electron density for a single molecule.
Thus, it encodes information about the instantaneous spatial distribution of electrons, and, by
extension, the atomic positions and molecular orientation. Since the detector measures only the
scattered intensity, i.e., |[F(Q)|?, the phase information is lost and the complex form factor cannot,
in general, be reconstructed directly. This limitation is known as the phase problem in X-ray
scattering [88]. For a system consisting of a discrete number of atoms or molecules, the electron

density can be recast as [37]:

p(r) = palr —1a), (2.3)

where r is the spatial coordinate and r, denotes the position of atom a. Substituting this expression

into the Fourier transform yields:
F(Q) =) fa(Q)e' ™, (2.4)

where f,(Q) is the atomic form factor. Equation (2.4) is valid within the single-scattering (kine-
matic) approximation, in which the X-rays scatter only once throughout the sample. In turn, such
an approximation is well satisfied for thin liquid samples and gases [87]. Moreover, in liquid water,
the scattering signal is dominated by oxygen atoms due to their substantially larger electron density
relative to hydrogen (oxygen has eight times more electrons than hydrogen). As a result, Equation

(2.4) can be approximated as:
No

F(Q) ~ fo(Q))_ ¥, (2.5)

j=1
where N is the total number of oxygen atoms in the scattering volume. In Equation (2.5), the
atomic form factor describes the scattering strength of an individual oxygen atom, whereas the
exponential term contains the spatial arrangement through interference between the scattered waves.

The atomic form factor for a myriad of atoms, including oxygen, is tabulated in [39].
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In Equation (2.1), Thomson scattering from a single electron accounts for experimental param-
eters such as the incident photon fluence, X-ray polarization, and detector geometry. It can be
written as [37]:

Iy = D(P2)r2dQ, (2.6)

where @ is the incident photon fluence, (|P|?) = (|e - €’|?) is the polarization factor, with € and
€’ denoting the polarization vectors of the incident and scattered X-rays, respectively, r, = 2.82 x
10~ m is the classical electron radius, and df is the solid angle subtended by a detector pixel. For

a total X-ray pulse of energy Fy.:, the photon fluence is:

E
b= At::am’ (2.7)
where hv is the photon energy and Apeqn, is the beam cross-sectional area.

For structural analysis, particularly for isotropic liquids such as water, it is often convenient to
perform an azimuthal average over all detector angles. This reduces the dependence on the full
scattering vector, Q, and retains only its magnitude, @ (Equation 2.2), yielding a one-dimensional
scattering profile, I(Q). In addition, the structure factor, S(Q), is commonly defined to remove
the instrumental dependence (X-ray polarization, fluence, beam size, etc.) and isolate the spatial

correlations between scattering centers in the sample. The structure factor is defined as [37]:

1(Q)

5@ = ¥, Solfo@P

(2.8)

where N is the number of molecules within the X-ray illumination volume, determined by the
mass density p, sample thickness L, beam cross-section Apeqm, Avogadro’s number Ny = 6.022 X
1072 mol~!, and the molecular weight M = 18.015 g/mol, i.e., N = pLApeamNa/M. In the
remainder of this work, the normalized scattering intensity is used:

5@ =12,

(2.9)

which retains the atomic form factor weighting. This formulation is adopted because the oxygen
form factor varies smoothly [39] over the momentum-transfer range studied herein and hence does

not alter the dynamics of the measured response.

2.2 Time-resolved Pump—Probe Scattering

Equation (2.9) describes a static scattering measurement. To probe time-dependent structural dy-
namics initiated by X-ray ionization, two X-ray sub-pulses are needed, commonly referred to as a

pump and a probe. Not any two sub-pulses can be used, however. In practice, the sub-pulses must
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originate from the same parent X-ray pulse in order to ensure identical spectral properties and pre-

cise temporal synchronization. This is the primary role of a split-and-delay optical (SDO) system.

Liquid Water

Detector /

Figure 2.1: Time-resolved X-ray scattering setup. An X-ray pulse from an XFEL source is
split by split-and-delay optics into two coherent sub-pulses: a pump pulse (red) and a probe pulse
(blue). The pump pulse initiates the structural dynamics in the liquid water sample, while the
probe pulse scatters from the evolving structure after a controlled time delay, 7. By varying the
delay between the two pulses on femtosecond-to-picosecond timescales, ultrafast structural changes
can be monitored in the chemical stage of radiolysis. A detector placed downstream of the sample
collects the scattered and transmitted photons from both pulses.

A schematic of a representative time-resolved X-ray scattering experiment is shown in Figure
2.1. By controlling the temporal separation between the pump and probe pulses, denoted by the
time delay 7, a series of detector images can be collected. The normalized scattering intensity can

then be generalized as:

~ 1(Q, T
S(QvT) = ](\%th)’

(2.10)

where we now explicitly specify the dependence on the pump-probe time delay. In addition, the
energies of the individual sub-pulses, Epump and Eppope, may vary on a shot-to-shot basis. Since
the Thomson scattering term depends on the incident photon fluence (Equation 2.6), the measured

scattering intensity acquires an additional dependence on the total incident pulse energy, Eyo::

Etot = Epump + Eprobe~ (211)
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The normalized scattering intensity can therefore be written as:

I _ I(QvTv Etot)
S(Q, 7, Etor) = NG (Eyy) ([P[2)r 2400 (2.12)

The pulse energy dependence is investigated further in Chapter 4.

2.3 Facilities and Instrumentation

Time-resolved hard X-ray (photon energies in the 5-20 keV range) scattering experiments were
performed at two XFEL facilities: beamline 3 (BL3) [90] of SACLA and the X-ray Pump Probe
(XPP) instrument [91] at LCLS of SLAC. Both facilities employed SDO systems to generate X-ray
pulse pairs with tunable femtosecond-to-picosecond time delays for pump—probe measurements, and
the SDO was optimized before each delay condition to ensure that the pump and probe pulses had

the same spatial overlap at the sample.

2.3.1 SACLA

At SACLA, the XFEL operated in self-seeded mode with a central photon energy of 10 keV, a pulse
duration of 10 fs, and a repetition rate of 30 Hz. Each indicent X-ray pulse was split into a coherent
pulse pair using a wavefront-division SDO based on channel-cut (CC) silicon crystals [79]. The SDO,
depicted in Figure 2.2(a), controlled the relative temporal separation between the pump and probe
pulses over delays up to 100 ps while preserving their coherence and spatial properties.

Within the SDO, photodiodes independently recorded the energies of the pump pulse, Fpymp, and
the total incident pulse, Fy,;. The probe pulse energy was then obtained by Equation (2.11). The
pump pulse was monitored using a silicon photodiode that detected X-rays scattered from a Kapton
foil, while the total pulse energy from both branches was recorded using a chemical vapor deposition
(CVD) diamond diode [92,93]. Downstream of the SDO, the pulse pair was focused onto the sample
using a set of Kirkpatrick-Baez (KB) mirrors [94]. The X-ray focal spot was characterized using an
X-ray beam profile monitor (HAMAMATSU, ORCA flash) with a spatial resolution of 325 nm [93]
and measured to have a full width at half maximum (FWHM) diameter of 3 pm.

Scattered X-ray photons from both pulses were recorded using octal-sensor multiport charge-
coupled device (MPCCD) detectors with a pixel size of 50 pm [95]. Two experimental configurations
were studied at SACLA in this work: a high-pressure cell geometry and a liquid jet geometry. Each
configuration utilized a distinct detector arrangement and sample environment; configuration-specific

details are discussed in Chapters 3 and 4, respectively.
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(a) SACLA SDO

10 keV
X-ray pulse

N KB mirrors
AN

(b) LCLS SDO
_____ " probe
)\g ‘
9.6 keV % g‘:{
X-ray pulse pump

Figure 2.2: Hard X-ray split-and-delay optics. (a) Wavefront-division SDO configuration at
SACLA used to generate coherent pump-probe pulse pairs focused by Kirkpatrick-Baez (KB) mir-
rors; (b) Amplitude-splitting SDO configuration at LCLS with a compound refractive lens (CRL)
for focusing.

2.3.2 LCLS

At LCLS, the XFEL operated in self-amplified spontaneous emission (SASE) mode with a photon
energy of 9.6 keV, a pulse duration of 30 fs, and a repetition rate of 120 Hz. Pulse pairs were
generated using an amplitude-splitting SDO [80] based on CC crystals, which controlled the relative
delay between the pump and probe pulses. Upstream of the SDO, the incident XFEL beam passed
through a diamond transmission grating. A second grating was positioned downstream to recombine
and steer the split beams before focusing onto the sample. The pulse pair was subsequently focused
onto the sample interaction region using a beryllium compound refractive lens (CRL) [30]. The SDO
is shown in Figure 2.2(b), where pump—probe delays up to 3.6 ps were scanned continuously on a
run-by-run basis.

Unlike the SACLA configuration, separate pulse-energy measurements for the pump and probe
pulses were not available at LCLS. Instead, the average pulse-energy branching ratio was determined
from dedicated pump-only and pump—probe measurements acquired at identical time delays. The
X-ray focal spot size was measured to be 1 ym at FWHM. Scattering patterns were collected using
hybrid silicon JUNGFRAU detectors with a pixel size of 75 pm [96].
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2.4 Sample Environments

Two sample environments were studied in this work. Early measurements at SACLA and LCLS
utilized a high-pressure flow cell [97] to contain liquid water at elevated pressures, while later exper-
iments employed a free-flowing liquid water jet with heating capability to investigate temperature-

dependent dynamics.

2.4.1 High-Pressure Flow Cell

A sample of ultrapure type-I deionized water (Milli-Q, Sigma-Aldrich) was contained within a tita-
nium pressure flow cell [97]. The cell was enclosed by two single-crystal, type Ia, diamond windows
and sealed to prevent leakage. At SACLA, 200 um-thick diamond windows were used, resulting in
an effective sample thickness of ~800 ym. At LCLS, 100 pm-thick diamond windows were used with
an effective sample thickness of ~1000 pm.

Pressure was maintained and the sample continuously refreshed using an Air Valve Continuous
Flow Systems pump from Teledyne Labs. Measurements at SACLA were performed at pressures of
50 bar and 150 bar, while measurements at LCLS were conducted at 2 bar. The average flow rate
was approximately 0.26 mL/min. The sample temperature was maintained near room temperature,
specifically at 30°C and 22°C at SACLA and LCLS, respectively.

Empty-cell measurements were collected at time-zero (7 = 0) at SACLA and at pump-probe
delays up to 2 ps at LCLS in order to characterize scattering contributions from the diamond

windows and isolate the structural response of the liquid water sample.

2.4.2 Liquid Jet Geometry

For the liquid jet measurements, ultrapure type-I deionized water (Milli-Q, Sigma-Aldrich) was
injected into a helium chamber to minimize background scattering. The liquid was delivered through
a piezoelectric nozzle at room temperature (20°C). The sample was supplied at atmospheric pressure
(~1 bar) using the same Air Valve Continuous Flow Systems pump from Teledyne Labs. The average
flow rate was monitored by the pump and measured to be ~50 mL/min.

The jet diameter, i.e., sample thickness along the beam path, was estimated from Gaussian fits to
the measured jet profile and determined to be 391449 ym. Additional measurements were performed
under elevated temperature conditions of 80°C, detailed in Chapter 4. Table 2.1 summarizes the

sample conditions investigated at both facilities.

2.5 Data Reduction and Analysis Workflow

The raw detector images collected at SACLA and LCLS were post-processed to obtain time-dependent

azimuthally averaged scattering profiles as a function of momentum transfer, pump—probe delay, and
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Facility / Geometry Pressure (bar) Temperature (°C) Sample Thickness (ym)

SACLA, cell 50, 150 30 800
LCLS, cell 2 22 1000
SACLA, jet ~1 20, 80 391 + 49

Table 2.1: Summary of sample environments considered in this work. The table compares
pressure, temperature, and effective sample thickness for the high-pressure flow cell and liquid jet
geometries at SACLA and LCLS.

pulse energy. Although the experimental configurations differed between the two facilities and sample
environments, the overall workflow remained similar. The analysis consisted of detector filtering and
masking, background subtraction, normalization to the Thomson scattering, azimuthal averaging,

pulse-energy and/or time-delay binning, and uncertainty propagation.

2.5.1 Pressure Cell Measurements

SACLA

For the high-pressure flow-cell measurements, the detector images were first corrected prior to az-
imuthal averaging. At SACLA, the pressure cell was rotated by 7° relative to the incident X-ray
propagation direction in order to optimize the accessible momentum-transfer range. As a result, the
measured scattering intensities depended not only on the detector solid angle and X-ray polarization
factors (Equation 2.6), but also on the geometric projection associated with the sample rotation.
These effects were incorporated into a combined detector correction applied on a pixel-by-pixel basis
during data reduction.

Each detector image was loaded, subtracted by a measured dark signal, and filtered to remove
pixels with intensities below the detector dark level. Additionally, pixels corresponding to detector
gaps or saturated regions were masked and excluded from further analysis. The remaining detector
intensities were then normalized by the polarization factor, detector solid angle, and sample-rotation
correction prior to azimuthal averaging. Since the detector consists of a discrete array of pixels, the
corrected detector images were integrated over the accessible momentum-transfer range to obtain
one-dimensional scattering profiles as a function of @. The experimental configuration and detector
geometry at SACLA covered the momentum transfer region @) € [0.094, 2.714] A7 with a momentum
resolution of §Q = 0.0267 AT

For each time delay sampled, the scattering patterns were collected over multiple runs, with each
run containing 1,200 detector images. Measurements at each delay were accumulated for a total of
6-10 minutes, corresponding to approximately 2 x 10* diffraction patterns, with each pattern being
2,400 x 2,400 pixels in size. The top and bottom 15th percentile of snapshots, ranked according

to the total pulse energy, were subsequently discarded to remove shot-to-shot outliers in the X-ray
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pulse intensity. Finally, the remaining scattering profiles were sorted into six uniformly spaced pulse-
energy bins according to the total pulse energy, with each bin containing the averaged scattering

signal of all patterns within the corresponding energy range (detailed in Chapter 3).

LCLS

A similar analysis workflow was employed for the LCLS measurements. However, unlike SACLA, the
pressure cell was not rotated, and the measurements were acquired using continuous delay scanning
over the range 0-3.6 ps. A total of 5 x 10* scattering patterns, with each pattern being 1,064 x 1,030
pixels in size, were collected per run over 20 runs. After dark subtraction, detector correction, and
azimuthal averaging, the detector images were grouped according to the pump—probe delay using
a delay-bin width of 0.1 & 0.075 ps. The patterns within each delay bin were then binned into six
uniform pulse-energy bins, after filtering out the outlier snapshots. The experimental configuration
and detector geometry at LCLS covered the momentum transfer region @ € [0.088, 2.113] A7 with

a momentum resolution of 6@ = 0.025 A

Diamond Subtraction and Differential Scattering

Mathematically, the normalized scattering signal was computed as:

~ hV I( o, T Etot)
S(Q.7, Bror) = s , 2.13
(Q, 7, Etor) CEor j%n No, (|PI2)dQ; (2.13)

where Ng, is the number of detector pixels contained within each Q-bin and C' = r2pLessNa/M

with L.¢¢ being the effective sample thickness. In turn, L.¢¢ was evaluated as:
Legy = Le™ M/ ban, (2.14)

where L, is the X-ray attenuation length. The attenuation lengths were calculated by dividing
the mass density with the mass attenuation coefficient, 11/p, tabulated in [98]. At 30°C and 10 keV
(SACLA), p = 0.99782 g/cm? (50 bar) and 1.0022 g/cm?® (150 bar) [99] with p/p = 4.944 cm?/g;
at 22°C and 9.6 keV (LCLS), p = 0.99782 g/cm? (2 bar) with u/p = 5.6156 cm?/g. This yielded
attenuation lengths of 2018.24 pm (50 bar), 2027.1 pm (150 bar), and 1776.87 pm for SACLA and
LCLS, respectively.

Due to the presence of diamond windows in the flow-cell, additional corrections were required to
isolate the liquid water scattering signal. In both experiments, reference measurements of the empty
cell (without water) were recorded under identical X-ray energy conditions. The water scattering

signal was then obtained by:

S(Q, T, Etot)water = S(Qv T, Etot)ﬁlled - ’}/S(Q, T, Etot)empty (215)
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where S (Q, 7, Etot)inea corresponds to measurements acquired with the water-filled pressure cell
and S (Q, T, Etot)empty represents the empty-cell measurements containing only the scattering con-
tribution from the diamond windows. The transmission factor, v, accounts for signal attenuation
through the water sample, as the diamond-window scattering in the filled-cell is reduced relative
to the empty-cell measurement. The transmission factors were calculated using the Beer-Lambert
law [100], by evaluating the exponential term e~ ((#/2)(PL)) "to give v = 67.3% at SACLA and 57.1%
at LCLS.

At SACLA, empty-cell measurements were acquired at time-zero (7 = 0), and they were used to
remove the static contribution from the diamond windows under the assumption that the window
response does not exhibit strong time-dependent features on picosecond timescales. At LCLS, empty-
cell measurements were recorded at pump—probe delays up to 2 ps and confirmed that no measurable
dynamics were present in the diamond windows within experimental uncertainty. To further ensure
that the extracted signal reflected only the structure of liquid water, the static scattering signal
at time-zero was compared between SACLA and LCLS measurements and benchmarked against
reference scattering data [2,3] (details in Chapter 3). Moreover, the differential scattering signal was

evaluated for both the filled-cell and empty-cell measurements as:
AS(Q, T, Etot) = S(Q, T, Etot) - S(Q7 70, Et0t>7 (216)

where only the momentum-transfer range satisfying AS (Q, T, Etot)filled > WAS‘ (Q, 7, Etot)empty Was
retained for data analysis. This yielded a minimum accessible momentum transfer of 0.094 A for
SACLA and 0.088 A~ for LCLS.

Uncertainty Quantification

The uncertainty associated with normalization, pulse-energy binning, and azmithual averaging was

propagated according to:

o(Q, 7, Brot) 15 = z(gt;:) ¢ (‘7[((%;))’)2 + ("Ef“>2, (2.17)

where o(Q, 7); represents the standard deviation from azimuthal averaging and o, , accounts for
energy fluctuations within each pulse-energy bin; detector-level uncertainties and pulse-to-pulse
fluctuations were assumed to be statistically independent.

The uncertainty associated with subtraction of the empty-cell scattering was propagated as:

0(@7 T, Etot)water = Ugucd(Qv T, Etot) + 72U§mpty(Q7 T, Etot)7 (218)

where ogileq and Gempty correspond to the uncertainties calculated with Equation (2.17) for the
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filled-cell and empty-cell measurements, respectively.

Lastly, the uncertainty associated with the differential scattering signal was evaluated as:

0(@7 T, Etot)Ag = \/JZ(Qa T, Etot)watcr + 02 (Q, 70, Etot)watcra (219)

where the residual uncertainties at time-zero were assumed to be uncorrelated with measurements

acquired at later delays [79,80].

2.5.2 Liquid Jet Measurements

For the liquid jet measurements, scattering patterns were collected using two MPCCD detectors,
simultaneously covering two momentum transfer regimes: small- and wide-angle X-ray scattering
(SAXS and WAXS). The SAXS detector consisted of 2,400 x 2,400 pixels and was aligned normal
to the incident X-ray beam during the measurements. The detector covered the momentum transfer
region Q € [0.01225,0.5115] A~ with a momentum resolution of §Q = 0.0005 A~ for 0.01225 <
Q < 03125 A" and 6Q = 0.001 A" for Q > 0.3125 A~'. Meanwhile, the WAXS detector
consisted of 2,200 x 600 pixels and was rotated 35° relative to the incident beam. The detector
covered the momentum transfer region @ € [1.696,3.396] A™" with a momentum resolution of
5Q = 0.01 A" for 1.696 < Q < 2.04 A" and 6Q = 0.03 A" for Q > 2.04 A~". This detector
geometry ensured adequate resolution of the prominent structural features observed in liquid water
(discussed in Chapter 4).

The raw detector images were processed similarly to the flow-cell measurements, on a shot-to-shot
basis. Each detector image was corrected by subtracting periodically acquired dark measurements,
filtering detector pixels below the detector dark level, and masking to exclude detector gaps, dam-
aged pixels, and saturated regions. The corrected detector intensities were subsequently normalized
by the detector solid angle and X-ray polarization factor. For WAXS, an additional geometric cor-
rection that accounts for the detector rotation was applied. Following that, azimuthal averaging was
performed to obtain one-dimensional scattering profiles as a function of momentum transfer.

Measurements at each time delay were collected over 25 runs, with each run containing 1,200
diffraction patterns. Since the liquid jet measurements were also performed at 10 keV, u/p =
4.944 cm? /g [98]. Given that the mass density at 20°C and atmospheric pressure is p = 0.99821 g/cm?
[99], the attenuation length remained close to the pressure cell measurements with Lgs = 2019 pm.

Unlike the pressure cell measurements, however, no empty-cell subtraction was required since the
liquid jet geometry does not contain scattering contributions from diamond windows. Furthermore,
to allow a systematic analysis of the pulse-energy dependence in later chapters of the thesis (Chapter
4) while minimizing asymmetry between the pump and probe pulse energies, only shots satisfying
|(Epump — Eprove)/Eiot] < 0.2 were retained for further analysis. This criterion ensured approx-

imately equal pulse energies between the pump and probe branches while reducing shot-to-shot
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fluctuations in the deposited pulse energy.

The filtered scattering profiles were then grouped into seven equally spaced pulse-energy bins
according to the total pulse energy. Within each energy bin, the normalized scattering intensity
was computed according to Equation (2.13). In addition, the differential scattering signal for liquid

water was calculated directly from Equation (2.16).

Uncertainty Propagation

The uncertainty in the normalized scattering intensity arises primarily from statistical fluctuations in
the azimuthally averaged detector signal, shot-to-shot variations in the pulse energy, and subtraction
of the reference delay signal at 7. The uncertainty propagation described by Equations (2.17)
and (2.19) was similarly applied to the liquid jet measurements. However, unlike the flow-cell
measurements, no additional uncertainty associated with empty-cell subtraction was present due to
the absence of diamond-window scattering. The combined uncertainty was propagated throughout

all ensuing analysis steps, including Fourier transformation and fitting procedures.



