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Abstract

Incoherent Diffractive Imaging (IDI) is an emerging technique that utilizes inten-
sity correlations of nominally incoherent fluorescence radiation to achieve element-
specific imaging at the nanoscale. This method requires exposure and measure-
ment times on the order of the fluorescence coherence time, which is now accessible
through X-ray free-electron laser (XFEL) sources. While prior proof-of-principle
experiments have established the capability of IDI for characterizing incident pulse
profiles and durations, this work presents, for the first time, true imaging of indi-
vidual nanostructures smaller than the incident beam. Through the use of conven-
tional coherent diffractive imaging (CDI) for calibration and orientation determi-
nation, this study achieves the highest spatial-resolution structural reconstructions
using IDI reported to date (20nm). Additionally, IDI reveals new signatures of
amplified spontaneous emission in copper nanoparticles.

The single particle approach further enables the investigation of nonlinear phe-
nomena such as (reverse) saturable absorption over a broad range of incident
fluences. By analyzing the statistical properties of the emitted fluorescence, an
unprecedented self-gating effect is observed, with profound implications for IDI.
Building on the methodologies and challenges of IDI, this thesis introduces a novel
technique: Spectral Incoherent Diffractive Imaging (SIDI). SIDI enables dark-field
imaging of nanostructures with heterogeneous oxidation states by resolving shifts
in the photoemission profiles. This allows independent imaging of the emitter
distributions corresponding to each spectral line. In the X-ray domain, SIDI of-
fers unique insights that go beyond the conventional combination of diffraction
and X-ray emission spectroscopy (XES). Applied at XFELs, it holds promise as a
versatile tool for exploring a wide range of systems, offering unprecedented oppor-
tunities for detailed characterization of heterogeneous nanostructures for catalysis
and energy storage, including their ultrafast dynamics.

Finally, the prospects of extending IDI and SIDI to the visible regime at room
temperature are discussed. In this context, the techniques could enable spatially
resolved sensing of the local chemical environment at the nanoscale, offering new
opportunities for studying material properties. However, our optical experiments
reveal several fundamental challenges that limit the applicability of IDI and SIDI

in the visible regime at room temperature.






Zusammenfassung

Inkohérente Diffraktive Bildgebung (IDI) ist eine aufstrebende Technik, die In-
tensitatskorrelationen von nominal inkoharenter Fluoreszenz nutzt, um element-
spezifische Bildgebung im Nanomafstab zu ermoglichen. Diese Methode erfordert
Belichtungs- und Messzeiten in der Groflenordnung der Kohérenzzeit der Fluo-
reszenz, die heute durch Freie Elektronen Rontgen Laser (XFEL) erreicht werden
konnen. Wahrend frithere Machbarkeitsstudien die Fahigkeit von IDI zur Charak-
terisierung von einfallenden Pulsprofilen und -dauern etabliert haben, zeigt diese
Arbeit erstmals die Bildgebung von einzelnen Nanostrukturen, die kleiner sind
als der einfallende Strahl. Durch den Einsatz der konventionellen kohérenten
diffraktiven Bildgebung (CDI) zur Kalibrierung und Bestimmung der Teilchenori-
entierung werden in dieser Studie die bislang hochsten raumlichen Auflosungen in
strukturellen Rekonstruktionen mit IDI erzielt (20nm). Dartiber hinaus zeigt IDI
neue Signaturen von verstarkter spontaner Emission in Kupfernanopartikeln.
Der Ansatz der Einzelteilchen-Bildgebung ermoglicht zudem die Untersuchung
nichtlinearer Phénomene wie (umgekehrte) sdttighare Absorption tiber einen
weiten Bereich einfallender Fluenzen. Durch die Analyse der statistischen Eigen-
schaften der emittierten Fluoreszenz wird ein bislang unerreichter Selbst-Gating-
Effekt beobachtet, der tiefgreifende Auswirkungen auf IDI hat.

Aufbauend auf den Methoden und Herausforderungen von IDI fithrt diese Arbeit
eine neuartige Technik ein: Spektrale Inkohérente Diffraktive Bildgebung (SIDI).
SIDI erméglicht die Dunkelfeld-Bildgebung von Nanostrukturen mit heteroge-
nen Oxidationszustanden, indem Verschiebungen in den Photoemissionsprofilen
aufgelost werden. Dies ermoglicht eine unabhéngige Bildgebung der Emitter-
verteilungen, die zu jeder spektralen Linie gehoren. Im Rontgenbereich bietet SIDI
einzigartige Einblicke, die tiber die konventionelle Kombination von koharenter
Diffraktion und Roéntgenemissionsspektroskopie (XES) hinausgehen. Angewendet
an XFELs verspricht es ein vielseitiges Werkzeug zur Untersuchung einer breiten
Palette von Systemen zu werden und eroffnet beispiellose Moglichkeiten fiir die
detaillierte Charakterisierung heterogener Nanostrukturen in den Bereichen der
Katalyse und Energiespeicherung, einschlieflich ihrer ultraschnellen dynamischen
Prozesse.

Schliellich werden die Perspektiven der Erweiterung von IDI und SIDI in den

visuellen Bereich bei Raumtemperatur diskutiert. In diesem Zusammenhang

vil



konnten diese Techniken die raumlich aufgeloste Messung der lokalen chemischen
Umgebung im Nanomafstab ermoglichen und neue Chancen fiir das Studium
von Materialeigenschaften eroffnen. Unsere optischen Experimente zeigen jedoch
grundlegende Einschriankungen auf, die die Anwendbarkeit von IDI und SIDI im

sichtbaren Spektralbereich bei Raumtemperatur limitieren.
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ICha,pter 1

Introduction

Imaging is a powerful tool for understanding the details of the world around us,
from the smallest particles to the largest cosmic scales. While imaging helps us
visualize large objects or nanoscale structures it also provides insights about the
fundamental physical processes that otherwise would stay hidden.

A particularly powerful imaging tool is X-ray imaging due to the high penetration
power of X-rays compared to e.g. optical light or electrons [1, 2]. This allows us
to look inside objects and materials and is used in many fields, such as materials
science, biology, medicine or environmental sciences [3]. When it comes to the
imaging of small nanoscale objects, X-ray imaging is often limited by the numeri-
cal aperture (NA) and the focal spot size of the imaging system [4, 5]. To overcome
these limitations of traditional X-ray imaging, diffraction-based techniques, such
as X-ray Crystallography [6, 7] and Coherent Diffractive Imaging (CDI) [5] have
been developed. Both techniques use the interference pattern produced by the
elastic scattering of a coherent light field by the sample to determine its struc-
ture [8, 9]. However, the crystallization to a sufficiently large size of biological
samples, such as membrane proteins, can be challenging [10], and the crystalline
disorder due to thermal motion (Debye-Waller-factor) can lead to a significant
loss of resolution in the resulting diffraction patterns [11]. In addition, the high
dose deposited into the system by the incident X-ray beam leads to radiation
damage within the first tens of femtoseconds, limiting the maximum achievable
spatial resolution [12—14]. These challenges lead to the development of X-ray free
electron lasers (XFELs), which are capable of producing extremely intense and
short X-ray pulses [15, 16]. One of the key foundational goals of XFELs was to
enable Single particle imaging (SPI) — the study of the structure and dynam-

ics of single particles and biomolecules in their near-native state, without the
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need for crystallization [17]. This is achieved by using the extremely high peak
brilliance of XFELs to produce diffraction patterns from single inorganic parti-
cles [18], viruses [19, 20] or proteins|21], before they are destroyed by radiation
damage [19, 22-24]. The resulting diffraction patterns can then be analyzed using
advanced computational techniques to classify the data according to shape and
particle orientation to ultimately reconstruct the three-dimensional structure of
the underlying scattering object [25]. While SPI is nowadays a standardized tech-
nique for imaging small objects [18], the resolution achieved is still limited by the
high gas scattering background which drowns the signal from the sample at high
scattering angles, especially for biological samples [26].

In the imaging of heterostructures, the elemental contrast achieved through co-
herent diffraction techniques scales only with the square of the atomic number
of the constituent elements [26, 27]. Poor elemental contrast and low specificity
also used to be a common challenge in other imaging fields, such as bright-field
microscopy, which paved the way for the development of dark-field imaging tech-
niques, such as fluorescence microscopy [28]. Here, the fluorescence emitted from
distinct elements is measured, providing full contrast.

Exploiting fluorescence in diffraction-based experiments, however, has long been
considered impossible due to the incoherent nature of fluorescence photons which
do not produce static interference patterns in the far field [29]. However, in 1954
the astronomers Hanbury Brown & Twiss [30] already demonstrated with their
method called Intensity interferometry that thermal light can indeed contain infor-
mation about the spatial distribution of the emitting object. Instead of measuring
wave-field amplitudes (first-order coherence), Hanbury Brown & Twiss exploited
the second-order intensity correlation to measure the angular extent of a star [30].
The only requirement for their technique was that the photons were detected on
the same timescales as their coherence time — the time during which the relative
phases are considered stable [31] — which is inversely related to the spectral width
of the light field. They achieved this by using narrow band-pass filters to select

only a small spectral range of the starlight.

With the advent of XFEL sources featuring ultra-short pulse durations on
timescales similar to the coherence time of characteristic X-ray fluorescence
emission lines, the possibility of using X-ray fluorescence for imaging has been
revisited [33]. Classen et al. termed this novel imaging technique Incoherent
Diffractive Imaging (IDI). IDI has the potential to bridge the critical resolution
gap between local probes, such as Extended X-ray Absorption Fine Structure (EX-
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Figure 1.1: Schematic showing the resolution gap between EXAFS and XFM
techniques, and the potential of Incoherent Diffractive Imaging (IDI) to bridge
this gap. EXAFS provides atomic-scale but locally limited information about the
surrounding structure of a specific element, while the resolution in XFM is limited
by the spot size of the focused X-ray beam (~ 10nm) [32]. The gray dashed line
indicates the quadratic relation between the object size and the resolving power,
when scanning large 2D objects. IDI has the potential to provide high spatial
resolution while maintaining elemental contrast, enabling dark-field imaging of

substructures of a single element within heterostructures.

AFS), and lower-resolution X-ray Fluorescence Microscopy (XFM) techniques (see
Fig. 1.1). EXAFS, originally a spectroscopic technique, can indirectly provide
atomic-scale information about the local chemical environment of the absorbing
atom. It achieves this by measuring the absorption of X-rays as a function of
energy above an absorption edge. The resulting photoelectron, or equivalently the
electron wave, which is emitted from the absorbing atom, can scatter from the
surrounding atoms, leading to interference between the outgoing and the back-
scattered waves. This interference causes oscillations in the absorption spectrum
that can be used to extract information about the local atomic structure around
the absorbing atom [34]. EXAFS is capable of achieving atomic-scale resolution,
typically on the order of 1 A, and can provide information about the local chemical
environment, such as oxidation states and coordination numbers [35]. However,
this technique provides only one-dimensional spatial information along the radial

direction from the absorbing atom, and does not provide information about the
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spatial distribution of elements within a sample. This makes EXAFS suitable for
studying local structures around specific elements, but not for imaging of larger
structures with complex elemental distributions. XFM, on the other hand, is a
technique that uses X-ray fluorescence to provide elemental contrast in imaging.
Specific elements can be excited above their respective absorption edge, leading
to the emission of characteristic X-ray fluorescence photons. XFM is typically
performed by raster-scanning a focused X-ray beam across the sample to produce
spatially resolved elemental maps, which inherently limits its ability to capture
ultrafast dynamics — unlike IDI or EXAFS. Consequently, although XFM fa-
cilitates the investigation of large-area samples, the need to maintain reasonable
acquisition times typically necessitates the use of larger probe beams, thereby also
compromising spatial resolution.

IDI has the potential to bridge this resolution gap between EXAFS and XFM
by combining the high spatial resolution of a diffractive technique with the ele-
mental contrast of fluorescence, enabling dark-field imaging of substructures of a
single element within heterostructures. However, the signal-to-noise ratio (SNR)
requirements in IDI are stringent and depend on factors such as the number of
detected photons per frame, the incident pulse duration, and the dimensions and
geometry of the emitting object [36]. To increase the SNR, IDI requires detecting
a large number of photons per frame, making larger samples with more emitters
more favorable. Conversely, smaller samples enhance reciprocal space sampling,
which is essential for the reconstruction of the sample structure. Additionally,
the sample size transverse to the sample-detector axis is constrained by the finite
coherence length of the fluorescence emission [37]. If the transverse extent of the
sample exceeds the coherence length, the contrast in IDI will be reduced signifi-
cantly. These requirements for sample structure and data volume pose significant
challenges for applying IDI across diverse systems. In pioneering proof-of-principle
experiments, copper K, fluorescence from bulk copper samples was used to de-
termine the focus profile and the pulse duration of an XFEL pulse [38, 39]. This

was followed by the imaging of non-trivial 2D structures using this approach [40].

This work continues the development of IDI by exploring new applications and
techniques to enhance the range of applicable systems. Two major unresolved
questions in the field are being addressed: (i) Is IDI of single particles feasible,
and can thus be used for element-specific imaging of nanoparticles. The ability to
image single particles using IDI would represent a significant advancement in the

field of X-ray imaging and could provide valuable insights into the structure and



dynamics of nanoparticles. (ii) Can IDI be extended to the visible regime, en-
abling spatially-resolved sensing of the local chemical environment of the sample?
In the visible regime, fluorescence-based dark-field imaging is well-established [28]
and using sight-specific fluorescence emission has led to a number of advanced
super-resolution microscopy techniques, such as Structured Illumination Mi-
croscopy (SIM) [41] and Stimulated Emission Depletion (STED) [42], that can
provide resolutions beyond the Abbe limit. Recent advances, such as Minfluz,
even allow for the tracking of fluorophores in live cells with 1 nm precision while at
the same time achieving a spatial resolution of 6 nm [43]. However, this technique
requires a sparse distribution of fluorescent emitters, and is therefore not suitable
for generic imaging of dense samples.

Therefore, the motivation for using IDI in the visible regime is predominantly to
exploit its high spectral sensitivity to local changes in the chemical environment
of the emitters, such as the oxidation state. The excitation and emission processes
happen in the outer valence states of the atoms, where electrons can couple to
phonons and the local electric and magnetic fields. This is a key difference to the
X-ray regime, where the core-shell fluorescence is typically well-isolated from any
environmental effects.

These characteristics are particularly important for applications in the field of
materials science, where the local chemical environment can have a significant
impact on the properties of the material [44-46]. Using IDI in the visible regime
could therefore provide a new way to study the chemical properties of materials
at the nanoscale, with potential applications in fields such as catalysis, energy

storage, and environmental science.
The thesis is structured as follows:

In chapter 2 the basic principles of the imaging techniques CDI, SPI and IDI are
introduced. In chapter 3, the first demonstration of IDI of single particles is pre-
sented. Moreover, the SPI approach allows us to investigate into the fundamental
light-matter interactions and coherence properties of core-shell hard X-ray fluo-
rescence.

To overcome the experimental challenges associated with IDI, and, furthermore,
enable imaging that is sensitive to spectral line shifts associated with different
oxidation states of the underlying emitters, we introduced a novel approach called
Spectral Incoherent Diffractive Imaging (SIDI) that combines IDI with an analyzer
crystal [47]. This approach, described in chapter 4, allows us to exploit the energy

dependence of the emitted fluorescence, which is sensitive to the local chemical
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environment and oxidation state of the sample which is not possible with tra-
ditional IDI techniques. In Chapter 5, the concepts of IDI are extended to the
visible regime, exploring the feasibility of using IDI and SIDI as a new approach
for optical sensing. Finally, in Chapter 6, the implications of these results are

discussed, and future directions for research in this field are outlined.



C hapter 2

Theoretical Background

In this chapter, fundamental concepts of wave propagation in free space and light-
matter interaction, including elastic and inelastic scattering in the X-ray regime
are introduced. As many of these concepts are well-established and covered in
textbooks [48, 49], the following sections will provide a concise summary. Addi-
tionally, different imaging techniques and their specific theoretical backgrounds

are discussed.

