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Chapter 1
Introduction

1.1 Frommicroscopy to computational imaging

1.1.1 Diffraction limit
Photolithography is the core process in miniaturization of semiconductor devices, directly
determining both the process node and performance level of the chip [1, 2]. The resolution
of photolithography systems is fundamentally determined by the diffraction limit, as
described by Abbe’s resolution theory [3], which defines the minimum resolvable feature
size of an optical system as:

𝑑 = 𝜆
2𝑁𝐴 (1.1)

where 𝜆 is the wavelength of the light source and 𝑁𝐴 is the numerical aperture of the
imaging system. The critical challenge in photolithography lies in achieving higher
resolution, which requires either shorter illumination wavelengths or higher numerical
apertures.

The development of EUV lithography, utilizing laser-produced plasma source with
13.5 nm wavelength, represents a major milestone in the progression of semiconductor
manufacturing, enabling the large-scale production of integrated circuits at process nodes
of 5 nm and even down to 3 nm [4]. However, the implementation of EUV lithography
introduces significant challenges, including the requirement for specialized materials and
optical components that are compatible with such short wavelengths, as well as increased
complexity in inspection and metrology techniques.

As semiconductor devices continue to scale down in size and increasingly adopt three-
dimensional architectures, the diffraction limit presents crucial challenges for semicon-
ductor metrology, such as optical inspection technologies. As shown in Fig. 1.1, the critical
dimensions and overlay requirements have reached values well below the resolution limits
of conventional optical microscopy, as well as the demand for three-dimensional imaging.
In response to these limitations, the semiconductor research community has explored
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1. Introduction

Figure 1.1: A wafer is measured before exposure inside ASML NXE3400. And, a close look
at a modern CPU chip. The construction of this chip is simplified on the close look drawing.
Silicon integrated circuit layers of various materials are printed on top of each other and the
product quality is determined by parameters like overlay (OV) and critical demension (CD).
Illustrations by ASML.

advanced measurement solutions to meet the strict requirements of the International
Technology Roadmap for Semiconductors (ITRS) and Integrated Device Manufacturers
(IDM) [5]. Beyond limitations in photolithography pattering, the diffraction limit also
challenges the accuracy and reliability of inspection and metrology at advanced technol-
ogy nodes. The work presented in this thesis is motivated by the constraints imposed by
the diffraction limit, aiming to explore the development and application of EUV lensless
imaging.

1.1.2 Emergence of lensless imaging
The development of semiconductor technology, nanoscience, and quantum technology
has pushed the boundaries of optical microscopy. Modern applications now require not
only nanoscale resolution for complex three-dimensional (3D) structures but also the
capability to monitor their physical, chemical, and quantum properties dynamically.

Traditional high-resolution imaging techniques depend on sophisticated and expen-
sive optical lens systems, and are usually supplemented by high-precision 3D scanning
mechanisms. These approaches face several significant limitations: (1) The numerical

2



1.2. High-resolution computational imaging

aperture of the imaging optics limits the acquisition of high-spatial frequency information,
thereby limiting imaging resolution [6]; (2) Overcoming the inherent aberrations of optical
systems requires considerable cost and complexity in system design [7]; (3) Because the
frequency of the optical field reaches the petahertz range, conventional photodetectors
cannot respond to rapid oscillations of the electromagnetic field, and only record intensity
information. As a result, phase information is lost, which prevents direct acquisition of
3D information of the sample.

Various strategies have been developed to overcome the resolution limitations of
conventional imaging systems. One approach involves increasing the effective numer-
ical aperture by employing liquid or immersion lenses composed of high-refractive or
negative-refractive index materials [8, 9]. Another strategy utilizes short-wavelength
illumination, such as in X-ray microscopy [10]. Additionally, a series of advanced optical
imaging techniques has been developed to go beyond the classical diffraction limit, such
as stimulated emission depletion microscopy (STED)[11], scanning near-field optical
microscopy (SNOM)[12], and stochastic optical reconstruction microscopy (STORM)[13].
While these methods offer sub-diffraction-limited resolution, most rely on fluorescence
labeling, such as STED and STORM, which limits their applicability in non-biological
sample like semiconductor metrology. Although SNOM does not require fluorescence, it
relies on near-field scanning with a nanoscale tip or fiber, resulting in slow acquisition
and requiring complex scanning mechanisms. Moreover, techniques such as two-photon
and multi-photon microscopy[14, 15], while valuable for deep tissue imaging, do not
fundamentally surpass the diffraction limit and also depend on fluorescence excitation.
Consequently, these methods face significant limitations in non-invasive, label-free, and
high-throughput applications in semiconductor inspection.

In order to extend imaging application into semiconductor fields, coherent diffraction
imaging (CDI) [16, 17] offers a simpler and more accessible solution. CDI is a lensless
imaging system, and reconstructs both the amplitude and phase of an object from these
coherent diffraction patterns. The resulting images are free of aberrations, with resolution
limited only by the wavelength of the incident radiation and the spatial frequency of the
diffracted waves. Therefore, the resolution of CDI imaging systems can be easily improved
by reducing the sample-to-detector distance, expanding the detector size to enhance the
numerical aperture, and employing light sources with short wavelength. This implies that
CDI can achieve resolution at the diffraction limit level without sophisticated or expensive
optical components.

1.2 High-resolution computational imaging

1.2.1 Multidisciplinary applications
Short wavelength radiation in the EUV and soft x-ray spectral regions provides significant
advantages for CDI [18–20]. Especially, coherent short wavelength sources based on
high-order harmonic generation (HHG) have recently gained attention [21, 22]. With
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1. Introduction

wavelengths ranging from a few to several tens of nanometers, CDI enables spatial reso-
lutions at the nanometer scale. Moreover, penetration depths in solids in EUV regime
enable nondestructive imaging of underlying structures of micrometer thick objects [23].
The presence of element-specific absorption edges further enables high-contrast imaging
without the need for external staining or labeling. When combined with quantitative,
phase-sensitive reconstruction algorithms, these methods can even facilitate material
identification at the nanoscale. This section provides an overview of the development and
application of diffractive imaging techniques in EUV region.

In 2007, Sandberg et al. first applied 29 nm HHG source for CDI experiments [24],
achieving a spatial resolution of 214 nm. Over the past two decades, extensive experimental
studies have demonstrated the feasibility of CDI with HHG illumination, showing its
potential for high-resolution imaging. A major advantage of CDI is the ability to perform
single-shot diffractive imaging by capturing the diffraction pattern before the sample is
destroyed [25, 26]. Furthermore, the use of plane-wave illumination ensures that the
diffraction pattern remains translation invariant with the sample, greatly simplifying
the sample alignment process during image reconstruction. However, CDI is inherently
constrained by the need for isolated objects or a finite illumination beam to define the
sample size [27, 28]. The convergence of the CDI iterative phase retrieval algorithm also
remains a persistent challenge.

Fourier transform holography (FTH) [29] is a lensless imaging technique closely
related to CDI. By recording the interference pattern between the wave scattered by a
sample and the reference wave originating from a source in the same plane, FTH enables
image reconstruction through a single Fourier transform of the hologram. Unlike CDI,
which relies on iterative phase retrieval algorithms, FTH achieves direct reconstruction.
This approach enhances robustness and simplifies the imaging process, particularly for
applications requiring rapid or damage-free imaging. Moreover, FTH can be integrated
with CDI to enhance object field reconstruction. A common approach employs employs
FTH to generate an initial low-resolution estimate of the object field, which serves as a
starting point for iterative refinement using CDI algorithms [17, 30]. For example, in 2017,
Kfir et al. [31] employed circularly polarized HHG to perform FTH-assisted CDI imaging
of amultilayer Co/Pdmagnetic film, successfully resolving its worm-likemagnetic domain
structure. In 2021, they incorporated pump–probe techniques into this magnetic imaging
framework [32], enabling the observation of the magnetic dynamics under femtosecond
laser excitation.

Compared to traditional CDI and FTH, ptychography has advanced rapidly due to
its high fidelity and high robustness [18–20, 22]. By recording diffraction patterns at
multiple overlapping illumination positions across the sample, ptychography introduces
strong redundancy to ensure the uniqueness and stability of phase retrieval solutions.
This redundancy is critical for overcoming the convergence instability inherent in CDI
and the precise reference wave alignment required by FTH, making ptychography a ver-
satile tool for high-resolution imaging. In 2020, Baksh et al. introduced the Orthogonal
Probe Relaxation (OPR) method to address probe instability in ptychographic reconstruc-
tion [33]. This method applies singular value decomposition (SVD) to to extract dominant
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1.2. High-resolution computational imaging

orthogonal modes from the set of probe functions across all scan positions, projecting
them onto a reduced orthogonal basis after each iteration of the ptychographic engine.
The OPR technique has been successfully applied to biological imaging, including the
high-resolution visualization of pyramidal neurons in the mouse hippocampus [34].

Illumination with a commonly employed Gaussian beam profile often produces domi-
nant zeroth-order diffraction, and in the case of periodic samples, the first-order diffraction
components can also be strong. Due to the limited dynamic range of typical detectors,
avoiding overexposure of these low-order diffraction spots often leads to a significant sup-
pression of high-order diffraction signals. In contrast, structured illumination distributes
the far-field diffraction energymore uniformly by reducing central intensity concentration,
enabling the acquisition of high signal-to-noise ratio data through extended exposure
times without detector saturation. Structured illumination can be combined with HHG
ptychography as well. For instance, using a spiral phase mask impart orbital angular
momentum (OAM) to the high-harmonic beam [35–37]. The resulting structured illu-
mination pattern significantly enhanced imaging performance. By integrating the OPR
method with mixed-state ptychographic algorithms [38], researchers successfully recon-
structed images of solid-state memory circuits and quantified material composition using
scattering quotient analysis [35]. Subsequently, the same methodology has also been
extended to biological imaging, facilitating high-resolution analysis of samples such as
Aspergillus nidulans and Escherichia coli [39, 40].

In 2015, Zhang et al. [41] first performed HHG reflective ptychography experiments,
addressing the curvature of diffraction patterns induced by oblique incidence through
a tilted-plane correction model. They successfully reconstructed the three-dimensional
surface topographies with a spatial resolution of 10 nm vertically and 25 nm horizontally.
Notably, the superior vertical resolution was attributed to the high sensitivity of the recon-
structed object phase to height variations. Building on this, Karl et al. [42] integrated HHG
reflective ptychography with pump-probe techniques to investigate the dynamic propa-
gation of acoustic waves in nanoantenna arrays, advancing the study of time-dependent
nanoscale phenomena. Tanksalvala et al. [43, 44] utilized reflective ptychography to map
the thickness distribution of chemically etched electronic device layers with a precision
of 0.3 nm. By varying incident angles during scanning, they resolved doping concentra-
tion variations across device components, demonstrating the technique’s versatility in
material characterization [43]. Most recently, Lu et al. [45] even applied this reflective
ptychographic imaging to characterize and calibrate surface defects in multilayer mirror
systems.

In recent years, ptychographical information multiplexing (PIM) [46] has been used
for broadband EUV ptychography, demonstrating that spectroscopic sample information
can be obtained from a single ptychography measurement [47, 48]. Furthermore, PIM
enables high-resolution retrieval of the spectrally resolved illumination wavefront [49].
For instance, the PIM algorithm has been employed to investigate the spatiotemporal
properties of HHG beams [49–51].

Wehighlighted severalmilestones of EUV imaging techniques in transmission imaging,
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1. Introduction

reflection imaging, and wavefront sensing. Nevertheless, numerous promising develop-
ments and applications remain to be explored in the future. A summary of prospective
directions is provided in Fig 1.2.

Transmission ptychography is closely tied to specific material resonances and spectral
transmission windows. For example, the EUV transmission windows of lithium and
silicon facilitate micrometer-scale penetration depths, making this technique well-suited
for characterizing lithium- and silicon-based battery materials [52]. Additionally, the
spectral region known as the water window provides unique opportunities for high-
resolution imaging of hydrated and live biological specimens, enhancing the study of
biological structures in their native state [34, 39, 53, 54].

EUV 
Metrology Reflection Surface metrology

3D layer metrology
(POCT[55], PXCT[56])

Quantum materials[60]

Battery materials[52]

Magnetic materials
[31,32]

Water window
[34,39,53]

Carbon window[54]

HHG theory[49-51]

2D materials[59] 

Wafer/ Mask 
inspection[43,44,57,58]

Metrology 
Semiconductor industry

Ultrafast imaging

Material science

Bio-imaging

Fundamental science

Optics characterization

Transmission

Wavefront sensing

EUV Metaoptics
[48,61-62] 

Figure 1.2: Schematic illustration of applications of coherent EUV metrology. Future
applications are divided into transmission, reflection, and wavefront measurements.

In reflection geometry, EUV radiation demonstrates superior sensitivity to surface pa-
rameters, including topography [55, 56], multilayer structure [43, 44, 57], roughness [58],
and compositional variation [43]. Coherent EUV imaging at the nanoscale also provides an
experimental platform for validating theoretical models in solid-state physics and advanc-
ing the characterization of two-dimensional materials [59], and spatially heterogeneous
quantum systems [60].

For wavefront sensing applications, ptychography offers precise characterization and
optimization of optical components, including broadband diffractive optical elements [48,
61] and, potentially, innovative high-NA EUV meta-optics [62].
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1.3. Thesis outline

1.2.2 Challenges in EUV-based ptychography
EUV ptychography has emerged as a new force in the field of microscopic imaging. How-
ever, the practical implementation faces significant challenges that must be addressed to
realize its full potential:

1) Achieving a bright and stable EUV illumination source is critical for high-quality
ptychographic reconstructions. The illumination must maintain consistent power, po-
sition, and wavefront to produce accurate diffraction patterns. Tabletop EUV sources,
often based on HHG, struggle to provide the necessary brightness and stability compared
to large-scale facilities like synchrotrons or free electron lasers, limiting reliability and
reproducibility.

2) High-quality ptychographic reconstructions critically depend on highly structured
illumination beams, which enhance the information content of the recorded diffraction
patterns. However, the use of such structured beams is often accompanied by a signifi-
cant reduction in photon flux, posing challenges for signal-to-noise ratio and imaging
throughput.

3) EUV ptychography is ideally suited for obtaining material-specific and thickness
information with high resolution. Phase and amplitude noise limit sensitivity to internal
structural changes in multilayered structures.

4) HHG sources are intrinsically broadband, consisting of discrete harmonic orders or
a quasi-continuous wavelength spectrum. This broadband nature poses challenges for
lensless imaging, as it limits temporal coherence, resulting in blurred diffraction patterns
and degraded spatial resolution.

1.3 Thesis outline
The thesis is structured as follows. Chapter 2 introduces the principles and experimental
setups for EUV ptychographic imaging, emphasizing the role of structured illumination
and element-specific contrast for enhanced resolution and material analysis. Chapter 3
details the development of post-compression techniques for high-intensity ultrashort
laser pulses, utilizing nonlinear spectral broadening to achieve significant pulse short-
ening while preserving beam quality, thereby preparing the driving laser for efficient
HHG. Chapter 4 addresses challenges in broadband EUV ptychography, demonstrating
how spatial diversity in polychromatic illumination improves reconstruction quality for
multi-wavelength imaging. Chapter 5 focuses on spectrally resolved lensless imaging
of dispersive samples, comparing diffractive shearing interferometry and ptychography
to extract material composition and layer thickness with high precision. Finally, Chap-
ter 6 presents an interferometric approach integrating Fourier transform spectroscopy
with holography, leveraging phase-locked HHG pulses to achieve rapid, high-resolution
spectro-microscopic imaging of nanostructured materials.
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Chapter 2
Imaging using Coherent Extreme
Ultraviolet Radiation: Principles and
Experimental Methods

This chapter introduces nanoscale coherent diffraction imaging techniques
based on HHG sources in the EUV and soft X-ray spectral ranges. We start

with the principles and experimental setup for generating coherent EUV radia-
tion using table-top HHG systems driven by high-intensity femtosecond lasers.
Next, we outline the fundamentals of ptychographic algorithms, which offer
robust solutions to the phase problem, and discuss how structured illumination
improves algorithmic convergence and spatial resolution. Furthermore, we show
the extraordinary ability of EUV imaging in enabling element-specific contrast
andmaterial analysis, due to the light-matter interaction in the short-wavelength
region. Finally, we show the design and key components of the EUV ptycho-
graphic imaging setup, with a focus on the diffraction pattern acquisition system
in vacuum, as well as the collection and processing of both transmission and
reflection experimental data.
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2. EUV ptychography overview

2.1 EUV source: high harmonic generation

2.1.1 Coherent EUV radiation via high harmonic generation
In comparison to conventional large-scale scientific X-ray sources, such as synchrotrons
and X-ray free-electron lasers, HHG light sources offer the advantages of lower cost,
simpler implementation, and compact size [63]. In order to achieve high-speed, high-
resolution CDI that is readily adoptable, the ideal illumination source must possess key
characteristics, including a short wavelength, high coherence, high brightness, compact
design, and user-friendly operation. Early CDI relied on synchrotron radiation sources,
which suffered from low imaging efficiency and limited resolution [17, 64]. Subsequent ad-
vancements in synchrotron radiation sources and the development of X-ray free-electron
lasers significantly improved these limitations [20, 56]. However, these large-scale facili-

Gas jet Al_filter
Refocusing chamber

Sample chamber

Camera

Dia. ~400m

Length ~1.5m

a

b

Figure 2.1: (a) ESRF accelerator complex and beam lines (image courtesy of the ESRF
communication group). (b) Our table-top HHG-EUV source.

ties are structurally complex, physically huge, costly, and require long construction periods.
Moreover, their limited capacity to accommodate multiple simultaneous users substan-
tially restricts the widespread adoption and application of the advanced CDI technology.
Figure 2.1a shows the design and a photograph of the European Synchrotron Radiation
Facility (ESRF) in France [65]. The facility has a diameter of approximately 400 m and an
annual operating budget of around 100 million euros. In contrast, Figure 2.1b shows a
table-top HHG laser source designed in our laboratory, only occupying an optical table
of approximately 6 x 1.5 m in length. Compared to large-scale facilities, the table-top
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2.1. EUV source: high harmonic generation

HHG source greatly reduces cost, size, and energy consumption. In addition, the HHG
light source can generate beams in the spectral range of 1-200 nm, surpassing large-scale
light sources in coherence and stability, with optical power in certain wavelength bands
approaching levels comparable to synchrotron radiation facilities and X-ray free-electron
lasers [32].

Figure 2.2: The illustration of the three-step model. (a) Tunnel ionization. (b) Acceleration
by the laser field. (c) Recombination and photon emission.

HHG was first demonstrated in 1987 by McPherson et al. [66], who used infrared
picosecond pulses focused into a noble gas to produce short-wavelength radiation. Initially,
the phenomenon received limited attention due to the absence of a clear theoretical
framework. In 1993, Krause et al. [67] and Corkum [68] provided a semiclassical model
based on atomic ionization dynamics, now widely known as the "three-step model",
illustrated in Fig. 2.2:

a. Tunnel ionization: The Coulomb potential of the atom is modified by the
laser field, creating a suppressed and asymmetric potential barrier. Then, an
electron can tunnel through this barrier out of the atom. This process is de-
scribed quantitatively by the Ammosov–Delone–Krainov (ADK) theory [69].
b. Acceleration by the laser field: Once ionized, the electron oscillates and
accelerates in the laser field, gaining additional kinetic energy. The electron’s
trajectory depends on the phase of the laser field at the moment of ionization.
Electrons ionized at different times follow distinct trajectories. Some electrons
drift away from the parent ion and do not return, while others, ionized at
specific phases, are driven back toward the parent ion when the laser field
reverses direction.
c. Recombination and photon emission: As the laser field reverses direction,
certain electrons are accelerated back to the parent ion. During recombina-
tion, the electron releases its accumulated kinetic energy plus the ionization
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2. EUV ptychography overview

potential of the atom as a high-energy photon. These photons correspond to
odd harmonics of the fundamental laser frequency due to the symmetry of
the laser field and the atomic potential.

Numerical simulations indicate approximately one-third of ionized electrons recom-
bine with the parent ion. The actual probability of recombination, however, is governed
by additional factors such as the energy-dependent recombination cross section [68]. The
maximum kinetic energy is 3.17𝑈𝑝, where the ponderomotive energy 𝑈𝑝 is defined as:

𝑈𝑝 =
𝑒2𝐸2

4𝑚𝑒𝜔20
(2.1)

Here, 𝐸 is the peak electric field amplitude of the linearly polarized laser,𝑚𝑒 is the electron
mass, and 𝜔0 is the angular frequency of the driving laser. The three-step model describes
the HHG process with high spatial coherence, arising from the high-order nonlinear
interaction between intense laser fields and atomic electrons. The model also successfully
explains the the distinctive features of the HHG spectrum. The spectrum is characterized
by two primary regions: a plateau region, where harmonic conversion efficiency remains
nearly constant across orders, and a cutoff region, where efficiency diminishes rapidly
with increasing harmonic order. The cutoff frequency 𝜔𝑐 is given by:

ℎ𝜔𝑐 ≈ 𝐼𝑝 + 3.17𝑈𝑝 (2.2)

where 𝐼𝑝 is the ionization potential.
The three-step model shows the single atom response, which depends on the driving

laser intensity and wavelength [70], and on the atomic species. To some extent, the
efficiency of the single atom response can be boosted bymulticolour schemes, at the cost of
more complex optical setups [71, 72]. While the three-stepmodel captures themicroscopic
mechanism of HHG, efficient HHG in practice requires careful control of macroscopic
propagation in a gas medium composed of many atoms. To enhance the overall conversion
efficiency and produce HHG beams with low divergence and high spatial coherence, both
microscopic and macroscopic processes must be carefully managed.

A key macroscopic factor is phase matching, which ensures constructive interference
of harmonics generated at different positions in the medium. Optimizing the focusing
geometry, gas pressure, and interaction length is essential to maximize conversion effi-
ciency and achieve high spatial coherence and low beam divergence. In addition to phase
matching, system design must also account for EUV absorption in the gas medium and
the material-specific limits on the achievable HHG wavelength range [73, 74].

To optimize phase matching for HHG and produce coherent X-ray radiation, vari-
ous techniques have been explored, including high-pressure gas jets [75], low-pressure
cells [76], semi-infinite cells [77] or capillaries [78], and gas-filled waveguides [79]. Among
these, free-space focusing drive laser into gas jet stands out as the simplest to implement
experimentally and is employed in our laboratory. It is worth noting that this approach
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2.1. EUV source: high harmonic generation

confines the peak intensity of laser to a narrow region around the focal point, limiting
HHG production to a similarly restricted spatial range.

We adapt a series of targeted strategies to improve phase matching in our case. For
enhancing conversion efficiency specifically, we utilize a compact, high-pressure gas
jet (∼1 mm length, ∼5–6 bar), as illustrated in the inset of Fig. 2.1b. The efficiency
of HHG is limited by the intensity and pulse duration of driving laser. These factors
determine the cutoff energy, as given by Eq. 2.2, beyond which harmonic yield drops
significantly. Additionally, exceeding the critical ionization threshold inhibits effective
phase matching [80]. By employing short, high-intensity pulses, high-photon-energy
harmonics can be generated, even with near-infrared driving wavelengths, through a
mechanism known as non-adiabatic self-phase matching [63].

In the following section, we present the high-intensity femtosecond laser systems
employed in our lab to drive HHG with optimized conversion efficiency, stable output
power and beam profile, as well as high spatial and temporal coherence essential for
coherent imaging applications.

2.1.2 High-intensity femtosecond laser systems
High peak power ultrafast sources are key enabling tools for numerous disciplines ranging
from fundamental science to medical applications [81]. High-intensity femtosecond
laser systems are essential to drive the high-harmonic process to make short wavelength
available in lab-scale. Simultaneously amplifying ultrashort pulses and shortening pulse
duration represent a major challenge [82]. The most prevailing ultrashort high-power
lasers are titanium:sapphire (Ti: Sa) [83] and ytterbium (Yb) ion-doped lasers [84, 85].
The Ti:Sa lasers generate extremely broadband pulse, which have been prevailing since
the 1990s for sub-50-fs pulse durations and high intensity applications [83, 86]. Compared
to Ti: Sa lasers, lasers using Yb-doped gain media are found to have better average power
scalability but a narrower emission bandwidth [84, 87].

a b I II III

Seed

Figure 2.3: (a) Concept of amplifying seed lasers based on OPCPA. (b) Concept of the most
common implementation of multi-pass cells with bulk or gas nonlinear medium for spectral
broadening. At each step, the frequency and time domain profiles are illustrated. Step I,
mode-matching; step II, spectral broadening in a nonlinear medium inside the multipass
cell; step III, temporal compression using chirped mirrors or transmission gratings.
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2. EUV ptychography overview

There are commonly two methods employed to produce high peak and average power
laser pulses with a duration shorter than achievable with the laser bandwidth itself:
optical parametric chirped-pulse amplification (OPCPA) and post-compression, as shown
in Fig. 2.3. First, OPCPA offers a method to amplify a super-continuum pulse over a large
bandwidth by pumping it with narrow-band but high-energy laser pulses [81, 88]. The
stretched seed beam is temporally and spatially overlapped with the high-intensity pump
beam inside a birefringent nonlinear optical crystal. Optical parametric amplification
(OPA), a key nonlinear process to amplify the stretched seed beam, involves the conversion
of the pump laser frequency into pairs of lower "signal" and "idler" photon energy in the
nonlinear crystal. Of the lower energy photons, the signal photon matches the photons
from the seed oscillator pulses in energy and momentum, while the idler photon carries
the excess energy andmomentum. This process effectively transfers energy from the pump
beam to the seed beam. The second approach is post-compression by nonlinear spectral
broadening of a high-energy pulse and subsequent compression using chirped mirrors.
Such methods directly broaden the spectral width of the high-power pulses through
nonlinear interactions, appealing for power-scaling applications due to its efficiency in
reducing losses [89–92]. As most pulse post-compression methods, the multipass cell
scheme employs nonlinear self-action effects that occur when high-intensity pulses travel
through a medium, leading to spectral broadening via self-phase modulation (SPM). A
more detailed discussion of the nonlinear interactions will be given in Chapter 3. Similar
to an optical cavity, a Herriott-type multipass cell [93] forms transverse eigenmodes and
preserves theGaussian beamq-parameter of a beammodematched to theMPC eigenmode.
Typical multipass cell setups [94] employed for post-compression resemble in Fig. 2.3b.
(I) The laser beam is mode-matched to the eigenmode to ensure identical beam properties
per pass through the cell. (II) The beam is coupled to the multipass cell. After the targeted
number of round trips has been reached, the spectrally broadened output beam is coupled
out via the same scraper or hole in the mirror or via an output-coupling mirror. (III) The
Self-phase modulation induced chirp is subsequently removed by an external compressor
to obtain a temporally compressed pulse.

Inspired by the CASCADE concept [95], we explore the ability to compress high-energy
pulses by loose focusing in noble gas cells to induce nonlinear spectrum broadening, while
limiting unwanted nonlinear effects such as self-focusing. Figure 2.4 shows the two-stage
post compression setup. Pharos (PH2-06-2000-02-A4-SP, Light Conversion, UAB) is a
compact high repetition rate femtosecond laser, which employs directly diode-pumped
Yb:KGW (ytterbium doped potassium gadolinium tungstate) as an active medium. The
PHAROS laser system delivers 2 mJ, 170 fs at 1030 nm pulses, with a repetition rate of
1 kHz. The 1030 nm pulses are spectrally broadened through two cascade noble gas-filled
stages. In the first stage, the pulses are first focused into a 700 mbar argon-filled tube
using a curved mirror with a 2.5 m focal length. To compensate for the nonlinear phase
accumulated during spectrum broadening, 5 bounces on the chirped mirrors (GDD=-
500 fs2, UltraFast Innovations, CM39) are applied. The resulting 94 fs pulses are refocused
using the same optical geometry into the second 700 mbar argon tube for further spectral
broadening. Subsequently, six additional bounces on the same chirped mirrors are applied
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Figure 2.4: Schematic overview of the two-stage post compression setup. The spectrometers
measure the spectral broadening after each pass by monitoring the residual transmission
through a mirror after each cell.

to further compress the pulses by removing the accumulated nonlinear phase in the time
domain, resulting in a pulse duration down to 35 fs.

Spatial filterVacuum tube

Figure 2.5: The 4-axes stabilization system. The leakage of the beam are focused in to
detector D1 and D2 by an 𝑓=100 mm lens, and actuator 1 and 2 are two steering mirrors.

