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ABSTRACT

X-ray absorption spectroscopy (XAS) has emerged as an indispensable tool in the
fields of carbon capture and conversion, providing element-specific insights into
electronic structure, oxidation states, and chemical bonding. Of particular interest
are soft X-rays (SXRs), which can probe the X-ray water window, enabling detailed
studies of carbon, nitrogen, and transition metal L-edges in aqueous environments.
Traditionally, access to this technique and this energy range has been limited to large-
scale facilities like synchrotrons and XFELs, which can only serve a small population
of users in a given year. Furthermore, more complex techniques such as time-
resolved and in-situ XAS are practically inaccessible to the majority of users. This
thesis explores the development of a table-top laser-produced plasma (LPP) source
based on a gaseous target to extend the reach of XAS techniques into laboratory
settings. Such sources offer significant advantages in accessibility, flexibility, and
cost, while advances in X-ray optics and detection systems have further enhanced
their utility. The research presented here focuses on the utilization of gaseous LPP
sources for both in-situ and time-resolved XAS, pushing the boundaries of table-top
soft X-ray absorption capabilities.

Key achievements include exploration of the lower temporal limit of LPP sources
for SXR emission, and the first demonstration of liquid-phase XAS measurements
using a gaseous LPP source. Gas-phase measurements were also achieved using
the system built in this work. Additionally, a novel UV-pump/SXR-probe technique
was developed, enabling future time-resolved studies of charge transfer dynamics
in transition metal oxides. These advances pave the way for detailed investigations
of photodriven processes, interfaces, and catalytic mechanisms critical to carbon
capture and conversion. By improving temporal resolution and expanding the scope
of in-situ XAS techniques, this work addresses fundamental challenges in the field,
bringing the power of synchrotron-like spectroscopy into everyday laboratories.
Ultimately, the results presented here aim to democratize XAS, fostering a broader
adoption of this technique in catalysis and materials research.
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C h a p t e r 1

INTRODUCTION

In 1895 Germany, William Röntgen discovered a new type of radiation emanating
from an induction coil within a vacuum tube [1]. Unsure of what to call the newly
discovered radiation, Röntgen referred to it as "X"-rays for brevity. The name stuck
and over a hundred years later, X-rays have formed the backbone of understanding
many complex systems from biological molecules to solid state materials. X-rays
lie in the region of the electromagnetic spectrum between ultraviolet radiation and
gamma rays and have wavelengths between 5 nm and 10 pm, with photon energies
between 200 eV and 100 keV. Depending on the technique, X-rays have the ability to
interrogate the atomic and electronic structure of a material, elucidating the physical
basis for observed properties such as thermal and electrical conductivity, chemical
reactivity, strength, and magnetism. The utility of X-rays in nearly all areas of
research is underscored by the billions of dollars invested by governments around
the world to build large-scale user facilities that generate X-ray light for numerous
different techniques.

In the fields of carbon capture and conversion, X-ray absorption spectroscopy (XAS)
has proven to be a particularly valuable tool. Its ability to access high-energy
electronic transitions from core orbitals to unoccupied valence states has made it
a powerful analytical tool. For example, it has been used to measure oxidation
states, bonding, and structure in solid-state materials for carbon capture [2–5] as
well as elucidate the fundamental processes of charge transfer and carrier mobility
in photocatalysts [6–11]. XAS is increasingly becoming a necessity in the toolbox
of scientists discovering and designing new materials and technologies that will one
day be used to capture CO2 and other pollutants and convert them into value-added
fuels and chemicals. However, before XAS measurements can be utilized to their
full potential, the limited accessibility to X-ray sources bright enough and broadband
enough for spectroscopy creates a bottleneck to progress. More accessible X-ray
sources would increase the total number of XAS measurements being conducted,
and thus their influence on the carbon capture and conversion field as a whole,
but it would also allow more complex, and potentially even higher impact, XAS
techniques to be explored as well.
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1.1 X-ray Sources for Spectroscopy
For those looking to conduct XAS measurements, there exists two types of X-ray
user facilities: synchrotrons and X-ray free electron lasers (XFELs). Synchrotrons
accelerate electrons moving at near the speed of light around a cyclical path such
that X-rays are emitted tangent to this path and delivered to end stations, or user
beamlines, where they can be used for a number of different techniques. XFELS
accelerate electrons along one linear path of alternating magnetic fields to create an
intense beam of coherent X-rays used by a single technique at any given moment in
time. Although these large-scale user facilities have enabled many notable advances
in numerous fields of science, access to synchrotrons and XFELs is limited to those
who have the resources to submit a competitive beamline proposal, travel to the
facility, and stay for a multiple-day period to conduct the experiment. This limited
availability also makes it difficult to perform more complex experiments that may
require special instrumentation or extensive troubleshooting. As a result, techniques
such as in-situ X-ray measurements, which measure materials in gas or liquid phase
environments, or time-resolved X-ray measurements, which measure the dynamics
of a system following an external perturbation as a function of time, are typically
only conducted by resident staff scientists.

The challenges and limited access to synchrotron measurements have motivated the
growing demand for table-top X-ray sources, which offer greater accessibility and
availability. Table-top sources also have the added benefit of being modular and
more easily customizable for more complex experimental techniques. Instruments
that rely on high harmonic generation (HHG) to generate extreme ultraviolet radia-
tion (XUV, 10-120 eV) can produce high-intensity few femtosecond pulses, and have
emerged as powerful tools for time-resolved XUV absorption measurements, mea-
suring electron and hole dynamics [9, 12], or structural dynamics such as polaron
formation in photoelectrocatalysts [8, 13]. Although they have made significant dis-
coveries in the XUV regime, spectrometers based on HHG have not demonstrated
absorption measurements in the soft X-ray regime. In addition, they are extremely
complex and costly instruments to build, maintain, and operate. Laser-produced-
plasma (LPP) sources have been demonstrated for their ability to generate radiation
in a wider spectral range, from XUV [14, 15] to the soft X-ray (SXR, 120-1,200 eV)
[16, 17] and hard X-ray (HXR, >1.2 keV) [18, 19] regimes, depending on the target
and driving laser. Many LPP spectrometers are based on highly ubiquitous and
relatively inexpensive Nd:YAG laser systems and have fairly simple optical setups.
The trade-offs for LPP spectrometers are longer pulse duration and lower brilliance,
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as compared to HHG spectrometers. The comparison of the X-ray table-top sources
and user facilities is given in Table 1.1.

Source Photon Energy Brilliance Pulse
Duration

Instrumental
Limitations

Synchrotron 10 eV - 100 keV20 1013-1016

photons/s21

100 fs (time
sliced)22

limited availability

Free-electron laser <25 keV23 Up to 1033

photons/s24

1-100 fs22 single user, limited
availability

High-harmonic
generation

10-450 eV25,26 108-1012

photons/s27,28

43 as29 expensive,
complex

Laser-produced
plasma

Gaseous target 200 - 1,000 eV30 109

photons/s16,31

>23 ps32 low flux, high
instability

Liquid target 2-20 keV33,34 106-108

photons/s33,35

>70 fs36 low flux, debris

Solid target 50 eV - 57 keV19 109

photons/s18

>100 fs18 low flux, debris

Table 1.1: Overview of available X-ray sources, their reported capabilities, and the
limitations for each.

LPP sources have been used for a number of different techniques, including lithog-
raphy [37, 38], microscopy [39, 40], and steady state and time-resolved diffraction
[41–44] and absorption measurements [45–48]. From an instrumentation perspec-
tive, gaseous targets for LPP sources are the simplest because the lower density target
results in a lower degree of debris produced during the plasma generation process.
Ablation of the solid and liquid targets when irradiated with a high power laser beam
results in sputtering of surrounding optics and components in the instrument [49,
50].

In particular, LPP sources based on gaseous targets have been gaining attention
for their ability to take high quality synchrotron-like XAS measurements in the
soft X-ray range, with successful applications in studying environmental organic
samples [51], transition metal oxides [17], and polymers [52]. With improvements
in X-ray gratings and focusing optics [15, 39, 40], X-ray detection [53–55], and
gaseous targets in vacuum [30, 56, 57], these sources have the potential to extend
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the accessibility of this technique, as well as allow more complex techniques such
as time-resolved measurements and in-situ measurements.

1.2 Soft X-ray Absorption Spectroscopy
Generally, the probability that a photon is absorbed by a given material is determined
by the available quantum states. Linear absorption of a photon is more likely to
occur if the energy of that photon matches the energy difference between two
quantum states that exist within the material. This forms the basis for many linear
spectroscopic techniques, which allow spectroscopists to measure the states of a
system by studying its interaction with different frequencies of light. Visible and
infrared spectroscopies, for example, measure the structure of valence states and
vibrational levels, as their respective energies match the energy gaps between these
states. X-ray absorption spectroscopy can access the high-energy transitions from
core orbitals to unoccupied valence states. Although core orbitals are generally
shielded from the surrounding chemical environment, valence states are not. This
means that X-ray accessible transitions, or edges, are element specific and can be
sensitive to variations in both local and valence energy.

Within the X-ray regime, the XUV, SXR, and HXR regions can access increasingly
higher-energy edges. Figure 1.1 illustrates how X-ray nomenclature is determined
on the principle quantum number n of the initial state absorbing the photon, and
how edges from each regime are sometimes present in multi-electron atoms. Al-
though photons from each region can provide element-specific information, they
are each best suited for different types of analysis. For example, the XUV, which
has wavelengths between 10 - 100 nm, is well suited to probe dynamics of free
carriers, electrons, and holes in photoexcited materials, as the wavelength overlaps
with these wavefunctions well. The SXR and HXR regions can access higher energy
transitions, making them more sensitive to changes in local electronic structure due
to oxidation state, hybridization, and bond length. In practice, by virtue of the
larger number of available transitions in the XUV and SXR regions, these photons
have a high degree of absorption in all materials, necessitating that the absorption
measurements must be conducted in vacuum environments. Hard X-rays have much
longer attenuation lengths, in contrast, and absorbance measurements in this range
can be conducted under ambient conditions.

Despite the requirement of vacuum environments, soft X-rays offer distinct advan-
tages over XUV and HXR spectroscopy. First, soft X-rays can access the X-ray
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water window, the region of the soft X-ray regime below the oxygen K-edge (532
eV). In this range, photons have a higher transmission through water, enabling in-situ
measurements of materials in aqueous environments. This is particularly true for
organic molecules, whose carbon and nitrogen atoms have K-edges in this region.
In fact, because carbon, nitrogen, and oxygen do not have core orbitals beyond the
K-shell (1s), their core states are only accessible by soft X-ray photons.

Figure 1.1: Energy level diagram for an iron atom, as an illustration of the transitions
accessible by photons in the X-ray regime. Depicted are transitions from the K-shell
(n = 1), L-shell (n = 2), and M-shell (n = 3), which in the case of iron are accessible
by HXR, SXR, and XUV photons, respectively.

In the analysis of the SXR absorption spectrum, the two regions of interest are the
near edge X-ray absorption fine structure (NEXAFS) and the extended X-ray ab-
sorption fine structure (EXAFS) region, as illustrated in Figure 1.2. Together, these
two regions compose what is referred to as X-ray absorption fine structure (XAFS).
NEXAFS, within ∼50 eV of the X-ray absorption edge, can be used to measure the
oxidation state, hybridization, and structure of the valence and conduction bands.
In-situ NEXAFS has been instrumental in studying catalyst systems. For example,
changes in oxidation state, measured by changes to peak energy at an element’s
absorption edge, have elucidated the changing oxide composition on Cu catalysts
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[58], the reduction of cationic Au to electrocatalytic metallic Au during 2-propanol
oxidation [59], and corrosion species in complex alloys [60]. In addition, changes
to the edge-step height (shown as Δµin Figure 1.2) at a given element’s absorption
edge scale with how much of that element is present. Changes in the height of
the edge-step have been used to indicate the detachment of particles from metallic
catalysts [61, 62].

Figure 1.2: X-ray absorption fine structure (XAFS), composed of both the X-ray
near-edge structure (NEXAFS) and the extended X-ray absorption fine structure
(EXAFS). NEXAFS is most sensative to local electronic structure such as oxidation
state and hybridization. The constructive and destructive interference pattern due to
backscattered photoelectrons interfering with nearby oscillating electric fields can
be fourier transformed to provide bond length information in the EXAFS region of
the spectrum.