2.1 Wave field propagation in free space

Let’s consider a wave field ¢ (r,t) propagating in free space with a frequency w,

using the scalar theory:

U(rt) = p(r)e™ (2.1)

In the X-ray regime the temporal amplitude of the wave field oscillates at a fre-
quency w > 1.5 x 10'®s~!, which is much faster than the time resolution of any
detector. Hence, we can neglect the time-dependence of the wave field and consider
only the spatial part ¥ (r). This is called the time-independent wave field. The

wave field 1(r) satisfies the time-independent homogeneous Helmholtz equation:

(VZ+ &) ¢(r) =0, (2.2)
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where k = |k| is the modulus of the so-called wave vector, which is related to the

wavelength A of the wave field by k = 3¢
A solution for equation 2.2 is given by plane waves:
Y(r) = eFr = gilhamthyythsz) (2.3)

Let’s assume that the wave field is propagating in the positive z-direction, then

we can separate the propagated and unpropagated parts using k* = k2 + k‘s + k2%

W(x,y, 2) = elberthoy) . N e o

The unpropagated wave field can be decomposed into plane waves using the Fourier

transform:

1 [ - .
U(x,y,z=0)= 2—/ Y(ky, ky, 2z = 0)67*(ka:$+k?yy)dkzdk3y7 (2.5)
7T — 00

where (k,, ky, 2 = 0) is the Fourier transform of the wave field ¥ (z,y,z = 0).
The wave field at z > 0 can be obtained by multiplying the Fourier transform
with the free-space propagator eV RE k=,

U(z,y, 2 // kg, by, 2 = 0)eEerthm) i/ =R =Ky g k., (2.6)

Using the Fourier-convolution theorem!, we can write the wave field at z > 0
as a convolution of the Fourier transform of the wave field at z = 0 with the

propagator:

1 o ;
¢(x’ v, z) = ¢(x, Y, 2= 0) % 2_ // Rz /k27k;2c*k32;el(k‘zx-‘rkyy)dk;xdky
™ —0o0

!The Fourier-convolution theorem states: F [f(z) * g(x)] = F [f(z)] - F [g(z)], where x is the
convolution operator.




2.1. WAVE FIELD PROPAGATION IN FREE SPACE
where Py is the so-called Helmholtz propagator. Let us now apply the paraxial
approximation, which states that the wave field deviates only slightly from the

optical axis: k2 > k2 + k7. In this case, we can approximate the square root in

the propagator of equation 2.7 using the Taylor expansion:

k2 + k2
2 _ 2 _ 2~ _* v .
VR — k2 — k2~ k o (2.8)

Hence, the propagator can be rewritten as:

x+ Ky
/ / ket h) qg; k. (2.9)

The integrals can now be solved analytically and yield the so-called Fresnel prop-

agator:

Pr = —Leihzeizs@+y), (2.10)

which describes the paraxial equivalent of the Helmholtz propagator and can like-
wise be used to propagate the wave field in free space. Consequently, equation 2.7

becomes:

@Z)(I‘,y,z)%;ﬂz_l; / '(7&1':%2_0)6 22(27 )2+ (y—y') )dl'/dy

_ —ik sz z—(z +y )// @Z) T y (zx'+yy )6 ((x/)er(y/)z)dx/dy,
2z ’ '
(2.11)

Now, if the propagation distance z is large compared to the transverse dimensions
of the wave field at z = 0, we can neglect the second term in the exponent of
the Fresnel propagator. This is called the far-field approximation or Fraunhofer

approximation. In this case, the wave field can be approximated as:

w(:v,y,z) ~ éezkzelf(w +y )Q/} <[€x — ;, k;y ==, z= > . (2_12)
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Consequently, measuring intensities I = [¢|? in the far-field is equivalent to mea-
suring the Fourier transform of the wave field at z = 0.

This approximation will be used throughout this work to relate measured intensi-

ties in the far-field to the underlying wave field at the sample position.

2.2 Light-matter interaction

There are two main types of interactions between X-rays and matter: elastic and
inelastic scattering. Elastic scattering is the process where the energy of the X-ray
photon is conserved, while in inelastic scattering the energy of the X-ray photon is
transferred to the sample. Inelastic scattering processes include photoabsorption,

Compton scattering and pair production.

2.2.1 Elastic Scattering

Let’s apply the approximations of section 2.1 to the elastic scattering (|k;,| =
|kout|) of X-rays by a sample with refractive index n(r). The Helmholtz equa-

tion 2.2 can be rewritten as:

(V2 +E*n(r)) ¢(r) =0, (2.13)
which yields the inhomogeneous Helmholtz equation:

(V2+ k) ¢(r) =k (1 —n*(r)) (r). (2.14)

Differential equations of this form can be solved by convolving the right-hand side

of equation 2.14 with the so-called Green’s function G(r):

o) = w1 [[[” a=weyerice e, e

where y(r) is the solution of the homogeneous Helmholtz equation 2.2. The
Green’s function is the impulse response function, which represents the solution

for the inhomogeneous Helmholtz equation of the kind:

10
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(V2 + k2) G(r) = —4nd(r)

e:tikr
= G(r) = ——. (2.16)

The solution for the Green’s function has the shape of a spherical wave, which,
in the case of a positive sign in the exponent, corresponds to an outgoing wave.
Equation 2.15 can now be solved by applying perturbation theory [50], a common
approach in quantum mechanics, which allows us to iteratively solve for (),

starting with the initial guess ¢o(r):

U(r) = /// (1= n(r") ¢o(r)G(r — r')d*
* 1672 /// /// (1 =n*(r)) (1= n*(r")) do(r”)

-G(r —r)G(r' —r"\d>r"d*r

_— (2.17)

For weak scatterers (1 —n?(r) < 1), the first-order term is dominant, and we can
neglect the higher-order terms. This first Born approximation [51] is based on
the assumption that the photons are only scattered once when interacting with
the sample (also known as kinematic diffraction [52]). For an incident plane wave

Yo(r) = e™*oT e obtain:

— etkor zkor’ etikir—r| 3./
P(r) = - 47r (1—n? p—=y —dr'. (2.18)

Now, we can apply the Fraunhofer (far-field) approximation and assume that
the scattering object is compact and small compared to the distance where the
wave field is evaluated: n(r) # 1 only for " < r. This leads to the following

approximation:

11
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lr—7r'| = \/x2+y2+22+x’2+y’2+z’2 —2(zz’ + yy + z2)
~Vr? —2rr!

~r?—rr (2.19)

Thus, the wave field can be expressed as:

o [ g

where ky is the scattered wave vector. Using the relation between the refractive

index and the electron density p(r) oc (n?(r) — 1) [53], we can see that the scat-

tered wavefunction in the far-field is proportional to the Fourier transform of the

x /// p(r) et ks ko’ g3, (2.21)

This relationship is the fundamental principle of coherent X-ray scattering and

electron density:

is the basis for many imaging techniques, such as CDI. It allows one to unveil
the spatial distribution of the electron density of the underlying object from the
scattered wave field. It shall be pointed out that only a two-dimensional subset of
spatial frequencies contribute to the three-dimensional Fourier transform — the
points in Fourier space that satisfy the relation |k¢| = |ko| form a two-dimensional
surface, the so-called Ewald sphere (see section 2.3.3).

In X-ray experiments only the intensities of scattered photons can be measured
and the phase information of ¢ (r) remains unknown. This so-called phase problem
is a central challenge in coherent X-ray imaging, but can be solved using iterative
phase retrieval algorithms [54, 55]. In this work, we focus only on the measurement
and reconstruction of the scattered intensities as the phase retrieval can be treated

as a separate problem.

2.2.2 Inelastic Scattering

The two primary inelastic scattering processes at photon energies in the lower keV-

range are Compton scattering and photoabsorption. In Compton scattering, the

12



2.2. LIGHT-MATTER INTERACTION

energy of an incoming X-ray photon is partially transferred to an electron, which
is then ejected from the atom. In photoabsorption, the X-ray photon is fully
absorbed by the atom, which then can follow two distinct relaxation processes —
Auger-Meitner decay and fluorescence emission. In the scope of this thesis, we will
focus on photoabsorption only, as it is the dominant inelastic scattering process
for X-ray photons with energies below 20 keV [53]. The attenuation of X-rays in
matter in an infinitesimal sheet of thickness dz at depth z can be described by the

Beer-Bouguer-Lambert law:

—dl = 1(z)pdz, (2.22)

which leads to the exponential attenuation law:

I(z) = Ipe "= (2.23)

The number of absorption events is proportional to I, the number of atoms per

unit area pydz, and the absorption cross-section oy,:

1(2)padzo, = 1(z)pdz. (2.24)

Thus, the linear absorption coefficient p is proportional to the absorption cross-

section:

N
4= (p MA) O, (2.25)

where p,, is the mass density, N, is Avogadro’s number, and M is the molar mass.

When an X-ray photon interacts with an inner atom shell, the electron is ejected
and a hole is left in that shell. The hole is subsequently filled by an electron from
a higher shell and the energy difference associated with the two energy levels is re-
leased via two decay channels — fluorescence emission and Auger-Meitner-decay.
In fluorescence emission, the energy is released as a characteristic X-ray photon,
whereas in Auger—Meitner decay, it is carried away by an Auger electron. This
electron can then interact with surrounding atoms, triggering an ionization cas-

cade that may ultimately lead to highly ionized neighboring atoms. The energy

13
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Figure 2.1: Atomic relaxation processes after photoionization: (A) Fluorescence
emission and (B) Auger-Meitner-decay. (C) Characteristic X-ray fluorescence

emission lines and their corresponding electronic energy levels for copper.

levels of the atom and the inter-level transitions that correspond to the character-
istic X-ray emission lines are shown schematically in Figure 2.1.

Table 2.1 lists the important specifications of these emission lines, namely the
central energy, their relative contribution to the full emission spectrum, the re-
spective widths and the corresponding coherence times 7.. For the K, emission,
we calculate the coherence for both sub-lines K,; and K, combined, as these

lines can typically not be distinguished without a spectrometer:

2h

2 1
§FK(II + §FKa2

(2.26)

Te,Kat,2 —

Table 2.1: Characteristic X-ray emission line energies, relative intensities, spec-

tral widths and corresponding coherence times of copper and manganese.[56, 57]

Element  Emission line Energy [eV] Intensity I' [eV] 7. [fs]

Ka, 8047 0.577 2.35 0.492

Copper Ko, 8027 0.294 3.41 '
Kg, , 8905 0.084 5.92  0.22
Ka, 5899 0.581 2.47 0.50

Manganese Ko, 5888 0.293 2.92 '
Kg, , 6490 0.124 2.97 0.44

2Note that Inoue et al. [39] and Trost et al. [40] use a different reference (Krause & Oliver
[58]) for the emission line widths which also leads to a different coherence time of 7. = 0.62 fs

14



2.3. SINGLE PARTICLE IMAGING

2.3 Single Particle Imaging

Single Particle Imaging (SPI) is a lensless imaging technique that allows for the re-
construction of the three-dimensional electron density of single particles from their
scattered X-ray intensities. SPIis based on the principle of CDI (see section 2.2.1),
but instead of measuring the diffracted intensities of an ensemble average such as
in powder diffraction or Small Angle X-ray Scattering (SAXS), the particles are
directed to the X-ray beam one at a time. The diffraction patterns can then be
analyzed for each particle individually. For each diffraction pattern there are three
uncertainties — the statistical shot noise, the incident fluence and the orientation
of the particle. The statistical shot noise is due to the finite number of photons
detected in each diffraction pattern. The incident fluence on the particle varies a
lot due to the particle’s random position with respect to the X-ray focus [26, 27],
and the orientation uncertainty is due to the random orientation of the particle in
the beam.

Reconstruction algorithms for SPI, like the Ezpand-Mazimize-Compress (EMC)

algorithm [25, 59] solve these uncertainties in a self-consistent manner.

2.3.1 EMC algorithm

The EMC algorithm is widely used in SPI experiments [18, 60]. It consists of
three iterative steps: expand, maximize, and compress. Each iteration aims to
refine the model to better match the measured detector data. In the expand step,
the model is transformed from model space to detector space based on a set of
sampled hidden parameters. Typically, the model consists of a grid of 3D inten-
sities, while the hidden parameters represent orientations and incident fluence on
the particles. This step involves interpolating the 3D intensities along the Ewald
sphere surface (see section 2.3.3), rotated according to the given orientation and
scaled by the relative fluence, followed by applying standard polarization and solid
angle corrections (see section 2.3.4) to generate the predicted detector intensities.
Next, the maximize step updates these detector views using the expectation max-
imization procedure, incorporating a noise model. Additionally, the maximum
likelihood fluence factors are usually determined. This results in a set of updated
views with a higher likelihood, though they may not necessarily align with a single
3D intensity. Finally, the compress step ensures consistency across the updated

views. A common approach is to reinterpolate the detector views back into the
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3D model after reversing the detector corrections. [25]

Once the 3D intensity converges, standard iterative phase retrieval algorithms are
applied to obtain the electron density [18, 54, 55].

In this work, we will use only the two-dimensional implementation of the EMC
algorithm. In this case, the models are two-dimensional representations, and the
relative particle orientations are confined to a single plane.

Consider the Poisson noise model for a set of two-dimensional intensities W. Let
the number of photons at pixel number ¢ in a two-dimensional data frame d be
Ky, and for a given orientation r the predicted mean intensity at the same pixel
be W,;. Since Poisson process at each pixel is independent, the probability of the
pattern being generated by a 2D model W, is

Wr ¢d Kax — Wit
Rup = [ VA2 s (227
t=1

where ¢g4 is a scaling factor which is proportional to the fluence of the X-ray beam
on the particle. The scaling factor ¢4 is assumed to be the same for all pixels
in a given frame d. These fluence factors are later used to estimate the absolute
incident fluence on the particles (see 2.3.2). The particle orientation is the same
for each pixel. Hence, the probability of frame d having orientation r can be

obtained by averaging over all orientations:

Rdr
Py, = : 2.28
! Zr Rdr ( )

The model log-likelihood is then given by the expectation of the total log-likelihood
of the data being generated by a new model W/, and ¢'.

QWL W,.0) = 3" Py [Kar log(Whiely) — Wil (2:29)
d r t
neglecting model-independent constants.

Since there is no analytical solution to simultaneously update both W/, and ¢/,
the update rules are derived separately, while keeping the other parameter fixed.
In order to maximize the log-likelihood, we can take the partial derivative of the

log-likelihood with respect to W/, and ¢’ and set it to zero:
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W, — W 2.30
' LY, Pyt (2:30)
, K
¢d_>¢d:M. (2.31)

For the data classification of XFEL diffraction patterns we use the Dragonfly pack-
age [25], which implements the EMC algorithm and provides a Python interface

for the analysis of single particle diffraction data.

2.3.2 Absolute fluence estimation

The elastically scattered intensity I, scales linearly with the incident fluence ® on
the particles [27]:

1

) =0+ (2 an ) 7@ (@), 232

where d is the particle diameter, An the refractive index of the underlying sample,
A the incident photon wavelength, and Q(q) the integrated solid angle of the
detector pixels where the elastic signal was measured (see section 2.3.4). |]—" (q) }2
in equation 2.32 are the normalized Fourier amplitudes for the respective pixel at

a scattering vector q. For example, for cubic samples, F(q) is given by:

_ sin(rqd)

F(a) —

. (2.33)

From the Dragonfly 2D class averages the average sample size and the incident
fluence can be estimated from reference diffraction patterns using equation 2.32.
During the classification process, Dragonfly calculates the relative intensity scal-
ing between different diffraction patterns in order to calculate a weighted class
average (see section 2.3.1). Using the calculated fluence for the reference diffrac-
tion patterns, the fluence for all diffraction patterns can easily be estimated by

applying the relative scaling factors.
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2.3.3 Ewald Sphere

As mentioned in section 2.2.1, the scattered intensities can only be measured on
the surface of the Ewald sphere. The Ewald sphere is a geometric construction
that relates the scattering vector g to the incident and scattered wave vectors kg

and k¢, respectively.

O

AZ

Figure 2.2: Ewald sphere construction. The incident and the scattered wave
vectors ky and k; are shown in blue and the momentum transfer vector q is
shown in red. The radius of the Ewald sphere is 1/\, where X is the wavelength

of the incident X-ray beam.