Following the CASCADE post-compression stage, a spatial filter with a 200 𝜇m diam-
eter aperture in a 5 mm boron nitride disk is placed at the focus of relay-imaging lenses
to refine the beam profile, attenuating approximately 10% of the pulse energy. To ensure
sufficient pointing stability of the EUV beam, active stabilization of the driving IR laser is
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2. EUV ptychography overview

implemented, achieving a pointing stability better than 1 𝜇rad at the vacuum chamber
entrance. A compact laser beam stabilization (MRC systems, GmbH) compensates for
undesired fluctuations of the laser beam pointing direction. As shown in Fig. 2.5, the
4-axes system combines two PSD detectors (D1, D2) and two steering mirrors (actuator 1,
actuator 2) in order to detect the laser beam at two distant positions. Thereby, both posi-
tion and direction are fixed. The detectors are both placed behind high-reflection mirrors.
They are very sensitive and can work with the leakage behind the mirrors. The advantage
is that no additional components are required in the beam path. Detector 1 stabilizes the
beam position on actuator 2, while detector D2 ensures the beam’s position at a separate
point, thus fixing its direction. A closed-loop controller continuously corrects deviations,
driving the fast actuators to maintain the laser beam’s desired position via the steering
mirrors.

2.2 Coherent EUV imaging techniques

2.2.1 Principle of wave propagation and diffraction imaging
Scalar diffraction theory [96] provides a simplified framework for analyzing the propa-
gation and diffraction of light by treating the electromagnetic field as a scalar quantity,
neglecting vector properties like polarization. The theory originates from the scalar wave
equation and employs the Huygens-Fresnel principle, which asserts that every point on a
propagating wavefront can be considered a source of secondary spherical wavelets. The
superposition and interference of these wavelets determine the resultant optical field at
any observation point, giving rise to the observed diffraction pattern.

Consider the propagation of light field with wavelength 𝜆, from the plane 𝑧 = 0 to a
parallel plane at distance 𝑧, as shown in Fig 2.6. The field distribution𝑈(𝑥′ , 𝑦′ , 0) incident
on the first plane can be considered to be mapped by the propagation phenomenon
into a new field distribution 𝑈(𝑥, 𝑦, 𝑧). Under the optical far-field approximation 𝑧 >>
𝑘(𝑥′2 + 𝑦′2)𝑚𝑎𝑥∕2, the far-field distribution 𝑈(𝑥, 𝑦, 𝑧) can be expressed by:

𝑈(𝑥, 𝑦, 𝑧) = 𝑒𝑖𝑘𝑧
𝑖𝜆𝑧 𝑒

𝑖 𝑘
2𝑧
(𝑥2+𝑦2) ∫ 𝑈(𝑥′ , 𝑦′ , 0)𝑒−𝑖

𝑘
𝑧
(𝑥𝑥′+𝑦𝑦′ )𝑑𝑥′𝑑𝑦′ (2.3)

Here, the wave number is 𝑘 = 2𝜋∕𝜆. the observed complex field 𝑈(𝑥, 𝑦, 𝑧) at the destina-
tion plane can be expressed as the product of a phase factor and the Fourier transform of
the complex field at the source plane. The corresponding frequencies are:

𝑘𝑥 = 𝑘𝑥𝑧 , 𝑘𝑦 = 𝑘
𝑦
𝑧 (2.4)

According to the Fraunhofer propagation (Eq 2.3), the complex wavefront function
in the detector plane is given by the Fourier transform of the exit surface wave at the
sample plane. The exit surface wave is determined by the probe 𝑃(𝑥, 𝑦, 0) and the sample
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2.2. Coherent EUV imaging techniques

Figure 2.6: Electric field propagation through parallel planes. 𝑧 is the propagation distance,
and 𝑧 = 0 is the source plane.

𝑂(𝑥, 𝑦, 0):
𝐸(𝑥, 𝑦, 0) = 𝑃(𝑥, 𝑦, 0) ⋅ 𝑂(𝑥, 𝑦, 0) (2.5)

By using the Fresnel-Kirchhoff diffraction integral, we can derive the complex amplitude
distribution of the optical wavefield 𝑔(𝑢, 𝑣, 𝑧) at the detector (diffraction) plane. In the
far-field limit, the integral simplifies significantly and can be approximated by

𝑔(𝑢, 𝑣, 𝑧) = 𝑒𝑖𝑘𝑧
𝑖𝜆𝑧 𝑒

𝑖 𝑘
2𝑧
(𝑢2+𝑣2) ∫ 𝐸(𝑥, 𝑦, 0)𝑒−𝑖

𝑘
𝑧
(𝑥𝑢+𝑦𝑣)𝑑𝑥𝑑𝑦 (2.6)

Thus, if the full complex amplitude of the diffracted wave 𝑔(𝑢, 𝑣, 𝑧) (both magnitude and
phase) were known, we can directly retrieve the wavefield 𝐸(𝑥, 𝑦, 0) at the source plane via
an inverse Fourier transform and subsequently reconstruct the spatial structure of sample
𝑂(𝑥, 𝑦, 0) = 𝐸(𝑥, 𝑦, 0)∕𝑃(𝑥, 𝑦, 0) through Eq. 2.4. However, practical detectors in CDI
experiments (e.g. CCDs or CMOSs) measure only the intensity. The phase information,
essential for reconstructing the original object, is lost in the measurement. To overcome
this, phase retrieval algorithms are employed: they aim to reconstruct the complex diffrac-
tion field from the measured intensity distribution by enforcing additional physical or
mathematical constraints (e.g., finite support [97], non-negativity [98], known probe char-
acteristics [99]). Through iterative inversion, these methods enable the recovery of both
the amplitude and phase of the exit wave, thereby reconstructing the real-space structure
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2. EUV ptychography overview

of the sample. The procedure is known as phase retrieval or phase reconstruction.

2.2.2 Principles of the phase problem and ptychography
Detectors only record the intensity, leading to the ’phase problem’, a central challenge
in CDI, which is addressed using computational phase retrieval algorithms. Holography
addresses the phase problem by using the interference between a reference wave and
an object wave to capture both the amplitude and phase of the wavefront [100]. In crys-
tallography, the phase problem is equally critical, where discrete diffraction peaks arise
from crystalline structures [101]. However, unlike crystallography, CDI and ptychogra-
phy employ a coherent wave incident on a non-crystalline sample or a confined wave
illuminating a crystal, resulting in continuous diffraction intensity rather than discrete
peaks.

In order to accurately retrieve phase in CDI, the sampling frequency in each spatial
dimension should be at least twice the highest spatial frequency present in the diffraction
pattern [102, 103]. The condition, known as the sampling constraint. According to auto-
correlation theory, the diffraction intensity 𝐼(𝑢, 𝑣) corresponds to the Fourier transform of
the autocorrelation function of the complex wavefield:

𝐼(𝑢, 𝑣) = ℱ{𝐸(𝑥, 𝑦) ⋅ 𝐸∗(𝑥, 𝑦)} (2.7)

where ℱ is the Fourier transform operator. If the sample output wave function is dis-
cretized into a 𝑀 × 𝑁 matrix, the resulting autocorrelation matrix expands to 𝑀 × 𝑁
expanded to (2𝑀 − 1) × (2𝑁 − 1). When performing the discrete Fourier transform, the
(𝑢, 𝑣) k-space and the (𝑥, 𝑦) real-space must employ an identical number of sampling
points, with the real-space potentially padded with zeros. Consequently, each dimension
in real-space should incorporate redundancy equivalent to the effective data. For instance,
a two-dimensional system necessitates fourfold oversampling, a three-dimensional sys-
tem requires eightfold oversampling, and higher-dimensional systems follow this pattern
accordingly.

Miao et al. [104] introduced the concept of oversampling, defining the oversampling
ratio 𝜎 as the number of measured data points divided by the number of unknowns. When
the oversampling rate is 𝜎 > 2, the phase information can, in principle, be uniquely
determined. Each unknown value in the complex wavefield consists of two components,
amplitude and phase, or real and imaginary parts. Eachmeasured intensity value provides
only one real constraint, which is the squared amplitude. The number of measurement
points gives the number of equations. A unique solution requires that the number of
constraints is at least equal to the number of unknown values:

𝐼(𝑢𝑘) = |𝐹(𝑢𝑘)|2 =
1
𝑁 |

𝑁−1∑

𝑙=1
𝑓(𝑥𝑙𝑒−𝑖2𝜋𝑘𝑙∕𝑁)|,

𝑘 = 0, 1..., 𝑁 − 1

(2.8)
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where 𝐼(𝑢𝑘) is the measured intensity, 𝑓(𝑥𝑙) is the unknown complex wavefield in the
real space. Using the discrete Fourier transform in Eq. 2.8 is generally infeasible to
solve for 𝑁 complex numbers from only N positive real numbers. A practical approach
involves padding with zeros to extend the number of points to 2𝑁. This method effectively
increases the number of equations, as the values of the added points (zeros) are known,
while keeping the number of unknowns constant. Such an approach necessitates an
isolated sample, with the boundary of the non-zero region defining the support domain.

Phase reconstruction algorithms in single-shot CDI are performed by iteratively prop-
agating the complex optical field between the sample and detector planes while applying
physical constraints in each domain. In Gerchberg–Saxton algorithm [105], the amplitude
of probe at the sample plane is assumed to be known, but this is not always realistic in CDI.
To address this, the concept of a support constraint [27] was introduced, which defines a
finite region where the sample is expected to exist. The support can be refined dynamically
using the shrink-wrap algorithm [97]. Under these circumstances, reconstructing the
sample necessitates simultaneous recovery of both phase and amplitude. Subsequently, a
range of algorithms have been developed to improve reconstruction accuracy and con-
vergence, including Error Reduction (ER) [27, 98], Hybrid Input-Output (HIO) [27, 98,
106], Relaxed Averaged Alternating Reflections (RAAR) [107], and the Difference Map
(DM) algorithm [108]. These methods typically start from a random initial guess and
alternate projections between the Fourier domain and real space. CDI phase iteration
risks converging to local minima, potentially failing to reach the true solution. Therefore,
a combination of algorithms is often employed to improve robustness and increase the
likelihood of reaching the correct solution.

In 2004, Rodenburg and Faulkner [99] revisited Hoppe’s early work and proposed the
ptychographic iterative engine (PIE) algorithm. In ptychographic experiment, a coherent
probe is scanned across the sample, sequentially illuminating overlapping regions. For
each position, the resulting diffraction intensity is recorded. The redundancy introduced
by overlapping scans, combined with intensity constraints in the Fourier domain, enables
iterative reconstruction of both the sample and probe, typically converging to a unique
and accurate solution. The overlap scanning constraint utilizes the overlapping regions
between successive illuminations to ensure that the iterative convergence process accu-
rately reconstructs the true sample structure. Similar to the oversampling condition in
conventional CDI, repeated illumination effectively increases the number of constraint
conditions, equivalent to adding equations, while the number of sample pixels, represent-
ing unknown quantities, remains unchanged. Consequently, provided the oversampling
rate exceeds a factor of two, the system of equations yields a unique solution. In practice,
to account for experimental noise and instability, an overlap of more than 60% between
adjacent probe positions is typically required to ensure reliable phase retrieval. By em-
ploying ptychography, the requirement for sharp-edge support of object is eliminated,
allowing full-field imaging of complex samples. Moreover, the increased redundancy and
diversity of information afford higher resolution compared to conventional single-shot
CDI, significantly broadening the application range of CDI imaging techniques [109].
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Figure 2.7: The iterative principle of the ptychographic experiment. (a) Experimental setup.
(b) Multiple areas on the sample are illuminated sequentially (here four are shown), and
the corresponding diffraction patterns are recorded at each position. (c) Flow chart for
ptychography algorithms based on the ptychographic iterative engine.

Figure 2.7a shows the typical experimental arrangement of ptychographic experiments:
the object 𝑂 is mounted on a two-dimensional translation stage, and the probe 𝑃 illumi-
nates the sample through its structure, subsequently the diffracted wavefield reaching
the camera. The two-dimensional stage moves in the x-y plane to scan the sample, ensur-
ing overlap between adjacent scan regions and capturing the corresponding diffraction
pattern at each position. Figure 2.7b shows the illumination area corresponding to four
neighboring scans. During scanning, a sequence of diffraction images tied to specific
scan positions is recorded. Once the diffraction patterns are collected, the PIE algorithm
reconstructs the lost phase information of both the sample and the optical probe.

In the ptychography reconstruction process, the object 𝑂(𝑟) and the probe 𝑃(𝑟) are
initially estimated, followed by iterative computations shown in Fig. 2.7c. The iteration
updates the object 𝑂𝑗+1(𝑟) and the probe 𝑃𝑗+1(𝑟) for the (𝑗 + 1)-th step based on the 𝑗-th
workflow as follows:

1. At 𝑘-th iteration, compute the exit surface wave 𝜓𝑗,𝑘(𝑟) at the plane for the
𝑗-th probe position:

𝜓𝑗,𝑘(𝑟) = 𝑃𝑘(𝑟) ⋅ 𝑂𝑗,𝑘(𝑟) (2.9)

where 𝑟 denotes the real-space coordinates, 𝑂𝑗,𝑘(𝑟) is the object wave function
at position 𝑗 and iteration 𝑘, and 𝑃𝑘(𝑟) is the probe wave function.

20



2.2. Coherent EUV imaging techniques

2. Propagate the exit surface wave to the detector plane using a Fourier
transform:

𝜓̃𝑗,𝑘(𝑞) = ℱ{𝜓𝑗,𝑘(𝑟)} (2.10)

where 𝑞 denotes the reciprocal space coordinates (𝑢, 𝑣). Note that different
propagators can be chosen for numerical calculations depending on the diffrac-
tion conditions: Angular spectrum, Fresnel and Fraunhofer propagator [96].
Here, we choose Fraunhofer propagator as a showcase.
3. Calculate an error metric to monitor the convergence behavior of the
algorithm:

𝐸𝑟𝑟𝑜𝑟 =
∑

𝑗

∑
𝑞 |𝐼𝑗(𝑞) − |𝜓̃𝑗,𝑘(𝑞)|2|

∑
𝑞 𝐼𝑗(𝑞)

(2.11)

4. The measured diffraction pattern at the detector is 𝐼𝑗 . Apply the intensity
constraint to enforce agreement with the measured data:

𝜓̃′

𝑗,𝑘(𝑞) =
√
𝐼𝑗(𝑞) ⋅

𝜓̃𝑗,𝑘(𝑞)
|𝜓̃𝑗,𝑘(𝑞)| + 𝛼

(2.12)

where 𝛼 is a small positive constant (e.g., 10−5) to avoid division by zero, and√
𝐼𝑗(𝑞) replaces the amplitude of 𝜓̃𝑗,𝑘(𝑞) while preserving its phase.

5. Back propagate the updated wavefield to the object plane:

𝜓′

𝑗,𝑘(𝑟) = ℱ−1{𝜓̃𝑗,𝑘(𝑞)} (2.13)

where ℱ−1 is the inverse Fourier transform.
6. The loss function 𝐿 = |𝜓−𝑃𝑂|2 = (𝜓−𝑃𝑂)(𝜓∗−𝑃∗𝑂∗) is defined at object
plane. The updated object 𝑂′

𝑗,𝑘(𝑟) and 𝑃
′

𝑘(𝑟) can be derived as [110]:

𝑂′

𝑗,𝑘(𝑟) = 𝑂𝑗,𝑘(𝑟) + 𝛽
𝑃∗𝑘(𝑟)(𝜓

′

𝑗,𝑘(𝑟) − 𝜓𝑗,𝑘(𝑟))

𝑚𝑎𝑥(|𝑃∗𝑘(𝑟)|2)
(2.14)

𝑃′

𝑘(𝑟) = 𝑃𝑘(𝑟) + 𝛽
𝑂∗𝑗,𝑘(𝑟)(𝜓

′

𝑗,𝑘(𝑟) − 𝜓𝑗,𝑘(𝑟))

𝑚𝑎𝑥(|𝑂∗𝑗,𝑘(𝑟)|2)
(2.15)

where 0 < 𝛽 < 1 is the update step size, and we set 0.25 practically.
Employing ptychography to generate substantial data redundancy significantly en-

hances convergence speed, reduces noise interference, and enables the phase recovery

21



2. EUV ptychography overview

algorithm to achieve remarkable success. As a result, CDI has developed rapidly into
thick samples [111] and even super-resolution [112].

2.2.3 Structured illumination imaging
Structured illumination has become a highly effective approach to improve ptychographic
imaging performance, particularly in the EUV and soft X-ray spectral ranges [35–37,
39, 48, 54, 61, 113, 114]. In conventional ptychography setups [99, 115], the detector is
placed close to the sample to achieve a large numerical aperture and thus high spatial
resolution. However, the use of reflective optics to focus EUV typically results in a limited
illumination NA.

Recent studies have demonstrated that using a structured probe, as opposed to tradi-
tional Gaussian or flat illumination, significantly improves robustness and convergence
of phase retrieval algorithms. Experimentally, placing nanostructured binary masks [35,
39, 48, 54, 61, 116] or increasing divergence [114] in the beam path significantly enhances
the quality and resolution of the ptychographic reconstructions. Furthermore, using
the OAM beam [36, 37] proves especially valuable for periodic or low-diversity samples,
such as semiconductor devices or EUV lithography masks, where uniform illumination
frequently results in reconstruction artifacts due to limited diversity in the recorded diffrac-
tion patterns. Phase-shifting diffusers [35] are particularly promising due to their photon
efficiency and ability to suppress strong zero-order diffraction.

From a mathematical perspective, the probe and object contribute symmetrically to
the ptychography, yet the probe uniquely influences every diffraction pattern during the
scan. Therefore, a probe exhibiting high spatial diversity, featuring randomized phase
and amplitude, can effectively address gaps in the diffraction data, compensating for
detector limitations such as missing pixels. In contrast, a uniform flat wavefront results
in localized and narrow far-field diffraction patterns, limiting the information coupling
between adjacent scan positions. In a coherent imaging system, the imaging process is
represented in the the spatial domain as the direct product of the sample and the probe,
and in the frequency domain as the convolution between the Fourier spectrum of the
sample and the illumination. The concept of structured illumination is shown in Fig. 2.8,
where a binary object is illuminated using a 632 nm beam, comparing a smooth Gaussian
intensity distribution with a structured grid-like pattern. The far field diffraction pattern
reveals that the structured beam introduces high spatial frequency components, making
use of the full field of camera.

The advantages of structured illumination are twofold. First, a probe with a wide
angular spectrum generates diffraction patterns that are more uniformly spread across
the detector, relaxing dynamic range requirements and enabling longer exposure times
without saturating low-order diffraction parts. Second, the spatial complexity of the
illumination introduces significant variations in the recorded diffraction data during
probe scanning, increasing the information content and improving convergence of iterative
phase retrieval algorithms. Detailed discussion will be provided in in Chapter 4.
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Figure 2.8: Comparison of CDI systems in the spatial and frequency domain using smooth
and structured beam, where

⨂
denotes convolution operation. The diffraction patterns are

in a saturated dynamic range in order to highlight the differences at higher angles.

Structured illumination proves particularly beneficial for imaging periodic struc-
tures [36]. Under conventional illumination, the strong zero-order and first-order diffrac-
tion peaks can dominate the dynamic range of the detector, making it difficult to capture
high-order signals without saturation. By redistributing the diffraction energy across a
broader angular spectrum, structured illumination reduces this central intensity domi-
nance, enabling higher signal-to-noise ratios for high-spatial-frequency features.

In summary, structured illumination in EUV ptychography offers significant benefits
in terms of dynamic range optimization, algorithmic convergence, and imaging fidelity.

2.2.4 Light-matter interactions and towards 3D imaging
Detecting and imaging structure underneath opaquematerials is essential for nanoscience
and nanotechnology. However, most imaging methods cannot be used for nondestructive,
sub-surface imaging beyond 50 nm depths. Visible microscopy only image the surfaces
of metallic samples. Back-scattered electron (BSE) and SEM can image buried features
using high electron energies to enhance penetration depth [117]. However, these methods
are constrained by the limited penetration depth of the samples and by sample damage
induced through electron interactions. Fortunately, short wavelength EUV and soft X-ray
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2. EUV ptychography overview

beams can penetrate materials, enabling nondestructive, non-contact imaging of buried
structures and providing depth-dependent compositional information [35, 43, 44].

In dielectric or semiconductor materials, significant absorption does not occur when
the photon energy is smaller the band gap of the material. Within the visible spectrum, di-
electrics are recognized as materials transparent to radiation, which makes them essential
for optics, particularly in optical coatings [118]. The origin of the transparency lies in the
electronic band structure of crystalline dielectrics, where less-bound electrons occupy the
valence band, and the conduction band remains unfilled [23]. Besides, dielectric materials
such as SiO2, can also exhibit partial transparency at short wavelengths (down to around
12 nm), due to the absence of strong resonances in the atomic structure of silicon and
oxygen in this spectral region [119].

For metals, there is no gap between valence and conduction bands. The less-bound
electrons are shared by all atoms. According to the free-electron Drude model [120],
the plasma frequency serves as a critical frequency turning point between reflective and
relatively transparent behavior. When the frequency of light exceeds the plasma frequency,
the interaction between light and the metal diminishes significantly. Aluminum serves as
an effective transmittance filter due to its plasma frequency at approximately 83.5 nm. Al
reflects efficiently at wavelengths longer than 83.5 nm and has a relatively low absorption
below 83.5 nm down to the Al 𝐿2,3 edge at 17.2 nm, so that it can be used as a transmittance
filter to selectively pass EUV light within 17.2 nm to 83.5 nm range.

Figure 2.9: Normal incidence transmission of materials with 200 nm thickness in the EUV
region.

The complex refractive index 𝑛̃ describes how light propagates through a material,
which can be expressed as:

𝑛̃ = 1 − 𝛿 + 𝑖𝛽 (2.16)

Here, 𝛿 = 1 − 𝑛 is called the refractive index decrement. The complex index 𝑛̃ is also
usually called the refractive index, like its real part 𝑛. 𝛽 represents absorption. In the
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EUV range, 𝛿 and 𝛽 are smaller than 1, resulting in weak refraction and modest absorp-
tion. However, at specific photon energies near atomic absorption edges, 𝛽 can increase
sharply, enabling element-specific contrast. Interestingly, many materials used in semi-
conductor applications, such as silicon, silicon nitride, and silicon dioxide, are relatively
transparent in large parts of the EUV spectrum, especially between major absorption
edges. The EUV photon energy significantly exceeds the energy levels of the solid state
bands, causing most radiation interactions to involve tightly bound electrons, which are
little affected by the surrounding atoms, except at photon energies close to the absorption
edges [121]. However, EUV photons lack sufficient energy to excite core-level electrons
in these materials, resulting in low photon absorption cross-sections and hence small
𝛽 values. This transparency enables EUV light to penetrate thin films and multilayer
structures commonly used in semiconductor devices.

As depicted in the Fig. 2.9, the normal incidence transmission of typical semiconductor
materials in the EUV region highlights their unique transparency window, a crucial
advantage for EUV imaging [34, 35, 43] and spectroscopy [32, 122]. This property allows for
non-destructive imaging of buried nanostructures and interfaces with both elemental and
chemical sensitivity. Furthermore, the short wavelength of EUV light provides high spatial
resolution, making it ideal for applications such as CDI, ptychography, and nanoscale
tomography in materials science and semiconductor metrology.

2.3 Table-top EUV ptychographic setup

2.3.1 Vacuum beamline and optical layout
In the setup, that we use to generate high harmonics, near infrared pulses are usually
focused by a lens (𝑓=30 cm) into a jet of noble gas filling with argon (backing pressure is
around 5 bar). As shown in Fig. 2.10b, a stainless steel tube with 1.4 mm inner diameter
is used to guide the gas, and this tube is intersected by our laser through a ∼200 𝜇m hole
drilled by the focused beam itself. A pulsed piezo valve [123] limits the gas flow of the jet
out of the nozzle to periods of roughly 10 us. The pulses are synchronized with the laser
system to limit the quantity of noble gas that is used and reduce the gas load on the turbo
molecular pumps. The experimental setup maintains intermediate vacuum conditions to
prevent significant re-absorption of harmonics outside the interaction region, using three
low-vibration turbo molecular pumps (2x Pfeifer HiPace 700 and 1x Pfeifer HiPace 80)
in combination with three scroll pumps (2x Edwards XDS10 and 1x Edwards nXDS10i).
Typical pressures during operating conditions were measured to be roughly at 10−7 mbar
in the refocusing and sample chambers in Fig. 2.10d and e, respectively.

Behind the gas jet, a free-standing aluminummembrane (200 nm meshless Al film,
Luxel 13494) filters out the fundamental beam, as shown in Fig. 2.10c. In the refocusing
chamber, the highharmonics are directly focused by a pairmultilayermirrors (optiXfab) on
to the sample. The multilayer mirrors are mounted in two ultra-high vacuum compatible
piezo mirror mounts (Newport 8821-UHV). In order to maintain sufficient flux over a
preferred range of harmonics (wavelengths 30-40 nm), we choose a plane broad-band
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2. EUV ptychography overview

multilayer mirror and a curved (ROC=-500 mm) narrow-band multilayer mirror. Their
transmission curves are shown in Fig. 2.10g and h, respectively. The curved mirror is
mounted on a one-dimensional piezo stage (Smaract) that enables precise translation
along the beam propagation axis, allowing for flexible adjustment of the focus position
with respect to the sample, as shown in Fig 2.10d.

Sample chamber

Gas jet Al_filter Refocusing chamber Camera

Rotational

direction

Figure 2.10: (a) Schematic overview of the HHG experimental setup. (b) The gas jet is used
to generate HHG. (c) Aluminum filter is used to filter the HHG from near infrared driven
laser. (d) A pair of multilayer mirrors is used to focus HHG. (e) Sample chamber. (f) sCMOS
camera chip. Reflection curves for (g) broadband and (h) narrow band multilayer mirrors,
respectively.

The samples for the imaging experiments are placed in a sample holder, mounted
on a piezo-stage with two linear positioners (Smaract SLC-1730) and a angle positioner
(Smaract SR-2812), as shown in Fig. 2.10e. Diffraction patterns for EUV experiments
where captured using a CMOS (Andor GSENSE400BSI, Marana-X 11, 2048 × 2048 pixels,
pixel size 11 𝜇m) or CCD (Andor 936SO, Ikon-L, 2048 × 2048 pixels, pixel size 13.5 𝜇m)
camera placed behind the sample, as shown in Fig. 2.10f.

We refer to our custom-designed sample chamber, developed in collaboration with
the Mechanical Design and Precision Manufacturing departments at AMOLF, as Apollo,
named after the first moon landing mission, due to its similar external appearance. The
whole design and real-world set up are shown in Fig. 2.11a and b, respectively. To the
best of our knowledge, Apollo is one of the first imaging chambers worldwide capable of
supporting both transmission and reflection mode EUV lensless imaging simultaneously,
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2.3. Table-top EUV ptychographic setup

using a flange-mounted EUV camera. The purpose of this measurement chamber is to
enable precise angular tuning of the mounted camera from 0◦ to 90◦ with a resolution
of 0.1 degree, while maintaining a vacuum pressure below 10−7 mbar. The solution is
mounting camera on a series lamella separator to isolate the vacuum from outside. The
sample holders are home-designed for reflection and transmission geometry, as shown in
Fig. 2.11c and b, respectively.

Figure 2.11: (a) Schematic overview of the imaging (Apollo) chamber. (b) The real chamber
in the lab. Samples and sample holders for (d) reflection and (e) transmission experiments,
respectively.

2.3.2 Transmission and reflection imaging geometries
Anexample of the transmission ptychographic reconstructionusingHHGmulti-wavelength
is shown in figure 2.12. The object is a home-fabricated non-dispersive USAF 1951 resolu-
tion target, characterized by a uniform transmission function across all wavelengths, and
illuminated by an HHG Gaussian probe. The ptychographic data sets consist of 218 scan
positions in a concentric scan grid with 6 𝜇m step size and 104 𝜇mfield of view. The multi-
PIE algorithm [46, 48] adapted from mPIE [110], enables simultaneous multi-wavelength
reconstruction. The reconstructed object, shown in Fig. 2.12a exhibits high quality, with
minimal artifacts and sharp edges, though a slight linear phase is observed, likely due to
surface irregularities. Figure. 2.12b presents reconstructions for the dominant spectral
mode of the six brightest probes, ranging from 41 to 69 nm. The spectral weights, shown
in Fig. 2.12d derived from ptychography align closely with grating measurements. Small
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2. EUV ptychography overview

differences arise because the ptychographic scan averages the diffracted radiation flux over
the scanned area for all wavelength components. The complex-valued reconstructions
of the object and probe reveal astigmatism in the beam, attributed to oblique incidence
on a curved mirror [51]. The convergence of algorithm, shown in Fig. 2.12c, remains
suboptimal after 1470 iters. This will be improved in Chapter 4 by using structured
illumination.
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Figure 2.12: Reconstruction results using multiPIE: (a) Reconstructed object, a home-
fabricated USAF-1951 resolution target, (b) Reconstructed HHG beams and the spectrum,
11 harmonics. The color represents the phase, and the brightness represents the intensity.
(c) Error evolution over 1470 iterations. (d) Measured and reconstructed spectrum of the
XUV radiation. Solid line shows the XUV spectrum measured from the diffraction of the
HHG beam through a transmission grating with 500 nm pitch.