EXAFS, 50-1000 eV above the absorption edge, consists of oscillations due to
constructive and destructive interference of an outgoing photoelectron with those
refracted off neighboring atoms (Figure 1.2). The oscillations in this region of
the X-ray absorption spectrum can be Fourier transformed to give bond lengths of
nearest neighbors, which can be used to indicate oxide layer formation, faceting, and
particle migration. In-situ EXAFS has been used to measure the phase evolution
of iron oxides under different reaction conditions [63], alloying of Cu with Zn in
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bimetallic catalysts during electrocatalysis [64], and the removal of lattice oxygen
in an IrO2 catalyst during the oxygen evolution reaction [65].

With respect to the photocatalysts used for CO2 reduction, two implementations of
X-ray absorption measurements in the soft X-ray regime are particularly powerful:
in-situ measurements and time-resolved or transient measurements. In-situ X-ray
absorption measurements have allowed the elucidation of oxide formation, particle
corrosion, and interfacial dynamics in working electrochemical systems and metal-
organic frameworks for carbon capture [61, 66–68]. Most of these discoveries,
however, have been conducted using hard X-rays because of their longer attenuation
lengths in matter and consequently ability to conduct hard X-ray absorption mea-
surements in ambient conditions. In-situ soft X-ray absorption measurements are
far rarer, due to the necessity of vacuum environments. Although more logistically
challenging, in-situ SXR absorption measurements have the potential to measure
intermediates in the catalytic reactions of greenhouse gases due to their ability to
access the X-ray water window and the K-edges of C, N, and O. Time-resolved X-
ray absorption measurements have been used to measure carrier dynamics, charge
transfer, and reaction intermediates in electrochemical systems [69–71]. As men-
tioned above, SXRs are particularly sensitive to oxidation state, hybridization, and
bond length. These characteristics could be tracked following the generation of
a charge carrier in a photocatalyst to better understand charge transfer, diffusion,
and product formation. Additionally, reaction intermediates could be measured and
tracked similar to the in-situ measurements.

1.3 Thesis Overview
Although significant discoveries have been made at large-scale user facilities, there
remains an opportunity to advance table-top X-ray spectrometers based on LPP
generation to more complex techniques that compete with the capabilities of syn-
chrotrons. Recent advances to X-ray optics and detectors, as well as plasma targets,
make this a particularly opportune time to accomplish this goal. The work de-
scribed in this thesis presents an effort to advance this technology to the more
complex techniques of in-situ and time-resolved XAS in the soft X-ray regime on
the table-top.

Chapter 2 provides a description of the LPP spectrometer’s key specifications,
fundamental principles of operation, and presents work on exploring the lower
temporal limit of X-ray pulses from plasmas generated in gaseous plasmas. Chapter
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3 details the in-situ X-ray techniques employed at synchrotron facilities, how they
have been translated to LPP sources, and the first liquid- and gas-phase measurements
of CO2, ambient air, and liquid water, measured with the LPP source described in
Chapter 2. Chapter 4 describes the efforts to measure the photoexcited response of
TiO2 thin films using UV-pump/SXR-probe transient absorption spectroscopy and
the future steps to fully realize this technique with the existing system. Together,
these techniques are explored within the context of broadening the applicability
of soft X-ray absorption measurements to better understand the key processes that
determine the ultimate device efficacy of carbon capture and conversion systems.
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C h a p t e r 2

APPROACHING THE LOWER LIMIT OF PULSE DURATION
FOR LASER-PRODUCED PLASMA SOURCES

Most of this chapter has been reproduced with permission from:

(1) Nimlos, D.; Arellano, A.; Cushing, S. ChemPhysChem 2025, n/a, e202400857.

2.1 Abstract
The increasing popularity of time-resolved X-ray absorption measurements for un-
derstanding dynamics in molecular and material systems has led to many advances
in table-top sources for pulsed X-rays. We report on a table top laser-produced
plasma (LPP) source that can perform soft X-ray (SXR), near edge X-ray absorp-
tion fine structure (NEXAFS) measurements using a laser source with 23 ps pulse
duration. The spectrometer’s key specifications, such as brilliance, resolution, and
stability, are characterized against the more commonly used longer-pulse-duration
LPP sources. The 23 ps laser produced approximately an order of magnitude weaker
SXR flux than the 8 ns laser for a higher power density due to the smaller total energy
absorbed by the plasma. The increased repetition rate, as well as the use of a high
line-density X-grating, and a self-referencing scheme still allowed for NEXAFS
measurements of Si3N4 and TiO2 thin films with 2.5 minute acquisition times, a
resolving power of E/ΔE = 424, and a signal-to-noise ratio of 100. It was observed
that degradation of the gas jet nozzle led to long-term instability of the source,
which can be remediated using alternative nozzle designs. This work demonstrates
the feasibility of achieving higher temporal resolution in future time-resolved X-ray
absorption measurements using table-top LPP sources.

2.2 Introduction
X-ray absorption spectroscopy (XAS) is an invaluable tool in material and chemical
sciences, used for a wide range of applications from photocatalysis to solid-state
batteries [1–4]. X-rays excite element-specific core-level transitions, with the near-
edge X-ray absorption fine structure (NEXAFS) providing information on oxidation
state, coordination, hybridization, and bonding [5]. NEXAFS measurements are
predominantly conducted at large-scale user facilities such as synchrotrons or free
electron lasers because they require tunable, high-photon-energy sources. While
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advances in table-top sources for X-ray measurements have made them an increas-
ingly viable alternative, reported setups still face limitations in the trade-off between
energy range, flux, and temporal resolution.

The increasing demand for XAS measurements underscores the need for continued
advances in table-top approaches, particularly for time-resolved studies. High har-
monic generation (HHG) and laser-produced plasma (LPP) generation are the most
common methods explored for table-top X-ray sources. HHG is used to generate
coherent X-rays through a three-step process of ionization and recombination [6].
HHG sources can generate extreme ultraviolet radiation below 300 eV with photon
fluxes up to 1013 photons/s [7], and are commonly used for transient absorption
measurements with temporal resolutions of attoseconds and spectral resolutions on
the order of tens to hundreds of meV [8–10]. While HHG sources have proven to
be powerful instruments, they require high power fs laser systems and complex spe-
cialty laboratories to extend their energy range past the extreme ultraviolet regime.
LPP sources generate incoherent soft or hard X-rays by ionization of a gas, liquid,
or solid target [11–15]. Gaseous LPPs have been the most studied because they
produce minimal debris, utilize the widely available and cost-effective Nd:YAG
laser system, and generate broadband radiation in the soft X-ray (SXR) regime,
striking a balance between cost, brilliance, energy range, and feasibility. Gas-based
LPPs have been reported to generate SXRs between 250 eV and 1 keV, with photon
fluxes up to 1014 photons/s/sr [16], and spectral resolutions on the order of hundreds
of meV [17]. However, the temporal resolution of gaseous LPP sources has been
typically limited to nanoseconds or in some cases hundreds of picoseconds [16, 18].
Improving the temporal resolution of LPP sources could enable the measurement
of faster dynamics, such as carrier recombination [19], polaron formation [20], or
charge transfer [21].

This work explores the lower limits of pulse duration in an LPP for use as a tabletop
SXR spectrometer. LPPs in gaseous targets have not been generated using laser
pulses below a 170 ps pulse width. In this study, we report SXR emission from
an LPP source generated with 23 ps pulses. We benchmark our source against an
8 ns Nd:YAG, commonly used in LPP setups [22–24]. Although per-pulse-flux
of the ps source is nearly an order of magnitude less than that of the ns source,
the increased laser repetition rate and a self-referencing scheme still allow high-
resolution NEXAFS spectra with measurement times of 2.5 minutes, a resolving
power of E/ΔE = 424, and a signal-to-noise ratio (SNR) of 100. This is demonstrated
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with Si3N4 and TiO2 thin films. The findings of this paper are important for pushing
table-top SXR spectroscopy into the tens of picoseconds regime, which is critical
for measuring liquid-phase and solid-state dynamics. Furthermore, the use of an
Nd:YAG laser and electronic delay lines can extend measurement timescales from
the nanosecond to second regime in future transient measurements. This approach
offers a more space and cost-effective alternative to most HHG based setups.

2.3 Background
In order to generate a plasma consisting of free electrons and positively charged
ions, the ionization potential of a given target 𝐼𝑝 must be overcome. This can be
achieved by the absorption of a photon with energy greater than that of the ionization
potential of the target such that ℏ𝜔 > 𝐼𝑝, however the ionization potentials of most
atoms are >20 eV [25]. Lower photon energies can be used to ionize targets using
high power lasers whose field strengths are comparable to the Coulombic attraction
between electrons and protons in a given target [26]. In this regime, many nonlinear
ionization processes can take place and the dominant mechanism can be identified
by the Keldysh parameter 𝛾, given by Equation 2.1,

𝛾 =

√︄
𝐼𝑝

2𝑈𝑝

(2.1)

where 𝑈𝑝 describes the ponderomotitve energy, or the average kinetic energy of a
free electron oscillating in a laser field, and can be calculated by Equation 2.2,

𝑈𝑝 =
𝑒2𝜖2

0

4𝑚𝑒𝜔
2
0
=

𝐼0𝑒
2𝜆2

0
8𝜋2𝑚𝑒𝜖0𝑐3 = 9.337 × 10−20𝐼0𝜆

2
0

eV
W cm−2 nm2

(2.2)

where 𝑚𝑒 and 𝑒 are the mass and charge of an electron, respectively, 𝜖0 is the
permittivity of free space, 𝑐 is the speed of light, and 𝜔0, 𝐼0, and 𝜆0 are the central
frequency, intensity, and wavelength of the laser [27]. Using the parameters of
the Nd:YAG laser used in this study, and most LPP SXR spectrometers based on
gaseous targets, it can be shown that for most atomic targets, 𝛾 < 1 [26]. In this
regime, tunnel ionization is the dominant mechanism, wherein the external electric
field of the laser contorts the potential energy surface of the target such that bound
electrons can quantum tunnel through energy barriers to free themselves of the atom.
In the other regime, where 𝛾 > 1, the dominant ionization mechanism is multiphoton
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ionization, in which multiple photons of lower energy are absorbed to overcome the
potential barrier and free an electron from a parent atom.

Once the plasma has been generated, the oscillations in electron density due to
the competing forces of ionized electrons accelerating away from nuclei and the
Coulombic attraction with positive nuclei are described by the electron plasma
frequency, 𝜔𝑝 [28], given in Equation 2.3:

𝜔𝑝 ≡
(
𝑒2𝑛𝑒
𝜖0𝑚𝑒

)1/2
(2.3)

where 𝑛𝑒 is the electron density of the target. Given this definition, and rewriting
Maxwell’s equations, one can derive the following dispersion relation:

𝜔2 = 𝜔2
𝑝 + 𝑘2𝑐2 (2.4)

which describes the dispersion of external waves, with frequency𝜔, propagating in a
plasma [25, 29]. The frequency for which𝜔 = 𝜔𝑝 is defined as the critical frequency
and the corresponding electron density is defined as the critical electron density. If
the plasma frequency is larger than that of the incident electromagnetic field, the
plasma is characterized as overdense and incoming radiation will be shielded out,
or reflected. If the plasma frequency is smaller than that of the incoming radiation,
the plasma is characterized as underdense, and the laser field can propagate in the
plasma. For a plasma generated in a gaseous target, the typical electron densities
lie between 𝑛𝑒 = 1018-1019 e−/cm3 [16, 30–32]. For the 1064 nm fundamental
beams of Nd:YAGs, the most commonly used for these sources, the critical electron
density is 9.86 × 1020 electrons/cm3. Therefore, the plasma generated in LPP
SXR spectrometers are defined as underdense. In the underdense limit, collective
effects become important if 𝜔𝑝𝜏𝑖𝑛𝑡 > 1, where 𝜏𝑖𝑛𝑡 describes the interaction time
of the plasma with the laser (the duration of the laser pulse, in this case) [25, 33].
Collective effects include heating of the plasma by the incoming electromagnetic
field, accelerating relativistic electrons in the plasma, transferring energy to the
electron by a process known as inverse bremsstrahlung, from the German word for
"braking radiation". The plasma is also heated by the propagating electric field,
causing electrons to undergo collisional heating by electron-ion collisions.