Suppose the incident X-ray beam with a photon wavelength of A travels along the
positive z-axis. In the following, we will use the crystallographer’s convention for

the wave vectors:

ko = {0,0,1/A}. (2.34)

For a scattered wave vector k; measured at pixel {z,y,zp} on the detector, the

elastically scattered photon has a reciprocal wave vector of

1 {xaysz}

PNV

Hence, the pixel measures the kinematic diffraction intensities at the spatial fre-

k; =

(2.35)

quency ks — ko (from Eq. 2.21):
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2.3. SINGLE PARTICLE IMAGING

{I‘, Y, ZD}

1
Al Va2 + g+ 23

kp— ko= —{0,0,1}] . (2.36)

Equation 2.36 describes the mapping of the pixel coordinates of the planar detector
onto the curved surface of the Ewald sphere, which intersects with the scatterer’s
zero frequency (origin of the reciprocal space), or, equivalently, the unscattered

wave vector k.

2.3.4 Solid angle and polarization correction

To obtain the correct Fourier amplitudes in a diffraction experiment, the measured
intensities must be corrected for experiment-specifc geometric factors, such as the
solid angle of the detector pixels and the polarization of the incident beam.

The integrated solid angle 2 of a detector with pixel size s, and positioned at a

distance D from the interaction region can be approximated as:

2
Qa3 cos(6) - 2, (2.37)

where 6 is the angle between the incident beam and the detector pixel s, which is
much smaller than the detector distance D. Here, two cosine factors account for
the reduced solid angle of the planar detector pixels that have to be mapped onto
the Ewald sphere. The third cosine factor accounts for the fact that the pixels are
not perpendicular to the scattered wave vector, kg.

The polarization correction compensates for the reduced scattering cross-section
in the plane of the incident beam’s polarization. Consider an incident X-ray beam
which is polarized along & = {1,0,0}. Then, the scattered intensity at a pixel is

reduced by the polarization correction factor P [25]:

P=1—|& 9(x,y,2p)|* = cos*(h), (2.38)

where 0(x,y, zp) is the unit vector of the scattered wave vector ky at the pixel

{z,y,zp} on the detector.
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CHAPTER 2. THEORETICAL BACKGROUND

2.4 Coherence

The coherence of light is a measure of the correlation between the electric fields at
different points in space and time. To quantify coherence, Michelson [61] defined
the visibility v as the ratio of the difference between the maximum and mini-
mum intensity of interference fringes to the sum of the maximum and minimum

intensity:

Imax - Imin
max - min (2.39)

V= .
Irnax + Imin

The coherence of light can be classified into two types: spatial coherence and
temporal coherence. Spatial coherence is a measure of the correlation between the
electric fields at different points in space, while temporal coherence is a measure

of the correlation between the electric fields at different points in time.

2.4.1 Temporal coherence

The temporal coherence of a wave 1 (t) = Ae™' with frequency w and amplitude
A can be quantified by the complex degree of coherence g™ (7), which is defined
as the normalized cross-correlation function of the electric field at two different
times t and ¢ + 7 [62]:

(W)Y (E+ 7))
(W) t)e

gW(r) = (2.40)

where (-); denotes the temporal average. Zernike [63] showed that the modulus
of the complex degree of coherence |¢g\V)(7)| = v is equivalent to the definition
of Michelson [61]. Furthermore, we can define the coherence time 7, as the time

during which the relative phases of the waves remain constant [62]:

= /_ 19D () P (2.41)

[e.9]

The complex degree of coherence is also called the first-order coherence func-

tion. There exist also higher orders of coherence functions, most importantly the
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2.4. COHERENCE

second-order coherence function ¢®(7), which is commonly used for coincidence

measurements:

oy _ O+ W @0 (4 ), TOI(+ 7))
g7 OO o @

If the waves are fully independent, we can apply the so-called Siegert relation [64]:

9P (1) =1+]gW(r). (2.43)

The derivation of the Siegert relation is shown for the case of spatial correlations
in section 2.5.

In their ground-breaking experiments Hanbury Brown & Twiss [30] observed the
so-called photon-bunching effect for chaotic light — on short timescales of the order
of the coherence time of the light field, the second-order coherence function yields
9@ (0)]2 > 1. For single photon emitters however, the second-order coherence
function yields anti-bunching |¢?(0)|? < 1, as it is not possible to detect a photon
on two separated detectors at the same time [65—67]. Both effects, the photon-
bunching and the anti-bunching are commonly referred to as Hanbury Brown and

Twiss (HBT) effects.

2.4.2 Spatial coherence

Complementary to the temporal coherence, the spatial coherence refers to the

phase relations at two different points r; and 75 in space:

(Pt )Y (t, r2))e .
\/W(@Tl)q/)*(t» Tl))t(l/’(ta r2)Y*(t, T2)>t

g (r1,me) = (2.44)

Using the van Cittert-Zernike theorem [63], which states that the spatial coherence
of an incoherent light source increases with distance to the source, the first-order
spatial coherence function g™ (74, 73) in the far-field can be related to the intensity
distribution I(x,y) of the light field via the Fourier transform F:

(2.45)
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The coherence area A., where the light is considered spatially coherent, is then

defined as:

_ (1) 2 N (A2)?
A, = lg" (Az, Ay)|*dAxzdAy ~ T (2.46)

s

where )\ is the wavelength of the light, z is the distance to the source, and A, is

the area of the source.

2.5 Incoherent Diffractive Imaging

Incoherent Diffractive Imaging (IDI) is a lensless imaging technique that leverages
transient spatio-temporal coherence properties of a light source otherwise regarded
as incoherent to reconstruct the underlying emitter distribution. In the far-field
approximation, a classical wave field emitted from N independent point-like emit-

ters can be described as a superposition of plane waves:

N

Y(k) =) emikrites (2.47)

J=1

where k is the wave vector, ¢; is the phase of the j-th emitter with ¢, € [0, 27).
Here, the term for the radial decay 1/|r;| is omitted for simplicity. Incoherent
light with random and uncorrelated phases ¢ will, on average, result in a uniform
intensity distribution in the far-field [33]:

(1(k)) = (Y (k)" (k)
iiem’“ (ri=r) (ei¢i=#DY , = N, (2.48)

j=1 [l=1

since the phase term <ei(¢’f_d’l)> = 0;, is only non-zero for j = [. Equivalent to
equation 2.42, let us now consider the spatial second-order correlation function
g(2)(q)7 where g = k; — k; is the wave vector difference between two points k; and
k; in the far-field.
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9?(q) = " (2.49)

Let us first analyze the numerator of equation 2.49:

(I(Ky) - I(Ks)) = (W(Ker 1" (Kor) - (ko))" (o))
N N N N
— Z Z Z e?ﬂikl'('f‘j—’f’j/)627rik2.(1’1—7’l/)<ei(¢j—¢j,+¢l_¢l,)>¢

j=1j/=1 1=1 I'=1

(2.50)
The phase term (e(® =% +#=#)} is non-zero in two different cases:
Case 1: j=7 and [ ="
N N
DN etk i) — N2, (2.51)
j=1 I=1
Case 2: j=1["and [ = j"
N N N N 2
Z Z ik -(rj—m) 2mika-(ri—r;) _ Z Z e2milki—k2)-(rj—r) _ Z e2miaT; (2.52)
j=1 I=1 j=1 I=1 Jj=1

Hence, in cases where the van Cittert - Zernike theorem applies and when the light
is detected on timescales similar to its coherence time 7., the spatial second-order
coherence function g (k, k + q) holds spatial information about the underlying

emitter distribution:

([(R)I(k+q))y, |
L)),

‘ 2

9% (q) =

= 1+v|g"(q)

F(q)|?

=1+v .
| F(0)]”

(2.53)
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Here, the Siegert relation was modified by the additional factor v to account for
a reduction of the visible interference fringes of partially coherent light [68]. The
sources of partial coherence can be attributed to many different effects, such as
polarizations, measurement times longer than the coherence time 7., the finite size
of the source and the finite bandwidth of the light. Ultimately, these effects can be
described by the number of incoherent modes M in the light-field, which relates
to the visibility as v = 1/M [36].

A L L.,

X

Figure 2.3: Schematic of the surface of the three-dimensional g (q) function.

Figure 2.3 schematically shows the 3D surface in the second-order correlation
space. Since the correlation function is similar to a convolution, this 3D surface
represents a convolution of the spherical cap of the 3D Ewald sphere that is covered
by the detector (see Fig. 2.2). Consequently, the correlation space also holds
in-depth (k) information about the underlying emitter, and it also spans twice
as long along k, and k,, theoretically allowing for higher spatial reconstruction
resolutions. It shall be noted that a full quantum mechanical treatment of the
second-order coherence function ¢® for single photon emitters yields a slightly
different expression, which, for a high number of emitters N converges to the

classical expression [33]:

(2)

2 2
gspr(@) =1 — N + ‘9(1)((1”

(2.54)
In the scope of this thesis, the focus is on measuring the fluorescence of nanopar-
ticles with millions of emitters. Therefore, the classical description of the second-

order correlation function ¢® is considered sufficient and will be used in the

following.
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2.6. SPECKLES AND PHOTON STATISTICS
2.6 Speckles and photon statistics

The interference of many light waves with random phases ¢ € [0,27) results in
transient speckle patterns in the far-field [68, 69]. The intensity distribution of

these speckles can be described by the negative exponential distribution:

1
Prp (1) = €7, (2.55)

where p is the expectation value of the intensity /. Due to the quantized nature

of photons n, the intensity distribution becomes a Bose-Einstein distribution [69]:

Pas(rly) = 1 (1) (256)

1+p \1+p

With partial coherence, this intensity distribution transforms into a negative bi-

nomial distribution [69]:

(Bp)"(1 + )~ UM/ (n 4 1/p)
n!T(1/8) ’

Pyg(n|p, B) = (2.57)

where 1 is the average photon count per pixel and [ is the so-called speckle
contrast. The parameterization of Pyg(n|u, 8) by £ is following the same reasoning
as for the visibility v in the previous section 2.5. Hence, the speckle contrast 3 is
directly related to the number of incoherent modes in the light field: g = 1/M.
For coherent light 8 equals 1, whereas for fully incoherent light, 5 approaches 0.
The speckle contrast for partially coherent fluorescence can be estimated for single

exposures as follows [68]:

8= W (2.58)

where Var(I) is the variance of the photon counts on the detector. Following the
standard methodology in the literature [39, 40], which assumes incident Gaussian
pulses, the effective pulse duration 7" on the particles can be estimated from the

speckle contrast as:
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Tr — 2t (2.59)

In measurements with perfectly stable conditions, the speckle contrast g and the
visibility v can theoretically be used interchangeably. However, our results in
chapter 3 show large discrepancies between these two values. The reasons for this

will be discussed in the respective chapter.

2.7 Simulations

In order to determine good experimental conditions such as detector distance for
a given sample size, and to support the analysis of the experimental data, we
implemented a simulation framework for IDI in Python. The simulation frame-
work is based on the assumption that the emitters are point-like and uniformly
distributed within the particle. The emitters are assumed to be independent and
uncorrelated.

Since the initial phase of a fluorescence photon is random, we cannot directly
employ fast Fourier transform (FFT)-based algorithms to calculate the far-field
intensity on the detector. Instead, we need to simulate the intensity distribution
on the detector by summing up the contributions of all individual emitters in
a given temporal mode. The pseudo-code for this simulation is shown in Algo-
rithm 1. In the case of spectrally-resolved IDI (see chapter 4), the simulation was
modified in the following way: The wavefunction 1, (k) for each temporal mode
m was calculated only for one detector pixel column and subsequently convolved

with the Lorentzian spectral profile S (E) of the emission lines.

M:

E) (k)7 (2.60)

3
Il

where the sum is over each temporal mode.
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2.7. SIMULATIONS

Algorithm 1: Simulation of the far-field fluorescence intensity.

Data: N: Number of emitters

M: Number of temporal modes

k: Wave vector

¢: Random initial phase in [0, 27)

Result: Simulated intensity with Poisson noise
for m < 1 to M do

Initialize ¢[m] < 0 ; // Initialize wavefunction for mode m
for j <1 to N do
¢; + random value in [0, 27) ; // Assign random phase to
emitter j

Yim] < Ym] +exp(i- 2 -k-r[jl+¢;)); // Sum plane waves
with random phases

end

I[m] < |¢[m])? ; // Calculate intensity for mode m
end
Liotal < 2%21 Im] ; // Combine intensities across all modes
Ioisson <— PoissonSample(Ziotal) ; // Poisson sample intensity
Loisy < Ipoisson + PoissonNoise() ; // Add Poisson noise
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IChaptor 3

The Nature of Hard X-Ray

Fluorescence from Nanoparticles

under Extreme Conditions

This chapter demonstrates the first implementation of IDI of single particles. Fur-
thermore, our study of the degree of second-order spatial coherence shows a flu-
ence dependence that remains undetectable via speckle contrast, with profound
implications IDI. Moreover, the SPI approach allows us to investigate into the
fundamental light-matter interactions and coherence properties of core-shell hard

X-ray fluorescence over a broad range of incident fluences.
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gation(lead); Software (lead); Writing — original draft (equal).

Kartik Ayyer: Conceptualization (lead); Funding acquisition (lead); Beamtime
(equal); Investigation(supporting); Methodology (lead); Supervision (lead); Writ-
ing — original draft (equal)

Sebastian Cardoch: Theoretical modelling (lead)

Sarodi Jonak Dutta: Sample preparation (lead)

3.1 Single Particle Imaging and Fluorescence

Experiment

Figure 3.1 schematically illustrates the experimental setup which was performed

at the Single particles, biomolecules and clusters/serial femtosecond crystallogra-
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CHAPTER 3. THE NATURE OF HARD X-RAY FLUORESCENCE FROM
NANOPARTICLES UNDER EXTREME CONDITIONS

phy (SPB/SFX) instrument [70] at the European X-ray free electron laser (Eu-
XFEL) [16]. Copper oxide nanocubes with an average size of 88 nm (for sample
preparation details see Appendix A.1) were aerosolized using an electrospray sam-
ple injector [71] and directed into the focus of the XFEL beam, with a nominal
focal spot size of 250x 250 nm?.

Aerosol sample AGIPD
injector

Analyzer
Gotthard detector - Nanoparticles
/ \'
§
®
Q@

Nickel filter

il

X-Rays Diamond grating

Figure 3.1: Schematic of the experimental setup. The copper nanoparticles are
aerosolized and injected into the interaction region by an electrospray [71]. The
nickel foil filters the coherently scattered photons as well as the Kz emission at high
scattering angles. The coherent diffraction at low-k can be used for orientation
determination and classification. The coherence properties of the K, fluorescence
can then be studied for the filtered area on the detector. Simultaneously, the
spectra of the incident X-ray pulses are recorded by the High-resolution hard X-
ray single-shot (HIREX) spectrometer [72].

A 20pm thick nickel foil (K-edge at 8332eV [57]) was placed between the in-
teraction region and the Adaptive gain integrating pizel detector (AGIPD) [73]
positioned 715 mm away to preferentially absorb the elastic scattering and the Kz
fluorescence while letting the K, photons through. The nickel foil had a 10 mm
by 10 mm square aperture in the central region, which allowed the coherent elastic
scattering to pass through, enabling orientation determination and structure clas-
sification using single particle imaging methods [18, 59]. In total, 391 035 frames
were detected with statistically significant signal over background. Three differ-
ent photon energies were used, scanning across the tabulated absorption K-edge
at 8978.9eV [57]: 8910eV, 9015eV, and 9170eV. The measurements were con-
ducted for two different XFEL operation modes, providing short and long pulses
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Figure 3.2: Exemplary Dragonfly 2D class averages for short pulses. The top
row displays 5 class averages that were rejected after the first round of classifica-
tion. The class averages in the bottom row correspond to the diffraction patterns

contributing to the ¢®-signal shown in Figure 3.7.

with nominal pulse durations and pulse energies of 2.5 fs, 200 nJ and 25 fs, 2mJ, re-
spectively. We emphasize that this single particle imaging setup inherently enables
the examination of key material characteristics, such as fluorescence cross-section
and degree of coherence of the K, fluorescence, across a broad range of incident
fluences, as the position of the individual particles relative to the X-ray focus
varies from pulse to pulse. We performed 2D classification using the Dragonfly
software [25] in two rounds, filtering out clusters and contaminants at the first
stage (see Fig. 3.2). This resulted in 143994 single particle diffraction patterns
across the different conditions. The relative fluence factors from the classifica-
tion were then converted to an absolute scale using tabulated coherent scattering
cross-sections (see section 2.3.2). Figure 3.2 illustrates representative class aver-
ages: the top row includes those that were rejected after the initial classification
round, while the bottom row shows the class averages of patterns that were se-

lected for calculating the average ¢®-signal presented in Figure 3.7.

