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Supervisor’s Foreword

Microscopy is in many fields of science the most important tool to investigate and/
or classify small structures. In the nineteenth century, the famous scientist Ernst
Abbe, professor at the University of Jena, derived an equation to estimate the
highest possible resolution in microscopy. The Abbe limit states that even for
perfect optical systems (with the highest possible numerical aperture of the lens
system of the order of one) the smallest resolvable feature is of the order of the
wavelength of the illuminating light source. Following Abbe’s prediction, many
interesting elements in nano-optics and life science such as bacteria and viruses
cannot be resolved with optical microscopes. A very promising route to overcome
this limitation is employing light sources in the extreme ultraviolet or soft X-ray
range. Unfortunately, optical components in this wavelength range suffer either
from a low transmission or a very small numerical aperture preventing high-reso-
lution microscopy with lab sources. In the present book, Michael Zürch presents
novel concepts and realizations for extreme ultraviolet microscopy with lab sources.
Illuminating the sample with coherent short wavelength radiation enables a
reconstruction of the object from the scattered light recorded, e.g., with a CCD
detector. In such a setup the task of the imaging optics is carried out by a computer
algorithm and the whole approach is known in the literature as lensless imaging or
coherent diffraction imaging (CDI).

After a short introduction, Michael Zürch provides an overview of the funda-
mentals of lensless imaging with short wavelength lab sources. The description of
the laser-driven high harmonic generation (HHG) source is short but very concise.
More expanded is the discussion about the basics, limitations, and different real-
izations of lensless imaging. Highly appreciated is his detailed discussion on how to
distinguish between coherent diffraction imaging and holography, to be more
precise, in-line holography. He illustrates the most important features for each of
these two techniques and discusses experimental peculiarities that occurred. The
chapter is concluded with a detailed and carefully investigated overview of the
recent publications in this area, including state-of-the-art reconstruction algorithms.
It is very helpful to get acquainted with this topic, because it is not just a listing of
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recent publications, but a discussion and comparison of many distinct results. In the
third chapter, Michael Zürch presents the experimental setups used in his work. He
reports on the application of two different laser sources for HHG, namely a more
widely used Ti:sapphire system and a newly developed Yb-doped fiber laser setup.
The latter has the advantage of very high average power, which will help to reduce
the exposure time significantly, paving the way for real-time microscopy with a
short wavelength radiation. Further innovative approaches to spectrally select and
steer the short wavelength radiation are briefly explained.

After the description of the experimental setup, many interesting results are
presented: The distribution and size of nanoparticles on a thin membrane has been
evaluated with in-line holography. Illuminating the samples with coherent light
enabled a reconstruction of the 3D objects from the recorded hologram. Nano-
structured transmission samples have been imaged with the narrowband HHG
radiation from the fiber laser source. In agreement with the predictions made in the
previous chapters, the CDI reconstruction showed the highest possible resolution as
suggested by the Abbe limit. These results represent a new record for the resolution
obtained with laser-driven short wavelength sources. Equally interesting besides
these optimizations and best results for transmission geometry are the results for the
reflection geometry. As shown in the present work, this imaging geometry requires
many additional careful corrections of the recorded image prior to the reconstruc-
tion in order to obtain meaningful results. Here Michael Zürch did pioneering work,
and succeeded for the first time in obtaining high-resolution imaging in reflection
geometry. This approach is well suited for real-world applications, because, e.g.,
biological samples need only be pipetted on a thick substrate and not prepared on a
very thin and fragile membrane as necessary for the transmission geometry. In the
following proof-of principle experiment he demonstrated that the recorded dif-
fraction pattern contains enough information to classify different cancer cells. Based
on these experiments, a new fast and reliable method to classify cells will be in
reach, and has the potential to be used for routine clinical diagnostics. In the final
chapter, Michael Zürch put forward a new approach for high-resolution CDI: So far
in all imaging applications the illuminating radiation had either a flat or spherical
wave front. Now he discusses the possibility of a beam with a helical wave front,
which is also known in the literature as an optical vortex. The additional phase
modulation results in a more pronounced diffraction pattern holding the promise for
improved imaging, as shown by simulation. Prior to imaging applications with a
short wavelength vortex beam, such a beam must be demonstrated experimentally.
HHG with a visible laser beam carrying a helical phase-front is a promising route
toward short wavelength vortex beams. The first successful completion of the
generation experiment attracted a lot of interest in the community and has been
published in a highly ranked journal.

In order to realize high-resolution microscopy with short wavelengths it was
necessary to combine state-of-the-art laser systems with concepts of classical and
nonlinear optics, including modern image reconstruction algorithms. Michael Zürch
did it in an extremely convincing and efficient way, as can be seen in the present
book. Additionally, the work has been published in many internationally journals,
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presented at many international conferences, and two patents have been filed.
Needless to say the contributions attracted a lot of attention. Noteworthy is that his
work on the classification of cancer cells has been awarded as the best contribution
at a large international conference on medical imaging. Summing up, it was really a
great pleasure to supervise such a talented and focused young researcher, and I am
confident that he will definitely make a great career in science. Finally, I hope you
enjoy reading this book as much as I did.

Jena, August 2014 Prof. Christian Spielmann
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Abstract

This thesis studies different realizations of imaging of artificial and biological
specimens at high spatial resolution by using coherent extreme ultraviolet (XUV)
radiation. These so-called lensless imaging techniques dispense with using
imaging optical elements and instead directly detect the diffraction pattern of
the object, which is subsequently reconstructed by means of iterative algorithms
on a computer. The light source used is based on high harmonic generation driven
by an ultrafast laser in a rare gas. The techniques presented bring this high-
resolution method, which has been mostly used at large-scale facilities such as
synchrotrons and free-electron lasers, to the lab scale.

Two different lensless imaging systems are presented in this work. One uses a
grating to monochromatize the radiation produced, while the other uses dielectric
coated mirrors for that purpose. The latter produces a clean and tight focus to be
used to illuminate the object. The grating-based system is, for example, useful to
image larger samples with different wavelengths.

If a tiny pinhole is used in front of the sample, one produces a spherical
illumination wave, which gives rise to holographic imaging. It was shown in this
work that this can be used to image complexly shaped and extended non-isolated
objects in great detail. The objects used were specifically prepared in order to
mimic biological specimens. Furthermore, it was possible to obtain three-
dimensional information about the sample by either analyzing the phase or the
absorption. Another benefit demonstrated is the large material contrast in the
XUV, although the spatial resolution presented is in the range of good optical
microscopes.

Moreover, lensless imaging at high numerical aperture was investigated in this
work. A spatial resolution on the order of a few tens of nanometers was achieved,
which corresponds to less than two wavelengths of the illumination light used.
Depending on the method to determine the resolution achieved there are
indications that the resolution achieved is below one wavelength and thus close
to the Abbe limit. This shows that compact ultrafast laser-driven sources offer
excellent coherence properties and allow imaging at the diffraction limit.
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It was also shown in this thesis that objects can be imaged in reflection
geometry. Up to now lensless imaging was almost exclusively used in transmission
geometry with transparent samples or apertures. The reflection geometry is for
example important when optical nanostructures or biological specimens are
examined. Especially for the latter this is important, because they can be pipetted
directly on a substrate, which usually rules out transmission geometry, because
substrates—except fragile ultrathin membranes—are typically opaque. Further-
more, these specimens are opaque, but reflect well, themselves; hence, the surface
can be examined in reflection geometry. From the complex-valued object plane
reconstruction one can draw further information about the specimen, e.g., the
height profile.

By means of a method developed in the work presented it appears possible to
distinguish different cell expressions directly from the XUV diffraction pattern.
The characterization is solely based on outer shape features of the specimen. In a
proof-of-principle experiment this method was applied to distinguish between two
different human breast cancer cell expressions for which several diffraction
patterns were recorded.

Furthermore, it was shown for the first time that so-called optical vortex beams
can directly be converted from the infrared into the XUV spectral domain by
means of high harmonic generation. It was shown that the observed XUV vortex
beams have properties deviating from theoretical expectations, for which
explanations were already found in other experiments, leaving room for further
experiments on that matter. These XUV vortex beams might soon gain special
importance in the spectroscopy of forbidden transitions or for high-resolution
imaging below the Abbe limit.
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Abbreviations and Symbols

�h Planck’s constant
λ Wavelength of the light
q Momentum transfer vector, which describes the momentum change

in an elastic scattering experiment.
F ; FT Fourier Transform
Δr Spatial resolution, either used as theoretical limit or experimentally

achieved resolution, depending on context.
ξl Longitudinal coherence length, also often referred to as temporal

coherence.
ξt Transverse coherence length, also often referred to as spatial coherence.
c Speed of light
e Charge of the electron
f Focal length of a lens or a focusing mirror
I Intensity, typically measured in W/cm2

O Linear oversampling degree of a two dimensional diffraction pattern.
S Support function, is a step function which is one inside the object

and zero outside the object.
CCD Charge Coupled Device, a two-dimensional detector to measure spatial

intensity distributions. For all experimental data presented in this thesis
an XUV sensitive Andor iKonL (2048 × 2048 pixels, (13.5 × 13.5) μm2

pixel size) CCD camera was used.
CDI Coherent Diffraction Imaging, a technique that allows imaging without

using optical elements, e.g., lenses.
CPA Chirped Pulse Amplification, scheme to amplify ultrashort laser pulses

by first temporally stretching them (chirping), amplifying them, and
subsequently compressing them again.

DIH Digital In-line Holography, a holography technique where the
in-line hologram is recorded by a CCD.

eV Electronvolt, is a unit of energy approximately equal to 1.609 × 10−19 J.
Wavelength conversion: EðeVÞ ¼ 1239:84 eV nm

λðnmÞ :
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FCPA Fiber CPA, a laser system driven by an ultrafast fiber laser
using the CPA scheme.

FEL Free-Electron Laser, a laser producing coherent X-ray radiation.
FFT Fast Fourier Transforms, a numerical implementation for the

Fourier transform.
FOV Field of View, the accessible extent of the image in object plane.
FWHM Full Width Half Maximum, i.e., the width of the signal at half

of its maximum on the respective axis.
GHIO Guided Hybrid Input–Output algorithm, a technique to average

independent reconstruction runs after a certain amount of iterations
to find a better global solution.

HDR High Dynamic Range, in this thesis HDR denotes a measured diffraction
pattern stitched together from single patterns recorded with different
exposure times in order to get a diffraction pattern with a dynamic range
exceeding the dynamic range of the CCD.

HHG High Harmonic Generation, a highly nonlinear process that coherently
converts laser light to a spectrum of harmonics of the laser frequency
typically expanding over many harmonic orders.

HIO Hybrid Input–Output algorithm, the working horse in iterative phase
retrieval.

NA Numerical Aperture, is the sine of the half opening angle of a imaging
system times the index of refraction.

OV Optical Vortex, is a special beam shape, where the light beam carries a
screw-like phase profile and doughnut-like intensity profile. They are
also termed singular light beams, due to their phase singularity.

PBS Phosphate buffered saline, a solution that imitates the pH value
of the human organism.

PCR Polymerase Chain Reaction, a method for DNA analysis based
on multiplication of the DNA strains.

PRTF Phase Retrieval Transfer Function, a function that analytically deter-
mines the quality of a reconstruction and gives rise to the achieved
resolution.

RAAR Relaxed Averaged Alternating Reflection algorithm, an improved
version of the HIO.

SEM Scanning Electron Microscope, a high-resolution scanning microscope
using electrons as probe.

SLM Spatial Light Modulator, a device that is addressed like a computer
display and allows pixelwise phase manipulation of a laser beam.

TC Topological Charge, a measure of how often the phase of an OV beam is
wrapped modulo 2π in one turn across the beam’s azimuthal coordinate φ.

Ti:Sa Titanium-doped Sapphire laser, a solid state ultrafast laser based on a
Al2O3 crystal doped with Ti3+.

XUV Extreme Ultraviolet, part of the electromagnetic spectrum with
wavelengths ranging from 124 nm down to about 10 nm.

xviii Abbreviations and Symbols



Chapter 1
Preamble

It must have been an astonishing experience for people when they took a look into
Zacharias Janssen’s1 lightmicroscope, which he invented in the late 17th century.
Ever since those days the quest to make smaller details visible has been pursued, and
continues unabated today. While optical microscopy was one of the driving motors
for science over the centuries, tremendous progresswasmade in the 20th centurywith
the advent of fluorescence microscopy and scanning microscopy techniques. With
the latter one can nowadays image structures down to the atomic level. However,most
of these specialized microscopy techniques require special sample preparation or are
limited to specificmaterials. Thus optical imagingmicroscopy can still be considered
one of the most important microscopy techniques. The fundamental limitation for
optical imagingmicroscopeswas found in the 1870s byErnst Abbe.2 His resolution
limit

d = λ

2n sin α
(1.1)

basically describes that the smallest resolvable structure d is limited to half of the
wavelength λ of the illuminating light for a given index of refraction n and a half
opening angle α of the objective. Since the index of refraction is about one and the
sine of the opening angle cannot be greater than one, the fundamental limitation is
induced by the wavelength of the light. For that reason efforts were undertaken to use
X-ray tubes and Fresnel zone plates as lenses in order to constructX-raymicroscopes.
The resolution of these devices, however, was far away from being limited by the
wavelength, since Fresnel zone plates cannot be fabricated with sufficiently small
details on a larger area in order to allow for a high numerical aperture. Nevertheless
these incoherent X-ray sources are still very important for diffraction studies on
crystalline material.

1 Zacharias Janssen, ∗1588 in Den Haag, †1631 in Amsterdam.
2 Ernst Abbe, ∗1840 in Eisenach, †1905 in Jena.

© Springer International Publishing Switzerland 2015
M.W. Zürch, High-Resolution Extreme Ultraviolet Microscopy,
Springer Theses, DOI 10.1007/978-3-319-12388-2_1
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2 1 Preamble

With the advent of coherentX-ray sources, such as synchrotrons (small coherence)
and more recently the highly coherent free-electron lasers (FEL) things changed
again. Using the coherent nature of the light one could image structures using their
continuous far-field diffraction pattern without being limited in resolution by optical
devices such as zone plates, by the high absorption of solid matter or the need
for crystalline nature of the object under investigation. Coherent diffraction imaging
(CDI),which is the nameof this field, has since then become a versatile direct imaging
technique with a high impact [1]. For instance, the determination of a protein using
lensless imaging [2] at the free-electron laser in Stanford (SLAC) was chosen as one
of the top ten scientific breakthroughs in 2012 in the Science magazine. Another
remarkable example of the capabilities was the 3D tomographic measurement of a
yeast spore cell with a resolution down to a few nanometers [3].

However, for broad application of CDI in life science the need for a FEL or
next-generation synchrotron is limiting. An alternative light source is based on high
harmonic generation (HHG), which allows to convert visible ultrafast laser light into
coherent extreme ultraviolet (XUV) light at the lab scale. These laser-driven XUV
sources are compact and feature a highly coherent laser-like light beamwhich makes
them perfect for coherent imaging techniques. Since the first demonstration [4] of
CDI using HHG this field has experienced tremendous progress [5, 6].

Another approach to achieve high resolution imaging, often termed super-
resolution imaging, well below the Abbe limit, uses structured illumination [7].
In this work an approach towards structured illumination imaging in the XUV will
be demonstrated by converting a so-called optical vortex (OV) beam into the XUV
by HHG [8]. Besides possible enhancements for imaging, a great benefit for spec-
troscopy could be drawn from having such shaped light beams available at shorter
wavelengths.

In this thesis several advances regarding table-top HHG and its application to
imaging, includingOVbeamgeneration in theXUV,will be demonstrated. InChap. 2
some fundamentals regarding HHG, coherent imaging techniques such as CDI and
digital in-line holography will be discussed. Moreover, the iterative algorithms used
to reconstruct the images will be introduced in that chapter. In Chap. 3 the experi-
mental setup that was used for different experiments is described, including different
schemes for coherent imaging, i.e. CDI and digital in-line holography. An impor-
tant part of the work will deal with reflection geometry CDI [9] which is of special
importance for biological imaging. In the subsequent Chap. 4 the experimental find-
ings regarding imaging will be presented. The latest results of CDI measurements
of a high numerical and an achieved resolution of the order of a wavelength will
be presented. Digital in-line holography images taken from cell-like non-periodic
specimens will be shown. Moreover, the results consist of a CDI image taken from a
non-periodic artificial specimen in reflection geometry, and, finally, the demonstra-
tion of a novel fast CDI based classification technique for breast cancer cells. The
results obtained for OV generation in the XUV, together with an outlook on possible
imaging schemes that could possibly contribute towards nanometer resolution, will
be presented in Chap. 5. The last chapter summarizes the main results and provides
an outlook for future experiments.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_5
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Chapter 2
Introduction and Fundamental Theory

In this chapter the fundamentals involved in coherent imaging with laser generated
XUV light are presented. The first Sect. 2.1 introduces high harmonic generation,
which is the process that is used throughout this thesis to generate coherentXUVlight.
In Sect. 2.2 some imaging theory and a mathematical description for the diffraction
of light by matter will be introduced. A major issue in CDI is the so-called phase
problem, which arises from the fact that one can only measure intensities with a
physical detector in an experiment. For the reconstruction of an object, however, the
phase of the light fieldmust be known. If sufficient care to somegeometric constraints,
as presented in Sect. 2.2.4, is taken, one can retrieve the phase of the light field by
means of iterative algorithms, which are introduced in Sect. 2.3. Another approach
for coherent imaging is digital in-line holography, which is a technique where the
phase of the light field is already encoded in the fringes measured in the far-field
with a detector. The fundamentals about digital in-line holography are presented in
Sect. 2.4. A chapter summary and view at other modern imaging techniques, which
are not used in this thesis, will conclude this chapter

2.1 High Harmonic Generation in Gases

In this section the basic nonlinear process to generate short wavelength light will
be introduced. Therefore, first an electro-magnetic wave impinging on a material is
considered as the interaction between light and matter is discussed. The feedback
from the material to the electric field (E(r, t))1 is expressed by a linear dependence
of the polarisation P on the electric field connected by the susceptibility χ . This
linear behavior corresponds to bound electrons moving in the Coulomb potential of
the atoms, and experiencing a small perturbation of their motion by the laser field.
This small perturbation can be treated as a small amplitude electron bouncing in a

1 Throughout this thesis vectors and vectorial quantities will be denoted by a boldface typeset,
e.g. r. The modulus of r is denoted simply as r .

© Springer International Publishing Switzerland 2015
M.W. Zürch, High-Resolution Extreme Ultraviolet Microscopy,
Springer Theses, DOI 10.1007/978-3-319-12388-2_2
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6 2 Introduction and Fundamental Theory

harmonic potential approximating the atomic or molecular potential in the vicinity
of the stationary orbit. However, this approximation is not valid for higher intensities
and thus the relation between the polarization and the electric field turns from linear
to a power series in χ [1]

P(r, t)NL ∝ χ(1)(ω)E(r, t) + χ(2)(ω)E2(r, t) + χ(3)(ω)E3(r, t) + · · · , (2.1)

whereχ(n) represents then-th order susceptibilities. For non-centrosymmetricmedia,
all even terms in this series are equal to zero. The nonlinear response of the polar-
ization results in a zoo of effects that kick in once a certain intensity, depending
on material parameters, is reached. The coefficients χ(n) can be linked to a specific
nonlinear effect, e.g. harmonic generation. More details are discussed in [2].