Chapter 3

Observation of Nanometer-Scale

Structural Dynamics

This chapter presents the time-resolved X-ray scattering measurements of liquid water obtained
using the high-pressure flow-cell geometry at SACLA and LCLS. The measurements at SACLA
were performed at pressures of 50 bar and 150 bar and acquired at discrete time delays spanning
0-100 ps. Meanwhile, the measurements at LCLS used continuous delay scanning over the range
0-3.6 ps. The chapter outlines detector calibration and validation for each dataset along with the

measured scattering response.

3.1 SACLA Pressure Cell Measurements

3.1.1 Experimental Overview

The initial time-resolved scattering measurements performed at SACLA were aimed at investigat-
ing the long-term response of liquid water following hard X-ray ionization, as well as the pressure
dependence of any observed dynamics. The pump—probe delays sampled at each pressure condition
are summarized in Table 3.1. The corresponding pulse-energy distributions for both pressure con-
ditions, after time delay averaging, are shown in Figure 3.1. The average pump pulse energies were
Epump = 2.74 pJ and 2.84 pJ at 50 bar and 150 bar, respectively. The corresponding average total
pulse energies were Eyrq; = 5.85 pJ and 6.27 pJ for the two pressure conditions, giving an approxi-
mately even average pump—probe splitting ratio of 46.8% and 45.3%, respectively. The majority of

snapshots (>95%) had total pulse energies below 8.5 1J.

20
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Pressure (bar) Time Delay (ps)
50 0,02, 0.6, 1, 1.5, 2, 3, 6, 10, 20, 100
150 0,02, 0.6, 1, 3, 10, 100

Table 3.1: Summary of time delays scanned at SACLA using the pressure-cell. The
experiments were performed at 30°C for both pressure conditions.
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Figure 3.1: Pulse-energy distribution for the SACLA pressure cell measurements. The
bottom row shows the probability distribution as a function of total pulse energy, while the top row
shows the pump—probe energy splitting ratio. Results are averaged over all time delays at (a) 50 bar
and (b) 150 bar.

3.1.2 Detector Calibration and Validation

As described in Chapter 2, the detector geometry encompassed the momentum transfer region of
Q € [0.094, 2.714] A", The detector geometry was calibrated using powder diffraction from silicon
nanoparticles, yielding a sample-to-detector distance of 14.12 cm. Beyond geometric calibration, the
reliability of the data reduction procedure was validated using the time-zero signal. In particular,
the scattering response at 7 = 0 was plotted as a function of pulse energy and pressure and compared
with reference data from the literature [2,3] to verify that no systematic dependence on experimental
conditions was present. As shown in Figure 3.2(a), excellent agreement is observed across all pulse-
energy and pressure conditions.

In addition, the diamond window scattering contribution was quantified by plotting the filled-cell
signal at time-zero together with the scaled empty-cell response (scaled by the transmission factor
), as shown in Figure 3.2(b). The diamond scattering is consistently at least a factor of two smaller

than the filled-cell signal. This indicates that the diamond windows do not introduce a measurable
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Figure 3.2: Validation of the SACLA pressure cell measurements. (a) Static time-zero
response at 50 bar (unfilled squares) and 150 bar (filled squares) for all pulse-energy values. Results
are overlaid on reference data from [2] at 27°C and [3] at 25°C. Each curve is normalized by its
respective maximum and markers are plotted every third data point for visual comparison. Error
bars in the present datasets were computed using Equation (2.18). The color bar indicates increasing
pulse energy from 2 puJ to 9 pJ. (b) Time-zero scattering from the filled-cell at 50 bar and 150 bar
(markers) compared with the scaled empty-cell (solid lines), where the latter is multiplied by the
transmission factor v = 67.3%.

bias into the extracted water response.

3.1.3 Time-Resolved Scattering Response

The normalized differential scattering signal, AS (Q, 7, Etor), obtained at 50 bar for a total pulse
energy of Ey,; = 6 uJ is illustrated in Figure 3.3. This pulse-energy bin was selected because it is close
to the average total pulse energy across all time delays, E,.;. Similar behavior was observed for all
other pulse-energy bins, with the amplitude of the response increasing monotonically with the total
pulse energy (details in Appendix A). The top panel presents the time-dependent scattering response
as a contour map over the full momentum-transfer and pump—probe delay range investigated, while
the bottom panel displays the individual line profiles. Positive values of AS (Q, 7, Etor), highlighted
in red, denote an enhancement in the scattering intensity relative to the reference liquid water
structure, reflecting an increase in the spatial correlations on the respective length scale, whereas
negative values correspond to a depletion of these spatial correlations.

Several distinct features are immediately apparent in the scattering response. First, a depletion in
scattering intensity develops within the momentum-transfer range 1.6 < Q < 2.1 A_l, accompanied

by an adjacent enhancement between 2.1 < @ < 2.6 A™'. This high-@ response appears promptly
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following X-ray energy deposition and persists throughout the measured delay window. Previous X-
ray scattering studies and molecular dynamics (MD) simulations have shown that the position of the
principal water diffraction peak near ) ~ 2 A s highly sensitive to temperature [2—4,101,102]. In
particular, increasing temperature weakens the hydrogen-bond network of liquid water and shifts the
diffraction peak toward higher momentum transfer, corresponding to shorter average intermolecular
0O-0 distances. The observed negative and positive differential scattering signature here is therefore
consistent with ultrafast heating of liquid water due to energy deposition by the incident hard X-ray
pulse.

To quantify the temperature increase, the position of the diffraction peak was extracted from the
time-resolved scattering signal, S (Q, T, Etor = 6 pud)water, and compared with established temperature-
dependent calibrations [101], which demonstrate linear dependence up to the boiling point. At 0.2 ps,
the water diffraction peak is located at Qpeax = 2.019 Afl, whereas at 0.6 ps, Qpeak = 2.046 AL
By linearly interpolating the data in [101], the correlation between the sample temperature and the
peak position was obtained as:

T = 462.8Qpcax — 625.5, (3.1)

where T is the temperature in Kelvin and Qpeax is in inverse Angstroms. Using Equation (3.1),
the maximum transient temperature increase induced by the pump pulse and measured by the
delayed probe pulse is estimated to be AT ~ 12.5 K at 6 pJ. This suggests partial weakening of
the hydrogen-bond network while maintaining the overall liquid structure [103]. Similar high-Q
signatures on ultrafast timescales have also been reported in optical pump—probe scattering studies
of liquid water [70, , 105]. A more detailed analysis of the temperature-dependent response and
its dependence on the total pulse energy is presented in Chapter 4.

More notably, a feature emerges for Q < 0.6 A" on picosecond timescales. At early delays
(t = 0.6 ps), the low-Q response spans a broad momentum-transfer region and is marked with
a local peak at Q = 0.161 A™'. While low-Q) scattering signatures have previously been reported
under extreme irradiation conditions associated with warm dense matter formation [106], where they
were linked to strong ionization and non-equilibrium plasma dynamics, the present measurements
are performed entirely within the liquid phase. The appearance of a distinct maximum in reciprocal
space is therefore significant, as it points to the emergence of a preferred spatial correlation length
within the irradiated liquid [107].

In X-ray scattering, the measured intensity arises from coherent interference between scattered
waves, with the scattering amplitude given by a phase-weighted sum over atomic positions, Equa-
tion (2.5). For spatially uncorrelated density fluctuations, the phase factor averages out and no
pronounced low-() maximum is expected. The low-@Q peak in AS‘(QJ} Eiot) hence implies the
generation of correlated density perturbations over a given spatial length scale. Converting from
momentum space to real space via the reciprocal-space relation, L = 27/Q, yields a characteristic

length scale of 3.9 nm.
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Figure 3.3: Differential scattering signal of the SACLA pressure cell measurements at
50 bar. (a) Contour map of the time-dependent scattering response for a pulse energy of Eyor = 6 pJ.
Dashed black lines denote negative contour levels (—0.7, —0.5, —0.4), while solid black lines indicate
positive contour levels (0.32, 0.55, 0.8, 1.5, 2, 2.5). (b) Line plots of the time-dependent scattering
response at 6 pJ. Shaded regions represent the propagated uncertainty evaluated using Equation
(2.19). The marker highlights the local maximum at 7 = 0.6 ps.

The low-@Q response grows in magnitude and shifts toward smaller momentum transfer with in-
creasing time delay. For 7 > 3 ps, the response gradually decays until it is comparable to zero within
experimental uncertainty for 7 > 6 ps. The appearance of this feature on nanometer length scales
and picosecond timescales is qualitatively aligned with the formation of heterogeneous radiation

~

track structures at the onset of the chemical stage of radiolysis (within 1 ps) [1,44-47]. We return
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to this interpretation in Chapter 5. Unlike previously reported valence-ionization dynamics in liquid
water [35,70,108,109], however, which evolve primarily on femtosecond timescales, the observed re-
sponse persists well into the picosecond regime, indicating that hard X-ray core ionization produces

significantly longer-lived structural perturbations in bulk liquid water.

3.1.4 Pressure Dependence

To investigate whether the low-(Q) response is sensitive to pressure-dependent thermodynamic pa-
rameters, additional measurements were performed at SACLA at an elevated pressure of 150 bar
while maintaining identical temperature conditions and approximately equal pulse-energy distribu-
tion (Figure 3.1). Figure 3.4(a) shows the differential scattering response as a contour map for
Eyor = 6 pJ. As can be seen, the overall temporal evolution remains unchanged at elevated pressure:
the high-Q negative—positive scattering signature associated with ultrafast heating is preserved, and
the low-Q) feature appears initially broad at 0.6 ps, increases in magnitude and shifts toward lower
momentum transfer with increasing time delay, and eventually decays after 7 = 3 ps.

A more direct quantitative comparison between the two pressure conditions is presented in Figure
3.4(b), where the differential scattering profiles are overlaid at all available pump—probe delays (Table
3.1). Within experimental uncertainty, the scattering responses at 50 bar and 150 bar overlap across
the low-@ and high-@Q regions—the local maximum near @ = 0.16 A" exhibits very little shift in
position with increasing pressure, and the amplitude and the shape of the thermal high-Q) response
is similar between the two measurements.

The absence of a substantial pressure dependence suggests that the observed dynamics are not
strongly coupled to macroscopic thermodynamic changes over the investigated pressure range. More
specifically, the persistence of the low-@Q) feature at elevated pressure indicates that the resulting
structural perturbation is robust against moderate densification of the liquid. At 50 bar, the density
of liquid water is p = 997.83 kg/m?, whereas at 150 bar, p = 1002.2 kg/m? [09]. The increase in
pressure thus corresponds to a marginal density increase of only ~0.44%, which is in line with the

negligible pressure dependence observed in the measured scattering response.

3.2 LCLS Pressure Cell Measurements

While the SACLA pressure-cell measurements revealed a reproducible low-@Q structural response
that evolves on picosecond timescales across both pressure conditions, the temporal sampling was
limited by the discrete pump-probe delays accessible in the experimental configuration. Namely,
the measurements probed delays at 7 = 0, 0.2, and 0.6 ps, followed by longer time delays up to
100 ps. However, the intermediate temporal windows between 0 < 7 < 0.2 ps and 0.2 < 7 < 0.6 ps
were not resolved. In turn, this missing temporal region is of particular importance, as it bridges

the transition between ionization events occurring on femtosecond timescales and the onset of the
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Figure 3.4: Differential scattering signal of the SACLA pressure cell measurements at
150 bar. (a) Contour map of the time-dependent scattering response for a pulse energy of Eyy; =
6 pJ. Dashed black lines denote negative contour levels (—0.6, —0.4, —0.3), while solid black lines
indicate positive contour levels (0.42, 0.6, 0.8, 1.6, 2.1, 2.5). (b) Line plots of the time-dependent
scattering response at 6 pJ. Solid lines correspond to a pressure of 50 bar, whereas dashed lines
illustrate the 150 bar dataset. Shaded regions represent the propagated uncertainty evaluated using
Equation (2.19). The marker highlights the local maximum at 7 = 0.6 ps.

chemical stage. For example, it is expected that the secondary electron ionization cascade concludes
within 0.1 ps [110]. At the same time, electron hydration occurs within 0.26 ps [37,73, 111, 112].
Both of these timescales lie within the unresolved temporal window. Accordingly, any scattering

response evolving before 0.2 ps and between 0.2 and 0.6 ps may contain critical information about the
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coupling between electron ionization and the formation of the observed nanometer-scale structural
perturbations.

Overall, although the SACLA measurements establish the existence of a low-Q) response con-
sistent with picosecond structural evolution, they do not fully resolve the early-time dynamics of
this feature. This limitation motivated complementary measurements at LCLS. Unlike SACLA, the
LCLS SDO was capable of sampling continuous pump-probe delays, albeit over a reduced maxi-
mum delay range of 3.6 ps. This enabled improved access to the sub-picosecond regime. Since the
SACLA measurements demonstrated negligible pressure dependence, the LCLS measurements were
conducted slightly above ambient pressure, at 2 bar, to provide a continuous fresh water supply in
the flow cell.
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Figure 3.5: Distribution of snapshots for the LCLS pressure cell measurements. (a)
Number of snapshots contained within each pump—probe delay bin after binning with a width of
0.140.075 ps. Filled-cell measurements are shown in black and empty-cell measurements in blue. (b)
Probability distribution of the total pulse energy (bottom panel) and pump—probe energy splitting
ratio (top panel) for the filled-cell configuration, averaged over all sampled time delays up to 3.6 ps.

The distribution of snapshots after grouping into delay bins of width 0.1 + 0.075 ps is shown
in Figure 3.5(a) for both the filled-cell and empty-cell measurements. As detailed in Chapter 2,
the empty-cell measurements were scanned only up to 2 ps, whereas the filled-cell measurements
extended to the maximum accessible time delay of 3.6 ps. To improve temporal sampling within
the unresolved time window identified in the SACLA measurements, a larger number of runs were
acquired at early delays. At later delays, approximately 20,000 snapshots were collected per delay
bin. The pulse-energy distribution is given in Figure 3.5(b). Unlike SACLA, where the SDO em-
ployed wavefront division [79], the LCLS SDO used amplitude splitting [30]. As a result, the total

pulse-energy distribution was skewed toward lower energies. On average, the total pulse energy
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measured at LCLS was Ey; = 2.35 1J, with an average pump pulse energy of Epymp = 1.2 uJ. This

corresponds to an average pump-probe splitting ratio of 51.1%.

3.2.1 Validation of Diamond Contributions

The detector geometry at LCLS encompassed the momentum transfer region ) € [0.088,2.113] A
The detector geometry was calibrated independently from the SACLA measurements using powder
diffraction from a lanthanum hexaboride (LaBg) standard [113] and refined using the pyFAI analysis
package [114]. The distance between the detector surface and the X-ray sample interaction point

was 20.72 cm.
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Figure 3.6: Validation of the LCLS pressure cell measurements. (a) Static time-zero response
for all pulse-energy values. Results are overlaid on reference data from [2] at 27°C and [3] at 25°C.
Each curve is normalized by its respective maximum and markers are plotted every second data point
for visual comparison. Error bars in the present dataset were computed using Equation (2.18). The
color bar indicates increasing pulse energy from 1 pJ to 7 pJ. (b) Differential scattering from the
empty-cell at 7 = 0, 1, and 2 ps for a total pulse energy of 1 uJ (open circles) and 6 pJ (filled
circles). Markers are plotted every third data point for visual comparison.

Figure 3.6(a) compares the normalized scattering signal, S (Q, 7, Etot)water, Obtained using Equa-
tion (2.15) at a pump-probe delay of 7 = 0 (time zero), for all pulse energies with reference scattering
curves for liquid water [2,3]. Overall, the measured scattering response agrees well with the literature
values. A slight reduction in scattering is observed for ¢ > 2.05 Ail, which is attributed to masking
near the detector edge. This does not affect the findings reported here, however, as the primary focus
of the LCLS measurements is the early-time dynamics of the low-@Q feature. Furthermore, since the

linear correlation between the diffraction peak position and temperature is valid up to the boiling
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point of water (Equation 3.1), corresponding to a maximum peak position of Q = 2.16 A_l, a reli-
able heating estimate could not be extracted from the LCLS dataset. Together with the validation
shown in Figure 3.2(a), these results confirm the reliability of the detector calibration, azimuthal
integration, and data-reduction workflow employed in both experiments.

The LCLS measurements also enabled a direct assessment of the time-dependent scattering
dynamics from the diamond windows. As the LCLS experiment sampled the empty-cell response
continuously up to 2 ps, this allowed computing the differential scattering response of the empty-cell
in the same manner as the filled-cell configuration. Figure 3.6(b) compares the differential scattering
signal evaluated from the empty-cell measurements at three representative pump—probe delays: time
zero, 1 ps (intermediate stage), and 2 ps (late stage), for the lowest and highest available pulse-energy
bins of 1 pJ and 6 pJ, respectively. Across all delays and pulse energies, the differential scattering
signal remains centered around zero and displays no pronounced time or energy dependence. This
indicates that the diamond-window dynamics are negligible, if present at all, and suggests that they

do not introduce measurable bias into the extracted liquid water scattering response.

3.2.2 Early-Time Structural Dynamics

The time-resolved differential scattering response measured at LCLS for a total pulse energy of
Fiot = 6 pd is shown in Figure 3.7. The same pulse-energy bin is selected as in Section 3.1 to
allow a direct comparison between the two datasets. In addition, to emphasize the low-@Q structural
dynamics identified in the SACLA measurements, the figures shown here focus on the momentum-
transfer region below @ = 0.5 A™". The full momentum-transfer range is provided in Appendix
A. Figure 3.7(a) presents the differential scattering signal, AS (Q, T, Etot), obtained using Equation
(2.16), as a contour map as a function of pump-probe delay and momentum transfer. Similar
to the SACLA measurements (Figures 3.3 and 3.4), a broad positive low-@Q feature emerges on
sub-picosecond timescales. With increasing time delay, the feature narrows, shifts toward lower
momentum transfer, and increases in magnitude. The response reaches its maximum amplitude
near 7 = 1.5 ps before gradually decaying, within the accessible measurement window, for 7 > 3 ps.
This temporal evolution closely resembles the behavior observed at SACLA, indicating that the
dynamics are reproducible across both XFEL facilities and experimental configurations.

The corresponding differential scattering line profiles are shown in Figure 3.7(b). Closely in-
specting the profiles reveals the emergence of a statistically significant low-Q signal at 7 = 0.4 ps.
This time delay was not probed in the SACLA measurements and highlights the improved sub-
picosecond temporal resolution achieved at LCLS. For 7 < 0.4 ps, no statistically significant signal
was observed within experimental uncertainty. Furthermore, the line profiles demonstrate that the
low-Q feature develops progressively between 0.4 < 7 < 1.5 ps rather than appearing abruptly at a

single time delay. Within this temporal region, also, the scattering profiles exhibit distinct maxima
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Figure 3.7: Differential scattering signal and dynamics at LCLS. (a) Contour map of the
time-dependent scattering response for a pulse energy of E;,; = 6 pJ. Black lines denote positive
contour levels (0.7, 0.9, 1.2, 1.5, 2.2, 3, 4). (b) Line profiles of the time-dependent scattering
response at 6 uJ. Shaded regions represent the propagated uncertainty evaluated using Equation
(2.19). Markers indicate the local maxima at each time delay, computed using Equation (3.2). (c)
Temporal evolution of the radial length scale from LCLS (triangles) and SACLA (cross). Error bars
are calculated using Equation (3.3). The solid line shows a linear fit to the LCLS data with a slope
of 1,716 + 79 m/s. The grey shaded region highlights the uncertainty of the fit.

for @ < 0.3 A™'. In contrast to the SACLA measurements, where only a single well-defined low-
@ maximum at 0.6 ps was identified and no systemtatic tracking of peak evolution was required,
here, the improved temporal sampling enabled observation of the peak evolution across multiple
pump-probe time delays. As such, to ensure a robust determination of the peak position, a local
centroid-based estimator was employed for all delays where a peak was clearly visible (between 0.4 ps
and 1.5 ps).

For each delay, an initial peak location was first identified from the discrete maximum of
AS(Q, T, Eyop) within Q < 0.5 A™". The peak position was then refined using an intensity-weighted

centroid (first-moment) estimator [115]:

Ciew QiAS(Qi. 7, Fir) (32)
> iew AS(Qi, 7, Eror)

Qpeak: (7-7 Etot) =

where W = [iymaz — 3,%maz + 3] denotes a symmetric window around the discrete maximum. This
approach assumes that the true peak of an experimental signal can be locally approximated by a
symmetric distribution where the center of mass provides a more stable estimator than the index
of maximum value alone. Such an approach has been shown to be robust against experimental

noise in X-ray diffraction measurements [116]. The uncertainty in the extracted peak position was
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propagated according to [117]:

Zzgw(Qz - Qpeak)QJQ(in T, Etot)AS‘

; (3.3)
(Ziew AS’(Qi, T, Etot)) ’

(7, Erot) Qpear, =

where 0%(Q;, T, Erot) og is the propagated uncertainty calculated with Equation (2.19) at a given
Q-value, @;, in the vicinity of the peak. To this end, of particular importance is the peak position
at 7 = 0.6 ps, as it provides a quantitative comparison with the SACLA dataset. At this delay,
the peak is located at @@ = 0.168 A_l, evaluated from Equation (3.2). This corresponds to a
characteristic real-space length scale of 3.74 nm (L = 27/Q), which is in close agreement with the
value of 3.9 nm obtained from the SACLA measurements (Figure 3.3(b)) and further supports the
consistency between the two datasets.

To track the real-space evolution of the low-Q feature, the extracted peak position in momentum
space is mapped onto a physical length scale. As opposed to a full Fourier-space inversion, where
a periodic density modulation would correspond to a characteristic real-space length scale of L =
27/Q, here we assume that the present signal arises from localized, approximately spherical density
perturbations. In this case, the peak position can be associated with an effective radial length scale
through the momentum-to-real space conversion of r(7) = m/Qpeak (7). Relative to the characteristic
length scale obtained from full Fourier-space inversion, this is equivalent to mapping the scattering
peak with a radius rather than a full spatial period. Inherently, this assumption rests on the
structural perturbation being azimuthally symmetric, an assumption that is revisited and validated
in Chapter 4.