An efficient way to evaluate the quality of reconstruction is to compare the calculated
beam with the direct bare beam measurement on the camera, as shown in Fig. 2.13a,b.
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2.3. Table-top EUV ptychographic setup

Good agreement can be observed, confirming the accuracy of the quantitative reconstruc-
tion results. The dot located in the bottom right of the beam image is attributed to dust on
the camera, also shown in the reconstruction results. The further knife-edge experiment,
as shown in Fig. 2.13c, d, are applied at the sample plane using a 200 𝜇m thick silicon disk.
The knife-edge results also shows a good agreement with the beam size of reconstructed
probe.

500um

a
measured beam

b
reconstructed beam

500um

a
measured beam

b

c d

reconstructed beam

Radius 73.3um left-rightRadius 40.5um up-down

Figure 2.13: Images of the HHG beam at the CCD camera plane (a) directly measured by
the camera and (b) calculated from the reconstructions. Knife-edge measurements on the
sample plane on (c) vertical and (d) horizontal directions, respectively.

Strictly speaking, HHG ultrashort pulses are partially spatially coherent light [124].
Applying CDI algorithms designed for fully coherent illumination to diffraction patterns
generated by partially coherent beams may lead to reconstructions that fail to the correct
solution. Instead of complex spectroscopic and filtering devices in the EUV and X-ray
regions [125], partially spatially coherent light can bemodeled as amixture ofmultiple fully
coherent spatial modes. By analyzing the diffraction of each spatial mode and employing
their incoherent superposition, the constraints can be implemented, leading to high-
quality sample reconstruction. In the subsequent reflection reconstruction, mixed-state
ptychography is utilized to account for spatial coherence effects, improving reconstruction
quality [126].

Figure 2.14 shows an example of the reflection ptychographic reconstruction of a
home-fabricated Siemens Star resolution target using the aPIE algorithm. aPIE is a new
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2. EUV ptychography overview

engine developed recently [115], which can calibrate the tilt angle for ptychography
diffraction patterns in a tilted-plane reflection geometry. The combination of aPIE and
multiPIE allows us to do simultaneous multi-wavelength and multi-mode reconstructions
in reflection.
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Figure 2.14: Reconstruction results using aPIE+multiPIE: (a) Reconstructed object, a home-
fabricated Si siemens star target. (b) A magnified view of the bottom left of the Siemens star.
(c) Optical microscopy image of the target. (d) Reconstructed HHG beams, 2 harmonics with
3 orthogonal modes for each harmonics. The color represents the phase, and the brightness
represents the intensity. (e) Error evolution over 5000 iterations.

Figure 2.14a shows the reconstructed object, where the intensity of the 38 nm probe
is approximately 10% of the total strength of the 41 nm component, contributing to the
failure of the object reconstruction in this wavelength. The reconstructed probes shown
in Fig. 2.14b are the dominant illumination mode in each data set, making up more than
77% of the power content. The hybrid algorithm, solves for variable mixed-state reflected
probes at each position. This method applies singular value decomposition to to extract
dominant orthogonal modes from the set of probe functions across all scan positions,
projecting them onto a reduced orthogonal basis after each iteration of the ptychographic
engine [33]. Application of the hybrid method leads to fewer reconstruction artifacts,
providing more quantitative analysis for further reliable material-height map retrieval
and classification of materials [35].
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Chapter 3
Characterizing Post-compression of
MJ-level Ultrafast Pulses via Loose
Focusing in a Gas Cell
Fengling Zhang, Antonios Pelekanidis, Augustas Karpavicius, Matthias Gouder, Jacob Seifert, Kjeld
Eikema, and Stefan Witte. Optics Express 32, 40990-41003 (2024).

The ability to generate high-intensity ultrashort laser pulses is a key driver for
advancing the strong-field physics and its applications. Post-compression

methods aim to increase the peak intensity of amplified laser pulses via spectral
broadening through self-phase modulation (SPM), followed by temporal pulse
compression. However, other unavoidable nonlinear self-action effects, which
typically occur parallel to SPM, can lead to phase distortions and beam quality
degradation. Here we study the ability to compress high-energy pulses by loose
focusing in a noble gas to induce nonlinear spectral broadening, while limiting
unwanted nonlinear effects such as self-focusing. We introduce ptychographic
wavefront sensor and FROGmeasurements to identify the regimes that optimize
pulse compression whilemaintaining high beam quality. Using a 700mbar argon-
filled double-pass-based scheme, we successfully compress 2 mJ, 170 fs, 1030 nm
laser pulses to ∼35 fs, achieving 90% overall flux efficiency and excellent stability.
This work provides guidelines for optimizing the compressed pulse quality and
further energy scaling of double-pass-based post-compression concepts.
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3.1 Introduction
High-intensity femtosecond laser pulses are crucial for strong field physics and its applica-
tions [81]. Amplifying ultrashort pulses and shortening pulse duration represent a major
challenge [82]. Among the ultrashort high-intensity lasers used in strong-field physics,
Titanium:sapphire (Ti:Sa) [83] lasers are notable for their broad bandwidth and high peak
intensity. In contrast, ytterbium (Yb) ion-doped lasers [84, 85] can achieve very average
power and pulse energy but typically have narrower bandwidths, which limited their
initial impact on high-intensity applications until the introduction of post-compression
techniques. Two methods are commonly employed to achieve such pulse compression at
high peak intensity and average power: optical parametric chirped-pulse amplification
(OPCPA) and nonlinear-propagation-based post-compression. OPCPA offers a method
to amplify ultra-broadband pulses because of its extreme phase-matching bandwidths,
even when pumped by narrowband but high-energy laser pulses [81, 88]. On the other
hand, post-compression methods [89–92] broaden the spectral width of the high-power
pulses [127] through nonlinear interactions during propagation through a medium. Such
post-compression methods are particularly appealing due to their high efficiency reaching
beyond 95% [128].

Post-compression methods employ nonlinear self-action effects that occur when high-
intensity pulses travel through a medium, leading to spectral broadening via self-phase
modulation (SPM), as shown in Fig. 3.1a. As the spectral phase accumulated during
SPM is well-controlled and typically quadratic, subsequent dispersion compensation
can effectively eliminate the pulse chirp, thereby shortening the pulse duration. A re-
lated nonlinear effect that generally occurs in parallel to SPM is self-focusing (Fig. 3.1b),
leading to spatial wavefront changes and ultimately beam quality degradation[129, 130].
Broadening the spectrumwhile also minimizing the self-focusing effect poses a significant
challenge. Currently, various efficient post-compressionmethods have been demonstrated
for millijoule-level pulses, especially hollow-core fibers[89, 131–133], single[130] or mul-
tiple plates[90, 133, 134], and multi-pass cells (MPC)[91, 94, 135, 136]. Hollow-core fibers,
filled with noble gases as the nonlinear medium, limit the influence of self-focusing as
the beam propagates in a waveguide. Towards higher average power and pulse energy,
precise control over the beam pointing and spatial properties are necessary to prevent
fiber damage. Multi-plate setups are compact and efficient, but typically operate in a
narrow designed optical parameters window with specific pulse conditions. The MPC
relies on sequential nonlinear interactions at the focus of an optical cavity, typically a
Herriot cell design [135]. Such an approach is scalable to high energies and maintains
spatial properties through the cavity mode filtering, but does require careful design and
input mode matching for a given nonlinearity.

Recently, various approaches have been explored to compress pulses using hybrid
MPC and multiple plates[137, 138], aiming to better control the respective nonlinear
effects. A specifically interesting approach is the CASCADE concept [95], which uses
loose focusing in an extended gas cell to improve the ratio between self-phase-modulation
and self-focusing. This approach can be efficient and robust to alignment variations, and
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can operate over a range of input energies.

Figure 3.1: Nonlinear processes that occur when a high-intensity laser beam propagates
through a medium with an intensity-dependent refractive index. a) Self-phase modulation,
leading to a time-dependent phase variation and subsequent spectral broadening. b) Self-
focusing, leading to a spatial phase variation that influences beam propagation.

In this work, we report on a robust double-pass setup with limited self-focusing effect
for pulse compression of mJ-level, 170 fs Yb ion-doped laser pulses down to 37 fs with
90% overall efficiency, following the CASCADE concept. Each pass involves focusing
into an argon gas cell to induce nonlinear spectrum broadening, followed by applying
chirped-mirror-based compressor to shorten the pulse duration. We achieve over five-fold
pulse compression factors after only two passes, while maintaining good spatial beam
properties. In particular, we study the temporal and spatial properties of the compressed
pulses in a phase-resolved way, over a wide range of gas pressures to control the amount
of nonlinear interaction. The temporal pulse properties are measured using second-
harmonic frequency-resolved optical gating (SHG-FROG). For spatial characterization, we
use ptychographic wavefront sensing [18, 49, 139] at different wavelengths across the pulse
spectrum. Using numerical pulse propagation methods, we retrieve the spatiospectral
properties of the beam around a focus. This approach allows the identification of optimal
working conditions for the pulse compression system. By retrieving high-resolution
quantitative data at specific working conditions, we can design scaling pathways towards
higher pulse energy and shorter pulse duration more reliably.

33



3. Characterizing post-compression system

3.2 Processes resulting from the intensity-dependent re-
fractive index

Self-phase modulation occurs when a high-intensity light beam modifies the optical
properties of a material, giving rise to an intensity-dependent nonlinear refractive index.
The refractive index 𝑛(𝑥, 𝑦, 𝑧0; 𝑡) in the presence of this type of nonlinearity at 𝑧0 along
the propagation 𝑧-direction can be written as

𝑛(𝑥, 𝑦, 𝑧0; 𝑡) = 𝑛0 + 𝑛2𝐼(𝑥, 𝑦, 𝑧0; 𝑡) (3.1)

where 𝑛0 is the linear refractive index, 𝑛2 is the nonlinear refractive index (positive value in
our case) of themedium, and the intensity of the light 𝐼(𝑥, 𝑦, 𝑧0; 𝑡) = 2𝑛0𝜖0𝑐|𝐴(𝑥, 𝑦, 𝑧0; 𝑡)|2
contributes to both spatial (𝑥, 𝑦) and temporal 𝑡 changes in the refractive index (𝐴 is the
spatially slowly field amplitude). The effect of this nonlinear interaction is to add a
propagation-dependent phase, given by:

𝜙𝑁𝐿(𝑥, 𝑦; 𝑡) = −
𝑛2𝜔0
𝑐 ∫

𝐿

0
𝐼(𝑥, 𝑦, 𝑧; 𝑡)𝑑𝑧 = −𝑛2𝐼(𝑥, 𝑦; 𝑡)𝜔0𝐿∕𝑐 (3.2)

where 𝜔0 is the center angular frequency of the optical pulse, 𝑐 is the speed of light, and 𝐿
is the propagation distance. The phase 𝜙𝑁𝐿(𝑥, 𝑦; 𝑡) is also commonly referred to as the
B-integral [91, 94, 95, 135, 140]. The spectral content of the propagated pulse 𝑆(𝜔) can be
described by its energy spectrum:

𝑆(𝜔) = | ∫
∞

−∞
𝐴(𝑡)𝑒−𝑖𝜔0𝑡−𝑖𝜙𝑁𝐿(𝑡)𝑒𝑖𝜔𝑡𝑑𝑡|2. (3.3)

The temporal pulse shape 𝐼(𝑡) leads to a time-dependent phase 𝜙𝑁𝐿(𝑡), which results
in the generation of new frequencies to the spectrum 𝑆(𝜔). This is the process of self-
phase modulation, which can be intuitively described by introducing the instantaneous
frequency 𝜔(𝑡) = 𝜔0 + 𝛿𝜔(𝑡), where the variation 𝛿𝜔(𝑡) is given by:

𝛿𝜔(𝑡) = 𝑑
𝑑𝑡 (𝜙𝑁𝐿(𝑡)) = −

𝑛2𝜔0𝐿
𝑐

𝑑𝐼(𝑡)
𝑑𝑡 (3.4)

An example of SPM is illustrated in Fig. 3.1a, in which the pulse shape is given by
a Gaussian distribution. Under the assumption that 𝑛2 is positive, Eq. 3.4 indicates
that the instantaneous frequency shifts to lower frequencies in the leading edge of the
pulse and to higher frequencies in the trailing edge. The variation in the instantaneous
frequency is illustrated by the solid red curve in Fig. 3.1a. Equation 3.4 shows that the
instantaneous frequency is proportional to the intensity gradient of the driving pulse
𝑑𝐼(𝑡)∕𝑑𝑡. Consequently, shorter input pulses with a steeper slope 𝑑𝐼(𝑡)∕𝑑𝑡 will result in
more significant spectral broadening.

Similar to the time domain picture, the spatial intensity profile of the laser pulse leads
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to a spatial variation of 𝜙𝑁𝐿(𝑥, 𝑦). For Gaussian beam profiles this variation resembles
a quadratic phase profile (Fig. 3.1b), which causes the material to act as a positive lens.
Analogous to the instantaneous frequency in Eq. 3.4 for the time-domain case, we can
express the spatial frequency variation 𝛿𝐤(𝑥, 𝑦) due to self-focusing as:

𝛿𝐤(𝑥, 𝑦) = ∇𝜙𝑁𝐿(𝑥, 𝑦) = −
𝑛2𝜔0𝐿
𝑐 ∇𝐼(𝑥, 𝑦). (3.5)

This expression shows that the induced wavefront curvature is proportional to the spatial
intensity gradients. Large spatial gradients will thus cause significant self-focusing, which
can lead to wavefront aberrations and result in optical damage to the optical components
in the beamline[141, 142].

Because SPM and self-focusing result from the same nonlinearity, they will always
occur together. However, their dependence on temporal versus spatial intensity gradients
provides a way to control the relative strength of the effects, which is the basis of the
CASCADE concept. A loose focusing geometry minimizes spatial gradients and therefore
limits self-focusing, while pulse compression between multiple SPM stages increases the
temporal gradients to maximize spectral broadening.

3.3 Pulse compression in a loose focusing geometry

3.3.1 Experimental setup
The experimental setup is shown in Fig. 5.1. We use an Yb-based laser system (Pharos
from Light Conversion) delivering 2 mJ, 170 fs pulses at a center wavelength of 1030 nm
and a repetition rate of 1 kHz. The full-width-at-half-maximum (FWHM) beam diameter
is 3.9 mm. The laser pulses are loosely focused in gas to induce nonlinear broadening
with limited self-focusing, combined with chirped-mirror-based compression between
passes. The pulses are first focused into a pressure-tunable argon gas cell by a concave
mirror (5 m radius of curvature), and an another concave mirror is used to collimate
the beam afterwards. The subsequent dispersion compensation is implemented using a
pair of chirped mirrors (CMs) (GDD=-500 fs2, UltraFast Innovations, CM39). To avoid
additional nonlinear effects in the entrance and exit windows of the gas cell, we use
1 mm thin anti-reflection coated fused silica windows and place them close to the curved
mirrors. The same loose focusing geometry is applied in the 2nd pass through a separate
gas cell. The energy throughput of the system exceeds 90% and is mainly determined by
the reflectivity of the mirrors.

3.3.2 Temporal pulse characterization
To characterize the temporal pulse profile and phase, SHG-FROG measurements (Mesa
Photonics, LLC) are applied after each pass, with the results displayed in Fig. 3.3. The dark
blue dashed traces in the left column of Fig. 3.3 show the broadened spectra after each
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Figure 3.2: Schematic of the setup: the laser output is loosely focused by the concave mirror
R=-5 m into the argon gas cell, and subsequently collimated and compressed using chirped
mirrors (CM). The 2nd pass uses a similar loose focusing geometry and CM compression.

pass as measured directly by the spectrometer. The reconstructed spectra from the SHG-
FROG (solid blue traces) are in good agreement with these measurements. The broadened
spectra are also consistent with calculations of the expected SPM (light blue traces). By
comparing spectra, the B-integral (Eq. 3.2) of the first and the second pass through 700
mbar argon is estimated at 1.3𝜋 and 1.7𝜋, respectively. The nonlinear refractive index of
argon at 700 mbar is taken to be 𝑛2(700 𝑚𝑏𝑎𝑟) = 0.9 × 10−19𝑐𝑚2∕𝑊[143, 144]). Without
applying dispersion compensation between the passes, the total accumulated B-integral
would have been 2.3𝜋, i.e. 1.3 times less. The measured and calculated spectra are shown
in Fig.5.1. The dark blue curves are the retrieved spectra from FROG measurements, and
the dark blue dashed curves are measured spectra by spectrometer, and the light blue
dashed curves are calculated spectra using Eq. 3.3. The red curves are the retrieved spectral
phases. The third column shows the measured (top) and retrieved (bottom) FROG trace
of each measurements, respectively. Experiments at a higher gas pressure of 800 mbar in
both cells (Fig. 3.3, bottom two rows) show a further increase in spectral broadening, but
also more structured spectra.

The second column in Fig. 3.3 shows the pulse durations retrieved from the FROG
reconstructions. After the first pass, pulse compression close to the Fourier transform
limit (TL) is readily achieved, and the temporal profiles are clean with only very minor
pre- and post-pulses. After the second pass, near-transform-limited compression to 37 fs
is still achieved, although some satellite pulses remain in the temporal profile, likely due
to imperfect compensation of higher-order phase terms. Pulse compression to below
the measured 37 fs can be achieved by further increasing the pressure inside the gas
cells, along with fine-tuning the pass number in the chirped mirror compressor. At a
pressure around 800mbar in both cells, a slightly shorter pulse duration of 34 fs is retrieved
(Fig. 3.3c).

The measured spectra for different gas pressures after the second cell are shown in
Fig. 3.4a. The bandwidth of the spectrum at -20 dB of themaximum value is plotted as grey
points in Fig. 3.4b. For pure SPM and assuming a linear dependence of 𝑛2 on pressure,
Eq. 3.4 predicts a linear trend [129, 136, 145], which is the case up to a pressure around
600 mbar. Beyond this pressure, the trend becomes nonlinear, indicating the growing
influence of other mechanisms such as intensity changes induced by self-focusing during
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Figure 3.3: SHG-FROG measurements and retrieved spectral fields and temporal pulse
shapes for the input pulse (a1,a2), after the first gas cell and chirped mirrors (b1,b2,c1,c2),
and after the second gas cell and additional chirped mirrors (b3,b4,c3,c4). For both gas
cells, measurements were performed at Argon pressures of 700 mbar (b1-b4) and 800 mbar
(c1-c4), respectively.
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3.3.3 Spatial beam characterization
To characterize the spatial properties of the beam after the spectral broadening, ptycho-
graphic wavefront sensor (PWFS) measurements [49, 139] are performed directly behind
both gas cells. Such PWFS measurements retrieve high-resolution images of the full
complex field (both amplitude and phase profiles). The fields are measured before the
collimating mirror to accurately determine the curvature of the wavefront exiting the gas
cell.

To identify any wavelength dependence in the beam profiles, these PWFS measure-
ments are performed for a series of wavelengths, which are selected using ultra-narrow
bandpass filters (Laser Components HBP1063.1/1.8-25, HBP1030.2/1.2-25). The recon-
structed fields after the two pulse compression cells for different wavelength components
and two gas pressures are shown in Figs. 3.5.

The output after the first cell (Figs. 3.5a1-a3) shows no significant wavelength depen-
dence of the wavefronts when using 700 mbar argon. Increasing gas pressure leads to a
slight reduction in wavefront curvature (Figs. 3.5b1-b3) at the output due to self-focusing,
while maintaining a Gaussian spatial profile across the spectrum. Using 700 mbar argon
in the CASCADE, pulse compression after the first cell results in 94 fs pulse duration,
which leads to increased nonlinear effects in the second cell as propagation conditions
are kept nominally identical to the first pass. The PWFS measurements after the second
cell (Figs. 3.5c1-c5,d1-d5) confirm this, with the wavefronts showing more pronounced
variations in curvature, and a stronger dependence on gas pressure. As a consequence
of the increased SPM, we could measure at two more wavelength components near the
edges of the output spectrum. Note that these wavelength components were generated
via SPM and were not in the input spectrum.
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Increasing the gas pressure to 800 mbar (Figs.3.5d) leads to particularly significant
beam distortions at 1030 nm, including intensity modulations across the beam, and the
nonlinear effects at 1015 nm and 1045 nm start to deteriorate the output wavefront as well.
At this pressure, the input power is just below the critical power, 𝑃𝑖𝑛 = 0.87𝑃𝑐𝑟, which
will lead to multiphoton ionization and plasma generation [146]. The distortion of beam
wavefronts under such significant nonlinear effects are to be expected.

3.3.3.a Self-focusing analysis via backward propagation

To study the beam as it emerges from the gas cells, we study the focusing properties of
the compressed beam by back-propagating measured wavefronts. A complete analysis
would require solving the nonlinear time-dependent Schrodinger equation in 3D, which
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3. Characterizing post-compression system

is a computationally challenging task. We employ a more limited approach, which still
provides insight into the main operating conditions of the CASCADE system.

To include the effect of self-focusing in the beam reconstruction inside the gas cell,
we numerically propagate the PWFS reconstructions backwards through the nonlinear
medium using a split-step approach [147]. Starting with a transverse field distribution
𝐸(𝑥, 𝑦), propagation in the 𝑧-direction over a distance 𝑑𝑧 can be described as:

𝐸(𝑥, 𝑦, 𝑧 + 𝑑𝑧) = ℱ−1{ℱ{𝐸(𝑥, 𝑦, 𝑧)}𝐻(𝑘𝑥, 𝑘𝑦 , 𝑑𝑧) exp(𝑖𝜙𝑁𝐿(𝑥, 𝑦))} (3.6)

whereℱ andℱ−1 denote forward and inverse 2DFourier transforms. The transfer function
is given in Eq. 3.8. The nonlinearity is included by multiplying the propagated field with
a phase term including 𝜙𝑁𝐿(𝑥, 𝑦) in the Fourier domain in Eq. 3.6. The nonlinear phase
can be calculated for a given intensity profile using Eq. 3.2, which however varies during
propagation. To approximate the nonlinear propagation, Eq. 3.6 is evaluated for a series
of steps, where the step size 𝑑𝑧 is sufficiently small to approximate the intensity profile
close to constant over this length [148]. The phase 𝜙𝑁𝐿(𝑥, 𝑦) is calculated at each step
and included in the field propagation via Eq. 3.6. In our calculations 𝑑𝑧 is chosen as
𝑑𝑧 = −5 𝑐𝑚, corresponding to half of the Rayleigh length.

50cm

2mm

2mm

-π

π

λ
=

1
0
1

5
 n

m
λ
=

1
0
3

0
 a

n
m

λ
=

1
0

4
5

 n
m

700mbar Argon 800mbar Argon

x

y

x

z -π

π

x

y

x

z

50cm

2mm

2mm

a1 b1

a2 b2

a3 b3

c1 d1

c2 d2

c3 d3

Figure 3.6: Spatial beam characterization after the first gas cell. a1-a3) Ptychographic
wavefront reconstructions at 700 mbar argon pressure, at wavelengths of 1015 nm, 1030 nm
and 1045 nm, respectively. Color encodes phase (see scale bar), and brightness represents
field amplitude. b1-b3) Numerically reconstructed xz-plane side-views of the beams from a)
propagation from right to left. The inset in b2) schematically shows the wavefront curvature
for linear propagation (solid lines) and the contribution of self-focusing (dash-dotted lines,
not to scale). c1-c3) Ptychographic wavefront reconstructions at 800 mbar argon pressure.
d1-d3) Numerically reconstructed xz-plane side-views of the beams from c.

Using this approach we can construct side-view images of the beam propagation
through the gas cell (Figs. 3.6b,d). Because of the limitations of the approach, these
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images do not contain information about the nonlinear frequency conversion, but are only
intended to assess the importance of self-focusing in the beam propagation. Of course, the
wavelength components at 1015 and 1045 nm in Fig. 3.6 are generated around the focus,
and therefore propagating them to before the focal point is not realistic. However, the
relative focus positions as they are influenced by the self-focusing effect can be determined
through this approach, which is a major design parameter for the CASCADE system.

For the first pass, we find only limited influence of self-focusing, with the beam propa-
gation only slightly deviating from linear Gaussian beam propagation. To illustrate the
effect of self-focusing, Fig. 3.6b2 has an inset showing the wavefront for linear propagation
(solid lines) as well as the induced wavefront change due to self-focusing (dash-dotted
lines). As the beam converges towards the focus, the increased intensity leads to a stronger
influence of self-focusing. For this first pass example, the maximum induced phase lag
near the focal plane is estimated at 0.06 rad via Eq. 3.2. Overall the output from the first gas
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3. Characterizing post-compression system

cell shows no significant wavelength dependence of the wavefronts. Increasing gas pres-
sure leads to a slight reduction in wavefront curvature at the output due to self-focusing,
while maintaining a Gaussian spatial profile across the spectrum.

Using 700 mbar argon in the CASCADE, our pulse compression after the first cell
results in 94 fs pulse duration, which results in increased nonlinear effects in the second cell
as propagation conditions are kept nominally identical to the first pass. As a consequence
of the increased SPM, we could measure at two more wavelength components near the
edges of the output spectrum. Note that these wavelength components were generated
via SPM and were not in the input spectrum. Therefore, propagating them backwards
through the cell as shown in Figs. 3.7b,d is mainly done to characterize their propagation
after the focus in comparison to the other wavelength components. A striking observation
is that at the center wavelength of 1030 nm, propagation clearly deviates from linear
Gaussian behavior with minor modifications, but shows additional diffraction effects.
As our model only includes linear propagation and self-focusing via Eq. 3.2, the exact
beam properties near the focus cannot be reliably reconstructed in this way. Given that
the input beam has a clean Gaussian intensity and wavefront (see Fig. 3.6) that does not
match the propagation result in Fig. 3.7b3, we can conclude that additional nonlinear
effects influence the propagation in the second cell. While more detailed propagation
simulations can include such effects [95, 142, 146], this working regime is not suitable for a
stable pulse compression system, and the present PWFS data and these basic simulations
can be used to identify the limits. Interestingly, the wavelengths towards the edge of
the spectrum, which are produced inside the cell, do display smooth beam profiles and
wavefronts that allow high-quality focusing.

3.3.3.b Beam characterization via forward propagation

Knowing both the amplitude and phase profiles at the plane of the PWFS allows us
to numerically propagate the beams to any plane, enabling us to assess beam quality.
Starting with the measured wavefronts, we first remove the quadratic phase to get the
transverse field distribution 𝐸(𝑥, 𝑦) corresponding to a focal length of 2.5 𝑚 before the
second CASCADE gas cell. Subsequently, a phase curvature corresponding to a lens with
a focal length 𝑓 = 30 𝑐𝑚 is numerically added to evaluate beam propagation quality under
typical experimental conditions. This beam propagation [149] in the 𝑧-direction over a
distance 𝑑𝑧 can be described as:

𝐸(𝑥, 𝑦, 𝑧 + 𝑑𝑧) = ℱ−1{ℱ{𝐸(𝑥, 𝑦, 𝑧)𝑒𝑥𝑝(𝑖𝑘(𝑥2 + 𝑦2)∕2𝑓)}𝐻(𝑘𝑥, 𝑘𝑦 , 𝑑𝑧)} (3.7)

where ℱ and ℱ−1 denote forward and inverse 2D Fourier transforms. The propagation
transfer function𝐻(𝑘𝑥, 𝑘𝑦 , 𝑑𝑧) is given by:

𝐻(𝑘𝑥, 𝑘𝑦 , 𝑑𝑧) = exp(𝑖
√
𝑘2 − 𝑘2𝑥 − 𝑘2𝑦𝑑𝑧) (3.8)
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where 𝑘 is the magnitude of the wavevector of the propagated field, and 𝑘𝑥 and 𝑘𝑦 are the
transverse components of the wavevector. The transfer function in Eq. 3.8 describes linear
propagation. In our calculations, we set 𝑑𝑧 to 1 mm, smaller than the Rayleigh length
(30 mm at 1060 nm), to obtain a detailed view of propagation through the focal region.
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Figure 3.8: Numerical forward propagation of the experimentally retrieved complex fields at
multiple wavelengths. a1-a5) Numerically reconstructed xz-plane side-views of the beams
from Figs. 3.5c (propagation from left to right). b1-b5) Numerically reconstructed xz-plane
side-views of the beams fromFigs. 3.5b. Thewhite dashed lines indicate the physical location
of the focus position.

Using this approach we can construct side-view images of the beam propagation
through the focus (Figs. 3.8a,b), where the white dashed lines indicate the position of lens
focus. The divergence and focal positions for each wavelength can be clearly identified,
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3. Characterizing post-compression system

and a tight focus is observed in the cross section, without major influence of astigmatism
or other wavefront aberrations. The limited variation in focal position across wavelengths
indicates the absence of chromatic aberration in the pulse compression process.