The most used nonlinear effect is frequency conversion, which can be anything
from multiple harmonic generation to complicated frequency mixing [1]. However,
due to absorption and usually decreasing χ(n) for increasing n for typical materials,
the generation of harmonics much beyond the third order is not efficient.

Expression 2.1 is the basis for conventional perturbative nonlinear optics. It is
obvious that the nonlinear motion of bound electrons is not able to provide harmonics
with the energy of quanta larger than the ionization potential of the atom ormolecule.
Toovercome this limitation and to enable frequency conversion to theXUVandX-ray
spectral range, a new mechanism inevitably involving the ionization of the medium
in a high intensity laser field should be proposed. Such a mechanism was proposed
in [3, 4] and is called high-order harmonic generation (HHG) in gases. This highly
nonlinear process allows to generate coherent light with photon energies up to the
kiloelectronvolt level [5, 6]. The principal structure of an HHG spectrum is depicted
in Fig. 2.1. The intensities of the lower order odd harmonics only, with any energy
of quantas up to the ionization potential of the atom, follow the perturbative regime
predicted by Eq.2.1. These lower order harmonics are followed by the so called
plateau, where the yield of the harmonics is about constant over a large wavelength
span. A cut-off at the high energetic end of the spectrum relates to the shortest
produced wavelengths.

Fig. 2.1 Schematic HHG spectrum. The intensity of the lower order harmonics follows a perturba-
tive regime, which is followed by a plateau featuring about equally intense harmonics. The cut-off
marks the highest photon energies generated
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(a) (b) (c)

Fig. 2.2 The three-step-model in brief: a An electron tunnels out of the parent ion due to the
Coulomb potential (dotted red line) of the atom being deformed (solid red line) by the electric field
of the laser. b The electron accelerates in the laser field and gains kinetic energy. c The electron
recombines with the parent ion and a photon with a energy hν equivalent to the electrons kinetic
energy Ekin and the ionization potential Ip of the ion is emitted

In the early 1990s Krause et al. [7] and Corkum [8] developed a simple model that
is able to describe the plateau and cut-off structure for a single-atom using a semi-
classical approach. The so-called three-step-model consists of three parts: ionization,
acceleration, and recombination of an electron, as depicted in Fig. 2.2.

2.1.1 Ionization

In order to estimate the electric field that is needed to significantly modify the
Coulomb potential of an atom, one can calculate the electric field of a bound electron
in a hydrogen atom. This is done by using Bohr’s atomic model and the Bohr radius
a0 to calculate the electric field as

Ea = e

4πε0a2
0

= 5 × 1011 V/m. (2.2)

From this one gets an estimate of the intensity of a laser field having an equivalent
electric field

Ia = 1

2
ε0cE2

a = 3.51 × 1016 W/cm2. (2.3)

Such intensities are easily reachable with modern ultrafast lasers. Using the sin-
gle active electron (SAE) approximation [9], one can write the combined potential
experienced by the single electron and the laser field as

V (r, t) = − e2

4πε0|r| + eE(t)r. (2.4)

Obviously, a significant modification of the electron motion in the atom can only
take place if the intensity of the laser field is high enough, i.e. on the order given in
Eq.2.3.
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According to Eq.2.4, the combined potential features a time-dependent barrier.
Thewidth of this barrier rB can be estimated as erB E ∼ Ip, where Ip is the ionization
potential of the atom. Using the characteristic velocity of the electron motion in the

atom va ∼
√

2Ip
me

, one can introduce a characteristic tunneling time τ ∼ rB
va

∼√
2me Ip

e2E2 . The regime of ionization is determined by the ratio of the tunneling time to
the optical cycle. A corresponding parameter, known as the Keldysh parameter, to
distinguish these regimes was introduced by Keldysh [10] and is defined as

γ = τω =
√

Ip

2Up
, (2.5)

where ω is the laser frequency and Up = e2E2
0

4meω2 is the ponderomotive potential,
which is the mean kinetic energy of a free electron oscillating in the monochromatic
laser field with an amplitude E0. When γ � 1, which corresponds to relatively
low laser intensities or short laser wavelengths, the electron does not have sufficient
time to tunnel through the potential barrier within an optical cycle. Instead, ionization
proceeds via absorption ofmultiple optical photons. This is the so-calledmultiphoton
ionization regime. It is typical for high intensity laser pulses in the visible or UV
spectral range. In the opposite case γ � 1, ionization occurs on the sub-cycle time
scale due to electron tunneling through the potential barrier. For the near-infrared
laser wavelength 800nm, as used in the experiments in this thesis, ionization occurs
in a mixed regime, since γ ∼ 1.

2.1.2 Acceleration

The generation of a free electron is followed by acceleration (Fig. 2.2b) in the laser
field E = E0 cos(ωt + φ). Since ionization occurs in the electric field of the laser
pulse, which is comparable to the characteristic atomic field (Eq.2.2), the Coulomb
attraction force from the ion on the free electron is much weaker than the electric
force of the laser pulse. That is why the influence of the ion on the electron motion
can be neglected and analysis can be done for trajectories of a free electron in the
monochromatic electric field. Hence, one can calculate the movement of the electron
that is born at a phase φ of the laser field, assuming the electron being at rest v0 = 0
after tunneling, by

v(t) =
t∫

0

− e

me
E(t)dt = − E0e

mω
{sin(ωt + φ) − sin φ}, (2.6)

x(t) =
∫ t

0
v(t)dt = E0e

meω2 {cos(ωt + φ) − cos(φ) + sin(φ)t}. (2.7)
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The kinetic energy of the electron can be calculated fromEq.2.6, which, after averag-
ing over an optical cycle, results in the ponderomotive potential introduced before.
As a consequence Up ∝ I . The electrons can either drift away or recollide with
the parent ion, which can be found by calculating the trajectory of the electrons for
different phases φ in Eq.2.7. This is discussed in full for instance in [11].

2.1.3 Recombination

When an electron recollides with its parent ion, three different processes might
occur with different probability: (i) elastic rescattering of the electron on the ion;
(ii) inelastic scattering with excitation or ionization of bound electrons in the ion;
(iii) recombination of the electron with the parent ion. If recombination occurs a
photon is emitted (Fig. 2.2c), having the combined kinetic energy of the electron and
the ionization potential of the ion

�ω = Ip + Ekin. (2.8)

According to Eq.2.6 the kinetic energy of the electron depends on the time it spends
in the laser field. This obviously depends on the phase φ of the laser field at the time
when the atom was ionized. Solving the equation of motion of the electron (Eq.2.6)
with x(t) = 0 for different phases φ one gets a maximum kinetic energy for φ ≈ 18◦.
Thus Ekin = 3.17 · Up is the upper limit for the energy of the emitted photon by the
electron. Together with the ionization potential of the atom one gets the so-called
cut-off energy

�ωcutoff = Ip + 3.17Up. (2.9)

Despite the simplicity of the three-step-model and its deterministic connection of
classic and quantummechanical effects, it is able to describe the features observed in
HHG. The structure of the cut-off, the plateau behavior (Fig. 2.1), and the existence of
only odd harmonics, due to every half-cycle causing recollisions, are well explained.
Amore rigorous quantummechanical model for HHGwas developed by Lewenstein
et al. [12], which will not be discussed in depth in this thesis.

Other general properties one has to mention when dealing with HHG is that the
light produced is highly coherent and emitted in a beam having typically a smaller
divergence compared to the driving laser beam [13, 14]. The photon flux generated
with HHG is low compared to synchrotrons or free-electron lasers. Limiting for the
photon flux is the low conversion efficiency. The highest reported HHG conversion
efficiencies are in range of≈10−5 [15–17]. As with other nonlinear optical processes
phase matching, i.e. matching the phase velocity of the fundamental light with the
phase velocity of the generated harmonics, is one of themain limiting issues. Another
important issue for microscopy with high harmonics beside the flux is the bandwidth
of each harmonic. The bandwidth is getting narrower the more optical cycles con-
tribute to the signal. Thus long driving pulses generate narrowband harmonics as
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they are essential for high resolution imaging as will be shown in Sect. 2.2.4. The
pulse duration of the harmonics emitted is intrinsically shorter than the driving laser
pulse and can reach the attosecond level [18].

2.2 Coherent Diffraction Imaging Theory

After the introduction of HHG for frequency up-conversion, the topic of this section
will lead towards the application of those unique light pulses for microscopy. First,
the basic principles of diffraction of light by matter will be discussed. Then specific
problems and methods used in CDI to solve the so-called phase problem will be
introduced. At the end of this section a closer look at geometric considerations one
has to bear with when targeting the implementation of a CDI experiment in the lab
will be taken. It is worth mentioning that direct imaging with Fresnel zone plates [19]
has been done for decades at synchrotrons [20] andmore recently usingHHG sources
[21], however, the resolution is limited due to the limited resolution in electron beam
lithography for producing the zone plates. Further, the bandwidth of typical HHG
pulses is limiting the usability of Fresnel zone plates.

2.2.1 Coherence Properties of a Light Field

An importantmeasure for imaging purposes is the coherence. Coherence is a property
of the light field giving information about howwell defined the phase relation between
different parts of the electromagnetic radiation is either in space or time. These are
referred to as the spatial and temporal coherence, respectively. Spatial coherence
describes the phase relation between two separated points in a plane perpendicular
to the propagation direction [22]. Temporal coherence on the other hand describes
a defined phase relation between two points separated in time, i.e. parallel to the
propagation direction. At this stage one can already conclude that plane waves have
perfect spatial coherence, since they have the same phase at all points in planes
perpendicular to the propagation direction. In reality however, one always has a
source of light that has a finite size, i.e. it emits spherical waves which can be
approximated as plane waves only for large distances from the source. Thus, as
shown in the seminal book from Attwood [22], one can relate the spatial coherence
of a light source to its spatial size and its emission characteristics, i.e. the divergence
�θ of the radiation emitted. A measure for this is the transverse coherence length ξt

ξt = z�θ = zλ

2πd
, (2.10)

where z is the distance from the source to the plane of observation,λ is thewavelength
and d is the source size. A way to measure spatial coherence is to measure with a
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Young’s double slit with a variable distance between the slits. The wider the slits
are separated, the wider is the separation of the sampling points on the wave that
impinges on the double slit. If the separation between the slits becomes greater than ξt

one observes decreasing contrast on the fringes in the interference pattern in the far-
field behind the double slit. In a similar manner, for coherent imaging one finds that
spatial coherence is limiting the size of typical samples that can be imaged. This is
because if samples are significantly larger than ξt one cannot expect clearly resolved
fringes in the far-field and, thus, cannot resolve the phase as will be presented in
Sect. 2.2.3. What makes the estimation of the spatial coherence according to Eq.2.10
difficult in the practical application of CDI is the fact that typically the light from a
source is refocused and the sample is placed in the focus. Hence z would be zero and
one cannot use Eq.2.10, which only applies for a divergent light field. Thus a more
useful interpretation, but less measurable, is that the spatial coherence is related to
the beam quality, i.e. one should optimize for a Gaussian-shaped focal spot with an
ideally flat phase front.

Temporal coherence on the other hand is related to the bandwidth of the light field.
This can be intuitively understood again by analyzing a Young’s double slit. Since
different wavelengths are diffracted under different angles one gets more smearing
(broadening) of the fringes and therefore less contrast the larger the bandwidth of
the incoming light field becomes. The effect increases for larger diffraction angles,
i.e. larger distance from the center of the pattern. The temporal coherence can be
quantified by the longitudinal coherence length ξl

ξl = λ2

2�λ
. (2.11)

�λ denotes the full width half maximum (FWHM) bandwidth of the source.
Often temporal coherence measurements are discussed with Michelson interfer-

ometers in the way that changing the path length of one interferometer armmore than
ξl the interference is lost due to the missing phase relation between the interfering
light fields. Here temporal coherence is discussed at the far-field interference pattern
of a double slit. Comparing this to the discussion on spatial coherence one finds that
temporal coherence effects the far-field pattern of the object, i.e. the double slit, in a
similar way as spatial coherence. The only difference is that temporal coherence is
more limiting at higher diffraction angles, i.e. the achievable resolution, while spatial
coherence is limiting the field of view. Thus in a CDI experiment both coherence
measures are of special importance.

2.2.2 Diffraction of Light Waves at Matter

In this section the basic concepts of diffraction of light waves at matter will be
discussed. This field is very complex and cannot be covered in depth within this
thesis. Hence, in this work the focus will be on a few principles and a few important
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Fig. 2.3 The Huygens-Fresnel principle describes the diffraction of light as the superposition of
spherical waves that emerge from an object. In the presented case this is a simple aperture

formulas to illustrate the main effects that are relevant for CDI. A more detailed
discussion and further reading can be found for instance in the textbook of Jackson
et al. [23]. Here the notation given in [24] will be followed, hence electric fields will
be denoted by U .

An intuitive picture of diffraction is given by the Huygens-Fresnel principle
(Fig. 2.3). It states that every part of a wavefront emerging from an obstacle can
be considered as the center of a spherical wave. Thus the field at later points, after a
certain propagation, can be described by the superposition of all spherical waves that
propagated the given distance. The superposition of coherent wavefronts usually
gives rise to interference effects and hence produces a certain intensity distribu-
tion that is usually called a diffraction pattern. So the Huygens-Fresnel principle
describes the principal effects, however, the drawback is obvious, since one would
need an infinite number of waves to be propagated and interfered to determine a
diffraction pattern of an actual object. Another consequence of the Huygens-Fresnel
principle is that a diffraction pattern that one can expect behind an aperture depends
on the distance between the aperture and the plane of observation. For distances
close to the aperture (z ∼ a, where a is the aperture size), geometrical optics can
be applied to describe the field structure. Going further away the diffraction pattern
evolves quickly as a function of the distance since the interference of the spherical
waves starts to build up. This is called Fresnel diffraction. For distances far from the
object the spherical waves can be estimated as plane waves having different phases,
thus the diffraction pattern does not change but merely increases in size. This case is
called Fraunhofer diffraction. The transition from Fresnel to Fraunhofer diffraction
is not abrupt. One can estimate the distance z for which the Fresnel regime changes
into the Fraunhofer regime as

z ≈ a2

λ
, (2.12)

where a is the aperture size and λ is the wavelength.
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This is a rather qualitative view on diffraction. In next part of this section a
quantitative description of the diffraction of an arbitrary object will be derived. As
shown in [24] one can derive

U (P) = 1

4π

∫∫

S

[
U

∂

∂n

(
exp(−ikr)

r

)
− exp(−ikr)

r

∂U

∂n

]
dS (2.13)

from the Huygens-Fresnel principle, whereU is a solution of the Helmholtz equation
at a point of observation P , with n being a unit vector normal to the emitting surface
S, r being the vector from S to P and k being the wavevector. Equation2.13 is
called the Kirchhoff diffraction integral. If one now assumes to have an aperture on
an otherwise opaque screen that is illuminated from one side and the observation
plane is in the halfspace on the other side, one can derive [24] the Fresnel-Kirchhoff
diffraction formula

UK (P) = iU0

λ

∫∫

∑

exp[−ik(r + s)]
rs

[cos(n, s) − cos(n, r)]
2

dS. (2.14)

In Eq.2.14 s denotes the vector from the aperture
∑

to the source and r denotes the
vector from the aperture to the point of observation P . The integration is done over

∑
within the halfspace S enclosing P . The Fresnel-Kirchhoff diffraction formula is still
somewhat too general [24] and contains somemathematical irregularities.Rayleigh
and Sommerfeld used certain symmetries and assumptions to simplify Eq.2.14
further. Using their simplifications and introducing a Cartesian coordinate system
(Fig. 2.4) one can now calculate the light field U2 at a point P2 in the observation
plane

U2(x2, y2) = i

λ

∞∫∫

−∞
U1(x1, y1)

exp(−ikr)
r

cos(n, r)dx1dy1, (2.15)

Fig. 2.4 Definition of the coordinate system.U1 is the light field at point P1 in the diffraction plane
(x1, y1) and U2 is the light field in the observation plane (x2, y2) at point P2
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where U1 is the light field in the diffraction plane and cos(n, r) is the cosine of the
angle between the normal to the diffraction plane n and the direction of observation r.

The factor exp(−ikr)
r describes a spherical wave originating at point P1 and demon-

strates the Huygens-Fresnel principle. Provided one knows the light field within an
aperture U1 one can calculate the diffraction pattern anywhere behind the aperture
if r � λ which is one of the main assumptions when deriving Eq.2.15. For typ-
ical CDI experiments one expects a plane wave impinging on the target, thus U1
is well defined. But also in the case of Fresnel CDI [25] one can still use Eq.2.15
by assuming a spherical wavefront illuminating an aperture. Using the coordinate
system (Fig. 2.4) the distance r between P1 and P2 can be expressed in Cartesian
coordinates

r2 = z2 + (x2 − x1)
2 + (y2 − y1)

2 = z2
[
1 + (x2 − x1)2 + (y2 − y1)2

z2

]
. (2.16)

If the observer resides near the optical axis, which is the typical situation in CDI,
one can use (x2 − x1)2 + (y2 − y1)2 � z2 to simplify Eq.2.16 to

r ≈ z

[
1 + (x2 − x1)2 + (y2 − y1)2

2z2

]
. (2.17)

This paraxial approximation is called the Fresnel approximation. In this case the
cosine in Eq.2.15 becomes unity and using Eq.2.17 one can reduce Eq.2.15 to

U2(x2, y2) = i exp(−ikz)

λz
∞∫∫

−∞
U1(x1, y1) exp

[
−ik

(x2 − x1)2 + (y2 − y1)2

2z

]
dx1dy1.

(2.18)

This formula yields the diffraction pattern in the paraxial approximation, which is
also called the Fresnel diffraction pattern or the near-field. Inspecting Eq.2.18 reveals
that the phase in the observation plane has a quadratic dependence on the position.
This is the reason as towhy the Fresnel diffraction regime is complicated and difficult
to handle in imaging systems. This is particularly true if one deals numerically with
such geometries.

As mentioned earlier, a more orderly diffraction pattern is expected when the
observation plane is further away from the diffraction plane. In this case the quadratic
terms of the coordinates in the diffraction plane in Eq.2.17 can be neglected since
z2 � x21 , y21 . One only keeps the mixing terms and gets

r ≈ z

[
1 + x22 + y22

2z2
− x1x2 + y1y2

z2

]
. (2.19)
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Using this so-called Fraunhofer approximation and plugging it into the Rayleigh-
Sommerfeld diffraction formula (Eq.2.15) one gets

U2(x2, y2) = i exp(−ikz)

λz
exp

(
−ik

x22 + y22
2z

)

∞∫∫

−∞
U1(x1, y1) exp

[
ik

z
(x1x2 + y1y2)

]
dx1dy1. (2.20)

Inspecting this Fraunhofer diffraction formula one finds that a nonlinear phase vari-
ation in the observation plane is not arising. Instead one gets a steady pattern that
just expands in size over the propagation distance z. The integral essentially denotes
the Fourier transform of the source field U1.2 This is a very important result for CDI,
since using numerical implementations of the Fourier transform, e.g. Fast Fourier
Transforms (FFT), one can numerically switch between the diffraction pattern in the
far-field and the source field at an aperture. This is the basis for iteratively solving
the phase problem as will be explained in the subsequent section.