3.1.1 Incident spectrum and pulse duration

The energy distribution of each pulse was recorded using the HIREX spectrometer
(Fig. 3.3A) [72]. The energy spectra of self-amplified spontaneous emission (SASE)
pulses exhibit shot-to-shot fluctuations, affecting the center frequency, the local
spike width, and the relative intensity profile within an average Gaussian envelope.

To estimate the average spike width, which ultimately determines the temporal
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duration of the XFEL pulse [74], we calculate the second-order correlation function

(Fig. 3.3B) for all spectra according to:

(I(E) - I(E + AE))

(2) _
97 (AE) (52 ,

(3.1)

The correlation function shows both signatures, the average spike width and the
overall envelope. A Gaussian fit to the central feature in Figure 3.3B for ¢ (AE)
yielded an average spike width of AE = 0.65eV. Now, the pulse duration can be
estimated by applying the time-bandwidth product for Gaussian pulses (AT -Af ~
0.441), leading to an estimate of the pulse duration of AT ~ 2.8fs.
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Figure 3.3: Estimation of the pulse duration. (A) Exemplary HIREX spectrum.
(B) ¢®(AE) for all spectra for a photon energy of 9170eV. The full width at half

maximum of the Gaussian fit can be used to calculate the incident pulse duration.

We note that even though the temporal structure of a SASE XFEL pulse is highly
non-Gaussian, assuming the FEL spikes themselves are transform-limited, their
width is a measure of the pulse duration. One can additionally estimate the
number of spikes, however no information can be extracted about the relative
temporal ordering and arrival time of each spike. The overall average envelope of

the pulse spectrum is consistent with 250 as spikes as expected.

3.2 Degree of second-order coherence of K, flu-

orescence

The integrated far-field intensity distribution of the K, fluorescence does not yield

any structural information due to the absence of first-order coherence (see sec. 2.5).
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Figure 3.4: Mean ¢®-value for the inner four non-masked voxels as a function of
incoherent modes M. The comparison with the ground truth yields a correction

factor of 1.18 to retrieve the visibility v at ¢ = 0.

However, the degree of second-order coherence g‘®)(q) of the fluorescence is related
to the Fourier transform of the atomic distribution by the well-known Siegert
relation (see Eq. 2.53). The visibility v determines the contrast of the correlation
function at q = 0, which depends primarily on the number of temporal modes
M and their photon occupancy during a single exposure [36]. Comparable to
standard HBT experiments for single photon emitters, where the degree of anti-
bunching for At = 0 is retrieved [66, 67|, we here apply the same methodology
in the spatial domain, i.e. we extrapolate the low-¢ ¢?-signal to ¢ = 0, since
g?(0) is physically not meaningful. Moreover, the g(®-signals exhibit artificially
strong correlations for photons detected within the same pixel rows and columns.
Therefore, we mask the voxels in the ¢ where ¢, = 0 or qy = 0. To estimate
the visibility at ¢ = 0, we now calculate the mean g®®-value for the inner four
voxels g, ¢, € {—1,1}. When applied to the simulations of an 88 nm particle, we
retrieve a correction factor of 1.18 from the mean deviation to the expected values

(v =1/M) (see Fig. 3.4).

The visibility has so far been defined as the difference between the signal at ¢ = 0
and the overall offset O of the g (q) [39, 40]. However, in our case, the incident
fluence on the particles and thus the fluorescence intensity on the detector pu
varies dramatically from shot to shot. When we assume that the underlying true
correlations (I - I5) are independent of the actual number of photons N, we can

define the average gf) of n shots as:
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Consequently, intensity fluctuations lead to an increase of the g(®-signal indepen-

dent of q, including the signal at ¢ = 0 and the overall offset O:

Var(u)
(u)?

g o1+ (3.3)

where (u) denotes the signal level per pixel averaged over many exposures. Hence,

the visibility has to be redefined as

) (o —
9% (q=0)
== —1. 3.4
Y 0 (3:4)
We validated our assumption with simulations for M = 1 and M = 20 and

fluctuating fluences (see Fig. 3.5). The conventional definition of the visibility
(v = g@(0) — O) [39, 40] yields physically unreasonable visibilities (v > 1) for
fluctuating incident fluences, whereas our new definition aligns with the expected

values.

Moreover, the single particle approach allows us to merge the experimental data
into bins of similar signal levels, and examine the behavior of the visibility as
a function of average photon counts (u). Using the relative fluence scaling fac-
tors from the Dragonfly classification (see sec. 2.3.2), we can directly relate the
photon counts to the incident fluence on the particle. Figure 3.6 shows the visi-

bility as a function of the average signal level, (i), for the experimental as well as
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Figure 3.5: Simulations for fluctuating incident fluences for M = 1 (top row) and
M = 20 (bottom row). (A, C) Intensity fluctuation dependence of the low-g mean
g®-value and the offset O. (B, D) Comparing the two definitions for the visibility
v for fluctuating intensities. The conventional definition (blue) yields physically
impossible visibilities (v > 1), whereas our new definition for v (orange) converges

to the expected values.

simulated data (assuming M = 20 incoherent modes) including elastic scattering
background. Both the simulations and the experimental data show a low visibility
for low p due to dominating background. For higher signal levels, the visibility
increases, as expected, and the experimental data is in good agreement with the
simulations. However, there is a large discrepancy in the high signal limit. While
the simulations converge to the expected value of v = 0.05, the experimental data
shows a reduction of the visibility to ¥ = 0.007, corresponding to approximately
M =~ 140 temporal modes. Interestingly, the visibility behaves qualitatively as
the product of two sigmoid functions. The left rise can be explained by the gas
scattering background from the aerosol injection, which follows Poisson statistics
(v = 0). The right fall-off at higher p shows the same qualitative but inverse

behavior, suggesting the appearance of a new source of background that does not
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Figure 3.6: Visibility v as a function of mean photon counts per pixel () for
short pulses at 9170eV. The green line shows the simulated results for 20 modes
with the same background level (dashed blue line). The decrease of the visibility
for high (u) shows the same qualitative (but reversed) sigmoid behavior (gray
dashed line) as the rise for low ().

contribute to the visibility. For very high p the ratio of the spontaneous fluores-
cence and this new source of background seems to have converged, leading to a
lowered, but finite visibility.

We hypothesize that this behavior could be explained by amplified spontaneous
emission (ASE) [75, 76] that fluctuates from shot to shot. This emission, at the
K, photon energy, will be otherwise indistinguishable on the detector from the
spontaneous fluorescence which does contribute to the visibility. In foils much
thicker than the focal spot size — on which all prior experiments have been con-
ducted — ASE co-propagates with the XFEL due to the high aspect ratio of the
illuminated volume (echoing the nuclear-pumped X-ray laser concept [77]). For
particles much smaller than the product of the pulse duration and the speed of
light (88nm < AT - ¢), the spatial distribution of the ASE is expected to be

isotropic, resulting, on average, in a uniform background across the detector.
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3.3 IDI of single particles

Despite the reduction of the visibility for high fluences, it is still possible to use the
high-signal frames for imaging purposes as they yield a significantly higher SNR
than the weaker frames [36]. As described in section 3.1, we classified the diffrac-
tion patterns according to the size, shape and orientation of the particles based on
the coherently scattered signal. From the Dragonfly class averages we selected and
merged the g(?-signal of five similar classes (see Fig. 3.7A), corresponding to 1780
frames with an average signal level of u = 4.5 x 1073, The horizontal line profile
of the experimental data (Fig. 3.7B) aligns very well with the expected Fourier
amplitudes of an 88 nm cube model, maintaining consistency up to a resolution of

approximately 20 nm.

Compared to Trost et al. [40] this corresponds to 20 times higher resolution, while

at the same time requiring only a fraction of diffraction patterns (1780 versus
60 million).
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Figure 3.7: (A) ¢®(q) from 5 similar Dragonfly class averages see (Fig. 3.2).
(B) Horizontal line profile.

3.4 (Reverse) Saturable Absorption

Let us now turn to the investigation of the light-matter interactions in the vicinity
of the K-edge. The advent of X-ray free electron laser (XFEL) sources featuring
ultra-short pulse durations and peak brilliance levels several orders of magnitude

higher than those of conventional synchrotron sources has given rise to a plethora
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Figure 3.8: Electronic cascade leads to a shift of the absorption edge during
the course of an XFEL pulse. The red dashed lines represent the three photon
energies used in the scan across the tabulated absorption K-edge at 8978.9eV
(gray line) [57]. The energy 8910¢V lies near the K-to-M shell resonance, 9015 eV
just above the K-edge, and 9170 eV well above the edge.

of new opportunities for investigating light-matter interactions under extreme con-
ditions [78-80]. At very high fluences and on ultrafast timescales — on the order
of a few femtoseconds or less — multiple photons can interact with a single atom
during the course of an XFEL pulse [81]. Under such conditions, the electronic
response of matter gives rise to novel phenomena like saturable absorption [82-85],
reverse saturable absorption [86] and transient resonances [87, 88]. When matter is
exposed to femtosecond hard X-ray pulses above the absorption edge of the inner
K-shell, the primary light-matter interaction involves ionizing atoms by exciting
electrons from the K-shell into the continuum. The additional energy imparted
to the atomic system is then released via mechanisms such as X-ray fluorescence
or through the Auger-Meitner effect (see Fig. 2.1). Auger-Meitner decay occurs
within the first few femtoseconds after the creation of a K-shell vacancy [81, 89].
Alongside the primary ionization generated directly by the X-ray beam, this effect
generates further vacancies in the material, initiating an ionization cascade and
the depopulation of the outer valence states of the whole atomic ensemble [14,
90]. This results in an increase of the binding energy of the remaining electrons,
or equivalently, a shift of the absorption edge to higher energies [91]. When the ab-
sorption edge moves beyond the incident pulse energy, as illustrated in Fig. 3.8B,
absorption is suppressed — a phenomenon known as saturable absorption (SA)

— and the material effectively becomes transparent.
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The reverse behavior can the observed when exposing the material to a photon
energy slightly below the edge. Although these photons are insufficiently energetic
to ionize electrons from the K-shell, they can ionize electrons from the L, M or
higher shells. As a result, the energy difference between the K- and the M-shells
increases until this transition becomes resonant with the incident pulse energy.
This resonance causes a sudden increase of the absorption cross-section, rendering
the material opaque — an effect called reverse saturable absorption (RSA). The
subsequent electronic processes are analogous to those of saturable absorption,
with vacancies in the K-shell being filled by electrons from the L-shell, resulting

in K, fluorescence.
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Figure 3.9: (Reverse) Saturable Absorption for short (top row) and long (bottom
row) pulses as a function of incident fluence. (A, D) Fluorescence cross-sections for
incident photon energies of 9015eV and 9170 eV, exhibiting saturable absorption
for higher fluences. (B, E) Total fluorescence emission shows a cross-over between
the two energies, as indicated by the least-squares fits. (C, F) Total fluorescence
emission for an excitation energy of 8910 eV and qualitative theoretical prediction,
from collisional radiative simulations [92, 93] using relativistic configuration atomic

data [94] (see Appendix A.2 for details), revealing reverse saturable absorption.

To calculate the total fluorescence cross-section shown in Figure 3.9, we extrap-
olated the measured fluorescence intensity (observed in the shadow of the nickel
filter) to a full solid angle of 47 steradians, assuming uniform isotropic emission.
Furthermore, we corrected for the angular dependent absorption A of the Nickel

filter according to:
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A=1—exp (—#;(0)) , (3.5)

where ¢ =20 pm is the thickness of the Nickel foil and L =23.95pm is the ab-
sorption length of Nickel at 90° and for a photon energy of 8040eV [57]. The

fluorescence cross-section ouiom is then given by:

E47r
Oatom — )
’ N-®

(3.6)

where Fy, is the total fluorescence energy emitted in 47 steradians, N is the
number of atoms in the particle and ® is the incident fluence. For long pulses,
the absorption cross-section is significantly lower than for short pulses, even at
low fluences, and in both cases the cross-section decreases with increasing fluence,
indicating saturable absorption. While the absorption behavior for the two exci-
tation energies is qualitatively similar for the two excitation energies under short
pulses, it differs distinctly for the long and more intense pulses. At low incident
fluences, the fluorescence cross-section is higher at 9015 eV than at 9170 eV, which
is consistent with the tabulated absorption cross-sections near the edge [57]. How-
ever, at higher fluences, the fluorescence yield at 9015 eV decreases more rapidly,
resulting in a crossover in the relative emission efficiencies between the two en-
ergies (see Fig. 3.9B and E). This provides clear evidence that not only has the
average cross-section of the atomic ensemble decreased, but also that the K-edge
has shifted beyond the incident pulse energy of 9015eV.

When the copper nanoparticles are exposed to pulses at 8910eV, which is below
the absorption edge, the absorption cross-section is minimal, and fluorescence is
not expected. However, when the incident fluence is high enough, the excitation
of lower-bound states induce M-shell vacancies and the K- to M-shell transition
(8905 eV) becomes resonant with the excitation pulse energy, thereby leading to a
sudden increase of the absorption cross-section and eventually fluorescence emis-
sion (Fig. 3.9C and F). Since the photon energy is below the copper’s original
K-edge, this fluorescence can only be attributed to the K-M-shell resonance. The
effect is even more pronounced for longer pulses, where the incident fluence is
approximately ten times higher than for the shorter pulses. In both cases, the
resonance appears at the same incident fluence (10® — 10%J/cm?), indicating that
on femtosecond timescales, the resonance is governed by the energy deposited in

the particle rather than the pulse duration. We also note that the resonant emis-
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sion happens in the same fluence region where the cross-over happens for SA,

suggesting a similar underlying response of lower-bound electronic states.

3.5 Photon statistics

The short incident pulse durations, comparable to the coherence time determined
by the K, linewidth, allow for the analysis of speckle patterns from partially coher-
ent fluorescence in single exposures [68]. This, in turn, provides information about
the effective XFEL pulse duration i.e. the timescale over which the absorption edge
shift induces transparency [85, 90]. To validate this so-called self-gating effect as
well as the assumption of transform-limited pulses in section 3.1.1, we analyze the
speckle contrast of the fluorescence emission according to section 2.6. Figure 3.10
illustrates the speckle contrast as a function of p at 9015eV and 9170eV for both
short and long pulses. For low g, the limited number of higher photon counts
introduces a significant variability in the estimation of the speckle contrast. As
the signal level increases, the speckle contrast converges to § = 0.0465 and 0.053
for short pulses at 9015eV and 9170eV, respectively. Interestingly, the speckle
contrast yields similar results for the long pulses, namely 8 = 0.052 and 0.053 at

the same photon energies.
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Figure 3.10: Speckle contrast of the K, fluorescence as function of fluorescence
signal per pixel p for short (A) and long (B) pulses at 9015eV and 9170eV. The

solid lines indicate the converged value of the speckle contrast for high pu.

Although this seems surprising at first, this behavior can easily be understood
when considering the spiky nature of the SASE pulses. Despite being ten times
longer, the long pulses had a ten times higher pulse energy of 2mJ (versus the

200 pJ of the short pulses), resulting in the same peak intensity within these spikes.
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Consequently, we infer that the same number of SASE spikes induce the absorption
and emission processes that eventually contribute to the speckle contrast. In line
with the standard methodology in the literature [39, 40], we can estimate the
effective pulse duration 7" from the speckle contrast according to Eq. 2.59. With
a coherence time 7. of 0.49fs, this yields an effective pulse duration of 1.8 fs which
is in good agreement with the pulse durations retrieved from the HIREX spectra
in section 3.1.1. This effective pulse duration corresponds to 35 % self-gating for
the short pulses and about 93 % for the long pulses. This is much more than the
so-far reported 35 % by Inoue et al. [85] for bulk material.