Propagating the most intense wavelengths beams to a common focal plane enables us
to investigate the spatiospectral properties and focus quality of the beam. Figures 3.9a4-a6
and b4-b6 show the intensity distributions for different wavelength components. The
strong nonlinear effects during spectral broadening, especially for 800 mbar argon pres-
sure, lead to the formation of a non-Gaussian focused beam at the input wavelength
of 1030 nm, as shown in Fig. 3.9b5. At 700 mbar pressure, the incoherent addition of
all wavelength components gives a well-formed polychromatic focus, with the FWHM
beam diameter of approximately 306.8 um (Fig. 3.9a1). However, small wavelength-
dependent differences in spot shape are already visible. At 800 mbar pressure, sidelobes
and wavelength-dependent focusing differences significantly affect the quality of the
polychromatic focus (Figure 3.9b3).

To connect our PWFS results to other common methods for beam quality analysis,
we retrieve𝑀2 values from the measured complex wavefronts [139] over a range of gas
pressures. Starting from the reconstructed complex-valued probes at 1030 nm, we linearly
propagate these fields through a focus and subsequently calculate 𝑀2

𝑥 and 𝑀2
𝑦 . The

retrieved values as a function of argon pressure are shown in Fig. 3.9c. Starting from an
input laser beam with𝑀2 = 1.11 × 1.11, the beam quality factor maintains acceptable
values of𝑀2 = 2 after the two-stage post-compression for argon pressure up to 700 mbar.
We attribute the difference in beam quality of the two axes to the slight astigmatism in the
beam caused by the focusing mirrors, leading to a small different nonlinearity. The inset
figure in Fig. 3.9c also shows the beam quality of spectral components towards the edges
of the bandwidth. Interestingly, these components consistently maintain a high beam
quality throughout the spectral broadening process, even at gas pressures up to 900 mbar.
In contrast, the beam quality at the center wavelength severely degrades above 700 mbar,
showing significant intensity modulations and phase distortions (Fig. 3.5d3), caused by
excessive nonlinear effects[130] at these higher gas pressures, which would eventually
lead to optical breakdown [146].

The high beam quality at the outer spectral ranges can be explained by the SPM
mechanism, as these wavelengths are mainly generated inside the (second) gas cell. As
these wavelength components only appear around the focus, they experience much less
nonlinear propagation effects and associated self-focusing and other beam distortion
effects.

In the presented double-pass configuration, using our specific beam parameters and
focusing geometry, we therefore conclude that maintaining sufficient beam quality across
the spectrum requires an argon pressure below 700 mbar, and therefore the achievable
compressed pulse duration is limited to 37 fs. Even though shorter pulse durations are
obtained at higher pressure, the (wavelength-dependent) reduction in beam quality will
likely reduce the applicability of such pulses in strong-field experiments.

We confirm this expectation by using the compressed pulses for high-harmonic genera-
tion (HHG) in a gas jet geometry. To achieve a Fourier-limited pulse at different CASCADE
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3.3. Pulse compression in a loose focusing geometry
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Figure 3.9: Intensity profile of the polychromatic focus summed over three central wave-
length beams after a1) 700 mbar and b1) 800 mbar argon filled CASCADE, respectively.
1D intensity of the polychromatic focus for a2-a3) 700 mbar and b2-b3) 800 mbar argon
filled CASCADE, respectively. The sub-figures a4)-a6) and b4)-b6) show the color coded
monochromatic (blue: 1015 nm, green: 1030 nm, orange: 1045 nm) intensity plots of cor-
responding focus, and the scaled bar represents 200 um. c) Beam quality parameter 𝑀2

as determined for different wavelength components separately. The inset figure shows
the enlarged view of the red area, to better visualize the 𝑀2 values for the wavelengths
towards the edge of the spectrum. The bandwidth of the broadened spectrum at -20 dB of
the maximum value is plotted as grey points, which refer to the left y-axis.

pressures, we adjusted the number of bounces on the CMs and confirmed the pulse dura-
tion through FROG measurements. In addition to optimizing the pulse compression, we
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3. Characterizing post-compression system

adjusted other HHG generation parameters independently, such as gas backing pressure
and lens position, to maximize HHG brightness. When focusing the pulses into a 0.6 mm
wide argon jet (around 4 bar backing pressure), using a 30 cm focal length lens, we observe
optimal HHG for an argon pressure of 620 mbar in the compression cells. Increasing the
pressure to 750 mbar results in a 7% reduction in HHG yield, which we attribute to the
reduced overall laser beam quality.

An extension towards shorter pulse durations will therefore require an increase in
SPM without increasing the spatial nonlinearities such as self-focusing. This can be
achieved by an even looser focusing geometry, to reduce the spatial gradients (Eq. 3.5)while
maintaining temporal gradients (Eq. 3.4). Alternatively, adding more passes through the
nonlinear medium at constant or even slightly lower gas pressure will have a similar effect.
Including pulse compression after each stage will then significantly improve the SPM-to-
self-focusing ratio, as it increases the temporal gradients before subsequent broadening.
This approach was recently shown to work very effectively [95]. Such intermediate
compression is more challenging to incorporate in multipass cell configurations, but can
be achieved e.g. by using chirped cavity mirrors [150, 151].

3.4 Conclusions
Using a double-pass CASCADE scheme, we demonstrate post-compression of 2 mJ 170 fs
Yb ion-doped laser pulses to 37 fs with 90% overall flux efficiency, while maintaining
good beam quality across the full spectrum. Specifically, we use SHG-FROG and PWFS
measurements to characterize the compressed pulses in both the temporal and spatial
domain. This approach provides a detailed view on the results of the nonlinear effects in
each broadening stage, and it enables a determination of optimum working conditions
for the pulse compression system in terms of pulse duration, beam quality and system
complexity. Specifically, we note the importance of wavelength-resolved wavefront char-
acterization, as highlighted by our observations in Fig. 3.5. While an averaged wavefront
and beam profile may show acceptable behavior, we find that the nonlinear propagation
can lead to strong aberrations at specific wavelength components, especially those already
present in the input spectrum. This effect may lead to significant spatiotemporal coupling
upon focusing, affecting the efficiency and reproducibility in strong-field experiments.

While a similar approach can be taken to characterizemultipass cell or fiber-based com-
pression systems, we focused on a particularly simple implementation of the CASCADE-
type scheme using only double-pass compression. Our measurements confirm that these
systems indeed enable effective broadening via SPMwhile limiting self-focusing, and have
favourable scaling properties towards higher pulse energy.
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Chapter 4
Illumination Diversity in
Multi-Wavelength Extreme Ultraviolet
Ptychography
Antonios Pelekanidis∗, Fengling Zhang∗, Matthias Gouder, Jacob Seifert, Mengqi Du, Kjeld S. E.
Eikema, and Stefan Witte. Photonics Research 12, 2757-2771 (2024). (∗These authors contributed
equally.)

Lensless EUV imaging at nanoscale resolution has become possible with the
development of table-top HHG systems. Ptychographywithmonochromatic

EUV illumination exhibits extraordinary robustness and accuracy to reconstruct
both the object and the illumination beam profile. Incorporating structured
illumination further improves reconstruction robustness and image resolution
by enhancing high-spatial-frequency diffraction. However, broadband imaging
remains challenge due to the complexity of multi-wavelength algorithms, partic-
ularly in separating distinct spectral information. Herewe show that introducing
spatial diversity between spectral components of the beam can significantly im-
prove the reconstruction quality in multi-wavelength EUV ptychography. The
diversity in the polychromatic illumination is quantified by applying geometry-
and information-based dissimilaritymetrics to the diffraction patterns. We exper-
imentally verify the effect of diversity by comparing ptychographymeasurements
using Gaussian, binary-structured, and wavelength-dependent orbital angular
momentum beams. Our results show that structured illumination enables the
separation of spectral components within a single diffraction pattern while also
maximizing added information from each new scan positions. Our work can be
anticipated as a starting point for high-fidelity polychromatic imaging of next-
generation nanostructured devices at EUV and soft-X-ray wavelengths.
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4. Ptychography illumination diversity

4.1 Introduction
Advances in diffraction-based imaging technology [152, 153] have pushed the achievable
resolution well beyond the capabilities of conventional microscopes. In particular, coher-
ent diffraction lensless imaging (CDI) in the EUV regime has become an active research
area. The short wavelengths in the EUV region give a better diffraction-limited resolution
[154] compared to visible or infrared light, while it is still possible to generate coherent
light at these wavelengths with tabletop sources via HHG from a near-infrared (NIR)
driving laser [32, 155–159]. One specific technique for CDI is ptychography, in which the
object is translated laterally to the source and a series of correlated diffraction patterns
are captured [99, 160]. The reconstruction algorithm can then computationally retrieve
the missing phase of the measured diffraction patterns and reconstruct complex-valued
expressions for the object and the illumination source. Ptychography has been investigated
extensively in the EUV [35, 39, 43, 48, 49, 57, 161–165] and X-ray ranges [61, 166–168],
and has been proven to be a robust method to image both the object and the illumination,
called probe hereafter, in principle without the necessity for support constraints or other
prior knowledge.

In HHG a number of high harmonics of the driving laser field are generated. This large
bandwidth in principle allows for broadband imaging, which can reveal element-specific
information of a sample due to the material-specific transmission windows in the EUV
spectral range [119]. However, the polychromatic beam lacks the necessary longitudinal
coherence for diffraction-based methods such as ptychography. In many recent works,
coherence is achieved by spectrally filtering the HHG beam and selecting a single har-
monic [35, 43, 163, 165], which is effective for single-wavelength object reconstruction, but
removes the ability for spectroscopic imaging. Retrieving full spectral information from
broadband diffraction can be achieved through two-pulse Fourier-transformmethods [169,
170], but the need for two coherent sources and the required temporal scanning make this
concept challenging to combinewith ptychography. Amore efficient and flexible approach
is multi-wavelength ptychography [46, 48, 49, 162, 168, 171, 172]. In multi-wavelength
ptychography, the probe and object are typically modeled as a set of incoherent modes,
similar to the mixed states approach for partially coherent beams [38], with each mode
corresponding to a different wavelength. However, due to the presence and the necessity
to reconstruct complex-valued expressions for all probe and object modes, the demands
on the reconstruction algorithm become increasingly challenging.

Experience from earlier works has shown that structured illumination improves the
reconstruction quality and algorithm convergence [35, 54, 116, 173–177]. A structured
beam provides higher illumination NA and reduces the dynamic range of the diffraction
pattern, which leads to more efficient use of the full chip of the camera. For ptychography
with HHG beams, structure can be accomplished either by structuring directly the EUV
beam with the use of a mask [35, 54, 61] or a phase-shifting diffuser in the beamline [113]
or indirectly by structuring the driving laser beam, which transfers amplitude and phase
properties to the high harmonics [178, 179]. A specific example of such phase transfer is
the upconversion of beams carrying orbital angular momentum (OAM) [180–189], for
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which it was shown that the 𝑞th harmonic of a driving beam with OAM 𝑙1 will have an
OAM of 𝑙𝑞 ≈ 𝑞 ⋅ 𝑙1, with the exact OAM depending on the fundamental beam properties
[187, 188]. Wang 𝑒𝑡 𝑎𝑙. [36] showed that ptychography on periodic structures can be
improved significantly by using an EUV beam with nonzero OAM, as its large intrinsic
divergence leads to overlapping diffraction orders in the far field.

In addition to the amount of structure in individual diffraction patterns, a key aspect of
ptychography is the diversity between scan positions. Similarly, multimode ptychography
can be expected to benefit in situationswhere the diffraction resulting fromdifferentmodes
is clearly distinct. Especially when such modes are well-defined physical states, such as
different wavelengths, it should be possible to engineer the illumination such that the
resulting diffraction data can be more accurately processed by multimode ptychography
algorithms.

In this paper we investigate and experimentally demonstrate the improvement in
ptychographic multi-wavelength reconstructions with directly and indirectly structured
HHG probe beams compared to smooth Gaussian beams. To systematically explore
the suitability of a probe for a given object and experimental ptychographic setup, we
introduce the concept of diversity in the diffraction patterns and use dissimilarity metrics
[190] to characterize our probes. We observe a strong correlation between these diversity
metrics and the achieved image reconstruction quality. Based on these observations, we
conclude that analyzing and optimizing diversity between wavelengths (or other modes)
is an important aspect in the design of any multimode ptychography experiment.

4.2 Diversity considerations
In multi-wavelength ptychography the reconstruction algorithms are usually based on
PIM [46], which models measured polychromatic diffraction data as an incoherent sum
of individual monochromatic diffraction patterns. For objects with grating-like structures,
probe modes corresponding to different wavelengths have distinct diffraction angles and
illuminate different areas of the detector [49, 191], which facilitates the reconstruction
algorithm to identify the monochromatic components of the polychromatic diffraction
pattern. However, for general imaging purposes, objects with arbitrary features do not
guarantee spectral diversity. This creates a challenge for the reconstruction algorithm to
reliably converge and accurately reconstruct all probe and object modes. Here we explore
the influence of illumination diversity on successful ptychographic reconstructions.

The concept of diversity enhancement is illustrated in Fig. 4.1. We consider a binary
object illuminated by an EUV beam consisting of the 27th and the 29th harmonic of a
1030 nm wavelength drive laser, with either low or high diversity. The two harmonic
beams are assumed to have equal photon flux for both diversity cases. As a low-diversity
beam we assume a flat wavefront with top-hat intensity distribution for both wavelengths
(Fig. 4.1a)), while for high diversity we consider a beam with similar intensity profiles
but having an OAM phase proportional to the harmonic order (Fig. 4.1b)). We model
the propagation of the two-color beams from the sample plane to a camera plane that
is placed in the far field. Figures 4.1c) and 4.1d) show images of the difference between
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4. Ptychography illumination diversity

Figure 4.1: Spectral diversity in diffraction. (a, b) A binary object is illuminated by a beam
containing the 27th and 29th harmonics (at 38.4 nm and 35.7 nm wavelength), either with
(a) a flat intensity and phase or (b) with order-dependent OAM. (c, d) Difference of the
monochromatic diffraction patterns between the two wavelengths (𝐼35.7𝑛𝑚 − 𝐼38.4𝑛𝑚) for (c)
flat and (d) OAM beam illumination. The dynamic range of the camera is set to ≈20-bit and
15-bit for the flat beam and OAM beam respectively such that the number of photons in the
incoherent sum of the monochromatic diffraction patterns is equal to 2.27 × 108 photons in
both cases.
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4.2. Diversity considerations

the two wavelength components in the far-field diffraction patterns for the flat and OAM
beam respectively in a saturated dynamic range in order to highlight the differences. It
is clear that the diversity introduced by the wavelength-dependent OAM phase leads to
strongly enhanced differences in diffraction between the modes.

The diversity in diffraction patterns can be quantified using various dissimilarity
metrics [190], such as the L1 norm, the L2 norm, the cosinemetric and the Jensen-Shannon
divergence (JSD). The former three metrics treat the 𝑁 ×𝑁-sized diffraction patterns as
one-dimensional vectors with size equal to𝑁2 and calculate the distance or angle between
the vectors. JSD is a metric borrowed from information theory that compares two or more
probability density functions (PDFs). To evaluate the JSD we treat each diffraction pattern
as the PDF of the diffracted beam over all detector pixels. The mathematical expressions
for these metrics are:

𝐷𝑝−𝑛𝑜𝑟𝑚 =

(∑
𝑥,𝑦 |𝐼1(𝑥, 𝑦) − 𝐼2(𝑥, 𝑦)|𝑝

)1∕𝑝

max𝑘∈[1,2,...,𝐾]
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𝑥,𝑦
(
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where 𝑝 = 1 or 𝑝 = 2 for calculating the diversity according to L1 or L2 norm respectively,
𝐾 is the number of scan positions, 𝐼 is the diffraction pattern for a scan position and
𝑆
(
𝐼(𝑥, 𝑦)

)
=
∑

𝑥,𝑦 𝐼(𝑥, 𝑦)log𝐼(𝑥, 𝑦), with log𝛼 the natural logarithm of 𝛼, is the spatial
entropy functional as defined in [48]. The cosine metric and JSD are bounded metrics
with 0 ≤ 𝐷𝑐𝑜𝑠𝑖𝑛𝑒 ≤ 1 and 0 ≤ 𝐷𝐽𝑆𝐷 ≤ log2. The L1 norm and L2 norm are instead
unbounded metrics and the absolute values of distances give practically no information
about the similarity of two diffraction patterns, as they depend on the dynamic range that
is assumed for the calculation of the norms. For this reason, we use a relative L1 norm
and L2 norm metric, which are normalized with respect to the largest magnitude in the
diffraction pattern series. The relative norms, albeit still unbounded, give more insight
about the similarity of two diffraction patterns. Using these metrics, we can compare
pairs of monochromatic diffraction patterns at a single scan position and calculate the
spectral diversity. Similarly, we can compare pairs of polychromatic diffraction patterns
that correspond to two adjacent scan positions in the ptychographic measurement and
compute their scanning diversity.

Scanning diversity, where each additional scan position contributes new information
to the ptychographic reconstruction algorithm, is highly beneficial. This is because the
robustness of ptychography relies on the aggregated information from diffraction patterns
recorded at partially overlapping areas of the object. With HHG beams it is challenging
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Figure 4.2: Scanning diversity and reconstruction quality of simulated datasets. a) Log-
arithmic scale diffraction patterns are shown for beams with radii of curvature 𝑅 = ∞,
𝑅 = 7.5mm, and 𝑅 = 4.2mm, all illuminating the center of the object at scan position 0. b)
Three monochromatic probes at 38.25 nm wavelength with increasing quadratic phase and
identical Gaussian intensity profile (30.5 𝜇m 1∕𝑒2 diameter). c) Diversity metrics 𝐷1 𝑛𝑜𝑟𝑚,
𝐷2 𝑛𝑜𝑟𝑚, cosine and JSD by comparing diffraction patterns between adjacent scan positions
for a scan grid with the first 20 scan points, as a function of the quadratic phase of the
probe. d) The example FRC by comparing independent reconstructions within the datasets
of three monochromatic probes. The intersection of FRC curves and one-bit threshold line
determines the object resolution. e) Reconstruction quality calculated from the FRC as a
function of the quadratic phase of the probe. The colored dots are extracted from d).
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to isolate the effects of spectral and scanning diversity in an experiment, and to tune the
amount of diversity in a continuous way. To get more insight in the diversity provided by
structuring the HHG beam, and the subsequent improvement in the reconstructions, we
performed a series of numerical simulations. In these simulations we consider an object
that is illuminated by a monochromatic Gaussian-shaped probe beam with increasing
divergence, keeping all other relevant parameters constant (beam size: 30.5 𝜇m; scanning
pattern: concentric, 200 scan positions; overlap: 87%; photon flux of probe: 8.4×108
photons; distance between object and detector: 105mm; probe wavelength: 38.25 nm;
noise statistics: mixture of Poisson and Gaussian 𝒩(0, 50).) Probe divergence can be
considered as a simple, continuously tunable version of spatial beam structure, resulting
in similar diversity variation as observed for the binary masks and OAM beams that
we study experimentally (see below). Since the actual object is known, the quality of
ptychographic reconstruction can be calculated with the FRC for the object [192]. The
object used in simulation is shown in Fig.4.1. The examples of probes with increasing
quadratic phase and the corresponding diffraction patterns are given in Figs. 4.2a-b).

The magnitudes of the various diversity metrics as a function of beam divergence
are shown in Fig. 4.2c). The diversity is calculated by comparing diffraction patterns
from adjacent scan positions. We observe that all diversity metrics exhibit a similar trend
with slight variations: the lowest diversity occurs when the object is illuminated by a
flat wavefront, while diversity stabilizes after a certain degree of curvature is added to
the beam phase. For each probe curvature, we performed independent ptychography
reconstructions, with the achieved object resolution determined using FRC. As examples,
Fig. 4.2d) shows the FRC results of three beams with increasing quadratic phase, demon-
strating that the achieved resolution improves as beam divergence increases. Figure. 4.2e)
summarizes the achieved object resolution. As beam divergence increases, diversity be-
tween the diffraction patterns also improves. Consequently, the aggregated information
from diffraction patterns recorded during each scan position increased. Therefore, we
attribute the better reconstructions obtained with more divergent beams to the higher
scanning diversity they provide.

4.3 Results

4.3.1 Experiment design
To test the use of diversity metrics in ptychography, we designed a series of experiments
in which we perform multi-wavelength ptychography in the extreme-ultraviolet wave-
length range, while introducing varying degrees of diversity both between the different
wavelength components and scan positions. We use HHG as the illumination source, as
it naturally provides coherent EUV radiation at multiple wavelengths in parallel. The
concept extends to other broadband EUV sources such as pink beam synchrotrons and
free-electron lasers. To control the amount of diversity, we use two ways to structure
the illumination beams, as schematically indicated in Fig. 4.3. The first approach is the
introduction of a binary mask in the HHG beam just before the imaging target. This
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mask leads to a finely structured beam at the object location, thus increasing the scanning
diversity. In addition, the diffraction from the mask leads to increased spectral diversity
at the object location as well. The second approach is to structure the HHG radiation by
shaping the fundamental laser beam. Here we use the property of the HHG process that
OAM is upconverted in an order-dependent way, which naturally leads to a large spectral
diversity at the object location while maintaining efficient HHG. The rapid angular phase
profiles of these OAM beams also result in a high scanning diversity. With these different
HHG beams, we perform ptychography scans on a resolution test chart. The resulting
data is reconstructed using our PIE-based algorithm [193] and analyzed to determine the
link between diversity and image reconstruction quality.

4.3.2 Experimental setup
The experimental setup is shown in Fig. 4.3a). A NIR laser is focused in an argon gas
jet to generate high harmonics. Detailed information about the HHG source is given
in Appendix 4.6.1. Before the focusing lens we can insert a spiral phase plate (Vortex
Photonics V-1064-20-1 [194]) in the beamline to generate a vortex fundamental beam with
OAM equal to 1.

Behind the gas jet, a 200 nm aluminum membrane filters out the fundamental beam
and the highharmonics are directed and focused by a pair of plane and curved (ROC=500mm)
multilayer mirrors onto the sample. A secondary sample stage is placed at 1.62mm dis-
tance in front of the sample plane, allowing us to place a binary beam-structuring mask or
a circular aperture with 50 𝜇m diameter. The binary mask consists of a set of 2 𝜇m holes
oriented in a slightly distorted periodic grid separated by an average distance of 5 𝜇m.
The 50 𝜇m aperture acts as a spatial filter for the EUV Gaussian beam and minimizes the
leakage of the fundamental beam on the camera, while no mask or aperture is used for
the vortex beam measurements. As the Gaussian beam at the focus is smaller compared
to the structured beams, the measurement with the Gaussian probe is performed with the
sample placed 4mm behind the focus, where the beam has expanded to a comparable
size with respect to the focused vortex or mask-structured beam.

The imaging object is a home-built USAF-1951 resolution target with printed logos
of VU and ARCNL at the center of the target (Fig. 4.3h)). It is oriented in a 45-degree
configuration so that the diffraction of the bars is along the diagonal of the camera,
where the detection NA is maximized. A typical multi-spectral HHG diffraction pattern
corresponding to illumination of the central area of the sample is shown in Figs. 4.3i-k) for
the three considered beams (Gaussian, vortex, structured), assuming equal photon budgets
for the three beams. From the individual polychromatic diffraction patterns it can be seen
that the vortex beam leads to the highest NA data, as the diffraction pattern has spread to
higher angles on the detector. However, we expect that the overall reconstruction quality
is not merely a function of the effective NA, but it will be described more completely by
the spectral and scanning diversity metrics.

Figure 4.3g) shows the EUV spectrum, measured from the diffraction of the HHG
beam through a transmission grating with 500 nm pitch (solid line) and compared with
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Figure 4.3: Experimental setup. (a) The driving NIR laser is focused by a 𝑓 = 300mm
focal length lens into an argon gas jet. An Al filter blocks the fundamental and the high
harmonics are refocused by a pair of broadband multilayer mirrors onto the sample. A
CCD camera is placed approximately 10 cm from the focal plane. (b, c) Intensity profile of
the driving laser at the gas jet plane for generating (b) Gaussian and (c) OAM EUV beams.
(d-f) Polychromatic beam intensities for (d) Gaussian, (e) vortex, and (f) structured beam,
computed upstream from the sample plane at distances 8.1mm, 6mm, and 1.625mm (mask
plane), respectively. (g) Measured and reconstructed spectrum of the EUV radiation after
the mirrors, plotted along with the reflectivity curve of the EUV mirrors. (h) Scanning
electron microscope image of the imaging target. (i-k) Polychromatic diffraction patterns
from illumination of the central part of the object with (i) Gaussian, (j) vortex, (k) structured
beam.

the spectral weights of the reconstructed probes shown in the next section. The Gaussian-
shaped envelope of the spectrum has been formed by the efficiency of the EUV mirrors
(dashed line in Fig. 4.3g)) that favour the reflection of the 27th harmonic (38.3 nm), while
harmonics 25 and 29 have about three times lower first-order diffraction signal on the
camera, and harmonics 23 and 31 have about ten percent of the signal strength of the
brightest harmonic.
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4.3.3 Ptychographic imaging with different probes
In order to have a fair comparison for the reconstruction quality of ptychographic imaging
experiments with different beam types, it is important that other experimental settings,
such as sample to camera distance, illumination overlap between adjacent scan positions
and probe energy are identical. However, in practice the distance between object and
camera is slightly different for measurements with different beam types, and varies be-
tween 104.8mm and 108mm to achieve a desired beam size at the sample plane. The
variation in the distance leads to a 3% variation of the achievable diffraction-limited reso-
lution. Moreover, in order to maximize the captured information from each ptychography
scan, we aimed for the utilization of the full dynamic range of the camera via adjusting
exposure times and preamplification gain of the camera. This strategy inevitably leads
to unequal photon budget of the diffraction patterns for different beam types, as smooth
beams more readily saturate the zeroth order diffraction at the center of the camera. A
possible solution to this issue would be high dynamic range exposures [36, 162, 164, 195]
during the measurement of the Gaussian beam, which however significantly increases
measurement time, and increases long-term drift and stability requirements.

Figure 4.4: Reconstruction results from ptychographic measurements for (a) Gaussian, (b)
vortex, (c) structured probes. Right: amplitude of reconstructed objects; top left: zoomed-in
areas of the object; bottom left: dominant modes of the reconstructed probes of the five
brightest harmonics. Scale bars in all figures correspond to 20 𝜇m.
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The ptychographic datasets for the Gaussian and vortex beams consist of 218 scan
positions in a concentric scan grid with 6 𝜇m step size and 104 𝜇m field of view. For the
structured beam we used a scan grid with smaller step size (2.45 𝜇m) and field of view
(44 𝜇m) due to an underestimation of the probe size. Due to the irregular intensity profile
of the non-smooth beam types, characterization of the overlap with a linear overlap factor
1 − step size

beam diameter
[196] is not accurate. Therefore, we have defined the overlap as the two-

dimensional average cross-correlation of a binarized version of the polychromatic beam
with a translated version of itself to an adjacent scan position. According to this definition,
the overlap is equal to 74% with a standard deviation of 5.8% for the Gaussian beam, 68%
with a standard deviation of 8.3% for the vortex beam and 88.6% with a standard deviation
10% for the structured beam.

Figure 4.4 shows the reconstruction results from the ptychography measurements
with the three different beam types. These results were obtained using two incoherent
probe modes for each wavelength, similar to [57], in order to account for decoherence
and other sources of noise in the forward model [35, 57]. To reduce the complexity of
the problem, we constrained the object to look identical for all wavelengths, given that
we use a binary, non-dispersive object. More details on the PIE-based reconstruction
algorithm and the reconstruction results are given in Appendices 4.7 and 4.8 respectively.
The reconstruction quality of the object upon vortex and structured beam illumination
is clearly better than for Gaussian beam illumination, with fewer artifacts and sharper
edges. Since the reconstructions give complex-valued expressions for the both the object
and the probe, the object has been numerically propagated to remove a defocus term that
is caused by calibration errors of the wavelengths or the sample to camera distance.

In Fig. 4.4 we also show reconstructions for the dominant mode of the five brightest
probes that range from 33.4 nm to 45 nm. The vortex probes are elongated due to the
presence of astigmatism, as is explained in more detail in Appendix 4.6.3. For all beam
shapes, the spectral weights reconstructed from ptychography are consistent with the
grating measurement (Fig. 4.3g)). Small variations are apparent, as the ptychography
scan effectively measures the average diffracted radiation flux from the object across the
scanned area for all wavelength components. The resulting spectrum may differ from the
grating measurement that was acquired by only sampling part of the Gaussian beam. For
the smooth beam, the wavefronts of the weaker harmonics have more artifacts and are
less trustworthy compared to the weak harmonics of the structured and vortex beam.