In summary the discussion startedwith the general Huygens-Fresnel principle that
essentially describes diffraction as the sum of point sources originating at the surface
of the diffracting object. Putting this into a mathematical description by integrating
over all spherical waves that leave the object, a solution that obeys the Helmholtz
equation for wave propagation was found. By restricting to one halfspace and using
paraxial and a few further assumptions the Fresnel diffraction formula was derived.
The Fresnel diffraction formula (Eq.2.18) is valid at any distance significantly larger
than the wavelength behind an illuminated aperture a. However, for even larger
distances z � a2

λ
the Fraunhofer diffraction formula (Eq.2.20) was found. It relates

the far-field and the source field by the Fourier transform. Thus the coordinates in
the far-field can be related to spatial frequencies q by

qx = x/(zλ) and qy = y/(zλ). (2.21)

In terms of interpreting diffraction as an elastic scattering of photons one can inter-
pret these spatial frequencies as the components of the momentum transfer vector
q(qx , qy, qz). The photons exiting the diffraction plane kout, which will later be
denoted as the object plane, experience a higher momentum change the more the
propagation directions differ from the incidence direction of the photons defined by
the wavevector kin of the incoming wave. Hence

q = kout − kin (2.22)

2 In literature this field is also often referred to as the exit surface wave.
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Fig. 2.5 Scattering of an incident coherent beam kin on a planar object in the object plane (dif-
fraction plane). The wavevector of the exiting photons kout ends on the Ewald sphere. Since one
measures a diffraction pattern in the detection plane, one can interpret the spatial frequencies as
the projection of the momentum transfer vector q on the corresponding axis. The object plane is
characterized by its spatial extent a and a sampling size, i.e. the object pixel size, pobj. The detec-
tion plane is likewise characterized by the detector size w and the pixel size p. Please note that one
can already see in this sketch that the Ewald sphere is projected onto the planar detector. For high
scattering angles, e. g. denoted by θmax, as they occur for high numerical aperture measurements, a
correction of this effect is necessary. Details can be found in Sect. 3.4

gives the resultingmomentum transfer vector.3 Energy conservation imposes |kout| =
|kin|. Hence, all scattering vectors, and thus the diffraction pattern, lie on a sphere,
which in crystallography is called the Ewald sphere [27]. The Ewald sphere has
thus the radius 1/λ, since k ∝ 1/λ. The scattering geometry is depicted in Fig. 2.5.
Throughout this thesis it will be assumed that the Ewald sphere has a radius 1/λ.4

The momentum transfer q = |q| for a given scattering angle θ thus becomes [28]5

q = 2

λ
sin

(
θ

2

)
. (2.23)

2.2.3 The Phase Problem

In the preceding section it was found that the object plane, i.e. the source field, and
the detection plane are Fourier conjugates in the Fraunhofer approximation, which

3 One can compare Eq.2.22 with the well-known momentum transfer equation from elastic scat-
tering �p = p − p0 by multiplying both sides in Eq.2.22 with � = h/2π where h is Planck’s
constant. If one now uses the de Broglie relation p0 = �kin and p = �kout for the incident and
scattered particle, respectively, it becomes clear that �q = �kout − �kin is the momentum transfer
vector [26].
4 For the sake of being consistent with most of the literature on CDI. Hence, |k| = 1/λ is used.
5 This equation comes from an isosceles triangle, where c = 2a sin(γ /2). Comparing it to the
well-known Bragg’s law one finds that Eq.2.23 is equivalent to a volume grating being tilted about
half the diffraction angle θ .

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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is almost always fulfilled for soft X-ray imaging due to the short wavelength. Thus
one could retrieve the object except for a constant phase factor by a simple Fourier
transform if one could sample the amplitude and the phase in the far-field.However, in
all experiments that will be presented throughout this thesis an XUV sensitive charge
coupled device detector (CCD, details in Chap.3) is used to measure the diffraction
patterns. Unfortunately, there are no detectors that can measure phase and amplitude
spatially resolved simultaneously; instead a CCD measures only intensities, i.e. I ∝
UU∗ = |U |2. Hence the phase information is typically lost in CDI experiments, a
predicament commonly called the phase problem.

In 1952 Sayre published a seminal article [29] where he states that in principle
the phase information can be recovered from the diffraction intensities if they are
sampled densely enough. The idea behind this is the Shannon theorem [30], which
essentially states that one can retrieve the phase of a signal if it is sampled at twice
its frequency, the so-called Nyquist frequency. As shown before, one can think of the
plane of a diffraction pattern as a plane of spatial frequencies. Thus the implication
from Sayre’s work that he continued years later [31] is that one can retrieve the
phase if the continuous X-ray diffraction pattern caused by an non-periodic object is
sampled sufficiently dense. This is called the oversampling of the diffraction pattern.
Bates discussed in [32] that the solution of this inversion problem would be almost
always unique. If one considers a sample with a diameter a one can determine the
spatial Nyquist frequency to fNyquist = a/(zλ). This would be the spatial frequency
with which one would have to sample the diffraction pattern with, in order to achieve
a direct conjugate relation between object plane and the diffraction pattern. If the
phase problem is considered as a set of equations one would have N equations in
both planes, i.e. N pixels considering a CCD. However, since every detection spot
is characterized by an amplitude and a phase one has 2N unknowns and due to the
phase problem only N , i.e. the amplitudes

√
I , knowns. To solve this system of

equations one can, however, sample the diffraction pattern with 2 fNyquist, i.e. having
two pixels per spatial Nyquist frequency in terms of a CCD, and have 2N knowns
(2N amplitudes). If one now uses that there are 2N unknowns (N amplitudes and N
phases) in the object plane, one can in principle retrieve the phase [33]. In terms of
an FFT this means that the object plane has a certain zero padding around the object,
where amplitude and phase are known to be zero. This is depicted as two-dimensional
case in Fig. 2.6.

To quantify the oversampling of a diffraction pattern one can introduce an over-
sampling ratio σ , which one can define in the object plane as

σ = region with electron density + region without electron density

region with electron density
. (2.24)

The formulation electron density comes from X-ray diffraction on atoms, where the
dipoles of the electrons in an atom are the sources of the spherical wavelets [23]. To
be consistent with most CDI literature the electron density ρ will further be used as
a substitute for the source terms U in the previous section. So even for an aperture,

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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N(a)

(b)

N
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N

FFT

2N

2N
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-1FFT
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-1FFT

Fig. 2.6 Oversampling as condition for solving the phase problem. a An object that fills N by N
pixels in the object plane results in a N by N pixels diffraction pattern in the Fourier transform
plane. b If one, however, adds a zero-density region around the object, i.e. zero-padding, to 2N
by 2N pixels one gets the corresponding 2N by 2N diffraction pattern. This represents a twofold
oversampled diffraction pattern with 2N by 2N known amplitudes, which allow to solve the phase
problem (the amplitude in the Fourier transform plane is plotted on the right panels on a logarithmic
scale). This is because there are only N by N complex-valued unknowns in the object plane and all
other pixels in the zero-density region can be set to zero. For convenience the arrays are shown at
the same size, in reality the arrays in (b) are four times larger

where the field in the object plane can be reconstructed, one can recover the object
itself through Babinet’s princple [24].

According to Sayre σ ≥ 2 is necessary to solve the phase problem. In the detection
plane this corresponds to the number of pixels used to sample a speckle in the
diffraction pattern. In two dimensions O = √

σ the linear oversampling degree in
the detection plane can be introduced [34]

O = λz

ap
, (2.25)

with λ being the wavelength, p the width of a detector pixel, z the distance between
object and detection plane and a the largest spatial extent of the object. According
to Eq.2.21 this corresponds to the highest spatial frequency observed from an object
related to the size of a detector pixel.

In this section itwas shown that the phase problemcan in principle be solved, if suf-
ficient oversampling in the diffraction pattern ismaintained. The ambiguity that is left
and cannot be recovered is a lateral translation of the object, a complex conjugation,
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a spatial inversion and an absolute phase shift [32]. One should note that all these
considerations are only valid for the Fraunhofer regime, because the nonlinear phase
evolution in the Fresnel regime, as pointed out in Sect. 2.2, would not satisfy a linear
sampling theorem [34]. To maintain sufficient oversampling in an experiment, care-
ful considerations regarding the experimental geometry are necessary. This will be
covered in the following section.

2.2.4 Geometric Considerations

In the preceding section it was found that oversampling (Eq. 2.25) is a crucial require-
ment for CDI experiments in order to retrieve the object plane from a far-field diffrac-
tion pattern. The far-field conditionwas given in Eq.2.12. In Sect. 2.2.1 the coherence
properties of a light source were investigated. Hence it is beneficial to bring the find-
ings together and have a look at the restrictions to the experimental geometry and the
properties of the light source that arise from these findings. Spence et al. present a
comprehensive discussion [35] on the coherence requirements of a source for proper
CDI. For the transverse coherence length they found that

ξt > 2a, (2.26)

where ξt is the transverse coherence length as discussed in Sect. 2.2.1 and a is the
spatial extent of the object. The reason for this is that the autocorrelation function �

of an object o

�(r) = o(r) ⊗ o∗(−r), (2.27)

where ⊗ denotes the convolution operator, has twice the size of its spatial extent
a [28]. That means that according to [35] the transverse coherence must at least be
maintained over the size of the autocorrelation �, because the unknown phases are
compensated by collecting coherent diffraction data from a plane at least twice as
big as the sample. For higher oversampling O one can thus generalize Eq.2.26 to

ξt > Oa. (2.28)

For the temporal (longitudinal) coherence similar estimations can be made, i.e. two
light rays originating from opposite sites of the sample should still interfere on the
detector. Miao et al. empirically found [34] a relation between the bandwidth �λ of
a light beam, the achievable resolution �r and the oversampling O:

λ

�λ
≥ Oa

�r
=⇒ �r ≥ Oa�λ

λ
. (2.29)
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Hence the resolution is limited by the bandwidth,6 i.e. the fringes smear out as
was qualitatively already discussed in Sect. 2.2.1. At the same time one sees from
Eqs. 2.28 and 2.29 that for a higher oversampling O one needs a higher temporal
coherence, i.e. a smaller bandwidth �λ, and a higher transverse coherence ξt . Since
no additional resolution in the reconstruction is gained from higher oversampling, it
can be concluded from this result to aim for O � 2. If not avoidable, one can account
for partial coherence in the phase retrieval algorithm (Sect. 2.3) [36].

If one now considers a diffraction experiment where the diffraction pattern is
sampled on a regular Nx by Ny grid, one can assign every sampling point, i.e. each
pixel, a corresponding sampling interval�qx and�qy . The corresponding sampling
interval of each single pixel at θ can be calculated using Eq.2.23. From this one can
deduce the field of view (FOV) in each axis to [28]

Lx = 1

�qx
, L y = 1

�qy
. (2.30)

At the same time the highest measured momentum transfer on the qx -axis qx,max
results in the smallest resolvable period �rx in the corresponding object plane axis7

�rx = 1

2qx,max
. (2.31)

The same is of course valid for the qy /y-axis and typically has the same result
in a transmission CDI experiment where the detector is centered behind the sample.
Hence, for a given detector width w and a detector sample distance z (see Fig. 2.5)
one can determine the highest recorded scattering angles θmax = tan−1[w/(2z)] and
use these to calculate the highest detectable momentum transfer as8

qmax = 2

λ
sin

(
θmax

2

)
= 2

λ
sin

[
1

2
tan−1

(
w

2z

)]
. (2.32)

6 Provided that diffraction data is measured to sufficiently high momentum transfers, such that in
principle a higher resolution could be obtained considering perfect coherence properties. See the
following pages for the fundamental resolution limit.
7 It is assumed that the zero deflection point, i.e. |q| = 0, resides in the center of the detector. The
factor 2 comes from the fact that the pattern is sampled from −[(Nx − 1)/2]�qx to [Nx/2]�qx
on the detector and that the FFT conserves the total amount of pixels, i.e. the object plane is also
sampled by Nx times Ny pixels.
8 This refers to the midpoints from the diagonal edges of the CCD. Sometimes in literature the
highest momentum transfer in the edges of the detector is mentioned. It is thus a factor of

√
2 larger,

but this yields no additional resolution because the highest momentum transfer with respect to the
x- and y-axis is still the same.
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Thus the smallest resolvable period becomes

�r = λ

4 sin
[
1
2 tan

−1( w
2z )

] . (2.33)

For small angles θmax this compares to the well-known Abbe limit (Eq.1.1), if
NA = sin[tan−1( w

2z )] is considered as the numerical aperture of the system. Using
the small angle approximation sin[tan−1(w/[2z])] ≈ w/(2z) yields

�r = zλ

w
= zλ

pN
= pobj (2.34)

if a CCD having N pixels with a pixel width p is considered. Due to the principle
of conservation of the number of pixels one can also interpret this as the pixel size
pobj in the object plane. This is also referred to as the half-pitch distance and it gives
an estimate of the smallest details in an object that can be resolved provided the
diffraction pattern can be measured with a sufficient signal to noise ratio at the edge
of the detector.

2.3 Iterative Phase Retrieval Methods

In the previous sections diffraction of light waves on a sample was investigated
and the phase problem (Sect. 2.2.3) was found, which needs to be solved in order to
reconstruct the object. As pointed out bySayre in 1952 [29], one can in principle solve
the phase problem if oversampled diffraction patterns aremeasured. However, it took
almost 20years until Gerchberg and Saxton came upwith a first algorithm [37] for the
phase retrieval in a diffraction pattern, at this time for electron microscopes. In 1978
Fienup then introduced an improved version [38] of theGerchberg-Saxton algorithm,
which is known as the error-reduction algorithm. He introduced a support constraint,
i.e. setting an area outside of the expected object to zero, and showed that this results
in a more stable phase retrieval. Moreover, he introduced a positivity constraint,
since a physical object’s complex electron density cannot have a negative amplitude.
The error-reduction algorithm, however, suffered from stagnation in local minima
during the reconstruction and thus needed further improvement, which resulted in
the hybrid input-output algorithm (HIO) [38]. In the HIO algorithm the amplitude
that is projected outside of the support is used as an error, which one tries to reduce
from iteration to iteration. The principal scheme for an iterative phase retrieval is
depicted in Fig. 2.7. For the initialization of the algorithm (Fig. 2.7a) the measured
amplitudes, i.e.

√
I (q), and random phases are used. An initial support function S

can be determined from the diffraction pattern if not otherwise known. This issue
will be tackled later in this section.

The goal of the phase retrieval is to reconstruct the complex wave function U (r),
as discussed in Sect. 2.2.2, that is exiting the object plane. This is equivalent to

http://dx.doi.org/10.1007/978-3-319-12388-2_1
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(a)

(b)

Fig. 2.7 Principal scheme for an iterative phase retrieval. a In a diffraction experiment one typically
measures the intensities of the diffraction pattern in the far-field, i.e. the Fourier transform of the
object. Since nothing is known about the phases one typically seeds the algorithm with random
phases. From the modulus of the inverse Fourier transform of the measured intensities one obtains
a function proportional to the autocorrelation, which can be used to obtain an initial support S that
encloses the object. So-called locator sets can be used to enhance this first support estimate [39].
b After having seeded the algorithm as explained in (a) one iterates between detection plane and
object plane using corresponding Fourier transforms. In the detection plane the modulus constraint
is enforced, i.e. taking the measured amplitudes and keeping the phases. Likewise, in the object
plane one enforces the support constraint by using a proper feedback function, which could for
instance be the HIO formulation. The shrink-wrap method [40] is used to enhance the support every
e.g. 100 iterations. The final reconstruction is depicted as complex-valued plane, where the hue and
brightness encode the phase and amplitude, respectively. The linear phase ramp, visualized by the
color transition in the final reconstruction, comes from a non-perfect centered diffraction pattern

reconstructing the object if one considers a coherent plane wave impinging on the
object. In the detector plane one has the complexwave Ũ (q) ∝ F[U (r)], fromwhich
one can only measure the intensity I (q) ∝ Ũ (q)Ũ∗(q). Thus the modulus constraint
(Fig. 2.7b) in the n-th iteration of the algorithm in the detector plane is defined as

Ũn+1(q) = √
I (q) exp[i arg{Ũn(q)}], (2.35)

i.e. one keeps the phases and replaces the amplitude by the square root of the mea-
sured intensities. Now one can think of the back transformation to the object plane
as a projection, i.e. the modulus constraint projection, which is denoted as Pmod.
This allows to write the modified wave function in the object plane in terms of the
projection as

Un+1(r) = PmodUn(r) = F−1[Ũn+1(q)]. (2.36)
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Next a projection in the object plane is applied, which is called the support projection
Psup. The support S is the region inside the object, i.e. surrounded by a zero-density
region. One can write this projection as

PsupUn+1(r) =
{

Un+1(r) ∈ S
0 �∈ S

. (2.37)

The beauty of these projections is that one can use them to write down a certain
iterative algorithm in one formula. For instance the error-reduction algorithm can be
written as

Un+1(r) = PsupPmodUn(r) (2.38)

or the HIO as

Un+1(r) =
{

PmodUn(r) ∈ S
Un(r) − β PmodUn(r) �∈ S

, (2.39)

where β is a feedback parameter with typical values between 0.1 and 1. Further-
more, sometimes additional constraints are enforced on the object plane. For exam-
ple one can constrain that the object must be real-valued and positive Un+1 ∈ R

+
in case of a non-absorbing aperture. In case of a pure phase-object one can use
Un+1 = exp[i arg{Un+1}] as an additional constraint. Even though this requires
some knowledge about the object, it significantly decreases, if available, the search
space for the algorithm and consequently speeds up the convergence. Over the years
many different modifications to the HIO were introduced with each following a dif-
ferent goal. A comprehensive overview and comparison can be found in [40]. Mostly
a mixture of algorithms is used within a reconstruction run, e.g. 100 iterations of HIO
followed by a few error-reduction steps [28].

A realization of a noise-robust HIO dealing with noise9 in the recorded diffraction
pattern is presented in [41]. This realization was used for reconstructions in this
thesis apart from the unmodified HIO. Another realization that was implemented and
worked well on experimental data was Lukes relaxed averaged alternating reflection
algorithm (RAAR) [42] which can be written as

Un+1(r) = βUn(r) + 2β PsupPmodUn(r) + (1 − 2β)PmodUn(r) − β PsupUn(r).
(2.40)

For all phase retrieval algorithms a tightly fitting support S is crucial. The support,
however, is unknown in the general sense in microscopy. To get a first estimate of
the support one can use that the autocorrelation of the object o(r) is proportional to
the inverse Fourier transform of the intensity diffraction pattern [39]

�(r) = |F−1[I (q)]| ∝ o(r) ⊗ o∗(−r), (2.41)

9 Due to shot noise and electronic noise of the readout electronics.
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which essentiallymeans that one gets an outer bound for the object from themeasured
diffraction pattern. The autocorrelation can be practically thought of as translating the
object o(r) across itself in all directions and summing it up [39]. Hence the radius of
the autocorrelation is always larger than the object. Using so-called locator sets [39],
which basically use symmetries of the Fourier transform, one shifts �(r) along a set
of vectors and sums the resultant in a refined �(r), see Fig. 2.7a. Proper thresholding
of this refined �(r) results in a support estimate S which is typically close to the
actual object. Locator sets and the support determination from the autocorrelation
will be used to reconstruct all objects in this thesis without any a priori knowledge.