The energy transferred to the plasma is converted to X-rays by two dominant pro-
cesses. First, collisions of high-kinetic-energy electrons with bound electrons result



17

in fluorescent characteristic line emission, where electrons in higher-lying orbitals
radiatively decay to fill the vacancies created by ejected electrons at discrete ener-
gies. Second, electrons with high kinetic energy are deflected by positively charged
nuclei at a wide variety of distances, resulting in continuum X-ray emission in a
process known as bremsstrahlung, the radiative version of inverse bremsstrahlung
mentioned before [34]. The Fourier transform of the time-dependent electron accel-
eration in the plasma is what results in the continuum spectrum from bremsstrahlung
deflections.

The lower limit of pulse duration of the SXR pulse can be constrained by the
thermalization time of free electrons in the plasma. Using the root mean square
thermal electron velocity 𝑣𝑒, determined by the electron temperature 𝑇𝑒, the thermal
expansion time 𝑡𝐷 can be related to the electron plasma frequency by Equation 2.5:

𝑡𝐷 ≈ 𝜆𝐷

𝑣𝑒
=

(
𝜖0𝑘𝐵𝑇𝑒

𝑒2𝑛𝑒
· 𝑚𝑒

𝑘𝐵𝑇𝑒

) 1
2

= 𝜔−1
𝑝 (2.5)

where 𝜆𝐷 is the Debye length, which measures the length of a charge’s electrostatic
effect. Using average electron densities of LPPs in gaseous targets, the expansion
time is on the order of tens of femtoseconds [25]. For effective bremsstrahlung
emission of X-rays, and therefore a usable X-ray continuum for measurement, the
driving laser pulse must have a duration longer than the thermal expansion time of
the electrons [28].

When considering LPP spectrometers for spectroscopy, one looks to balance three
key characteristics: broadband emission for effective XAS measurements, maximum
X-ray flux for shorter acquisition times, and higher signal-to-noise ratio, and, in
the case of time-resolved measurements, pulse duration. Broadband emission can
be achieved by the selection of gas, in this case Kr as it is most broadband and
dominated by bremsstrahlung radiation. Note that spectra from low atomic number
(Z) gases, such as N2, O2, SF6, and Ne, consist mostly of sharp peaks corresponding
to the characteristic line emission of those atomic nuclei. These sources tend
to serve techniques such as diffraction and microscopy better, as they require a
monochromatic source. Higher atomic number gases such as Ar, Kr and Xe are
quasi-continuous, due to the larger number of electronic transitions coming from
multiply ionized atoms (characteristic line emission) and the stronger electric field
due to more positively charged nucleus (bremsstrahlung radiation) [16, 28, 31, 35].
A comparison of the emission spectra from laser produced plasmas in various gasses
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is given in Figure 2.1. To maximize X-ray emission from a LPP in a gaseous target,
both the driving laser pulse energy and the pulse duration must be considered. A
shorter pulse duration results in more efficient absorption of energy by the gaseous
plasma, likely due to the rapid adiabatic expansion of gas in vacuum [16, 36, 37],
but the interaction time must be sufficient for the maximum amount of energy to be
transferred from the laser pulse to heat the plasma. Thus the total energy absorbed by
the plasma will result in higher electron temperature and increased X-ray emission.
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Figure 2.1: Comparison of the SXR emission spectra from laser produced plasmas
generated in Ar, Kr, and N2 gases.

2.4 Experimental Section
Figure 2.2 is a photograph and schematic diagram of the table-top SXR spectrometer.
The spectrometer is built in three cubic vacuum chambers, each with a side length of
23 cm, that can be evacuated to base pressures of 10−5 Torr. The plasma generation
is driven by the 1064 nm fundamental beam of an Nd:YAG laser, either an EKSPLA
PL2251B-20 (20 Hz repetition rate, 23 ps FWHM pulse duration, 80 mJ pulse
energy) or a Spectra-Physics Quanta-Ray PRO (10 Hz repetition rate, 8 ns FWHM
pulse duration, 800 mJ pulse energy). The 1064 nm beam from the Nd:YAG laser is
focused with a 150 mm focal length lens onto a gas jet inside the vacuum chamber.
Due to the losses by the mirrors, lens, window, and other optical elements in the
beam path, the pulse energy of the ns laser at the gas jet is 640 mJ/pulse, giving a
power density of 2.98 × 1011 W/cm2. The pulse energy of the ps laser is 67 mJ/pulse
at the gas jet, with a power density of 3.42 × 1013 W/cm2.

Focal spot size was experimentally measured using a knife edge scan in which the
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intensity of the laser beam at the focus was measured as a function of a knife edge’s
position in the beam. The energies of the ps laser were measured with a thermopile
sensor (Newport 919P-050-26), and those of the ns laser were measured with a
Scientech 37-2002 power meter with a 380101 (400-1200 nm) detector head. Using
a previously documented procedure [38], the intensity as a function of position
was differentiated to give the beam profile, which was then used to calculate the
beam full width at half maximum (FWHM). The energies of each laser source were
measured before (Ein) and after (Eout) the gas jet to calculate the amount of energy
absorbed by the plasma and coupling efficiency at each input energy.

Figure 2.2: a) Instrument photograph and b) schematic of the table-top soft X-ray
spectrometer with the Nd:YAG laser beam path passing through a faraday optical
isolator (FOI), where any backscatter reflected off the plasma is rejected, before
passing through a focusing lens (FL) where it is focused onto a pulsed gas jet inside
a vacuum chamber. Generated X-rays emitted 90° to the incoming laser are then
measured by the SXR spectrometer.

Ar, Kr, or N2 gas with a backing pressure of 175 psi is delivered by a high-speed
pulsed solenoid valve (Parker 009-0347-900) using a stainless-steel nozzle with a
0.02” diameter opening. The gas jet is electronically delayed from the main pulse
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generator in the Nd:YAG laser. The solenoid delivers gas pulses with a duration of
t𝑜𝑝𝑒𝑛 = 350 µs or 900 µs for the ps and ns lasers, respectively. A filter gate valve
(VAT, 01032-CE01-AAV2) separates the plasma generation chamber from the rest
of the setup to optimize vacuum pressures and minimize debris from the plasma
generation process. During operation of the gas jet, the plasma generation chamber
is held at 10−3 Torr and the rest of the setup remains at 10−5 Torr.

The X-rays emitted from the plasma pass through either a 50 or 100 µm slit and
a 100 nm Al filter enclosed in the filter gate valve, which blocks any out-of-band
emission and scattered 1064 nm light from the plasma. Soft X-rays interact with the
sample in transmission geometry before being diffracted by an aberration-corrected
concave grating (3,600 grooves per mm, 564 mm focal length, Shimadzu, L3600-
1-6) and measured by a charged coupled device (CCD, Greateyes, GE 2048 512
BI UV1, 13.5 × 13.5 µm pixel size, 512 × 2048 pixels) . The grating used in this
study was previously shown to take high resolution, E/ΔE = 1500, NEXAFS spectra
[17]. For the spectral comparisons of the ns and ps lasers, the CCD was operated
at room temperature. Visible images of the plasma were taken using a CMOS
(Complementary Metal Oxide Semiconductor) sensor (Zelux, CS165CU, Thorlabs)
at a distance of approximately 150 mm and averaging over ~1 minute integration
time. It should be noted that the pulse duration of the SXR pulse was not measured
directly due to the temporal resolution of available X-ray photodiodes; however, it
is constrained to be no shorter than 23 ps.

Energy calibration is performed by creating a calibration curve using the Ar IX
emission lines at photon energies of E = 254.4 eV and 252.1 eV (with wavelengths
of 𝜆 = 4.873 nm and 4.918 nm, respectively) and the N VI emission lines at photon
energies of E = 430.8 eV, 498.1 eV, 521.6 eV, and 538.6 eV (with wavelengths of 𝜆
= 2.878 nm, 2.489 nm, 2.377 nm, and 2.302 nm, respectively) as documented in the
NIST atomic spectra database [39]. The pixel positions for each of these energies
were then fit to a quadratic polynomial. After calibration, energy resolution was
experimentally measured by fitting the N VI emission line at 430.8 eV to a single-
term Gaussian function, such that,

𝑓 (𝑥) = 𝑎1 × 𝑒
−
(
𝑥−𝑏1
𝑐1

)2

(2.6)

where the coefficient c1 can be used to calculate the FWHM by,

𝐹𝑊𝐻𝑀 = 2
√

ln 2 𝑐1 (2.7)
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For the NEXAFS measurements, Kr gas was used due to its quasi-continuous
emission spectrum and a 100 µm slit was used to reduce measurement times. The
CCD was cooled to -50 °C to reduce background noise, and dark counts were
subtracted from all spectra. A self-referencing scheme, demonstrated previously
[40], utilizes the 4𝜋 emission from the plasma to measure SXR transmission of the
sample and a reference simultaneously. A schematic of the self-referencing scheme
and representative data at the Ti L2,3 edge is given in Figure 2.3. Self-referencing was
employed to reduce the effects of shot-to-shot noise and long-term instabilities of
the plasma source. Absorption (𝐴𝑏𝑠) was calculated from the transmitted intensity
through the sample (𝐼) and reference (𝐼0) using Equation 3.1,

𝐴 = − ln
(
𝐼

𝐼0

)
(2.8)

The TiO2 thin film sample was prepared by atomic layer deposition (ALD) on
50 nm thick diamond membranes with 2 mm diameter apertures. Silicon nitride
(Si3N4) membranes were obtained commercially (Norcada Inc., NX10300A). Full
experimental details of the thin film preparation process are given in Appendix A.

Figure 2.3: Self-referencing scheme which utilizes the 4𝜋 emission of the plasma
to image the transmission from the sample and a reference simultaneously. The
example data pictured is the raw CCD image of the Ti L2,3 absorption edge measured
from the amorphous TiO2 thin films.
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2.5 Results and Discussion
Nanosecond vs. Picosecond X-ray Emission
Figure 2.4 compares the Ar emission spectra of plasmas generated with 8 ns and
23 ps lasers. Spectra were collected over 1 s integration times (20 and 10 pulses
for the ps and ns lasers, respectively) using a 50 µm slit. When integrated over all
energies, the ns laser has 4.6 times greater total flux per integration period, which
is 9.2 times greater flux per pulse. This difference could be explained by the total
absorbed energies of the plasmas for the two laser sources. For the spectra in Figure
2.4, the energies absorbed by the plasma are 60 mJ and 235 mJ for the ps and ns
lasers, respectively.
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Figure 2.4: Comparison of Ar emission spectra for the ns and ps lasers, accumulated
over 1 s integration time (20 pulses for the ps laser and 10 pulses for the ns laser).

The coupling efficiency, defined as the fraction of the laser energy absorbed by the
plasma, is compared for both the ps and ns sources in Figure 2.5. The ps source
is coupled into the gaseous target at higher efficiencies, even at much lower input
energies. This improved coupling efficiency has been observed in previous studies
[16], which reported similar trends when comparing plasmas in gaseous targets
generated with 7 ns and 170 ps lasers. Full tabulated data is given in Appendix A.

Additionally, earlier work documented an increase in overall flux and a blue shift
in the spectra from plasmas generated with ps lasers when the absorbed energy
exceeded 200 mJ [16]. In this study, there does not appear to be a spectral shift
towards higher energies with the ps plasma as it absorbs less energy. Comparison of
the Ar emission spectra measured using the ps and ns sources here to those reported
previously show a similar flux for our 23 ps source compared to the much higher
pulse energy 170 ps source (Figure 2.6). This suggests that the over 8-fold increase
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Figure 2.5: Coupling efficiencies for the ns and ps sources for plasmas generated in
Ar gas at varying input energies. Pulse energies were measured before the plasma
(Ein) and after the plasma (Eout) to calculate the absorbed energy fraction of the
plasma.

in power density is compensated by the ∼1/4 reduction in absorbed energy of the
23 ps source here compared to the 170 ps source in the resulting X-ray emission
spectrum. It should be noted that the authors in this previous work used a 100 µm
slit and 200 nm Al filter [16] (compared to the 50 µm slit and 100 nm Al filter used
here).