The significant difference in the quality of the reconstruction for the smooth beam can
be attributed either to the smaller photon budget on the camera or the lower illumination
diversity, likely to the combination of the two factors.

4.3.4 Simulations with reconstructed probes under compara-
ble experimental conditions

To determine the cause of the difference in imaging performance and exclude the potential
influence of experimental conditions, we set up simulations using the actual reconstructed
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probes and the SEM image of the object. In this simulation we ensured identical parame-
ters such as object to camera distance 𝑧 = 106.8mm, spectral weights, overlap OV=90%
and probe energy. Specifically, the probe energy was normalized such that the dataset
with the vortex beams would have a 15-bit dynamic range. A combination of Poisson noise
and Gaussian noise with standard deviation 𝜎 = 40 counts was added to the ptychograms.

The object and probe reconstructions of the synthetic ptychographic data are shown in
Fig. 4.5. The improved imaging results with non-smooth beams (Fig. 4.5e,f,i,j)) compared
to results with smooth beams (Fig. 4.5a,b)) remain clear, with similar trends as in Fig. 4.4.
Note that there are slight discrepancies between the probes in Figs. 4.4 and 4.5, because
the synthetic data were generated based on single-mode reconstructed beams, since no
instability or decoherence effects were considered during the simulation. The assumption
of perfectly coherent harmonic probes does not influence the hypothesis that is examined
during this simulation, of how diversity caused by a structured beam can enhance the
reconstructed image quality.

The achieved object resolution is determined using FRC between the true simulated
object and one object reconstruction per probe beam and is shown in Fig. 4.4d,h,l). The
resolution using the one-bit criterion is equal to 400 nm for the vortex beam, 1251 nm for
the Gaussian beam and 414 nm for the structured beam. For the current experimental
parameters, the highest achievable, diffraction-limited, resolution is 129 nm, assuming
the shortest contributing wavelength component is 33.4 nm.

4.3.5 Characterization of probe diversity
To compare the spectral and scanning diversity for the different beam types, we calculate
spectrally resolved diffraction patterns at the detector plane. The probes, object and scan
grid are identical to what we used in the simulations presented in Section 4.3.4, so that we
can correlate the diversity metrics to the reconstruction results in Fig. 4.5. Moreover, the
diversity metrics are calculated based on stable and coherent harmonic beams, without
any long-term drifts.

The diversity is calculated according to the dissimilarity metrics presented in Section
4.2, and the results are shown in Fig. 4.6. The diffraction patterns used as input to
Eqs. (4.1,4.2) for the calculation of diversity according to L1 norm, L2 norm, and the cosine
metric were normalized with respect to the maximum pixel value over the full dataset
(max𝑥,𝑦,𝑘𝐼𝑘(𝑥, 𝑦) = 1). We selected this normalization approach as it conserves relative
intensity differences among different patterns, which contains relevant information that
influences ptychography algorithm performance. On the other hand, for the diversity
metric according to JSD (Eq. (4.3)), each diffraction pattern was normalized independently
such that

∑
𝑥,𝑦 𝐼𝑘(𝑥, 𝑦) = 1, ∀𝑘, in accordance with the original definition of entropy from

information theory. Different normalization strategies can be chosen: diversity results
for different cases are given in the Appendix 4.9 (Figs. 4.9, 4.10), which show different
absolute values but very similar trends.

As shown by the calculated diversity metrics in Fig. 4.6, the vortex beam leads to the
largest scanning diversity and spectral diversity, while the structured beam follows closely
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Figure 4.5: Reconstruction results from synthetic ptychographic datasets with (a-d) Gaus-
sian, (e-h) vortex, (i-l) structured probes. (a,e,i) Amplitude of the reconstructed object. (b,f,j)
Zoomed-in area of the object group 9/elements 5 and 6. (c,g,k) Probe reconstructions of the
five brightest harmonics. (d,h,l) FRC computed by comparing object reconstructions with
true object. Scale bars in all figures correspond to 20 𝜇m.

with high diversity values, especially according to cosine metric and JSD. These results
are in close agreement with the reconstruction results of Fig. 4.5, where the vortex and
structured beams were shown to lead to better object reconstructions than the Gaussian
beam. Out of the four different metrics, both the JSD and cosine metrics reflect this
difference in ptychography performance, showing significantly higher diversity values for
the vortex and structured beams in a way that correlates with the image reconstruction
quality. In comparison, the L1- and L2-norms are less clear, showing both larger variance
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Figure 4.6: Diversity metrics for different probe beam structures. (a) scanning diversity
of polychromatic diffraction patterns, (b) spectral diversity between diffraction patterns at
wavelengths of 35.6 nm and 38.3 nm, (c) spectral diversity between diffraction patterns at
wavelengths of 38.3 nm and 41.4 nm. The solid lines indicate the mean values of comparing
adjacent scan positions (for scanning diversity) or wavelengths (for spectral diversity) over
the whole diffraction patterns series, while the shaded areas have a width of one standard
deviation.

and smaller differences between the beams.

4.3.6 Fisher information analysis
To further analyze the influence of structured illumination on the ptychographic recon-
struction quality, we compare the Fisher information for the three previously described
and experimentally reconstructed probes: Gaussian, vortex, and structured beam. The
Fisher information quantifies the amount of information a measured diffraction pattern
contains about an unknown parameter 𝜃, thereby setting a lower bound on the achievable
precision in estimating that parameter (the Cramér-Rao lower bound). Given the observed
improvement in ptychographic reconstruction quality with increased illumination diver-
sity, it is worth investigating whether this improvement is accompanied by an increase in
Fisher information. Such a finding would bolster our claim that the increased diversity in
diffraction patterns achieved through structured illumination leads to more informative
measurements, which subsequently enable better object reconstructions.

In general, the Fisher information is defined as 𝒥(𝜃) = 𝔼([𝜕𝜃 ln 𝑝(𝑋; 𝜃)]
2), where 𝔼

denotes the expectation operator with respect to noise fluctuations, and 𝑝(𝑋; 𝜃) denotes a
probability density function of a random variable 𝑋 representing the observed data [197,
198]. The term 𝜕𝜃 ln 𝑝(𝑋; 𝜃) represents the partial derivative of the natural logarithm
of the probability density function with respect to the parameter 𝜃. In other words, the
Fisher information describes how sensitive the measurement is to changes in 𝜃. This
sensitivity is directly related to the concept of diversity in diffraction patterns, as a more
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diverse set of patterns can be expected to contain more information about the object and
its parameters.

In the case of ptychography, where the measurement noise is assumed to follow a
Poisson distribution, the Fisher information associated with the 𝑙-th diffraction pattern
for a single parameter 𝜃 can be expressed as [199]:

𝒥𝑙(𝜃) =
∑

𝑘

1
𝐼𝑘,𝑙

(
𝜕𝐼𝑘,𝑙
𝜕𝜃 )

2

, (4.4)

where 𝐼𝑘 is the expected photon count at detector pixel 𝑘, and the sum runs over all pixels
of the detector.

To explore the relationship between structured illumination and Fisher information,
we consider two types of object parameters: a dimensionless scaling factor∆𝑠, representing
overall changes in the object’s size, and a phase shift ∆𝜙 in radians, representing changes
in the object’s optical thickness. We study the same object shape as previously used
in section 4.2, but as a transparent phase object instead of a binary amplitude object.
Assuming a sample to camera distance of 𝑧 = 105mm and the same experimental design
as used in our experimental setup featuring an HHG source, we can numerically calculate
the diffraction patterns for each parameter 𝜃 using the multi-wavelength EUV probes that
were reconstructed and presented in section 4.3.3. The probe intensities are all normalized
to a total photon count of 10 × 106 photons, and the object is scanned through the beams
in a concentric pattern comprised of 219 positions. Using a centered finite difference
scheme, we can then estimate the Fisher information as

𝒥𝑙(𝜃) =
∑

𝑙

1
𝐼𝑘,𝑙(𝜃) + 𝜖

[
𝐼𝑘,𝑙(𝜃 + ∆𝜃) − 𝐼𝑘,𝑙(𝜃 − ∆𝜃)

2∆𝜃 ]
2

, (4.5)

where 𝜖 = 1 × 10−6 denotes a regularization parameter with the physical interpretation
of the expected value of additive Poissonian noise, and the step sizes ∆𝜃 are chosen as
∆𝑠 = 5×10−3 for the scaling factor, and ∆𝜙 = 1×10−6 rad for the phase shift, respectively.

For both object parameters, the Fisher information is shown in Fig. 4.7 independently
of each other. To assess the distribution of information across thewhole ptychography scan,
we visualize the Fisher information per diffraction pattern as violin plots and normalize
them by the average information that is achieved by Gaussian beam illumination. For the
object scaling parameter 𝑠 (Fig. 4.7a), we observe a significant increase of information using
structured illumination. Specifically, the vortex probe exhibits a total Fisher information
about 3.4 times higher than the Gaussian probe. This translates into a reduction in the
standard deviation of the estimate for this parameter by about 1.8 times, calculated as the
square root of the inverse of the Fisher information (from the definition of the Cramér-Rao
lower bound).

This finding supports our expectation that the increased diversity in the diffraction
patterns leads to a higher sensitivity to changes of a parameter that is closely linked
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4. Ptychography illumination diversity

Figure 4.7: Fisher information for different probe beam structures. The shape of the violin
plots describes the distribution of Fisher information per diffraction pattern (for a total of
219 scanning positions). The Fisher information is normalized by the average information
achievable with a Gaussian probe. (a) Fisher information associated with a parameter 𝑠 that
determines the overall size and scale of the phase object shown as an inset plot. (b) Fisher
information associated with the phase 𝜙 of the phase object shown as an inset plot.

to the faithful reconstruction of the object’s size and shape. The scaling factor directly
affects the spatial frequencies in the diffraction patterns, which are crucial for achieving
high-resolution reconstructions. Moreover, the scaling factor is intrinsically related to
experimental parameters such as thewavelength and object-to-detector distance [200]. The
enhanced sensitivity to the scaling factor through structured illumination can therefore
lead to more accurate and precise object reconstructions, as well as improved retrieval of
the experimental geometry from the ptychographic dataset.

Interestingly, we do not observe a significant difference in the Fisher information
between structured and unstructured illumination for the phase parameter 𝜙 (Fig. 4.7b).
This suggests that phase sensitivity in ptychography may depend on additional factors
beyond beam structure, such as phase matching conditions as discussed in Ref. [201]. It is
important to note that estimating the single parameter of the object’s phase assumes prior
knowledge of its shape. This assumption reduces the complexity of the ptychographic
algorithm by alleviating the need to simultaneously retrieve spatial features, which may
explain the relative invariance of the achievable estimation precision to the illumination
diversity used.

4.4 Discussion
The concept of diversity metrics using diffraction patterns as a means to assess the ex-
pected image quality in ptychography is found to work well. Both the diversity among
scan positions and the spectral diversity in a multi-wavelength ptychography experiment
can be characterized with such metrics. From the Fisher information analysis, it follows

62



4.4. Discussion

that beams with high spatial and spectral diversity lead to increased sensitivity to spatial
properties in ptychography datasets. As a result, ptychography with such high-diversity
beams can be expected to lead to better image reconstructions at similar photon numbers
and scan times. Although diversity metrics provide less quantitative insight than Fisher
information, they consider the overall information content between measurements rather
than the sensitivity to single parameters, which makes them well-suited in the assessment
of imaging performance. Diversity metrics based on estimated diffraction patterns can
therefore provide a way to optimize illumination beam profiles and secondary experimen-
tal parameters. From our experiments, we find that the JSD and cosine metric show clear
correlation with image quality. These metrics have the additional advantage that they are
bounded, meaning that the calculated diversity can be compared to themaximum possible
diversity of a given dataset. While this correlation is not a direct predictor of image quality,
they do allow a comparison of the expected imaging performance with different beams and
objects, giving valuable insight already in the design phase of a ptychography experiment.

In contrast, the L1- and L2-norms show larger variations and less sensitivity to image
reconstruction quality for different beams. This is likely due to the structure of these met-
rics (Eq. 4.1), which are more sensitive to absolute differences in intensity. Therefore, they
are less reliable in quantifying structural changes between different diffraction patterns,
in which the information for ptychography reconstructions is mainly contained.

Our experiments were designed in such a way that we could compare the spatial and
spectral diversity when using beams without structure, with mainly spatial diversity in-
duced by a binarymask, andwithmainly spectral diversity throughwavelength-dependent
OAM.We find that both of these structured beam approaches provide enough spectral and
scanning diversity to enable object reconstructions with improved resolution and fewer
artifacts. Furthermore, individual probe modes that correspond to different wavelengths
of the polychromatic beam are reconstructed in a more robust and reproducible way.
While the structured beams indeed lead to improved image reconstructions, an interesting
finding is that both types of structuring result in comparable image quality and resolution.
A possible explanation is the strong wavelength dependence of far-field diffraction, as a
larger separation between diffraction orders results in better wavelength-resolved patterns
as well. Strikingly, the spectral diversity between some harmonic orders is actually higher
for the binary mask structuring than for the OAM beams (Fig. 4.6b)).

In the present work, the available HHG flux was the limiting factor in the experiments,
as the measurements required exposure times that made the ptychography scans suscepti-
ble to drifts in beam pointing and ambient changes. In particular for the vortex EUV beam,
the required exposure time was almost twice as long as for the diffraction-based structured
beam to reach similar flux. This additional measurement time may also have led to a
reduced reconstruction quality, which could offset the present conclusions given that the
OAM beam shows the highest diversity among all the beams. Improving the HHG flux
and using additional long-term stabilization systems would remove these uncertainties.
Nevertheless, even though the beam structuring methods reduce the available HHG flux,
the increased diversity remains a driver for reconstruction improvements.

First demonstrations of nanoscale-resolution ptychography on dispersive samples
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used monochromatic EUV light [35, 43]. The spectrally resolved probe reconstruction
with multi-wavelength structured illumination in this work paves the way for broadband
imaging of dispersive samples, aided by diversity metrics to design the required illumina-
tion profiles. This approach can unlock the full use of the potential of broadband EUV
imaging systems for semiconductor wafer metrology and biological materials.

4.5 Conclusion
In conclusion, in this study we introduce diversity metrics in order to quantify the suit-
ability of a coherent illumination type for ptychography experiments. We performed
comparative measurements with various multi-wavelength EUV beam types, namely
Gaussian, OAM, and structured by diffraction from a binary mask. Both simulation and
experimental results verify that increased scanning and spectral diversity of diffraction
patterns leads to improved imaging results at a given photon flux and measurement time.
These diversity metrics therefore provide an intuitive design guideline for ptychography
experiments, enabling a comparison of expected image reconstruction quality for different
beam profiles and objects.

4.6 Materials and methods

4.6.1 Drive laser for high harmonic generation
Our table-top HHG source is driven by an ultrafast NIR laser system. With an ytterbium-
based laser system (Pharos from Light Conversion) delivering 170 fs pulses at a center
wavelength of 1030 nm, 2mJ pulses are obtained at a repetition rate of 1 kHz. For efficient
high-harmonic generation, the pulses are compressed by a home-built post-compression
system to a pulse duration ∼35 fs with an average power of 1.5W [202]. The NIR beam
is subsequently focused by an 𝑓 = 300mm lens into an argon gas jet confined in a 1mm
diameter metal tube, at a backing pressure of 5 bar. Moreover, an iris clips the beam before
the focusing lens in order to improve the phase matching conditions for HHG.

4.6.2 Sample preparation
The binary USAF 1951 resolution target as used in the experiments is fabricated on a
120 nm thick gold layer sputter coated on a 50 nm silicon nitride free-standing membrane
(Ted Pella Inc.). Patterning was performed with a 30 keV focused gallium ion beam (FEI
Helios Nanolab 600) with a current of 0.28 nA and dwell time of 1000ms. SEM image
of the USAF is shown in Fig 4.3h). In our case, the sample thickness ∆𝑧 = 170 nm and
the smallest structure in the sample ∆𝑥 ≈ 0.3 𝜇m meet the condition ∆𝑧 < 2(∆𝑥)2∕𝜆,
which is referred to here as the projection approximation [203]. Therefore, the sample
is mathematically represented by a two-dimensional transmission function, which is
obtained by a projection of the refractive index along one spatial dimension.
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4.6.3 Extreme ultraviolet optics
The EUV mirrors that have been used for focusing the HHG beams to the sample are
molybdenum/silicon multilayer mirrors fabricated by optiXfab GmbH [204]. We use one
plane and one curved mirror to steer and refocus the beam respectively. The bandwidth
coverage of the mirrors is broadband (20 nm-55 nm) for the plane mirror and narrowband
centered at 39 nm for the curved mirror, at an average reflectivity of 20% per mirror.

The indicated angle of incidence for maximized reflectivity is 5 degrees. However,
oblique incidence on the curved mirror leads to astigmatism, as can be clearly observed
in the ptychographic reconstruction of the vortex probes in Fig. 4.4b). A small amount
of astigmatism is also noticeable in the smooth beam reconstruction (Fig. 4.4a)). The
induced astigmatism to the wavefront is equal to 𝐼2

2𝑟
(𝑦2 − 𝑥2), with 𝐼 the incidence angle

and 𝑟 the radius of curvature of the mirror [205]. OAM beams have larger divergence
compared to Gaussian beams, so the beam has a larger size on the curved mirror and the
effect of astigmatism becomes stronger.

4.6.4 Data acquisition
The EUV camera in our experimental setup (Andor Ikon-L 936SO, 2048×2048 pixels, pixel
size 13.5 𝜇m, 15-bit dynamic range) has a constant background offset of approximately 320
counts for unbinned data when cooled to −60 ◦C. The CCD pixels were read-out at a rate
of 1MHz with preamplifier gain 2× for the vortex and structured beam measurements,
where the signal was decreased compared to the smooth beam measurement.

To fully utilize the dynamic range of the camera, we set different exposure times for
each measurement, equal to 10 s, 350 ms and 6 s for the vortex, Gaussian and structured
beams respectively. This difference in exposure times per diffraction pattern creates
different sensitivities to possible beam drifts and spectral jitter. To monitor slow drifts, we
recorded a diffraction pattern at one specific scan position several times throughout the
ptychographic measurement, as well as the polychromatic bare beam position before and
after themeasurement, andwe did not observe any significant drift for eithermeasurement.
Spectral and pointing jitter can lead to blurring of the diffraction patterns, especially for
long exposure times. The jitter can be modelled as a degree of incoherence in the beam,
which we treated algorithmically by decomposing each high harmonic wavefront into
incoherent modes. Given the limited amount of jitter, we found that using two modes is
sufficient for ptychographic reconstruction.

The sample is mounted on a three-dimensional translation stage (Smaract SLC-1730).
The translation lateral to the beam is required to perform ptychography scans and the
longitudinal translation allows us to select a desired beam size and divergence at the
sample plane.
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4.7 Ptychographic reconstruction algorithm
The ptychographic reconstructions were performed with Ptylab.py [193]. In Ptylab, the
PIM [46] algorithm has been implemented to describe the measured far-field diffraction
pattern at position 𝑗 as the incoherent sum of monochromatic diffraction patterns. For
the specific experimental settings of Fig. 4.3 we have modified the general forward model
expression to the following:

𝐼𝑗 ∼
∑

Λ

∑

𝑘∈{0,1}

(
𝒫Λ[𝑃𝑘,Λ(r) ⋅ 𝑂(r − r𝑗)]

)2
+ 𝐼𝐵

where Λ denotes the wavelength, 𝑘 refers to the incoherent mixed states of each probe
that account for sources of decoherence [35], the binary object 𝑂 is identical for all
wavelengths and𝒫Λ is the scaled angular spectrum propagator [149, 193] that permits
the propagation of an electromagnetic wave under the Fresnel approximation [96] with
wavelength-independent pixel size at the object plane. The mixed states of the probes
are orthogonalized during the reconstruction via singular value decomposition. In Fig.
4.4 we show the probes with the highest singular values that correspond more to the
physical representation of the beams, while for all simulations we do not use mixed states.
Furthermore, the general forward model expression allows for the object to be different
for every wavelength, but in our demonstration we have simplified the formula by using a
single object that looks identical for all wavelengths. The phase plots of the object shown in
Fig. 4.8 verify that the object is binary and there is no requirement for considering different
object representation for eachwavelength. 𝐼𝐵 is a constant background, iteratively updated
according to [206], that is added to the forwardmodel in order to take into account leakage
of the fundamental beam to the detector. The update rules in the (𝑛 + 1)th iteration for
probe and object are then, according to [46, 193]

𝑃𝑛+1,𝑘,Λ(r) = 𝑃𝑛,𝑘,Λ(r) + 𝛽𝑃 ⋅
𝑂∗𝑛(r − r𝑗)

(
𝜓 − 𝑃𝑛,𝑘,Λ(r)𝑂𝑛(r − r𝑗)

)

𝛼𝑝|𝑂𝑛(r)|2𝑚𝑎𝑥 + (1 − 𝛼𝑝)|𝑂𝑛(r − r𝑗)|2

𝑂𝑛+1(r − r𝑗) = 𝑂𝑛(r − r𝑗) + 𝛽𝑂 ⋅
∑

Λ

∑

𝑘

𝑃∗𝑛,𝑘,Λ(r)
(
𝜓 − 𝑃𝑛,𝑘,Λ(r)𝑂𝑛(r − r𝑗)

)

𝛼𝑜|𝑃𝑛,𝑘,Λ(r)|2𝑚𝑎𝑥 + (1 − 𝛼𝑜)|𝑃𝑛,𝑘,Λ(r)|2

Since we use a single object representation for all wavelengths, we have modified the
update rule given in [193] accordingly. Specifically, the update for the object is derived
via the accumulated gradients from all spectral and decoherence modes of the probe.
Moreover, for the reconstructions shown in Fig. 4.4, the regularization parameters 𝛼𝑝 and
𝛼𝑜, which were first introduced in [110], were chosen equal to 0.99 in order to penalize
updates of pixels with low signals, 𝛽𝑝 = 0.3 and 𝛽𝑜 was adjusted manually during the
reconstruction from 0 to 0.3. Since the polychromatic beam on the camera plane was
recorded before each ptychographicmeasurement, we implemented themodulus enforced
probe technique [58] within the reconstruction process. A good initial guess based on
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earlier reconstructed results was used for the object in the results shown in Fig. 4.4, but
the algorithms also converged with slightly worse performance if prior knowledge was
assumed only for the probes and not for the object.

a)

d)

b) c)

e) f)

g) h) i)

Amplitude (a.u.)

59% 41%77% 23% 74% 26%

Figure 4.8: Complementary object and probe reconstructions for experimental data. (a-c)
Complex-valued representations of the reconstructed object for (a) Gaussian, (b) vortex
and (c) structured beam. (d-e) Amplitude of the partially coherent 27th harmonic (38.3 nm)
beams at the object plane. (g-i) Amplitude and complex-valued plots of the incoherentmodes
of the 27th harmonic. In all complex-valued plots, brightness corresponds to amplitude and
hue to phase. Scale bars in all figures are equal to 20 𝜇m.
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4.8 Additional information about the reconstruction of
experimental data

4.8.1 Object reconstruction
In ptychography the imaging results are typically complex-valued expressions for the
probe and object that correspond to the laser beam amplitude and phase and to the
transmission (or reflection) function of the sample under examination. In this work
we demonstrated our concept in a binary sample that is either fully opaque or fully
transparent to all wavelengths. However, the reconstruction algorithm was not restricted
to converge to a real-valued object. The complete object reconstruction results, after
numerical propagation that remove any defocusing effects, are shown in Figs. 4.8a-c) for
the three tested beam cases. We observe that indeed the algorithm has converged to a
flat-phased object reconstruction for all beam cases, with only a minor residual phase
variation of ≈0.65 rad at the edge of the object when illuminated by a vortex beam.

4.8.2 Probe reconstruction
As mentioned in Section 4.3.3 and Appendix 4.7, during the reconstruction we use two
incoherent probe modes, also called mixed states, per wavelength. Figures 4.8d-f) show
the amplitudes of the incoherent sums of the modes of the 27th harmonic (38.3 nm) for
the three different beam types, which correspond to a physical representation of the beam
amplitude at this wavelength. We observe that both proposed methods to structure the
HHG beam (diffractionmask-based and introducing OAM) lead to highly structured beam
profiles. Finally, Figs. 4.8g-i) show amplitude and complex-valued plots of the incoherent
probe modes of the 27th harmonic, with the percentage of the total energy that is included
in each mode.

4.9 Diversity metrics under different
normalization strategies

The diversity metrics that have been used throughout this work, namely the 𝐿1, 𝐿2 norms,
the cosine metric, and Jensen-Shannon divergence (JSD), were proposed by Iwasaki et
al. [190] as appropriate to describe similarity between diffraction patterns, but originally
have been defined and used in other disciplines. The 𝐿𝑝 norms measure distance between
vectors, making the results strongly dependent on the magnitude of the vectors, which in
this application translates to the absolute intensity of the diffraction patterns. The cosine
metric only measures the angle between two vectors, giving a result that is independent
of any arbitrary scaling of the vector magnitudes. The JSD, on the other hand, has been
defined as similarity metric between probability density functions (PDFs), so the two
diffraction patterns that are inputs in the JSD equation need to be normalized accordingly,
such that the integrated intensity over the whole detector area is equal to 1. If we abide
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by this normalization, JSD is a bounded metric, with the supremum 𝐽𝑆𝐷𝑚𝑎𝑥 = 𝑙𝑜𝑔2
indicating maximum diversity.

For ptychography, the absolute value of the signal is an important parameter for
successful reconstructions, as high pixel values imply better signal-to-noise ratio (SNR),
although this aspect is not specifically relevant for diversity. However, it certainly affects
the reconstruction quality if within the diffraction patterns series there are many low-
signal diffraction patterns that mathematically give high diversity, but practically do not
contain any significant information due to the low SNR. Therefore, it is relevant to assess
the effect of including diffraction signal strengths in the diversity metrics on the achieved
reconstruction quality.

Figure 4.4 in the main text shows 𝐿1, 𝐿2, and cosine results for normalization of
the diffraction patterns such that the maximum pixel value over the whole series of
diffraction patterns is equal to 1. This approach ensures that relative intensity variations
among the diffraction patterns are included in the diversity metrics. For JSD a different
choice was made, and each diffraction pattern has been normalized individually such
that

∑
𝑥,𝑦 𝐼(𝑥, 𝑦) = 1, in order to be consistent with the definition of entropy. In addition

to this choice of normalization, we can consider alternative normalization methods to
calculate both scanning and spectral diversity, and investigate their effect on the different
metrics and their correlation to the ptychographic image reconstruction results. The
normalization procedures that we considered can be listed as follows:

1. Global normalization: normalize all diffraction patterns that correspond to different
scan positions (and different wavelengths if applicable) by the same number, such
that max𝑥,𝑦,𝑘𝐼𝑘(𝑥, 𝑦) = 1, with 𝑥, 𝑦 ∈ [1,𝑁], 𝑘 ∈ [1, 𝐾]

2. Local normalization: normalize each diffraction pattern that corresponds to a differ-
ent scan position (and a different wavelength if applicable) individually, such that
max𝑥,𝑦𝐼𝑘(𝑥, 𝑦) = 1, with 𝑥, 𝑦 ∈ [1,𝑁], 𝑘 ∈ [1, 𝐾]

3. Local normalization on total flux: normalize each diffraction pattern that corre-
sponds to a different scan position (and a different wavelength if applicable) indi-
vidually, such that

∑
𝑥,𝑦 𝐼𝑘(𝑥, 𝑦) = 1, with 𝑥, 𝑦 ∈ [1,𝑁], 𝑘 ∈ [1, 𝐾]

4. Local normalization including spectral weights: normalize two monochromatic
diffraction patterns that correspond to the same scan position by the same number,
such that max𝑥,𝑦,𝜆𝐼𝑘,𝜆(𝑥, 𝑦) = 1, with 𝑥, 𝑦 ∈ [1,𝑁], 𝑘 ∈ [1, 𝐾], 𝜆 ∈ {𝜆1, 𝜆2}

where 𝐾 is the number of scan positions and 𝑁 ×𝑁 is the size of the detector.
In Figs. 4.9, 4.10 we show results of scanning and spectral diversity respectively

for these different normalization strategies as applied to all four metrics. The results
indicate that the 𝐿1 and 𝐿2 norms are very sensitive to the normalization strategy, even to
the point where their difference becomes insignificant when using local normalization
(Fig. 4.9b)). We attribute this behaviour to the situation as described above, where the local
normalization results in an increased weight of low-intensity diffraction patterns on the
diversity metrics. As such low-intensity patterns contain significant noise, overestimating
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Figure 4.9: Scanning diversity metrics for different normalization strategies. (a) Global
normalization, (b) Local normalization, (c) Local normalization on total flux. The solid lines
indicate the mean values of comparing adjacent scan positions for scanning diversity over
the whole diffraction patterns series, while the shaded areas have a width of one standard
deviation. Note the different horizontal and vertical scales.

their weights will lead to higher diversity estimates, as white noise in principle has very
high diversity between separate measurements. Therefore, when using 𝐿𝑝 norms as
a diversity metric, global normalization is required to properly account for true signal
variations across the ptychography scan. In contrast, the cosine norm is independent of
the normalization, which is to be expected as the angle between vectors is not affected
by relative amplitude differences. This feature makes the metric more robust against
the choice of normalization and therefore more flexible. However, its independence of
the magnitude may form a limitation, as it may become less clear how to identify the
influence of low SNR in a ptychography dataset. As long as data of sufficiently high SNR
can be guaranteed, the cosine metric is a suitable way to assess diversity in a dataset.