Another important technique to improve the support during the iterations was
introduced byMarchesini et al. and is known as the shrink-wrap method [43]. Shrink-
wrap essentially updates the support after a given number of iterations based upon
the current object plane reconstruction. In order to do this, one computes themodulus
of the complex electron density in the object plane and applies a Gaussian filter and
subsequently thresholds the result to determine a refined support. This method has
proved to be very effective since it allows to get a tighter fit of the support to the
actual object once the phases become more stable after a couple of iterations. It also
helps to overcome the uncertainty of the first support estimation from the autocor-
relation. Throughout this thesis shrink-wrap will be used for all reconstructions of
experimental data. It is worth mentioning that an actual implementation of shrink-
wrap introduces plenty of new parameters to the reconstruction, i.e. an amount of
Gaussian blurring and the period of application. For most reconstructions in this
thesis the Gaussian blurring is ramped down from e.g. 20 pixels standard deviation
radius down to 1 and shrink-wrap is applied at about every 100th iteration.

When starting with random phases, one often finds deviating solutions in single
HIO runs. Thus it is feasible to pick the best of the reconstructions after a certain
number of iterations and average it with every other independent run and proceed
further with the iterations. This technique is similar to genetic algorithms that are
widely used for optimization problems [44]. In CDI this technique is termed guided
hybrid input-output (GHIO) [45]. For some of the reconstructions in this thesis an
implementation of GHIO was used. It worked well, especially if data is missing in
the measured diffraction pattern, e.g. due to a beam stop that is used to block the
bright central speckle.

The progress of the phase retrieval can be monitored by an appropriate error
metric [46]. More important on the other hand is the success of the reconstruction in
relation to the achieved resolution. As explained in Sect. 2.2.4 there is a fundamental
resolution limitation set by the highest momentum transfer that can be measured.
However, typically the magnitude of the signal in the Fourier domain decays quickly
for increasing momentum transfer, thus in experiments the fringes measured at the
edge of the CCD, if measured at all, are noisy. Hence, the resolution should be
determined by the actual resolved diffraction pattern at the end of the phase retrieval,
i.e. it should be checkedwhat the highestmomentum transfer that actually contributed
to the reconstruction is. For this purposeChapman et al. introduced the phase retrieval
transfer function (PRTF) [28]
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PRTF(q) = | < Ũfinal(q) exp(iφ0) > |√
I (q)

, (2.42)

where Ũfinal(q) is the final complex-valued reconstructed field in the detector plane
without applying the modulus constraint in the last step. The angle brackets denote
averaging over several independent reconstruction runs for which one needs a multi-
plicative phase constant φ0 to adjust the phase offset between the runs to a common
level. The PRTF is then typically integrated over shells of constant |q| and plotted
over |q|. This function drops to zero if there is no relation between the averaged
reconstructed amplitudes and the measured amplitudes, hence the PRTF can be
extrapolated to zero in the drop-off region to determine the highest |q| that con-
tributed to the reconstruction.10 Using the formulas given in Sect. 2.2.4 one can then
determine the achieved resolution.

2.4 Digital In-line Holography

The phase problem (Sect. 2.2.3) is the main limitation to directly assess an object
from its diffraction pattern. Moreover, CDI as presented in the previous section
is limited to isolated objects. A way to overcome this limitation is the use of a
well-defined reference wave that causes interference fringes within the diffraction
pattern, which are related to the local phase at the detector. Thus, if sufficiently
highly sampled, one can retrieve the phase indirectly. This principle is well-known
as holography and was pioneered by Gabor in the later 1940s [47], winning him the
Nobel prize in 1971. Holography nowadays is a broad field with plenty of applica-
tions and possible geometries. A comprehensive overview is given in the book from
Toal [48]. The first holographic X-ray measurements were carried out using syn-
chrotron radiation [49, 50]. Over the years this technique was improved for instance
by using resonances in the material to achieve selective imaging [51] or ultrafast
temporally resolved holography [52]. Moreover, this technique can be used to char-
acterize the incoming X-ray field if one considers a known object [53, 54]. The first
digital in-line holography experiments with table-top HHG sources were carried out
using the divergent wavefront after a focus [13] and later using pinhole references
[55]. If the object is placed in a divergent beam, e.g. behind a focus, one can also get
a mixture between holography and CDI, which is termed Fresnel CDI [25, 56, 57].
Most of the X-ray holography experiments, however, use a separate source for the
reference wave, which is typically a small pinhole [51, 58], an array of references
[59, 60] or an extended reference [61–63]. This is somewhat limiting, because the
reference needs to be placed at a well-defined distance from the object in order to
acquire a hologram that can be directly inverted by a single Fourier transform, which
is then termed Fourier transform holography [51, 62].

10 Alternatively, one can threshold the PRTF at e.g. 0.5 or 1/e to determine the highest |q|.
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In the general case of unknown, e.g. biological samples, in-line holography allows
to assess the sample. In in-line holography the reference wave is the same as the wave
that is scattered at the object, i.e. the illumination wave, while only a part of this wave
is influenced by the object. For XUV wavelengths Gabor in-line holography was
successfully used to write the hologram into PMMA for later analysis [64]. More
practical in terms of microscopy is, however, digital in-line holography [65–67],
where a detector captures the hologram and a computer carries out the reconstruction
of an object image [68, 69]. From now on, the discussion in this thesis will be limited
to digital in-line holography (DIH) only, since this type of holography was used for
experiments in this work (Sect. 3.3).

The notation and discussion will follow an excellent overview given by Garcia-
Sucerquia et al. [70]. InCDI one considers a planewave impinging on the object caus-
ing a diffraction pattern. Since a plane wave in Gaussian optics can be attributed to
a beam having infinitely low divergence, one can, according to the Huygens-Fresnel
principle, only capture a diffraction pattern in the far-field caused by interference of
wavelets emitted from different parts of the object (Fig. 2.8a, b). In DIH however, one
expects a spherical wave, for sample illumination as well as for serving as reference,
Uref(r) = exp(ikr)/r arriving at the object. Since the spherical pinhole wavefronts
have a divergence similar to the object wavefronts, an interference pattern from the
reference wave Uref(r) and the scattered wave Uscat(r) forms in the detector plane
(Fig. 2.8c). From the field Udet(r) in the detection plane one can only record the
intensities, which can be written as

I (r) = |Udet(r)|2 = |Uref(r) + Uscat(r)|2
= [U∗

ref(r)Uscat(r) + Uref(r)U∗
scat(r)]

+ |Uscat(r)|2 + |Uref(r)|2. (2.43)

Inspecting the terms in Eq.2.43 one finds the interference between the scattered
and the reference wave in the first term (in the brackets), which gives rise to the
hologram (Fig. 2.8d). The diffraction pattern analogue to CDI can be found in the
second term. The third term is the far-field of the source, which, in case of a small
point-like source, is just a constant field that could be subtracted. Hence for DIH
it is essential that the object does not entirely block the reference wave. However,
even for apertures DIH works, but the fringe contrast is getting worse the more of
the reference is blocked by an opaque object [70]. Moreover, the geometry of DIH
is dictated by the source size, i.e. the divergence of the reference beam. If a pinhole
is used for illuminating an object care must be taken that the zeroth order of the
produced Airy pattern11 covers both the object and the detector in order to get a well
resolved hologram. Comparing Fig. 2.8b, d reveals an important advantage of in-line
holography, which is that in DIH no beam block is needed to suppress the central high
intensity maximum as it occurs in CDI.Moreover the intensity distribution across the

11 An Airy pattern or Airy disk is the diffraction pattern caused from a round aperture featuring
a bright central maximum, i.e. zeroth diffraction order, surrounded by dark and bright rings, i.e.
higher order diffraction terms.

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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(a) (b)

(c) (d)

Fig. 2.8 Comparison of CDI andDIHwith aμ-shaped aperture. a In a CDI configuration the object
is illuminated with a plane wave (solid blue line), which can partly propagate through the aperture
and partly gives rise to the diffracted wave (red dotted line). Through Babinet’s principle one can
also think of a μ-shaped object in free space, where part of the impinging wave far away from the
object propagates undisturbed to the detector. Typically, a beam stop is used to suppress the bright
central speckle in order to have a better use of the limited dynamic range of the detector. b The
intensity of the diffraction pattern (logarithmic scale) caused by the object. c A pinhole is placed in
front of the object in order to illuminate it with a spherical wave. Thus one has the reference wave
(solid blue line) and the diffracted (object) wave (dotted red line) covering the detector causing
interferences across the detector. This is a typical DIH setup. d A simulated hologram one would
measure in the far-field of a 40µm large μ-shaped aperture that is illuminated with a 1µm pinhole
1.9mm away with λ = 38nm wavelength. Please note that the intensity scale in (d) is linear

detector is homogeneous compared to CDI diffraction patterns where the intensities
of the fringes typically vary by several orders ofmagnitude across the detector. This is
expressed by the logarithmic intensity scale in Fig. 2.8b and the linear intensity scale
in Fig. 2.8d. Another consequence is that noise in the measurement of a hologram
has much less effect compared to CDI, because small fluctuations contribute less to
the overall result. A much more detailed theoretical analysis of DIH can for instance
be found in the thesis from Schürmann [71].

In Chap.3 the setup that was used for DIH in this work is introduced. In a nut-
shell it consists of a pinhole having a certain diameter that is placed in the focus
of a monochromatized HHG beam. This pinhole generates the spherical illumina-
tion wave, which is then diffracted at the object. The undisturbed part of this wave
propagates to the detector and further serves as reference wave. In the far-field a
CCD records the hologram. An excellent book from Poon and Banerjee [72] covers

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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Fig. 2.9 Reconstruction scheme for the digital in-line holograms as used in this thesis. The convo-
lution (⊗) of the Fresnel propagator h(x, y; z)with an input fieldU (x, y)was used to propagate the
field between the planes. Starting at the pinhole plane one propagates the field to the object plane,
where the field is multiplied with an in general complex-valued transmission function of the object
Tobj(x, y). Then the field is propagated to the far-field given at an intermediate plane, see text for
detailed explanation. A coordinate transform scales the field to the detector where the phases are
kept and the measured amplitudes

√
I are enforced. After back propagation to the object plane the

object function is updated. These steps are repeated until convergence

this topic and its numerical integration in depth. Here, some of the notations given
there will be used for the reconstruction. In order to reconstruct these holograms the
following procedure is used (Fig. 2.9):

1. One starts in the pinhole plane with a field Uph(x, y) that has a flat phase and a
radial distribution.

2. According to Chap.3 in [72] one can compute the Fresnel diffraction pattern after
a distance z (see Fig. 2.4), by convoluting the input fieldUph(x, y)with the spatial
impulse response h(x, y; z)

h(x, y; z) = exp(−ikz)
ik

2π z
exp

[
−ik

(x2 + y2)

2z

]
, (2.44)

also known as the Fresnel propagator. The numerical implementation can be
done by Fourier transforming the propagator h and the field U , multiplying them
in Fourier space and Fourier transforming the result back, i.e.

U (x, y)
∣∣
z = αF−1{F[h(x, y; z)] × F[U (x, y)]}, (2.45)

where α is a constant scale factor depending on the actual implementation of
the FFT algorithm. Using this, the illumination field at the object plane can be
computed by Uillum(x, y) = Uph ⊗ h(x, y; Lph) when the pinhole plane and
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object plane are Lph apart. This is essentially an Airy pattern. The experiment
is aligned such that the zeroth order of the pattern, which contains 84% of the
energy, fits to the sample.

3. Now, in the object plane, one multiplies Uillum(x, y) with the transmission func-
tion of the object Tobj(x, y), which could e. g. be a simple step-function having
the spatial shape of the object if one considers an opaque aperture. From this one
gets the object plane exit wave Uobj(x, y) = Uillum(x, y) × Tobj(x, y).

4. Uobj(x, y) is then propagated to the far-field, which is an intermediate plane
Uint(x, y) a couple of Fresnel lengths (Eq.2.12) behind the object plane. Due to
the large divergence of the beam the field spreads quickly spatially, which would
demand a large computation grid to sufficiently sample amplitude and phase on
the full propagation distance to the detector. Thus, the wave is just propagated
a short distance L int to be safely in the far-field regime. As explained earlier in
Sect. 2.2.2 the diffraction pattern, or hologram in this case, only spreads spatially
when propagating further but does not change its shape. Hence one can use a
coordinate transformation (x → x ′, y → y′) to transform the intermediate plane
to the actual detector plane and get Udet(x ′, y′). The coordinate transform is
applied in order to have sufficient sampling at the object plane, while keeping
the computation space maintainable. This procedure is illustrated in more detail
in [67].

5. In the detector plane, methods inspired by the HIO algorithm (Sect. 2.3) are used,
i.e. keeping the phases of Udet(x ′, y′) and replace the amplitudes with the square
root of the measured intensities.

6. Then the wave is transformed back to the intermediate plane, i.e. (x ′ → x, y′ →
y), and propagated back to the object plane to get a new U ′

obj(x, y). Now a new
estimate of the object transmission T ′

obj(x, y) = U ′
obj(x, y) − Uillum(x, y) is

calculated.12

Steps 3–6 are now iteratively repeated until convergence occurs. It isworth noting that
there is some similarity to the algorithmdescribed in [67], with the differencesmainly
being that here a convolution of the Fresnel propagator is used instead of analytical
formulas. This severely speeds up the computation, because, as outlined above, the
convolution can be done by using FFTs, which in turn can be effectively parallelized.
Moreover, here the full system is computed starting from the source producing an
illumination wave. Hence, in contrast to the algorithm reported in [67], there is no
limitation to real objects, since here Tobj(x, y) could in general be complex-valued,
e.g. for partly transparent objects that would change phase and amplitude of the
illuminating wave. Further, it can be used to determine the illumination field in great
detail if a known object, e.g. a rectangular aperture, is enforced and one loops through

12 Other iterative methods reported in literature make use of the Gerchberg-Saxton algorithm [73]
or use a support constraint to retrieve the hologram [74, 75]. The important difference is that here
the full illumination field, which is well characterized by the pinhole being illuminated with a XUV
beam having good coherence properties, is used at every step, in contrast to the algorithms reported
in literature, which mostly switch between the object plane and the detector plane and disregard the
illumination field.



30 2 Introduction and Fundamental Theory

all the steps. It also proved towork successfully for samples that aremostly consisting
of strongly absorbing regions to use Tobj(x, y) just as a binary function determined
by the shrink-wrap method analogous to the support function S in the HIO algorithm
and then calculate the complex-valued sample in the final iteration of the algorithm
by

Usample = Uint(x, y) ⊗ h(x, y;−L int) − Uillum. (2.46)

The idea behind this is that all hard edges caused by opaque parts of the object cause
intense fringes and likely dominate the hologram. Hence the rough structure of the
object is enforced first and the partially transparent parts are recovered in the final
step. In the results in Sect. 4.1, samples that justify this approach will be presented.

It is worth noting that the holographic procedure offers the possibility of recon-
structing the object in an arbitrary plane using one hologram. Thus in principle
three-dimensional information about the object can be retrieved to a certain extent
by refocussing to different planes [70]. Moreover, the quality of the reconstruction
can be enhanced by measuring the amplitude of the reference wave and then using
this as an illumination field instead of the numerically produced illumination field
discussed in this section.

The resolution, aswasdiscussed in theprevious sections, dependson thenumerical
aperture according to Eq.1.1. For digital in-line holography using spherical waves
the NA is [70]

NA = w

2
√(

w
2

)2 + L2
det

, (2.47)

where w is the width of the detector. The NA is obviously independent of the source
size, however, as discussed earlier in this section one needs a homogeneous illumina-
tion by employing the central maximum of the Airy pattern produced by the pinhole.
The angular radius θ0 of the first dark ring of an Airy pattern is given by

sin θ0 = 1.22
λ

a
, (2.48)

where a is the diameter of the aperture. The small angle approximation sin θ0 ≈
tan θ0 is almost always justified in DIH experiments. Hence, one can calculate the
approximate diameter of the central maximum of the Airy disk on the detector placed
at Ldet

13

wAiry = 2 · 1.22λ

a
Ldet. (2.49)

Physically this means that one observes a larger central maximum for a smaller
pinhole if the detector is kept at constant distance. IfwAiry < w and if the higher order

13 More precisely it would be Ldet + Lph, however, for all experiments presented in this thesis
Ldet � Lph, hence simply Ldet is used.

http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_1
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maxima of the Airy pattern are neglected one can calculate an effective numerical
aperture of the system

NAeff = 1.22λ
a Ldet√(

1.22λ
a Ldet

)2 + L2
det

= 1√
1 + 0.67 a2

λ2

, (2.50)

which now is obviously only dependent on the pinhole size and the wavelength. For
XUV DIH usually a � λ, which allows to simplify Eq.2.50 to NAeff ≈ 1.22λ

a . The
practical implication of this result is that one should match the pinhole size to the
dimensions of the detector and its anticipated distance [76]. In this case one can
compute the NA and thus the achievable resolution simply by Eq.2.47. Of course
one could argue to use a pinhole so tiny thatwAiry � w is always fulfilled. However,
in table-top HHG experiments the XUV flux is not excessive and thus best use of the
available photons should be made. Hence, it can be concluded that it is beneficial to
choose a pinhole that fits the detector and its achievable distance from the pinhole in
order to realize the best performance in terms of the photon flux and the achievable
resolution. In view of maximizing the magnification ζ

ζ = Ldet/Lph, (2.51)

which is inferred from the intercept theorem, one has to place the sample as close
to the pinhole as mechanically possible.14 On the other hand the field of view is
minimized in this case. If the distance between sample and pinhole is too large, one
cannot resolve the fringes if the Shannon-Nyquist theorem is violated. Hence, the
optimal position of the sample relative to the pinhole and the CCD is somewhere in
between and should be set such that the period of the smallest fringes is in the range
of e.g. 5–10 pixels on the CCD [77]. In that case the FOV and object space NA, and
thus the achievable resolution, are optimal.

If, however, Ldet � Lph, i.e. when the object is close to the pinhole, one could
think of a spherical particle in the object plane at approximately the distance of the
pinhole. To have a resolvable fringe one needs to have at least the first ring of the Airy
pattern produced by the particle on the detector,15 hence the discussion is exactly the
same as above for the pinhole. For example, if one thinks of a 1µm pinhole as the
reference source and a round particle of e.g. 500nm diameter in the object plane one
will not observe any fringe from that particle on the detector because the emission
cone of its partial wave is coarser than the one from the pinhole. In terms of the back
projection this means that one cannot resolve this particle. The conclusion from this
discussion is that the size of the pinhole is not just limiting the effective NA but also
the resolution itself. As a rule of thumb it can be summarized that a resolution of
approximately the size of the pinhole is achievable.

14 For typical XUVwavelengths and pinhole sizes in the order of a micron the Fraunhofer condition
(Eq.2.12) is already fulfilled a few tens of microns behind the pinhole. Hence, the Fraunhofer
condition is not limiting in XUV DIH.
15 This is analogous to the Rayleigh criterion.