3.6 Summary

In this chapter we demonstrated the first true imaging of single nanoparticles
smaller than the incident X-ray beam using IDI. This was achieved by combining
IDI with conventional CDI for calibration and orientation determination. Despite
having a much reduced emission from the single particles and a reduced particle
hit rate, we achieved a resolution of 20nm, more than one order of magnitude
better than previously reported [39, 40]. At the same time the number of required
shots could be reduced by four orders of magnitude, primarily due to the fact that
the smaller sample size allowed a much closer detector placement and collecting
a larger signal. Contrary to previous expectations, higher incident fluences and
higher photon counts on the detector did not necessarily yield higher ¢®-signals.
Instead, it appears that intense X-ray pulses alter the electronic structures of the
particles in a manner that reduces the efficiency of IDI. This could be confirmed
by the spatial approach of the standard Hanbury Brown & Twiss [30] methodol-
ogy which was adapted to an imaging setup where fluence fluctuations strongly
contribute to the overall ¢g-independent scaling of the second-order intensity cor-
relation function. An unexpected reduction of the visibility v at fluence levels
above 1 x 102J/cm? was observed, hinting at another fluence-dependent source
of background. We hypothesize that this background may arise from shot-wise
fluctuating amplified spontaneous emission (ASE) [75, 76], which, in our experi-
ment already occurs for lower peak intensities (1 x 1017 W /cm?) than the reported
1 x 10 W/ecm? for ASE in bulk copper [75]. The ASE, being phase coherent,
would not adversely affect the speckle contrast, explaining the inconsistency be-
tween the two measures of the degree of coherence.

From our analysis of the coherence properties of the fluorescence emission, we can
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report the same speckle contrast of 8 ~ 0.05 for the short (nominal 2.5fs) and
long (nominal 25 fs) XFEL pulses. In line with the reasoning of Inoue et al. [39]
and Trost et al. [68] this would correspond to pulse shortening due to self-gating
of 35% and up to 93% for the short and long pulses, respectively. These results
also indicate that the important parameters that lead to the reported changes in
the absorption cross-section are energy per FEL spike and the number of spikes,
as both pulse durations provided the same energy per spike. This also implies that
care must be taken when interpreting the data in terms of a single Gaussian pulse
duration. In addition, we observed for the first time non-linear reverse saturable
absorption and saturable absorption in single copper nanoparticles as predicted
by Cardoch et al. [90]. Our results confirm that, on femtosecond timescales, the
non-linear response primarily depends only on the incident fluence and not on the

pulse duration.
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IChapter 4

Nanoscale X-Ray Imaging with
High Spectral Sensitivity Using
Fluorescence Intensity

Correlations

Many of the experimental challenges of IDI described in the previous chapter can
be addressed by a technique that we call Spectral Incoherent Diffractive Imaging

(SIDI). Most of the following discussions are in line with those in our paper:

T. Wollweber and K. Ayyer, “Nanoscale x-ray imaging with high spectral sensi-
tivity using fluorescence intensity correlations,” Structural Dynamics, vol. 11, no.
2, Mar. 2024, AIP Publishing.
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(lead); Writing — original draft (equal).

Kartik Ayyer: Conceptualization (lead); Funding acquisition (lead); Investiga-
tion(supporting); Methodology (lead); Supervision (lead); Writing — original draft

(equal)

SIDI enables spectrally resolved imaging by substituting one dimension of the
wave vector k, with the photon energy E. Figure 4.1 illustrates how this can be
achieved by introducing an analyzer crystal between the sample and the detector,
effectively acting as a mirror along one of the k dimensions, while employing Bragg

reflection along the other dimension to split the photons according to their energy.
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Detector

Si crystal ' _
///, E
e sample

X-rays

Figure 4.1: Schematic of the Spectral Incoherent Diffractive Imaging (SIDI)
setup. The silicon crystal analyzer disperses the emitted photons in one direction
while acting as a simple mirror along the orthogonal dimension. Thus, the position
of a detected photon on the two-dimensional detector in the far field corresponds

to its energy and one component of its wave vector.

Hence, when the intensity correlations are performed for different energies inde-
pendently, SIDI can achieve much better energy resolution than conventional DI,
thereby increasing the coherence time of the emitted light field and eventually the
g®-contrast.

Furthermore, SIDI exhibits sensitivity to subtle shifts in the spectral emission
profile for different oxidation states, analogous to X-ray Emission Spectroscopy
(XES). XES has become an essential tool for investigating electronic transitions
across various research fields such as physics, material science and environmen-
tal sciences [95]. Particularly, 3d transition metals are frequently studied using
XES to analyze Kg line intensities and shifts corresponding to different oxidation
states when bonding to different ligands [95-97]. This is in particular interesting

for the search of new catalysts or more efficient energy storage materials. While
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the combination of XES with conventional CDI or crystallography [98, 99] allows
simultaneous imaging of the emitter distribution and the recording of emission
spectra, elastic scattering cross-sections are only very weakly sensitive to changes
in the oxidation states and so only information about the relative populations
of different oxidation states is obtained. In conventional IDI, where the entire
emission spectrum is combined, this leads to loss of contrast since the correlation
of photons with different energies adds to the background. This problem was
circumvented to some extent in prior experiments by filtering out the Kz emis-
sion and correlating just the oxidation-state-insensitive K, photons [39, 40]. Our
proposed approach provides the flexibility to position the detector strategically,
enabling the acquisition of specific regions of interest, such as only the K, or even
the more sensitive Kg; 3 and Kgo5 lines (see Fig. 2.1). This facilitates the study
of structures with heterogeneous oxidation states, where only subtle shifts in the
emission spectra occur. Leveraging the potential for time-resolved measurements
at XFELSs, our method opens the possibility of simultaneously capturing spatially

and spectrally resolved movies of redox reactions in complex systems.

4.1 Simulations

To illustrate the principle of spectrally resolved imaging of nanostructures, con-
sider first a spherical Mn nanoparticle, which is exposed to a 6.2fs long, 6580 eV
SASE XFEL pulse. The incident X-ray pulse was simulated! as a Gaussian func-
tion with a full width at half maximum (FWHM) of 6.2 fs. Depending on the en-
ergy resolution of the actual sample-detector configuration, the pulse was binned
into different temporal modes M. The photon occupancy in each mode was then
calculated from the Gaussian distribution while allowing for 80 % variations to ac-
count for SASE beam fluctuations. A flat silicon analyzer crystal and the detector
are positioned to satisfy the Bragg condition for the silicon 422 peak concerning
the K, and K,o lines (refer to emission properties in Table 2.1). We expect
4000 photons per exposure on a 1024 x 1024 pixel detector with a pixel size of
75pm at an effective detector distance of 1m. Details about signal estimation
are described in Appendix B.1. In conventional IDI, the K, fluorescence of Mn is

characterized by a coherence time of 7. = 0.5fs (see Tab. 2.1). Considering our

IThe code for both simulation and g¢®®-calculation are available at
https://github.com/TammeWollweber/spectralIDI.
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Figure 4.2: Integrated 2D detector image showing the two K, lines of Mn. As
expected, there is no structure along the k-axis. The inset in the upper right

shows the projection of the spherical nanoparticle.

experimental geometry and small sample volume, the energy resolution is con-
strained primarily by the pixel size of the detector, which results in an effective
resolution of 295 meV and a corresponding increase of the coherence time to 4.4 fs
and the coherence length to 1.3 um. The energy resolution can be increased by an
order of magnitude with the use of back-scattering analyzers as employed in Res-
onant Inelastic X-ray Scattering (RIXS) experiments [100]%. In order to retrieve
the Fourier amplitudes |F'(q)| from the flat intensity profile along ¢, we calculate
the second-order cross-correlation function ¢®(g) (see Eq. 2.53). In the case of
spectrally dispersed photons, the recorded photons have both a measured wave
vector, k, and a photon energy, E, yielding the correlation function ¢'® (q, Ey, Es).
Two special cases of this three-dimensional function are especially interesting. The
first is when we correlate photons of the same energy (F; = Fy = E), yielding
g?(q, E), which we explore in Section 4.3. One can also average over all pairs of
photons with the same energy difference, AE = E| — E,, giving ¢® (¢, AE). The
application of such a marginalization will be investigated in Section 4.2.

The statistical significance of the measured ¢(®-value in comparison to the null

hypothesis of g®? = 1 is expressed through the Z-score:

’In order to retain one k dimension, the surface needs to have a cylindrical profile rather
than a spherical one.
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Z-score(q) = 091k + ) VN ) (4.1)

VA1 +@)?) = (1001 (k + )’

where N is the number contributing frames.

4.2 Coherence between K, decay channels

Figure 4.2 displays the integrated far-field intensity for the two K, 2 lines after
10000 exposures, showing well-separated flat intensity profiles along ¢, as ex-
pected. Summing the integrated intensity along ¢ yields the emission spectrum
similar to a conventional XES experiment as seen in the horizontal profile in
Fig. 4.2. However, the intensity correlation approach can provide more insight
into the coherence of the quantum evolution of the system following the creation
of the 1s core hole. If the decay occurs before decoherence due to coupling with
the environment, the measured intensity will be a coherent combination of the two

photon wavefunctions for each spectral line:

Ioc [P = [thar + Va2l (4.2)

This result differs fundamentally from the case where emission from the two dif-

ferent decay channels combines incoherently,

I |77Z)041|2 + |¢a2|2, (4~3)

By correlating the photon positions between the two spectral lines, the two-
dimensional g (g, AE) can be used as a measure of the phase coherence, and thus
the degree of superposition of the two quantum states L1(21/2) and L3(2,3/2) as-
sociated with these emission lines (Fig. 2.1). The corresponding two-dimensional
spatial intensity correlations are shown in Fig. 4.3A and 4.3B for the coherent
(Eq. 4.2) and the incoherent (Eq. 4.3) sum of the wave functions, respectively.
The shape of the central vertical profile remains the same in both cases, as seen
in the sum of the autocorrelation for each detector column. However, the inter-
level components in Fig. 4.3A distinctly reveals ¢®-correlations for a AE value

of Fx,, — Fx_,, which are absent when the wave functions are added incoherently
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(Fig 4.3B). In both cases, there are weak first-order fringes visible along the ¢ di-
mension. However, the Z-score is only significant for the central speckle, as shown
in Fig. 4.3C and Fig. 4.3D. In order to achieve higher ¢®-contrast and better
SNR, it would be necessary to increase the number of photon counts or to acquire

more frames [306].
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Figure 4.3: K, SIDI simulations. The top row shows the behavior for full phase
correlation between the K,; and K, wavefunctions, while the bottom row shows
the case of no phase correlation. (A, B) ¢'¥ (¢, AE) images obtained by averaging
2D intensity correlations for each exposure. (C, D) Z-score for the images in
A and B, respectively. The horizontal profiles in (A — D) correspond to the
central line cuts and the vertical profiles to the central (red) and the off-central
cuts (blue) at a AE value of Ex,, — Fx.,. (E, F) ¢®(E, AE)-signal for ¢ =

2.14 pm~! showing a clear difference between the two cases.

As already shown in Figs. 4.3A and 4.3B, SIDI yields the second degree of co-
herence for different energy separations. In fact, the underlying data can be an-
alyzed as a three-dimensional correlation function ¢®(q, E, AE), which is now
also a function of the energy of the first photon. Figures 4.3E and 4.3F show the
variation of the correlation ¢ (E, AE) for a fixed ¢q. For the coherent case in Fig-
ure 4.3E, the magnitude of the correlation signal is independent of the energies of
the photons involved, just becoming more noisy for the cases where the photons
are chosen far from the spectral peaks. However, when the wave functions are

combined incoherently in Figure 4.3F, one sees a significantly lower value when
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4.3. NANOSCALE MAPPING OF OXIDATION STATES

the two photons are from different spectral peaks rather than from the same peak.
The projection over all E values here gives the horizontal line plot in Figure 4.3B,
showing a minimum near the peak separation of 11eV. In the simulations in this
section, we neglect one effect which will dampen the signal at large |[AFE|, namely
that the interference signal is lost if the frequencies of the photons are too different.
The difference between the coherent and incoherent cases will be most apparent
experimentally at AFE values less than 10 eV where the beat period between the
two frequencies is comparable to the lifetime (see horizontal line cuts in Fig. 4.3C
and D).

4.3 Nanoscale mapping of oxidation states

Let us now consider the case of a heterogeneous nanoparticle comprising a Mn
sphere encapsulated in a MnO or similar Mn*" shell (see sample inset in Fig. 4.4).
The sample was approximated as a 300 nm sphere, in the heterogeneous case with
an inner core of 215nm of Mn and a 85 nm shell of Mn?". The particle is excited
with a photon energy of FEg.sic = 6580eV, which is 41eV above the K-edge
and 90eV above the Kg; 3 emission line. The Si analyzer and the detector are
positioned to capture the Kg; 3 lines as well as the elastic scattering at a detector
distance of 1.5m. By exploiting the atomic form factor of elastic scattering, its
relative intensity can be tuned by placing the Si crystal near-normal to the incident
ko vector. We expect 250 photons per exposure due to the lower fluorescence
yield of the Kg; 3 line as well as the reduced solid angle of the detector (see
Appendix B.1). We simulated 1000000 exposures, which would correspond to
about 1 hour of data acquisition at the European XFEL [40].

The integrated intensity in Figure 4.4 shows both the Kjz lines and the coherent
diffraction of the entire particle due to its insensitivity to the oxidation state. The
spectral shift for the Kg; 3 line from neutral Mn metal to the Mn*+ oxidation
state is 1.7eV [101]. However, since the shift is less than the width of the indi-
vidual emission lines, the integrated intensity exhibits only one broadened Kpg; 3
emission line. Given that the emission for the two different Kpg, 3 lines arises from
two distinguishable materials of distinct shapes, it is reasonable to perform the
g@-calculation solely along the g-direction. Additionally, a 2D analysis would be
counterproductive here, as it would include correlations from the elastic scatter-

ing that contribute only to the offset in the second-order correlation function (see
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Figure 4.4: Integrated 2D detector image showing the broadened Kz lines of the
Mn-Mn?* compound as well as coherent elastic scattering. One can already see
the structure of the whole particle reflected in the coherent signal (dark profile to

the right), while the fluorescence yields a flat profile (light green).

Eq. 2.53). In Fig. 4.5A the one-dimensional ¢'®(q, E) profiles for the different en-
ergies are shown. Notably, discernible differences along ¢ are evident for different
energies within the broadened Kpg, 3 line. The different central peak widths reflect
the different shapes of the underlying emitter distributions in the Mn — Mn**
compound contributing to each emission line. Higher order features in the ¢ direc-
tion contain information about finer structural features. For the elastic scattering,
the g®@-profile remains flat and does not provide any additional information, as
expected. Figure 4.5B shows the ¢®(q) line profiles. One can clearly see the
different Fourier amplitudes corresponding to the core and shell for the two Kg; 3
energies.

In an experiment where SIDI is combined with forward scattering for coherent
diffraction, the detector can also be positioned farther away from the interaction
region to enhance the energy resolution and, particularly, to increase the splitting
for the two Kpg; 3 lines. This would improve the g@-contrast on the one hand, but
also decrease the solid angle of the detector leading to a lower photon count per
exposure and thus a lower SNR. One can also envision using a different analyzer
crystal geometry for higher energy resolution, efficiency or both [95].

In this example with manganese, we utilized K 3 line shifts in order to visualize
the core-shell structure. In other systems it may be more efficient to use changes
in other decay channels, including K, energy and width changes. While these

effects may be smaller, this must be balanced with the much higher count rates
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Figure 4.5: Kj simulations for the Mn-Mn*" compound. (A) Intensity correla-
tions g®(q, E) for each energy channel, i.e. for each pixel column of the detector
independently, normalized by its standard deviation. Since the spatial distribution
of each Mn subspecies differs (see inset in the upper right of Fig. 4.4), one can
see different signals within the Kz line. (B) The energy-dependent line profiles
along ¢ for the two oxidation states can be used to independently reconstruct the

structure of each state.

for the K, emission. In the event where one is studying a heterogeneous structure
with different elements, then one can use any of the emission lines, and possibly

even combine the signal from all of them to obtain the substructure images.