The evolution of the radial length scale is given in Figure 3.7(c) for 0.4 < 7 < 1.5 ps at 6 uJ.
As can be seen, the temporal evolution is approximately linear within experimental uncertainty.
To better quantify this behavior, the radii were fitted using a weighted least-squares regression,
r(7) = at + b, with the propagated uncertainty from Equation (3.3) used as the weighting factor.
From the fitted slope parameter, an effective propagation velocity of 1,716 + 79 m/s was obtained.
The fitted linear profile captures the SACLA data point from the 50 bar measurements (overlaid for
comparison) within the uncertainty band, suggesting that the structural dynamics observed in both
experiments originate from the same underlying mechanism and manifest as a uniformly expanding

disturbance.

3.3 Summary

In summary, this chapter presented the time-resolved X-ray scattering measurements of liquid water
enclosed in a high-pressure flow-cell. The experiments were performed at SACLA and LCLS and

were designed to probe the structural response of liquid water over picosecond timescales following
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hard X-ray ionization, while also assessing the influence of pressure on the observed dynamics.
At SACLA, the measurements were performed at 50 bar and 150 bar using discrete pump-probe
delays spanning 0-100 ps and the momentum transfer region of ) € [0.094, 2.714] A™'. The resulting

normalized differential scattering intensity consisted of two primary components:
1. a high-Q negative—positive feature associated with ultrafast heating, and
2. a low-@Q positive feature that emerges on sub-picosecond timescales.

The latter initially appears as a broad enhancement that increases in magnitude and shifts toward
lower @Q-values with increasing time delay before decaying after 7 = 3 ps. The features were observed
consistently across pressure conditions, indicating that the dynamics are insensitive to moderate
changes in macroscopic thermodynamic properties.

Additional measurements at LCLS, encompassing @ € [0.088, 2.113] Ail, complemented the
experimental campaign at SACLA by providing continuous time delay sampling and finer temporal
resolution in the sub-picosecond regime, i.e., for 7 < 1 ps. The LCLS data confirmed the development
of a similar low-Q) feature at 0.4 ps, followed by gradual amplification between 0.4 and 1.5 ps. In
addition, the temporal evolution observed at LCLS qualitatively and quantitatively reproduced the
key characteristics observed at SACLA, including the appearance of a maximum in the normalized
scattering intensity at 0.6 ps corresponding to a ~4 nm spatial correlation. This established the
consistency of the results across distinct experimental configurations and detector geometries.

A central result from the analysis of the LCLS dataset was the evolution of the peak position in
reciprocal space. By mapping this evolution into an effective radial length scale, the data revealed
a linear increase with an effective propagation velocity on the order of ~1,700 m/s.

Despite the robustness of the aforementioned results, several important questions remain unre-
solved. First, although the low-@Q feature was observed to decay for 7 > 3 ps, the long-time evolution
of this decay could not be fully characterized within the accessible measurement window. In par-
ticular, it remained unclear whether the low-@Q) feature dissipated entirely or redistributed toward
lower momentum transfer over the probed delays. This uncertainty was primarily driven by the sec-
ond limitation, which originated from the detector geometry itself. More specifically, the detector
geometry restricted the reliably accessible momentum-transfer region to @@ > 0.1 A m turn, the
region below 0.1 A™" remained inaccessible, preventing direct observation of the nanometer-scale
spatial correlations at later time delays. Taken altogether, these limitations motivated further in-
vestigation utilizing a different detector geometry. This forms the basis for the subsequent chapter,

which presents time-resolved measurements in a liquid jet geometry.
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3.4 Statement of Contributions

The work presented in this chapter was conducted as part of collaborative experimental campaigns
at the SACLA and LCLS XFEL facilities.

My contributions included participating in both experimental campaigns, performing online data
analysis during the beamtime, independently developing the offline data reduction and analysis tools
used throughout this chapter, analyzing and interpreting the experimental results, preparing all
figures, and writing this chapter. Although the overall experimental design was developed collab-
oratively, I contributed to planning the measurements by advising on the selection of pump—probe
time delays to be scanned. The high-pressure flow cell was developed by Priyanka Muhunthan and
Guillaume Vignat.

For the SACLA experiment, operation of the high-pressure sample environment was carried out
by Haoyuan Li. X-ray beam delivery and operation were supported by Sanghoon Song and Yanwen
Sun, while beamline operation and technical support were provided by Taito Osaka and Ichiro Inoue.
Scientific direction and oversight of the project were provided by Diling Zhu and Matthias Thme.

For the LCLS experiment, the high-pressure sample environment was operated by Priyanka
Muhunthan, Taekeun Yoon, Guillaume Vignat, and Haoyuan Li. X-ray beam operation was sup-
ported by Yanwen Sun, Sanghoon Song, and Takahiro Sato. Scientific direction was provided by
Diling Zhu and Matthias Thme.



Chapter 4

Intrinsic Structural Dynamics from

Jet Measurements

The previous chapter unraveled the structural dynamics of liquid water radiolysis initiated by hard
X-ray ionization. From these measurements, a feature was identified between 0.1 < @ < 0.3 A" that
evolves on picosecond timescales and nanometer length scales. Due to the experimental geometry,
however, access to momentum transfers below ~0.1 A7 could not be achieved, leaving the dynamics
not fully resolved, particularly for long time delays (10 < 7 < 100 ps). This was overcome through
a complementary experimental campaign at SACLA utilizing a liquid jet geometry. In addition, to
obtain a wide momentum-transfer range, standalone SAXS and WAXS detectors were employed. The
results of this experimental campaign are presented herein. The experimental setup and geometry

are illustrated in Figure 4.1.

4.1 Experimental Overview

Similar to Section 3.1, the experiments were conducted at beamline 3 (BL3) [90] of SACLA with
an X-ray energy of 10 keV. To investigate the influence of temperature on the structural dynamics,
measurements were performed for a liquid water jet at ambient temperature (20°C) and heated jet at
80°C, both delivered at atmospheric pressure. The pump—probe delays sampled at each temperature
condition are summarized in Table 4.1.

The corresponding pulse-energy distributions for the pump and probe pulses are shown in Figure
4.2 for the 20°C measurements, where the data are grouped according to the time delay and plotted
cumulatively over all sampled delays. The pump—probe splitting ratio is also displayed for each
snapshot. The pulse-energy distribution for the 80°C measurements is given in Section 4.8. In order

to enable a systematic analysis of the pulse-energy dependence in this chapter, and as discussed in

34
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Chapter 2, the snapshots were filtered at each time delay based on the relative pulse energies of the
pump and probe beams—only shots satisfying Epymp/Eior = 0.5 £ 0.1 were retained, as indicated
by the shaded region in Figure 4.2(a). This criterion ensured nearly symmetric probing conditions

while reducing shot-to-shot variability.

um
probe pump

Figure 4.1: Time-resolved hard X-ray scattering setup for the jet measurements at
SACLA. An XFEL pulse with a photon energy of 10 keV was used, and the scattered photons
were collected by two MPCCD detectors covering the small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS) regions. The SAXS detector was placed directly along the
X-ray propagation axis, whereas the WAXS detector was rotated 35° off-axis. The water jet was
enclosed within a helium chamber (not shown for clarity).

Temperature (°C) Time Delay (ps)
20 0.1, 0.8, 2, 6, 10, 15, 25, 40, 50, 75, 100
80 0, 0.8, 2, 6, 9, 10, 16, 18, 20, 22, 25, 30, 35, 40, 45, 50, 75, 100

Table 4.1: Summary of time delays scanned at SACLA using the liquid jet. The experi-
ments were performed at atmospheric pressure for both temperature conditions.

The filtering procedure yielded ~10,000 snapshots at each time delay, which were subsequently
grouped into seven equally spaced energy bins with 1 uJ intervals. The lowest energy bin was
centered around Fi,; = 2 pJ, whereas the highest was around FE.,; = 8 puJ. Averaged across all
time delays, the mean pump pulse energies were Epymp = 2.22 pJ and 2.73 pJ at 20°C and 80°C,
respectively. The corresponding mean total pulse energies were Ejoq = 4.47 pJ and 5.62 puJ for
the two temperature conditions, giving approximately even average pump—probe splitting ratios of
49.7% and 48.6%, respectively. For both the pump and probe distributions, more than >90% of the
snapshots had pulse energies below 5 pJ.
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Figure 4.2: Pulse-energy distribution for the SACLA jet measurements at 20°C. (a)
Pump—probe energy splitting ratio as a function of the total pulse energy. Grey markers denote
the full dataset, whereas the colored markers highlight the filtered region around Epymp/Etor = 0.5
retained for further analysis. Pulse-energy distributions at each time delay for the (b) pump and
(c) probe pulses. Each successive time delay is cumulatively overlaid on earlier delays for visual
comparison. The black curve outlines the total number of snapshots accumulated over all sampled
delays.

4.2 Detector Masking, Calibration, and Validation

In order to maximize the accessible momentum-transfer range in the jet measurements, a refined
detector masking procedure was also implemented. For the SAXS detector, in addition to masking
detector edges and gaps, regions in the immediate vicinity of the beam stop were excluded from
the analysis due to spurious saturation. For the WAXS detector, which was positioned off-axis
relative to the X-ray interaction region (details in Section 2.5.2), a geometric shadow was present
over a localized region of the detector surface. This region was likewise masked to ensure accurate
resolution of the water diffraction peak and to enable reliable estimation of the heating response
observed in Section 3.1. The resulting detector masks are shown in Figure 4.3 for both detectors.
Beyond masking corrections, each MPCCD detector was calibrated independently. Since the
SAXS detector was positioned directly along the X-ray propagation axis, only minimal calibration
was required beyond determination of the sample-to-detector distance. In turn, this was measured

during the experiment to be 90 cm. The WAXS detector, on the other hand, required additional
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Figure 4.3: Detector masks for the SACLA jet measurements. Averaged SAXS detector
image at 7 = 2 ps shown (a) before and (b) after masking. Averaged WAXS detector image at
7 = 0.1 ps shown (c¢) before and (d) after masking. The red rectangle highlights the shadow arising
from the experimental geometry and off-axis detector rotation. A triangular mask was applied to
exclude this region from the analysis.

calibration due to its off-axis placement. To this end, the detector geometry was optimized using
pyFAI [114] with reference to a LaBg calibration standard [113] as follows. During the experi-
ment, the scattering pattern from LaBg was measured. The observed diffraction-ring positions
were then matched to the known reference ring positions [113] through the pyFAI optimization
procedure [114]. This calibration yielded the detector solid angle, sample-to-detector distance,
and momentum-transfer map (Q-map) required for azimuthal integration of the WAXS data. The
sample-to-detector distance was determined to be 23 cm. Overall, the SAXS detector covered the
momentum transfer region of @ € [0.01225,0.5115] Ail, whereas the WAXS detector encompassed
Q € [1.696,3.396] A"

As an additional validation step, the near-time-zero response was examined for both the SAXS
and WAXS detectors. Note that a true 7 = 0 measurement was not sampled in the jet experiment at
20°C. However, the LCLS measurements presented in Chapter 3 established the lack of statistically
significant low-Q dynamics prior to 7 = 0.4 ps. As a result, the scattering response at 7 = 0.1 ps

was adopted as the static reference throughout this section. This choice is validated in Figure 4.4,
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which shows the normalized scattering signal from the SAXS detector at 7 = 0.1 ps and compares
the WAXS signal against established reference datasets. For the latter, the most recent liquid water
reference scattering data measured at 22°C [4] is overlaid to provide a stringent benchmark. Figure
4.4(a) demonstrates that the SAXS signal at 7 = 0.1 ps exhibits no systematic dependence on
pulse energy, indicating the absence of detectable structural dynamics at this pump—probe delay.
Moreover, Figure 4.4(b) confirms this behavior for the WAXS detector and further verifies the
detector calibration and correction procedures. Together, these results justify the use of 7 = 0.1 ps

as the static scattering reference.
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Figure 4.4: Validation of the SACLA jet measurements at 20°C. (a) SAXS profiles at
7 = 0.1 ps obtained after dark subtraction using Equation (2.13) for all pulse-energy bins. The
color bar indicates increasing pulse energy from 2 puJ to 8 pJ. (b) WAXS signal for all pulse-energy
values. Results are overlaid on reference data from [2] at 27°C, [3] at 25°C, and [4] at 22°C (Advanced
Photon Source dataset). Each curve is normalized by its respective maximum. Markers are plotted

. . -1 . . - .
every third data point for Q@ < 2.04 A™" and at every data point otherwise to facilitate visual
comparison. Error bars in the present dataset were computed using Equation (2.17).

4.3 Evolution of the Two-Dimensional Small-Angle X-ray
Scattering Signal

Compared to the pressure-cell measurements presented in Chapter 3, the detector geometry in the
jet measurements provided substantially improved access to the low-@Q region, with the minimum
accessible momentum transfer reduced by roughly an order of magnitude (Qmin jot = 0.1Qmin,cell)-
Hence, prior to performing azimuthal integration, the corrected two-dimensional SAXS detector

images were inspected directly after masking, calibration, and pulse-energy filtering. Representative
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detector images are illustrated in Figure 4.5.

As can be seen in Figure 4.5(a), at the lower pulse energy of 3 uJ, a faint, broad ring-like feature
begins to emerge on the detector by 0.8 ps. At 2 ps, this feature is discernible and spans the low-Q
region (Q < 0.2 Afl). With increasing time delay, the signal increases in intensity and progressively
shifts toward the beam stop (dark notch at Q, = 0 A_l), i.e., toward lower momentum transfer
values. Unlike the pressure-cell measurements, however, the signal does not decay for 7 > 3 ps.
Instead, the feature remains visible up to at least 10 ps.

The evolution of the low-Q feature is better elucidated at higher pulse energy (6 pJ), as shown
in Figure 4.5(b). At this higher pulse energy, the persistence of the low-Q response becomes more
evident. Rather than decaying by 10 ps, the signal develops into multiple ring-like features that
exhibit similar dynamics. In particular, the additional features initially appear broad, then sharpen,
shift toward lower Q-values, and increase in magnitude with time delay. The persistence and multi-
plicity of these features indicate that the low-Q response is significantly longer-lived than previously
inferred from the pressure-cell measurements. Even at 7 = 75 ps, a pronounced signal remains
clearly visible, although it weakens substantially by 100 ps. This motivates quantitative analysis of

the azimuthal symmetry and radial evolution presented in the following section.

4.3.1 Symmetry of the Structural Dynamics

The investigation of azimuthal symmetry provides important information about the physical origin of
the observed low-@Q) dynamics. This is because photoelectron emission induced by linearly polarized
X-rays, such as those employed at SACLA [90] and LCLS [91], is intrinsically anisotropic [118]. As
such, it follows an angular distribution governed by the polarization axis [119]. Consequently, if
the observed ring-like scattering features in Figure 4.5 originated primarily from directional electron
dynamics, then a pronounced azimuthal dependence would be expected. Additionally, polarization-
dependent scattering effects can introduce azimuthal intensity variations, although these effects
are typically more significant in the wide-angle scattering regime [120]. Conversely, an isotropic
scattering response in the SAXS regime would suggest that the dynamics are driven by radially
symmetric structural perturbations in the liquid.

To investigate this, the azimuthal dependence of the low-Q rings was examined at three repre-
sentative time delays (7 = 2,10, and 40 ps), as illustrated in Figure 4.6. The selected pump-probe
delays were chosen such that they span qualitatively distinct stages of the dynamics: (a) 7 = 2 ps,
where a single dominant ring-like feature is present; (b) 7 = 10 ps, where two rings are clearly re-
solved; and (c) 7 = 40 ps, where three ring-like features are visible simultaneously. For each feature,
a circular contour centered on the calibrated beam position was overlaid on the two-dimensional
detector images. The circular contour passed through the midpoint of the corresponding ring, de-
termined by locating the maxima of the radially integrated intensity profile. The two-dimensional

scattering intensity was then azimuthally sampled along each contour over the full angular range
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Figure 4.5: Two-dimensional SAXS detector images for the SACLA jet measurements
at 20°C. Results shown are zoomed in on the low-@ region and are displayed for all sampled time
delays measured at total pulse energies of (a) 3 pJ and (b) 6 pJ.
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Figure 4.6: Azimuthal analysis of SAXS detector images for the SACLA jet measure-
ments at 20°C. Results shown are for 7 = 2 ps (a), 10 ps (b), and 40 ps (c). The left column
shows the two-dimensional images for F;,; = 6 pJ overlaid with circular contours at different radii:
cyan (outermost), magenta (middle), and green (innermost). The cross marker represents the SAXS
detector center. The right column shows the corresponding azimuthally integrated intensity profiles
as a function of azimuthal angle for each radius. The integration was performed over a thin annular
band extending 45 pixels about each radius, except for the innermost ring, where the integration
spanned +4 pixels due to its proximity to the beam stop. Solid lines indicate results at a pulse
energy of 6 pJ, while dashed lines correspond to 3 uJ.

between 0°-360° for both pulse-energy conditions presented in Figure 4.5 (3 uJ and 6 pJ).

For all time delays and pulse energies, the azimuthal intensity does not demonstrate strong
angular dependence—the scattering intensity remains approximately constant on either side of the
beam stop and shows no preferred orientation relative to the X-ray polarization axis. Within the
sensitivity of the SAXS measurement, this isotropy rules out a direct anisotropic electronic origin of
the low-@Q response. Rather, it favors a radially symmetric structural rearrangement in liquid water.
Furthermore, the continued symmetry across multiple rings and time delays (Figures 4.6(b) and
(c)) suggests that the dynamics evolve through the propagation of isotropic structural perturbations

throughout the entirety of the measurement window, not just at early time delays.
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4.4 Azimuthally Integrated SAXS Response

Since the two-dimensional SAXS response was found to be azimuthally symmetric, the scattering sig-
nal was reduced to one-dimensional radial profiles through azimuthal integration (details in Chapter
2). The resulting normalized differential scattering intensity, computed with Equation (2.16) with
time-zero taken as 7 = 0.1 ps, is shown as a function of momentum transfer in Figure 4.7 for a
total pulse energy of 6 uJ at all sampled time delays. The ring-like features observed in Figure 4.5
manifest as local maxima in AS(Q,7, Ey). At the earliest sampled delay (7 = 0.8 ps), the low-Q
response remains weak and broadly distributed in momentum space. Nevertheless, it is marked by
the formation of a faint peak at Qpeqr = 0.11 Ail, corresponding to a characteristic length scale
of 5.7 nm. Although the feature is broad, its appearance is consistent with the nanometer-scale
response observed in the pressure-cell measurements (Figures 3.3, 3.4, and 3.7). Note that the rela-
tively weak appearance of the signal at this delay reflects the substantially larger low-(Q) amplitudes
reached at later pump—probe delays; this is in contrast to the pressure-cell measurements where the

signal weakened at longer delays due to the restricted reciprocal-space window.
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Figure 4.7: Differential scattering signal of the SACLA jet measurements at 20°C. Results
are shown for a total pulse energy of Fi,: = 6 pJ. Error bars are computed using Equation (2.19),
where 7 = 0.1 ps is taken as time-zero. Markers denote the local maxima at each time delay,
determined using the procedure outlined in Section 3.2.2. Curves corresponding to successive pump—
probe delays are offset for clarity, displayed on identical momentum-transfer and intensity axes.

With increasing pump—probe delay, the scattering intensity increases in magnitude, narrows in
reciprocal space, shifts toward lower momentum transfer, and develops a single pronounced peak for
7 < 10 ps. Notably, this early-time behavior closely resembles the low-() dynamics observed in the
pressure-cell measurements, thereby confirming that the previously observed response is intrinsic to
liquid water rather than being a consequence of any pressure-cell artifacts.

For time delays longer than 10 ps, however, the improved low-() access reveals qualitatively
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new behavior that was not attained in the earlier measurements. More specifically, as opposed to
undergoing a monotonic decay, additional peaks emerge in the scattering intensity for @ < 0.05 A_l,
with each successive peak appearing to follow similar dynamics as the first. The emergence of
these peaks in this reciprocal space region explains why they were not detected in the pressure-cell
measurements. In other words, while the intensity appeared to decay in the pressure-cell geometry
for 7 > 3 ps, it is now apparent that this is because the relevant features shifted outside the accessible
momentum-transfer window. In fact, the scattering intensity in the present measurements remains
prominent up to 75 ps. Only for 7 = 100 ps does it weaken sufficiently such that distinct peaks can
no longer be reliably identified within experimental uncertainty.

The emergence of multiple well-defined peaks in the SAXS intensity points to the development
of spatially coherent density perturbations within the liquid [121]. Furthermore, the progressive
and continuous shift of the peaks toward lower momentum transfer suggests a sustained increase in
the associated real-space length scales of these perturbations [107]. At the same time, the peaks
become narrower and increase in magnitude with time delay, indicating that the perturbations evolve
into higher-contrast structures [34]. Collectively, these findings are consistent with an outward

propagation of density perturbations within the liquid.

4.4.1 Pulse-Energy Dependence

While the temporal evolution of the SAXS response establishes the existence of long-lived, propa-
gating density perturbations, the origin of these perturbations and their mutual interactions remain
unclear. Additional insight is obtained by characterizing the pulse-energy dependence of the scat-
tering intensity. To do so, the differential signal is plotted in Figure 4.8 as a function of total pulse
energy for the three representative time delays examined in Figure 4.6. As shown, the overall mag-
nitude of the signal increases systematically with increasing pulse energy, while the spatiotemporal
features and the positions of the local maxima remain unchanged. The invariance in peak positions
holds across all observed peaks and all time delays (additional results are provided in Appendix A).
This behavior suggests that the low-Q scattering response can be factorized into an energy-dependent

amplitude and a universal spatiotemporal function:

AS(Q, 7, Eror) = A(Euor) f(Q, T), (4.1)

where the function f(Q,7) is independent of pulse energy. This indicates that the pulse energy
primarily changes the magnitude of the structural response rather than its characteristic length
scales. As such, any additional contributions arising from interactions between density perturbations
would either average out over the ensemble of scattering events or remain unresolved within the
experimental @-resolution.