32 2 Introduction and Fundamental Theory

2.5 CDI State-of-the-Art and Chapter Summary

The CDI technique presented in the fundamentals chapter allows imaging of isolated
objects at the nanometer scale without the use of imaging optics. This renders those
systems very compact. In the case of table-top CDI experiments, the whole apparatus
can fit on an optical table of a few square meters. Another major benefit is that lossy
optical elements, such as Fresnel zone plates, are avoided. Moreover, the mechanical
stability of the imaging system is less important, because lateral shifts of the object
would only affect the phase in the far-field (Fourier space), which in any case cannot
be measured. This is quite astonishing if one considers achieving a few nanometers
of resolution while the mechanical stability of the system only needs to ensure that
the beam homogeneously overlaps with the object during exposure. If one would
use imaging optics instead, one would need a mechanical stability comparable to the
desired resolution, which can be very challenging if nanometer resolution is aimed
for. One major drawback of CDI, however, is that so far only isolated objects were
considered, which could be e.g. an isolated cell, a structured aperture or a sample on
a fixed support frame. It was demonstrated that digital in-line holography can be used
to solve this problem at the expense of introducing another reference wave forming
object, e.g. a pinhole. The latter will typically limit the achievable flux of the source
and dictate the geometry of the imaging system. Moreover, the mechanical stability
issue described above arises.

In recent years a technique called ptychography was developed, which overcomes
this drawback [78, 79]. Ptychography uses a set of diffraction patterns obtained from
an extended object, where the illuminated region is shifted from one exposure to the
next while each exposure region overlaps with the previous. This produces a set
of overdetermined diffraction patterns, which can then again be used to reconstruct
the whole object plane. An extension of ptychography is called keyhole diffraction
imaging [80] which is a combination of curved beam illumination at high numerical
apertures, i.e. in-line holography combined with CDI, with ptychographic scanning.
The latter technique shows quicker convergence behavior compared to pure ptychog-
raphy. It is worth noting that the drawback of these techniques is again the need for
high mechanical stability and limitations imposed by tight focusing optics, which
currently restricts the application to synchrotrons and free-electron laser sources.16

However, very recently first results on ptychography using table-top sources were
published [81, 82].

Over the last decade the general field of CDI developed rapidly at synchrotrons
and later at free-electron lasers. From its first experimental demonstration [83] it went
on to image biological specimens such as single cells [84, 85] at a resolution of a few
nanometers. An important improvement was introduced by Raines and co-workers
who found that one can even extract three-dimensional data from a single diffraction
pattern [86] if it is captured at a high numerical aperture. Other realizations of full
3D imaging combine tomographic techniques with CDI [28, 87]. The next goal

16 This is because the high flux of such sources allows extremely short exposures down to single
shot measurements which circumvents the stability problem.



2.5 CDI State-of-the-Art and Chapter Summary 33

that is to be achieved with novel free-electron laser sources, such as the European
XFEL project, is atomic resolution, i.e.�r < 0.1nm. The major problem faced here
is that the photon energies necessary to achieve this resolution in principle are so
high that matter is destroyed already after one exposure [88–90]. Hence, only single
shot exposures can be used. However, for atomic resolution>1014 photons/µm2 in a
single pulsewould be necessary to get a sufficient signal in the diffraction pattern [91].
These numbers are out of reach for current FEL machines. Hence atomic resolution
is one of themajor goals for the coming years in CDI. In themeantime averaging over
diffraction patterns obtained from replicas of the same objects was proposed [92]
and demonstrated [93, 94] for proteins. Additional contrast is obtained by growing
the protein as a crystal to get a macroscopic diffraction pattern of the same protein.
Molecular reconstruction techniques are then used to fit the molecular structure
to the diffraction pattern [93]. These techniques include the full three-dimensional
reconstruction of the object.

Broad usage of CDI in all fields of science and especially for medical application
is not feasible at next-generation synchrotrons and free-electron lasers, because such
large scale facilities have limited access and are expensive to operate. An alternative
are HHG sources that offer excellent XUV beams [13, 14] in terms of coherence
allowing for table-topCDI experiments. Limiting is the flux in terms of exposure time
and the bandwidth of the harmonics (cf. Eq. 2.29), and the achievable wavelengths
in terms of resolution. Table-top CDI was first demonstrated by Sandberg et al. [95],
while first holography measurements were done by Bartels et al. [13]. Abbey et al.
demonstrated that the limitation due to bandwidth can be overcome for sufficiently
discrete structures [96]. Likewise this can be applied to the harmonics frequency
comb [97], while one has to keep in mind that this may work only for discrete
objects that generate a limited amount of fringes such that the fringes caused by
different harmonics are not overlapping. However, if this condition is fulfilled one
can take advantage of the improved overall flux. Using more powerful laser sources
even single shot HHG imaging was demonstrated [98, 99]. The flux from typical
HHG sources does not endanger the detector unlike at FELs, hence the detector
can be placed very close to the sample to achieve a high numerical aperture to take
full advantage of the short wavelength radiation. Using a high numerical aperture
in a table-top XUV experiment a resolution of 22nm was achieved using 13.5nm
wavelength [100]which equals 1.6λ. It is alsoworthmentioning thatHHGoffers very
short XUV bursts in the range of attoseconds to femtoseconds with the availability
of a time-locked infrared laser, thus offering perfect capabilities for time resolved
measurements [101, 102].
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Chapter 3
Experimental Setup

The implementation of coherentXUV imaging techniques at the lab scale is themajor
topic of this thesis. Many promising applications were introduced in the previous
chapter. At the same time limitations and obstacles in view of generating a versatile
tool for scientific and medical application on a daily basis were discussed.

In Sect. 3.1.1 themainHHG source driven by an ultrafast titanium-doped sapphire
laser (Ti:Sa) is described. In the subsequent Sect. 3.1.2 another HHG source employ-
ing a fiber laser driven chirped pulse amplification (FCPA) system is introduced.
The characteristics of the HHG radiation produced with both sources are mentioned
in the corresponding section. In Sect. 3.2 the different setup schemes for the CDI
measurements presented in this work are explained. Likewise, an introduction of
the setup for digital in-line holography follows (Sect. 3.3). In the final Sect. 3.4 the
preparation of the measured data for the phase retrieval is discussed.

3.1 Realization and Characteristics of the HHG Source

3.1.1 Ultrafast Ti:Sa Laser Based HHG Source

Most of the experiments presented in this thesis were conducted using a commercial
ultrafast femtosecond laser system (FemtoPower compact Pro from Femto-
lasers). This Ti:Sa based system is depicted in Fig. 3.1. It consists of a femtosecond
oscillator which is followed by amultipass CPA amplifier [1]. After compression one
usually gets 1,000 ultrafast light pulses per second with approximately 1mJ pulse
energy having less than 30 fs pulse duration (FWHM) each. For the characterization
of these pulses an interferometric autocorrelator [2] and a frequency-resolved optical
gating (FROG) device are employed [3].

For HHG these pulses are focused, by means of a curved mirror ( f = 400mm,
f/# = 15), onto a nickel tube that is housed inside a high vacuum chamber. A
schematic of the setup is depicted in Fig. 3.2a. The nickel tube has a diameter of
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Fig. 3.1 Schematic of the commercial Ti:Sa CPA laser system used for most of the experiments
presented in this thesis. Pulses from an ultrafast Ti:Sa oscillator are first temporally stretched, then
amplified and subsequently compressed again using a prism compressor. The oscillator and the
amplifier are pumped by a continuous wave (CW) frequency-doubled neodymium-doped yttrium
orthovanadate (Nd:YVO) and a pulsed neodymium-doped yttrium lithium fluoride (Nd:YLF) laser
respectively

(a) (b)

Fig. 3.2 Schematic and spectrum of HHG using a Ti:Sa driving laser. a The ultrafast laser pulse is
focused into a gas nozzle consisting of a nickel tube. Through a controlled gas inlet a continuous
stream of argon is maintained. In the interaction region (bottom inset photograph from above, laser
comes from the left) HHG takes place. A subsequent aluminum filter suppresses the fundamental
laser and only the harmonics (top inset measured beam profile of the harmonics in the far-field)
can propagate to the experiment. b Typical HHG spectrum (solid black line) produced in argon;
due to phase matching effects the harmonics around λ = 36nm are the strongest. The cut-off is
well below 25nm. The wavelengths were tagged by fitting a Lorentzian function to each harmonic,
example shown for λ = 36nm by the dotted blue line

roughly 2mm and is quenched and soldered at the end. A hole is drilled into the
tube by the laser itself. From the open end of the nickel tube the gas is fed in with a
defined backing pressure turning the tube into a gas cell. Using a beam profiler, the
size of the focus can be estimated to approximately 50µm (FWHM) diameter, which
allows to estimate the achieved intensity level to I = 2×1014W/cm2, which is suffi-
cient to generate high harmonics (see Sect. 2.1). Phase matching [4] was maintained
by shifting the laser focus relative to the nickel tube in the propagation direction

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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(geometric phase matching) and by adjusting the gas pressure for maximized output.
Such systems typically produce harmonics with µW average power per harmonic
in the plateau region [5], which is also confirmed for the present source. For all
experiments presented in this thesis and conducted with the Ti:Sa laser, argon with
about 100mbar backing pressure was employed. The exact pressure was adjusted on
a daily basis by optimizing for highest flux at the desired wavelength. To suppress
residual light of the much stronger infrared laser in the experimental chamber, thin
aluminum foils (d ≈ 200nm to d ≈ 500nm depending on the experiment) were
inserted downstream. The excellent spatial beam profile of the harmonics is depicted
in the inset in Fig. 3.2a. For CDI, moreover, the spectral properties are important.
A part of the typical spectrum produced by HHG in argon is depicted in Fig. 3.2b.1

The central wavelengths of the harmonics were tagged by fitting Lorentzian func-
tions to each harmonic. The exact wavelengths vary due to an ionization-induced
blueshift [4] in the range of approximately 1nm depending on the day-to-day per-
formance of the laser. For coherent imaging purposes, as presented in this thesis, the
harmonics having the highest flux, i.e. harmonics having a wavelength in the range
λ = 30–40nm, were used. From the Lorentzian fit—see the example dotted blue
line in Fig. 3.2b—one can deduce the relative bandwidth, e.g. for the 23rd harmonic,
to be

�λ

λ

∣∣∣∣
λ=36nm

= 0.62 ± 0.01nm

36nm
≈ 1

58
. (3.1)

That is a rather high value compared to synchrotrons where �λ/λ ≈ 1/100000 can
be achieved [6]. Using this result and Eq.2.29 one can now estimate the expected2

resolution limit, which is induced by the limited temporal coherence, considering a
single cell of 3µm diameter as the object

�r = Oa�λ

λ
= 2 × 3µm

58
≈ 103nm. (3.2)

Hence, the bandwidth of the harmonics driven with 30 fs pulses at 800nm wave-
length in this free-focusing geometry is already significantly limiting the achievable
resolution. It can be concluded that longer driving pulses would be needed in order
to get a smaller bandwidth in the harmonics in view of approaching the Abbe limit.

The HHG-produced XUV light was subsequently used for most of the CDI and
DIH experiments presented in this thesis together with the grating based imaging
setup (Sect. 3.2.1).

1 The spectrum is measured using a calibrated imaging spectrometer McPherson 248/310G
equipped with a multi channel plate imaging unit.
2 Perfect sampling of the diffraction pattern in terms of phase retrieval, i.e. O = 2, is assumed.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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3.1.2 Fiber CPA Driven HHG Source

Fiber lasers have long been used to produce high average power laser light. Modern
pulsed fiber lasers combined with a CPA scheme (FCPA) reach MHz level repetition
rates and 200µJ pulse energy, which results in an average power around 200W [7],
outracing modern Ti:Sa systems by at least a factor of 10 in average power. Having
a typical pulse duration of 300–500 fs the peak power reaches the gigawatt level.
Such pulses can thus be spectrally broadened in a hollow core fiber by self-phase
modulation and subsequently compressed. The resulting ultrafast pulses are easily
capable of generating high harmonics [8] at flux levels comparable to those reached
with commercial Ti:Sa systems as presented in Sect. 3.1.1.

For the CDI experiments at high numerical aperture (Sect. 4.2) our group col-
laborated with the Fiber & Waveguide Lasers group (Institute of Applied
Physics, FSU Jena), which pioneered the field of FCPA driven HHG sources. The
FCPA laser system used, which is self-built by the group, is described in detail in [9].
The FCPA system delivers 660 fs pulses at λ = 1,030nm central wavelength. After a
subsequent hollow-core fiber compressor [7] 150µJ pulses having 60 fs pulse dura-
tion are available. These pulses are focused ( f = 20cm) into a krypton jet for HHG.
Typical intensities are in the range of 1014W/cm2 and are well suited to generate
harmonics in krypton at 5bar backing pressure. A chicane of two plane fused sil-
ica substrates is used to reduce the strong infrared pump before the water-cooled
aluminum filters. Otherwise the high average power destroys the thin aluminum fil-
ters due to heat deposition. The HHG setup is depicted in Fig. 3.3a. The bandwidth
of the 31st harmonic at 33.2nm wavelength is approximately 0.15nm. The relative
bandwidth

(a) (b)

Fig. 3.3 The FCPA laser driven HHG source built by the Fiber & Waveguide Lasers group.
a The output beam of an FCPA laser system is spectrally broadened by self-phase modulation in a
xenon filled hollow-core fiber and subsequently compressed by means of dielectric chirped mirrors
(DCM). In a krypton jet high harmonics are produced with a typical spectrum depicted in (b). The
FCPA system and the HHG setup were built and optimized by the Fiber & Waveguide Lasers
group. The presented spectrum and parameters are courtesy of the Fiber & Waveguide Lasers
group (Institute of Applied Physics, FSU Jena)

http://dx.doi.org/10.1007/978-3-319-12388-2_4
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�λ

λ

∣∣∣∣
λ=33.2nm

= 0.15nm

33.2nm
≈ 1

220
(3.3)

is smaller compared to the Ti:Sa based setup (Sect. 3.1.1) due to the more than two
times longer driving pulses. A typical spectrum is depicted in Fig. 3.3b. Following
the consideration about a limitation of the achievable CDI resolution due to temporal
coherence (cf. Eq. 3.2) allows a resolution estimate for the FCPA based system

�r = Oa�λ

λ
= 2 × 3µm

220
≈ 27nm. (3.4)

Hence, one can conclude that the FCPA driven HHG source produces sufficiently
narrow harmonic lines to achieve, in principle, sub-wavelength resolution. It is also
worth mentioning that the excellent mode quality produced by the fiber based system
is beneficial for CDI.

3.2 Table-Top CDI Schemes

3.2.1 Grating Based CDI Setup

After having discussed how ultrafast coherent XUV light is generated by means of a
Ti:Sa laser (Sect. 3.1.1) or a fiber CPA laser (Sect. 3.1.2), a closer look on the actual
CDI setups that were used for the experiments presented in this work is taken.

With synchrotrons usually crystals are used to monochromatize the radiation and
pinholes are used to generate a source of limited size, yielding a defined radiation
on the target [6]. With table-top HHG sources, however, one cannot use crystals
which have a high absorption at typical HHG wavelengths. Moreover, the generated
HHG radiation is divergent as the harmonics pick up the divergence of the generating
infrared laser beamwhich is focused into a generationmedium, i.e. argon and krypton
for Ti:Sa HHG and FCPA HHG, respectively. Due to the limited flux that can be
produced with table-top HHG sources one needs to take care of bringing as many
of the photons onto the target as possible, since otherwise excessive exposure times
would limit the usability.

A versatile setup that was built for this purpose [10] is depicted in Fig. 3.4a.
For refocusing the harmonics onto the target a gold coated toroidal mirror ( f =
327.99mm, αi = 4.365◦)3 is illuminated under grazing incidence, where gold has
a reflectivity of over 87% between 30 and 40nm wavelength [11]. The mirror was
placed in a 4 f -setup in order to image the HHG source one by one onto the target.
Close behind the toroidal mirror a blazed gold grating with 158 lines/mm is placed,
which is also hit under grazing incidence (αi ≈ 4◦). The grating lines were oriented

3 Throughout this thesis the angle of incidence is measured against the surface plane in order to be
consistent with literature in the field of grazing-incidence small-angle X-ray scattering (GISAX).
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(a)

(b)

(c)

Fig. 3.4 TheCDI setup (not to scale) using a toroidalmirror and grating to generatemonochromatic
light with high flux on the sample. a Overview of the setup as it is implemented in the lab. In the
first chamber HHG radiation is produced as depicted in Fig. 3.2. An aluminum filter blocks all
wavelengths longer than ∼80nm. In the central chamber a toroidal mirror placed in 2 f distance
from the source is illuminated under grazing incidence closely followed by a blazed grating. One
harmonic focus is selected by means of a pinhole (PH, typical diameter ∼100µm) slightly before
the focal plane. The sample is placed in the focus either in transmission geometry, i.e. using camera
one (CAM1), or in reflection geometry, i.e. using camera two (CAM2). A beam stop (BS) can be
inserted to suppress the strong central speckle. The overall CDI setup including the source is smaller
than 2m×1m. bA spatial measurement in the focal plane reveals the spatial distribution of the foci.
One can see the different diffraction orders of the grating, while due to the blazed grating the first
diffraction order is the strongest. The actual spectrum is comparable to the one shown in Fig. 3.2b.
For the longer wavelengths of the first diffraction order there is an overlapping part with the second
diffraction order, however, the strong harmonics around 36nm wavelength are well separated. c A
closer inspection of a single focus reveals an almost round shape with an approximate diameter
of 50µm. The strong pixelation is due to the limited size of one pixel on the used CCD. Such a
focus can thus be selected by an, e.g. 100µm, pinhole. Further spurious light originating from the
non-perfect surface of the mirror and the grating (e.g. horizontal stripes in (b) to the left from each
focus) can be efficiently suppressed

parallel to the optical table such that the spectral dispersion occurs in a perpendicular
plane of the optical table. In the rear focal plane of the toroidal mirror the focused
spectrumof the produced harmonics is observed (Fig. 3.4b).More exactly, the foci are
arrangedon theRowland circle since this setup acts similar to aflat-field spectrometer.
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However, the grating is arranged such that the lateral dispersion of the wavelengths in
the rear focal plane in the first diffraction order is in the range of about 100µm.Owing
to the 4 f -setup the distance from the grating to the focal plane is ≈60cm, hence the
deviation from a flat plane is negligible. In order to maximize the photon flux for CDI
experiments the grating was blazed such that the first diffraction order is preferred
for the anticipated operation wavelengths, i.e. λ ≈ 30–40nm. The small dispersion
introduced by the grating is just enough to separate the harmonics spatially, since the
source size of the harmonics is typically in the range of a few tens of microns and
the source is imaged one point at a time onto the back focal plane. For alignment
purposes one can place an XUV sensitive CCD, i.e. an Andor iKon L having 4
megapixels with 13.5µm ×13.5µm pixel size on a roughly 1 × 1 in. chip for all
experiments presented in this thesis, in the focal plane and optimize the harmonic
yield and the performance of the toroidal mirror.

For CDI experiments one of the harmonics is selected. This is done by a 100µm
pinhole that is introduced just before the rear focal plane. Thus, behind the pinhole
one gets a focus of monochromatic XUV radiation, which should have an almost
flat phase in the focus and is of the size of the source, i.e. typically around 50µm
(FWHM) diameter (Fig. 3.4c). The pinhole also cleans up the beam profile at the cost
that one usually gets small rings4 on the recorded diffraction patterns. This point is
discussed in the results chapter. An important issue is the wavelength spread inside
the focus within a single harmonic due to the bandwidth of the harmonic. To get
an estimate of the effect one can look at the values given above, where a lateral
distance from one harmonic to the next around 36nm wavelength of ≈100µm was
found. Linearizing the lateral distance from the 36nm harmonic to the 39.34nm
harmonic (cf. Fig. 3.2) one gets roughly a value of ≈0.03 nm

µm in the focus plane.