Alternatively, the increased energy density at the focal point of the ps laser could be
resulting in a more strongly ionized plasma, but reabsorption by the surrounding gas
plume could attenuate the signal that makes it to the detector. This is supported by
the observation that the X-ray emission from the ps plasma drops off sharply when
the pulse duration of the gas jet is increased beyond 550 µs. This suggests a strong
degree of reabsorption of emitted X-rays by the surrounding gas plume. Previous
reports have shown that ps sources produce smaller plasmas [16, 41], suggesting that
the smaller size of the plasma could also play a role in the reabsorption of X-rays. A
tungsten nozzle with a smaller diameter orifice that does not rapidly degrade in the
plasma could address this issue and increase flux. Previous work on the gas delivery
system has reported higher stability and increased X-ray flux [32, 42–44].
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Figure 2.6: Comparison of the Ar emission spectra using the 8 ns and 23 ps sources
presented in this study (red and blue, respectively) and the 170 ps and 7 ns sources
presented in previous work (purple and yellow, respectively) [16]. Data is presented
as a sum over 100 pulses.

Spectrometer Resolution and Sensitivity
To quantify the spectral resolution of the instrument using the ps laser, the N2

emission spectrum was collected with a 50 µm slit. The N5+ emission peak at 430.8
eV from the N2 plasma emission spectrum was fit to a Gaussian with a FWHM of
1.02 eV, which gives a resolving power of E/ΔE = 424. The results of this fitting
and the N2 emission spectrum from the ps plasma integrated for 1 s are given in
Figure 2.7. For comparison, high-resolution XAS measurements at synchrotron can
achieve resolving powers up to tens of thousands [45]. The photon flux of the N5+

emission peak at 430.8 eV from the N2 plasma emission was measured to be 3.7 ×
107 photons/s/cm2.

LPP sources have been shown to have high pulse-to-pulse instabilities and non-
uniformity [14, 15]. In the sources developed in this work, long-term degradation
of the gas jet nozzle is observed due to the plasma generation process. In Figure 2.8,
this degradation can be seen directly in loss of flux within the first few minutes of
measurement. Over the course of 15 minutes (18,000 SXR pulses) intensity drops
by 2.41% with a standard deviation over the mean of 1.02%. This measurement
shows that, despite the nozzle degradation, the instrument has a SNR on the order
of 100. For comparison, high-precision synchrotron measurements report SNRs on
the order of 1000 [46].

This is further evidenced by the relative size and intensities of the plasmas generated
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Figure 2.7: N2 emission spectrum from ps SXR source and gaussian fit to the N5+

emission peak at 430.8 eV (𝜆 = 2.878 nm).
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Figure 2.8: Total integrated X-ray intensity from a Kr plasma where each data point
is 40 summed SXR shots as a function of time, fit to a linear regression.

in Ar, Kr, and N2, as illustrated in Figure 2.9, which compares the visible emission
of plasmas generated in each gas.

NEXAFS Spectra
To quantify the system’s key specifications for measuring X-ray absorption data,
the absorption spectra were measured for a commercially available 50 nm thick
Si3N4 membrane and an as-deposited 40 nm TiO2 thin film, prepared by ALD.
For the NEXAFS spectrum of Si3N4 and as-deposited TiO2, a 100 µm slit is used.
Figure 2.10 shows the raw transmission and smoothed absorption spectra from the
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Figure 2.9: Visible image of the plasmas generated in Ar, Kr, and N2 gases.

as-deposited TiO2 thin film at the Ti L2,3-edges and the O K-edge, compared to
as-deposited TiO2 absorption spectra taken at a synchrotron. Figure 2.11 shows
the raw transmission and smoothed N K-edge absorption spectra of a 50 nm Si3N4

membrane taken with the LPP spectrometer presented here, as compared to those
taken with an earlier reported LPP spectrometer. All spectra were accumulated over
3,000 SXR pulses, to give a total measurement time of 2.5 minutes, similar to or
shorter than total acquisition times reported by similar LPP sources [17, 23, 48].
Raw data of the O K-edge using different integration times and comparing averaging
methods is detailed in Appendix A.

The X-ray absorption spectra of the as-deposited TiO2 thin film show decent agree-
ment when compared to synchrotron data. The reference synchrotron data in Figure
2.10 were taken of an as-deposited TiO2 thin film deposited by sputtering with
oxygen partial pressure of 0.04. At the Ti L2,3-edges, the instrument can resolve
two transitions at 462 eV (L2) and 456 eV (L3), which arise from the splitting of
the 2p orbitals of the Ti atom due to spin-orbit coupling. However, the as-deposited
TiO2 film does not exhibit the distinct crystal field splitting of the 3d orbitals in
octahedral crystalline complexes observed in the XAS spectra of the anatase and
rutile phases of TiO2 [47]. Shoulder structures are present at the Ti L2- and L3-
edges, and subtle splitting appears near the prominent peak near 532 eV in the O
K-edge spectra, but these are less pronounced compared to crystalline phases. This
minimal splitting could be explained by the amorphous nature of as-deposited TiO2,
the limited resolution of the spectrometer, or some combination of the two.

Compared to the Ti L2, 3-edge, the O K-edge spectrum is noisier and shows less
agreement with the synchrotron data, likely due to a lower signal-to-noise ratio in
this region of the Kr emission spectrum, as shown in the raw transmission data
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Figure 2.10: X-ray absorption spectra of the 40 nm TiO2 thin film using the ps
LPP source. In the left-hand column, the raw transmission spectra of both the
blank diamond membrane (purple trace, 𝐼0) and the diamond membrane with the
as-deposited TiO2 thin film (yellow trace, 𝐼) is presented. In the right-hand column,
the smoothed absorbance spectra acquired with the LPP source (blue trace) are
compared to synchrotron spectra (grey trace). The data collected at the Ti L2,3-edge
is presented in the first row while that of the O K-edge is presented in the second.
The synchrotron data presented here were scaled and shifted along the y-axis for
comparison. Synchrotron data are from ref [47] of an as-deposited, amorphous
TiO2 thin film deposited by sputtering with 0.04 partial pressure of oxygen.

in Figure 2.10. The N K-edge spectrum of the Si3N4 thin film in Figure 2.11 is
compared to a previously reported LPP source, and is less noisy, benefiting from
the higher signal-to-noise ratio of the Kr emission in that energy range.

2.6 Conclusion
The key characteristics of X-ray emission from a LPP source with a 23 ps driving
laser were explored and benchmarked against an 8 ns system. A comparison with
a much higher pulse energy ns source and similar sources in previously published
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Figure 2.11: X-ray absorption spectra of the Si3N4 membranes using the ps LPP
source. On the left is the raw transmission through the 50 nm Si3N4 membrane
(purple trace, 𝐼) and the Kr emission spectrum (yellow trace, 𝐼0). On the right is
the absorption spectrum of the 50 nm Si3N4 membrane collected with the ps LPP
source (blue trace) compared to that of a 75 nm Si3N4 membrane from a LPP source
in ref [23] (grey trace). Reference data was shifted along the y-axis for comparison.

reports shows the effect of shorter pulse duration and pulse energy on resulting X-ray
spectra. The shorter pulses and resulting order of magnitude higher energy density
at the target are not found to compensate for the lower total absorbed energy by the
plasma in the resulting X-ray spectrum. However, the higher repetition rate still
allows for the collection of similar NEXAFS spectra to other systems over similar
measurement times. Furthermore, an X-ray grating with 3600 l/mm line density
allowed for E/ΔE = 424 resolution. Although the stability of the X-ray emission is
not high enough to collect long-term averages for time-resolved measurements due
to gas jet nozzle degradation, improvements to the gas delivery system can be made
to improve long-term stability [32, 42, 43, 49].

The advancements demonstrated here, along with extensive prior work accomplished
in this field, position the LPP source as a promising tool for more complex X-ray
absorption techniques, such as time-resolved and in-situ measurements. Specif-
ically, time-resolved X-ray absorption measurements with picosecond resolution
could elucidate dynamics in photocatalysts such as carrier dynamics, hole-polaron
formation, product formation, and corrosion mechanisms.
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C h a p t e r 3

GAS- AND LIQUID-PHASE IN-SITU SOFT X-RAY
ABSORPTION FOR CARBON CAPTURE AND CONVERSION

3.1 Abstract
Understanding and optimizing the processes of carbon capture and conversion re-
quires in-situ techniques that can probe materials and reactions under realistic work-
ing conditions in both liquid and gaseous environments. Among the advanced
in-situ analytical techniques that can probe these materials under actual working
conditions, soft X-ray absorption spectroscopy (XAS) has proven particularly high-
impact for its ability to access the X-ray water window, the C, O, and N K-edges
of organic molecules, and the L-edges of relevant transition metals, providing an
element-specific molecular-level probe. This chapter describes the development of
a table-top soft X-ray in-situ beamline, designed to perform XAS measurements
in both gaseous and liquid environments. Gas-phase measurements allow XAS
studies on metal organic frameworks, used in direct air capture of CO2 and H2O.
Liquid-phase in-situ capabilities aim to focus on electrocatalytic systems, provid-
ing insights into the fundamental processes that govern the selectivity and activity
of CO2 reduction observed in devices and guiding the discovery of new catalysts.
To the best of authors’ knowledge, this is the first demonstration of liquid-phase
in-situ soft X-ray absorption measurements using a gaseous-based LPP source. By
leveraging rapid advancements in table-top X-ray sources, this beamline brings in-
situ XAS to the laboratory bench, addressing the accessibility challenges posed by
synchrotron facilities. This work aims to establish a modular platform for in-situ
XAS, facilitating the development of a co-design pipeline that integrates soft X-ray
measurements into the catalyst discovery and optimization process.

3.2 Introduction
X-ray absorption spectroscopy (XAS) is a powerful technique to investigate the
electronic, structural, and chemical properties of materials. In recent years, in-situ
XAS has revolutionized the study of electrocatalysts under operational conditions,
particularly at synchrotron facilities. These measurements have advanced our under-
standing of interfacial dynamics, including oxide formation [1–3], carrier dynamics
[4, 5], reaction intermediates [6, 7], and facet restructuring [8, 9].
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Beyond liquid environments, in-situ XAS has been instrumental in studying gas-
phase systems, particularly for understanding CO2 and H2O adsorption in metal-
organic frameworks (MOFs). These studies have illuminated gas adsorption mecha-
nisms [10], defect site reactivity [11], and changes in oxidation state during gas-solid
reactions [12]. However, most in-situ XAS experiments in MOFs are conducted in
the hard X-ray regime, leaving the soft X-ray regime, critical for studying organic
molecules and reaction intermediates, largely unexplored.

Soft X-ray (SXR) absorption, which probes the C, N, and O K-edges, offers unique
insight into the electronic structure of organic frameworks and catalytic intermedi-
ates. However, conducting in-situ soft XAS is challenging due to the small mean
free path of soft X-rays in matter, illustrated by the calculated attenuation lengths of
Cu, Si3N4, and H2O in Figure 3.1. The high degree of absorption in matter requires
that SXR measurements be conducted in vacuum environments and in-situ cells
have micron-scale path-lengths for liquids and gases. These technical constraints
require specialized, leak-proof cells capable of maintaining high pressure differ-
entials while preserving the sample environment. In-situ SXR experiments have
employed a range of techniques from microns-thick liquid jets [13, 14], to microflu-
idic devices [15, 16]. Furthermore, micrometer thick gas or liquid environments
pose a challenge in replicating realistic mass flow conditions, which is often very
influential on a given reaction and the actual performance of the device [17, 18].
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Figure 3.1: Attenuation depth measured into liquid H2O (blue) solid Cu (yellow)
and silicon nitride (Si3N4, orange) when the intensity of X-rays is 1/e of its value at
the surface over the soft X-ray energy range [19].
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Despite their scientific value, in-situ synchrotron XAS measurements remain inac-
cessible to many researchers due to limited beamtime and the complex setup required
for soft X-ray experiments. Table-top X-ray sources, such as those based on high
harmonic generation (HHG) and laser-produced plasmas (LPP), offer a promising
alternative by enabling more accessibility and customization. HHG sources have
advanced ultrafast spectroscopy in the extreme ultraviolet (XUV) range [5, 20, 21],
the attenuation length of radiation in this energy range is on the order of 10 - 500 nm
for liquid water and 10 - 50 nm for gaseous CO2 [22]. Furthermore, very few HHG
sources have demonstrated emission reaching the soft X-ray regime with sufficient
flux to measure an absorption edge, let alone conduct in-situ measurements [23–25].
In contrast, LPP sources have been utilized for their ability to generate radiation in
the soft X-ray regime to perform synchrotron-like absorption measurements in the
laboratory [26–29]. Although some reports have shown gas-phase measurements
with LPP sources [30], fully liquid in-situ measurements have not been demon-
strated. Such measurements are particularly challenging with LPP sources due to
their significantly lower X-ray intensity compared to synchrotrons. Furthermore,
most LPP XAS spectrometers are designed in transmission geometry, necessitat-
ing overall sample thicknesses on the order of hundreds of nanometers to several
microns, depending on the material.