The JSD is quite different from the other considered metrics, as it does not consider
measurements as vectors, but rather as probability distributions. Diversity is then quanti-
fied as the difference in information content instead of norms or projections of vectors.
This concept seems naturally suited to assess diversity in measured diffraction ’informa-
tion’, but does require a different treatment to allow such an interpretation. Interpreting
a diffraction measurement as a probability distribution requires the total probability of
all registered events to add up to one. This corresponds to the approach of local nor-
malization on flux, as used in Figs. 4.9c) and 4.10d). With this approach, the JSD is a
bounded metric with a clear interpretation of diversity in terms of new information added
by each next diffraction pattern, which is clearly attractive for experiment design and
analysis. However, such a local normalization approach does have the risk of becoming
too sensitive to noise when there are many low-SNR diffraction patterns in a dataset, as
was discussed above for the 𝐿𝑝 norms. Therefore, one could argue that JSD with a global
normalization approach has advantages, as it significantly reduces this noise sensitivity.
Comparing the JSD results in Figs. 4.9 and 4.10, we find that the trends in JSD for our
datasets are largely independent of the chosen normalization, although the variance is
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significantly reduced for global normalization. This does make it easier to assess trends in
JSD, but global normalization removes the absolute upper bound and reduces the JSD to
a relative metric.

Figure 4.10: Spectral diversity metrics for monochromatic diffraction patterns at 38.3 nm
and 41.4 nm for different normalization strategies. (a) Global normalization, (b) Local
normalization, (c) Local normalization including spectral weights, (d) Local normalization
on total flux. The solid lines indicate the mean values of comparing wavelengths over
the whole diffraction patterns series, while the shaded areas have a width of one standard
deviation. Note the different horizontal and vertical scales.
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Chapter 5
Material-sensitive and
thickness-resolved transmission
imaging using coherent extreme
ultraviolet radiation
Fengling Zhang, Xiaomeng Liu, Antonios Pelekanidis, Matthias Gouder, Kjeld Eikema, and Stefan
Witte. under review

Microscopy with EUV radiation enables high-resolution imaging with ex-
cellent material contrast, because of the short wavelength and numerous

element-specific absorption edges available in this spectral range. Table-top HHG
sources offer the additional advantage of generating wide spectra in the EUV
and soft X-ray range, making them inherently well-suited for characterizing
nanostructures. As lens-based EUV imaging is challenging, lensless imaging
methods based on coherent diffraction offer practical advantages and can even al-
low for quantitative phase measurements of object transmission functions. Here,
a spectrally resolved lensless imaging of dispersive sample is performed using
multiple high harmonics, based on different HHG-based measurement concepts.
We characterize the structure and composition of a three-element spiral-shaped
object in transmission using multi-wavelength diffractive shearing interferome-
try, as well as single-wavelength structured-illumination ptychography. We find
that both methods are capable of retrieving spatially resolved element maps and
corresponding layer thicknesses. Comparing methods, ptychography provides
superior accuracy in determining layer thickness, even for stacks of multiple ma-
terials, using an extended scattering quotient. These measurement and analysis
concepts thus provide a non-destructive way to accurately extract information
on the material composition and layer thicknesses of complex nanostructured
samples.
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5.1 Introduction: Material-sensitive Coherent Diffrac-
tive Imaging with High Harmonic Sources

Breakthroughs in imaging are driving advances in nanoscale metrology, enabling more
precise multiscale, three-dimensional characterization of functional systems such as
integrated circuits in the semiconductor industry. Unlike traditional microscopy, which
requires wavelength-specific lenses for photons and electrons, CDI captures diffraction
patterns directly and employs numerical phase retrieval algorithms to reconstruct an
object [17, 20, 27]. The resulting object image can be numerically corrected for aberrations,
with resolution limited only by the wavelength of the incident radiation and spatial
frequency of the diffracted waves. To overcome the wavelength limitations, CDI and
especially its scanning version known as ptychography [207] has been extensively explored
in the short wavelength spectral ranges such as EUV [18, 35–37, 43, 48, 57] and X-ray [56,
208, 209], as well as for electron imaging [210–212].

While CDI enables high-resolution imaging, its reconstruction quality depends on the
signal-to-noise ratio of the diffraction patterns [96, 213]. Current coherent sources like
synchrotron radiation and free-electron lasers fulfill the high brightness requirements,
yet their accessibility limits the widespread implementation of CDI techniques [56, 61,
209]. Meanwhile, table-top HHG provides the possibility to generate a broad harmonic
spectrum of spatially coherent EUV radiation with a laboratory-scale setup [66]. In
recent years, HHG sources have been widely applied in nanoscale coherent imaging from
interferometry [214, 215], reflectometry [43, 57], and wavefront sensing [49–51, 216] to
both material [35, 44, 217] and biological science [39].

For semiconductor applications, imaging and inspection with HHG sources presents
an attractive option, as many materials exhibit unique absorption and transmission prop-
erties in the EUV wavelength range [218]. This capability makes HHG-based imaging an
excellent tool for characterizing nanostructures. A first demonstration at 13.5 nm imaged
the nearly periodic structure on a silicon-based zone plate with subwavelength spatial
resolution of 12.6 nmwith a corresponding relative height map [58].Recent ptychographic
studies utilize information on both absorption and phase shift in every pixel of the sam-
ple image, enabling chemically resolved imaging by calculating the so-called scattering
quotient [35, 217, 219].Reflection-mode ptychography enabled non-destructive determi-
nation of layer thicknesses with chemically specific contrast for substrate-based samples
[43, 44, 57]. For thin, transparent samples, having a transmission-based measurement
that is sensitive to both material composition and thickness of various layers would be
particularly relevant.

To characterize layer thickness and material composition in transmission, both attenu-
ation and phase shift upon propagation are relevant measurable quantities. The concept of
scattering quotient is based on the ratio of these quantities [35], but removes the sensitivity
to layer thickness. Another approach can be to utilize the wavelength dependence of
such material properties, by performing e.g. intensity-only measurements at multiple
wavelengths. In this work, we perform different HHG-based lensless imaging experi-
ments aimed at retrieving element-resolved images of a multi-element structured film
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in transmission. Specifically, we use both diffractive shearing interferometry (DSI) [214,
215] and ptychography, and compare the ability of both methods to provide quantita-
tive information on elemental composition and layer thicknesses. DSI is ideally suited
for multi-wavelength measurements, as it is based on Fourier-transform spectroscopy
to retrieve spectrally resolved diffraction information. Ptychography is developed for
single-wavelength measurements, although it can be extended to multi-wavelength recon-
structions as well [37, 46, 48, 57]. An important advantage of ptychography is the ability
to separate the probe beam information, leading to accurate quantitative phase retrieval,
and enabling imaging with structured probe beams.

By applying both methods to the same sample, and comparing the results with EDX
from the SEM, we analyze their respective performance. We find that especially the
quantitative amplitude and phase information provided by ptychography allow for an
accurate sample characterization. By extending the concept of the scattering quotient to
include multiple layers of different materials, we can determine the local thickness of two
layers of distinct materials across the sample. We therefore conclude that ptychography is
a useful non-destructive approach to characterize both material composition and layer
thickness in complex nanostructured thin film samples.

5.2 Coherent Diffractive Imaging techniques
As image sensors only record intensity, the main challenge in CDI is to retrieve the phase
information belonging to a measured diffraction intensity profile. In the far-field limit,
the diffracted electric field corresponds to the Fourier transform of the exit wave, which is
typically modeled as the product of the illumination field ("probe") and the complex object
transmission function. To reconstruct the exit wave, the phase of the electric field at the
detector plane is retrieved using iterative methods [17, 28], and subsequently numerically
propagated to the object plane. The two specific implementations of CDI that we use are
DSI and ptychography, which are schematically depicted in Fig. 5.1 and introduced in
more detail below. To compare themain properties of bothmethods, Table 5.1 summarizes
the advantages and current limitations of both DSI and ptychography.

5.2.1 Diffractive Shearing Interferometry
The DSI approach [214] is based on the concept of spatially resolved Fourier transform
spectroscopy (FTS) [221] combined with lateral shearing interferometry [222–224]. The
experimental concept is shown in Fig.5.1a). The object is illuminated by a pair of broad-
band noncollinear HHG sources, which are produced using phased-locked pairs of intense
driving laser pulses [220, 221]. The two beams illuminate the sample target at slightly
different angles. An EUV-sensitive CCD camera positioned downstream captures the
resulting diffraction pattern, which corresponds to the coherent sum of the two spatially
displaced (sheared) exit waves in the far field. By scanning the time delay 𝜏 between the
HHG pulses, a series of far-field diffraction patterns is recorded. The time delay scan gives
rise to an interference pattern analogous to Fourier-transform spectroscopy at each CCD
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Figure 5.1: Schematic of the different CDI concepts used in this work. a) Diffractive shearing
interferometry: two identical and mutually coherent HHG beams illuminate the object
(being a spiral target in our experiments) with a finite shear angle 𝛼 between them and
a controlled time delay ∆𝜏. A series of diffraction patterns is recorded as a function of 𝜏,
from which spectrally resolved diffraction patterns can be reconstructed [220]. b) Typical
HHG spectrum retrieved from a time-delay scan without an object present in the beam. c)
Ptychography: the HHG beam is refocused and spectrally filtered by a pair of narrow-band
multilayer mirrors onto the object mounted on a translation stage. A series of diffraction
patterns is recorded as a function of transverse object position relative to the probe 𝑟𝑗 . In these
experiments, the EUV beam is spatially structured by imparting orbital angular momentum
onto it in the HHG process. d) Measured spectrum of the EUV radiation after the spectrally
selective mirrors, along with spectral weights as retrieved by ptychography (see text for
details).

pixel, enabling the reconstruction of diffraction patterns for each wavelength present in
the HHG illumination [220]. For each wavelength component, the complex measured
interference pattern at the camera plane can then be expressed as [214]:

𝑀(𝑘) = 𝐸(𝑘 + 𝑑𝑘)𝐸(𝑘 − 𝑑𝑘)∗

= 𝐴(𝑘 + 𝑑𝑘)𝐴(𝑘 − 𝑑𝑘)𝑒𝑥𝑝{𝑖(𝜙(𝑘 + 𝑑𝑘) − 𝜙(𝑘 − 𝑑𝑘))}
(5.1)

where 𝑀(𝑘) is the measured signal. 𝐴(𝑘 + 𝑑𝑘) is the amplitude of the electric field
𝐸(𝑘+𝑑𝑘) of one beam, 𝜙(𝑘) is the phase of the electric field and 𝑘 is the k-space coordinate
as recorded in the camera plane. Given the lateral shear between the two beams 2𝑑𝑘, a
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general camera-plane constraint for iterative phase retrieval can be written as

𝐸𝑛+1(𝑘) =(1 − 𝛽)𝐸𝑛(𝑘)

+
𝛽
2 [
𝑀(𝑘 − 𝑑𝑘)𝐸𝑛(𝑘 − 2𝑑𝑘)
|𝐸𝑛(𝑘 − 2𝑑𝑘)|2 + 𝜖2

+
𝑀∗(𝑘 + 𝑑𝑘)𝐸𝑛(𝑘 + 2𝑑𝑘)
|𝐸𝑛(𝑘 + 2𝑑𝑘)|2 + 𝜖2

]
(5.2)

where 𝐸𝑛 is the 𝑛𝑡ℎ guess of the electric field, 𝛽 is the strength of the correction to the
electric field guess and is typically set to 0.9, and 𝜖 is a small number to avoid zero divisions.
In combination with prior knowledge of object support, the monochromatic electric field
can be acquired by using different phase retrieval algorithms [27, 28, 225].

An advantage of DSI is that the complex phase term provides information about the
spatial phase derivative along the direction of the shear between the beams. Further-
more, information at multiple wavelengths is recorded in parallel, making effective use
of the available HHG flux and bandwidth, and avoiding the systematic errors involved
in wavelength-scanning measurements. During DSI, the use of near-plane-wave illumi-
nation ensures that the diffraction pattern remains unchanged with the sample, greatly
simplifying the sample alignment during reconstruction. However, the retrieved phase
information still contains the wavefront of the illumination beam, making it challenging to
unambiguously isolate the sample-induced phase shifts from the inherent phase curvature
of the probe.

5.2.2 Ptychography
As shown in Fig. 5.1c), ptychography utilizes a spatially confined probe beam that is trans-
versely scanned across the sample with partial overlap between adjacent positions [207].
This scanning strategy imposes strong constraints on the possible exit wave solutions,
leading to robust and accurate phase retrieval. As ptychography can be extended to sepa-
rately retrieve the complex fields of both probe beam and the sample response [195], the
illumination profile does not need to be accurately known and can be used to increase
measurement diversity [36, 37]. We perform our ptychography reconstructions with the
package PtyLab.py [193], which includes the ability for ptychographic information mul-
tiplexing [46]. Here, the measured far-field diffraction pattern at position 𝑗 is described
as the incoherent sum of 𝑘 monochromatic diffraction patterns. For our experiments on
a dispersive sample, we modify the forward model to include a wavelength-dependent
object transmissivity:

𝐼𝑗 ∼
∑

𝜆

∑

𝑘∈{0,1}

(
P̂𝜆[𝑃𝑘,𝜆(r) ⋅ 𝑂𝜆(r − r𝑗)]

)2
+ 𝐼𝐵 (5.3)

where 𝜆 denotes the wavelength, and 𝑘 refers to the orthogonal modes in the decomposi-
tion of the mutual intensity of a spatially partially coherent beam [35, 37, 126]. Both the
object 𝑂 and the probe 𝑃 are modeled in terms of a set of modes covering the different
harmonic wavelengths. Additionally, P̂𝜆 is the scaled angular spectrum propagator [96,
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226, 227], which allows the propagation of an electromagnetic wave under the Fresnel
approximation, maintaining a wavelength-independent pixel size at the object plane.
Although we use a narrowband multilayer mirror in the experiment, the mirror pair
still reflects an additional harmonic on each side of the central harmonic, as shown in
Fig. 5.1d). 𝐼𝐵 is a constant background, caused by leakage of the fundamental beam to the
detector and thermal effects from the detector itself.

Ptychographic methods remove the need for any object support and the associated
prior object knowledge [207]. However, in addition to the computational complexity,
ptychography relies on accurate knowledge of the wavelengths and the distance between
the object and the detector plane to ensure the scaled angular spectrum propagator P̂𝜆
can be applied accurately, although such parameters can be optimized numerically to a
certain extent [200].

Table 5.1: Comparison of DSI and ptychography

Method FTS+DSI Ptychography
Spectral-
resolved

√
no prior knowledge needed

√
Needs well-calibrated prior in-

put
Quantitative
phase retrieval

×
√

Amplitude
retrieval

√ √

Advantages Single-shot imaging; high spa-
tial and temporal resolution

Reconstructs probe and ob-
ject; large field of view with
nanoscale resolution; com-
pensate partial coherence and
imperfect measurements via a
mixed-state model.

Limitations Prior knowledge of sample; can-
not separate phase contributions
from object and probe.

Prior knowledge of spectrum;
high computational cost.

5.3 Materials andMethods

5.3.1 Nanofabrication of a dispersive multilayer sample
To test the performance of the different CDI methods on a dispersive and multi-element
sample in transmission, we fabricated a dedicated test object. Such a partially transparent
sample was fabricated using a combination of sputter coating and focused ion beam (FIB)
milling techniques. A 50 nm thick freestanding Si3N4membranewas used as the substrate,
coated with a 59 nm thick layer of titanium, followed by 100 nm thick gold capping layer.
As shown in Fig. 5.2b), a spiral shaped pattern is milled onto themultilayer substrate using
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the FIB processing. The narrow-linewidth spiral structure generates far-field diffraction
patterns with strong high-angle components, providing rich spatial frequency information
that benefits CDI reconstruction.

A key feature of the design is the spiral pattern’s varying depth profile, which gradually
changes from the center outward. At the very center, all layers are fully removed, resulting
in full transmission. As the spiral line progresses towards the outside, the Si3N4 layer
starts to appear and gradually increases in thickness to 50 nm. The EUV transmission
profile for a 50 nm Si3N4 layer is shown in Fig. 5.2a). Further towards the outside of the
spiral, the Ti layer also remains present with gradually increasing thickness. The EUV
transmission for 50 nm Si3N4 plus 59 nm Ti is shown in Fig. 5.2c). At the tail of the spiral,
the full thickness is retained. In this region, the transmission is expected to drop to zero,
as the gold layer is fully opaque for our HHG spectrum. To mark where the spiral ends, a
fully transmissive rectangular hole is milled as a reference marker. As the Si3N4 and Ti
layers have different spectral responses, and especially Ti has an absorption edge leading
to a strong reduction in transmissivity at wavelengths below 30 nm, the resulting object is
expected to have a strong spatially-dependent spectral response in both amplitude and
phase.

Figure 5.2: The transmission profile of the a) Si3N4 layer and c) Si3N4+Ti layer, respec-
tively. The red star indicates the transmission at the 31 nm, while the green star indicates
transmission at 37 nm. b) The SEM image of the spiral target.

5.3.2 Experiment Design
The DSI experimental setup is shown in Fig. 5.1a). The two EUV beams intersect at a
relative angle 𝛼 of 0.4 mrad, resulting in two sheared copies of the diffraction pattern
on the CCD camera placed 18 cm downstream from the sample plane. The CCD chip
has 2048x2048 pixels with 13.5 um pixel size. The sample transmissivity was low, which
necessitated an 18-second integration time for each camera exposure with 4-by-4 binning
and 4× camera pre-amplifier gain. The time-delay scan was optimized for the HHG
spectrum in argon gas jet, with a time delay step of approximately 32 as, corresponding
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to 9.7 nm optical path difference, enabling measurement of the theoretically shortest
wavelength of 19.4 nm. The entire experiment comprised 485 time steps, resulting in a
total delay of 15.7 fs, spanning multiple optical cycles of the driving laser and ensuring
sufficient spectral resolution.

The ptychographic experimental setup is shown in Fig. 5.1c). The fundamental laser
driving the HHG process contained OAM with charge one, leading to harmonics carrying
OAM as well [180]. This nonzero OAM results in a significantly structured illumination
profile of the probe, which improves the reconstruction quality and algorithm conver-
gence [36, 37]. The structured high harmonics are refocused by a pair of narrow-band
multilayer mirrors onto the sample. The CCD camera is placed approximately 10.68 cm
from the sample plane. A typical multi-spectral HHG diffraction pattern corresponding to
illumination of the central area of the sample is shown in Figs. 5.1c). The ptychographic
datasets for the OAM beams consist of 301 scan positions in a concentric scan grid with
3.76 um step size and 67 um field of view. The EUV spectrum is measured separately by
placing a transmission grating with 500 nm pitch (solid line in Fig. 5.1d)) in the HHG
beam. Furthermore, ptychography retrieves the spectral weights of the different probe
modes [49], allowing a comparison (Fig. 5.1d)). The multilayer mirror pair is specifically
designed to reflect the 27th harmonic (38.3 nm), while the neighboring 25th and 29th
harmonics exhibit significantly lower signal strengths, approximately 10% of that of the
27th harmonic. A discrepancy between retrieved spectrum and grating measurement is
observed at the 25th harmonic at 35.6 nm, where the signal-to-noise ratio is the lowest.
Therefore, we focus on the ptychographic results at 38.3 nm in the rest of this paper.

5.4 Results and Discussion

5.4.1 Qualitative, material-resolved DSI results
Figures 5.3a) and b) show the retrievedmonochromatic diffraction patterns at wavelengths
31 nm (red trace) and 37 nm (green trace) resulting from the time-delay scan, respectively.
The wavelength scaling between the patterns at 31 nm and 37 nm is clearly visible. The
DSI iterative phase retrieval method is employed to reconstruct the spiral images at both
31 nm and 37 nm wavelengths from their corresponding diffraction patterns.

The reconstructed spiral transmissivity images at 31 nm and 37 nm are visualized
using color mapping, with red representing 31 nm and green representing 37 nm. The
two reconstructed spiral images are superimposed, as illustrated in Fig. 5.3c), with their
transmissivities normalized at the center of the spiral where no material is present. The
color in the composite image reflects the relative transmission strength at the two wave-
lengths. In the central region, a yellow hue indicates comparable transmission at 31 nm
and 37 nm. A gradual shift in color is observed toward red in regions primarily composed
of Si3N4, and toward green in regions containing Ti. These trends meet a good agreement
with the expected transmission properties of the respective materials shown in Fig. 5.2.

The DSI data is analyzed by taking a line-out along the spiral line, to determine the
experimentally observed normalized transmissivity along the spiral. As an independent
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reference, we performed EDXmeasurements on the same sample, and calculated expected
sample transmissivity from the observed local elemental composition. More details on
the EDX data and analysis are given in Appendix 5.6.1 and 5.6.1. The comparison of
the DSI and EDX results is shown in Fig. 5.3d). The reconstructed transmissivity from
DSI (solid traces) is consistent with the EDX results (dashed traces). Figure 5.3e) shows
the transmissivity across the outer ring of the spiral structure, where a larger amount
of Ti remains on the sample. Significantly, the transmissivity at 37 nm is higher than
that at 31 nm in both DSI and EDX datasets. This wavelength-dependent variation in
transmissivity suggests the presence of both Si3N4 and Ti in the region between around
500 𝜇m and 1500 𝜇m distance along the spiral path.

DSI measurements provide an accurate spectrally-resolved imaging method. Quali-
tatively, good agreement is found between the transmission percentages extracted from
the DSI data and from the EDX data. However, accurately extracting quantitative layer
thicknesses based solely on the amplitude information fromDSI is found to be challenging.
Although the DSI and EDX data show consistent trends at both 31 nm and 37 nm, the level
of noise in the DSI-derived transmissivity is comparable to the wavelength-dependent sig-
nal differences, limiting the precision of any layer thickness estimation. To achieve more
accurate material-specific and elemental characterization, the phase of the exit wave can
be taken into consideration, which allows mapping the spatial variations in optical path
length across the sample. In DSI reconstruction, however, the measured phase contains
contributions from both the sample and the illumination beam, and separating the phase
shift introduced by the dispersive sample from the inherent phase curvature of the probe is
a significant challenge. Therefore, any quantitative analysis of DSI image reconstructions
typically remains limited to the intensity information. The following section explores how
ptychography offers a promising approach to overcome this limitation.

5.4.2 Quantitative, material-resolved and thickness-sensitive
ptychography measurements

The results of the ptychography measurement are summarized in Fig. 5.4. The recon-
structed spiral target is shown in Fig. 5.4a). Given the current experimental parameters,
the diffraction-limited resolution is 138 nm, assuming the shortest contributing wave-
length component is 35.6 nm. Since the reconstructions give complex-valued expressions
for both the object and the probe, numerical propagation was applied to the object to
correct for a defocus term arising from calibration mismatches in the wavelength or the
sample-to-camera distance. Figure 5.4b shows the reconstructed probe, which is 27th
harmonic generated from our home-built high-power laser operating at 1030 nm central
wavelength [228]. Two incoherent probe modes at 38.3 nm are reconstructed, referring
to "mixed states" in Section 2.2. The main mode 𝑘 = 0 contains 62% of the intensity,
with an overall mode purity of 71.2% [126]. Given that HHG sources typically exhibit
a high degree of spatial coherence [229], we attribute the mixed state modes to partial
decoherence and other sources of noise in the forward model. The reconstructed probe
does not exhibit the typical donut-shaped profile characteristic of standard OAM beams.
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Figure 5.3: DSI measurement results. Monochromatic diffraction patterns at a wavelength
of a) 37 nm and b) 31 nm. c) Image reconstructions superimposed at wavelengths of 37 nm
(green) and 31 nm (red). A yellow color represents similar transmission at both wavelengths,
while red or green color indicates higher transmission at 31 nm or 37 nm, respectively. d)
Comparison of the relative smooth transmissivity along the spiral, as determined by DSI
at 31 nm (red solid line) and 37 nm (green solid line) wavelength, and calculated from the
layer thicknesses determined from EDX (see text for details) data for 31 nm (red dashed line)
and 37 nm (green dashed line), respectively. e) Zoomed-in version of d) for the outer part of
the spiral.

This deviation is primarily attributed to strong astigmatism introduced by the multilayer
mirrors, as discussed in detail in our previous work [51].

Similar to the DSI analysis, we retrieved the transmissivity along the spiral line. As
ptychography separates the complex fields of objetct and probe, it becomes possible to
quantitatively assess the phase delay introduced by the object along the spiral trajectory as
well (Fig. 5.4c)). From the retrieved transmission intensity, we find that the transmission
curve is consistent with the results from the DSI and EDX measurements.

Knowing the phase profiles of spiral sample enables us to analyze itsmaterial properties
in more detail. Similar to the intensity, there is a distinct jump in the accumulated phase
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around 250 𝜇m along the spiral, which has much better visibility in the phase profile
compared to the noisier intensity profile. Further along the spiral path, the phase delay
continues to increase monotonously, as expected for an increasing amount of material,
but with a varying slope. This behavior indicates that the spiral sample exhibits a more
complex structure than a simple material with linearly increasing thickness. Given the
limited control over the rate of material removal in the FIB milling process, especially
in the presence of multiple elements, a linear thickness profile would not necessarily be
expected for the fabricated spiral path.

25um

10um

a)
b) Pk=0

Pk=1

c)

purity=71.2%

62%

38%

d)
.3

Figure 5.4: Ptychography reconstructions of a) the spiral sample and b) the main spatial
modes of the OAM beam at 38.3 nm. Here, the amplitude and the phase are represented
by brightness and color, respectively. c) extracted unwrapped phase along the trajectory of
the spiral. d) Comparison of the relative transmissivity along the spiral, as determined by
ptychography at 38.3 nm (blue trace), DSI at 37 nm (orange trace) and EDX at 37 nm (green
trace).

For a more quantitative analysis of the local material composition, we use the retrieved
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amplitude and phase images to calculate the scattering quotient averaged along the pro-
jection direction (Fig 5.5a)). The scattering quotient allows identification of different
materials by comparison with measured complex refractive indices of different materi-
als [35, 39]. With the complex refractive index given as 𝑛 = 1 − 𝛿 − 𝑖𝛽, the scattering
quotient is defined as the ratio 𝑓𝑞 = 𝛿∕𝛽, which can be shown [35] to be equivalent
to the ratio of the measured phase delay and the logarithm of the object transmissivity
amplitude:

𝑓𝑞 =
𝜙(𝑥, 𝑦)

ln(|𝐴(𝑥, 𝑦)|)
= 𝛿
𝛽

(5.4)

An advantage of such a scattering quotient is that it is independent of the layer thickness,
making it a sensitive probe to identify materials in the case of a single element at each
location. In the case where multiple elements are stacked, a similar approach can still be
used to connect the measured amplitude and phase to the local material properties. We
define an extended scattering quotient, which for a two-layer system takes the following
form:

𝑓𝑞 =
𝜙(𝑥, 𝑦)

ln(|𝐴(𝑥, 𝑦)|)
=
𝛿1 + 𝛿2(𝑑2∕𝑑1)
𝛽1 + 𝛽2(𝑑2∕𝑑1)

(5.5)

where the refractive index of the Si3N4 is given by 𝑛1 = 1 − 𝛿1 − 𝑖𝛽1, and the subscript
‘2’ refers to Ti. A derivation of this extended scattering quotient is provided in the Ap-
pendix 5.6.3, and a further extension to more than two materials is straightforward. For
locations on the sample where the the Ti layer is removed (i.e. 𝑑2 = 0), 𝑓𝑞 only corre-
sponds to Si3N4. Equation 5.5 then reduces to the form for a single material (Eq. 5.4 and
again becomes independent of material thickness).

a) scattering quotient
Ti=-1.1 Si3N4=1.45 Ti=-1.1 Si3N4=1.45b) c)

Figure 5.5: a) Scattering quotientmap from reconstructed spiral sample. b) and c)Histograms
representing the data from the selected regions (blue and red squares in a), respectively).