Having measured the bandwidth �λ = 0.62nm, see Sect. 3.1.1, one can estimate
that the lateral spread due to the bandwidth should be around≈20µm. Since the focal
spot itself is larger than that, it is safe to expect the full bandwidth of a harmonic
on the sample. However, for larger samples this could impose some problems, i.e.
illuminating the sample with spatially chirped illumination. Practically, no limitation
due to that effect was found in this work.

Behind the pinhole one can now place the sample either in a transmission or
reflection geometry and capture the diffraction pattern afterwards. It should be noted
that all of the previously described components are situated inside a vacuum chamber
that is kept at a residual pressure of <10−6 mbar. One of the main advantages of this
setup using a toroidalmirror and a grating is that one can freely choose thewavelength
out of the harmonics spectrum. Hence, one could for instance illuminate the same
sample with different wavelengths one after another and, by doing so, benefit from
spectral selective scattering [12, 13]. Moreover, one could use the zeroth diffraction
order of the grating to have access to the full harmonic spectrum.The benefitwould be
a higher total flux, while at the same time a multi-wavelength code [14] is necessary
to reconstruct the image. After all, it is useful to be able to select the harmonic that
has the strongest flux, which can be variable depending on the laser’s day-by-day

4 These rings originate from diffraction of the outer parts of the beam at the round aperture.
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performance. The relatively large focal spot, however, is limiting in the way that a
lot of flux is lost for small samples, such as cells or nanoparticles, but at the same
time it guarantees a homogeneous illumination of the sample.

The setup was used for the measurements in reflection geometry (Sect. 4.3), the
breast cancer cell classification (Sect. 4.4) and the digital in-line holography exper-
iments on non-periodic specimens (Sect. 4.1). For the latter only minimal modifi-
cations were made to the setup, which will be described in Sect. 3.3. Despite this
CDI scheme being advantageous for many different applications, it has two major
drawbacks. The first is the point by point imaging of the source onto the sample,
because for very small samples having a size in the range of a micron one loses a
lot of flux due to the relatively large focal spot.5 The second problem is related to
the round chambers used to build this setup (Fig. 3.4a). On the one hand the modular
design gives a high degree of experimental freedom but on the other hand it limits
the minimal distance from the sample to the CCD in reflection geometry and thus
the numerical aperture. Practically, a resolution limit of about 1µm is imposed by
this restriction. Nevertheless, valuable results could be achieved with this setup, as
will be discussed in the results chapter.

3.2.2 Dielectric Mirror Based Setup

From the limitations discussed in the previous subsection, i.e. an oversized focal
spot for nanoscopic samples and limited numerical aperture, a new CDI chamber
was designed in this work. It allows for high numerical aperture experiments in
transmission and reflection geometry as well as for tight XUV foci. The new chamber
was used in combination with the fiber CPA laser driven HHG source (Sect. 3.1.2)
in order to benefit from the good spectral properties in the high NA experiments that
aim to reach the Abbe limit.

The layout for the FCPA laser driven XUV source together with the high NA
imaging chamber is depicted in Fig. 3.5a. Starting from theHHGsource the beamfirst
hits a chicane of two fused silica slides (angle of incidence∼ 15◦) to dump someof the
infrared light because otherwise the thin aluminum filters would be destroyed due to
the heat deposition at roughly 15Waverage power. The aluminumfilter stage consists
first of a water-cooled 200nm filter which is followed by a 300nm filter sitting on a
sealed valve in order to have negligible ambient and infrared light passing into the
imaging chamber. Two curved dielectric coated mirrors M1 ( fM1 = 1,000mm) and
M2 ( fM1 = 500mm) are subsequently illuminated.M1 is placed in order to collimate
the beam and M2 focuses the XUV light onto the sample. The spectral reflectivity
of the two dielectric coated mirrors together is depicted in Fig. 3.5b (black solid
curve) and allows the filtering of the 31st harmonic out of the HHG spectrum (blue
dotted curve). It is worth noting that dielectric mirrors so far are the most popular

5 Harder focusing of the HHG driving infrared laser would reduce the source size, but then the
reduction of the interaction volume will substantially reduce the XUV flux.

http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
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(a)

(b) (c)

Fig. 3.5 The CDI setup (not to scale) using a set of dielectric mirrors for monochromatization.
a Layout of the setup in combinationwith the FCPA laser drivenHHG source, detailed in Sect. 3.1.2.
After the Al filters the XUV radiation is collimated by M1 ( f = 1,000mm) and then focused
down onto the sample by M2 ( f = 500mm). A beam stop (BS) can optionally be used to block
the bright central speckle. Camera one (CAM1) can be used for high NA transmission geometry
measurements. A specially designed mount can be used to bring a second camera (CAM2) close
to the sample for reflection geometry measurements under αi = 22.5◦. b Spectral properties of
the dielectric mirror set (black solid curve). A peak reflectivity of ∼4.6% is achieved at 33.2nm
wavelength. This can be used to filter the 31st harmonic (blue dotted curve) of the HHG spectrum
generated in krypton by the FCPA laser. c The shape of the beammeasured 20mm behind the focus
features an almost symmetric Gaussian shape. The focal spot size was estimated to ∼3µm, see
text for details. The spectrum and the reflectivity curve of the dielectric mirrors in (b) is courtesy
of the Fiber & Waveguide Lasers group (Institute of Applied Physics, FSU Jena) and
A. Guggenmos (LMU Munich) respectively

means of selecting a single wavelength out of a HHG spectrum for CDI, see e.g.
in [15, 16]. Considering an angle of incidence on both mirrors of 83◦, i.e. close to
normal incidence, andp-polarization, onegets anoverall reflectivity of approximately
4.6%. The FWHM bandwidth of the mirror pair is ∼1.9eV which is sufficient
to select a single harmonic and suppress the neighbor harmonics, considering a
harmonics spacing of ∼2.4eV, at least by a factor of 20 compared to the selected
harmonic. The z-fold setup of the two focusing mirrors (Fig. 3.5a) should be chosen
as tight as possible, i.e. choosing the angle of incidence as close to normal incidence
as possible, in order to reduce astigmatism which arises rapidly due to the short
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wavelength when being off-axis. A ray trace and an alternative mirror setup for
minimized aberrations are presented in Appendix A. For the experiments conducted
in this work a z-fold setup of the two mirrors, as depicted in Fig. 3.5a, with an angle
of incidence ≥83◦ was employed. The achievable focal spot size according to the
diffraction limit (Appendix A) is in the region of 2µm (FWHM). The focal spot
size was experimentally determined to be approximately 3µm by scanning a small
pinhole across the beam in the focal plane. A direct measurement, as presented in
Fig. 3.4c, is not feasible due to the relatively large size of the CCD pixels. The shape
of the beam about 20mm behind the focus is depicted in Fig. 3.5c and features an
almost symmetric Gaussian shape. A beam stop can be placed in front of the CCD
to suppress the bright central speckle in order to increase the overall dynamic range
of the measurement, see Sect. 3.2.3. A photographic view of the setup is depicted in
Fig. A.2.

Compared to the grating based setup (cf. Fig. 3.4a) the dielectric mirror based
setup has a fixed wavelength of operation. Since neighbor harmonics suppression
is essential for imaging complex objects, a tight border condition is imposed on
the HHG spectrum and the blue shifting of the harmonics can cause problems. For
every driving laser a specific set of XUV mirrors must be inserted. The focal spot
size, however, is more than a magnitude smaller and thus allows to bring the entire
flux onto micron-sized samples. At the same time this requires a higher mechanical
stability and is a limitation for extended samples. Using an even shorter focal length
on M2, the focal spot size could be further reduced, which may allow for high-
resolution ptychography in the near future. Another advantage worth mentioning is
the high degree of fidelity for alignment in the setup, i.e. one can place the sample
very close to the CCD, at the mechanical limits so as not to destroy the CCD, for
a high numerical aperture and then translate M2 along the z-direction to place the
focus exactly on the sample. That is beneficial compared to the grating based setup
where the focal plane is fixed in the z-direction. A specialized cameramount together
with a beveled side of the chamber allows for high NA measurements in reflection
geometry. In summary, the new design provides the parameters expected to enhance
high resolution CDImeasurements together with the narrow-bandwidth high average
power fiber CPAHHG source. This setup is employed for the high NAmeasurements
that are presented in Sect. 4.2 of this work.

3.2.3 Enhancing the Dynamic Range of the Diffraction Pattern

For reconstructing high qualitymicroscopic images fromdiffraction patterns the need
for a good contrast of the experimental data, i.e. low noise and a high dynamic range,
is obvious. However, it is well-known that the signal magnitudes in Fourier space
strongly decrease for higher spatial frequencies.6 InCDI thismeans that one typically
gets a bright central speckle in the diffraction pattern, i.e. spatial frequency zero, and

6 At least for the Fourier Transform of real-valued positive samples.

http://dx.doi.org/10.1007/978-3-319-12388-2_4
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fringes with decreasing intensity towards the edge of the CCD.7 For instance, the
intensity of the Fourier transform of the grayscale image presented in Fig. 2.6c scales
over roughly 7 orders ofmagnitude.However, commercially available detectors, such
as the CCD that was used for the experiments, typically have a pixel depth of 16bit
corresponding to a maximum of 65,536 counts, i.e. roughly 5 orders of magnitude
dynamic range. Unfortunately, as for the Andor iKon L, the noise caused by the
readout electronics is typically between 300 and 1,000 counts, thus the effectively
usable dynamic range is just around 3–4 orders of magnitude. Hence, the only way to
experimentally sample a diffraction pattern over the full dynamic range using such
detectors is by adding together single measurements taken with different exposure
times. Another problem is that highly overexposed pixels on a CCD tend to overflow
and spoil the surrounding pixels. Moreover, usually the linearity of the detectors
becomes worse for count rates close to saturation.

In order to prevent these effects a beam stop is placed in front of the CCD to
suppress the strong central part of the diffraction pattern for the longer exposure
times. For shorter integration times the beam stop is removed in order to sample
the central high intensity part of the diffraction pattern. The beam stop used in this
work for the low NA reflection geometry measurements (Sect. 4.3) consisted of a
1mm steel sphere supported by 15µm tungsten wires affixed to a frame. For the
high NA measurements (Sect. 4.2) a small sugar crystal (∼100µm diameter) fixed
to a 5µm tungsten wire was used. The reason for having differently sized beam
stops for different numerical apertures is because of the relative size of the central
speckle on the detector. It should be noted that the beam stop must be placed as close
as possible to the detector in order to suppress diffraction on the beam stop itself.
The procedure that is used for stitching together the diffraction patterns taken with
different exposure times is as follows8:

1. Take the image with the longest exposure time and set all pixels having a value
greater than 61,000 to zero.9

2. Subtract the background from the image. The background image, i.e. the laser
turned off, is captured at all exposure times to account for permanent hotspots
and the readout profile of the CCD.

3. Take the next shorter exposure time and apply steps 1–2 to it. Set all pixels under
a certain threshold level, e.g. 100counts, to zero.

4. Generate a mask that masks out zero intensity regions in the current overall image
and zero intensity regions in the image to add.

5. Calculate a multiplication factor ν between the two images such that intensities
of the unmasked region match best.

7 If one considers a diffraction pattern centered on the detector.
8 For the sake of simplicity the diffraction pattern will simply be denoted as image. The procedure
starts with the image taken at the longest exposure time.
9 The value 61,000 was found to be a good value for the high intensity cut-off of the Andor iKon
L, for higher counts the linearity becomes poor.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
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6. Multiply the image with ν and average the unmasked regions with the current
overall image while adding the multiplied image to regions where the current
overall image has zero intensity.

Steps 3–6 are repeated until all captured images are accounted for. Using this proce-
dure a diffraction pattern having a high dynamic range (HDR) is composed. Further-
more, the quality of the diffraction pattern is enhanced due to averaging parts of the
diffraction patterns that were measured with different integration times. For the first
image recorded without the beam stop an additional mask featuring the beam stop
itself must be applied in step 4. The application of the procedure to experimental
data is depicted in Fig. 3.6. From the experimentally determined multiplication fac-
tors from overlapping parts of the recorded patterns one can see that simply scaling
by the exposure times would fail. The reason is that the flux of the HHG source
is unstable and fluctuates from shot to shot. However, the dynamic range can be
easily improved by about 4 orders of magnitude using this procedure and, thus one
can assess information hidden for a single measurement due to the limited dynamic
range of the CCD.

It is worth noting that currently efforts are undertaken to build CCDs specifically
designed for X-ray diffraction experiments, i.e. having a large dynamic range in order
to capture an appropriate diffraction pattern in one run [17].

(a)

(b)

Fig. 3.6 Enhancing the dynamic range using a beam stop. a Raw measured diffraction patterns
prepared according to steps 1 and 2 of the procedure, see text. A beam stop is used to suppress
the overflow of the CCD from the central pixels for long exposure times (texp = 128s and texp =
10 s). The central part of the diffraction pattern is then measured without the beam stop using
shorter exposure times (texp = 1s and texp = 0.02 s). Analyzing the scale, a dynamic range in
the single measurement of roughly 4.5 orders of magnitude is evident. According to the procedure
mentioned in the text, one can stitch all four together to get a high dynamic range (HDR) diffraction
pattern, b spanning more than 8 orders of magnitude. Please note that the multiplication factors are
determined by matching overlapping parts of different exposure times
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(a) (b) (c)

Fig. 3.7 Illumination wave formed by a 5µm pinhole for DIH. a The recorded intensity 330mm
behind a 5µm pinhole features the structure of an Airy pattern. b The spatial distribution of a best
fit Airy pattern (maximum amplitude and noise-level cut-off adapted from the measured data) and
the corresponding horizontal profile (red dotted line in c), profile position indicated by the green
dotted line in (a) to the data presented in (a) can be used to determine the wavelength. In this case
λ = 39.0 ± 0.5nm. The axes in (a) and (b) correspond to the full CCD chip

3.3 XUV Digital In-line Holography Realization

After having discussed the implementation of CDI into experiments, the implemen-
tation of digital in-line holography, which was theoretically introduced in the fun-
damental chapter Sect. 2.4, is the emphasis of this section. At this point it should be
noted that the only experimental change compared to a CDI experiment is that a ref-
erence wave overlapping with the diffracted wave on the detector must be generated.
In order to implement this, a small pinhole, e.g. 1 or 5µm diameter, is introduced
into the versatile grating based setup (Fig. 3.4a). In contrast to the description on the
CDI setup (Sect. 3.2.1), one now places the small pinhole exactly in the focal plane to
achieve a maximum flux transmitted through the pinhole. Obviously, a large amount
of flux is lost considering a focal spot size of ∼50µm, but on the other hand a well-
defined illumination wave is generated, see Fig. 3.7a. The additional modulation on
the rings of the Airy pattern may have several origins, namely an imperfect aper-
ture shape or the roughness of the inner surface. The central maximum, however,
is smooth and clear and usable as the illumination wave for DIH. Fitting an Airy
pattern (Fig. 3.7b, c) to the measured data can be used to determine the wavelength
of the radiation quite accurately if the distance from the pinhole to the detector is
known to ±1mm, which is easily possible. In the case presented, λ = 39.0±0.5nm
is determined. The error was estimated from the accuracy of the fit. This method is
beneficial in the grating based setup (Fig. 3.4a), where the wavelength can be cho-
sen freely and where the electric driven translation stage, on which the pinhole was
mounted, lacked feedback on the actual position.

According to the considerations given in Sect. 2.4, one places the detector at a
distance from the pinhole such that the zeroth order of the Airy pattern produced
by the pinhole uniformly illuminates10 the central part of the detector. For the 5 and

10 Uniform illuminationmeans that the first minimum of the Airy pattern lies outside of the detector,
i.e. a measurable intensity at all pixels. Obviously the distances would be much greater if one would
aim for really homogeneous illumination. That would, however, reduce the usable flux too much
for current table-top XUV systems.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_2
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Fig. 3.8 Scanning the distance between pinhole and sample can be used to zoom-in and zoom-out,
i.e. change the FOV and the magnification. The panels show digital in-line holograms of a blank
Si3N4 aperture membrane (see Sect. 4.1) for the membrane being at different distances zsample from
a 1µm pinhole which is located at z0. The distance between the pinhole and the CCD was kept
fixed at∼350mm. The holograms are not properly resolved for reconstruction due to strong binning
on the CCD, however, since the object consists of 100µm×100µm square apertures which are
450µm spaced apart one can at least estimate the field of view and the magnification ζ by relating
the CCD pixels to the object. One can see the increasing magnification and decreasing FOV when
the sample is brought closer to the pinhole while the distance of the CCD is fixed. The illumination
was done using λ = 39nm. Please note that the intensity scale is linear and the measures for z
are roughly estimated due to missing position feedback of the translation stage. The x and y axes
indicated on the left panel correspond to the full CCD chip and are the same for all panels

1µm pinholes at 39nm wavelength this is roughly 2,500 and 500mm, respectively.
The sample can either be placed in reflection geometry, such as is used for cancer
cell classification (Sect. 4.4), or in transmission geometry, as it is used for imaging
cell-like non-periodic specimens in this work (Sect. 4.1). The distance from the pin-
hole to the sample regulates the illuminated area that is projected onto the detector
and thus regulates the FOV and magnification. Thus, one can comfortably change
the magnification (Eq. 2.51) by changing this distance, this behavior is depicted in
Fig. 3.8. Typical distances from the pinhole to the sample are of the order of a few
millimeters.

3.4 Preparation of the Experimental Data

3.4.1 Intensity Normalization and Curvature Correction

In Sect. 3.2.3 the handling of experimental data in terms of background noise and
limitations due to dynamic range of the detector was discussed. If available, a HDR
diffraction pattern is always produced as the first step for all experiments presented
in this work. Moreover, as discussed in Sect. 2.2, one can reconstruct an object from
its continuous far-field diffraction pattern, which is related to the object plane by
a Fourier transform. However, for a planar sample, this requires that the diffrac-
tion pattern, apart from proper sampling, is arranged such that each recorded pixel
corresponds to a certain spatial frequency while the computation grid consists of
pixels of equally spaced spatial frequencies. Likewise, for a three-dimensional sam-
ple, one needs a 3D grid with equally spaced spatial frequencies and the diffraction

http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_2
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Fig. 3.9 Scattering in forward geometry at high numerical aperture. The scattered vector kout
ends on the Ewald sphere due to energy conservation (cf. Fig. 2.5). Using a planar detector the
measured diffraction pattern must be remapped onto a sphere, this is called curvature correction.
For a quantification (see text) spherical coordinates are projected onto the detector. θ denotes the
angle between the incident kin and scattered kout wave vector. φ is the azimuthal vector in the object
plane between the x-axis and the unit perpendicular projection vector of kout which is denoted as r⊥
in the object plane. Furthermore, each pixel measures the photons emitted into a different solid angle
d�. For instance a pixel of the size dx times dy at the edge of the detector (x ′, y′, z′) experiences
a lower relative flux compared to one in the center of the CCD. The corresponding correction is
called intensity normalization

pattern properly mapped onto the grid. As discussed in Sect. 2.2.2, all scattering
vectors end on the Ewald sphere owing to energy conservation. Thus the diffraction
pattern also lies on a sphere centered at the object. This issue is illustrated in Fig. 3.9.
The diffraction patterns in this work are measured with a planar detector. Hence, as
illustrated in Fig. 3.9, especially the fringes measured at the edges of the detector11

have a larger distance from the center than they would have if they were sampled on
an equally spaced spatial frequency grid on the Ewald sphere. Consequently, themea-
sured diffraction pattern must be remapped onto the Ewald sphere, which is called
curvature correction [18, 19]. Raines et al. showed that by remapping the diffraction
intensities measured from a single view onto a sphere in a three-dimensional grid
one can actually reconstruct a three dimensional object [20]. For two-dimensional
samples, e.g. planar samples, it is, however, sufficient to do the inverse spherical pro-
jection and remain in a two-dimensional grid.12 This greatly reduces the computation
time for the phase retrieval compared to the 3D case. Another problem caused by
the projection is that pixels having a different lateral distance from the center of the
detector experience a different flux considering an object radiating homogeneously

11 For the whole discussion in this section the zero deflection point, i.e. kin = kout or |q| = 0, is
assumed in the center of the CCD.
12 In Sect. 4.2 it will be discussed that for very high numerical apertures even hard apertures have
a contribution from their inner surface and would thus need to be treated as a three-dimensional
object.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_4
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in all directions. On the other hand, on a sphere every grid element corresponds to
the same solid angle d�. This has to be corrected as well and it is called intensity
normalization [20]. Obviously, these corrections are mainly necessary for a high
numerical aperture.