Although most LPP XAS studies focus on solid samples in vacuum, significant
improvements in X-ray optics and gas jet targets have improved the intensity and
sensitivity of the LPP source [29, 31–33], increasing its potential to take in-situ
measurements. This work aims to bridge the gap by developing an in-situ cell
capable of handling both liquid and gas environments for soft X-ray measurements.
The cell features a 3.6 µm-thick channel, enabling transmission through liquid water
and gaseous CO2, crucial for studying electrocatalytic CO2 reduction and direct air
capture processes.

This chapter presents the design and characterization of the in-situ cell, highlighting
its versatility for studying electrochemical systems and gas-phase reactions. Pre-
liminary measurements demonstrate its capability to use the cell in liquid water and
gaseous CO2 environments, allowing future investigations into catalytic systems and
carbon capture materials.



36

3.3 Experimental Section
The LPP source used in these experiments was described in Chapter 2. In order to
maximize X-ray flux for in-situ measurements, the higher pulse-energy nanosecond
Nd:YAG laser was used (Spectra-Physics Quanta-Ray PRO, 10 Hz repetition rate,
8 ns FWHM pulse duration, 800 mJ pulse energy). All measurements were taken
with a plasma generated in Kr gas with backing pressure of 175 psi, delivered by a
pulsed gas jet with opening time t𝑜𝑝𝑒𝑛 = 900 µs. Visible light and scattered 1064
nm laser light were filtered with a 100 nm Al foil sealed in a gate valve. Gas-
phase measurements were taken with a 100 µm slit placed 75 mm after the plasma.
Liquid-phase measurements were taken without a slit to maximize X-ray flux at the
sample.

The custom built in-situ cell used in this work is shown in Figure 3.2. The cell
is sealed for vacuum environments by compressing two Si3N4 windows against
ethylene propylene o-rings at both the entrance and the exit. The Si3N4 chip is
fabricated on a 5 mm × 5 mm, 200 µm thick silicon square frame with a aperture
of 0.5 mm × 0.5 mm. A 50 nm thick Si3N4 membrane is deposited on one side of
the silicon frame and two 1.8 µm thick SU-8 spacers are fabricated on the Si3N4

membrane to create a channel over the free-standing Si3N4 window.

The entrance and exit Si3N4 chips are placed such that the Si3N4 and spacer sides
are facing each other, and the channel is aligned so that the other side of the chip is
compressed against the ethylene propylene o-ring. A small channel was drilled into
the side of the stainless steel frame to serve as a reservoir for excess liquid/gas.

Absorption measurements were calculated using Equation 3.1:

𝐴 = − ln
(
𝐼

𝐼0

)
(3.1)

For gas-phase measurements, research-grade CO2 and atmospheric air at atmo-
spheric pressure (∼14 psi) were loaded into the in-situ cell, and the corresponding
transmitted intensity (𝐼) was measured. Additionally, the transmitted intensity un-
der vacuum (𝐼0) was recorded for reference. Liquid-phase measurements were
performed by loading the in-situ cell with distilled water before placing it in the
vacuum chamber and measuring the transmitted intensity (𝐼). The transmitted in-
tensity of the cell under vacuum was again used as (𝐼0). All absorption spectra were
normalized using Athena software [34].
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Figure 3.2: In-situ cell for in-vacuum soft X-ray absorption measurements. The cell
is designed for transmission geometry and can be used with static or flowing media.
A vacuum-compatible seal is formed by compression of two Si3N4 windows against
o-rings, such that a 3.6 µm thick channel is formed for gas or liquid.

The procedures for introducing gas or liquid into the in-situ cell during the operation
of the vacuum chamber are given in Appendix B. In the measurements presented
here, the in-situ cell was operated in static mode, however, it can be used with
flowing media in future experiments.

All spectra were taken by cooling the camera to -50 °C and subtracting dark counts
from the transmission measurement. A liquid nitrogen cold trap was used in the same
chamber as the in-situ cell to ensure that any leaks from the cell did not result in icing
of the camera surface. Due to the size of the in-situ cell holder, self-referencing was
not used and a separate reference measurement was taken measuring transmission
through two Si3N4 windows in vacuum.
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3.4 Results and Discussion
Gas-phase measurements
Given the short path length of the in-situ cell used in this experiment, the calculated
decrease in transmission due to the C and O K-edges using gaseous CO2 is ∼1%,
while that of O in ambient air (combining the decrease in transmission for CO2,
H2O, and O2 at each partial pressure) would be <1% and for the N K-edge, the
decrease in transmission would be ∼1% [22]. The raw data of X-ray transmission
of the in-situ cell under vacuum, CO2, and ambient air is given in Figure B.2.

The measured absorption curve for both CO2 and air are given in Figure 3.3. X-ray
spectra were accumulated for 50 minutes, and absorption curves were smoothed
using a locally weighted scatterplot smoothing (LOWESS) with a span of 0.08. The
N K-edge is seen in both the CO2 and ambient air transmission curve, likely due to
the interference of the Si3N4 windows, however the edge is more pronounced in the
air spectrum, due to the higher concentration of N2 in atmosphere.

Liquid-phase measurements
For liquid water, the calculated transmittance in the liquid cell is ∼60% before the
O K-edge, and near 0% at the edge and through the higher energies accessible by
this spectrometer. However, the observed transmittance was closer to 10% before
the edge, suggesting that the path length through the cell increased >10 µm in the
high vacuum environment [22]. Bulging of the cell is directly observable in the raw
liquid-phase data. The raw data of the transmission of X-rays through the cell with
liquid water, and the reference are given in Appendix B. Similar in-situ cells for
soft X-ray measurements have addressed window deformation by using intermediate
chambers filled with helium (highly transmissive to SXRs) to minimize the effects
of high pressure differentials [16, 30].

Oxygen K-edge X-ray absorption spectra of water have been widely studied under
a variety of conditions, from temperature [35, 36], ion concentration [37, 38], and
pH [39, 40] to transient XAS studies [41, 42] and isotope substitution experiments
[43, 44]. In this study, the normalized measurements at the O K-edge, shown in
Figure 3.4, show agreement with the well-documented structure of liquid H2O.
Specifically, the XAS spectrum matches the approximate positions of the pre-edge
peak located at 535 eV, the main-edge peak near 540 eV, and the post-edge peak
near 545 eV. The pre-edge peak has been attributed to broken or weakened hydrogen
bonds, the main-edge peak attributed to coordinated, interstitial water molecules,
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Figure 3.3: N K-edge absorption spectrum for ambient air (top) and C K-edge absorp-
tion spectrum of atmospheric pressure CO2 (bottom). The features corresponding
to transitions to the 𝜎∗ and 𝜋∗ are annotated. Both spectra were normalized using
Athena XAS processing software [34], smoothed with LOWESS smoothing (span
size 0.08), and collected over a 50-minute integration time.

and the post-edge peak attributed to stronger hydrogen bonds that tend to increase
in intensity for spectra of ice [35, 45, 46].
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Figure 3.4 compares the XAS data taken with the LPP spectrometer with synchrotron
measurements of the liquid and gas-phase H2O. The relative intensities of the pre-
edge peak and the main-edge peak do not exactly match those of the liquid water
measured with the synchrotron; however, the stronger intensity of the pre-edge peak
may signify a larger concentration of broken or weakened hydrogen bonds occupying
a larger volume, due to the cell bulging in the vacuum environment. In previous
work that used DFT calculations to assign peaks in the water O K-edge spectra, the
pre-edge peak at 535 eV is attributed to the unoccupied O-H antibonding 4a1 orbital
of water [46], which would be filled, and thus less intense in stronger H-bonding
networks. The increased intensity observed at the pre-edge peak, relative to the
main peak, suggests a weaker H-bonding network.
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Figure 3.4: Oxygen K-edge absorption spectrum obtained using distilled water in
the in-situ cell. Comparison of the O K-edge absorption spectrum from liquid and
gaseous H2O, taken at a synchrotron is given as comparison, from ref [47]. The
absorbance measurement was taken with an integration time of 16.5 minutes and
smoothed using lowess smoothing, with span 0.05.
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3.5 Conclusion
A table-top soft X-ray absorption spectrometer based on a LPP in a gaseous target
was used to conduct gas- and liquid-phase measurements. A custom built in-situ cell
with a 3.6 µm thick liquid channel, sealed by two 50 nm thick Si3N4 windows, and
capable of withstanding vacuum environments, was used for both measurements.
Gas-phase measurements of CO2 and ambient air were performed at the nitrogen
and oxygen K-edges, demonstrating that the instrument has a high enough sensitivity
to measure low concentration gases relevant to materials used in carbon capture and
conversion devices. Liquid-phase measurements of H2O were also performed and
the oxygen K-edge absorption spectrum was compared to synchrotron sources and
reported DFT calculations. The relatively high intensity of the pre-edge feature
suggests that the bulging of the cell may have led to a lower pressure inside the
in-situ cell, resulting in weaker hydrogen bonding networks.

Together, these measurements demonstrate the feasibility of studying a wide variety
of samples in-situ, from electrocatalysts in realistic aqueous electrolyte for CO2 re-
duction, to metal organic frameworks, in low concentration gas-phase environments
for direct air capture. Demonstrating these capabilities on the table-top provides
greater access to in-situ XAS techniques that are typically only conducted by a select
few beamline and residential staff scientists at large user facilities, increasing the
reach of a powerful technique to more users and a wider variety of experiments.
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C h a p t e r 4

TRANSIENT SOFT X-RAY ABSORPTION MEASUREMENTS
OF TiO2 WITH A NANOSECOND LASER-PRODUCED

PLASMA SOURCE

4.1 Abstract
Using soft X-rays as probes for transient absorption measurements offers insight
into the fundamental processes of photoelectrocatalysts following photoexcitation,
from oxidation state changes, to charge transfer and even intermediate and product
formation. This chapter describes the work done to develop UV-pump/soft-X-ray
(SXR) probe spectroscopy using a ns laser-produced plasma (LPP) as an X-ray
source in order to expand the capabilities of transient soft X-ray absorption to
the table-top. The development and testing of the technique in this chapter was
conducted on TiO2 thin films, which have been previously reported to have lifetimes
of the order of tens of nanoseconds. Although efforts to measure a transient signal
with TiO2 thin films were unsuccessful in this work, several potential improvements
to the experimental setup are discussed. Specifically, to improve the sensitivity
of the instrument, SXR emission from a Kr plasma should be used instead of Ar
because it has a more broadband emission spectrum. Higher pump fluences could
also be explored to increase the photoexcited carrier density. The spatial overlap
of the pump and probe could also be improved with the use of an X-ray focusing
optic. Additionally, spectral and temporal resolution could be improved using higher
quality X-ray gratings and shorter pulse duration lasers, respectively.

4.2 Introduction
Understanding excited-state dynamics is critical to building a repository of knowl-
edge that will become design principles for more efficient electrocatalysts. Theo-
retical simulations, such as density functional theory (DFT), can provide guidance
in this pursuit; however, direct spectroscopic evidence is required to draw definite
conclusions. Pump-probe, or time-resolved, spectroscopy has been imperative to
elucidating carrier dynamics, charge transfer, and reaction intermediates in electro-
chemical systems [1–3]. Time-resolved spectroscopy utilizes two pulses of light, a
pump, and a probe to measure the evolution of a material in response to a strong
perturbation. The "pump" pulse excites a large enough fraction of the material
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such that the relaxation of the material in this excited-state can be measured by
the subsequent "probe" pulse as a function of time by adjusting the delay between
the two pulses. Pump-probe transient absorption spectroscopy is one of the most
widely used time-resolved spectroscopies and measures the absorption of a broad-
band visible probe pulse following excitation by a pump pulse. With improvement
of ultrafast lasers this technique has been useful for studying dynamics on timescales
as short as attoseconds [4–6]. As they are applied to photoelectrochemical systems,
most pump-probe transient absorption spectroscopies utilize visible or infrared (IR)
probes that can access an ensemble of transitions between the valence and conduc-
tion bands, or structural modes, respectively [7–9]. While IR probes provide insight
into structural modes, they cannot measure the electronic structure of a particular
catalyst or provide insight into element-specific dynamics. Visible probes of va-
lence states are sensitive to the surrounding chemical environment and often result
in broad peaks of overlapping spectral features. Additionally, in electrochemical
devices, dynamics such as charge transfer can be tuned by adding dopants to the
catalyst, so an element-specific probe would be needed to elucidate their role in the
observed changes in charge transfer.