4.4 Summary

To overcome the limitations of conventional IDI regarding short coherence times
associated with core-shell fluorescence, we introduced Spectral Incoherent Diffrac-
tive Imaging (SIDI). This method enables spectrally sensitive imaging by replacing
one k-dimension by the photon energy. A silicon analyzer crystal, positioned be-
tween the sample and detector, disperses photons based on their energy (via Bragg
reflection) while preserving one component of the wave vector, effectively encod-
ing both spatial and spectral information. The simulations presented here demon-
strate the feasibility of SIDI for imaging Mn nanoparticles and heterogeneous
Mn/Mn?* core-shell structures using realistic XFEL parameters. The second-
order intensity correlation function is used to retrieve structural information from
spectrally resolved data. Furthermore, the technique can probe quantum coher-
ence between decay channels (e.g., K, and K,9), distinguishing coherent and

incoherent emission via differences in ¢® (g, AE).
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When applied to a mixed-oxidation-state sample, SIDI enables nanoscale mapping
of oxidation states by resolving structural differences encoded in energy-dependent
g(Z)(q, E) correlations. This capability opens pathways for real-time, spatially and
spectrally resolved imaging of redox dynamics in functional materials and cata-

lysts.
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C hapter 9

Perspectives for Optical Sensing
at Room Temperature Using
Fluorescence Intensity

Correlations

The previous two chapters explored the potential of intensity correlation tech-
niques for dark-field imaging in the X-ray regime. In this chapter, we will explore
the potential applications of these methods in optical sensing within the visi-
ble spectrum. In this context, the use of intensity correlations for imaging is
commonly referred to as intensity interferometry, a concept first introduced by
Hanbury Brown and Twiss in 1956 [30]. Since then, intensity interferometry has
been extended to imaging through scattering media such as ground glass diffusers,
biological tissues, and turbulent air [102-104]. These implementations typically
rely on wavefront modulations of otherwise coherent light sources, such as lasers.
In contrast, this chapter focuses on performing intensity correlation analysis on
intrinsically incoherent fluorescent light sources, where additional factors must be
taken into account, such as fluorescence lifetime, spectral broadening, limited flu-
orescence yield, and photobleaching.

Using fluorescence for dark-field imaging in the visible regime is well established
and has been used for many years in the field of microscopy [28]. With high-NA!

objectives, it is possible to achieve resolutions down to 200 nm [105]. Modern tech-

!The numerical aperture (NA) of an objective is defined as: NA = nsin @, where n is index
of refraction of the working medium and 6 is the half-angle of the maximum cone of light that
enters the objective.
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niques that exploit non-linear emission phenomena, such as STED microscopy, can

even achieve resolutions down to 20nm [42, 106] (see chapter 1).

The first step is to demonstrate in a proof-of-principle experiment that IDI can be
used in the visible regime. This is a non-trivial task, as the coherence properties
of the emitted fluorescence are significantly different from those of X-ray fluores-
cence. The excitation and emission processes in the visible regime happen in the
outer valence states and are strongly influenced by environmental conditions (see
also chapter 1). This leads to a broad homogeneous spectral broadening of the
emission profile, up to several hundred nanometers, depending on the material. In
recent years, new materials have been reported where nanoparticles exhibit nar-
row emission lines even at room-temperature [107]. However, the central emission
wavelength of these particles is typically very sensitive to the shape and size of the
individual particle, leading to heterogeneous broadening of the emission lines [107].
In this chapter, the experimental setup and methods used for IDI in the visible
regime are discussed. First, an optical implementation of 2D IDI is introduced,
followed by a spectrally-resolved IDI setup, analogous to the X-ray case presented
in chapter 4. Finally, the challenges of IDI in the visible regime are discussed,
including the limitations of the proposed experimental setups and the potential

for future improvements.

5.1 Experimental Setup and Methods

Conceptually, the experimental setup for IDI in the visible regime could be im-
plemented in a similar way as in the X-ray regime, as discussed in chapter 3,
where the fluorescence emission is directly measured in the far field. In the visible
regime, however, high-NA objectives can be used to increase the number of col-
lected photons. The propagated far-field equivalent is then encoded in the back
focal plane (BFP) of the objective. Furthermore, bandpass filters can be used
to reduce the spectral width of the emitted fluorescence, and thus increase the
coherence time of the light field. For visible light, the detection of single pho-
tons is much more challenging than in the X-ray regime, as each photon creates
only a single electron in the detector. Therefore, the detection of single pho-
tons requires specialized detectors that amplify the electric signal, such as elec-
tron. multiplying charge-coupled devices (EMCCDs) or intensified complementary

metal-oxide—semiconductor (CMOS) detectors. This is in contrast to the X-ray
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case, where each photon has enough energy to create electric signals that are well
above the noise level of the detector.

Figure 5.1 shows the schematic optical setup for 2D IDI. The sample is excited
by a 450 nm laser (Thorlabs NPL45C") with a pulse duration of 6ns and a peak
power of 1.2 W. The light is circularly polarized using a quarter-wave plate. A 1D
grating can be inserted upstream of the focusing lens to create a 1D diffraction
pattern on the sample (see Fig. 5.4). The emitted fluorescence is then collected
by an infinity-corrected objective lens (Mitutoyo 10x/100x or Olympus 100z Plan
Fluorite Oil Immersion Objective) with numerical apertures of 0.28, 0.7, and 1.33,
respectively. The exact setup configurations for the results presented in this chap-
ter are listed in table C.1.

A4 plate

Grating = ===
E Focusing
objective

Sample
é Imaging
. Tube FT objective
Filter

lens lens
r r
| 1 I \ .
Detector 1l l Mirror
J J

Figure 5.1: Schematic of the optical setup for 2D IDI in the visible regime. The

sample is excited by a 450 nm circularly polarized laser pulse and the emitted
fluorescence is collected by an infinity-corrected objective lens and subsequently
filtered and directed towards the detector. The setup allows direct imaging of the
focal plane of the objective via the tube lens, or, alternatively, imaging of the BFP

using the so-called F'T-lens. For details, see text.

The setup allows switching between two different imaging modes: (i) direct imag-
ing of the focal plane of the objective via the tube lens, or (ii) imaging of the BFP
using the so-called FT-lens. It is worth noting that, when using infinity-corrected
objectives, the far field information is not just the propagated wave field down-
stream of the objective (which is a collimated wave field), but rather is encoded
in the BFP of the objective. This BFP can even lie inside the objective itself.
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Hence, the FT-lens and the detector have to be positioned to perform one-lens
imaging of this BFP to retrieve the far field diffraction pattern. The fluorescence
is filtered by a band-pass filter ( Thorlabs FB532-/ or Photonic Solutions Ultra
narrow bandpass filter, 532nm, FWHM < 0.2nm) to reduce the spectral width
of the emitted fluorescence as well as environmental background. Ultimately, the
fluorescence is detected by an intensified CMOS detector (Andor iStar sCMOS).
This detector is equipped with a micro-channel plate (MCP) that amplifies the
photoelectric signal from the photocathode. These secondary electrons are accel-
erated towards a phosphor screen which converts the electric energy into photons.
These are then directed via optical fibers towards the CMOS sensor. This am-
plification process allows for the detection of single photons even in the visible
regime. Furthermore, the MCP can be gated with a delay to wait for the incident
laser pulse to pass and only measure fluorescence with the shortest possible gating
window of 3ns. The CMOS sensor has 2560 x 2160 pixels with a pixel size of
6.5 pm, which corresponds to an active sensor area of 16.6 x 14 mm. The circular
phosphor screen has a diameter of 18 mm, which reduces the active area at the
corners of the sensor (see Fig. 5.2A). However, the spatial resolution of a measured
photon on the CMOS sensor is not limited by the pixel size, but by the spatial
resolution of the phosphor screen. The secondary electrons produced by the MCP
and the subsequent phosphorescence produce electric signals that are spread over
several pixels. Therefore, a 4 x 4 pixel binning is used, which also reduces data
volume and detector downtime due to data transfer. The binned data is measured
at a frame rate of 50 Hz.

During this work, we have used three different types of samples: (i) a rotating
ground glass disc (GGD), (ii) a fluorescent slide (Thorlabs FSK2, Green), and
(iii) a 50pm thick cerium-doped (0.1%) Yttrium-Aluminum-Garnet (YAG:Ce)
crystal (purchased from crytur). The GGD is used as a test sample to ensure the
functionality of the experimental setup. It is a thin glass disc with a rough surface
that scatters the incident light and induces random phases of the scattered pho-
tons. This leads to shot-wise random speckle patterns in the far field, imitating
the diffraction of an incoherent light source [102, 103]. The intensity correlations
then yield the Fourier amplitudes according to Eq. 2.53.

The fluorescent slide is made of cast acrylic substrate with an (unknown) fluores-
cent dye embedded in the polymer matrix. The slide was thinned to a thickness of
~500 pm to reduce the fluorescence background from outside the focal plane of the
objective. The third sample, a YAG:Ce crystal, is a well-known material for optical

applications due to its high fluorescence yield and photostability [108, 109]. Since
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fluorescence emission at room temperature is typically very broad, a bandpass
filter is used to reduce its spectral width, thereby increasing the coherence time.
Generally, the coherence time associated with the spectral width of a bandpass

filter can be calculated as follows:

1 1
Te R — =
Av |3—K‘A)\
b
e ——, 5.1
= T cAN (5-1)

where )\ is the central wavelength, A\ is the nominal spectral width of the band-
pass filter, and c is the speed of light. For a 4nm filter, the coherence time then
yields 7 ~ 236 fs. Using the shortest possible gating time of the detector (3ns),
this corresponds to 12700 incoherent modes. This is a significant increase com-
pared to the X-ray case, discussed in chapter 3, where the temporal resolution of
the imaging setup was on the same order of magnitude as the coherence time of
emitted fluorescence. However, with the high fluorescence yield of the samples,
combined with the high-NA objectives, the number of detected photons per frame

is expected to be much higher in the visible regime.

5.2 Detector characterization
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Figure 5.2: Detector characterization (Run #4). (A) Integrated far-field fluo-
rescence intensity from the slide. (B) Intensity correlation ¢®(q) and its radial
profile (C). The central peak is due to the cross-talk of the MCP, while the hori-

zontal line is a common mode effect.

Figure 5.2 shows the characteristic detector behavior for the described experi-

ment: the integrated far-field intensity from the fluorescent slide (Fig. 5.2A), the
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intensity correlation ¢®(q) (Fig. 5.2B) and its radial profile (Fig. 5.2C). The in-
tegrated intensity shows the circular active area of the phosphor screen and the
slight intensity variations which can be distinguished are due its non-uniform yield.
Furthermore, the integrated intensity shows a weak honey-comb pattern which is
a shadowing effect from the fiber coupling of the phosphor screen to the CMOS
sensor. The intensity correlation g (q) shows two distinct features that are in-
dependent of the underlying sample: (i) the central circular peak at the center is
the so-called cross-talk induced by the MCP [110]. Within the MCP, secondary
electrons are mainly accelerated by the electric field towards the phosphor screen.

However, some secondary electrons can be scattered backwards and re-enter the
MCP in a different channel (see Fig. 5.3).

Photocathode Phosphor screen SCMOS sensor
' Fiber coupling
MCP ’
°
-0 "\> °® 8
~ Je o °.6
b 02 %
© 0%

Figure 5.3: Schematic of the MCP cross-talk within an intensified CMOS detec-
tor. The incoming photon hits the photocathode and generates a photoelectron.
This electron is accelerated towards the MCP by an electric field, where it gener-
ates secondary electrons. These secondary electrons are then accelerated towards
the phosphor screen, where they generate photons that are detected by the CMOS
sensor. However, some secondary electrons can be scattered backwards and re-
enter the MCP in a different channel, leading to a correlation of the detected signal
on the CMOS sensor and thus to a peak in the second-order correlation function

at low-q.

This isotropic effect leads to a correlation of the detected photons and thus to a
peak in the second-order correlation function at low-g. (ii) The second feature is
a central horizontal line which is similar to a common mode effect known from
charge-coupled devices (CCDs). To prevent potential signal overlap with this
detector artifact, the detector is tilted by approximately ~ 7° relative to the optical
axis. From the radial profile of the ¢ (q) (Fig. 5.2C) two "orders” of cross-talk
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can be distinguished, one up to 10 pixels and one up to 24 pixels. These detector
characteristics and in particular the MCP cross-talk at low-¢ are much stronger
than any correlation signal expected from the sample. In addition, the cross-talk
is a statistical correlative effect which does not behave as a static background.
Consequently, the best approach to correct for this cross-talk in the g(®(q) is still
uncertain. This is a significant limitation for this optical setup, as the low-q area

contains the most relevant information about the sample.

5.3 2D IDI in the visible regime

In order to verify the correct operation of the experimental setup, the first mea-
surements were performed using the GGD as a test sample. Figure 5.4 shows the
real-space beam profile of the incident beam on the GGD and the correspond-
ing ¢®(q), which exhibits interference fringes, as expected. From the size d of
the real-space object and the position of the first maximum y; in the ¢ (q), the

effective detector distance D can be calculated using geometric optics:

n
D = ~ 16. 2
— (sin_l (3)) 6.8 mm (5.2)
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Figure 5.4: GGD verification (Runs #1 and #2). (A) Real-space beam profile
of the incident beam on the GGD. (B) Corresponding ¢ (q), which exhibits

interference fringes.

With the established setup, we then performed measurements on the fluorescent
slide (Fig. 5.5). Over the course of the measurement, the intensity drops signifi-
cantly due to bleaching of the fluorescent dye in the polymer matrix (Fig. 5.5B).
This effect makes it difficult to obtain a reliable g®)(q), as the bleaching indicates
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a change in the spatial emitter distribution over time. On the other hand, we
can exploit this bleaching effect by binning the data in time and subtract these
intensity correlations from the first temporal bin (100000 frames). The resulting
g?(q) is shown in Figure 5.5D. As the expected correlation signal is smooth, we
use a Gaussian filter to reduce the noise. The correlation shows a clear central
speckle with an aspect ratio of 1:4, which matches the aspect ratio of the incident

beam profile on the sample.
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Figure 5.5: IDI of the fluorescent slide (Runs #3 and #4). (A) Real-space beam
profile of the incident beam on the slide. (B) The fluorescence signal level decreases
over time due to bleaching. (C) Integrated intensity of the whole measurement.
(D) Gaussian filtered ¢(®(q) of the first 100 000 frames, subtracted by the average

g?(q) of the subsequent temporal bins, exhibiting the central speckle.

Now, in order to eliminate bleaching effects, the slide was replaced by the YAG:Ce
crystal. Furthermore, the bandpass filter was changed to a 0.2 nm filter to increase
the coherence time of the emitted fluorescence to 7. = 4.72 ps. With a polarizing
filter, this corresponds to ~ 635 incoherent modes. Figure 5.6A shows the real-
space beam profile of the incident beam on the YAG:Ce crystal, the signal level
over the whole measurement (B), the integrated intensity on the detector (C),
and the g (q) of ~ 14200000 frames (D). Despite having reduced the number

of incoherent modes by a factor of ~ 40, there is no g(®(q)-signal visible outside
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Figure 5.6: Fluorescence from YAG:Ce crystal (Runs #5 and #6). (A) Real-
space beam profile of the incident beam on the YAG:Ce crystal. (B) Fluorescence
signal level over the whole measurement. (C) Integrated fluorescence intensity.

(D) 2D intensity correlation g(?(q).

the (masked) cross-talk area. However, the integrated far-field intensity shows
interference fringes in the form of Newton rings [111]. These rings are typically
observed when coherent light is reflected between two closely spaced surfaces, one
of which is a spherical lens and the other a flat reflective surface. The Newton rings
are strongly pronounced for the thin 50 pm YAG:Ce crystal and when the ultra-
narrow bandpass filter (0.2nm) is used. For a 100 pm YAG:Ce crystal, the rings
are much weaker, and for a 500 pm thick sample, the effect disappears completely.
This indicates that the Newton rings only appear when the sample thickness is
much less than the coherence length associated with the bandpass filter. In this
case, the coherence length is L. = 7, - ¢ &~ 1.4mm, which is much larger than
the sample thickness of 50 pm. Since the fluorescence photons have random ini-
tial phases and are thus mutually incoherent, the interference fringes can only be
explained by the self-interference of the emitted fluorescence photons. The fluo-
rescence emission corresponds to a spherical wave field, that self-interferes with
the reflection from the crystal surfaces. As the Newton rings are a static effect,

they are corrected for by the normalization in the second-order intensity corre-
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lation function ¢ (q) (see Eq. 2.53). However, with the ultra-narrow bandpass
filter, the thin sample and the short gating time with respect to the fluorescence
lifetime of the sample (~ 60ns [109]), the number of detected photons per frame
(~ 200) is significantly reduced and lower than the number of incoherent modes
( ~ 630) in the light field. If a sufficiently large number of frames is acquired,
even a small number of detected photons per frame can yield a statistically sig-
nificant g (q)-signal, as photons belonging to the same mode, will, statistically,
be detected occasionally. However, due to the MCP cross-talk at low-q, there is
no discernible g(®(q)-signal is observed, even after collecting more than 14 000 000

frames.