The pulse energy scaling is explicitly quantified in Figure 4.9(a), which shows that the peak
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Figure 4.8: Pulse energy dependence of the SACLA jet measurements at 20°C. Results
shown are for 7 = 2 ps (a), 10 ps (b), and 40 ps (c). The left column shows the differential scattering
signal computed using Equation (2.16) with 7 = 0.1 ps taken as time-zero. The color bar indicates
increasing pulse energy from 2 pJ to 8 uJ. Markers denote the local maxima at each corresponding
delay, determined using the procedure outlined in Section 3.2.2. The right column tracks the position
of the local maxima as a function of total pulse energy.

intensities scale quadratically with total pulse energy, i.e.:
A(Eot) o< B2, (4.2)

Given that Fyot = Epymp+ Eprobe from Equation (2.11) and that a symmetric pump-probe condition
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Figure 4.9: Pulse energy scaling of the SACLA jet measurements at 20°C. (a) Peak mag-
nitude as a function of total pulse energy for 7 = 2 ps, 10 ps, and 40 ps. Solid lines denote quadratic
fits through each set of peaks. (b) Normalized peak magnitude as a function of total pulse energy
for all identified peaks and all sampled pump—probe delays between 2 < 7 < 75 ps. Color coding
and markers follow the convention defined in the legend of Figure 4.7. The solid line represents a
common quadratic fit to all the data, with the shaded region indicating a £10% deviation band. All
peak magnitudes are normalized to their value at the highest total pulse energy bin (8 uJ).

was used to filter the snapshots, this scaling is equivalent to a bilinear dependence:

AS’(Q, T, Etot) = %EpumpEprobef(Qv T)' (43)

For a fixed probe condition, Equation (4.3) yields a linear response with respect to the pump energy.
Given that the pulse energy is directly proportional to the photon fluence (Equation 2.7), this implies
that the low-@Q dynamics arise from independent scattering sites within the X-ray illumination
volume, where the magnitude of AS (Q, T, Etot) scales proportionally with the number of impinging
X-ray photons. Equivalently, this indicates that each scattering site originates from a single-photon
absorption event.

Importantly, the bilinear dependence is observed globally for all identified peaks and for all time
delays at which the peaks are discernible (Figure 4.9(b)), where the normalized peak amplitudes
collapse onto a single quadratic function within ~10% deviation. The results presented in Figures
4.8 and 4.9 therefore demonstrate that the system remains in a linear regime with respect to the
X-ray irradiation over the explored energy range. We attribute the linearity to the incoherent
superposition of independent contributions from non-interacting scattering sites formed as a result

of X-ray ionization.



CHAPTER 4. INTRINSIC STRUCTURAL DYNAMICS FROM JET MEASUREMENTS 46

4.5 Real-Space Representation of the SAXS Signal

The pulse-energy scaling demonstrated that the observed low-Q response is brought about by in-
dependent scattering sites. Yet, the underlying source of these sites was not delineated. This is
due to the fact that in reciprocal space, oscillatory features in SAXS profiles can stem from a wide
variety of spatial morphologies, including spherical, cylindrical, and/or shell-like density distribu-
tions [121,122]. Direct fitting of the experimental SAXS data using standard form-factor models, as
well as recently developed unified descriptors [123], did not yield robust fits across all pump—probe
delays. An improved understanding was thus sought by transforming the scattering signal into real
space.

Unlike the pressure-cell measurements, where only length scales up to ~6 nm (= 27/Qmin,cell)
could be reliably extracted due to the the restricted low-Q range, encompassing only the first major
peak for 7 < 2 ps, the expanded Q-space access of the jet measurements enabled reconstruction
of transient real-space correlations up to length scales of ~50 nm. This substantially extended the
resolvable spatial window and allowed direct deconvolution of the time-resolved signal.

To obtain real-space information on the transient structural dynamics, the differential scattering
intensity was transformed into a radial density correlation function using a sine Fourier transform.

For an isotropic liquid, the reduced pair distribution function (RPDF) is defined as [124]:

Qmax
Gr) =2 / Q(S(Q) - Dsin(Qr)dQ, (4.4)

™

min

where S(Q) is the static structure factor. To isolate the pump-induced dynamics, the difference
signal relative to time zero was considered, such that AG(r,7) = G(r,7) — G(r,79). Using Equation
(4.4), this gives:

2 Qmax
AG(r,7) = ;/ QAS(Q, T)sin(Qr)dQ, (4.5)

where AS(Q,7) = S(Q,7)—S(Q, 7o) is the unnormalized change in structure factor. The normalized
differential scattering intensity, AS(Q, ), is related to AS(Q,7) through the atomic form-factor
weighting (combining Equations 2.8 and 2.9):

AS(Q, 7, Eror) = AS(Q, 7, Eror) Y _ |fo(Q)I*. (4.6)
O

The dependence on pulse energy is retained in Equation (4.6) for clarity. As such, the experimentally

accessible real-space signal can be written as:

Quax
AG(r, T, Eyor) = %/ QAS(Q, T, Etot)sin(Qr)dQ. (4.7)

min
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The transformed quantity, AG(r, 7, Eit), preserves the spatial correlations encoded in the scat-
tering data and is used to track the propagation of the dynamics in real space. The transform was
evaluated numerically on a discrete Q-grid, by first constructing a symmetric reciprocal-space signal
over the interval —Qmaqz jet,5aXs t0 +Qmax,jet,5aXS; Where Qmaz jet,saxs = 0.5115 A% from Section
2.5.2. Following that, the fast Fourier transform (FFT) [125] was computed as part of the NumPy
library [126] in Python v3.10.2. Since the scattering response is isotropic (Figure 4.6), the resulting
transform is equivalent to the sine component of the Fourier transform. Direct numerical evalua-
tion of the inverse Fourier integral yielded identical results within numerical precision. Finally, a
truncation was applied at high-Q) to suppress noise. The finite nature of the Q-range accessible in
the experiment limited the achievable real-space resolution to Ar = 1.23 nm (= 27/Qmaz,jet, SAXS)
and reduced sensitivity to spatial correlations beyond r > 49.3 nm (= 27/Qin jet). As a result, the
reconstructed real-space response is reliable only within the range 1.23 < r < 49.3 nm.

The real-space transform obtained for all sampled pump—probe delays at Ey,; = 6 pJ is shown in
Figure 4.10(a) as a contour map. Corresponding results at other pulse energies are given in Appendix
A. A negative AG(r, 7, Eyot) is observed at early time delays (7 < 10 ps) and for » < 5 nm. This is
followed immediately by an adjacent positive signal at larger distances. With increasing time delay,
both features broaden in real space, while the positive component propagates to larger distances.
The magnitude of both features remains comparable, which indicates an approximately balanced
redistribution of density in the sample occurring on picosecond timescales and nanometer length
scales following hard X-ray photoabsorption.

The evolution of the transformed signal is illustrated more clearly by line plots in Figure 4.10(b).
At early delays, the response consists predominantly of a compact negative feature followed by a pro-
nounced positive peak. As the delay increases, the positive peak broadens, decreases in amplitude,
and migrates towards larger r. Concomitantly, the negative feature becomes increasingly extended
in space. By 7 &~ 10 ps, a secondary oscillation begins to develop upstream of the leading positive
peak. The oscillation becomes prominent at 25 ps, consistent with the appearance of two peaks in
reciprocal space in the scattering intensity (Figure 4.7). The observed negative—positive signature
closely resembles the characteristic rarefaction—compression response expected from a propagating
hydrodynamic density perturbation. In this interpretation, the negative component of AG(r, 7, Etot)
corresponds to a transient local density depletion near each isolated scattering site, whereas the posi-
tive feature reflects a compressive density enhancement that propagates outward into the surrounding
liquid and dissipates with time.

Note that a weak residual signal is observed downstream of the leading peak for 7 = 6,10,
and 15 ps. This arises from the discrete implementation of the sine Fourier transform and the
construction of a symmetric reciprocal space over negative and positive Q-values. The downstream
signal is not present when performing the inverse Fourier transform analytically. However, it is worth

pointing out that the analytical formulation does not account for the finite nature of the Q-range
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Figure 4.10: Real-space representation of the SAXS response for the SACLA jet mea-
surements at 20°C. (a) Contour map of the reduced pair distribution function, AG(r, 7, Etot),
calculated with Equation (4.7) for Eiox = 6 pJ. (b) Line plots of AG(r, 7, Eiot) at 6 uJ for all
sampled pump—probe delays. Selected time traces for which a peak is prominent within the ex-
perimental resolution are highlighted with thicker lines, while the remaining curves are shown with
reduced opacity for comparison. Peak positions are indicated by cross markers. The grey shaded
region denotes the inaccessible real-space range imposed by the minimum @-value of the experiment,

Quin.jet = 0.01225 A~"

measured in the experiment. As a result, it does not reproduce the true experimentally accessible
real-space resolution. For this reason, the discrete transform described previously is retained—it
provides the most consistent representation of the measured data. Nonetheless, the magnitude of

these residual features is small (<20% of the maximum peak value). As such, they do not affect the
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physical interpretation of the signal; this will be further demonstrated in Chapter 6.

4.6 Comparison with Pressure Cell Measurements

It is instructive to compare the present measurements with the pressure-cell measurements presented
in Chapter 3 and draw parallels between the three datasets. This comparison serves not only to es-
tablish qualitative consistency in the observed dynamics but also to evaluate quantitative agreement
between the independently measured results. This comparison is done in Figure 4.11.

In Figure 4.11(a)—(c), representative contour maps from the previous SACLA pressure-cell mea-
surements and the present jet measurements are displayed for the same pulse-energy bin of 6 puJ. To
facilitate direct comparison, the region below @ = 0.1 A7 is overlaid with a semi-transparent grey
rectangle. Under this condition, the contour maps exhibit remarkably similar behavior. In both
cases, the low-@Q response emerges near ~1 ps and evolves identically thereafter. This agreement
demonstrates that the dynamics in both experiments are driven by the same physical mechanism,
identified in this chapter to be a hydrodynamic response arising from isolated scattering sites.

In Figure 4.11(d), the extracted real-space peak positions from Figure 4.10(b) are mapped di-
rectly on those obtained from the LCLS measurements (Figure 3.7(c)) to provide an all-encompassing
comparison. As can be seen, both datasets follow the same linear propagation trajectory with compa-
rable slopes, which agree within 4%, within the uncertainty of the fitting. The consistency between
the datasets and the quantitative agreement in the extracted propagation dynamics definitively
show that the previously observed nanometer-scale response corresponds to the early-time evolution
of the same long-lived density perturbation resolved in the present jet experiment. Importantly,
this comparison further solidifies that the apparent decay observed in the pressure-cell geometry
for 7 > 3 ps originated primarily from the restricted reciprocal-space window rather than from an

inherent dissipation of the structural dynamics.

4.7 Wide-Angle X-ray Scattering Response and Transient
Heating

The discussion has thus far revolved around the SAXS region. Yet, the WAXS region is sensitive to
short-range intermolecular structure and hydrogen-bond network rearrangements in liquid water [4].
As such, it provides a complementary probe to SAXS for assessing local structural changes linked
to energy deposition.

Figure 4.12(a) shows the WAXS profiles measured at all pump-probe delays for a total pulse
energy of E;,; = 6 pJ. Across all delays, the overall shape of the scattering signal remains unchanged.
However, a systematic shift of the main diffraction maximum toward higher momentum transfer is

observed with increasing delay. In liquid water, such a shift corresponds to a reduction in the average
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Figure 4.11: Comparison between the pressure cell and jet measurements. Contour maps of
the time-dependent scattering response from the SACLA pressure cell experiments at (a) 50 bar and
(b) 150 bar, and from the SACLA jet experiment at (c¢) 20°C and ambient pressure. The jet data are
shown with the same color scale, and the grey shaded region denotes the momentum-transfer range
inaccessible in the pressure cell detector geometry. All panels are generated for a total pulse energy
of 6 pJ. (d) Temporal evolution of the extracted real-space length scale from LCLS (triangles) and
SACLA jet measurements (crosses). Solid lines present linear fits to the data, with shaded regions
highlighting the associated uncertainty in the fit parameters. Error bars indicate the uncertainty in
the extracted peak position, estimated from the width of the RPDF peak and the local signal-to-

noise ratio.

intermolecular O-O distance and is commonly associated with an increase in temperature [4,101,102].
No signatures of structural disruption or phase transition are observed within the accessible time
window. This is illustrated more clearly in Figure 4.12(b), which presents the differential WAXS
signal, AS(Q, 7, Eror) = S(Q, 7, Eror) — S(Q, 0.1, Frot), for Eyy = 6 pJ. A negative positive feature

similar to that observed in the pressure-cell measurements (Figures 3.3(a) and 3.4(a)) is recovered.
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Together, these observations are consistent with moderate transient local heating induced by X-
ray photon absorption, while preserving the underlying liquid-state structure. Furthermore, they
demonstrate that the short-range structural response to hard X-ray irradiation is the same across
the experiments despite the differences in geometries and thermodynamic conditions.

To quantify the transient heating effect, the position of the main diffraction peak was extracted
for all delays and pulse-energy bins in Figure 4.12(c). The peak positions were determined by taking
the derivative of the scattering curves with respect to @, fitting the derivative with a third-degree
polynomial, and finding the Q-value where the derivative is zero. Such an approach was followed
previously to extract maxima in thermodynamic response functions [5]. Note that extracting the
peaks with the method defined in Section 3.2.2 does not significantly change the findings.

The peak positions were then converted into an effective temperature using the calibration in
Equation (3.1), and the transient temperature change, AT = T'(7) — T'(70.1) was computed. The
resulting evolution is given in Figure 4.12(d) for all pulse-energy bins. The maximum temperature
rise does not exceed AT = 10°C, which is comparable to the maximum increase of 12.5°C obtained in
the pressure-cell measurements (Section 3.1). These results additionally support the interpretation
that the WAXS response primarily reflects transient heating of the liquid where the bulk-like liquid
structure is retained.

Lastly, at longer pump-probe delays (7 2 75 ps), the inferred change in temperature displays
a partial decrease toward AT = 2-4°C. Since the WAXS peak position reflects the average O-O
distance and therefore the local temperature of the probed water, this decrease indicates thermal
relaxation of the initially heated volume. The characteristic length scale over which thermal diffusion
occurs can be estimated from L, ~ /a7y, where a is the thermal diffusivity. Taking a = 1.43 x
10~7 m? /s for liquid water at room temperature (20°C) [127] and 74, ~ 100 ps yields Ly, ~ 3.8 nm.
Note that such a decrease was not resolved in the pressure-cell measurements due to the more limited
@-space resolution. From Chapter 2, d@Q = 0.0267 A7 for the pressure-cell measurements, whereas
d@ = 0.01 A" near the water diffraction peak in the jet measurements. Figure 4.12(c) shows that
the late-time peak shifts are on the order of 0.01 A_l, which matches the jet resolution but is smaller

than the resolution of the pressure-cell measurements.

4.8 Temperature Dependence

To fully characterize the low-@Q structural dynamics and assess their dependence on temperature,
additional measurements were performed for a heated liquid water jet at 80°C. The sampled pump—
probe delays are summarized in Table 4.1, and the corresponding pulse-energy distributions are
provided in Figure 4.13. Although slightly higher pump and probe pulse energies were achieved for
the heated jet, the overall distributions remained similar to those obtained at 20°C (Figure 4.2). For

consistency, the snapshots were filtered using the same equally spaced energy bins and pump—probe
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ratios employed in the room temperature case, and the same analysis workflow was likewise followed.
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Figure 4.12: Wide-angle X-ray scattering response for the SACLA jet measurements at
20°C. (a) WAXS profiles as a function of pump-probe delay for a total pulse energy of Ei»: =
6 pJ. Each curve is vertically offset by 0.05 arbitrary units for clarity. The dashed black line
connects the peak positions obtained using the derivative method [5]. The curves are zoomed in
near the main water diffraction peak for emphasis. (b) Differential WAXS signal at E,; = 6 plJ.
(c) Peak positions as a function of time delay for all pulse-energy bins. Error bars denote the
propagated uncertainty from the derivative fitting procedure and the uncertainty in Equation (2.19).
(d) Transient temperature change at all pulse energies. The temperature is estimated using Equation
(3.1) with AT =T(7) — T'(70.1). Shaded regions represent the uncertainty obtained from the upper
and lower bounds of the peak positions in panel (¢). Colors correspond to the color bar in panel (c).

The scattering signal at time zero was validated in both the SAXS and WAXS regions using
the optimized detector geometry and detector masks from Section 4.2. The validation results are
given in Figure 4.14. Since elevated temperature reference datasets are not available in all of the

literature used for validation at room temperature, we resorted to results measured at 77°C in [3]
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Figure 4.13: Pulse-energy distribution for the SACLA jet measurements at 80°C. (a)
Pump—probe energy splitting ratio as a function of the total pulse energy. Grey markers denote
the full dataset, whereas the colored markers highlight the filtered region around Epymp/Etor = 0.5
retained for further analysis. Pulse-energy distributions at each time delay for the (b) pump and
(c) probe pulses. Each successive time delay is cumulatively overlaid on earlier delays for visual
comparison. The black curve outlines the total number of snapshots accumulated over all delays.

for comparison. Good agreement is obtained across the accessible momentum-transfer range. In
addition, the SAXS signal at 7 = 0 exhibits no measurable dependence on pulse energy. This is
consistent with the 20°C measurements at 7 = 0.1 ps (Figure 4.4(a)) and further supports the use of
7 = 0.1 ps as a suitable static reference for calculating the differential scattering signal in Section 4.4.
For the present measurements, however, the scattering signal at time zero is employed to compute
AS(Q, T, Eior).

The resulting differential scattering signal is shown in Figure 4.15 at all sampled time delays for
a total pulse energy of Fi,; = 6 uJ. As can be seen, the low-@Q response displays analogous behavior
to that at 20°C (Figure 4.7). In particular, a single pronounced peak develops at early time delays,
followed by steepening of the scattering intensity and migration of the peak toward lower momentum
transfer. At later delays, additional peaks emerge that evolve similarly to the first peak. The close
correspondence between the two cases suggests that the structural response is largely universal over
the measured temperature range.

To directly compare the dynamics at the two temperatures, the pulse-energy dependence of
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Figure 4.14: Validation of the SACLA jet measurements at 80°C. (a) SAXS profiles at
7 = 0 obtained after dark subtraction using Equation (2.13) for all pulse-energy bins. The color bar
indicates increasing pulse energy from 2 uJ to 8 uJ. (b) WAXS signal for all pulse-energy values.
Results are overlaid on reference data from [3] at 77°C. Each curve is normalized by its respective
maximum. Markers are plotted every fourth data point for @ < 2.04 A" and at every data point
otherwise to facilitate visual comparison. Error bars in the present dataset were computed using

Equation (2.17).
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Figure 4.15: Differential scattering signal of the SACLA jet measurements at 80°C. Results
are shown for a total pulse energy of Ey,; = 6 pJ. Error bars are computed using Equation (2.19).
Markers denote the local maxima at each time delay, determined using the procedure outlined in
Section 3.2.2. Curves are offset for clarity and are displayed on identical axes.

the peaks at 80°C and their locations was investigated in Figure 4.16 for the same delays studied
in Figure 4.8. Additional results are provided in Appendix A. Notably, the peak locations at 80°C
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Figure 4.16: Pulse energy dependence of the SACLA jet measurements at 80°C. Results
shown are for 7 = 2 ps (a), 10 ps (b), and 40 ps (c). The left column shows the differential scattering
signal computed using Equation (2.16). The color bar indicates increasing pulse energy from 2 uJ to
8 pJ. Markers denote the local maxima at each corresponding delay, determined using the procedure
outlined in Section 3.2.2. The right column tracks the position of the local maxima as a function of
total pulse energy. Solid lines and filled markers correspond to the 20°C data, whereas dashed lines
and open markers indicate the 80°C measurements.

coincide closely with those obtained at 20°C. Meanwhile, the overall signal magnitude is continuously
amplified at elevated temperature. This amplification is linked to the reduced viscosity of liquid water
at higher temperature and is discussed in more detail in Chapter 6. Since the peak evolution does
not change significantly between the two temperature conditions, the same bilinear pulse-energy

scaling is expected; this is indeed observed in Figure 4.17.
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Figure 4.17: Pulse energy scaling of the SACLA jet measurements at 80°C. (a) Peak
magnitude as a function of total pulse energy for 7 = 2 ps, 10 ps, and 40 ps. Solid lines denote
quadratic fits through each set of peaks. (b) Normalized peak magnitude as a function of total
pulse energy for all identified peaks and all sampled pump—probe delays between 0.8 < 7 < 50 ps.
Color coding and markers follow the convention defined in the legend of Figure 4.15. The solid line
represents a quadratic fit to all the data, with the shaded region indicating a 10% deviation band.
Peak magnitudes are normalized to their value at the highest total pulse energy of 8 u.J.

Finally, the reduced pair distribution function (Equation 4.7) was also computed for the heated
water jet at a total pulse energy of 6 uJ. The results are displayed in Figure 4.18(a) for selected time
delays that are common between both datasets and lie within the experimentally accessible real-space
length scales. The full dataset is presented in Appendix A. An identical rarefaction—compression
pattern is observed as in Figure 4.10, albeit more magnified for the heated jet. The rarefaction
is initially concentrated at small length scales (r < 10 nm) before broadening and decreasing in
magnitude with increasing pump—probe delay. Simultaneously, a compressive front is visible that
propagates toward larger distances with a pronounced peak while gradually attenuating. Tracking
the peak positions for all the sampled time delays at 80°C reveals that the peak evolution is in line
with that obtained at 20°C (Figure 4.10(b)).