Transient X-ray absorption spectroscopy (tr-XAS) is ideally suited for studying
excited-state dynamics of electrocatalysts because it can access transitions from
highly localized core orbitals. These core orbitals are not changed by the external
environment, but more sensitive to the local electronic structure. Thus, X-rays are
excellent element-specific probes of changes in the oxidation state, spin states, and
charge carriers [10, 11].

Traditionally, transient absorption measurements that use X-rays (>200 ev) as probes
have been conducted at XFELs. Similarly to in-situ X-ray measurements, time-
resolved measurements with X-rays are much more complex and involved than
the linear absorption techniques more commonly utilized at beamlines. This puts
a natural bottleneck on the number of transient X-ray absorption measurements
that are achievable within the electrochemical community. Table-top sources for
pulsed X-ray beams thus offer an attractive alternative to user facilities and have
the added benefit of broadband simultaneous emission. At most XAS beamlines at
synchrotrons, the incoming X-ray beam is monochromated before interaction with
the sample such that the measurement time for a given spectrum is limited by the
time it takes to physically scan a given energy range. Laser-produced plasma (LPP)
sources for soft and hard X-rays are commonly used for ground-state measurements
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and have less frequently been explored for time-resolved measurements. Most time-
resolved studies conducted with LPP sources have consisted of time-resolved X-ray
diffraction [12–16], however, a few time-resolved XAS measurements have been
conducted with LPP sources. Some examples of this work include the elucidation
of trap states in organic molecules [17, 18]

Although the repetition rate of the Nd:YAG laser is orders of magnitude lower
than that of common Ti:Sapph lasers routinely used to conduct ultrafast transient
extreme ultraviolet studies using high harmonic generation (10-20 Hz compared to
1 kHz, respectively), smaller repetition rate in combination with electronic delays
may prove advantageous for measuring longer timescale dynamics. For example, in
electrochemical systems, oxide formation, particle corrosion, charge transfer, and
diffusion occur on the nanosecond to millisecond to minute time scales [19–22].

In this study, a table-top ultraviolet-pump/soft-X-ray (SXR)-probe transient absorp-
tion spectrometer based on a LPP source is constructed and tested to measure the
excited-state dynamics of TiO2 thin films. Due to limitations of the experimental
setup at the time these experiments were attempted, no transient signal was mea-
sured from TiO2. Instrumental improvements are discussed to conduct successful
time-resolved measurements in the future.

4.3 Experimental Section
The SXR source is based on a LPP, generated using an Nd:YAG laser (Spectra-
Physics Quanta-Ray PRO, 1064 nm, 10 Hz repetition rate, 8 ns FWHM pulse
duration, 800 mJ pulse energy) and a pulsed gas jet inside of a vacuum chamber.
The spectrometer is largely the same as that in Chapter 2, with the exception of a
few components. The time-resolved measurements conducted here were attempted
using Ar gas with a backing pressure of 150 psi, using a pulsed gas jet with a 900
µs opening time, electronically delayed and triggered by a pulse generator inside
the Nd:YAG oscillator. Any scattered 1064 nm light from the laser and out-of-band
radiation from the plasma is filtered out using a 100 nm thick Al filter. The SXR beam
passed through 100 µm slit, was dispersed by an aberration-corrected concave X-ray
grating (Hitachi PN 001-0659, 2400 l/mm, 563.2 mm focal length) and measured
with an in-vacuum electron-multiplying CCD (Raptor photonics EMCCD III-XV,
10 × 10 µm pixel size, 1024 × 1024 pixels). A second 100 nm Al filter on a
translation arm is placed after the X-ray grating and before the EMCCD to block
any scattered light by the pump beam. During operation of the gas jet, the plasma
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generation chamber is held at 10−3 Torr and the rest of the setup remains between
10−5-10−6 Torr.

The pump pulse is delivered by a separate Nd:YLF laser (Spectra-Physics, Explorer
One, 10 ns FWHM pulse duration, 10 Hz repetition rate, 70 µJ pulse energy) whose
fundamental 1047 nm beam is frequency tripled by third harmonic generation (THG)
in crystals of lithium triborate (LBO) to give a 349 nm beam. The timing of the
pump pulse is controlled by a digital delay/pulse generator (Stanford Research
Systems, DG535), triggered by the same TTL output from the pulse generator in
the Nd:YAG’s oscillator that controls the gas jet timing. A schematic of the setup is
shown in Figure 4.1.

Figure 4.1: Schematic of the experimental setup to conduct pump-probe transient
SXR absorption measurements using a LPP source. This setup utilizes an electronic
delay line to alter the timing of the pump laser with respect to the SXR probe.
The computer controls the timing of the pump pulse delay and acquisition by the
EMCCD camera.

Self-referencing was used during the time-resolved measurements so that the differ-
ential absorption was calculated using Equation 4.1,

Δ𝐴 = − ln
(

𝐼𝑠, 𝑝𝑢𝑚𝑝 𝑜𝑛/𝐼0, 𝑝𝑢𝑚𝑝 𝑜𝑛

𝐼𝑠, 𝑝𝑢𝑚𝑝 𝑜 𝑓 𝑓 /𝐼0, 𝑝𝑢𝑚𝑝 𝑜 𝑓 𝑓

)
(4.1)

Where 𝐼𝑠, 𝑝𝑢𝑚𝑝 𝑜𝑛 refers to the transmitted intensity of the SXRs that have passed
through the sample, following photoexcitation by the pump, where 𝐼𝑠, 𝑝𝑢𝑚𝑝 𝑜 𝑓 𝑓 refers
to that where the pump pulse was not present. Similarly, 𝐼0, 𝑝𝑢𝑚𝑝 𝑜𝑛 refers to the
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transmitted intensity of the SXRs through the reference after the pump pulse was
delivered to the sample and 𝐼0, 𝑝𝑢𝑚𝑝 𝑜𝑛 refers to that where no pump was present.

The TiO2 thin film sample was prepared by atomic layer deposition (ALD) on 50 nm
thick diamond membranes with 2 mm diameter apertures. The thin film preparation
method was the same as described in Appendix A, however, the number of cycles
was increased to 1400 to deposit 70 nm of TiO2 on the diamond membrane.

Temporal overlap was approximated using a photodiode sensitive to UV-IR light
(Thorlabs, DET36A2, Si detector, 350-1100 nm, 14 ns rise time). The temporal
overlap was conducted in atmosphere by placing the photodiode in the sample
position and removing the metallic filter between the plasma chamber and the
sample. The Nd:YAG was used to generate a plasma in atmosphere such that the
visible light emitted from the plasma was used as a proxy for the SXR probe. The
timing between the pump laser and the Nd:YAG was then varied so that approximate
time zero could be determined. The results of the temporal overlap are given in
Appendix C.

In the initial efforts to find a transient response of the sample, absorption spectra
were acquired at >10 time delays. One time point was selected with a delay that was
many milliseconds longer than the expected lifetime of the material. In this case,
given the 10 Hz repetition rate of both the pump laser and the probe, this was selected
as 50 ms. At this time point, the delay is so large that no response is expected to be
measurable by the SXR probe, and the absorbance calculated here can be effectively
considered steady state. The other time delays were selected within 1 ms of the time
zero measured by the temporal overlap.

Spatial overlap was determined by first measuring the SXR beam’s full width at
half maximum (FWHM) and midpoint using knife edge positioning. X-ray intensity
was recorded at various horizontal positions (𝑥) of the edge of the razor blade as it
moved into the beam path. The resulting intensity data were fit to a complementary
error function (𝐼 (𝑥)) as a function of the position of the razor blade. The function
used to fit the intensity data is given in Equation 4.2:

𝐼 (𝑥) = 𝑎 × 𝑒𝑟 𝑓

(
𝑥 − 𝑏

𝑐

)
+ 𝑑 (4.2)

The first derivative of this fit was used to calculate the FWHM to give the approximate
size of the SXR beam in the horizontal dimension. The midpoint of the beam was
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identified by finding the relative x position at the maximum y value of the first
derivative. The results of this experiment are shown in Figure C.2.

Since the pump beam was not focused in these experiments, the pump beam dimen-
sions were measured with a laser beam analyzer (BeamGage, Ophir, SP620U) to be
6.294 × 103 µm by 4.918 × 103 µm by the second moment, or D4𝜎, standard which
defines the dimensions of a laser beam to be four times the standard deviation of
the energy distribution along the two axes of the beam intensity profile. The pump
beam was centered on the sample after positioning the sample stage to maximize
X-ray transmission. With these specifications, the pump fluence was calculated to
be 0.25 mJ/cm2, which was used to calculate the average carrier density, ΔN, using
Equation 4.3 [23].

Δ𝑁 =
𝐹

ℏ𝜔𝑑𝑠

(
1 − 𝑒−𝛼𝑑𝑠

)
(4.3)

where F is the pump fluence in J/cm2, ℏ is Plancks constant in J/Hz, 𝜔 is the central
frequency of the pump laser in Hz, 𝛼 is the absorption coefficient in cm−1, and 𝑑𝑠 is
the sample thickness in cm. Using a sample thickness of 70 nm and an absorption
coefficient of 2.52 × 104 cm−1 [24], the average carrier density was calculated to be
1 × 1019 cm−3.

4.4 Results and Discussion
As mentioned, the time-resolved soft X-ray spectra of TiO2 thin films, at the Ti L2,3

edge did not show any transient signal in this work. In these measurements, a range
of time delays were measured and compared to a temporal delay of 50 ms. The 50
ms time delay was chosen as a control, such that the pump arrived at the sample
with ample time for the transient response to decay before the arrival of the probe.
In the spectra collected in this work, no meaningful transient response was detected,
as compared to the control. Previous reports measured the lifetimes of photoexcited
TiO2 on the scale of nanoseconds to tens of nanoseconds [25–27].

The lack of a measurable transient response can be explained by a number of
possibilities. First, the X-ray grating used in this study has been shown to produce
aberration in X-ray spectra, as shown in Figure C.3. For the spectra taken here, the
FWHM of a Gaussian fit to the nitrogen emission line at 430.8 eV (𝜆 = 2.878 nm)
was 1.4 eV, corresponding to a spectral resolution of E/ΔE = 299. This resolution
may be too low to resolve transient excited-state populations on the <1 eV scale.
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Additionally, as mentioned in Chapter 2, the SXR emission spectra of an Ar plasma
is dominated by characteristic line emission. Small variations in gas expansion can
result in differences in electron temperature in the plasma, resulting in shot-to-shot
variations that exacerbate the spectral variability of the different characteristic lines
in the Ar plasma emission spectrum. The Kr emission spectrum, on the other
hand, is dominated by broadband bremsstrahlung emission, making the fluctuations
in plasma conditions less pronounced in the resulting absorption spectra. This is
illustrated in Figure A.6, which compares the absorption spectrum of the N K-edge
obtained with the Ar and Kr plasmas.

Temporal resolution could also be a limiting factor in these experiments, as the
measured lifetime of photoexcited TiO2 has been reported to be on the scale of
nanoseconds to tens of nanoseconds [25–27]. Given the 10 ns pump pulses and the
8 ns probe pulses, the excited-state population would have decayed to <40% on the
ns timescale, based on previous work using X-ray probes in time-resolved studies
[25, 26]. However, optical transient absorption measurements have measured that
recombination rates in anatase and rutile TiO2 are on the order of ms [28]. Future
studies could test the excited-state lifetimes of different crystal structures of TiO2

(anatase or rutile).

Furthermore, the pump power for these measurements was calculated to excite 1 ×
1019 cm−3 carriers, which is within the typical range of 1019-1020 cm−3 necessary to
detect a transient. However, other studies that investigated the lifetime of photoex-
cited TiO2 thin film used higher pump fluences, in the range of tens of mJ/cm2 [25,
26]. This, in addition to the fact that the probe beam interacted with a larger area
of the sample than the pump, could have resulted in a population of excited atoms
too small for the sensitivity of the instrument. Future time-resolved experiments
could explore X-ray focusing optics, which have undergone significant technical
improvement, and have been demonstrated to improve flux in for many LPP-based
techniques [29–31].