Todetermine the spatially resolved scattering quotient across the object, we take an area
at a position where the spiral is fully open (indicated by the yellow rectangle in Fig. 5.4a))
as a reference. The object transmissivity amplitude 𝐴(𝑥, 𝑦) and phase delay 𝜙(𝑥, 𝑦) are
then determined with respect to that reference, and used to calculate the scattering
quotient. The result is shown in Fig. 5.5a). Along the spiral path, a continuous change
of the scattering quotient is observed, indicating a change in the material composition.
For further analysis, we plot histograms of the scattering quotient per pixel across two
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selected regions located in different ringsindicated by the red and blue areas in Fig. 5.5a),
respectively. In the histogram of the red region (Fig. 5.5b)), corresponding to the inner ring,
the scattering quotient peaks around 1.45 at 38.3 nm. This value matches the expected
value for Si3N4, indicating that there is a single material present in this area. In contrast,
the histogram of the blue area in the outer ring (Fig. 5.5c)) shows a significantly lower
scattering quotient, which can be attributed to the presence of Ti on top of the Si3N4
membrane. As expected from Eq. 5.5, a value for the scattering quotient is found that
effectively is a weighted average of the value of the separate elements, with the relative
thickness of the two layers as the weighting factor.

2.5um

d)

a)

Figure 5.6: Quantitative thickness determination from ptychography reconstructions. a)
White squares indicate the regions selected along the line-out of the reconstructed complex
transmissivity of the spiral sample. Regions of specific interest, highlighted in green and red
in a), are shown in detail in b) and c), respectively. d) Absolute layer thicknesses extracted
from the ptychography, including a comparison of the normalized layer thickness along the
spiral sample as determined by EDX (dashed traces).

For a sample consisting of two materials, it is possible to determine the thickness
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of both layers from the reconstructed amplitude and phase delay. Assuming weakly
reflecting layers and linear propagation, the thickness of the two layers can be expressed
as:

𝑑1 =
𝐶1𝛿2 − 𝐶2𝛽2
𝛽1𝛿2 − 𝛽2𝛿1

(5.6)

𝑑2 =
𝐶2𝛽1 − 𝐶1𝛿1
𝛽1𝛿2 − 𝛽2𝛿1

(5.7)

Here, 𝐶1 = −(𝜆0∕2𝜋) ln(|𝐴|) and 𝐶2 = (𝜆0∕2𝜋) 𝜙. A derivation of these expressions,
along with an error analysis of the thickness determination, is given in the Appendix 5.6.4.
Figure 5.6 shows the results of such a layer thickness analysis on our spiral target. We
average the measured amplitude and phase over a series of 5 × 5 𝑝𝑖𝑥𝑒𝑙𝑠2 areas (954 in
total), indicated by white squares in Fig. 5.6a), and calculate the thickness of the Si3N4 and
Ti layers using Eqs. 5.6, 5.7. Starting from the spiral center to the outside, the thickness
of both layers remains consistent with zero up to around 150 𝜇m. From there onward, a
rapid increase in thickness of especially the Si3N4 layer is observed from 170 to 300 𝜇m,
as highlighted by the green dashed box in Fig. 5.6d). This region corresponds to the
green-marked areas in Fig. 5.6a). After 300 𝜇m the Si3N4 thickness continues to increase
at a much lower rate, while the thickness of the Ti layer starts to increase more rapidly.
The nominal thicknesses of the layers are 50 nm for Si3N4 and 59 nm for Ti, although
these values can have a significant error margin from the fabrication tolerances.

In Fig. 5.6d), we also compare the material thickness retrieved from ptychography
with an estimate the EDX data. Although EDX cannot provide direct thickness values,
for thin homogeneous layers the relative signal strength can be interpreted as the total
amount ofmaterial in a column, and is therefore proportional to height (seeAppendix 5.6.4
for details). By normalizing the thickness to the ptychography value at the end of the
spiral path, the shape of the EDX curve can be used for comparison. These normalized
curves show very good agreement, indicating that our ptychography-based approach can
accurately characterize both material composition and layer thickness.

Aside from the overall good agreement, two regions along the spiral path show more
complex behaviour. The first such region is around 200 𝜇m, which is where the Si3N4 film
becomes visible. In this area, a large peak appears in the Ti thickness as well, although
with large error bars as well. This behaviour seems to result from the rapidly varying
spatial structure of the Si3N4 film, as can be seen in the SEM image in Fig. 5.6b). Instead
of a homogeneous layer, the film has various holes and curled remnants, which lead to
deviations in the area-averaged scattering quotient. A second region with more complex
behaviour is towards the end of the spiral. Here, a deviation between the EDX estimate
and the ptychography reconstruction is visible, with an overestimation of the the Si3N4
thickness, and an underestimation for Ti. These discrepancies are likely due to the
presence of gold particle remnants on the spiral path, as can be seen in Fig. 5.6c). The
reference aperture at the end of the path is retrieved well, and the local layer thickness
estimate is consistent with zero.
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5.5 Outlook and Conclusion
In this work, we performed HHG-based lensless imaging experiments aimed at retrieving
element-resolved and thickness-sensitive information from a multi-layer, compositionally
complex nanostructured sample in transmission. DSI provides spectrally resolved recon-
structions at 31 nm and 37 nmwavelengths. The method enables qualitative identification
of regions dominated by Si3N4 and Ti across the sample based on their wavelength-
dependent transmission properties. However, the ability of DSI to retrieve quantitative
phase information was fundamentally constrained by the coupling of the object-induced
phase with the curvature of the illumination beam. As a result, while it offers efficient
multi-wavelength imaging, DSI is limited in its capacity for precise thickness determina-
tion. Ptychography overcomes the limitations of DSI by reconstructing both the amplitude
and phase of the exit wave with a given spectrum. Using structured illumination with
OAM beams, we obtain high-quality reconstructions at a wavelength of 38.3 nm, enabling
detailed analysis of the material composition and layer thicknesses of the sample. The
scattering quotient method further facilitated material identification, while the combined
amplitude and phase data allowed for accurate thickness extraction, validated by EDX. It
is worth noting that the ptychographic results not only provided absolute layer thickness
measurements but also revealed fabrication imperfections in specific regions, such as
incomplete ion milling and residual gold particles, further highlighting the sensitivity and
diagnostic potential of the method.

Combining these methods with multi-wavelength ptychography would further in-
crease the diagnostic capabilities, potentially giving sufficient information to extract
thickness information of more than two layers (assuming refractive index information is
available). Future work could combine DSI and ptychography to multiwavelength region,
in which a pair of HHGpulses with varying time delay is used in a ptychography scan [230].
This scheme would combine increased wavelength diversity with multi-wavelength am-
plitude and phase reconstructions of a complex object.

In conclusion, we find that especially ptychography provides a nondestructive frame-
work for quantitative lensless EUV imaging. The ability to perform high-resolution,
material-sensitive, and thickness-resolved analysis of complex nanostructures is promis-
ing for applications in nanolithography, semiconductor inspection, and multilayer thin
film analysis, where access to buried structures and identification of material contrast is
essential.

5.6 Appendix

5.6.1 Energy-dispersive X-ray Spectroscopy Results
To establish a correlation between the reconstructed image and the chemical composition
of the spiral sample, EDX measurements were carried out, and the results are presented
in Fig. 5.7a), for the elements Si, Ti and Au. An EDX image encodes the abundance of the
corresponding element in the brightness of the image. The Si image is representative of
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the Si3N4 layer, and appears dark in the center of the spiral, indicating that the layer has
been completely removed. Along the spiral line, the brightness increases, indicating an
increase in the thickness of the layer. Similar observations were made for the other two
elements, but with different gradients and positions where the material is fully removed.
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Figure 5.7: a) EDX measurements of the spiral sample: Si, Ti and Au data is shown. b)
Line-out along the spiral on the EDX data, giving an indication of the local layer thicknesses.

The EDX data is analyzed by taking a line-out along the spiral line and normalizing it
to the signal outside the spiral, as illustrated in Fig 5.7b). This signal is interpreted as the
local layer thickness 𝑑𝑙 for each element. From this data, the EUV spectral transmission of
each material is subsequently estimated through the utilization of a comprehensive X-ray
database, provided by the Center for X-Ray Optics [231]. The Beer-Lambert Law is then
used to derive the transmission as a function of layer thickness, following the expression:
𝑇𝑙𝑎𝑦𝑒𝑟 = 𝑇𝑑𝑙∕𝑑𝑡𝑡 , where 𝑇𝑡 and 𝑑𝑡 are the expected transmission and the nominal thickness
of the fabricated layers. Finally, the overall transmission of the spiral thin-film is calculated
by multiplying the individual layer transmissions.
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5.6.2 Data analysis to raw transmissivity from DSI and EDX
Figure 5.8 shows the raw transmissivity data from DSI and EDX measurements. To
improve visibility and signal-to-noise ratio, we have applied a smoothing procedure to
the data, which leads to the final results shown in Fig. 5.3d-e) in the main text. For
this smoothing, we convolute the raw transmissivity profiles with a rectangular window
function of 3 𝜇mwidth. While this does lead to a reduction of the spatial resolution along
the spiral path, the noise reduction makes the resulting curves more readily comparable.

(a
.u
.)

a)

b)

Figure 5.8: a) Comparison of the relative transmissivity along the spiral, as determined by
DSI at 31 nm (red solid line) and 37 nm (green solid line) wavelength, and calculated from
the layer thicknesses determined by EDX data for 31 nm (red dashed line) and 37 nm (green
dashed line), respectively. b) Zoomed-in version of a) for the outer part of the spiral.

5.6.3 Expression for the extended scattering quotient
The scattering quotient can be applied to the case ofmultiplematerials along the projection
direction of the measurement. Starting from an incident field with amplitude 𝐸0, the
transmitted field behind the two-layer sample can be described by:

𝐸(𝑑1, 𝑑2) = 𝐸0 exp(−𝑖𝑘1𝑑1) exp(−𝑖𝑘2𝑑2) (5.8)

where 𝑑1 and 𝑑2 are the thicknesses of two different materials, respectively. The wavenum-
ber 𝑘𝑗 = 2𝜋𝑛∕𝜆, with the refractive index of the material 𝑛𝑗 = 1−𝛿𝑗−𝑖𝛽𝑗 and wavelength
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𝜆0. By inserting those parameters in Eq.5.8, the transmitted field can be written as:

𝐸(𝑑1, 𝑑2) = 𝐸0 exp(−
2𝜋
𝜆0
(𝛽1𝑑1 + 𝛽2𝑑2)) exp(−𝑖

2𝜋
𝜆0
(𝛿1𝑑1 + 𝛿2𝑑2)) (5.9)

where the phase shift is taken relative to propagation in vacuum.
From Eq. 5.9 it directly follows that:

ln𝐴 = ln |𝐸∕𝐸0| = −2𝜋𝜆0
(𝛽1𝑑1 + 𝛽2𝑑2)) (5.10)

𝜙 = 2𝜋
𝜆0
(𝛿1𝑑1 + 𝛿2𝑑2) (5.11)

which can be combined and rearranged to give the expression for the extended scattering
quotient in the main text, Eq. 5.5. The amplitude |𝐴| = |𝐸∕𝐸0| and phase of the electric
field are both retrieved experimentally, allowing the calculation of the scattering quotient
𝑓𝑞 = 𝜙(𝑥, 𝑦)∕ ln(|𝐴(𝑥, 𝑦)|).

5.6.4 Thickness determination and error analysis
We rewrite Eqs. 5.10, 5.11 to separate the thickness terms:

𝛽1𝑑1 + 𝛽2𝑑2 = −
𝜆0
2𝜋 ln(|𝐴|) = 𝐶1 (5.12)

𝛿1𝑑1 + 𝛿2𝑑2 =
𝜆0
2𝜋𝜙 = 𝐶2 (5.13)

From these equations, it is straightforward to isolate expressions for 𝑑1 and 𝑑2 in terms
of the material constants, the wavelength and the measured amplitude and phase delay,
given by Eqs. 5.6 and 5.7 in the main text.

An estimate of the accuracy of the thicknesses is given by an error analysis based on
the uncertainties in the experimental parameters 𝐴 and 𝜙, which are included in 𝐶1 and
𝐶2. The standard deviation for thickness 𝑑1 can be written as:

𝜎𝑑1 =

√

(
𝜕𝑑1
𝜕𝐶1

𝜕𝐶1
𝜕𝐴 𝜎𝐴)2 + (

𝜕𝑑1
𝜕𝐶2

𝜕𝐶2
𝜕𝜙 𝜎𝜙)2 (5.14)
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where:

𝜕𝑑1
𝜕𝐶1

=
𝛿2

𝛽1𝛿2 − 𝛽2𝛿1
𝜕𝑑1
𝜕𝐶2

=
𝛽2

𝛽1𝛿2 − 𝛽2𝛿1
𝜕𝐶1
𝜕𝐴 = −

𝜆0
2𝜋

1
𝐴

𝜕𝐶2
𝜕𝜙 =

𝜆0
2𝜋

(5.15)

and the standard deviations 𝜎𝐴 and 𝜎𝜙 are determined from the distribution of exper-
imentally retrieved values within a 5 × 5-pixel area as indicated by the white boxes in
Fig. 5.6.
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Chapter 6
Fast Spectroscopic Imaging Using
Extreme Ultraviolet Interferometry
Hannah C. Strauch, Fengling Zhang, Stefan Mathias, Thorsten Hohage, Stefan Witte, and G. S.
Matthijs Jansen. Optics Express 32, 28644-28654 (2024).

Extreme ultraviolet pulses as generated by high harmonic generation (HHG)
are a powerful tool for both time-resolved spectroscopy and coherent diffrac-

tive imaging. However, the integration of spectroscopy andmicroscopy to harness
the unique broadband spectra provided by HHG is hardly explored due to the
challenge to decouple spectroscopic and microscopic information. Here, we
present an interferometric approach to this problem that combines Fourier trans-
form spectroscopy (FTS) with Fourier transform holography (FTH). This is made
possible by the generation of phase-locked pulses using a pair of HHG sources.
Crucially, in our geometry the number of interferometricmeasurements required
is at most equal to the number of high-harmonics in the illumination, and can be
further reduced by incorporating prior knowledge about the structure of the FTH
sample. Compared to conventional FTS, this approach achieves over an order of
magnitude increase in acquisition speed for full spectro-microscopic data, and
furthermore allows high-resolution computational imaging.
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6.1 Introduction
Coherent extreme ultraviolet light produced by high-harmonic generation [232] provides
a unique opportunity for the study of ultrafast dynamics in condensed matter at the
nanoscale. On the one hand, the short wavelength yields a favourable Abbe resolution
limit, and extreme ultraviolet (EUV) coherent diffractive imaging (CDI) nowadays enables
imaging at nanometer-scale resolution [18, 233, 234]. On the other hand, the wide range
of photon energies and ultrashort, attosecond (as) to femtosecond (fs) pulse durations
of EUV light pulses from high-harmonic generation (HHG) provide access to a wide
range of elemental absorption edges. Here, time-resolved spectroscopy yields a sensi-
tive element-resolved probe of dynamics of the electrons, the spins and the lattice in
optically excited matter [235–241]. The combination of both these approaches, namely
nanometer-scale microscopic time-resolved EUV spectroscopy, is highly appealing, as
it would enable the study of complex dynamics in nanoscale structures ranging from
naturally-inhomogeneous quantummaterials to fabricated heterostructures. However,
such multi-dimensional measurements remain out of reach for HHG light sources as is,
and can so far only be performed at significant experimental cost at accelerator-based
EUV light sources [242, 243].

Holography plays an important role in the development of advanced EUV microscopy
[30, 244–248]. For example, time-resolved EUV microscopy is commonly performed by
combining Fourier-transform holography (FTH) with numerical phase retrieval [122,
243]. In FTH, the diffracted wave from the sample is interfered with a reference wave
that is generated by a point-like structure (usually a pinhole in transmission geometry).
The resulting fringe pattern in the far-field diffraction pattern allows for direct image
reconstruction by a single Fourier transform. The single-shot nature of the FTH measure-
ment is critical for the implementation of time-resolved studies, as it implies that only
the pump-probe delay needs to be scanned during an experiment. In contrast, ptychog-
raphy is a powerful imaging method that enables diffraction-limited resolution and can
handle experimental challenges such as partial coherence, multi-spectral illumination
and structured illumination profiles [18, 47, 249, 250]. To achieve this, ptychography
relies on spatial scanning of the sample in overlapping steps such that the phase retrieval
problem is sufficiently constrained. The need for overlap is significantly increased for
multi-spectral illumination [18, 47, 48]. A full time- and spectrum-resolved ptychogra-
phy measurement would therefore place significant requirements on the brightness and
stability of the EUV light source. Thus, there is a clear need for a fast spectromicroscopy
technique that reduces the data collection time for scanning in the spatial and spectral
domains.

A promising alternative approach to solve this challenge is EUV Fourier transform
spectroscopy (FTS) [251–254] using a pair of phase-lockedHHG sources. Spatially resolved
FTS enables spectral multiplexing: the full HHG spectrum can be used for imaging with
no requirements or assumptions on the spectral response of the sample [220, 254, 255].
Since spectral resolution is achieved by interferometric delay scanning, however, it is not
clear that the multiplexing advantage also leads to an increase in data acquisition rate.
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Moreover, it is unclear how the two spatially separated HHG beams can be focused to the
sample to make efficient use of the generated EUV flux.
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Figure 6.1: Overview of the Fourier transform spectroscopic holography (FTSH) workflow.
(a) Two phase-locked polychromatic EUV beams from a pair of HHG sources illuminate
the sample and reference structures. (b) The diffraction pattern is detected by a camera in
the far-field. (c) As in conventional FTH, a single Fourier transform is used to analyze the
interference pattern, however in this case the holograms of the individual photon energies
are superimposed. (d) By time-shifting the reference wave, Fourier transform spectroscopy
allows to measure the spectrum at each pixel. The necessary sampling for this measurement
is significantly reduced when the multi-wavelength nature of the hologram (e) is considered,
as the different spectral components are only partially overlapping. Thus, an HHG spectrum
with 𝑁𝜆 harmonics requires at most 𝑁𝜆 and typically less measurements to fully recover a
spectrally-resolved image (f).

In this Article, we demonstrate Fourier-transform spectroscopic holography (FTSH)
(Fig. 6.1), which combines FTH with an interferometric FTS measurement. This directly
improves photon efficiency, as the EUV beams can be focused to the sample and reference
structures individually. More interestingly, we also find that this combination enables a
direct reduction in experimental scanning: For an HHG spectrum with 𝑁𝜆 harmonics,
FTSH requires at most 𝑁𝜆 measurements and this number can be further reduced by
incorporating prior knowledge of the sample structure. To achieve this, we exploit the
intrinsic coupling between spectral and spatial information in the FTH diffraction pattern.
For our HHG spectrum (covering up to 11 harmonics from 80 to 29 nm, see Fig. 6.2b)
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and sample geometry, we find that only 6 phase steps are necessary to recover all spectral
components completely.

6.2 Theory
Fourier-transform spectroscopic holography (Figure 6.1) can be understood as an extension
of FTH towards multiple wavelengths. For a single wavelength 𝜆𝑖 , the far-field diffraction
pattern of an FTH sample can be expressed as 𝐼𝜆𝑖 (𝑘) = |𝑝̃𝑖|2 + |𝑟𝑖|2 + 𝑝̃𝑖𝑟∗𝑖 + 𝑝̃

∗
𝑖 𝑟𝑖 ,where 𝑝̃

and 𝑟 are the electric fields at the detection plane due to the probed sample and reference,
respectively, while 𝑘 is the spatial frequency of the scattered wave. The fields 𝑝̃ and 𝑟 can
be related to the fields 𝑝 and 𝑟 at the sample plane by optical propagation. For Fraunhofer
diffraction, the propagation is given by a scaled Fourier transform, where the scale (i.e.,
the extent of the diffraction pattern on the camera) is proportional to the wavelength of
illumination. Consequently, a Fourier transform (ℱ)

ℱ{𝐼𝜆𝑖 }(𝑥) = 𝑝𝑖 ∗ 𝑝∗𝑖 + 𝑟𝑖 ∗ 𝑟∗𝑖 + 𝑝𝑖 ∗ 𝑟∗𝑖 + 𝑝∗𝑖 ∗ 𝑟𝑖 (6.1)

provides direct access to the holograms (𝑝𝑖 ∗ 𝑟∗𝑖 and 𝑝
∗
𝑖 ∗ 𝑟𝑖) in the real-space coordinates

𝑥. It is well known that the resolution of these holograms is limited by the size of the
reference 𝑟, and furthermore that the hologram appears separated from the autocorrelation
terms (𝑝𝑖 ∗ 𝑝∗𝑖 and 𝑟𝑖 ∗ 𝑟

∗
𝑖 ) at a distance ∆ from the center that is equal to to the separation

of 𝑝 and 𝑟. In terms of pixels of the reconstructed image, the separation becomes ∆px =
2∆𝐷∕𝜆𝑧, where 𝑧 is the distance and 𝐷 the size of the detector. Notably, the numerical
hologram separation ∆px is inversely proportional to the wavelength as a consequence of
the wavelength scaling of the Fraunhofer propagation operator.

While the precise position of the hologram in the frame is not important in monochro-
matic FTH, it becomes relevant for spectrally-resolved applications. If an FTH hologram
is recorded using polychromatic radiation, a spatial Fourier transform of the data yields
an image where the individual holograms are shifted according to the illuminating wave-
length. This effect has been harnessed to perform single-shot spectrally resolved FTH
using the individual high harmonics of a HHG light source [256]. However, this requires
a specific experimental geometry: in order to fully separate the individual holograms, the
sample width needs to be reduced significantly (or equivalently the ∆must be increased)
by a factor that depends on the wavelength difference of neighbouring high harmonics.
This drastically reduces the achievable field of view and limits the spectral resolution,
altogether preventing the application to continuous (attosecond) EUV spectra. Therefore,
another method is necessary to resolve the individual spectral components.

Fourier transform spectroscopy (FTS) is a powerful method that provides such a
capability: analogous to FTH, interference of two pulses delayed in the time domain gives
access to the spectrum by an inverse Fourier transform. FTS-based methods are already
commonly used to perform hyperspectral imaging in the visible and infrared ranges (e.g.,
[257, 258]). In the last decade, FTS at extreme ultraviolet wavelengths has been enabled
by the generation of phase-locked EUV pulse pairs by phase-locked laser pulses [253, 254].
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Integrated in a CDI experiment, spatially-resolved FTS yields monochromatic diffraction
patterns that can be used for numerical image reconstruction [255]. In order to satisfy the
Nyquist-Shannon sampling theorem and to accurately measure the complete spectrum,
however, typically a few hundred interferometric diffraction patterns at different delays
must be measured.

Here, we show that the individual limitations of FTH and FTS can be lifted when they
are combined in a HHG-based interferometric measurement (cf. Fig. 6.1). In particular,
we propose to combine the FTSHmeasurement with prior knowledge of the experimental
parameters. The generated wavelengths of a HHG source are generally known in advance
to a good accuracy, e.g., from a prior spectroscopy measurement or from a measurement
of the fundamental laser parameters. This knowledge can already significantly reduce the
sampling requirements, but a further reduction is possible: Combined with knowledge
of the FTH mask structure, it is possible to calculate which spectral components can
contribute to each pixel in the FTH hologram. For comb-like HHG spectra spanning an
octave or more, it is generally found that only a small number of harmonics contribute to
each pixel in the multi-wavelength hologram.

It is instructive to consider the following example: an FTH sample containing a
reference structure with negligible width and a sample with width𝑊 (along the sample-
reference direction) with a sample-reference separation ∆ = 2𝑊 is illuminated by a HHG
spectrum containing the 9 odd harmonics 13 to 29 of a 1030 nm driving laser. In this case,
the hologram of the 29th harmonic has significant overlap with the 27th, successively less
overlapwith the 25th, 23rd and 21st harmonic holograms, and no overlapwith holograms of
the 19th and lower high harmonics. In fact, no more than 6 high harmonics overlap at any
point in the multi-wavelength hologram. This suggests that the sampling requirements in
an FTS measurement can be reduced.

In FTSH, the reference beam is delayed by a time 𝜏 with respect to the probe beam.
This leads to a measured intensity given by 𝐼(𝑘, 𝜏) =

∑𝑁𝜆
𝑖 |𝑝̃𝑖 +𝑟𝑖𝑒−𝑖2𝜋𝑐𝜏∕𝜆𝑖 |. By applying a

Fourier transform, we can express the measured multi-wavelength hologram𝑀(𝑥′, 𝑇) as

𝑀(𝑥′, 𝜏) =
𝑁𝜆∑

𝑖
𝑝𝑖 ∗ 𝑝∗𝑖 + 𝑟𝑖 ∗ 𝑟∗𝑖 + (𝑝𝑖 ∗ 𝑟∗𝑖 )𝑒

−𝑖2𝜋𝑐𝜏∕𝜆𝑖 + 𝑐.𝑐., (6.2)

where 𝑐.𝑐. indicates the complex conjugate and 𝑐 is the speed of light. The coordinate
𝑥′ is Fourier conjugate to the pixel coordinates of the camera, and can be related to the
real-space coordinate by considering the wavelength-dependent resolution and shift ∆px .
It deserves emphasis that the complex-valued data

∑𝑁𝜆
𝑖 (𝑝𝑖 ∗ 𝑟∗𝑖 )𝑒

−𝑖2𝜋𝑐𝜏∕𝜆𝑖 can be directly
retrieved from the diffraction pattern measured at a single delay 𝜏 by spatially isolating
the multi-wavelength hologram (see Fig. 6.1c, e).

The spectroscopic reconstruction problem can therefore be posed as follows: Given
𝑀(𝑥′, 𝜏𝑗) for 𝑗 ∈ [1,𝑁𝜏], find the complex-valued 𝑝∗𝑖 ∗ 𝑟𝑖 for each 𝑖 ∈ [1,𝑁𝜆] at each 𝑥′.
For suitably chosen delays 𝜏𝑗, this problem is well posed, and can be solved by matrix
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inversion or least-squares methods. Ignoring prior knowledge of the shape of the holog-
raphy sample there are at most 𝑁𝜆 + 1 unknown complex values for each 𝑥′, indicating
that at most𝑁𝜏 = 𝑁𝜆 + 1measurements are required. This is reduced by 1 for sufficiently
large ∆, since the autocorrelation terms can be filtered out spatially. A more dramatic
reduction is achieved if the partial overlap of the monochromatic holograms is considered,
as explained by the previous example.
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Figure 6.2: Fast Fourier-transform spectroscopic holography using minimal sampling. a)
Scanning electron microscopy image of the FTH sample, which was made by focused ion
beammilling of a gold-coated silicon nitride membrane. b) Exemplary amplitude |𝑀(𝑥′, 𝑇)|
of the multi-wavelength hologram, showing that the different spectral components are
partially overlapping. c) Extracted spectral intensity from the high resolution FTS scan, a
dataset with 𝑁𝜏 = 11 shots and 𝑁𝜏 = 6 shots. The fundamental wavelength is 1030 nm. For
comparison, the data was normalized to the total observed intensity. The small differences
between the different datasets can be attributed to intensity drift and shot-to-shot variation
in the HHG light source. d) Spectroscopic holography results from the 𝑁𝜏 = 11 dataset for
the 6 brightest high harmonics. e) The corresponding spectroscopic holography results from
the 𝑁𝜏 = 6 dataset. Although the resolution of these holograms is limited by the reference
aperture size, they contain sufficient information to retrieve high-resolution reconstructions,
as shown in Fig. 6.3.

6.3 Spectroscopic holography
In order to record FTSH data at EUV wavelengths, we employ an ultrastable birefringent
common-path interferometer [253, 259] to split the output of a 1 kHz, 35 fs, 1030 nm laser
(Light Conversion Pharos, compressed by cascaded nonlinear compression in 800 mbar
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argon [260]) into phase-locked pulses with a controllable delay. By tilting one wedge of
the common-path interferometer, these pulses are focused to two spots 200 𝜇m apart in a
Krypton gas cell, where they generate two phase-locked EUV beams. After a 200 nm Al
filter to block the fundamental laser light, the high-harmonic spectrum of both pulses
spans from 80 to 29 nm. At 94 cm after the HHG, we use a broadband curved multilayer
mirror (𝑓 = 25 cm) to image the pulse pair onto the sample region. In the focus plane,
the two EUV beams are separated by roughly 70 𝜇m, and the diameter of the individual
beams is roughly 25 𝜇m. To facilitate a more homogeneous illumination of the sample, we
place the FTH sample ≈5 mm downstream of the focus. As both the reference and sample
structures are illuminated by focused EUV beams, FTSH can harness the available EUV
flux more efficiently than comparable spectrally resolved CDI [255]. This advantage is
further increased by the use of an extended reference (here, a disk with 12 𝜇m diameter).
The EUV camera (Andor IkonL, 13.5 micron pixel size) is placed 10 cm behind the sample.