The intensity normalization in this thesis is done as follows. For a pixel (e.g. the
red square in Fig. 3.9 with the red coordinate set) characterized by its lateral size dx
and dy at a position (x ′, y′) on a planar detector at z′ the solid angle d�(x ′, y′) is
expressed in Cartesian coordinates

d�(x ′, y′) = z′dxdy

(x ′2 + y′2 + z′2) 3
2

. (3.5)

Using this formula amatrix of solid angles d�(x, y) are computed for all detector pix-
els. Obviously, the solid angle per pixel decreases for pixels being further away from
the center and would thus measure a lower intensity compared to the equally illumi-
nated surface elements on the corresponding sphere (Fig. 3.10b). For the experimen-
tal data the resulting matrix of solid angles is normalized d�(x,y)

d�(0,0) → d�norm(x, y),
where d�(0, 0) denotes the solid angle of the central pixel. At this point it should be
noted that the rescaling according to the fact that the intensity falls by 1/r2 as used
in [21] for intensity normalization is not sufficient and leads to a different result.

For the curvature correction onewrites themomentum transfer vector q in terms13

of the angle θ enclosed by kout and kin, and the azimuthal angle φ being the angle
between the x-axis and the projection of kout onto the sample plane (both angles are
marked blue in Fig. 3.9)

q = kout − kin = k
[
sin θ cosφx̂ + sin θ sin φŷ + (cos θ − 1)ẑ

]
, (3.6)

where x̂, ŷ and ẑ are the unit vectors in the corresponding direction. This is derived
from expressing spherical coordinates in Cartesian coordinates. It can subsequently
be rewritten into Cartesian coordinates (x, y, z) in the detector plane z = z′ [21]

q = k

[
x√

x2 + y2 + z′2 x̂ + y√
x2 + y2 + z′2 ŷ +

(
z√

x2 + y2 + z′2 − 1

)
ẑ

]
.

(3.7)
Identifying the two terms on the left as the qx and qy momentum transfer components
respectively, one sees that they are not distributed uniformly over the detector. This
is the result of projecting the Ewald sphere onto a planar detector. However, what
is needed is a diffraction pattern that corresponds to a linear uniform sampling in
qx and qy . In order to achieve this, qx and qy are computed for every pixel on

13 Please note that the normalized wavevector k0 = 1/λ is used in order to obey the convention
explained at the end of Sect. 2.2.2. The factor 2π would neither have an effect on the curvature
correction nor the intensity normalization.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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(a) (b)

(c) (d)

Fig. 3.10 Example for the data preparation in a high numerical aperture experiment. a AHDR raw
diffraction patternmeasured using the FCPAbased setup (Fig. 3.5) operating at 33.2nmwavelength.
The distance from the sample to the detector was 20mm, which corresponds to a NA of ≈0.57. The
smeared fringes towards the edge of the detector due to the projection are clearly visible (inset).
b The normalized solid angle per pixel. One can clearly see that the relative solid angle decreases
radially from the center. Furthermore, one can see that the effect is far from negligible, because
the pixels at the far edges of the detector cover less than half of the solid angle compared to the
central pixel. cDepicts themapping of the qx component of themomentum transfer vectorq for each
pixel. The non-uniformmapping (one slice of constant qx emphasized by the dotted line) is obvious,
which is a result of the spherical projection. For the qy component the mapping looks similar, just
transposed. d After applying the intensity normalization and inverse spherical projection one can
relate the measured data to the uniformly spaced q-space on the Ewald sphere. The green regions
are zero density regions that arise in the inverse projection

the detector and, thus, this procedure results in a momentum transfer mapping for
each component across the detector. Now an affine transformation matrix A can be
computed using Matlab, such that A · qx (x, y) → q ′

x‖(x, y), where q ′
x‖(x, y) is

now a linear momentum transfer mapping in qx that is independent of the y position
on the detector. In the same way one can compute an affine transformation matrix B
for qy . Having both matrices and the intensity correction map d�norm(x, y) on hand
one can then finally transform the measured diffraction pattern Im(x, y) into one that
samples linearly in q on the Ewald sphere with correct intensities
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Icorr(x, y) = A · B · Im(x, y)

d�norm(x, y)
. (3.8)

The use of affine transformations speeds up the data preparation and allows to correct
the data in one step compared to a pixel by pixel interpolation [21]. Feeding Icorr(x, y)

into a phase retrieval algorithm (Sect. 2.3) gives full advantage of the FFT relation
between an object and the (transformed) detection plane.

3.4.2 Reflection Geometry

In this thesis so far only diffraction in transmission geometry was considered, which
is the geometry of choice since the components of the momentum transfer vector q
scale as symmetric and even linear for low numerical apertures. Thus if NA � 0.1
one can even leave all the corrections introduced in the previous subsection behind
and feed the phase retrieval algorithm directly with the measured diffraction pattern.
However, the reflection geometry seems to offer many more applications, especially
for HHG based CDI systems, where almost every kind of substrate is opaque. Hence,
transmission CDI with HHG sources is limited to aperture samples [16, 18, 22, 23]
or samples prepared on extremely fragile ultra-thin silicon nitride membranes [24]
as used for the digital in-line holography measurements in this work (Sect. 4.1).
In reflection geometry however, one can use almost any kind of sample as long
as it partially reflects XUV light, e.g. an XUV reflective sample on an absorbing
substrate, an absorbing sample on a reflective substrate or a reflective sample on
a reflective substrate. The preparation is straightforward, e.g. the samples can be
pipetted onto the substrate, such as the breast cancer cells in this work (Sect. 4.4).
Also imaging of nanostructures that are fabricated by electron lithography (Sect. 4.3)
becomes possible. Thus, the reflection geometry offers more applications, especially
for experiments where high temporal resolution is needed, e.g. for imaging plasmon
waves in optical nanostructures.

However, the drawback of the reflection geometry is that an additional momen-
tum transfer in one axis arises from the reflection. Thus independent from the NA
one will have to make corrections to the measured data, while the exact correction
parameters are sometimes hard to determine in an experiment. Furthermore, usually
sample mounts and camera mounts cannot be brought together sufficiently close to
achieve high numerical apertures compared to a sandwich-like setup in transmission
geometry. Another issue in reflection geometry is that the surface roughness of the
sample and the substrate contribute to the diffraction pattern and will in some cases
even dominate the measured signal. The surface roughness must be kept well below
λ/10 over an area larger then the focal spot size, which can be challenging for XUV
wavelengths and even more for soft X-rays. Maybe these are the reasons why it took
until 2012 when two groups published first CDI experiments in reflection geometry
almost at the same time [21, 25], followed by a publication for low NA table-top
CDI in reflection geometry [26].

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_2
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If one considers a beam incident on the sample under an angle of incidence αi

and observation in reflection geometry (Fig. 3.11), one has to use an appropriate
coordinate transformation using a rotation matrix around the y-axis [21]. Moreover,
a transformation from the lab system to the coordinate system of the sample is useful,
because unlike in the case presented before, the detector plane is tilted to the sample
plane. Thus, one now analyzes the horizontal exit angle α f which is in plane with the
angle of incidence αi and the vertical exit angle θ f with respect to the sample plane
and expresses the momentum transfer vector q by these. In contrast to the previous
section it is now considered that the CCD is centered in the specular reflection point,
i.e. when α f = αi and θ f = 0. The components of the momentum transfer in
reflection geometry then become [25, 27]

qx = k
[
cosα f cos θ f − cosαi

]
(3.9)

qy = k
[
cosα f sin θ f

]
(3.10)

qz = k
[
sin αi + sin α f

]
. (3.11)

This representation of the momentum transfer vector components is convenient,
because typically in a reflection geometry experiment the angle between the incident
beam and the detector is fixed by the chamber geometry and one simply places the
specular reflection in the center of the detector. The notation used here, in contrast
to the previous notation for the transmission geometry, is also consistent with other
fields that take advantage of reflective scattering such as neutron scattering [28] and
grazing-incidence small-angle X-ray scattering (GISAX) [27]. Inspecting Eqs. 3.9
and 3.10 one finds zero momentum transfer in qx and qy at the point of specu-
lar reflection. One should, however, keep in mind that there is always a constant
momentum transfer in the lab system due to the reflection. Moreover, qz is mapped
on the detector in the same direction as qx and thus one gets information from the
height profile superimposed with the information from one lateral dimension of the
sample. Especially for tiny angles of incidence and samples with a distinctive height
profile, this must be corrected [25]. On the other hand, one could use the informa-
tion to map the measured diffraction pattern onto a 3D grid and perform a full 3D
reconstruction in the same manner as illustrated in [20]. Keeping all this in mind, θ f

and α f are computed for every detector pixel and subsequently used to compute the
maps of the components qx , qy and qz in order to correct the experimental data.

The reflection geometry experiments reported in this work were done at an angle
of incidence αi = 22.5◦ using the grating based setup (Fig. 3.4). Due to the available
chamber construction the minimum distance from the sample to the detector was
limited to Lobj-CCD = 430mm, which results in an numerical aperture NA ≈ 0.032.
The corresponding mapping of the components of the momentum transfer vector
are depicted in Fig. 3.12. One can see the non-uniform and asymmetric behavior
for the qx component as expected from Eq.3.9. The equi-momentum transfer slice
qx = 0 is marked by the dotted purple line in Fig. 3.12a. In the presented case this
effect is minimal and will thus be neglected for the analysis of the experimental data,
however, for higher NAs this becomes severe and must be corrected (Fig. 3.12d–f).
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Fig. 3.11 Definition of the reflection geometry for XUV CDI. Analogously to the transmission
geometry (Fig. 2.5) one is interested in themapping of components of themomentum transfer vector
q = (qx , qy, qz) onto the Ewald sphere, which equals the detector for a low NA as typical in this
work. The object plane and detector plane are rotated towards each other (see the two coordinate
systems). Thus it makes sense to calculate the momentum transfer in the sample frame in terms of
the horizontal α f and vertical θ f exit angles. By knowing the angle of incidence αi and that the
detector is placed perpendicular on the intersection with the Ewald sphere and centered at the point
of specular reflection (marked by 0) one can calculate the momentum transfer components, see text.
The distance from the center of the object to the CCD is denoted as Lobj-CCD

The mapping of the qy component (Fig. 3.12b) is in contrast to that uniformity and
features an approximately 2.5 times highermagnitude compared to theqx component.
This illustrates the effect that the detector observes the object projected under an
angle of 22.5◦, hence it appears 1/sin(22.5◦) ≈ 2.61 times reduced in the horizontal
direction. The qy mapping is otherwise desirably linear at this low NA and needs no
additional correction. For a highNAonewould have similar effects as in transmission
geometry andwould need to correct for the curvature additionally. The qz component
mapping (Fig. 3.12c) reveals the problem discussed before, i.e. the qz component
is linearly projected onto the horizontal detector axis while the mean momentum
transfer in this component qz ≈ 20µm−1 corresponds to a constant momentum
transfer added by the reflection. The observable magnitude for qz from the center to
the right detector edge is approximately �qz ≈ 0.8µm−1 and thus, using Eq. 2.31,
the achievable resolution in the height profile of the object can be determined to
�rz ≈ 0.63µm. Hence, this superimposed mapping of qx and qz causes only trouble
for objects significantly higher than ∼0.5µm, otherwise no additional fringes arise
from the light reflected from the highest level and the lowest level of the object. This
condition is fulfilled for themeasurements presented in thiswork (Sect. 4.3).14 Hence,
in the remainder of this thesis the qz component will not be considered (Eq.3.11).

14 For the biological specimen classification (Sect. 4.4) this condition does not hold true, because
carbon has a reflectivity comparable to that of gold for the wavelengths and angle of incidence used
here [11]. However, no reconstruction is anticipated in that part of the work and thus the scaling in
q can be disregarded there.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_4
http://dx.doi.org/10.1007/978-3-319-12388-2_4
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(a) (b) (c)

(d) (e) (f)

Fig. 3.12 Mapping of the components of the momentum transfer vector for the reflection geometry
experiments presented in this work (angle of incidence αi = 22.5◦, λ = 39nm wavelength,
NA ≈ 0.032) in panels (a–c) and for a theoretical high NA experiment in panels (d–f). a The
mapping of the qx component is slightly non-uniform in the vertical direction (i.e. direction of the
qy component) and asymmetric in horizontal direction. The purple dotted line guides the eye on
qx = 0. b The mapping of qy instead is linear, uniform and symmetric. c Momentum transfer map
for the qz component. It is linear and uniform and centers around a constant momentum transfer
qz ≈ 20µm−1 given by the reflection itself. In panels (d–f) the corresponding mappings for a
high NA experiment are depicted (NA ≈ 0.37), while all other parameters are kept constant. Note
that the left edge of the detector (pixel number 1) in (d) corresponds to scattering along the object
plane (i.e. α f ≈ 0◦). Furthermore, the scaling in qx becomes extremely asymmetric at such a high
NA. Please note that mapping corresponds to a detector tied to the Ewald sphere and that curvature
correction effects (see section before) are not accounted for. Hence, the panels (d–f) just illustrate
the idea

In the panels d–f in Fig. 3.12 theoretical mappings for a high NA (≈0.37) experi-
ment in reflection geometry are presented. The qx component mapping, which geo-
metrically extends towards the object plane, i.e. α f ≈ 0◦, is severely distorted and
asymmetric. Likely, this asymmetry will effectively limit the achievable resolution
of this geometry in the object’s x-axis, because in order to linearize the qx compo-
nent one could just use a narrow band of data between ±1.8µm−1 resulting in a
resolution around �rx ≈ 280nm in this specific case. Please note that the panels in
Fig. 3.12 are corresponding to a detector tied to the Ewald sphere, which is a good
estimate for the panels a–c, but obviously not for d–f. Hence, an additional curvature
correction, as discussed in the previous section, would be necessary to account for
the planar detector at high NAs.
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Chapter 4
Lensless Imaging Results

In the previous chapters the fundamentals for coherent diffraction imaging and digital
in-line holography were described. Moreover, the experimental techniques and the
treatment of the experimental data were introduced. In this chapter the focus lies on
the experimental results that were obtained in this work. The digital in-line holog-
raphy experiments were carried out with the grating based setup. Special cell-like
samples were prepared on thin silicon nitride membranes. Besides the preparation
methods of these samples, the results for the DIH experiments are presented in
Sect. 4.1. The novel dielectric mirror based setup (Sect. 3.2.2 and Appendix A) was
used together with the FCPA HHG source (Sect. 3.1.2) for transmission CDI exper-
iments at a high numerical aperture targeting for a resolution in the range of the
wavelength or even below. These high NA experiments can be found in Sect. 4.2.
It was explained before that the reflection geometry offers unique possibilities in
CDI, because samples can be prepared more easily and one gets access to the surface
of objects that are opaque and can thus not be imaged in transmission geometry. The
experiments were carried out by imaging micron scaled objects in reflection geome-
try (Sect. 3.4.2) using the grating based setup (Sect. 3.2.1). The results for imaging a
non-periodic specimen in reflection geometry are presented in Sect. 4.3. Finally, the
same setup, but with a smaller pinhole in order to go into a mixed CDI/DIH regime,
was used to measure diffraction patterns of human breast cancer cells. It was found
that one can use these diffraction patterns to classify the cells and thus provide a tool
that may allow fast cell type discrimination in a clinical environment. The results on
the human breast cancer cell experiments are presented in Sect. 4.4.

4.1 Digital In-line Holography of Cell-Like
Non-periodic Specimens

One of the main limitations of CDI discussed in the fundamentals is that samples
must be isolated, i.e. surrounded by a zero density region, to apply the support con-
straint. Despite this limitation remarkable results were achieved using synchrotrons
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[1] and free-electron lasers [2], proving the importance of applying these techniques
to biological andmedical research. However, for a daily clinical application, the need
for synchrotron radiation and the need for isolated samples are criteria for exclusion.
A way to overcome the isolation constraint, as discussed in Sect. 2.5, is ptychog-
raphy [3], which, however, needs scanning of the sample which may be feasible
for imaging a single sample. Though, for daily application in a medical environ-
ment, where a high number of samples must be investigated in a short time, this
approach seems not to be practical. Moreover, one would again struggle with the
limited dynamic range of the detector and thus need to use beam stops and different
exposure times to measure a diffraction pattern.

Instead, the approach presented here is digital in-line holography, which was
introduced in Sect. 2.4. By illuminating the sample with a curved reference wave one
gets a hologram in the far-field that features typically just small intensity changes
across the full detection plane.Moreover, data collection is not critical, since hot spots
and spurious pixels may effect the result but not the convergence of the reconstruc-
tion. And finally, the reconstructions can be done in real-time offering high fidelity
and throughput in a clinical environment. At this point one has to mention that the
radiation having wavelengths of several 10nm is highly absorbed by all biological
matter, because it is far away from the water window.1 Hence, in order to investi-
gate on the fundamental principles and the image reconstruction, samples that are
not isolated and exhibit sizes and structures of biological specimens were prepared.
However, measures had to be taken, such that a part of the samples remains transpar-
ent. The results for preparing such samples are presented in the following section.
In Sect. 4.1.2 subsequently the obtained results with those samples are presented.

4.1.1 Cell-Like Sample Preparation for DIH XUV Experiments

For the DIH experiments in this work, the transmission geometry using a wavelength
between 30 and 40nmwas chosen, hence a transparent substrate at thesewavelengths
is needed. Silicon nitride (Si3N4) is amaterial that has successfully been used at these
wavelengths before [4]. Thin silicon nitride membranes are commercially available
for transmission electron microscopy. The membranes are typically fabricated by
depositing Si3N4 on a bulk silicon substrate2 followed by etching down bevels into
the silicon wafer, such that a small window, consisting of the Si3N4 film, remains.
The substrates used in this work are from Ted Pella Inc. with a Si3N4 membrane
thickness of 15nm. The Si3N4 windows on each substrate are arranged in a 3 by 3
array with each window being 100 by 100µm wide (Fig. 4.1). The transparency of
15nm Si3N4 at 38nm wavelength is approximately 44% [5] and thus forms a well
suited substrate for the experiments done in this work. Surprisingly, the 15nm thick

1 The water window is a range of wavelengths between the K-edge of oxygen at 2.34nm and the
K-edge of carbon at 4.4nm, where biological materials become transparent.
2 A 3mm diameter silicon disk with 200µm thickness in this case.
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(a) (b) (c)

Fig. 4.1 Characteristics of the used Si3N4 substrates. a Top view of the substrate. b Side view cut
(not to scale) at the position of the dotted green line in (a). At the places where the square shaped
bevels were cut into the silicon wafer only a 15nm thin Si3N4 membrane is left. c A scanning
electron microscope (SEM) image of a substrate mounted onto an aluminum mount ready to be
mounted in the target chamber (Fig. A.2)

membranes are relatively stable and even withstand large liquid drops deposited by
a pipette.