Taken altogether, the SAXS and real-space analyses demonstrate that increasing the temperature
primarily modifies the magnitude of the response while preserving its spatiotemporal evolution, prop-
agation dynamics, and pulse-energy scaling. The persistence of the same reciprocal-space evolution,
bilinear energy dependence, and rarefaction—compression propagation pattern across both temper-
atures strongly indicates that the low-@) dynamics are governed by the same underlying physical
mechanism over the investigated temperature range, despite modest differences in the thermophysi-
cal properties of liquid water. Between 20°C and 80°C, the density decreases by only 2.6% [99], the
speed of sound increases by ~5% [99], and the thermal conductivity changes by 12% [128]. These

comparatively small variations are consistent with the nearly unchanged propagation dynamics and
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characteristic length scales observed experimentally. In contrast, the dynamic viscosity decreases
by ~65% over the same temperature range [129]. This substantial reduction in viscosity provides a
potential explanation for the enhanced scattering amplitude observed at elevated temperature. The
impact of thermophysical properties on the structural dynamics is examined within the hydrody-

namic modeling framework in Chapter 6.
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Figure 4.18: Real-space representation of the SAXS response for the SACLA jet measure-
ments at 80°C. (a) Line plots of AG(r, T, Eyt) for Eypy = 6 pJ at pump—probe delays common to
both jet experiments. Solid lines and filled markers correspond to the 20°C dataset, whereas dashed
lines and open markers indicate the 80°C measurements. The grey shaded region denotes the inacces-
sible real-space range imposed by the minimum @-value of the experiment, Qin jot = 0.01225 AN
(b) Temporal evolution of the extracted real-space peak positions from the LCLS (triangles) and
SACLA jet measurements at 20°C (red crosses) and 80°C (dark red crosses). Solid lines denote
linear fits to the data, with shaded regions highlighting the associated uncertainty in the fit param-
eters. Error bars indicate the uncertainty in the extracted peak position, estimated from the width
of the RPDF peak and the local signal-to-noise ratio.
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4.9 Summary

In this chapter, the transient structural dynamics of liquid water following hard X-ray ionization were
investigated using time-resolved small- and wide-angle X-ray scattering measurements performed on
a free-flowing liquid jet at SACLA. The measurements extended the accessible reciprocal-space range
significantly beyond that achieved in the pressure-cell detector geometry discussed in Chapter 3,
enabling direct observation of the low-@ structural response over substantially longer spatiotemporal
scales. The reliability of the measurements was ensured through comprehensive detector calibration
and validation procedures. The momentum-transfer axis was calibrated using standard scattering
references, and the detector response at time zero was verified across all pulse energies, confirming
that no systematic energy dependence influenced the extracted scattering features.

The SAXS measurements revealed the emergence of a pronounced low-Q) scattering peak at early
pump-probe delays (within the first 2 ps), corresponding to nanometer-scale structural correlations
within the liquid. With increasing time delay, the scattering response increased in magnitude,
narrowed in reciprocal space, and continuously shifted toward lower momentum transfer. Unlike the
pressure-cell measurements, where the low-Q) response appeared to decay after several picoseconds
(~3 ps), the expanded reciprocal-space access of the jet detector geometry demonstrated that the
dynamics instead persisted and evolved toward progressively lower momentum transfer. Multiple
peaks were observed to emerge at later pump—probe delays (> 9 ps), pointing to the development
of long-range spatial correlations extending over tens of nanometers.

The pulse-energy dependence of the SAXS response was investigated in detail. While the magni-
tude of the scattering signal increased systematically with deposited pulse energy, the peak locations
and overall spatiotemporal evolution remained unchanged. Quantitative analysis demonstrated that
the peak magnitudes scaled quadratically with total pulse energy, corresponding to a linear depen-
dence with respect to the pump pulse energy at a fixed probing condition. This behavior indicated
that the low-Q response originates from the incoherent superposition of independent, non-interacting
scattering sites produced by X-ray ionization events.

An important characteristic of the SAXS response is that the scattering signal was observed to be
azimuthally symmetric throughout the experiment—across all investigated pump—probe delays and
pulse energies, the low-@) features showed no measurable angular dependence. This observation is
in line with scattering sites that generate isotropic perturbations throughout the X-ray illuminated
liquid volume.

To gain insight into the real-space origin of the scattering signal, the SAXS response was trans-
formed into a reduced pair distribution function using a sine Fourier transform. The resulting
real-space dynamics uncovered a pronounced rarefaction—compression pattern that propagated out-
ward with increasing pump—probe delay. The compressive front exhibited linear propagation in time
across the experimentally accessible length scales. The evolution of the real-space signal therefore

demonstrated that the low-Q response corresponds to a propagating density perturbation within the
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liquid, consistent with a hydrodynamic response originating from energy deposition.

Comparison with the pressure-cell measurements revealed excellent qualitative and quantitative
agreement between the two experimental geometries. Restricting the jet measurements to the same
reciprocal-space range accessible in the pressure-cell experiments recovered nearly identical low-Q
dynamics. Furthermore, the extracted propagation velocities and characteristic length scales were
found to agree closely across all datasets. These results conclusively showed that the nanometer-
scale response previously observed in the pressure-cell measurements corresponds to the early-time
evolution of the same long-lived density perturbation resolved in the present jet measurements.

The WAXS response was also analyzed to assess transient local heating within the liquid. A
systematic shift of the main diffraction maximum toward higher momentum transfer was seen with
increasing pump—probe delay, consistent with moderate heating of liquid water while preserving the
underlying hydrogen-bond network. Quantitative analysis yielded a maximum transient temperature
increase of approximately 10°C over the measured pulse energy range. No signatures of structural
disruption or phase transition were evident, confirming that the measurements remained within the
liquid phase throughout the experiment.

Finally, the temperature dependence of the low-Q) dynamics was characterized through additional
measurements performed at 80°C. Despite the elevated temperature, the SAXS response exhibited
the same reciprocal-space evolution, pulse-energy scaling, and real-space rarefaction—compression
dynamics observed at room temperature. The primary effect of temperature was an enhancement of
the scattering magnitude, while the propagation dynamics and characteristic length scales remained
nearly unchanged. These observations demonstrated that the low-@Q structural response is governed
by the same underlying physical mechanism over the investigated temperature range. Comparison
with the thermophysical properties of liquid water suggested that the enhanced scattering amplitude
at elevated temperature is associated primarily with the substantial reduction in viscosity, whereas
the comparatively small changes in density, speed of sound, and thermal conductivity preserve the
overall spatiotemporal evolution of the response.

Combined, the results presented in this chapter established that hard X-ray ionization of lig-
uid water produces long-lived, propagating density perturbations that evolve hydrodynamically on
nanometer length scales. The measurements further highlighted that these dynamics arise from

independent scattering sites and persist robustly across a broad range of thermodynamic conditions.

4.10 Statement of Contributions

The work presented in this chapter was conducted as part of a collaborative experimental campaign
at the SACLA XFEL facility.
I proposed the experiment and led its execution. My contributions included planning the mea-

surements, performing the experiment, collecting the data, developing the online and offline data
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Chapter 5

Physical Origin of the Low-(Q)

Structural Dynamics

The findings presented in Chapters 3 and 4 outline that radiolysis initiated by hard X-rays induces
an isotropic structural rearrangement in liquid water that evolves linearly in time, starting from
nanometer length scales and sub-picosecond time delays. This chapter lays the physical framework
underlying these findings, motivates modeling the dynamics with a continuum hydrodynamic for-
mulation, and identifies the structural response as arising from the formation of radiation track
structures, more specifically radiation spurs, in the low linear energy transfer (LET) regime. First,
the ionization fraction is estimated. Second, the characteristic spur spacing is evaluated. Third, the

role of radiolysis chemistry is discussed.

5.1 Experimental Signature of Hydrodynamic Propagation

We begin by revisiting one of the central observations from Chapter 4: the temporal evolution of the
real-space scattering peaks. The extracted propagation velocities from the experiments were found
to be between 16371828 m/s when factoring in the uncertainty of the fitted slopes. For comparison,
the experimentally measured speed of sound in liquid water is 1482 m/s at 20°C and 1554 m/s at
80°C [130]. The observed propagation velocities thus appear to agree with the longitudinal acoustic
velocity of liquid water, at least within ~19%. The structural response also exhibited bilinear pulse-
energy scaling, isotropic azimuthal propagation, smooth rarefaction—compression dynamics without
the formation of sharp discontinuities in the reduced pair distribution function, and modest transient
heating while preserving the overall liquid-state structure. Collectively, these observations suggest
that the low-@ response corresponds to a weak, approximately linear hydrodynamic perturbation

that modulates the density as it propagates through the liquid.

61
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5.2 lIonization Fraction

Yet, a key question remains regarding the degree of ionization induced by the incident X-ray pulse.
This question is of paramount importance because, at sufficiently large ionization fractions or pulse
energies, warm dense matter [106] or micro-explosions are observed [131,132]. Both phenomena
significantly impact the ensuing structural dynamics. In the former case, the high degree of ionization
gives rise to strong Coulomb interactions among the oxygen ions, leading to distinct non-equilibrium
structures. In the latter, large energy deposition has been shown to drive non-linear shock-wave
propagation in water jets and droplets. Although we observe no evidence for either phenomenon in
the present experiments, it is still worthwhile to estimate the ionization fraction and verify that the
current physical interpretation is justified.

Determining the exact number of ionization events is not straightforward, however, since several
interaction channels are available for hard X-rays in water, as discussed in Chapter 2. At 10 keV,
an incident photon undergoes primarily photoelectric absorption, as the photoelectric cross-section
is two orders of magnitude larger than coherent and incoherent scattering [23]. In turn, this will
eject a core-shell electron with sufficient kinetic energy to ionize secondary electrons. In principle,
accurately resolving the resulting cascade of primary and secondary ionizations in liquid water
requires Monte Carlo radiation transport simulations [133-136], which is beyond the scope of this
thesis. Nevertheless, a first-order estimate of the ionization fraction can be obtained directly from
tabulated photoelectric cross-sections.

Using tabulated cross-sections at 10 keV [23], the photoelectric cross-section for oxygen is:
Ope,0 = 1.47 x 1072% cm? /atom, (5.1)

where hydrogen is neglected due to its comparatively small contribution (ope g = 4.55x 10727 ¢cm? /atom).

The ionization probability per water molecule is then approximated by:
Pion = (bapc,Oa (52)

where ® is the incident photon fluence (Equation 2.7). Since only the pump pulse initiates the
ionization dynamics, the photon fluence is determined by the pump pulse energy, Epymp = BEiot,
where B is the pump-probe energy splitting ratio. The number of incident photons is then given by
N, = BE;s/(hv). Taking Eyor = 1 pJ and B = 0.5, corresponding to an even pump—probe splitting

ratio, yields:
0.5x1x10767J

P~ 10 x 1.602 x 10-16 J

Assuming a circular Gaussian beam profile with a FWHM diameter of 3 um, the effective X-ray

~ 3.12 x 10® photons. (5.3)
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illuminated area is:

2 3 x107* cm)?
Apon = 7 = TWEwi _ T ~2.04 x 1077 cm? 5.4
beam = TW0 = "5 11(2) 21n(2) % e (54)

where wg = wpwnm/+/21n(2) is the 1/e? beam radius of the equivalent Gaussian profile.
Substituting these values into Equation (5.2) gives:

Pion &~ 2.25 x 1077 ionizations/molecule (5.5)

for a pulse energy of 1 uJ. This corresponds to approximately one ionization event per 4.4 x 10°
water molecules. Since the photon fluence scales linearly with the pump pulse energy, the ionization
probability likewise scales linearly. At the maximum total pulse energy measured experimentally,
Eiot max = 8 uJ (corresponding to a pump pulse energy of B X Eyot max), the ionization probability
increases to:

Pion max ~ 1.8 x 1075 ionizations/molecule, (5.6)

corresponding to approximately one ionization event per 5.6 x 10° water molecules.

This estimate neglects the generation of secondary electrons, which can induce additional ioniza-
tion events along their paths. However, even under the conservative assumption that each primary
photoelectron generates as many as 102 secondary ionizations—obtained by dividing the incident
photon energy (10 keV) by the minimum energy required to ionize a valence electron (11.2 eV [137])—
the ionization probability remains at most 0.18%. Such a low ionization fraction is consistent with
the modest heating, preserved liquid-state structure, and approximately linear hydrodynamic re-
sponse observed from the experiments. Table 5.1 presents the ionization probability for a wide

range of pulse energies.

Pulse Energy (¢J) 1 ionization every z molecules mean separation P, (%)

1 4444 ~16 molecules 0.03
2 2222 ~13 molecules 0.05
4 1111 ~10 molecules 0.09
6 740 ~9 molecules 0.14
8 555 ~8 molecules 0.18

Table 5.1: Ionization probability for a given total pulse energy. P, is multiplied by 10? to
provide an upper bound for secondary ionization. The mean separation between ionization events,

expressed in units of molecular spacing, is estimated as {/P !

ion *
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5.3 Radiation Spur Formation and Spacing

Next, we consider the development of the earliest pronounced scattering peak observed at 7 = 0.6 ps
with a characteristic length scale of 3.9 nm (Figure 3.3). This timescale lies at the onset of the
chemical stage of radiolysis and coincides with the expected formation of radiation track structures
[40]. As discussed above, the dominant interaction channel for a 10 keV hard X-ray photon in liquid
water is photoelectric absorption. This ejects a core photoelectron with a kinetic energy of 9.42 keV,
after accounting for the oxygen K-shell binding energy of 538.2 €V [24]. The linear energy transfer
of 2 9.42 keV electron in water is 2.363 eV /nm [138], placing the present conditions firmly within the
low-LET regime; the low-LET regime is conventionally defined to be between 0.2-3 eV/nm [139].
Under such conditions, analytical radiation track models [14-16] predict the emergence of spatially
isolated Magee-type radiation spurs rather than dense overlapping tracks.

The spurs form as a direct consequence of the secondary electron cascade initiated by the pho-
toelectron. Following photoelectric absorption, the core photoelectron possesses sufficient energy to
ionize additional water molecules. As such, it undergoes repeated inelastic collisions along its path
and deposits energy in the process. The average spacing between successive ionization events can

be estimated from the ratio of the mean energy loss per collision, 60 eV [133,140], and the LET:

60 eV

= ——— =~ 26. . .
= 3956 oV fm - 20-0 (5:7)

This estimate is consistent with the tabulated inelastic mean free path for an electron of similar
energy (~9.5 keV) in liquid water [111]. Additionally, as this distance corresponds to the average
spacing between neighboring ionization events, it represents the separation between spur centers.
Each primary ionization event generates low-energy (<100 eV) secondary electrons [14] that
likewise undergo repeated elastic and inelastic scattering until their energies fall below the excitation
threshold of liquid water, 7.3 eV [38]. Owing to their large elastic scattering cross-sections [133],
isotropic angular distribution [134], and short inelastic mean free paths (1 nm for 100 eV electrons)
[141], these electrons deposit their energy and thermalize within nanometer-scale volumes, giving rise
to localized regions of energy deposition known as radiation spurs with radii of 2-5 nm [52,53]. The
experimentally observed length scale of 3.9 nm is thus in reasonable agreement with these estimates.
Electron thermalization and hydration are also known to occur on sub-picosecond timescales
(<1 ps) [36,37,73]. As such, the development of the scattering peak at 0.6 ps falls squarely within
the temporal range over which radiation spurs are expected to form. Rapid, spatially confined energy
deposition events have long been theoretically predicted to induce a transient hydrodynamic response
in the surrounding liquid [60,62]. The close agreement observed in both the characteristic length scale
and timescale hence lends support to the interpretation that the earliest measured scattering feature
corresponds to the initial structural signature of a hydrodynamic response launched by individual

radiation spurs. Within this framework, the longer-range structural modulations evident at later
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pump—probe delays naturally reflect the subsequent evolution and propagation of this hydrodynamic
response that emanates from the spurs.

A crucial aspect of this physical picture is the fact that the spurs remain non-interacting through-
out the entirety of the measurement window—otherwise the response cannot be attributed to the
superposition of independent contributions from individual spurs. To assess whether neighboring

spurs can overlap on picosecond timescales, a characteristic diffusion timescale was estimated using;:

Az)?
5 ~ %, (5.8)
where D is the relevant diffusion coefficient. Using D = 4.9 x 1072 m?/s [11], which is the mass

diffusion coefficient of hydrated electrons in liquid water, the most mobile radiolytic species, yields
Tp ~ 144 ns. Even adopting the substantially larger thermal diffusivity of water, D = 1.43 X
107" m? /s [127], gives Tp =~ 5 ns. Both timescales exceed the maximum experimental delay of 100 ps
by more than an order of magnitude. Consequently, neither radical diffusion nor thermal transport
can produce significant overlap between neighboring spurs during the measurement window. Given
that the spurs have radii of at most 5 nm and are initially separated by approximately 26 nm, they
remain well separated on picosecond timescales.

As a result, the aforementioned physical picture provides a possible explanation for all key

experimental observations:

1. The initial scattering peak is ascribed to the hydrodynamic response launched by localized
energy deposition within individual radiation spurs on nanometer length scales and sub-

picosecond timescales.

2. The evolution into multiple peaks and the systematic migration toward smaller momentum-
transfer values (i.e., larger length scales) portrays the outward propagation of this hydrody-

namic response.

3. The observed rarefaction—compression pattern, the bilinear pulse-energy dependence, and the
linear evolution of the real-space peak positions are all in line with a weak, approximately

linear hydrodynamic regime.

4. Finally, the extracted propagation velocity, which is of the order of the speed of sound in liquid
water, emerges as a direct consequence of acoustic-like density wave propagation inherent to

linear hydrodynamic perturbations in the liquid.
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5.4 Role of Radiolysis Chemistry

In the preceding sections, the observed structural dynamics have been interpreted primarily in terms
of radiation spur formation and the resulting hydrodynamic response. A natural question is the ex-
tent to which radiolysis chemistry contributes to the measured signal on the measured timescales.
To address this, radiolysis reaction networks, which allow estimation of the time-dependent con-
centrations of reactive species, were evaluated using established models from transmission electron
microscopy and radiolysis chemistry literature [6,41,43,49,142].

In particular, the model developed by Schneider et al. [6] was implemented. The model provides
a bulk (spatially averaged) representation of radiolysis chemistry by solving the coupled evolution
of radiolytic species through a system of reaction-rate equations [41,142]. The concentration of each
species is governed by production and destruction terms arising from chemical reactions, together
with a source term that accounts for energy deposition by ionizing radiation. As such, the formu-
lation describes the average temporal evolution of the chemical species throughout the irradiated
volume. The model tracks sixteen radiolytic species (e;q7 H*, H, Hy, O—, OH~, OH, O, O,
HO,, HOZ, O3, O3, HyO4, HO3, and Hy0) and includes seventy-four reactions involving ionization
equilibria, radical recombination, scavenging pathways, and molecular product formation.

The model was originally developed for continuous electron-beam irradiation conditions relevant
to transmission electron microscopy. In the present experiments, however, ultrashort XFEL pulses
are employed that deposit energy within ~10 fs. To account for this difference, the irradiation
source term was modified to represent a step-function energy deposition event, such that the dose
was applied only during the XFEL pulse duration and set to zero thereafter. Two limiting cases were
considered: (i) homogeneous energy deposition corresponding to 3 pJ distributed throughout the X-
ray illuminated volume and (ii) localized energy deposition of 500 eV confined within a representative
radiation spur volume (sphere of radius 2 nm). These cases provide upper and lower bounds on the
expected concentrations of radiolysis products under the experimental conditions.

Figure 5.1 shows the calculated temporal evolution of the dominant radiolysis species following
irradiation. As expected, hydrated electrons, hydroxyl radicals, and hydrogen atoms are produced
rapidly following energy deposition, followed by the slower formation of molecular products such as
Hs, Og, and Hy045 on nanosecond timescales. Despite the large instantaneous dose delivered by the
XFEL pulse, the resulting concentrations remain small, 1072-10° M, compared with the molecular
concentration of water, [HoO] = 55.6 M. This is aligned with the low ionization fraction estimated
in Table 5.1. Furthermore, the concentrations evolve on timescales that are significantly longer than
the initial formation of the SAXS signal, suggesting that the earliest structural response is unlikely
to be dominated by chemical reactions alone. Nevertheless, the formation of radiolytic species
may still influence the subsequent evolution of the density perturbation through local changes in
composition, energy redistribution, and coupled transport processes. Consequently, while the present

analysis indicates that localized energy deposition and the resulting hydrodynamic response provide
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Figure 5.1: Radiolysis reaction network model under the present experimental condi-
tions. Time-dependent concentrations of the major radiolytic species predicted using the model of
Schneider et al. [6] for (a) energy deposition distributed throughout the X-ray illuminated volume
(bulk flow scenario) and (b) localized energy deposition within a representative radiation spur (spur
scenario). Species not shown remain below 10=% M throughout the simulation. Both panels share

the same legend, displayed only in panel (b) for clarity. The grey shaded region indicates timescales
beyond the experimental pump—probe window.

the dominant contribution to the picosecond SAXS signal, radiolysis chemistry is expected to become

increasingly more important at longer timescales and may contribute to the later evolution of the
structural dynamics.



Chapter 6

Hydrodynamic Modeling

The preceding chapters examined the observed low-@Q) dynamics at both SACLA and LCLS, demon-
strating that they can be attributed to a linear hydrodynamic response of liquid water due to local-
ized energy deposition. If this interpretation holds, then the resulting structural dynamics should be
captured within a continuum framework based on the conservation equations of mass, momentum,
and energy. This chapter pursues such an approach by solving the Navier—Stokes and energy equa-
tions in radial coordinates and demonstrates that the experimentally measured dynamics can indeed
be reproduced using a hydrodynamic model. The computational setup is illustrated in Figure 6.1,

which defines the pertinent geometry and numerical grid used throughout the simulations.
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Figure 6.1: Hydrodynamic model setup for the numerical simulations. The governing
equations are solved in radial coordinates on a numerical grid extending to rynax = 200 nm with a
spatial resolution of Ar = 0.2 nm. A symmetry boundary condition is applied at rg, taken to be
ro = 0.1 nm to avoid division by zero, and an outflow boundary condition is imposed at r = 7.
The core region is highlighted in blue and labeled in red.

68



CHAPTER 6. HYDRODYNAMIC MODELING 69

6.1 Governing Equations

The response of liquid water to localized energy deposition is modeled using a spherically symmet-
ric hydrodynamic framework. The adoption of a spherically symmetric continuum description is
motivated by the results of Section 4.3, which demonstrated that the SAXS response remains az-
imuthally symmetric with no pronounced angular dependence, and by the radiation spur analysis
presented in Chapter 5, which suggested that energy deposition occurs within localized, isotropic
regions that remain sparsely distributed throughout the illumination volume. To this end, we solve
the compressible Navier-Stokes equations in one spatial dimension (radial coordinate, r) together

with energy conservation for a single-component fluid [143]:

0 10
872) 725(7"2,0“) =0, (6.1)
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where p, u, p, and T denote the density, radial velocity, pressure, and temperature, respectively.

Here, the quantity
2

E:e—&—% (6.4)

is the specific total energy, where e is the specific internal energy, and the parameter

4

L= gpt (6.5)

is the longitudinal viscosity, composed of the shear viscosity, u, and bulk viscosity, . In Equation
(6.3), k denotes the thermal conductivity.