In this geometry, we now record full FTSH data. Analysis of a high-resolution FTS
scan with a time-step of 23 as over a range of 11.6 fs confirms that the HHG spectrum
consists of 11 high harmonics with frequencies that match to the odd harmonics 13 to
33, with a typical upper limit on the line width of 0.5 eV. The oscillation period of these
harmonics ranges from 262 as to 103 as. In the following, this dataset will serve as a
reference and allows to benchmark the analysis results when only using few-delay subsets
of the full data.

Next, we therefore subsample the full FTS scan in order to demonstrate the minimum
sampling requirements for full spectroscopic image reconstruction. Specifically, we now
consider interferometric diffraction patterns at 𝑁𝜏 = 𝑁𝜆 = 11 equidistant delays in the
range 0 - 1.7 fs (step size 190 as), which corresponds to a half cycle of the driving laser
pulse. By the Nyquist theorem, the spectral resolution of the Fourier transform of this data
exactly matches with the spacing of the high harmonics, namely twice the fundamental
frequency. However, the sampling frequency is much lower than the highest frequency in
the data, and we emphasize that the spectral amplitudes cannot be reconstructed using a
Fourier transform. Instead, we solve (6.2) using the Newton conjugate-gradient method
implemented in RegPy [261, 262], a Python-based toolbox for implementing and solving
(potentially ill-posed) inverse problems. While the spectral reconstruction can also be
achieved using other methods, this toolbox provides a number of advanced capabilities
that we will exploit later.

For the case that 𝑁𝜏 = 𝑁𝜆, the reconstruction problem is fully constrained: for
each pixel 𝑥′ we have 𝑁 complex-valued measurements and use these to determine 𝑁
complex-valued amplitudes. This is also reflected in themeasurement results: as shown in
Fig. 6.2b-c, the 𝑁𝜏 = 11measurement allows to accurately extract the spectrally-resolved
holograms from the data. This method already provides a powerful advantages over the
full FTS scan: As a full FTS scan of the diffraction pattern requires to sample the highest
harmonic with 2 points per oscillation and must also resolve the individual harmonics,
the number of samples must be at least twice the order of the highest harmonic (i.e., 66
measurements for our spectrum with harmonics up to the 33rd order), the total number
of measurements is dramatically reduced. In practice, the sampling advantage is around
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an order of magnitude, as full FTS measurements in the EUV typically use hundreds of
delays. In addition to a shorter measurement time, this implies that the short scan is
much less sensitive to experimental drift, such as in the EUV beam pointing.

Next, we exploit the intrinsic wavelength-sensitivity of FTH, which leads to the relative
displacement of the individual spectral components that was discussed earlier. Based
on the known width (30 𝜇m) and separation (100 𝜇m) of the sample and reference, we
construct a simple mask to constrain which spectral components can contribute to each
pixel𝑥′. From this analysis, we find that at no pointmore than 6 high harmonics contribute
to the signal (and 99% of the pixels include contributions of ≤ 5 harmonics only). We
therefore set 𝑁𝜏 = 6 and use interference patterns spaced in delay by 1.7∕5 = 0.34 fs
to again cover one half cycle of the driving laser pulse. The mask can be implemented
conveniently into the RegPy reconstruction method. As shown in Fig. 6.2e, this approach
enables spectroscopic imaging at a total measurement time of only 94 s. These results
demonstrate that the temporal sampling requirements can be reduced by more than an
order of magnitude compared to naive application of the Nyquist-Shannon limit, requiring
in this case only 6 measurements instead of 66.

6.4 High-resolution spectromicroscopy
A limitation of FTH is the trade-off between resolution (requiring small reference struc-
tures) and signal strength (requiring large references). This is clearly seen in Fig. 6.2,
where the spatial resolution is strongly limited by the 12 𝜇m reference aperture. Hence,
many FTH experiments use subsequent iterative phase retrieval to improve the spatial
resolution and SNR [30, 247, 263]. In the following, we will demonstrate how iterative
image reconstruction methods can be used to achieve a resolution in FTSH that is only
limited by the numerical aperture of the scattered light. In a first step, it is useful to sepa-
rate the delay-dependent and delay-independent contributions to the diffraction pattern.
The delay-independent part has two contributions:

∑𝑁𝜆
𝑖 |𝑝̃𝑖|2 and

∑𝑁𝜆
𝑖 |𝑟𝑖|2. These terms

each represent a conventional broadband diffraction pattern, for which it is known that
image reconstruction is possible with strong prior knowledge of the spectral response of
the object [172]. Reconstruction of the individual spectral components, however, is not
generally possible. Also, the incoherent sum of both broadband diffraction patterns will
complicate image reconstruction. Consequentially, we will focus in the following on the
spectrally-resolved interference patterns that are retrieved from the FTSH analysis.

After applying a Fourier transform to the output of the FTSH analysis (such as shown
in Fig. 6.2d, e), the monochromatic interference-diffraction patterns can be expressed as
𝑚𝜆(𝑘) = 𝑝̃𝜆𝑟∗𝜆(𝑘). As this data already includes the phase, it is not necessary to implement
phase retrieval algorithms as in monochromatic CDI. Instead, the image reconstruction
of 𝑝𝜆 from𝑚𝜆 can be posed as a deconvolution problem, where the point-spread function
of the reference (𝑟𝜆) needs to be subtracted from the data. This can also be observed in the
extracted monochromatic far-field interference pattern (Fig. 6.3a), where a clear imprint
of the Airy pattern due to the 12 micron reference can be seen. We emphasize that the

100



6.4. High-resolution spectromicroscopy

-500 0 500
-500

-250

0

250

500
k x

 [p
ix

el
]

|p̃19 ̃r *
19|

(a)
102 104 106

-500 0 500

| ̃r19|

(b)
10−4 10−2 100

-500 0 500

|p̃19|

(c)
102 104 106

0

100

200

|p15(x0)|

λ15 = 69nm

(d)
|p17(x0)|

λ17 = 61nm

|p19(x0)|

λ19 = 54nm

0 100 200

0

100

200

|p21(x0)|

λ21 = 49nm
0 100 200

x0x [pixel]

|p23(x0)|

λ23 = 45nm
0 100 200

|p25(x0)|

λ25 = 41nm
0

1
ky [pixel]

x0 y [
pi

xe
l]

Figure 6.3: Diffraction-limited spectroscopic imaging based upon the 𝑁𝜏 = 6 dataset with
a total measurement time of 1m 34s. (a) Far-field interference pattern |𝑝̃𝜆𝑟∗𝜆| of the 19

th

harmonic at 54 nm. (b) The far-field diffraction pattern (Airy pattern) of the reference
structure at 54 nm. (c) Reconstructed far-field diffraction pattern |𝑝̃𝜆| of the object, as
extracted from (a). (d) Reconstructed images for the 15th to 25th harmonics, respectively.

clear visibility of the Airy rings is due to the direct illumination of both the reference and
the sample using focused EUV beams. The shape of the observed Airy pattern matches
well to the expected pattern (Fig. 6.3b) and allows us to verify the scaling of the reference
aperture and the far-field propagation.

To reconstruct the diffraction-limited image from the monochromatic interferogram
𝑚𝜆(𝑘) and the known reference 𝑟𝜆, we use the Newton conjugate-gradient method to
iterativelyminimize ||𝑝̃𝜆𝑟∗𝜆(𝑘)−𝑚𝜆(𝑘)||. In order to prevent overfitting to the noise, we use
Morozov’s discrepancy principle, i.e. we terminate the algorithm as soon as the residuals
are on the order of the noise floor. This is commonly achieved after 11 to 15 Newton steps.
Using this procedure, we find accurate image reconstructions for up to 6 high-harmonics,
see Fig. 6.3, where the sample structure can now clearly be recognized. We also observe
an intensity gradient and wavefront curvature that matches to the expected diverging
EUV beam profile. Compared to the initial holograms that were limited by the 12 micron
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diameter reference, this reconstruction procedure enables a dramatic increase in the
resolution to a final resolution of approximately 1.5 micron, as determined by a line scan.
This resolution corresponds to the numerical aperture of the observed reference diffraction.
In following experiments, the implementation of smaller or structured references, placed
directly in the focus of one of the EUV beams, can enhance the intensity of the scattered
light at higher numerical aperture, and thereby optimize the resolution of the ultimately
recovered images. The current experimental setup supports an Abbe-limited resolution of
150 nm for the 25th harmonic at 41 nm. Also, the resolution and SNR can be improved by
averaging of several consecutive measurements (see supplementary information). Finally,
it is worth noting that this image reconstruction procedure does not depend on knowledge
of the object support.

6.5 Discussion
Our results indicate that the sampling requirements in spatially-resolved Fourier trans-
form spectroscopy, specifically when applied in combination with Fourier transform
holography, is not determined by the well-known Nyquist-Shannon theorem applied to
the HHG source spectrum, but it is rather determined by the total number of unknowns,
which is in turn dependent on the FTH sample structure, the spectral resolution, and the
bandwidth of the EUV spectrum. For typical HHG spectra spanning an octave or more
and typical FTH sample structures, this leads to a significant reduction of the sampling
requirements. In practice, the number of delay steps needed can be controlled by the
sample-reference separation ∆. Increasing ∆ at fixed sample width leads to a reduced
overlap of the individual spectral components and consequentially a reduced number of
steps. However, the increased ∆ also implies that a larger total field of view must be con-
sidered in FTH. For diffraction-limited imaging at high numerical aperture, this can result
in a reduction of the final image resolution. Thus, in general a trade-off between image
acquisition speed, image quality and experimental parameters such as the illumination
beamline must be found. An interactive notebook illustrating the connection between
the separation ∆ and the EUV spectral bandwidth can be found in Ref. [265].

To quantify the benefit of minimal sampling FTSH compared to high-resolution FTS,
we carry out an analysis of the effective signal-to-noise (SNR) ratio of the reconstructed
images in Fig. 6.8. Specifically, we compare the spectroscopic images retrieved from the
𝑁𝜏 = 6 and 𝑁𝜏 = 11 data sets to those from a full FTS measurement with 𝑁𝜏 = 75.
Strikingly, we observe that both the 𝑁𝜏 = 6 and 𝑁𝜏 = 11 show highly similar SNR to the
𝑁𝜏 = 75 data. As exemplified in Fig. 6.8c-e, we also find no significant differences in the
retrieved image resolution. Assuming that the SNR scales with

√
𝑇, where 𝑇 is the total

measurement time, as for shot-noise-limited data, our results indicate an improvement
in the SNR for 𝑁𝜏 = 6 of almost an order of magnitude over 𝑁𝜏 = 75 (see Fig. 6.8b). We
tentatively attribute this difference to a reduced sensitivity to drifts in the EUV spectrum
and beam pointing for the shorter FTSH measurement. This conclusion is also supported
by an analysis of the SNR of the spectrally resolved low-resolution holograms (based on
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Figure 6.4: Comparison of image quality for minimally sampled FTSH compared to FTSwith
𝑁𝜏 = 75 covering a delay range of 3.48 fs. This is the minimum delay range that allows to
separate the individual high harmonics by a Fourier transform. (a) The experimental signal-
to-noise ratio (SNR), calculated by comparing the average logo intensity to the background,
shows that all three methods yield highly similar SNR despite the large difference in total
exposure time. (b) Under the assumption that the SNR is dominated by shot noise, scaling
the SNR by 1∕

√
𝑇, where 𝑇 is the total measurement time, enables to predict the SNR at a

longer (or shorter) total exposure time. In this manner, we find that the minimally sampled
FTSH method with 𝑁𝜏 = 6 yields almost an order of magnitude better data than classical
FTS. (c-e) Exemplary spectrally-resolved holograms for the 19th harmonic at 54 nm for the
𝑁𝜏 = 75, 𝑁𝜏 = 11, and 𝑁𝜏 = 6 data sets, respectively. Analysis of the spectrally resolved
images by line scans and decorrelation analysis [264] confirm that the spatial resolution is
comparable for each of the data sets.

Fig. 6.2d-e, see Supplementary Figure S4 for the SNR comparison), showing that the FTS
scan yielded only marginally better holograms than minimally sampled FTSH. Thus, by
enabling full spectral information within a shorter measurement time, high-quality FTSH
data can be recorded straightforwardly by averaging many consecutive measurements
(see Supplementary Information for an example).

The presented FTSH method relies on prior knowledge of the high-harmonic frequen-
cies. Although these can be commonly estimated from the spectrum of the near-infrared
driving pulse, the high-harmonic spectrum can be shifted due to various effects such as
pulse chirp and intensity blue-shift [266, 267]. Therefore, we have performed an analysis
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of frequency miss-estimation on the reconstructed electric fields, from which we find
that a ±1% error in the fundamental frequency typically leads to an error of 10% (see
Supplementary Information, section 3). Such errors can be completely avoided, however,
by performing an extended measurement with at least one extra delay. The number of
independent pixels is normally much larger than the number of spectral components (105
pixels and 11 frequency components in our work), and thus this extra image provides
enough data to determine the high-harmonic frequencies precisely through iterative min-
imization. With regard to the measurement calibration, also sub-wavelength accuracy
is required in the determination of the delays. This can for example be achieved using a
stable interferometer [259] or through separate interferometric delay calibration [268].
An advantage of the minimally-sampled FTSH scheme for typical HHG spectra is that the
necessary delay range covers less than onemicrometer, thereby reducing the requirements
on the interferometer.

Finally, we will shortly discuss the potential of FTSH for attosecond time-resolved
studies. A crucial aspect here is the (quasi-)continuous EUV spectrum of attosecond
EUV spectra. In the FTH multi-wavelength hologram, this leads to the superposition of
a continuum of holograms [248], rather than a discrete set of wavelength components.
Similarly, for HHG using few-cycle laser pulses, the broad line width of individual high
harmonics can reduce the achievable resolution in diffractive imaging [172]. In either
case, the delay sampling points can be adapted, extending the total time range to increase
the spectral resolution as necessary. Crucially, assuming that the autocorrelation and
hologram terms can be separated spatially, the number of delays 𝑁𝜏 is at most equal to
the number of spectral components, and this can usually be reduced by considering the
sample geometry and spectral bandwidth.

In summary, we have investigated the potential of Fourier-transform spectroscopic
holography (FTSH), an interferometric technique that allows minute-scale spectromi-
croscopy at extreme ultraviolet photon energies. In the FTH geometry, prior knowledge of
the illumination wavelengths allows a dramatic reduction in the sampling requirements.
We have identified two sampling strategies for minimally sampled FTSH: (i) without
assuming prior knowledge on the overlap of monochromatic holograms, the number of
measurements can be reduced to the number of wavelength components in the illumina-
tion, and (ii) by incorporating such prior knowledge, a further reduction can be achieved.
For our HHG spectrum and FTH sample, this reduces the number of measurements to 6,
which is a typical value. Overall, this approach enables an order of magnitude reduction
in the required sampling compared to full FTS sampling by the Nyquist-Shannon theorem,
thereby speeding up the measurement dramatically. In the spectrally resolved holograms,
we find that a higher SNR is achieved in equivalent time. This is made possible by the
shorter measurement duration that reduces the effect of long-term drift and instability
in the experimental setup. Finally, although the measurement is based on holography
and intrinsically measures the convolution between sample and reference, FTSH does
enable high spatial resolution through iterative image reconstruction. We expect that this
method will contribute strongly to the implementation of table-top extreme ultraviolet
spectromicroscopy, for example in time-resolved experiments where a fast measurement
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is necessary to facilitate systematic studies.

6.6 Appendix
Here, we present additional figures with the Fourier transform spectroscopic holography
results. Fig. 6.5 shows averaged spectrally separated reconstructions of the hologram for
all wavelengths in the HHG spectrum. The corresponding averaged interferograms are
given in Fig. 6.6 and the diffraction-limited image reconstructions are given in Fig. 6.7.
Figs. 6.8, 6.9 and 6.10 discuss the signal-to-noise ratio of the low-resolution holograms
that can be obtained from the FTSH experiment without relying on the iterative image
reconstruction. Fig. 6.12 shows typical reconstructions that have been obtained using
wrongly estimated frequencies, and thus discusses the sensitivity of the analysis to a
correct estimation of the high harmonic center frequencies. Finally, Fig. 6.13 shows a
FTSH simulation of a spectroscopically diverse object, highlighting the applicability of
FTSH for spectroscopic applications.
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Figure 6.5: Spectroscopic holography result with a total measurement time of 2356 s. Here,
88 masked,𝑁𝜏 = 6 FTSH reconstructions from diffraction patterns at a total of 150 measured
delays are averaged. For each 𝑁𝜏 = 6 FTSH reconstruction 2 Newton steps are used.

6.6.1 FTSH results of averaged interferograms
The capability of Fourier-transform spectroscopic holography (FTSH) to achieve fully
spectrally resolved image data from as little at 6 delaymeasurements does not only strongly
reduce the total scan time for spatially resolved Fourier transform spectroscopy (FTS), but

105



6. Fast Fourier transform holography

it also provides another advantage: due to their shorter duration, FTSHmeasurements can
more easily be repeated to achieve (pump-probe) time resolution or simply to improve the
ultimate image quality. In Figs. 6.5, 6.6 and 6.7, we show the result of such an averaging
procedure.
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Figure 6.6: Amplitude of the the retrieved monochromatic interferograms |𝑚𝜆(𝑘)| = |𝑝̃𝜆𝑟∗𝜆|
in the far field, i.e. the spatial Fourier transform of the data shown in Fig. 6.5. The 𝑘 axes
are given in camera pixels. To avoid potential artifacts due to the mask edge, a few-pixel
cosine-tapered window function was applied before Fourier transformation.

The gain from averaging, here over 88 independent reconstructions with a total mea-
surement time of 2356 seconds, shows up most clearly for the higher harmonics, where
in the shorter, 94 seconds exposure no clear image could be resolved. In Fig. 6.5, the
logo now becomes partially visible even for the highest harmonics which carry 100x less
flux than the brightest harmonics. Furthermore, the still-low signal strength of these
holograms does not prevent partial image reconstruction in Fig. 6.7.

6.6.2 SNR comparison for the low-resolution holograms
In Fig. 4 of the main article, the signal-to-noise ratio of the high-resolution reconstructed
images for the 𝑁𝜏 = 6 and 𝑁𝜏 = 11 minimally sampled FTSH is compared to the re-
sult from a full FTS measurement. As the image quality as retrieved from the iterative
reconstruction depends non-linearly on the signal-to-noise ratio of the low-resolution
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Figure 6.7: High-resolution reconstructions for all 11 high harmonics in the illumination,
based on the data shown in Fig. 6.6. The number of used Newton steps iterations is indicated
in each plot.

holograms, we present in Fig. 6.8 a comparison of the SNR based upon the low-resolution
holograms that do not depend on this iterative procedure.

This analysis shows that, although the overall best SNR is achieved from the full FTS
scan, the SNR is only≈2x better than that of the𝑁𝜏 = 11 analysis, while the total exposure
time was 7x longer. Assuming that the SNR of the minimally sampled reconstructions is
limited by photon shot noise, minimally sampled FTSH is expected to yield a 2x higher
SNR than the full FTS measurement for equal data acquisition time.

Comparing Fig. 4 and Fig. 6.8, we therefore find that the small increase in SNR for the
𝑁𝜏 = 75 FTS scan does not translate to an improved image quality in the reconstructed
images. This counter-intuitive observation nevertheless has a comparatively simple ex-
planation: over the full duration of the 75-shot measurement, HHG source instability is
non-negligible, leading to small contributions stemming from adjacent high harmonics in
the monochromatized hologram. This can be observed for example in Fig. 6.8c just left of
the main signal. These noise signals can not be explained by the forward model 𝑝̃𝜆𝑟∗𝜆(𝑘),
and therefore lead to a deterioration of the reconstructed image. Having much shorter
measurement duration, both the 𝑁𝜏 = 6 and 𝑁𝜏 = 11measurements do not suffer from
this effect.

In Figs. 6.9 and 6.10, we furthermore present a similar analysis for the averaged data
as shown in Fig. 6.5.
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Figure 6.8: Comparison of the signal-to-noise ratio (SNR) of the low-resolution holograms
for minimally sampled FTSH (see Fig. 2d-e) compared to FTS with𝑁𝜏 = 75 covering a delay
range of 3.48 fs. This is the minimum delay range that allows to separate the individual high
harmonics by a Fourier transform. (a) Experimental signal-to-noise ratio (SNR), calculated
by comparing the average logo intensity to the background. (b) SNR scaled by 1∕

√
𝑇, where

𝑇 is the total measurement time. (c-e) Exemplary spectrally-resolved hologram for the 19th
harmonic at 54 nm.
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Figure 6.9: Comparison of the SNR
of the low-resolution holograms ob-
tained from various spectral analysis
methods, comparable to Fig. 3a. In
addition to the datasets presented in
Fig. 6.8a, we also include the direct
Fourier transform result of the full𝑁𝜏 =
500 dataset, which was recorded over
a total time of 7838 s. Also shown are
two results where we have averaged
many minimally-sampled FTSH recon-
structions (triangles and stars) extracted
from a total of 150 delays, leading to a to-
tal measurement time of 2356 s. The av-
eraged 𝑁𝜏 = 6 data is shown in Fig. 6.5.
Strikingly, the FTSH analysis based on
2356 s measurement time provides sim-
ilar SNR to the 3-fold longer full FTS
dataset.
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Figure 6.10: Comparison of the effective
signal-to-noise ratio for various spectral
analysis methods assuming shot-noise-
limited data, comparable to Fig. 6.8b.
Apart from the 1∕

√
𝑇 scaling, with 𝑇

being the total measurement time, the
data and methods are identical to those
presented in Fig. 6.9. It can be seen that
the averaged images have slightly lower
effective SNR than their non-averaged
counterparts (i.e., the effective SNR for
𝑁𝜏 = 6 is slightly higher than when
measurement is repeated many times
and subsequently averaged). This dif-
ference shows that the noise in these
reconstructions is not fully shot-noise
limited.

6.6.3 Effect of the frequency calibration
Maximal reduction of the sampling requirements in FTSH relies on accurate knowledge of
the high harmonic frequencies. However, such information is not available in many cases.
In Figs. 6.11 and 6.12, we consider a typical case: miss-estimation of the high harmonic
frequencies by inaccurate determination of the fundamental frequency. Fig. 6.11 shows
that in this case, the error scales approximately linear with the error in frequency, with
an overall error of approximately 10% for a 1% calibration error. This is averaged over
the full spectrum, and so comparatively weak high harmonics will be more strongly
affected. This is also shown in Fig. 6.12: As seen clearly for the 15th and 25th harmonics
at 1010 nm fundamental wavelength, the incorrect frequencies lead to an incomplete
spectral separation, as signal from neighboring high harmonics remains visible in the
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6. Fast Fourier transform holography

extracted hologram. Overall, we observe comparatively little effect on the intensity profile
recovered for the bright 21st harmonic, while the relatively weaker harmonics 15 and 25
show a more dramatic effect. We therefore conclude that a miss-estimation of the high
harmonic frequencies predominantly will affect the image observed for the weaker high
harmonics.
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6.6. Appendix

6.6.4 FTSH simulation using wavelength dependent input
To demonstrate the applicability to spectroscopic studies, we provide a few shot FTSH
simulation using the same spectroscopic forwardmodel andhigh resolution reconstruction
code as used for the data analysis. A script producing similar output can be found as a
LiveDoc jupyter notebook in Ref. [265].
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Figure 6.13: Simulation of FTSH using wavelength-dependent input. From left to right:
A spectroscopically diverse object was simulated by clipping individual squares out of the
logo of the Collaborative Research Center ’Mathematics of Experiment’. Multi-wavelength
Fourier transform holography data were then simulated for 𝑁𝜏 = 𝑁𝜆 = 4 delay steps, and
the multi-wavelength holograms were calculated using a single Fourier transform. Poisson
noise equivalent to 4 × 107 photons, i.e. 1 × 107 photons per delay step, was applied to
the simulated diffraction patterns. The spectrally resolved reconstructed images clearly
reproduce the distinct logos.
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Chapter 7
Summary

The combination of HHG illumination with CDI marks the beginning of a new era in
nanoscale imaging. After decades of continuous development, from early experiments
relying on large-scale synchrotron facilities to today’s compact tabletop HHG sources, CDI
is evolving from a proof-of-concept technique into a practical imaging tool. HHG-CDI
systems offer exceptional flexibility, low cost, compact footprint, and simple architecture,
while moving closer to meeting the demands of next-generation nanoscale imaging: high
resolution, aberration-free imaging, non-destructive and non-contact operation, high
efficiency, 3D reconstruction, and dynamic imaging. Furthermore, these systems enable
chemical composition and concentration mapping of samples. As a result, HHG-CDI
techniques are beginning to find real-world applications in both scientific research and
industrial settings, particularly in semiconductor inspection. In this thesis, we have
explored and advanced the field of coherent EUV imaging through the development and
application of tabletop HHG sources, ptychographic techniques, and Fourier transform
holographic methodologies. Our work provides important steps towards high-resolution,
material-sensitive, and spectrally resolved imaging for applications in materials science,
nanotechnology, and semiconductor metrology.

Chapter 2 starts with an overview of the construction and optimization of table-
top HHG-based EUV sources. A detailed experimental setup is described, including
high-intensity femtosecond laser systems, nonlinear post-compression techniques, and a
vacuum-compatible EUV beamline. We emphasized the challenges in maintaining high
brightness and stability in HHG sources, which are critical for achieving high-fidelity
ptychographic reconstructions. We then introduce the fundamentals of ptychographic
algorithms as robust solutions to the phase problem in lensless imaging and describe the
key components of the experimental setup, with particular focus on diffraction pattern
acquisition in both transmission and reflection geometries.

In Chapter 3, we demonstrate efficient post-compression of 2 mJ, 170 fs Yb-ion-doped
laser pulses to 37 fs with over 90% flux efficiency, while maintaining good beam quality.
This simple double-pass-based post-compression implementation enables significant
spectral broadening via self-phase modulation, while effectively suppressing self-focusing
and preserving favorable scaling toward higher pulse energies. SHG-FROG and PWFS
measurements characterized the pulses in both time and space, revealing nonlinear
effects and spatiotemporal aberrations at specific wavelengths. These findings highlight
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7. Summary

the importance of wavelength-resolved diagnostics and demonstrate that CASCADE
post-compression offers a simple, efficient, and scalable solution for high-flux HHG
applications.

Chapter 4 then focused on the demonstration of broadband ptychographic imaging
using spatially diverse, multi-wavelength illumination. We show that polychromatic
illumination typically considered a challenge for coherent imaging can be transformed
into an advantage through informationmultiplexing. By introducing structured andmulti-
wavelength illumination, we showed how the robustness and resolution of reconstructions
can be significantly improved. The concept of Fisher information analysis was applied
to quantify the sensitivity of the ptychographic inverse problem to variations in probe
diversity, establishing a formal link between spatial mode structure and reconstruction
fidelity. Our results show that structured illumination enables the separation of spectral
components within a single diffraction pattern while also maximizing added information
from each new scan positions. Our work can be anticipated as a starting point for high-
fidelity polychromatic imaging of next-generation nanostructured devices at EUV and
soft-X-ray wavelengths.

In Chapter 5, we characterize the structure and composition of a three-element spiral-
shaped object in transmission using multi-wavelength diffractive shearing interferometry,
as well as single-wavelength structured-illumination ptychography. We find that both
methods are capable of retrieving element-resolved spatial images as well as local layer
composition. DSI, based on Fourier-transform spectroscopy, enables spectrally resolved
measurements and is naturally suited for multiwavelength analysis. In contrast, ptychog-
raphy provides a robust framework for quantitative imaging by reconstructing both the
amplitude and phase of the exit wave at a fixed wavelength. Future integration of both
techniques, such as multiwavelength ptychography driven by temporally delayed HHG
pulse pairs, could yield full spectrally resolved phase and amplitude information. Overall,
this work demonstrates that EUV ptychography, in particular, offers a powerful and non-
destructive tool for high-resolution, material-specific imaging, which is well-suited for
advanced applications in nanolithography, semiconductor inspection, and multilayer thin
film metrology.

In Chapter 6, we introduced Fourier Transform Spectroscopic Holography (FTSH), a
novel and compact spectro-microscopic imaging technique that enables rapid acquisition
of spatially and spectrally resolved information in the EUV regime. By applying a designed
holographic mask into the phase-locking HHG pulse pairs, we minimize the number of
required Fourier transform spectroscopy measurements. Specifically, we identified two
optimized sampling strategies: (i) using the number of spectral components as theminimal
number of sampling points, and (ii) further reducing this requirement by incorporating
prior knowledge of the spectral overlap in the recorded holograms. The number of
required measurements was reduced to 6, representing about an order of magnitude fewer
compared to conventional Nyquist-limited sampling. FTSH thus presents a powerful
solution for fast, table-top EUV spectromicroscopy and holds particular promise for time-
resolved studies, where both high resolution and rapid acquisition are essential for tracking
dynamic nanoscale processes.
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