5.4 SIDI in the visible regime
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Figure 5.7: SIDI schematic setup, similar to the 2D IDI configuration. Here, a
grating is placed downstream of the objective to spectrally disperse the fluores-
cence. The FT lens and the so-called spectral lens, which refocuses the photons

according to their energy, are now cylindrical.

In order to increase the photon counts per frame while at the same time improve
the energy resolution and thus the coherence time of the fluorescence light field,

a spectrally-resolved IDI setup was implemented — equivalent to the X-ray setup
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described in chapter 4. As shown in Figure 5.7, the setup is similar to the 2D
IDI configuration, with the key distinction being the addition of a holographic
reflective grating (Thorlabs GH50-24V') placed downstream of the objective to

spectrally disperse the emitted fluorescence.
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Figure 5.8: SIDI of the GGD (Runs #7 — #12). Top row: Real-space beam
profiles on the GGD. Bottom row: Corresponding intensity correlation function
9 (¢, AE).

The dispersing photons are then focused along the energy dimension using a cylin-
drical (spectral) lens. Accordingly, the FT lens is now also a cylindrical lens, which
only images the BFP in the orthogonal direction. Repeating the procedure of the
2D IDI case, the spectrally-resolved IDI setup was first tested using the GGD test
sample. Figure 5.8 shows the illuminated area for three different line spacings on
the GGD (A-C) and the corresponding intensity correlation function ¢g?(q, AE)
(D-F). The next step was to perform measurements on the fluorescent slide. To
avoid bleaching effects as in Figure 5.5, the slide was rotated during the measure-
ment (25°/s). Figure 5.9 shows the real-space image in the focal plane (A), the
integrated far-field intensity (B), and the corresponding ¢? (g, AE) (C). While
the ¢® (g, AE) shows a clear central speckle, there are two caveats: (i) the cor-
relation signal only appears when the sample is rotated during the measurement
and disappears when the sample is stationary. This indicates that the correlation
signal is not due to the actual illuminated area, but rather due to the sample
rotating in and out of the focal plane of the objective. (ii) The ¢® (¢, AE) shows
no energy dependence, which is physically unreasonable, and indicates that the

grating is not dispersing the emitted fluorescence as expected. This is likely be-
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Figure 5.9: SIDI of the rotating fluorescent slide (Runs #13 and #14). (A)
Real-space beam profile of the incident beam on the slide. (B) Integrated far field
intensity. (C) Intensity correlation function ¢® (g, AE).

cause the photons emerging from the objective do not form a single collimated
light field, but rather a set of collimated yet diverging plane waves, determined
by the lateral positions of individual emitters in the focal plane. Hence, with this
angular divergence of the incoming fluorescence light field, the grating is not able

to disperse the fluorescence photons according to their energy.

5.5 1D IDI

After testing 2D IDI and spectrally resolved IDI, let’s take a step back and consider
the simplest case — 1D IDI. For this, the setup is similar to the SIDI setup,
using the two cylindrical lenses, but now the grating is replaced by a mirror.
The detected fluorescence on the detector is then an image of the focal plane
of the objective along one dimension, and orthogonally, the far-field fluorescence
is detected (see Fig. 5.10). Compared to the setups discussed above, this 1D
configuration has the advantage that many more photons can be detected per
frame, as the imaging lens is refocusing all photons along one dimension onto
the detector. This is different to the SIDI setup, where photons are lost in other
diffraction orders of the grating.

In the 1D case, the second-order intensity correlation g (g, Az) is now a function
of separation of the wave vectors ¢ and the horizontal displacement vector Ax
of the emitted photons. Figures 5.10C and D now show first signs of a ¢(-
signal outside the (masked) cross-talk area, most likely due to the higher photon
counts per diffraction pattern. However, without being able to access the low-q

information, it remains difficult to achieve a convincing result.
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Figure 5.10: 1D IDI of YAG:Ce (Runs #15 and #16). (A) Real-space beam
profile in the focal plane. (B) Integrated intensity of the fluorescence. Real-space
imaging along the horizontal axis, and far-field intensity distribution along the
vertical axis. (C). Intensity correlation function g®(q, Az). (D) Vertical central

line profile of ¢ (¢, Ax).
5.6 Challenges of Optical IDI

The previous sections have shown that IDI can be performed in the visible regime,
but there are several challenges that need to be addressed in order to achieve re-
liable results. Optical IDI at room temperature is mainly limited by the broad
fluorescence emission spectra and the corresponding short coherence times com-
pared to the temporal resolution of single photon detectors for visible light. With
the use of an ultra-narrow bandpass filter, the coherence time can be increased to
the order of picoseconds, but this comes at the cost of filtering out most of the
photons. Furthermore, a picosecond coherence time is still three orders of mag-
nitude shorter than the minimum gating time of detectors with a built-in MCP.
Moreover, the MCP cross-talk is a significant limitation for the optical setup, as
it is much stronger than any correlation signal expected from the sample. The

cross-talk is a statistical correlative effect which does not behave as a static back-
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ground. Therefore, it is difficult to subtract the cross-talk from the measured
intensity correlations in a reliable manner. This is a substantial restriction for
this optical setup, as the low-q area contains the most relevant information about
the sample. Another well-established detector technology capable of single-photon
detection without an MCP, the EMCCD, is limited by its temporal resolution
(~ ps[112]) and is therefore not suitable for IDI. However, recently, two new de-
tector technologies have been developed that provide single-photon detection with
a temporal resolution of < 200 ps: the time-gated single-photon avalanche diodes
(SPADs) [113] and the Timepiz4 [114]. These detectors are not yet widely avail-
able, but they hold great potential for future IDI experiments in the visible regime.
Another limiting factor of IDI in the visible regime are the long fluorescence life-
times of many samples with respect to their coherence time. In the case of the
YAG:Ce crystal, the fluorescence lifetime is ~ 60ns [109], which is much longer
than the coherence time of the emitted fluorescence (~ fs). Consequently, by
gating the detector and using narrow bandpass filters, only a small fraction of
the emitted photons is detected. This is a strong motivation to use a spectrally-
resolved IDI setup, where no emission filters are needed and the emitted fluores-
cence can be detected over a relatively broad spectral range, while at the same time
maintaining a high energy resolution, depending on the exact setup configuration.
However, by using objectives with a high magnification, the collected light field is
not a single collimated wave field but rather a set of diverging plane waves, where
the outgoing angle depends on the lateral position of the underlying emitters in
the focal plane. This angular divergence of the incoming photons on the grating
leads to a significant reduction of the energy resolution. In our proposed setup,
the spectral resolution could not be improved compared to the 2D IDI setup.

Finally, the use of a grating in the SIDI setup leads to a significant loss of photons
in other diffraction orders. Hence, the 1D IDI approach was tested as an alterna-
tive to achieve the highest possible photons counts per frame. With this setup,
it was possible to get first signatures of a 1D ¢(®-signal from the YAG:Ce crystal

outside the cross-talk area.

68



IChzll)tel" 6

Conclusion

This thesis presents three major advances in lensless fluorescence imaging. First, it
demonstrates the first true imaging of single nanoparticles smaller than the X-ray
beam using Incoherent Diffractive Imaging (IDI), achieving a resolution of 20 nm
— more than ten times better than previously reported by Inoue et al. [39] and
Trost et al. [40]. This was accomplished while requiring significantly fewer shots,
owing to improved detector placement and shorter incident pulses. However, high
incident fluences did not enhance the ¢®-signal. The spatial Hanbury Brown
& Twiss [30] approach confirmed a fluence-dependent reduction of the visibility.
We hypothesize that this reduction arises from amplified spontaneous emission
(ASE), which may reduce the visibility without affecting speckle contrast. Indeed,
the speckle contrast remained constant regardless of the incident pulse duration,
suggesting that pulse energy per spike, rather than total pulse duration, governs
absorption changes. Finally, this study reports the first observation of nonlinear
saturable absorption and reverse saturable absorption in single copper nanoparti-
cles, confirming a fluence-dependent response on femtosecond timescales [90].

Our results indicate self-gating at incident fluences of ® > 1 x 10" W/cm?, which
is two orders of magnitude lower than reported by Inoue et al. [85] for a 10 pm-
thick copper foil (® > 1 x 10" W/cm?). This difference is likely due to the
significantly smaller size of the copper nanoparticles in our study, which are much
smaller than the product of the pulse duration and the speed of light (900 nm).
Furthermore, Inoue et al. [85] report a reduction in self-gating for thinner foils
(~ 5pum), which is opposite to our finding of strong self-gating in nanoparticles.
However, their samples are still considered thick compared to the pulse length.
The same reasoning applies to our hypothesis of ASE. For thick samples, such as

foils, the volume of the sample that becomes population-inverted by the incident
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X-ray pulse is highly anisotropic, as the pulse can only induce inversion along the
direction of incidence. With a fluorescence lifetime of approximately 0.3 fs, which
is much shorter than the incident pulse duration, ASE will predominantly occur in
the forward direction that is freshly pumped. In contrast, for small nanoparticles
such as those examined here, population inversion is created uniformly across the
sample, and ASE is thus expected to be isotropic. Consequently, to understand
the fundamental processes of nonlinear light-matter interactions at the nanoscale,
it is crucial to study small particles, as they exhibit fundamentally different be-
havior from bulk materials.

With the advent of 200 pJ scale attosecond hard X-ray pulses [74], it is now possi-
ble to outrun nonlinear absorption effects as these ultra-short pulse durations are
shorter than the timescales of electron damage caused by Auger decay [14, 90].
However, nonlinear emission phenomena like ASE will likely remain unaffected
by these short pulse durations and pose significant challenges towards the ulti-
mate goal of single-shot IDI, which includes orientation determination based on a
frame-wise intensity correlation. This may set a fundamental limit to the efficiency
of IDI when the coherent effect becomes dominant over spontaneous fluorescence.
Consequently, it is favorable to stay within the linear emission regime and focus on
improving the energy resolution of the imaging system. Such a spectrally resolved
implementation of IDI (SIDI) was introduced in the second part of this work.
SIDI is capable of performing lensless fluorescence-based imaging of structures
with heterogeneous oxidation states for each spectral state independently. Here,
IDI is combined with a spectral analyzer similar to XES or RIXS. This enhanced
insight comes at the expense of sacrificing one spatial dimension in comparison to
conventional IDI. Utilizing a single detector restricts imaging to one dimension,
but owing to the isotropic nature of fluorescence emission, the detector can be
positioned in any suitable orientation, and a second or even third crystal-detector
pair can be used to probe the orthogonal spatial dimensions. The superior en-
ergy resolution of SIDI, in comparison to conventional IDI, not only results in
improved g®-contrast but also expands the maximum feasible transverse sample
size to beyond a micrometer, overcoming a seemingly fundamental limit in con-
ventional IDI set by the small coherence length and high signal requirements [37].
With its oxidation-sensitive imaging, SIDI provides additional insights beyond
the conventional approach of combining coherent diffraction and XES, where the
spectrum and the total emitter distributions are acquired, yet the precise emitter
oxidation configuration inside the scattering particle is not revealed. Furthermore,
SIDI could be used to validate the hypothesis of ASE in chapter 3, as this would,
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on average, lead to a relative amplification of the K,; emission line. While the
simulations presented here were performed for manganese, the approach of analyz-
ing the fundamental emission and coherence properties of the K, emission lines
is equally applicable to other elements. In the case of oxidation state sensitive
imaging, this technique is applicable for materials that exhibit either a shift of the
central emission energy or a line broadening for different oxidation states. In the
latter case, the edges of the emission lines would exhibit a different spatial profile
than the central region of the emission line.

For single particle imaging applications, as discussed in chapter 3, where each pulse
probes a different particle, coherent diffraction can be employed to determine the
particle orientation in the case of non-spherical samples [18]. This orientation
determination cannot be achieved using IDI alone, as the g®-contrast is typically
too low in a single shot. Moreover, SIDI yields only one-dimensional spatial in-
formation, which is insufficient for resolving orientation. However, with each two-
dimensional coherent diffraction pattern, additional one-dimensional ¢ (q, E)-
profiles can be obtained, which are sensitive to the electronic configurations of
subdomains within heterogeneous particles.

Our proposed methods open avenues for time-resolved, element specific and ox-
idation state-specific X-ray imaging of electron transfer in 3d-transition metal
compounds or to study heterogeneous catalysts and battery materials where the
nanoscale spatial distribution of elemental oxidation states are crucial for under-
standing function. Overall, our findings underscore the complexity and impor-
tance of understanding light-matter interactions at the nanoscale under extreme
conditions in the X-ray regime. There is a clear need for comprehensive studies
across a broad range of incident fluences and photon energies near the absorption
K-edge. As our understanding of the underlying atomic processes improves, we
are confident that our techniques will establish a new benchmark for the complex
analysis of X-ray fluorescence and will serve for a wide range of applications within

attosecond X-ray science.

The third part of this work discussed the prospects of extending IDI and SIDI to
the visible regime at room temperature. These techniques could enable spatially
resolved sensing of the local chemical environment at the nanoscale, offering new
opportunities for studying material properties. However, the implementation of
IDI and SIDI in the visible regime presents several challenges. Most importantly,
due to the broad emission profiles of most samples at room temperature [28, 115],

the coherence time of the fluorescence is on the order of femtoseconds, which is
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significantly shorter than the temporal resolution achievable with single photon
detectors. Typically, such detectors have temporal resolutions in the microsecond
range (EMCCDs [112]), or in the nanosecond range for MCP-gated detectors such
as the one used in this work. Recent advances in detector technology, such as
SPADs [113] and the Timepixz4 [114], have enabled temporal resolutions in the
picosecond range. However, these detectors are not yet widely available. Even
with such improvements, the applicability of IDI in the visible regime remains
limited due to the mismatch between fluorescence lifetimes (~ns) and coherence
times (on the order of femtoseconds to picoseconds), with ratios on the order of
~ 1 x 10%. Shortening the measurement time to match the coherence time would
drastically reduce the signal levels. This stands in contrast to the X-ray regime,
where the coherence times are even shorter (< 1fs), but fluorescence lifetimes
are on comparable timescales. Consequently, reducing the measurement time via
shorter incident pulse durations can improve the performance of IDI in the X-ray
regime without causing the same signal loss constraints as in the visible regime.
A similar trade-off applies to the use of emission filters, which could, in principle,
extend the coherence time but would also reduce the detected signal.

These limitations were addressed by implementing the spectrally resolved (SIDI)
approach in the visible regime. However, our results indicate that this technique
is incompatible with using objectives with high magnifications, as these lead to a
significant reduction in the energy resolution.

Even the most promising materials, such as lead halide perovskite quantum
dots [107], do not exhibit sufficiently narrow emission lines at room temperature
to be suitable for IDI. Consequently, achieving the original goal of using IDI for
optical sensing appears only feasible at cryogenic temperatures, where the emis-
sion lines approach the lifetime-limited regime [116]. A particularly promising
platform is nitrogen-vacancy centers in diamond, where phenomena such as het-
erogeneous broadening and spectral diffusion — time-dependent fluctuations in
the emission lines of individual emitters — can now be effectively controlled [117,
118].
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IApp endix A

The Nature of Hard X-Ray
Fluorescence from Nanoparticles

under Extreme Conditions

A.1 Sample preparation

Authors Contributions:

Sarodi Jonak Dutta: Sample preparation (lead)

Copper(II) sulfate pentahydrate (CuSO4.5H20 > 99%), (4)-sodium L-ascorbate
(> 98%), and sodium dodecyl sulfate (SDS, > 98.5%) were purchased from
Sigma-Aldrich (USA). Sodium hydroxide (NaOH, > 99%) was obtained from
Roth (Germany). Ethanol (denat., > 96%) was bought from VWR (USA).
a-Methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate) (PEGMUA:2kDa,
M, = 2000 gmol " or 5kDa, M, = 5000 gmol ') was synthesized as described by
Schulz et al. [119]. Ultrapure water (18.2 M€, Millipore) was used for all proce-

dures.