The system of equations is closed through a real-fluid equation of state based on the International
Association for the Properties of Water and Steam (IAPWS) formulation for water [99], implemented
via the open-source CoolProp library [144] in Python v3.10.2. The IAPWS formulation is chosen
because it is widely regarded as the reference standard for liquid water and steam; it is based on a
multi-parameter Helmholtz free energy equation of state that provides highly precise predictions of
thermodynamic properties, through analytical derivatives, over a wide range of temperatures and
pressures [145, 1416].

In addition to the equation of state, transport properties are evaluated from corresponding
TAPWS recommended correlations—the shear viscosity and thermal conductivity are both computed
using the respective IAPWS formulation for water [128,129]. These formulations are thermodynam-
ically consistent with the underlying IAPWS-95 equation of state and ensure reliable calculation of

the transport properties across the state space. The bulk viscosity is modeled separately using an
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empirical temperature-dependent relation based on acoustic spectroscopy measurements [ ]:
py = 2.47 x 1073 + 3.3 x 107% - max(373.15 — T, 0). (6.6)

At each time step, the thermodynamic state is determined from the density and internal energy,
from which the pressure, temperature, viscosity, thermal conductivity, and other derived properties
are obtained. As such, although the temperature is not evolved explicitly, it is recovered directly

from the equation of state at each time step.

6.2 Numerical Implementation

The governing equations are solved numerically using a conservative finite-volume framework in
spherically symmetric coordinates, with the evolved state vector being U = (p, pu, pE). As the
structural dynamics are comprised of compressible density perturbations generated by localized
energy deposition, a numerical scheme capable of resolving wave propagation in the presence of
potentially steep gradients near the deposition region is required. Spatial fluxes are hence evaluated
using MUSCL (Monotonic Upstream-centered Scheme for Conservation Laws) reconstruction [148],
which achieves third-order accuracy in smooth regions through piecewise polynomial reconstruction
of primitive variables. This is combined with an HLLC (Harten-Lax-van Leer-Contact) approxi-
mate Riemann solver [149], which provides a robust estimate of the intercell flux by resolving the
characteristic wave structure of the Riemann problem. Unlike simpler approximate solvers, HLLC
explicitly restores the contact wave, which is essential for accurately capturing density variations
within the fluid [150].

To address the stiffness introduced by viscous and thermal diffusion processes, time integration
is handled using first-order Lie-Trotter operator splitting [143], whereby each global time step is de-
composed into inviscid, viscous, and thermal conduction sub-steps. The inviscid time advancement
is performed using a third-order strong stability-preserving Runge-Kutta (SSP-RK3) scheme [151],
with the time step determined adaptively from a Courant-Friedrichs-Lewy (CFL) condition based
on the maximum local speed. The viscous and thermal diffusion terms are integrated using implicit
backward-Euler discretizations [152] to ensure numerical stability at small grid spacing. Fundamen-
tally, each implicit sub-step reduces to a tridiagonal linear system that is solved at every global
time step. The splitting is formulated in conservative form, guaranteeing the discrete conservation
of mass, momentum, and energy throughout the computational domain.

The computational domain extends to 200 nm with a uniform grid spacing of Ar = 0.2 nm, pro-
viding sufficient spatial extent and resolution to resolve the initial perturbation and its subsequent
propagation, respectively. The domain size was selected based on the experimentally inferred prop-
agation velocity of 1.77 nm/ps (Figure 4.18(b)). At this velocity, and assuming continuously linear

propagation, the hydrodynamic wave would travel 177 nm over the maximum pump—probe delay of
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100 ps. The chosen domain size thus allows the propagating wave to remain within the computa-
tional domain throughout the simulation without interacting with the outer boundary. A symmetry
(reflective) boundary condition is imposed at the origin, while non-reflecting outflow conditions are

applied at the outer boundary.

6.3 Initial Conditions

The hydrodynamic equations require specification of the initial thermodynamic state immediately
following energy deposition. However, the precise microscopic state of a radiation spur is not known
a priori. This is because ionization events [53] and radiation track structures [153] are inherently
stochastic processes, leading to variations in the spatial distribution and magnitude of the deposited
energy. Furthermore, mapping highly non-equilibrium excitation and ionization events that take
place during the physical stage of radiolysis onto coarse-grained thermodynamic variables is gener-
ally not uniquely determined [154, 155]. As a result, hydrodynamic descriptions typically introduce
a model for the initial energy density, temperature, or pressure field based on estimated spur dimen-
sions and energy deposition characteristics [58, 131, 156-158]. Here, two distinct initial conditions
were considered. In the first, energy deposition is represented as an isochoric temperature pertur-
bation, corresponding to rapid local heating before significant volumetric expansion can occur. In
the second, the deposited energy is modeled as an isothermal density perturbation, corresponding
to an initially compressed fluid region.

For the isochoric case, the system of equations is initialized at ambient conditions (294.15 K,
1 bar) with a spatially uniform density (p = 998 kg/m?). A localized temperature increase of 1 K is
then imposed within a spherical region of radius 1 nm, with a smooth transition to the surrounding
liquid over 1 nm. The temperature perturbation is chosen to remain within the single-phase liquid
regime of the equation of state while providing a representation of a localized thermal disturbance.
Larger temperature increases, including those comparable to the experimentally inferred heating,
can transiently enter the vapor dome under ambient pressure conditions and are therefore beyond the
validity of the present single-species formulation. A larger temperature perturbation under elevated
pressure conditions is examined in Section 6.6. This temperature distribution yields an overall
effective radius of 2 nm, in line with the earliest experimentally observed length scale of 3.9 nm (i.e.,
a characteristic radius of 1.8 nm) at 7 = 0.6 ps (Figure 3.3(b)). The corresponding pressure profile is
determined self-consistently from the equation of state, generating an initial pressure gradient that

drives the subsequent hydrodynamic response. Mathematically, the temperature profile is given by

T(r):Too—&—% <l—tanh (T;r>) (6.7)

where T, = 294.15 K is the ambient temperature, AT = 1 K is the temperature increase, r. = 1 nm

a smooth tanh function:

is the core radius, and 6 = 1 nm defines the transition width (interfacial thickness).
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Figure 6.2: Initial conditions for the hydrodynamic model. Spatial profiles of (a) density,
(b) temperature, and (c) pressure for the isochoric (red) and isothermal (black) initial conditions.
Insets show a zoomed-in view near the core radius region.

For the isothermal case, the system of equations is initialized analogously, except that a localized
density increase of 0.01 kg/m? is prescribed within the core region instead of a temperature increase.
The magnitude of this perturbation is selected as a small numerical perturbation to remain within
the stable liquid regime of the equation of state. The resulting pressure profile is again obtained self-
consistently from the equation of state and an initial pressure gradient likewise drives the dynamics.

The density profile is given by:
A — e
p(r):poo+2p<1—tanh (T 57« )) (6.8)

where po = 998 kg/m? is the ambient density, Ap = 0.01 kg/m? is the density increase, and r,.

and § are identical to those defined in Equation (6.7). It is worth emphasizing that, in both cases,
the isochoric and isothermal assumptions are only utilized to construct the initial conditions; the
numerical solution does not enforce p = const. or T" = const. for either case.

Figure 6.2 highlights the initial conditions for both scenarios. A parametric study investigating
additional parameters, such as the magnitude of the temperature jump, core radius, and transition

width is presented in Section 6.5.1.

6.4 Calculation of the Scattering Signal

The model yields the time-dependent radial density field, p(r, 7), which is used to compute the corre-
sponding scattering signal for direct comparison with the experimentally measured SAXS response,

AS’(Q,T, Eiot), at a given pulse energy. Assuming isotropic density fluctuations, the scattering
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amplitude is obtained from the spherical Fourier transform of the density perturbation:

Ap(r,7) = p(r,7) — pocs (6.9)

where po, is the equilibrium bulk density (approximated numerically by the far-field value at the

outer boundary of the simulation domain). The scattering amplitude is then computed as:

4N, "o Si
AQ,7) = 7;\4A /0 r?Ap(r, ) bmééir) dr, (6.10)
where the kernel sin(Qr)/(Qr) corresponds to the spherical Bessel function jo(Qr). The integration
in Equation (6.10) is performed numerically using the trapezoidal rule with ro, = 200 nm being the

spatial extent of the computational domain. Finally, the scattering intensity is calculated:
AS(Q, T)sim = |A(Q, 7). (6.11)

Physically, the expression in Equation (6.11) corresponds to the scattering intensity from a single

scatterer with spherical symmetry [34].

6.5 Ambient Water Jet Results

The governing equations are solved for both initial conditions over a radial domain extending from
0.1 to 200 nm with a uniform grid spacing of 0.2 nm. The simulations were propagated to 100 ps, and
the density, temperature, pressure, and radial velocity fields were recorded at regular time intervals
of 1 ps. The corresponding scattering intensity was then calculated from the simulated density field
using the procedure outlined in Section 6.4. The resulting SAXS signals are compared with the
experimental response measured for the water jet at 20°C in Figure 6.3.

As shown, the isochoric temperature perturbation (Figure 6.3(b)) reproduces the main ex-
perimental features significantly more accurately than the isothermal density perturbation (Fig-
ure 6.3(a)). In particular, the isochoric model captures the development of the initially broad low-Q
feature, its subsequent evolution toward lower @, the emergence of multiple peaks at later pump—
probe delays, and their eventual decay for 7 &~ 100 ps. Meanwhile, the isothermal model predicts
the formation of several strong oscillating features that persist well beyond 100 ps.

These results are consistent with the experimentally determined reduced pair distribution func-
tion (Figure 4.10), which exhibited an approximately symmetric negative—positive response charac-
teristic of a uniform density distribution rather than a compressed density perturbation. Moreover,
previous ultrafast studies [, , 159] have shown that energy deposition occurs on timescales sub-
stantially shorter than those required for large-scale density redistribution. As such, the picosecond

response of the liquid is expected to be isochoric. The agreement between the experimental signal



CHAPTER 6. HYDRODYNAMIC MODELING 74

(a) 100 (b)
— |
iy 80 (0] 0.5 1
»S: 60 norm. A§(Q, T)
E’} 40
)
A
20
( -
0.05 0.1 0.2 0.05 0.1 0.2 0.05 0.1 0.2
Q@A™ Q@A™ Q@A™

Figure 6.3: Results from the hydrodynamic model for different initial conditions. Contour
map of the SAXS signal for (a) isothermal and (b) isochoric initial conditions. (c¢) Experimentally
measured SAXS signal from the liquid water jet at 20°C for E;,; = 6 uJ. All datasets are normalized
by their respective global maxima to facilitate comparison and are displayed using a shared color
bar corresponding to panel (b).

(Figure 6.3(c)) and the isochoric model further validates this assumption and provides additional
support for this interpretation. For the remainder of this chapter, the isochoric initial condition is

adopted for all subsequent simulations.

6.5.1 Parametric Study

Having established the appropriate initial condition, we next investigate the sensitivity of the model
to the remaining assumed parameters, beginning with the size of the core region, r., which sets
the characteristic length scale of the perturbation. We also consider variations in the transition
width, &, which controls the smoothness of the initial gradients, and the magnitude of the isochoric
heating, represented by the temperature jump, AT. Each parameter is varied independently to assess
its influence on the resulting hydrodynamic response and the corresponding scattering signal. To
better isolate the impact of each parameter, we analyze the simulated SAXS intensity, AS (Q,7), at
representative pump-probe delays of 2, 15, and 40 ps using one-dimensional line plots in momentum-
transfer space. These time delays denote the early, intermediate, and late stages of the hydrodynamic
evolution, respectively. All simulations are performed using the uniform density initial condition with
Poo = 998 kg/m3.

Figure 6.4 shows the simulated SAXS response for different core radii, r. = 0.5, 1, 2, and 3 nm at
the selected time delays for fixed values of § = 1 nm and AT =1 K. Ambient conditions (294.15 K,
1 bar) are used otherwise. As evident, the primary effect of increasing 7. is a systematic shift of
the early-time (7 = 2 ps, Figure 6.4(a)) SAXS peak toward lower momentum transfer. Since larger
real-space structures correspond to smaller reciprocal-space vectors (@ o 1/L), this behavior is

consistent with larger core radii producing narrower features whose peak positions occur at lower Q.
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Figure 6.4: Results from the hydrodynamic model for different core radii. Line plots of the
normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps. Peak locations are highlighted by
markers, and different line styles correspond to each core radius: dash-dotted lines (r. = 0.5 nm),
solid lines (r. = 1 nm), dashed lines (r. = 2 nm), and dotted lines (r. = 3 nm). All datasets
are normalized by their respective global maxima to facilitate comparison. The color scheme is
consistent with that used in Figure 4.7.

Notably, while the early-time response is strongly dependent on the assumed core size, the subsequent
hydrodynamic evolution remains qualitatively similar at later time delays (Figures 6.4(b) and 6.4(c)
at 15 and 40 ps, respectively), indicating that r. primarily sets the initial spatial scale of the energy
deposition site rather than the underlying propagation dynamics. Comparison with the experimental
SAXS signal (Figure 4.7), which displays a pronounced peak at @ = 0.064 A= for 7 = 2 ps, points
to core radii in the range of r. = 0.5-1 nm as providing the closest agreement; the simulated peak
positions are at 0.061 A=! for r. = 0.5 nm and 0.06 A~! for r. = 1 nm, whereas larger values of
r. = 2 and 3 nm yield peaks at Q = 0.056 A~ and Q = 0.05 A~1, respectively. As the difference
between r. = 0.5 and r, = 1 nm is minimal in terms of the resulting peak position, the choice is
instead guided by numerical considerations: the r. = 1 nm case provides improved spatial resolution
of the initial perturbation on the computational grid, with four grid points spanning the core region
compared to only two for r. = 0.5 nm. Therefore, it is chosen as the reference case.

With 7. = 1 nm and AT = 1 K, the transition width was varied over the range § = 0.5—
3 nm. Figure 6.5 shows the simulated SAXS response at the same selected time delays. Similar to
increasing the core radius, increasing ¢ shifts the 2 ps (Figure 6.5(a)) scattering peak toward lower
momentum transfer, from Q = 0.066 A~! at § = 0.5 nm to Q = 0.039 A~ at § = 3 nm, as larger
values of § increase the effective spatial extent of the initial perturbation. In addition, § appears
to strongly influence the width of the scattering profile, with smaller values giving broader SAXS
features that extend to higher @), whereas larger values yield narrower distributions. This behavior
arises because a sharper interfacial transition spans shorter characteristic length scales and therefore
larger reciprocal-space components.

In contrast to increasing r., increasing § also impacts the dynamics at later times (Figures 6.5(b)
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Figure 6.5: Results from the hydrodynamic model for different transition widths. Line
plots of the normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps. Line styles denote each
case: dash-dotted lines (6 = 0.5 nm), solid lines (6 = 1 nm), dashed lines (§ = 2 nm), and dotted
lines (§ = 3 nm). All other conventions follow Figure 6.4.

and (c)), with smaller transition widths producing more pronounced oscillatory features and larger
values of ¢ leading to a more rapidly damped response. Physically, this reflects the dependence
of the hydrodynamic driving force on the initial pressure gradient, which becomes stronger as the
transition region becomes steeper. Comparison with the experimental SAXS signal at 7 = 2 ps
(Figure 4.7) reveals that 6 = 1 nm provides the best overall agreement, reproducing the observed
decay of the scattering intensity by Q@ = 0.2 A=! and the peak position reasonably well. As a result,
this value is adopted for subsequent simulations. Together, the selected values of r. = 1 nm and
0 = 1 nm indicate that the deposited energy is distributed over a finite interfacial region, confined
within a highly localized volume that is consistent with the expected dimensions of radiation spurs.

Lastly, the magnitude of the initial temperature increase in the core region was set to AT = 0.5,
1, and 2 K, while holding r. = 1 nm and § = 1 nm constant. The normalized SAXS response is
presented in Figure 6.6(a), where we note that all curves collapse onto one another at each time delay.
This demonstrates that the underlying hydrodynamic evolution is independent of the magnitude of
the initial temperature perturbation. In other words, varying AT does not alter the characteristic
length scales of the scattering response, the position of the SAXS peaks, or the overall shape of
the reciprocal-space features. Such behavior is well-aligned with the linear hydrodynamic regime, in
which the dynamics evolve self-similarly irrespective of the driving force.

The impact of AT becomes apparent when the normalization is removed (Figure 6.6(b)). Un-
der this condition, the scattering intensity amplifies systematically with increasing temperature in
the core region. Quantitatively, doubling AT from 0.5 to 1 K produces an approximately fourfold
increase in the peak SAXS intensity, while a further doubling from 1 to 2 K yields another fourfold
increase. The scattering signal therefore follows AS(Q,7) o< (AT)2. Since the simulated SAXS
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Figure 6.6: Results from the hydrodynamic model for different temperature increases.
Line plots of the normalized SAXS intensity for (a) 2 ps, (b) 15 ps, and (c) 40 ps. Line styles denote
each case: dashed lines (AT = 0.5 K), solid lines (AT = 1 K), and dotted lines (AT = 2 K). All
other conventions follow Figure 6.4.

intensity is proportional to the square of the density perturbation through a combination of Equa-
tions (6.10) and (6.11), this scaling implies that Ap o< AT. As a result, the hydrodynamic response
remains linear across the range of temperature perturbations investigated.

This is further validated in Figure 6.6(c), which shows the one-dimensional scattering profiles
normalized by (AT)2. As illustrated, the curves collapse onto one another to a large extent. Impor-
tantly, this behavior replicates the experimentally observed pulse-energy dependence (Figure 4.9),
where the SAXS peak intensity exhibited quadratic scaling with the total pulse energy, reflecting a
bi-linear dependence on the pump and probe pulse energies. The present simulations thus provide
a physical basis for this observation by establishing that increased energy deposition generates pro-
portionally larger density perturbations, which in turn produce a quadratic increase in the SAXS
intensity through the relationship AS(Q,7) o |Ap|?.

6.6 Heated Water Jet and High-Pressure Results

The parametric study elucidated that the simulated SAXS response is predominantly controlled by
the spatial extent of the initial perturbation region, yielding optimal agreement with the experimental
data for r. = 1 nm and 6 = 1 nm. However, variations in the initial temperature increase, AT,
affected only the magnitude of the scattering intensity while leaving the spatiotemporal dynamics
unchanged. As a result, unlike . and ¢, the value of AT could not be directly constrained through
comparison with the experimental SAXS signal, since the detector records the scattering intensity in
arbitrary units and a one-to-one conversion between the measured and simulated amplitudes is not
available. Yet, it is still imperative to establish a physically realistic estimate of the local temperature

rise expected within the core region and determine whether the hydrodynamic response is robust
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under experimentally relevant energy deposition conditions.

6.6.1 Estimating the Local Temperature Rise

An estimate of the local temperature rise can be obtained by considering the energy deposited during
a single secondary ionization event induced by the photoelectron upon photoelectric absorption. As
previously discussed, the photoelectron is emitted with 9.42 keV excess energy and loses its energy
through repeated inelastic collisions approximately 26 nm apart (Chapter 5). The ionization cross-
section for electrons in liquid water is largest below 100 eV [140], and Monte Carlo simulations
suggest that the average energy deposited per ionization event is 60 eV [133]. Assuming that this
energy is deposited within a region spanning 2 nm, consistent with both the experimentally observed
length scale and the characteristic size identified in the parametric study (Section 6.5.1), the resulting

local temperature increase can be estimated using:
E = mc, AT, (6.12)

where m = pV is the mass of water contained within the deposition volume, V, and ¢, is the
specific heat capacity of liquid water. Modeling the deposition volume as a sphere, motivated by
the isotropic distribution of the low-energy secondary electrons [134] and in line with the two-
dimensional isotropic scattering patterns observed experimentally (Figure 4.6), V = 4mr3;/3 with
ref = ¢ + 0. At 20°C [99], the specific heat capacity is ¢, = 4.184 kJ/(kg-K). Substituting these
values leads to an estimated local temperature rise of ~69 K. Note that this value represents the
transient temperature rise surrounding an individual ionization event and should not be directly
compared with the experimentally inferred WAXS temperature increase, which corresponds to a
spatial average over the entire illuminated volume; the smaller average temperature rise observed by
WAXS arises from the limited fraction of the probed volume, estimated in Table 5.1, that undergoes
such localized energy deposition events.

This local temperature estimate should be interpreted as an upper bound, as it assumes complete
localization of the deposited energy within the effective core volume and rapid thermalization of the
secondary electrons with the surrounding liquid. Although electron thermalization is expected to
occur on sub-picosecond timescales [36, 37, 73], the deposited energy may initially be partitioned
into non-thermal degrees of freedom, including transient electronic excitation, chemical rearrange-
ment, and changes in the local hydrogen-bond network, before being converted into thermal energy.
Furthermore, the ultrafast energy deposition occurs under effectively isochoric conditions, where
transient pressure changes can modify the local thermodynamic response. The probabilistic nature
of ionization events and the spatial distribution of secondary electron trajectories will also inevitably
spread a fraction of the deposited energy beyond the assumed volume. Consequently, the actual local

temperature rise may be somewhat lower than the value estimated above.
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6.6.2 Universality of the Hydrodynamic Response

To test the generalizability of the simulated hydrodynamic response and to further assess the pre-
dictive capability of the model in reproducing the experimentally measured dynamics at elevated
temperature and pressure, additional simulations were performed across thermodynamic conditions

relevant to both the flow-cell and jet experiments. Specifically, three sets of cases are considered:

1. a pressure series for the SACLA cell configuration with T, = 303.15 K (30°C), consisting of
P, = 50 and 150 bar;

2. a lower-pressure reference condition corresponding to the LCLS cell configuration at T, =
295.15 K (22°C) and Py = 2 bar; and

3. a heated jet condition at T, = 353.15 K (80°C) and P, = 5 bar.

All cases are simulated using a fixed initial temperature increase of AT = 1 K, r. = 1 nm, and
0 =1 nm. While the experimental heated jet measurement was conducted at atmospheric pressure
(case 3), simulations at this state are not thermodynamically stable within the present single-phase
hydrodynamic framework. This is due to the combination of elevated ambient temperature and
transient rarefaction following energy deposition, which drives the local thermodynamic state into
the liquid-vapor coexistence region of the equation of state where the model is not applicable.
To ensure thermodynamic consistency, the ambient pressure for this case is increased slightly to
5 bar. Note that this adjustment is not a fitting parameter, but a constraint required to maintain
single-phase validity of the equation of state—as will be shown, it does not affect the observed
hydrodynamic response.