4.5 Interpreting time-resolved X-ray spectra
The interpretation of the time-resolved X-ray spectra has been explored using theo-
retical models based on the Bethe-Salpeter equation (BSE). This method has been
developed by modifications to the Obtaining Core Excitations using Ab initio and the
NIST BSE solver (OCEAN) code [32–34]. In this method density functional theory
(DFT) is used as a starting point to calculate the ground-state energies of a given
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system using Quantum-ESPRESSO. In OCEAN calculations, there is an optional
step to account for electron self-energies with Hedin’s GW self-energy approxima-
tion. The GW approximation is a correction for ground-state energies derived from
the one-electron Green’s function and the screened Coulomb interaction (denoted
G and W, respectively) [35]. Then, core-excitation spectra are calculated with BSE.
This approach offers an advantage over time-dependent density functional theory
(TDFT) because it includes an explicit treatment of particle-hole interactions [36].

Past methods to calculate excited-state XAS spectra have used a state filling tech-
nique in which electron and hole populations are calculated based on the energy of
the pump beam and the available states based on a materials band structure [32–34].
Although this technique has shown good agreement with measured transient XUV
spectra [32–34], it is an approximation of the occupied states and would not work as
well for materials where many-body effects and more dispersive bands near the pump
energy are present. More accurate modeling of excited-state carrier occupations has
relied on the Boltzmann transport equation (BTE) [37], which includes material
properties such as electronic structure, lattice dynamics, and electron–phonon col-
lision in the calculation of excited-state occupations. This can be integrated into
the existing method of using OCEAN to calculate excited-state X-ray spectra by
using DFT to calculate the ground-state energies of a given system and then using
the BTE to calculate excited-state populations at time points after photoexcitation.
Together, these techniques could improve the interpretation of time-resolved XAS
spectra, including that measured of TiO2 thin films.

4.6 Conclusion
Time-resolved UV-pump/SXR-probe experiments were explored using a table-top
nanosecond SXR spectrometer based on a LPP source. To validate the experimental
setup, the lifetime of a TiO2 thin film was investigated. In the experimental con-
figuration presented here, no transient was detected; however, several contributing
factors were explored and discussed. Specifically, the instrument’s sensitivity was
likely too low to detect small mOD changes induced by photoexcitation of the TiO2

thin film. Sensitivity of the setup could be improved in further experiments by
using SXR emission from a Kr plasma, larger pump fluences, and a shorter pulse
duration driving laser. In addition to improving temporal resolution with a shorter
SXR pulse, spectral resolution could be improved by using higher line density X-ray
gratings, enabling detection of peak shifts <1 eV.
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Given these improvements, future time-resolved studies using the LPP source pre-
sented here are feasible. Bringing time-resolved XAS capabilities to the table-top
in the SXR regime would expand the reach of the technique beyond large-scale user
facilities, enabling researchers to elucidate the fundamental dynamics that occur
within molecular and material systems to govern device performance. Furthermore,
extending this technique to the SXR regime using LPP spectrometers would com-
plement the capabilities of HHG-based spectrometers, which are currently capable
of routine transient extreme ultraviolet (XUV) measurements.
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C h a p t e r 5

CONCLUSION AND FUTURE OUTLOOK

In the fields of carbon capture and conversion, X-ray absorption spectroscopy (XAS)
has become key to understanding the underlying physics and chemistry that govern
overall device performance. With their ability to access high-energy transitions from
the core orbitals of the atom to the valence state, XAS measurements offer a powerful
element-specific probe of local electronic structure, oxidation state, hybridization,
and bonding. Soft X-rays (SXRs) offer a particularly valuable tool to the field of
carbon capture and conversion because they can access the X-ray water window
through which carbon- and nitrogen-based molecules, as well as many transition
metals, can be measured in aqueous environments.

Access to absorbance measurements in this regime previously required access to
large-scale user facilities such as synchrotrons and XFELs. These facilities have
enabled numerous high-impact experiments; however, access is limited. Ultimately,
this limits the reach of XAS techniques and makes more complex experiments
nearly impossible for everyday users. Table-top instrumentation that can access
the SXR energy range for absorption measurements offers the distinct advantages
of accessibility, customizability, and economy. Additionally, the current moment
is experiencing a flourishing of X-ray optics and detectors, in addition to plasma
targets, making table-top techniques even more accessible [17, 24, 32, 50]. Laser-
produced plasma (LPP) sources, particularly those based on gaseous targets, have
been gaining adoption due to their ability to conduct high-quality synchrotron-like
XAS measurements with successful applications in the study of organic samples
[51], transition metal oxides [52], and polymers [53]. In addition, they have recently
enabled more complex techniques, such as extended X-ray absorption spectroscopy
(EXAFS) to measure bond lengths [54] and gas-phase reactions [55], as well as time
resolved near edge X-ray absorption fine structure (NEXAFS) studies of photoin-
duced phase transitions [18] and transition metal complexes in liquid sample cells
[56].

The work described in this thesis details the efforts to bring in-situ and time-resolved
XAS to the table top using a soft X-ray source based on laser-produced plasma
emission. This has included exploring the lower temporal limit of pulse duration for
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X-ray emission in plasmas generated in gas, and the development of a UV-pump/SXR
probe time-resolved technique to measure charge transfer in transition metal oxides.
Improvements to the technique were discussed in detail, so that this experiment can
be fully realized in the future. In an effort to bring in-situ measurements to the
table-top, the first gas-phase and liquid-phase measurements were achieved with the
LPP-based spectrometer built here, a first for liquid-phase soft X-ray absorption on
the table top using a gaseous LPP.

In-situ and time-resolved XAS techniques have proven critical to understanding pho-
todriven dynamics, liquid/solid and gas/solid interfaces, and catalyst performance,
influencing the discovery-design pipeline of catalysts and materials used for carbon
capture and conversion. Table-top X-ray instrumentation to increase the accessi-
bility of XAS measurements will further achieve this goal of realizing eventual
ubiquity of XAS measurements.
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A p p e n d i x A

SUPPLEMENTARY INFORMATION FOR APPROACHING THE
LOWER LIMIT OF PULSE DURATION FOR

LASER-PRODUCED PLASMA SOURCES

A.1 Energy calibration of the LPP spectrometer
To perform the energy calibration for all spectra in this thesis, the emission lines
originating from the N VI and Ar XI ions are used to create a calibration curve
relating camera pixel and energy.

Figure A.1: Location of the emission lines from N VI and Ar XI ions, specified
below, are used to calibrate the instrument and representative calibration curve
relating pixel and energy. These lines were chosen because they are not obscured by
other emission lines or bremmstrahlung radiation in the Ar and N2 SXR emission
spectra.

A.2 Thin film sample preparation methods
Several thin film preparation techniques were explored to meet the >1 µm path-
length requirement for soft X-ray transmission measurements. Although atomic
layer deposition (ALD) was used in the NEXAFS measurements given in Chapter
2, other methods were explored for a variety of sample types and conditions.
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Method for preparation of TiO2 thin films on diamond membranes by ALD
TiO2 thin films were deposited on diamond membranes using a Fiji F200 ALD
System. Each cycle consisted of the following sequence: a 100 ms pulse of tetrakis
(dimethylamido) titanium (TDMAT), held at 75°C, followed by a 15 s waiting step to
evacuate the remaining precursor, a 60 ms pulse of H2O, held at room temperature,
followed by an additional 15s waiting step. This was repeated for 800 cycles to yield
a 40 nm thick film. To avoid breaking the diamond thin films in the high-vacuum
environment of the instrument, they were loaded into the ALD resting on two quartz
slides, so that both sides of the membrane experienced the same pressure. The
quartz slides could then be used with other analytical techniques to confirm the film
thickness. Thin films were deposited on the membrane side of the chip.

Method for preparation of nanoparticle films on diamond membranes by spin
coating
Spin coating was explored as a technique to evenly deposit a thin film of nanoparticles
on 50 diamond membranes. This procedure was developed for 50 nm anatase TiO2

nanoparticles (𝛽-TiO2, MKnano, 98% Pure (hydrophilic), MKN-TiO2-A050) but
can be adapted for other nanoparticles. Most spin coaters use vacuum to secure the
sample to the chuck during rotation. Since diamond membranes are very fragile
and would break if attached directly to the chuck in this way, it was found that
gel-pak sticky boxes (Ted Pella, NC9035618) work well as an intermediate during
spin coater operation. The diamond membrane is placed in the middle of the gel
pak, with the membrane side up and centered on the spin coater. 95 mg of the
𝛽-TiO2 nanoparticles are suspended in 1 ml of distilled water with a concentration
of 1.2 M and vortexed before each coat. 10 µL of this suspension is placed on the
membrane side of the diamond chip and spun at 5000 rpm for 30 seconds with a
10-second acceleration time. After each coat, any residual water is evaporated using
a heat gun ∼1 ft from the membrane for 10 seconds. This procedure is repeated 12
times to give a film with an average thickness of 75 nm throughout the measurement
region (approximated from CXRO [57], see Figure A.2).

Method for preparation of free-standing polymer films
The following procedure is adapted from reference [58]. In an effort to make free-
standing thin films ≤ 200 µm, suitable for conducting transmission SXR absorption
measurements, polymer films were synthesized. These films served either as a
matrix for molecular or nanoparticle samples or as a substrate for spin-coating
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Figure A.2: Transmission of 𝛽-TiO2 nanoparticle thin film deposited on a 50
nm thick diamond membrane by spin coating, measured with an Ar plasma and
smoothed using a 0.1 smoothing factor. CXRO calculated transmission data for a 75
nm film of TiO2 is also given to approximate the nanoparticle layer thickness [57].

a sample. The general procedure involves dissolving either polystyrene (PS) or
polyvinyl chloride (PVC) in a solvent (with or without the molecule of interest),
sonicating, filtering through a silica column, slip-coating onto a glass slide, and
delaminating via water flotation or adhesive tape.

Preparation of Polymer Thin Films: Microscope slides were cleaned with iso-
propyl alcohol and dried with a heat gun prior to use. For PS films, 1.5 wt% PS
was dissolved in dichloromethane. For PVC films, 1.5 wt% PVC was dissolved in
a solvent mixture of 93.5% tetrahydrofuran (THF) and 5% cyclohexanone. Each
solution was sonicated for 30–60 minutes until fully dissolved. Subsequent steps
were performed in a fume hood to prevent contamination. The sonicated solution
was filtered through a silica column, with the volume cycled through the column
three times. If the polymer was to act as a matrix, the analyte was added at this stage
and vortexed for 10 seconds.

Slip Coating: A 100 µL aliquot of the solution was dropped onto a clean microscope
slide. For frosted slides, the unfrosted side was used to slip coat the polymer.
Another slide was placed face down, with half of each slide overhanging. The top
slide was pulled across the bottom slide to evenly spread the solution and avoid



65

bubble formation. Both slides were flipped polymer side-up and allowed to dry for
60s in the fume hood. The residual solvent was evaporated by exposing the slides
to a heat gun for 10s.

Delamination: Films were delaminated using either water or adhesive tape. If
an analyte was spin-coated onto the film, it was preferable to delaminate using
adhesive tape, as water delamination could disrupt or dissolve the analyte layer.
Various sample frame designs and aperture sizes (up to 10 mm) were tested and the
films demonstrated good durability.

For water delamination, a razor blade was used to cut the film on the slide, leaving
at least 2 mm of film around the edges of the intended aperture to allow attachment
to the frame on each side. The cut section was slowly slid into water, initiating
delamination from the microscope slide. The slide was then submerged until the
film detached and floated on the surface of the water. The sample frame was then
submerged beneath the floating polymer film, allowing lifting of the frame to secure
the film from below.

For adhesive delamination, four strips of tape were overlapped to form a frame with
a central aperture. An edge of the tape was lifted, suspending the polymer film
within the adhesive frame.

Figure A.3: PVC (left) and PS (right) polymer thin films delaminated by water
flotation and deposited on stainless steel frames. Procedure for slip coating polymer
thin films was adapted from ref [58].
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A.3 Input energies and coupling efficiencies for ps and ns driving lasers
To measure the total energy absorbed by the plasma using the ns and ps lasers, the
input energy was compared to the output energy with and without the pulsed gas jet
firing (to compare the energy fraction absorbed by the plasma).