Copper(I) oxide (CuyO) nanocubes (NCs) were synthesized based on the proto-
col presented Thoka et al. [120], which was upscaled 25-fold to achieve a higher
CuyO NCs concentration. For the synthesis, SDS (1.44 g, 5 mmol) was dissolved
in 239mL of ultrapure water and the solution was stirred for 5 min. Then
CuySO4-5H50 (2.5 mL, 0.1 M) and NaOH (1 mL, 1.0 M) were added under constant
stirring. The solution turned light bluish after a few seconds which confirmed the
formation of Cu(OH),. To that sodium ascorbate (7.5mL, 0.2 M) was added, and
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NANOPARTICLES UNDER EXTREME CONDITIONS

the mixture stirred for another 5 minutes. Subsequently, an undisturbed aging
for 10 minutes was required for the crystal growth and the solution turned bright
orange. The particles were centrifuged at 9500 gy for 10 min and further washed
(9500 go x 3 x 10 minutes) with a 1:1 volume ratio of water and ethanol. Finally,
the CuyO NCs were dissolved in 10 mL of ethanol.

CusO NCs were functionalized by adding PEGMUA (2kDa or 5kDa, 10mlL,
1mM) to the freshly prepared NCs. The solution was stirred overnight followed
by further purification (9500 go x 3 x 10 minutes). At the end, the solution was

concentrated to a volume of 1 mL.

A.2 Theoretical modelling of RSA

Authors Contributions:
Sebastian Cardoch: Theory (lead)

The copper nanoparticles are modeled as a one-dimensional 88 nm-thick system
with a density of 8.96 g/cm? and initial temperature of 0.025eV. The atomic data
expends ton < 3,1 < 2 and n = 4,/ = 0 quantum numbers with at most one
excitation from the K- and L-shell and two excitations from the M-shell. We use a
Steward-Pyatt continuum lowering model [121] that is scaled by a factor of 0.53 to
achieve Cu'" ionization, approximating copper’s conduction band at room temper-
ature, at the beginning of the simulation. The X-ray pulse is described temporally
as a Gaussian with a full width at half maximum of 2.5fs (short) and 25fs (long)
duration, and energetically as a flat-top profile with 0.1 % bandwidth. Photon
energies are shifted by 17eV to match the atomic model’s K-edge to its tabulated
value [57]. The temperature of free electrons follows a Mazwell Boltzmann distri-
bution. Radiation transport is solved over a coarse energy grid consisting of 100
logarithmically-spaced points that span from 0.1eV to 1 x 10*eV. To resolve finer
details around the Cu K-edge, we include an additional logarithmically-spaced
grid of 100 points between 7.8 keV to 9.2 keV. Using converged solutions, the code
computes a higher 1.3 eV-resolution spectrum of the K, emission region, which
we use to calculate fluorescence intensities. The total fluorescence is obtained by
assuming a detector solid angle of 8 % and a K, transmission of 40 % through the

nickel foil.
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IApp endix B

Nanoscale X-Ray Imaging with
High Spectral Sensitivity Using
Fluorescence Intensity

Correlations

B.1 Signal estimation

The intensity I(k, ) on the detector for a particular fluorescence channel in num-

ber of photons can be calculated as follows:

I(k,E) =1y 0as ® N Q S(E), (B.1)

where [j is the incident fluence, o, is the absorption cross-section for a single
atom, ® is the fluorescence yield of the given emission line, N is the number of
scattering atoms and € is the effective solid angle of the detector, taking into
account that the silicon crystal is placed 300 mm from the interaction point and
that only a small strip of the crystal is reflective for a given energy. S (E) is again
the normalized Lorentzian spectral profile. The intensity is independent of the

vertical position on the detector, k.

We considered a 100 pJ X-ray pulse focussed to a 300 nm spot, yielding a fluence
of 1.34 x 10*2 ph/pm?. This yields on average 5.47 absorption events per atom [57],

so we assumed saturated absorption i.e. Iyo.,s = 1 in Eq. B.1.
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APPENDIX B. NANOSCALE X-RAY IMAGING WITH HIGH SPECTRAL
SENSITIVITY USING FLUORESCENCE INTENSITY CORRELATIONS

For a 300 nm particle, the number of absorbing atoms is 2.6 x 10°. The tabulated
fluorescence yield values of ®, = 0.27 and ®5 = 0.038 were used for each simula-
tion [122]. The effective solid angles of the detector are Q, = 5.76 x 107%sr and
Qp = 2.56 x 107 %sr for a detector distance of 1 m and 1.5m, respectively.
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Perspectives for Optical Sensing
at Room Temperature Using
Fluorescence Intensity

Correlations
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Table C.1: Experimental run summary and setup configurations.

# Date ID | Fluorescence | Diffraction | Spectral | Objective | BP filter | # shots Description
1 |2023-01-20 | 3 no no no 100x - 1 Imaging grating diffraction on GGD
2 | 2023-01-20 | 4 no yes no 100x - 1 2D far field

3 20230413 2 [ yes | mo | no | 100x | 4mm | 1| Imaging grating diffraction on slide
4 | 2023-04-13 | 3 yes yes no 100x 4nm 2000000 2D far field

5 | 20230504 0 | yes | mo | no | 100x | 02nm | 1 I Imaging on 50 m YAG:Ce
6 | 2023-05-11 | 2 yes yes no 100x 0.2nm 14 200 000 2D far field

7 2022115 | 11 [ o | mo | no | x| - 1] Imaging grating diffraction on GGD
8 12022-11-15 | 10 no yes yes 10x - 1 1D spectral far field
9 | 2022-11-15 | 12 no no no 10x - 1 Imaging grating diffraction on GGD
10 | 2022-11-15 | 13 no yes yes 10x - 1 1D spectral far field
11 | 2022-11-15 | 14 no no no 10x - 1 Imaging grating diffraction on GGD
12 | 2022-11-15 | 15 no yes yes 10x - 1 1D spectral far field

18] 20221201 |12 | yes | mo | no | x| - I Imaging focus on slide
14 | 2022-11-29 | 3 yes yes yes 10x - 250000 1D spectral far field

1520231214 0 | yes | om0 | no | 100x, oil | 4nm | ] o Imaging focus on YAG:Ce
16 | 2023-12-14 | 1 yes yes no 100x, oil 4nm 500000 1D far field
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2.3

Schematic showing the resolution gap between EXAFS and XFM
techniques, and the potential of Incoherent Diffractive Imaging
(IDI) to bridge this gap. EXAFS provides atomic-scale but locally
limited information about the surrounding structure of a specific
element, while the resolution in XFM is limited by the spot size
of the focused X-ray beam (~ 10nm) [32]. The gray dashed line
indicates the quadratic relation between the object size and the
resolving power, when scanning large 2D objects. IDI has the
potential to provide high spatial resolution while maintaining ele-
mental contrast, enabling dark-field imaging of substructures of a

single element within heterostructures. . . . . . . . ... ... ...

Atomic relaxation processes after photoionization: (A) Fluores-
cence emission and (B) Auger-Meitner-decay. (C) Characteristic
X-ray fluorescence emission lines and their corresponding electronic

energy levels for copper. . . . . .. ...

Ewald sphere construction. The incident and the scattered wave
vectors kg and ky are shown in blue and the momentum transfer
vector g is shown in red. The radius of the Ewald sphere is 1/,

where \ is the wavelength of the incident X-ray beam. . . . . . ..

Schematic of the surface of the three-dimensional ¢(®(q) function. .
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Schematic of the experimental setup. The copper nanoparticles are
aerosolized and injected into the interaction region by an electro-
spray [71]. The nickel foil filters the coherently scattered photons
as well as the Kz emission at high scattering angles. The coherent
diffraction at low-k can be used for orientation determination and
classification. The coherence properties of the K, fluorescence can
then be studied for the filtered area on the detector. Simultane-
ously, the spectra of the incident X-ray pulses are recorded by the
High-resolution hard X-ray single-shot (HIREX) spectrometer [72]. .

Exemplary Dragonfly 2D class averages for short pulses. The top
row displays 5 class averages that were rejected after the first round
of classification. The class averages in the bottom row correspond
to the diffraction patterns contributing to the ¢®-signal shown in
Figure 3.7. . . . . . ..o

Estimation of the pulse duration. (A) Exemplary HIREX spec-
trum. (B) ¢® (AFE) for all spectra for a photon energy of 9170eV.
The full width at half maximum of the Gaussian fit can be used to

calculate the incident pulse duration. . . . . . ... ... ... ...

Mean ¢®-value for the inner four non-masked voxels as a function
of incoherent modes M. The comparison with the ground truth

yields a correction factor of 1.18 to retrieve the visibility v at ¢ = 0.

Simulations for fluctuating incident fluences for M = 1 (top row)
and M = 20 (bottom row). (A, C) Intensity fluctuation depen-
dence of the low-¢ mean g®-value and the offset 0. (B, D) Com-
paring the two definitions for the visibility v for fluctuating intensi-
ties. The conventional definition (blue) yields physically impossible
visibilities (v > 1), whereas our new definition for v (orange) con-

verges to the expected values. . . . .. ... ... ... ...

Visibility v as a function of mean photon counts per pixel (u) for
short pulses at 9170eV. The green line shows the simulated results
for 20 modes with the same background level (dashed blue line).
The decrease of the visibility for high (u) shows the same qualitative

(but reversed) sigmoid behavior (gray dashed line) as the rise for

low (p). .« . o o
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(A) ¢¥(q) from 5 similar Dragonfly class averages see (Fig. 3.2).
(B) Horizontal line profile. . . . . . . ... ... .. ... .. ...,

Electronic cascade leads to a shift of the absorption edge during the
course of an XFEL pulse. The red dashed lines represent the three
photon energies used in the scan across the tabulated absorption
K-edge at 8978.9¢eV (gray line) [57]. The energy 8910€V lies near
the K-to-M shell resonance, 9015eV just above the K-edge, and
9170eV well above theedge. . . . . . . . ... ... ...

(Reverse) Saturable Absorption for short (top row) and long (bot-
tom row) pulses as a function of incident fluence. (A, D) Fluo-
rescence cross-sections for incident photon energies of 9015eV and
9170 eV, exhibiting saturable absorption for higher fluences. (B,
E) Total fluorescence emission shows a cross-over between the two
energies, as indicated by the least-squares fits. (C, F) Total fluores-
cence emission for an excitation energy of 8910eV and qualitative
theoretical prediction, from collisional radiative simulations [92, 93]
using relativistic configuration atomic data [94] (see Appendix A.2

for details), revealing reverse saturable absorption. . . . . . . . . ..

Speckle contrast of the K, fluorescence as function of fluorescence
signal per pixel p for short (A) and long (B) pulses at 9015eV and
9170 eV. The solid lines indicate the converged value of the speckle
contrast for high . . . . . . . . . .o

Schematic of the Spectral Incoherent Diffractive Imaging (SIDI)
setup. The silicon crystal analyzer disperses the emitted photons
in one direction while acting as a simple mirror along the orthog-
onal dimension. Thus, the position of a detected photon on the
two-dimensional detector in the far field corresponds to its energy

and one component of its wave vector. . . . . ... ... ... ...

Integrated 2D detector image showing the two K, lines of Mn. As
expected, there is no structure along the k-axis. The inset in the

upper right shows the projection of the spherical nanoparticle. . . .
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4.3

4.4

4.5

5.1

5.2

K, SIDI simulations. The top row shows the behavior for full phase
correlation between the K,; and K,» wavefunctions, while the bot-
tom row shows the case of no phase correlation. (A, B) ¢® (¢, AE)
images obtained by averaging 2D intensity correlations for each ex-
posure. (C, D) Z-score for the images in A and B, respectively.
The horizontal profiles in (A — D) correspond to the central line
cuts and the vertical profiles to the central (red) and the off-central
cuts (blue) at a AE value of Ex_, — Fx.,. (E, F) ¢®(E, AE)-signal

for ¢ = 2.14pum ™! showing a clear difference between the two cases.

Integrated 2D detector image showing the broadened Kg lines of
the Mn-Mn?* compound as well as coherent elastic scattering. One
can already see the structure of the whole particle reflected in the
coherent signal (dark profile to the right), while the fluorescence
yields a flat profile (light green). . . . . . . . . ... ... ... ...

K simulations for the Mn-Mn*" compound. (A) Intensity correla-
tions ¢?(q, E) for each energy channel, i.e. for each pixel column of
the detector independently, normalized by its standard deviation.
Since the spatial distribution of each Mn subspecies differs (see inset
in the upper right of Fig. 4.4), one can see different signals within
the Kg line. (B) The energy-dependent line profiles along q for the
two oxidation states can be used to independently reconstruct the

structure of each state. . . . . . . . . ...

Schematic of the optical setup for 2D IDI in the visible regime.
The sample is excited by a 450 nm circularly polarized laser pulse
and the emitted fluorescence is collected by an infinity-corrected
objective lens and subsequently filtered and directed towards the
detector. The setup allows direct imaging of the focal plane of the
objective via the tube lens, or, alternatively, imaging of the BFP

using the so-called F'T-lens. For details, see text. . . . . . . . . . ..

Detector characterization (Run #4). (A) Integrated far-field fluo-
rescence intensity from the slide. (B) Intensity correlation ¢g?(q)
and its radial profile (C). The central peak is due to the cross-talk

of the MCP, while the horizontal line is a common mode effect.
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5.3 Schematic of the MCP cross-talk within an intensified CMOS de-
tector. The incoming photon hits the photocathode and generates
a photoelectron. This electron is accelerated towards the MCP by
an electric field, where it generates secondary electrons. These sec-
ondary electrons are then accelerated towards the phosphor screen,
where they generate photons that are detected by the CMOS sen-
sor. However, some secondary electrons can be scattered backwards
and re-enter the MCP in a different channel, leading to a correla-
tion of the detected signal on the CMOS sensor and thus to a peak

in the second-order correlation function at low-¢q. . . . . . . .. ..

5.4  GGD verification (Runs #1 and #2). (A) Real-space beam profile
of the incident beam on the GGD. (B) Corresponding ¢®(q), which

exhibits interference fringes. . . . . . . . ... ... .. ... ...

5.5 IDI of the fluorescent slide (Runs #3 and #4). (A) Real-space
beam profile of the incident beam on the slide. (B) The fluorescence
signal level decreases over time due to bleaching. (C) Integrated
intensity of the whole measurement. (D) Gaussian filtered ¢(®(q)
of the first 100000 frames, subtracted by the average g‘®(q) of the

subsequent temporal bins, exhibiting the central speckle. . . . . . .

5.6 Fluorescence from YAG:Ce crystal (Runs #5 and #6). (A) Real-
space beam profile of the incident beam on the YAG:Ce crystal.

(B) Fluorescence signal level over the whole measurement. (C)

Integrated fluorescence intensity. (D) 2D intensity correlation ¢(®(q).

5.7 SIDI schematic setup, similar to the 2D IDI configuration. Here, a
grating is placed downstream of the objective to spectrally disperse
the fluorescence. The F'T lens and the so-called spectral lens, which

refocuses the photons according to their energy, are now cylindrical.

5.8 SIDI of the GGD (Runs #7—+#12). Top row: Real-space beam pro-
files on the GGD. Bottom row: Corresponding intensity correlation
function ¢@ (¢, AE). . . . ...

5.9 SIDI of the rotating fluorescent slide (Runs #13 and #14). (A)
Real-space beam profile of the incident beam on the slide. (B)

Integrated far field intensity. (C) Intensity correlation function
gPDg, AE). ..
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5.10 1D IDI of YAG:Ce (Runs #15 and #16). (A) Real-space beam pro-
file in the focal plane. (B) Integrated intensity of the fluorescence.
Real-space imaging along the horizontal axis, and far-field inten-
sity distribution along the vertical axis. (C). Intensity correlation

function g (¢, Az). (D) Vertical central line profile of ¢®?(q, Az). . 67
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