In addition, to probe the response of the system under the maximum plausible energy deposition,
an upper-bound scenario is considered for the high-pressure case (P, = 150 bar), in which the initial
temperature perturbation is increased to AT = 69 K in the core region. This case acts as a physically
motivated limit for the hydrodynamic response while remaining within the single-phase regime of
the equation of state.

Figures 6.7(a)—(c) illustrate the simulated SAXS response calculated with the hydrodynamic
model under the thermodynamic conditions corresponding to the pressure-cell measurements. In all
three cases, the model reproduces the principal experimental features, starting from the develop-
ment of the broad low-Q feature at sub-picosecond timescales, its evolution toward lower momentum
transfer, to its eventual decay at longer time delays. Moreover, the secondary peak is clearly re-
solved in all simulations, whereas the higher-order peaks remain comparatively weak. Overall, the
simulated dynamics are remarkably similar across the investigated pressure range, highlighting that
the hydrodynamic response is largely insensitive to pressure under the experimentally explored con-
ditions. This observation is fully consistent with the experimental results presented in Chapter 3,
where the SAXS dynamics exhibited nearly identical spatiotemporal evolution despite a threefold

increase in pressure from 50 to 150 bar.
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Figure 6.7: Results from the hydrodynamic model across a wide range of thermodynamic
conditions. Contour maps of the simulated SAXS response with r. = 1 nm and § = 1 nm at (a)
P, =50 bar and T, = 30°C, (b) Py, = 150 bar and T, = 30°C, (c) P», = 2 bar and T, = 22°C,
and (d) P, = 5 bar and T, = 80°C, all computed with AT = 1 K. Panel (e) shows the corresponding
experimental SAXS response for the heated jet measurement at 80°C and a total pulse energy of
6 pJ. Panel (f) presents the upper-bound simulation for P,, = 150 bar with AT = 69 K and
T = 30°C. All datasets are normalized by their respective global maxima to facilitate comparison
and are displayed using a shared color bar in panel (b). Red lines denote positive contour levels at
0.22, representing the evolution of the SAXS peaks.

Figure 6.7(d) shows the simulated SAXS response for the heated water jet condition, alongside the
experimental counterpart in Figure 6.7(e). In contrast to the ambient temperature cases, both the
simulation and the experiment display marginally more prominent higher-order oscillatory features,
including apparent tertiary and quaternary peaks. As a result, the model successfully captures not
only the evolution of the main low-@) peak, but also the sustained appearance of the higher-order
oscillations at elevated temperature. This finding is particularly noteworthy because these additional
features are only weakly developed under ambient temperature, yet emerge naturally in both the
measured and the simulated elevated temperature cases.

From a physical perspective, increasing the ambient temperature modifies several thermophysical

properties of water that enter the governing equations. Among those, the most significant change is
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the reduction in viscosity, which decreases by roughly a factor of two between 20°C and 80°C. Re-
duced viscous dissipation, in turn, is expected to weaken the damping of the compression-rarefaction
cycles generated by the initial perturbation, seen in Figures 4.10 and 4.18, allowing higher-order os-
cillations to persist for longer times. The agreement between the simulated and experimental SAXS
response therefore lends support to the interpretation that viscous damping plays a dominant role
in controlling the visibility and lifetime of the oscillatory features.

Finally, Figure 6.7(f) presents the simulated SAXS response for the upper-bound energy depo-
sition scenario corresponding to AT = 69 K at P,, = 150 bar. Despite the substantially larger
temperature increase, the resulting dynamics remain qualitatively indistinguishable from those ob-
served in the lower temperature rise simulations (AT = 0.5-2 K, Figure 6.6). The characteristic
low-Q feature develops on the same timescale, evolves toward lower momentum transfer in a similar
manner, and exhibits the same sequence of oscillatory peaks and decay. While not directly visible in
normalized plots such as those in Figure 6.7, the chief difference lies in an overall increase in scatter-
ing magnitude, in accordance with the quadratic scaling discussed herein. This result demonstrates
that the hydrodynamic response remains within the same dynamical regime even when the de-
posited energy approaches the maximum estimate derived from a single secondary ionization event.
Furthermore, the fact that the SAXS behavior is similar over nearly two orders of magnitude in
temperature rise indicates that the response is governed by hydrodynamic transport rather than the

precise magnitude of the initial energy deposition.

6.6.3 Hydrodynamic Origin of the Oscillatory SAXS Features

The results presented thus far have established excellent qualitative agreement between the hydrody-
namic model and the experimentally measured SAXS response over a wide range of thermodynamic
and initial conditions. However, the model also enables access to parameters that cannot be mea-
sured directly, thereby offering additional insight into the physical origin of the observed scattering
dynamics. In particular, one important observation from the analysis performed in Chapter 4 was
the appearance of multiple peaks in the SAXS signal, which were hypothesized to originate from the
development of successive compression—rarefaction cycles in the reduced pair distribution function.
Yet, the reduced pair distribution function offers only an indirect representation of the underlying
density field. In contrast, the hydrodynamic model explicitly solves for the time-dependent density
profile, allowing this hypothesis to be tested directly.

To investigate this behavior, Figure 6.8 displays the simulated density profiles at 7 = 2, 15, and
40 ps in panels (a)—(c), respectively, for the upper-bound scenario of P, = 150 bar and AT = 69 K
(Figure 6.7(f)). The corresponding scattering intensities are shown in panels (d)—(f). The remaining
thermodynamic conditions evolve similarly and are therefore omitted for clarity. Several observations
can be made regarding the results. First, the simulated density profiles possess no residual structure

downstream of the leading compression front. This confirms that the downstream features observed
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Figure 6.8: Representative density and SAXS profiles from the hydrodynamic model.
Normalized change in density at (a) 2 ps, (b) 15 ps, and (c) 40 ps, shown for the upper-bound
scenario corresponding to P,, = 150 bar, T, = 30°C, AT =69 K, r. = 1 nm, and § = 1 nm.
Markers denote the positions of the primary, secondary, and tertiary density maxima. The resulting
SAXS response at the same time delays is presented in panels (d), (e), and (f), respectively, with
peak positions indicated consistently in reciprocal space.

in the experimental RPDF (Figures 4.10 and 4.18) are artifacts of the inverse Fourier transform
procedure, which involved mirroring the reciprocal-space coordinate and incorporated experimental
noise, rather than signatures of a physical density perturbation.

Second, the simulations provide direct confirmation that the oscillatory SAXS features arise
from successive compression—rarefaction cycles in the underlying density field. At early times, the
density perturbation consists of a single localized compression front, producing one low-Q scattering
peak (Figures 6.8(a) and (d)). As the hydrodynamic wave evolves, additional oscillations begin to
develop in the density profile, giving rise to the secondary and tertiary peaks observed in the SAXS
response (Figures 6.8(b,c) and (e,f)). In fact, the peak locations in reciprocal-space are consistent
with Fourier reciprocity, namely the relation @ = 27 /L, where L = 2r and r corresponds to the
location of the compressive density peak.

Third, the density perturbation dissipates and disperses as it propagates through the liquid. This

spatial spreading of the compressive wavefront is responsible for the narrowing of the scattering peaks
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in momentum space, as it reflects the inverse relationship between characteristic length scales in real-
and reciprocal-space. Conversely, the highly localized perturbation present at early times yields the
broad scattering peak observed at 7 = 2 ps. This evolution illustrates how the propagation and
dispersion of the density wave control the time-dependent SAXS curves.

As a further extension, the numerical model can be evaluated at (Q-values below the experimental
detection limit (@ < 0.01 A_l). Doing so reveals additional oscillatory features associated with
longer-wavelength components of the density wave. In turn, these represent a continuation of the
same compression—rarefaction dynamics, and no qualitative change in the hydrodynamic evolution
is noted.

The analysis of the model is not limited to the scattering intensity, and a more systematic
comparison with the experiments can be obtained by tracking the peak position of the leading
compressive wavefront. In the SACLA jet experiments, this tracking was limited to ~25 ps, beyond
which the signal crossed the real-space resolution limit of 49.3 nm imposed by the minimum accessible
momentum transfer (Qumin,jet). The simulations, however, allow the wavefront to be followed over
significantly larger spatial and temporal domains, extending to the full 100 ps simulation window and
up to the maximum spatial extent of the computational domain (200 nm); this enables a complete
characterization of the wave propagation dynamics throughout the experimentally measured time
window.

Figure 6.9 shows the resulting peak trajectories for all simulated conditions (14 cases) presented
in this chapter. Remarkably, all datasets collapse onto a single linear band, indicating a universal
propagation law that is independent of pressure, temperature, and the magnitude and size of the
initial perturbation. The experimental data for the heated water jet (Section 4.8) is also overlaid
for completeness and lies directly on the same trend. Together with the previously established
agreement between ambient and heated jet measurements (Figure 4.18(b)), this demonstrates that
the model reproduces the experimentally observed propagation dynamics with high accuracy across
all investigated conditions, both qualitatively and quantitatively. A linear fit to the simulated
baseline case (P, = 1 bar, T, = 294.15 K, AT =1 K, r. =1 nm, and 6 = 1 nm) over the same
experimentally accessible time window (0-25 ps) yields a propagation velocity of 1,719 £+ 12 m/s,
which is within 5% of the experimentally extracted values (Figure 4.18(b)). This alignment confirms
that the hydrodynamic model encapsulates the dominant features of the observed dynamics within
the single-phase, single-species framework. It also further verifies that the system remains within
the linear hydrodynamic regime over the explored parameter space.

While the velocity extracted from the linear fits appears to exceed the thermodynamic speed
of sound, this should not be interpreted as evidence for genuinely supersonic propagation. Rather,
the experimentally extracted velocity corresponds to the motion of a fitted density maximum over a
finite spatial and temporal observation window, which is not necessarily identical to the underlying

acoustic wavefront velocity. Several factors may contribute to this distinction, including geometric
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Figure 6.9: Overlaid peak positions from the hydrodynamic model. Position of the com-
pressive density wavefront as a function of time for all simulation cases. Each case is denoted by
a distinct marker and color, as indicated in the legend on the right. The experimentally extracted
peak positions from the change in the reduced pair distribution function for the heated water jet are
also included for comparison, where the error bars indicate the uncertainty in the extracted peak
position. The solid line shows a linear fit to the baseline case (gold circles) over the time window
0-25 ps. The shaded region represents the standard deviation of the fit residuals.

spreading of the wave, finite pulse width, viscous and thermal attenuation, possible dispersive effects,
and the limited fitting window used to determine the propagation speed. The following analysis
therefore serves only as an illustrative demonstration that even an idealized spherical acoustic pulse
naturally exhibits an apparent peak velocity that exceeds the asymptotic sound speed at early times.

To illustrate the apparent geometric origin of this discrepancy, consider the idealized solution of

the spherical wave equation:

o(r,7) = M, (6.13)

r
where ¢ is a generic wave variable taken here to represent the density perturbation Ap, ¢ is the
sound speed, and f describes the shape of the propagating pulse.

The peak position is obtained by taking the partial derivative of ¢(r,7) with respect to the

<a¢> == f(r =) (6.14)

or 72 ’

radius:

and setting it zero, d¢/0r = 0, which yields:

flr— CT).

r

flir—cr)= (6.15)



CHAPTER 6. HYDRODYNAMIC MODELING 85

Assuming an idealized Gaussian pulse profile, f and f’ can be written as:

.ﬂr—67)=eXp(—Oh_cﬂ2), (6.16)

202

T —CT

flr—cr) = ——5—f(r —cr), (6.17)

where o is the pulse width. Substituting Equations (6.16) and (6.17) into Equation (6.15) gives:

g

o2

(6.18)

CT — T'peak = y
pea T'peak
where 7peax denotes the location of the Ap maximum.
Differentiating Equation (6.18) with respect to time leads to the propagation velocity, vpeax:
drpeak c

eak = = . 6.19
Upealk dr 1 —UQ/Tgeak ( )

For rpeax > o, a Taylor expansion retaining only the first-order term gives:

2

%%k%c<1+ 7 ). (6.20)

Tpeak

Within this simplified model, the velocity of the density maximum is predicted to be slightly

2

Seak- As such, the correction is

larger than the true sound speed, with the correction scaling as o2 /r
largest at early times when the characteristic propagation distance is comparable to the pulse width
and rapidly decreases as the wave propagates and 7pc.x increases, eventually converging to the
thermodynamic speed of sound. This qualitative behavior is consistent with the results presented in
Table 6.1, which summarizes the extracted velocities for progressively extended fitting windows from
the baseline and upper-bound simulation cases. As shown, the fitted velocity gradually decreases
toward the sound speed predicted by the equation of state. For reference, ¢ = 1485.4 m/s at ambient
conditions (baseline case) and ¢ = 1534.4 m/s at elevated pressure (upper-bound case) [99].

All in all, the results demonstrate that the hydrodynamic model provides a consistent description
of the experimentally observed SAXS dynamics: it captures the one-dimensional evolution of the
scattering signal, the emergence and progression of oscillatory features, the linear propagation of the
density wavefront, and the effective velocities extracted from the limited temporal fitting windows.
Combined, these findings support the interpretation that the measured response is consistent with
the propagation of an acoustic-like disturbance wave, induced by hard X-ray ionization, that mod-
ulates the density over picosecond timescales and nanometer length scales in the single-phase liquid

regime.
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Temporal Window Speed (baseline) Speed (upper-bound)

0-25 ps 1719+ 12 m/s 1775+ 9 m/s
0-50 ps 1623 £ 10 m/s 1688 + 7 m/s
0-75 ps 1561 £ 10 m/s 1639 £ 5 m/s
0-100 ps 1530 £ 11 m/s 1613 +4 m/s

Table 6.1: Summary of extracted propagation velocities from the hydrodynamic model.
The table reports the fitted propagation speed of the leading density wavefront obtained over pro-
gressively increasing temporal fitting windows for both the baseline and the upper-bound simulation
cases. For a detailed description of each case, see Section 6.5 and Section 6.6, respectively.

6.7 Influence of Thermophysical Properties

To delineate the role of key thermophysical properties appearing in the governing equations, in-
cluding sound speed, viscosity, and thermal conductivity, we now examine their individual influence
on the simulated dynamics. As such, the numerical simulations for the baseline condition were re-
peated assuming (i) no thermal conduction, (ii) no viscosity, and (iii) neither viscosity nor thermal
conduction. The resulting SAXS contour maps are shown in Figure 6.10(a)—(c).

The contour maps clearly illustrate the impact of viscosity in attenuating the oscillatory response.
When viscosity is removed, the higher-order SAXS features become substantially more prominent,
persisting for longer times and appearing with greater contrast (Figures 6.10(b) and (c¢)). This behav-
ior is consistent with the role of viscous dissipation in damping successive compression—rarefaction
cycles. On the other hand, thermal conduction influences the evolution in a more subtle manner.
In its absence, the secondary oscillations are less pronounced, reflecting the role of thermal diffusion
in redistributing energy from the heated core region and sustaining the temperature and pressure
gradients that ultimately bring about subsequent compression-rarefaction cycles (Figure 6.10(a)).
Overall, these calculations show that the long-time evolution of the SAXS response is controlled
predominantly by viscous damping, while thermal conduction provides a secondary correction. Nev-
ertheless, the results highlight that both phenomena are necessary to reproduce the experimentally
measured dynamics precisely.

With the role of the individual transport mechanisms established, we next investigate how the
response changes when the thermophysical properties are altered through the choice of liquid. To
this end, the model is applied to liquid CO2 and ethanol, representing a non-polar and polar liquid,
respectively. The simulations are performed in an identical fashion to those for water, with the
only modifications being the equations of state and the evaluation of the corresponding transport
properties. For COa, the equation of state is given by [160], while for ethanol it is described in [161].
The viscosity and thermal conductivity are likewise calculated using the appropriate constitutive
relations for each liquid: [162,163] for CO9 and [164,165] for ethanol. In addition, the bulk viscosity

of CO, is modeled as j, = 107° Pa-s, whereas for ethanol the approximate relation p;, = 1.4 is
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Figure 6.10: Influence of transport mechanisms on the predicted hydrodynamic response.
Contour maps of the normalized SAXS intensity for (a) no thermal conduction, (b) no viscosity, and
(¢) no viscosity and no thermal conduction. All simulations were performed using the same initial
perturbation parameters as the baseline water case. The responses are normalized by their respective

global maxima to facilitate comparison.
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Figure 6.11: Influence of fluid thermophysical properties on the predicted hydrodynamic
response. Contour maps of the normalized SAXS intensity calculated for (a) water, (b) liquid COq,
and (c) ethanol. All simulations were conducted using AT =1 K, T,,, = 294.15 K, r. = 1 nm, and
6 = 1 nm. For water and ethanol, P, = 1 bar, whereas for CO,, P,, = 150 bar was used to attain
liquid conditions. The responses are normalized by their respective global maxima for comparison.

employed [166].

The resulting SAXS responses are given in Figure 6.11, where the baseline water response from
Figure 6.3(b) is included for comparison. The most noticeable difference is observed for COg2, where
the propagation of the SAXS signal lags behind that of water and ethanol. Moreover, the response
exhibits more prominent higher-order oscillatory features (Figure 6.11(b)). In contrast, ethanol
shows a slightly delayed propagation compared to water, with a moderate reduction in the amplitude
of the higher-order oscillations (Figure 6.11(c)). These differences can be primarily attributed to
variations in the speed of sound, which controls the propagation velocity of the density wavefront,

and viscosity, which governs the attenuation of the oscillatory features.
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20°C H,O0  80°C H,O CO, Ethanol
1 (mPa-s) 1.002 0.354 (] 64.7%) 0.071 (] 92.9%) 1.2
k (W/(mK)) 0.6 0.67 0.086 (1 85.7%) 0.167 (I 72.2%)
¢ (m/s) 1485 1534 470 (1 68.4%) 1160 (] 21.9%)

Table 6.2: Summary of thermophysical properties for ambient water, heated water, CO»-,
and ethanol. The values for each property are evaluated from the respective equations of state and
constitutive relations. Values in brackets denote the relative difference with respect to the ambient
water condition.

A summary of the relevant thermophysical properties is provided in Table 6.2 for ambient water,
heated water at 80°C, COs, and ethanol. As indicated therein, and despite large changes in the
thermal conductivity, the impact on the dynamics is minimal. However, a change in the sound speed,
which is significantly lower in COs3, leads to a marked delay in the wavefront propagation. Similarly,
the reduced viscosity of COq results in weaker damping of the higher-order features. Ethanol, on the
other hand, which has a viscosity slightly higher than that of water, demonstrates stronger damping
of the oscillations, while its moderately reduced sound speed yields a slower overall evolution of the
response.

This is further corroborated in Figure 6.12, which shows the temporal evolution of the compressive
wavefront peak position and magnitude for the three fluids. The extracted propagation velocities are
1,534 m/s for water, 592 m/s for CO3, and 1,259 m/s for ethanol (Figure 6.12(a)). These values follow
the same ordering as the corresponding speeds of sound (1,485, 470, and 1,160 m/s, respectively),
confirming that the propagation of the SAXS response is governed by acoustic transport. The
fact that the extracted velocities monotonically exceed the sound speeds is also consistent with the
previously put forth discussion on the finite temporal fitting window. Importantly, the magnitude
of the deviation remains comparable across all three liquids, indicating that the effect is geometric
in nature rather than fluid specific.

The temporal evolution of the peak magnitude likewise reflects the influence of the transport
properties (Figure 6.12(b)). Over the 100 ps simulated window, the peak intensity in water and
ethanol decreases by approximately three orders of magnitude, whereas the CO5 peak magnitude
drops by only two. This slower attenuation can be mainly attributed to the considerably lower
viscosity of liquid COsg, which is roughly an order of magnitude smaller than that of ambient water.
Dissipative losses are hence reduced and the oscillatory features remain discernible for longer times.
Ethanol, whose viscosity is slightly larger (~19% larger) than water, exhibits marginally stronger

damping and weaker oscillatory behavior.
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Figure 6.12: Temporal evolution of the compressive density wavefront predicted by the
hydrodynamic model for water, liquid CO;, and ethanol. (a) Position of the compressive
wavefront peak as a function of time. Symbols represent the extracted peak positions, and solid
lines show linear fits to the data. (b) Peak magnitude of the compressive wavefront as a function of
time for each fluid.

6.8 Discussion

A practical outcome of the hydrodynamic framework is that it provides predictive capability for
future ultrafast scattering experiments. This is because while experiments are inherently limited
by the available momentum-transfer range and temporal sampling window, which are in turn con-
strained by the detector geometry and split-and-delay optics, the numerical model can be extended
well beyond these limits. This capability makes it possible to estimate the lifetime, propagation dis-
tance, and oscillatory behavior of the density perturbations, offering access to regions of reciprocal
space and timescales that cannot be measured directly.

Furthermore, the simulations presented in this chapter have shown that the evolution of the SAXS
response following hard X-ray ionization is largely governed by the speed of sound and attenuated by
viscous dissipation. Consequently, fluids with substantially different thermophysical properties are
expected to exhibit distinct experimental signatures. For example, the delayed response predicted
for liquid COs indicates that longer pump—probe delays would be required to capture the same stage
of the hydrodynamic evolution observed in liquid water. At the same time, liquids with larger sound
speeds would require relatively shorter delays. As a result, the model serves not only as a tool for
interpreting SAXS measurements, but also as a blueprint for designing future experiments, guiding
beamline scientists and research staff and identifying the temporal windows required to observe the

relevant dynamics.
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Perhaps the most significant outcome of the hydrodynamic model is that a continuum descrip-
tion based on the Navier—Stokes equations successfully reproduces the experimentally measured
response, despite the disparity in spatiotemporal scales. As the initial perturbation responsible for
driving the observed SAXS signal is localized to a region only a few nanometers in size, and the
ensuing dynamics evolve on picosecond timescales, one might reasonably expect atomistic effects,
such as intermolecular interactions or deviations from local thermodynamic equilibrium, to play a
dominant role. However, the simulations demonstrate that the experimentally resolvable dynamics
are sufficiently well described by the hydrodynamic continuum formulation, coupled with an appro-
priate equation of state and reliable transport properties. This conclusion is supported by several
independent findings.