Input Energy (mJ) Absorbed Energy (mJ) Absorption Fraction (%)
67.76 59.61 87.98
64.40 56.46 87.67
62.10 54.22 87.30
59.16 51.35 86.80
57.22 49.45 86.42
53.77 46.15 85.82
50.23 41.69 82.99
46.28 37.81 81.70
42.83 34.38 80.27
38.79 30.51 78.68
35.56 27.09 76.18
30.82 22.40 72.68
27.14 18.86 69.51
23.09 15.16 65.66
19.60 11.64 59.41
16.10 8.05 50.00
13.61 6.00 44.07
10.00 3.19 31.98
7.27 1.21 16.67
4.78 0.17 3.61

Table A.1: Input energy, absorbed energy and absorbed energy percentage by the
Ar plasma generated with the 23 ps laser.
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Input Energy (mJ) Absorbed Energy (mJ) Absorption Fraction (%)
639.40 234.64 36.7
621.00 217.05 35.0
588.80 213.58 36.3
575.00 205.79 35.8
538.20 189.26 35.2
519.80 183.46 35.3
473.80 167.93 35.4
427.80 132.56 31.0
391.00 128.39 32.8
354.20 96.05 27.1
317.40 75.02 23.6
299.00 85.43 28.6
289.80 82.80 28.6
266.80 62.05 23.3
255.30 79.97 31.3
232.30 72.41 31.2
213.90 12.58 5.9
190.90 39.39 20.6
144.90 30.83 21.3

Table A.2: Input energy, absorbed energy and absorbed energy percentage by the
Ar plasma generated with the 8 ns laser.
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A.4 Gas jet optimization for soft X-ray flux
To maximize X-ray emission from the plasma generated using the ps laser source, a
number of pulsed gas jet conditions were explored and are shown in Figure A.4.
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Figure A.4: Optimization of the X-ray emission by various gas jet conditions. The
optimal pulse delay between the gas jet and the laser was determined by measuring
total CCD counts from an Ar plasma (left). The width of the gas pulse was assessed
using an X-ray photodiode placed after the Ar plasma and a 300 nm Al filter (center).
The effect of varying the backing pressure of Ar gas on X-ray emission was evaluated
by measuring total CCD counts (right).

A.5 Analysis of NEXAFS acquisition methods
To obtain high-quality NEXAFS spectra, the integration time and self-referencing
method were explored at the Ti L2,3- and O K-edges for the TiO2 thin film in Figure
A.5. The difference in the absorption data collected with the Kr and Ar plasmas is
given in Figure A.6.
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Figure A.5: Comparison of the different methods to process NEXAFS data using
the raw data from the Ti L2,3-edge (top) and O K-edge (bottom). The left plot
compares various integration times using a self-referencing scheme (sample and
reference spectra were taken simultaneously). The middle plot compares various
integration times without the self-referencing scheme (sample and reference spectra
were taken at different times). The relatively little difference in the edge quality
underscores that the advantage of the self-referencing scheme is in its ability to
minimize the deleterious effects of the decreasing flux due to gas jet nozzle damage.
The plot on the right depicts the edge calculated by a self-referencing scheme with
a 2 s integration time and averaging over 10 - 500 separate measurements.
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Figure A.6: Comparison of NEXAFS spectra acquired with Ar plasma emission
(top) and Kr plasma emission (bottom). The emission spectra used to calculate the
absorption edges here are scaled and shown in the background in blue for reference.
It can be noted that the highly structured emission spectrum of Ar is dominated by
characteristic line emission, making it difficult to fully resolve the N K-edge. By
comparison, the Kr emission spectrum is more continuous, resulting in a cleaner
edge. The Ar absorption spectrum taken with Ar was accumulated over 38 s and that
taken with Kr was accumulated over 6.5 minutes. Both emission and absorption
spectra from the Ar and Kr plasmas were smoothed with a LOWESS regression
with a 0.004 span.
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A p p e n d i x B

SUPPLEMENTARY INFORMATION FOR GAS AND LIQUID
IN-SITU SOFT X-RAY ABSORPTION WITH A

LASER-PRODUCED PLASMA SOURCE

B.1 Procedure for evacuating gas cell
The following procedure was developed to operate the in-situ cell in a vacuum
environment. A diagram of the setup is shown in Figure B.1. During evacuation of
the sample chamber, the valve to the roughing pump, V1, is slowly opened with both
valves to the in-situ cell, V2 and V3, closed to minimize disturbance to the 50 nm
thick Si3N4 windows. Once the pressure equilibrates to ∼10−2 Torr, V3 is opened
with V2 remaining closed. At this point, the turbo pumps are turned on and the
chamber will decrease to ∼10−6 Torr. Reference spectra or any other alignment may
proceed at this time. To fill the in-situ cell with gas, V3 is closed and V2 is opened,
exposing the inside of the cell to gas, while monitoring the pressure in the chamber
for leaks. When the chamber is brought back to atmospheric pressure, the valves to
the in-situ cell, V2 and V3 are closed before the other pumps are turned off. During
this process, the cell can return to atmospheric pressure with the contents evacuated
or under atmospheric pressure.

Figure B.1: Piping diagram of experimental setup for conducting gas-phase experi-
ments using the in-situ cell.
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B.2 Gas-phase X-ray transmission
The raw data of the measured X-ray transmission through the in-situ cell through
CO2 and air are given in Figure B.2.
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Figure B.2: Raw data of X-ray transmission through in-situ cell under CO2 (top)
vacuum (middle) and ambient air (bottom), measured for 50 minutes using a 100
µm slit and the X-ray emission from a Kr plasma.

B.3 Procedure for loading liquid cell
The liquid H2O measurements presented here were performed using the in-situ cell
in static operation (no liquid flow) so that the cell was loaded with water prior to
installation in the vacuum chamber.

To start, the stainless steel frame was placed flat on a clean surface with the inner
side facing up (similar to the orientation in Figure 3.2). One Si3N4 window was
placed on top of the o-ring embedded in the cell so that the channel faced up and
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pointed toward the two semicircles cut from the reservoir (again, see Figure 3.2). A
∼10 µL drop of liquid was placed on top of the chip, which was then covered with
the second Si3N4 window, with the channel facing down, and rotated to align with
the channel of the bottom chip, pointing toward the two semicircles. Tweezers were
used to ensure that the chips aligned and that the apertures of the windows were
centered on the o-ring and the cell’s aperture. The other half of the stainless steel
cell body, with the o-ring attached, was placed on top, taking care not to shift the
chips’ position. The two holes in the tubing of the back half of the cell body were
aligned with the semicircles of the front half. The four corner screws were tightened
evenly to attach the two halves of the cell body. With the cap to one of the tubes
open, a push pipette was used to push liquid into the other tube and through the cell
until liquid emerged from the other tube. The cap was placed at that end of the tube,
the pipette was removed, and the remaining tube was capped as well. Finally, the
assembly was loaded into the vacuum chamber.

B.4 Water window soft X-ray transmission of in-vacuum liquid cell
When measured in vacuum, at ∼10−6 Torr, significant bulging is observed by the
Si3N4 windows of the in-situ cell. X-ray emission is strongest on the edges of
the Si3N4 windows, where the path length is smaller. Due to the large pressure
difference between the cell and the surrounding vacuum, bulging is observed such
that the middle of the windows show little to no transmission, as demonstrated in
Figure B.3. The lack of transmission in the middle of the cell suggests that the
bulging results in an increased depth of the water channel to >10 µm [59].

Figure B.3: X-ray transmission through the in-situ cell filled with distilled water,
and mounted in a vacuum chamber held at ∼10−6 Torr. This image was captured
by integrating for 8.3 minutes with X-ray emission from an Ar plasma to reduce the
effects of stray light and scattered 1064 nm light from the laser. The 2D map was
smoothed with a Gaussian filtering method with 𝜎 = 1.2.
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To capture the complete transmission of the X-rays in the water window, SXR
emission from a Kr plasma was used to measure liquid water in the in-situ cell, as
shown in Figure B.4. Less bulging is observed; however, significant visible scatter
from the Kr plasma could have prevented a more detailed image.

Figure B.4: Comparison of raw data from X-ray transmission through the in-situ
cell filled with distilled water and that under vacuum. These images were captured
by integrating for 50 minutes with X-ray emission from an Kr plasma, and not using
a slit after the plasma. The brighter and larger Kr plasma results in significantly
more visible scatter that makes it to the CCD. In these images, a mask was applied
to reduce the effects of this scatter in the region that should be blocked by the in-situ
cell, however visible scatter transmitted through the Si3N4 windows and liquid water
likely affected the measurement of the O K-edge.

B.5 Development of an inline gas-phase cell
In addition to the micron scale in-situ cell presented above, a longer path-length
inline cell was also developed for gas-phase transmission experiments. This cell
is constructed using three stainless steel conflat flanges integrated directly into the
vacuum chamber. It features input and output fittings, enabling operation in static
mode or with continuous gas flow.

To facilitate evacuation during chamber pump-down and to acquire reference mea-
surements, the cell is equipped with a bypass valve. This valve connects the interior
of the cell to the main chamber, allowing the cell to be evacuated or held under
vacuum for reference. The bypass valve is closed when gas is introduced, isolating
the cell for measurements. In addition, the design supports air-sensitive sample
analysis, as the cell can be assembled and sealed within a glovebox.
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Figure B.5: In-line gas-phase in-situ cell for transmission soft X-ray (SXR) mea-
surements. The cell consists of three 2.75-inch diameter conflat flanges (DN35CF)
integrated into the vacuum chamber and beamline for transmission experiments.
Both entrance and exit windows use custom clamps to compress Si3N4 membranes
against CF flanges with o-rings, creating a vacuum-tight seal. Each flange has a 2
mm aperture, and the total path-length between the Si3N4 membranes is 2 cm.
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A p p e n d i x C

SUPPLEMENTARY INFORMATION FOR TRANSIENT SOFT
X-RAY ABSORPTION MEASUREMENTS OF TiO WITH A
NANOSECOND LASER-PRODUCED PLASMA SOURCE

C.1 Temporal and Spatial overlap for the time-resolved SXR spectrometer
Temporal overlap was determined using a photodiode at the sample position and
generating a plasma in ambient air. The timing of the pump pulse was then varied
so that the photodiode traces between the pump pulse and the visible light emitted
by the plasma (serving as the probe) could be captured to estimate time zero.
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Figure C.1: Traces of the signal from the photodiode, placed at the sample position,
to determine the relative temporal positioning of the SXR probe with respect to the
UV pump, electronically triggered at various time delays.
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Spatial overlap between the UV-pump and SXR-probe beam was achieved by deter-
mining the position and FWHM of the SXR probe using knife-edge scans.

Figure C.2: Spatial positioning of the X-ray beam was determined by moving a
knife edge horizontally into the beam path and measuring the decrease in flux as a
function of position. The integrated intensity of X-ray spectra from an Ar plasma
is shown in the gray scatter points, and was smoothed using LOWESS smoothing
span 0.2. These data were fit to a complementary error function (red line) and the
center of the X-ray beam was determined by setting the second derivative of this
function to zero (green star). The first derivative of the error function is the spatial
intensity of the SXR beam, plotted in blue. Full-width half-max of the X-ray beam
was measured to be 225 µm.
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C.2 Comparison of X-ray gratings with higher line density
The concave X-ray grating used in this work was compared with a concave grating
with higher line density with the same focal length using the emission spectrum of
N2. Emission lines measured with the lower line density grating exhibited a broad
spectral base that decreased the spectrometer’s resolving power. For the two spectra
given in Figure C.3, the lower line density grating gave a E/ΔE = 299, while that of
the higher line density grating was 424, measured at 𝜆 = 2.878 nm (430.8 eV).

Figure C.3: Normalized N2 emission spectra comparing aberration-corrected con-
cave X-ray gratings with 3600 l/mm (Shimadzu PN L3600-1-6) and 2400 l/mm
(Hitachi PN 001-0659) using a 50 µm slit. The N2 emission spectrum taken with
the 2400 l/mm grating was conducted using the ns pulsed laser and an in-vacuum
electron multiplying CCD (Raptor photonics III-XV, 10 × 10 µm pixel size, 1024 ×
1024 pixels). The spectrum taken with the 3600 l/mm grating was conducted using
the ps pulsed laser and the same CCD used in Chapter 2 (Greateyes, GE 2048 512
BI UV1, 13.5 × 13.5 µm pixel size, 512 × 2048 pixels).