First, the model captures the two-dimensional evolution of the SAXS signal across a broad range
of thermodynamic conditions and deposited energies. Second, it correctly predicts the emergence
and progression of the oscillatory features observed in both reciprocal- and real-space. Third, the
extracted propagation velocities agree quantitatively with the experiments and naturally explain the
apparent faster-than-sound speed obtained from finite temporal fitting windows in the experiments.
Finally, the same formulation remains consistent when applied to liquids with different thermody-
namic properties, forecasting expected changes in propagation speed and damping. Altogether, these
results suggest that the experimentally observed dynamics are governed by hydrodynamic transport
rather than molecular-scale processes, at least on the spatiotemporal scales probed in this work.

Nonetheless, the model possesses several limitations. Most notably, the formulation is restricted
to the single-phase liquid regime and therefore cannot describe thermodynamic trajectories that
enter the liquid—vapor coexistence region. The model is also formulated for single-species systems
and cannot be applied to multi-species mixtures. Finally, the energy deposition process is represented
by an effective temperature perturbation instead of an explicit treatment of electron transport and

thermalization. These all present opportunities for future work, discussed next in Chapter 7.



Chapter 7

Conclusions and Outlook

This thesis advances the fundamental understanding of liquid water radiolysis and hard X-ray
condensed-matter interactions. More specifically, it characterizes the response of liquid water sub-
ject to hard X-ray irradiation on nanometer length scales and picosecond timescales, a regime that
has remained largely unexplored in conventional experimental approaches. Through a combination
of three experimental campaigns conducted at two X-ray free electron laser facilities, theoretical
analysis, and the development of a first-principles numerical model based on the governing flow
equations, the thesis establishes a holistic interpretation of the ultrafast dynamics in the chemical

stage of radiolysis. To this end, the main findings from each chapter are summarized below.

7.1 Main Findings

Chapter 2 introduced the theoretical and experimental foundations required for the remainder of
the thesis. It outlined the principles of hard X-ray scattering techniques, the X-ray free electron
laser facilities employed in this work, and the instrumentation used to collect the data. Particular
emphasis was placed on time-resolved X-ray scattering as a tool for probing non-equilibrium dynam-
ics. The chapter also described the liquid jet and pressure-cell sample environments, data reduction
procedures used to extract reciprocal-space information from the measured scattering signals, and
the uncertainty propagation methodology.

Chapter 3 presented the first time-resolved X-ray scattering measurements of liquid water follow-
ing hard X-ray ionization using a high-pressure flow-cell geometry; the experiments were conducted
at SACLA and LCLS. Experiments performed at SACLA revealed the emergence of a previously
unobserved transient low-Q scattering feature on sub-picosecond timescales, along with a traditional
high-@Q heating signature corresponding to a temperature increase on the order of 13 K. The low-Q
response appeared initially as a broad enhancement that subsequently increased in magnitude, de-

veloped a distinct peak in momentum space corresponding to a characteristic length scale of 3.9 nm
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within 0.6 ps, shifted toward lower momentum transfer with increasing delay, and decayed after 6 ps.
The feature was observed consistently across pressure conditions of 50 and 150 bar, suggesting that
the dynamics are largely insensitive to variations in pressure.

The experiments at SACLA were complemented by measurements at LCLS performed at 2 bar,
which leveraged the continuous split-and-delay optics available at the facility to probe the early-
time evolution of the low-@ signal. These measurements reproduced the low-() response observed
at SACLA and yielded a characteristic length scale of 3.74 nm, in excellent agreement with the
3.9 nm value extracted from the high-pressure measurements. This demonstrated that the observed
structural dynamics are indeed insensitive to pressure. Moreover, the LCLS measurements enabled
tracking the evolution of the low-@Q peak over time delays spanning 0-3.6 ps, revealing an apparent
linear propagation corresponding to an effective velocity of approximately 1,700 m/s. Due to the
pressure-cell detector geometry and the utilization of diamond windows to enclose the cell, however,
momentum transfer values below @@ = 0.1 A" were not accessible. As such, this prevented direct ob-
servation of the long-time evolution of the signal at larger real-space length scales. These limitations
motivated the development of the liquid jet experiments presented in the following chapter.

Chapter 4 extended the investigation of the low-@Q structural response using time-resolved SAXS
and WAXS measurements performed on a free-flowing liquid water jet at ambient conditions and
elevated temperature at SACLA. The jet detector configuration significantly expanded the accessible
momentum transfer range, by roughly an order of magnitude, enabling the dynamics to be tracked
over substantially larger length scales and longer pump—probe delays than was possible in the prior
experiments. The jet measurements definitively showed that the low-@ signal does not simply
decay after a few picoseconds; rather, it continues to evolve toward lower momentum transfer while
developing multiple oscillatory features, i.e., peaks in reciprocal space, associated with long-range
density correlations. Analysis of the WAXS response confirmed a transient temperature increase on
the order of 10 K, consistent with the pressure-cell measurements. This provided additional evidence
that both datasets probe the same underlying energy deposition and relaxation dynamics.

A systematic analysis of the pulse energy and temperature dependence of the SAXS features
indicated that the low-@Q peak positions are independent of both pulse energy and temperature.
The pulse energy dependence displayed quadratic scaling with total pulse energy, which amounts to
a linear dependence on pump energy at fixed probe conditions, signifying that the response arises
from independent scattering sites within the X-ray illumination volume. In contrast, the effect
of increasing temperature was a monotonic amplification of the overall signal magnitude without
noticeably impacting the spatiotemporal scales. The SAXS response was also determined to be
azimuthally symmetric across all investigated time delays, pointing to the absence of any measurable
angular dependence in the scattering signal.

Transformation of the SAXS response into real space additionally revealed a traveling rarefaction—

compression pattern whose compressive wavefront evolved linearly in time with an effective velocity
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of 1,777 m/s. The velocity remained unchanged across temperature and pulse energy. Combined,
these findings are consistent with an interpretation that the measured response corresponds to a long-
lived density perturbation, originating from statistically independent scattering events, generated
by hard X-ray ionization and governed by a universal mechanism.

Chapter 5 tied the experimental observations together and provided a physical interpretation
of the low-@Q structural response. In particular, the microscopic origin of the dynamics was sub-
stantiated through an analysis of radiation-induced energy deposition processes in liquid water. By
comparing the measured velocities with the speed of sound and estimating the ionization fraction
under the relevant pulse energy conditions, the measured signal was linked to photoelectrons ejected
during hard X-ray photon absorption. The photoelectrons undergo inelastic collisions and produce
spatially confined radiation spurs, which, in turn, act as nanometer-scale regions of energy deposition
within which electron thermalization occurs on sub-picosecond timescales. The resulting localized
heating due to thermalization drives the initial perturbation and gives rise to the structural response.
This interpretation was supported by calculating the spur separation and showing that individual
spurs remain well separated over the experimental time window. Together with the observed linear
scaling in pulse energy, this validated the independence of the scattering sites. Finally, Chapter 5
also demonstrated that radiolysis chemistry does not play a prominent role in the dynamics.

Chapter 6 developed a hydrodynamic framework based on the Navier—-Stokes equations to char-
acterize the experimentally observed SAXS dynamics. Within this formulation, electron thermaliza-
tion was modeled as a weak temperature perturbation under isochoric conditions. Thermophysical
properties were determined from equations of state based on multi-parameter Helmholtz free energy
formulations and constitutive relations. The model successfully reproduced the key experimental ob-
servations across all measured conditions: it captured the two-dimensional evolution of the scattering
signal, the emergence and propagation of oscillatory features in both real- and reciprocal-space, and
the shift toward lower momentum transfer at later delays.

In addition, the model elucidated the origin of the oscillatory behavior—by explicitly analyzing
the resulting density field, we showed that the temperature perturbation generated an equivalent
pressure rise that launched an acoustic wave that modulated the local density profile. Systematically
varying transport coefficients and initial conditions in the simulations also revealed that the observed
dynamics are strongly dependent on the speed of sound and viscous damping. The former was found
to govern the rate at which the low-@Q signal shifts toward lower momentum transfer values, while
the latter controlled the attenuation of successive oscillatory features. The dynamics were robust
with respect to moderate changes in thermodynamic parameters otherwise.

Moreover, the extracted propagation velocities from the model and the experiments were directly
compared, and excellent agreement was obtained overall with consistent values across all datasets.
Lastly, the model was employed to rationalize the apparent faster-than-sound speed propagation

observed in the experiments. In turn, this was attributed to the finite temporal fitting window and
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spherical spreading of the wavefront, rather than being from any true supersonic transport. All
in all, Chapter 6 showed that the experimentally observed SAXS response is reproducible within
a continuum, compressible hydrodynamic framework despite the separation of length scales and

timescales between atomistic-level ionization events and large-scale density modulations.

7.2 Future Work

While this thesis contributes to the understanding of radiation-induced structural dynamics in liquid
water by addressing key gaps in the evolution of the chemical stage of radiolysis, additional work
is still needed. This work can be broadly categorized into improvements in experimental method-
ology, supplementary measurements, extensions of the theoretical modeling, and the development
of sophisticated numerical simulation frameworks. Addressing these directions would enable a more
comprehensive description of the ultrafast dynamics in potentially more complex fluid systems and
fully bridge the connection between microscopic energy deposition processes and macroscopic hy-

drodynamic modulations across a wide range of spatiotemporal scales.

7.2.1 Experimental Improvements

From an experimental perspective, several advancements would enhance the ability to probe and
track ultrafast radiation-induced dynamics in liquids. A primary limitation of the present mea-
surements arises from the accessible momentum transfer and temporal windows, which are con-
strained by detector geometry, beamline configuration, and split-and-delay optics. One avenue for
improvement is hence the extension of the accessible low-Q) range beyond @ = 0.01 A™'. This is
routinely achieved in Ultra-Small-Angle X-ray Scattering (USAXS) experiments [167], although a
time-resolved USAXS implementation is not yet available. Nonetheless, such capability would allow
direct observation of longer wavelength density modulations at later pump-probe delays, in regimes
where current measurements indicate sustained evolution toward larger length scales.

Similarly, increasing the available time delay window would be particularly beneficial for slower
propagating systems, such as liquids with reduced sound speeds (e.g. liquid COs), where the relevant
hydrodynamic response evolves on significantly longer timescales than water. This, however, would
necessarily require improvements in state-of-the-art detector sensitivity, as the scattering features
and overall signal magnitude progressively weaken with time. As such, the development of highly

sensitive detectors with expanded dynamic range is also an avenue worth exploring.

7.2.2 Additional Measurements

Beyond the beamline configuration itself, the experimental methodology employed herein can be

utilized for further investigations. A natural next step is to perform the experiments on liquids with
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more diverse theromphysical properties. Such studies would not only allow the robustness of the
observed signal to be tested across varying conditions, but it would also provide a means to delineate
the validity limits of the present hydrodynamic model.

Taking the experiments one step further would involve extending the measurements to multi-
component systems, where liquids are combined in binary or ternary mixtures. These studies would
provide an opportunity to investigate how intermolecular interactions modify the collective response
of the fluid, through documenting changes in the experimentally extracted propagation velocity
and successive damping of higher-order features. Measurements across different mixture fractions
could additionally provide insight into how individual thermophysical properties combine to govern
radiation-induced density transport in complex fluids.

Another opportunity arises from the sensitivity of the measured SAXS response to the underly-
ing transport properties of the liquid. As demonstrated in Chapter 6, the propagation velocity is
governed primarily by the speed of sound, whereas the attenuation of successive oscillatory features
depends strongly on viscous damping. This suggests that ultrafast SAXS measurements may ulti-
mately provide a means of experimentally determining transport properties under transient X-ray
irradiation conditions. By fitting the measured spatiotemporal evolution using the hydrodynamic
framework developed in this thesis, quantities such as the effective speed of sound, the bulk viscos-
ity, and potentially even the thermal conductivity could be inferred from radiation-induced density
perturbations.

Finally, one of the most decisive experimental tests of the physical interpretation developed in
this thesis would involve systematically varying the pump photon energy. The present experiments
employed hard X-rays in the low-LET regime, which generate energetic photoelectrons that initiate
extended secondary electron cascades and produce spatially separated radiation spurs. In contrast,
tuning the pump energy to the oxygen K-edge (~540 eV) would fundamentally alter the radiation
track structure. Under these conditions, the photoelectron carries only a few electron volts of kinetic
energy, Auger—Meitner decay dominates the subsequent relaxation, and secondary spur formation
is expected to be strongly suppressed. If the interpretation proposed in this thesis is correct, the
resulting SAXS response should differ substantially, exhibiting a more localized, shorter-lived, and
weaker structural perturbation associated primarily with a single Auger spur. This would inherently
result in a markedly different reciprocal-space evolution than that observed for hard X-ray ioniza-
tion. Conversely, employing a high-LET ionizing source, such as alpha particles, would produce
densely overlapping radiation tracks rather than isolated spurs. In this regime, the assumption of
independent scattering sites would no longer be expected to hold, and the bilinear pulse-energy
scaling established in Chapter 4 would likely break down as neighboring perturbations begin to

nonlinearly interact.
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7.2.3 Modeling Extensions

From a modeling perspective, several opportunities exist to extend the formulation developed in this

thesis. These are:

1. Incorporating multi-phase dynamics into the framework. While the assumption of a
single-phase liquid regime is justified for the experimental conditions investigated in this work,
owing to the modest transient heating observed in the WAXS signal and the relatively low
ionization fractions estimated, sufficiently large pulse energies (on the order of mJ or higher)
could drive the local thermodynamic state into the liquid—-vapor coexistence region. Under such
conditions, cavitation, phase separation, and vapor-bubble formation may become important.
At present, these effects are not captured by the model and would require a multi-phase

extension.

2. Adding functionality for multi-component mixtures. As all the experiments in this the-
sis were performed on liquid water, the hydrodynamic model was developed for pure liquids.
However, many technologically and scientifically relevant systems involve multi-component
mixtures, including aqueous solutions and alcohol-water mixtures. The functionality to han-
dle mixture thermodynamics and transport models would therefore open up pathways that
significantly broaden the applicability of the model. Note that such an extension would in-
herently require reliable thermophysical property data, validated mixing rules, and accurate
equations of state for each species to ensure thermodynamic consistency in resolving the cou-

pled evolution of the density perturbation.

3. Explicit treatment of electron transport and thermalization. In the present formula-
tion, the interaction of the hard X-ray pulse with the liquid is represented through an effective
temperature increase. While this approximation successfully reproduces the experimentally ob-
served dynamics, a more rigorous treatment would explicitly model photoelectron transport,
secondary electron cascades, and energy thermalization. Coupling a radiation-transport solver
directly to the hydrodynamic model, for example, would provide a more complete connection

between the microscopic ionization events and the macroscopic density evolution.

4. Generalized hydrodynamic and non-equilibrium effects. Transport coefficients in the
model were treated as scale-independent and evaluated from equilibrium constitutive relations.
Yet, departures from classical continuum behavior are plausible at nanometer length scales
and picosecond timescales [168-170]. Future developments could investigate these effects and
quantify their impact on the relaxation process and overall hydrodynamic evolution. Tackling
this problem would help bridge the gap between molecular and continuum descriptions of liquid
dynamics, while providing a more stringent testbed to assess the validity of the Navier—Stokes

equations under extreme non-equilibrium conditions.
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Beyond its interpretive value, the hydrodynamic framework developed in this work has the po-
tential to serve as a predictive tool for future XFEL experiments, particularly if some or all of the
aforementioned extensions are implemented. Even without these extensions, in its current form, the
model can be used to provide first-order estimates of the lifetime, characteristic length scales, prop-
agation velocity, and expected magnitude of X-ray radiation-induced density perturbations prior to
performing a measurement. This information can then be utilized to optimize detector placement,
select appropriate pump—probe delays, and identify experimental conditions most likely to maximize
signal visibility. In this regard, the model may ultimately evolve from a tool for interpreting ultrafast

hard X-ray pump—probe scattering experiments into a platform for guiding their design.

7.2.4 Numerical Simulations

Finally, a promising future direction is the development of fully multiscale simulation frameworks
capable of connecting atomistic-level ionization processes to macroscopic-level structural changes.
Due to the incompressible nature of liquids and the low momentum transfer values over which the
dynamics evolve, large system sizes of at least 10° molecules need to be resolved. Achieving this will
likely leverage hybrid methodologies.

Two potential routes are particularly attractive. The first involves Monte Carlo methods, which
can probabilistically account for and statistically sample multiple ionization pathways, including
photoelectron generation, Auger—Meitner decay, and secondary electron cascades [130, ]. In-
formation obtained from these calculations could then be incorporated into large-scale molecular
dynamics simulations through physically motivated source terms or modified interaction potentials.
The second route involves non-adiabatic quantum dynamical approaches [172,173], which explicitly
account for coupled electronic and atomic motion while being computationally tractable for system
sizes substantially larger than those that can be treated with a full quantum mechanical framework.
Pursuing either of these research directions would provide more direct insight into how localized elec-
tronic excitations and ionization events evolve into collective density perturbations and eventually
give rise to the hydrodynamic response observed experimentally.

Realizing this vision, however, remains a significant challenge, and continued advances in theo-
retical formulations, radiation-transport codes, molecular dynamics simulations, and quantum me-
chanical treatments of condensed-phase systems will be essential for establishing a truly predictive

multiscale description of radiation-induced dynamics in liquids.

7.3 Final Remarks

In summary, this thesis has established a clear link between hard X-ray ionization and the emer-

gence of long-lived nanoscale density perturbations in liquid water on the picosecond timescale.
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Through a combination of ultrafast X-ray scattering experiments, theoretical analysis, and hydro-
dynamic modeling, it has been shown that the observed low-Q) response can be understood as the
propagation of an acoustic wave that emanates from radiation spurs, formed during the chemical
stage of radiolysis due to localized energy deposition by secondary electrons, and modulates the
density. Complementary to this finding, the results also suggest that continuum hydrodynamics
remains remarkably effective at describing liquid dynamics on nanometer length scales and picosec-
ond timescales. This provides a foundation for future investigations of radiation-induced structural
dynamics in liquids and opens new opportunities for connecting microscopic ionization processes

with macroscopic transport phenomena.



Appendix A

Supplementary Data and
Pulse-Energy Results

This appendix presents additional differential scattering data from the SACLA and LCLS pressure-
cell measurements and the SACLA jet measurements discussed in Chapters 3 and 4. The figures
include contour maps and corresponding line profiles of the normalized differential scattering re-
sponse, AS (Q, T, Fior), for pulse-energy bins not shown in the main text. For the SACLA pressure-
cell dataset, results are provided for both pressure conditions (50 bar and 150 bar) in Figures A.1
and A.2, respectively. For the LCLS dataset, the full momentum-transfer region is displayed in
Figure A.3. The additional data demonstrate behavior that is consistent with the primary results
in the main text—the same high-@Q and low-Q features are observed. The principal difference across
pulse-energy conditions is an amplification of the scattering signal with increasing pulse energy.
For the SACLA jet dataset, Figure A.4 shows the pulse energy dependence at both ambient
and heated conditions for time delays not displayed in the main text. These include 7 = 6, 15, 25,
and 50 ps. Time delays exceeding 50 ps do not exhibit pronounced peaks and are therefore not
shown. Figure A.5 illustrates the systematic amplification in the reduced pair distribution function
for the ambient water jet over pulse energies between 3-8 uJ. Figure A.6 presents the reduced pair
distribution function as a contour map and line plots for the full time delay spectrum probed at
80°C. As can be seen, the results evolve similarly to the 20°C condition, except that the magnitude

of the signal is amplified in accordance to the reduced viscosity.
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Figure A.1: Differential scattering signal from SACLA at 50 bar for E;,; = 3.3,4.6,7.3 and 8.7 uJ
(from top to bottom). The left column displays the results as a contour map, whereas the right
column presents the individual line plots. Shaded regions correspond to the uncertainty calculated
with Equation (2.19) from the main text.
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Figure A.2: Differential scattering signal from SACLA at 150 bar for F;,; = 3.3,4.6,7.3 and 8.7 uJ
(from top to bottom). The left column displays the results as a contour map, whereas the right
column presents the individual line plots. Shaded regions correspond to the uncertainty calculated
with Equation (2.19) from the main text.



APPENDIX A. SUPPLEMENTARY DATA AND PULSE-ENERGY RESULTS

Delay, T (ps) Delay, T (ps) Delay, T (ps)

Delay, T (ps)

0.6

0.6

2.1

102

4
— 0.2 ps
~3 ~--- 0.4 ps
=1 ---- 0.5ps
32 —— 0.6 ps
M ---- 0.7 ps
<
& 1
<
0
0.1 0.6 11 1.6 2.1
QA
4
— 0.2 ps
~3 ~--- 0.4 ps
=1 ---- 0.5ps
32 —— 0.6 ps
B --== 0.7 ps
o
o 1
g
0
0.1 0.6 11 1.6 2.1
Q@AY
4
— 0.2 ps
~3 === 0.4 ps
=1 ---- 0.5ps
32 —— 0.6 ps
T ---- 0.7 ps
o
&1
<
04
0.1
4
— 0.2 ps ---- 0.8 ps
~3 ~--- 0.4 ps —— 1ps
5 | ---- 0.5ps —— 1.5ps
32 —— 0.6 ps -~ 2ps
I, === 0.7ps — 3ps
g
W
<

0
0.1 0.6 1.1
Q@AY

1.6 2.1

Figure A.3: Differential scattering signal from LCLS at E;; = 2, 3,4 and 5 pJ (from top to bottom).
The left column displays the results as a contour map, whereas the right column presents the
individual line plots. Shaded regions correspond to the uncertainty calculated with Equation (2.19)

from the main text.
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Figure A.4: Pulse energy dependence of the SACLA jet measurements at 20°C (solid lines, filled
markers) and 80°C (dashed lines, open markers). Results shown are for 7 = 6 ps (a), 15 ps (b),
25 ps (c), and 50 ps (d). Markers denote the local maxima at each corresponding delay, determined
using the procedure outlined in Section 3.2.2.
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Figure A.5: Reduced pair distribution function for the 20°C water jet at Fyr = 3, 5, 7, and 8 uJ
(from top to bottom). The left column displays the results as a contour map, whereas the right
column presents the individual line plots.
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Figure A.6: (a) Contour map of the reduced pair distribution function, AG(r, T, Etst), calculated
with Equation (4.7) for Ei,x = 6 pJ for the SACLA jet measurements at 80°C. (b) Line plots of
AG(r, T, Eot) at 6 pJ for all sampled pump-probe delays at 80°C. Peak positions are indicated by
cross markers. The grey shaded region denotes the inaccessible real-space range imposed by the
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