The nanoparticles that were employed to mimic cells are uniform polystyrene
latex beads fromMagsphere Inc. These are commercially available in a suspension
with the size of the beads ranging from several nanometers up to several microns.
Roughly classifying objects of interest in medicine, one can look at cells (typical
sizes several microns), bacteria (typical size around 1µm) and viruses (typical sizes
of several 10nm up to several 100nm) [6]. Hence, in order to prepare the samples
mimicking bacteria and cells beads with 900nm and 5µm diameter respectively
were used. Smaller structures mimicking viruses were not considered, because the
resolution achievable with DIH at the stage of this thesis would be insufficient to
resolve them. The challenging task was to bring the beads from the suspension onto
the Si3N4 membrane, without destroying the membrane and without leaving dirt
from the solvent on the membrane. Several methods were tested [7]. It was found
that the best way was to print them onto the substrate using the printhead of an inkjet
printer. In order to do this, a solution of the beads was thinnedwith distilled water and
filled into the printhead which had all mechanical filters removed. Applying a short
voltage trigger (t ≈ 2µs) fires a pre-loaded solution drop towards the membrane.
Since this process is initiated by instantly heating a small resistor, it heats up the
solution as well and most of the water evaporates on its way onto the sample through
ambient air. Hence, one can deposit the beads almost without solvent remains onto
the substrate. Pipetting, using high precision pipettes, failed, because the minimal
applicable volume is in the range of a few 100 nl, which already entirely floods
a bevel. This results in all nanoparticles being dragged off the membrane when
the water, which is dragged up the bevel walls due to surface tension, evaporates.
Pipetting on the flat substrate side spills the droplet over the whole wafer and an exact
placement of the beads is not possible. Moreover, solvent remains usually spoil the
membrane in terms of XUV transparency (Fig. 4.2a). Printing, however, worked well
and by adjusting the amplitude and temporal length of the voltage trigger one could
adjust the amount of solution fired onto the sample and, hence, control the amount
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(a) (b)

(c)
(d)

Fig. 4.2 Typical structures of micro and nano-particles mimicking cells and bacteria. a Deposition
of 5µmpolystyrenebeads using ananoliter pipette results in severe solvent remains anduncontrolled
deposition.bUsing aprinthead froman inkjet printer four 5µmbeads (blue arrow) and900nmbeads
(two are marked by green arrows) were deposited in a controlled manner. This light microscope
image taken at 20x magnification already shows the limitations encountered with visible light
microscopes, i.e. the 900nm beads are barely visible. Although a conventional light microscope
could in principle resolve them, a poor material contrast, as it would also be expected for biological
matter, worsens the effective resolution and would need specialized techniques such as staining the
cells for fluorescence microscopy. c SEM image of four 5µm beads that self-arranged in a shape
comparable to a streptococci arrangement. d Few examples of possible arrangements of coccus
bacteria: I single coccus bacteria (typical diameter about 1µm ), II diplococci, III streptococci,
IV tetrad and V rod-shaped bacteria

of deposited beads. Using this method, beads of different size were deposited on the
same membrane (Fig. 4.2b). Full details are reported in [7].

Interestingly the polystyrene beads sometimes arrange themselves into structures
(Fig. 4.2c) that compare well with those of bacteria (Fig. 4.2d) [6]. These so-called
cocci arrangements can thus be mimicked by the polystyrene beads, although the
rod-type bacteria cannot be easily created with them. Commercial suppliers offer
plenty of rod-shaped nanoparticles, which were, however, not considered for this
thesis. Identifying such structures in biological samples is of great importance for
microbiology and clinical application since the arrangement of cocci can have sig-
nificant influence on how the bacteria act on the human body [8]. Hence, this could
be a potential application for the DIH experiments presented in this thesis.

4.1.2 DIH Results Using Coherent XUV Radiation

In the previous section the preparation method of samples consisting of polystyrene
nanoparticles mimicking human cells and bacteria, and deposited on 15nm thick
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silicon nitride membranes was presented. For the experiments presented in this
section HHG was driven with the Ti:Sa laser described in Sect. 3.1.1. The XUV
radiation was fed into the grating based setup (Sect. 3.2.1). For the experiments the
21st harmonic corresponding to 39nmwavelengthwas selected bymeans of a pinhole
with a diameter of 1µm in the rear focal plane of the toroidal mirror. The distance
between the CCD and the pinhole was set to Ldet + Lph = 480mm, which allowed
the central maximum of the Airy pattern (see Sect. 3.3) to homogeneously illuminate
the CCD. Typical exposure times were between texp = 1,500 s and texp = 3,600 s,
which resulted in holograms having a sufficient signal to noise ratio, such that they
can be reconstructed using the algorithm outlined in Sect. 2.4. In order to do this,
a numerically generated 1µm pinhole illuminated with a plane wave is the starting
point. The resulting field is subsequently propagated to the sample. As a first estimate
of the sample a blank square aperture having 100µmby 100µm lateral dimensions is
plugged in. The remainder of the algorithm performed exactly as depicted in Fig. 2.9,
with the intermediate plane being L int = 20mm behind the sample, i.e. well into
the far-field. The effective numerical aperture for all DIH experiments presented in
this thesis (Eq. 2.50) is about NAeff ≈ 0.023, while only the magnification ζ was
slightly changed due to optimizing the distance between sample and pinhole (see
discussion below Eq. 2.51). Sufficient sampling of the fringes was, however, main-
tained in all experiments. Thus, the theoretical resolution for all DIH experiments is
�r ≈ λ

2·0.023 = 0.83µm according to Eq. 1.1.

4.1.2.1 DIH on a Si3N4 Membrane Covered with Dirt

The first sample imaged using DIH is depicted in Fig. 4.3a and features large areas
of solvent residue across the whole membrane in addition to one 5µm bead. The
hologram was recorded (Fig. 4.3b) with the sample being Lph = 4.8mm distanced
from the pinhole and an exposure time of texp = 1,500 s. Hence the magnification
(Eq. 2.51) is ζ = 100. 4 by 4pixels on the CCD were binned into one superpixel.
Due to strong absorption across large parts of the membrane the measured hologram
exhibits a poor signal to noise ratio. However, the algorithm outlined in Sect. 2.4
together with the modification for highly absorbing samples was able to retrieve the
phase leading to the simulated hologram3 depicted in Fig. 4.3c. The features compare
well, however, the overall impression appears a little washed out, which is probably
due to the noisy data. From that phase retrieval a reconstructed image of the object is
obtained (Fig. 4.3d) which compares well to the microscope image. The 5µmbead is
well resolved. Apart from that, the parts of the membrane are discernible, where the
solvent remainswere so thick that themembrane became opaque at the corresponding
position. That is mainly the case in the dirt ribbon on the right upper corner of the
sample. The large area around the center of the membrane is covered by a thin

3 With simulated hologram |Udet(x, y)|2 at the end of the reconstruction is denoted. Visual and
numerical comparison with the measured hologram I (x, y) allows to judge whether or not the
reconstruction was successful.
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(a) (c)

(d) (e) (f)

(b)

Fig. 4.3 DIH reconstruction of a contaminated silicon nitride membrane. a Light microscope
image of the sample. The membrane is covered with absorbing solvent remains, only one 5µm
bead (green arrow) was deposited. Hence, the measured hologram (b) has a poor signal to noise
ratio, note the linear intensity scale. c Depicts the recovered hologram after 200 iterations. The
main features of the hologram were recovered. By back propagating (see Sect. 2.4 for details) the
recovered hologram and subtracting the incoming illumination field one recovers an image of the
sample (d). Comparing to (a) one finds the parts where the membrane is totally opaque for the XUV
light, i.e. the dirt ribbon on the right upper corner and the 5µm bead (green arrow). The parts in
between are partially transparent indicated by the color coding (blue and red correspond to low and
high absorption respectively). e Assuming a constant absorption coefficient allows to deduce the
layer thickness and to plot it in 3D, see text. Please note that for a relative layer thickness indicated
by trel ≈ 1 the layer is opaque for the used wavelength, hence this is a kind of upper cut-off for this
analysis. f The error of the reconstruction falls very quickly and the reconstruction stagnates after
about 100 iterations. The dotted red and orange dash-dot boxes mark areas which are compared in
the text

layer of residue. There partial transmission occurs, which is indicated in Fig. 4.3d by
the colors. A high transmission is indicated by blue colors, i.e. the incoming wave
equals the outgoing wave according to Eq.2.46. From this one can see the benefits
of the XUVDIHmethod compared to light microscopy, namely obtaining additional
information about the sample, such as layer thicknesses or homogeneity of a layer.
A further benefit is the high material contrast. If a linear absorption coefficient α is
assumed, one can deduce the layer thickness t by using the Beer-Lambert law and
the fields introduced in Sect. 2.4 by

t ∝ − 1

α
log

( |Uint(x, y) ⊗ h(x, y;−L int)|2
|Uph(x, y)|2

)
. (4.1)

Since α at the usedwavelength is unknown, only |t |rel ∝ t can be plotted as a 3D plot,
see Fig. 4.3e. Moreover, α for the bead and the dirt is certainly different. Obviously
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the thickness cannot be deduced at positions where the sample is opaque, hence,
the height profile can only be extracted to a certain level. However, to illustrate the
advantage of DIH it is sufficient at this point of the work. Analyzing some details one
can see a swelling up of the thin silicon nitride due to surface tension induced by the
remaining dirt film (the red dotted and orange dot-dash boxes in Fig. 4.3a, d, e) which
is reproduced in the holographic reconstruction. These are surface changes which
might be in the range of a few 10nm. Unfortunately these ultra-thin membranes
are too fragile to verify this with an atomic force microscope for example. The
reconstruction itself converges quickly as depicted by the error function (Fig. 4.3f),
which is basically computed by subtracting themeasured and reconstructed hologram
at a certain iteration. Please note the logarithmic plot in Fig. 4.3f. Already after a few
iterations only minor changes take place and after 100 iterations the numerical noise
level is reached.

4.1.2.2 DIH Phase Sensing at a Broken Si3N4 Membrane

In Sect. 4.1.1 it was mentioned that these ultra-thin silicon nitride membranes are
rugged and can even withstand water droplets from a pipette. However, sometimes
one destroys them during the preparation. An example of such a destroyedmembrane
with most of the membrane rolled up towards the frame is depicted in the SEM
image in Fig. 4.4a. The hologram (Fig. 4.4b) was measured using an exposure time
of texp = 1,500 s and binning two by two pixels into one. Compared to Fig. 4.3b a
higher photon flux proceeds through the sample. Hence, a much clearer hologram
having a better signal to noise ratio, despite twofold less binning, is measured. The
reduced distance between the sample and pinhole of Lph = 4.3mm was slightly
shorter compared to the previous section, thus the hologram has a slightly larger
lateral dimension (ζ = 112). Due to the good contrast, a much quicker convergence,
basically within the first few iterations (Fig. 4.4e), is observed which results in a
retrieved hologram (Fig. 4.4c) that is very similar to the measured one. The retrieved
object plane, i.e. the transmission function T , is now complex-valued and depicted
in Fig. 4.4d. The hue encodes the phase according to the inset color wheel and the
brightness encodes the amplitude. In order to have a better contrast in the image, T
was set to zerowhere |T | ≥ 0.3. That corresponds to the central part of themembrane,
which compares to an open aperture. The remaining silicon nitride consists of flaps
that wrap around the frame, which is highlighted in Fig. 4.4d by the green square to
guide the eye. Since the silicon nitride membrane has a thickness of 15nm and the
experiment is run at 39nm wavelength, one can roughly estimate that one transition
through the membrane would cause a relative phase shift4 of �φ ≈ 0.2π and two
transitions would cause �φ ≈ 0.4π . From the SEM image one can at least surmise
how the flap has rolled up at the edge of the frame and a few regions can be identified
where a single Si3N4 layer remains (indicated by the magenta arrows in Fig. 4.4a, d)

4 The refractive index of Si3N4 is n = 1.24 − 0.17i at 39nm wavelength [5]. Hence, �φ =
2π · 0.24d/λ is the phase shift of a wave passing through a Si3N4 layer of thickness d relative to
the wave propagating through the open space of the burst window in the presented case.
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(a) (b) (c)

(d) (e)

Fig. 4.4 DIH reconstruction of a destroyed silicon nitride window. a SEM image of the burst
silicon nitride membrane. Only flaps of the membrane are left along the frame, bent over one
another at some places. b The recorded hologram, see text for experimental details. The algorithm
converges quickly and the reconstructed hologram (c) reproduces the features sufficiently well. In
(d) the complex-valued transmission function of the object plane is depicted. The hue and brightness
encode the phase and amplitude respectively (see inset color wheel). In (a) places featuring a single
Si3N4 layer (magenta arrows) and places that indicate a double layer of Si3N4 (blue arrows), due
to the flaps rolling over one another, can be found. By looking at the corresponding places in (d)
at least an indication of the corresponding phase jumps can be found, see text. e The error drops
already after a very few iterations indicating a good quality of the measured data

and where the flap is folded over itself, i.e. two silicon nitride layers (indicated by
the blue arrows). Inspecting the phase in Fig. 4.4d one can at least roughly detect this
by looking at the yellow-greenish (phase shift�φ ≈ 0.2π ) and dark yellow coloring
(phase shift �φ ≈ 0.4π ) at the corresponding positions. This indicates the phase
relative to the undisturbed field propagating through the center of the window.

The resolution obtained in this experiment prevents complete resolving of those
flaps, but again it is sufficient to demonstrate the principle and prove that features
hidden for visible light microscopes can be acquired. One of the main problems is
that, as mentioned before, one layer of 15nm silicon nitride has a transmission of a
little less than 50%, hence the flaps folded over exhibit not just an additional phase
shift but also a much weaker amplitude of the transmitted light field. Hence, the
limited contrast in the reconstruction.

4.1.2.3 DIH of Cocci-Like Samples on a Silicon Nitride Membrane

The main task envisioned in this section about digital in-line holography was,
however, the imaging of cocci-like structures. In Sect. 4.1.1 it was explained how
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good samples of polystyrene beads corresponding to cocci in shape and size were
prepared. In Fig. 4.5a the sample actually used is depicted. It features two 5µmbeads
arranged like diplococci. Only small amounts of solvent remains are scattered around
them and can barely be seen in the light microscope (marked by the orange arrow
in Fig. 4.5a). Furthermore, a 900nm bead is placed close to the two larger beads
(marked by a green arrow). A tiny dust particle is situated almost centered on the
membrane. The pinhole and the sample were brought together as close as possible.
Due to the mounts of both, this distance was limited to Lph = 1.9mm, which was
somewhat perfect for this experiment because the 100µm by 100µm frame of the
silicon nitride window was illuminated almost exactly with the same part of the Airy
pattern as the CCD. The magnification is ζ = 253. The hologram covers the full
CCD due to this projection, or in other words, the field of view is adapted to the
full size of the silicon nitride membrane.5 The measured hologram is depicted in
Fig. 4.5b; it was recorded within texp = 3,600 s using the CCD’s full resolution. The
reconstruction converges quickly, typically within two or three iterations, and repro-
duces the hologram in good detail (Fig. 4.5c). Inspecting the reconstructed object
plane (Fig. 4.5a) one finds the two beads sufficiently resolved. Furthermore, the dust
particle in the center is evident. If zoomed-in further (magenta square in Fig. 4.5d),
one even finds the 900nm bead reconstructed (green arrow) and also the spurious
dirt can be seen (orange arrow). It is worth noting that the 900nm bead is slightly
larger than 900nm if properly lined out in the calibrated reconstructed image, which
gives a hint that the resolution limit of the system was reached approximately. This
compares well to the resolution of the system that was estimated to be�r ≈ 0.83µm
by the NA. In the bottom left part of the reconstructed sample (Fig. 4.5d) an increased
absorption (greenish-yellowish area) is reconstructed, which seems not to be real,
since no solvent was covering that part of the membrane. The assumed reason for
this artifact is the illumination wave being computed by propagating the wave origi-
nating at a perfect pinhole to the sample. In the measured hologram (Fig. 4.5b) it can
be seen that the membrane was not homogeneously illuminated (darker region on
the bottom left part), hence the algorithm reconstructs an absorbing region there. To
enhance this the actual reference wave should be measured. For future experiments
this should be taken care of in order to enhance the quality of the reconstruction.

4.1.3 Summary of the DIH XUV Experiments

In the DIH section the findings about fabricating samples that feature structures
having the size and shape of real-world biological objects were presented. It was
found that using an inkjet printhead allows to deposit the samples onto ultra-thin sili-
con nitride membranes, which can then be used as targets for either CDI experiments
or DIH experiments. The great benefit of XUV DIH becomes clear by looking at the

5 Compare to Fig. 3.8 where the distances between pinhole and sample were larger.

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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(a) (b) (c)

(d) (e)

Fig. 4.5 DIH reconstruction of a diplococci-like sample. a Light microscopic image of the silicon
nitride membrane with two 5µm beads arranged like diplococci with little solvent remains around
(orange arrow) and a 900nm bead (green arrow). b The measured hologram with well resolved
fringes taking full use of the CCD, see text for experimental details. The reconstructed hologram
(c) reproduces the details sufficiently, leading to a reconstruction of the sample (d) at great detail.
e A zoom-in (magenta region in (d)) features again the diplococci-like structure and the 900nm
bead (indicated by the green arrow). Even the small solvent scatters around the beads are resolved
(indicated by the orange arrow). One pixel in (d) and (e) has a size of pobj = 266.7nm in both
directions

experiments that were conducted in this work. The object support constraint, which
is essential for CDI, is not needed in DIH.Moreover, the holograms can be measured
with a single exposure at a low dynamic range. Note that all holograms that were
presented in this section featured a maximum count rate at the brightest pixels of
not more than 2,000counts while the noise-level is at about 300counts. Hence the
dynamic range in these measurements is just about one order of magnitude, which is
much less thanwhat is needed for CDI (see Sect. 3.2.3). The ability to change the field
of view continuously by changing the distance between the pinhole and the sample
(Fig. 3.8) is also beneficial and allows to find a sample quickly. Moreover, it was
demonstrated that the phase information can be used to assess even 3D information
of the sample despite just capturing the hologram from one view. That property is
inherent to holography in general. In order to assess this information one can either
use the phase, which allows very sensitive depth measurements with respect to the
wavelength, or one can use the typical strong absorption of solid matter for XUV
light. It alsoworth noting thatDIH experiences no depth of focus limitation compared
to a conventional light microscope. As usual in holography, one can take advantage
of the recovered complex-valued wave-field and propagate it to other z-positions
and one can therefore get diffraction limited images for different (focal) planes. The
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reconstruction of the holograms is straightforward and the algorithm converges very
quickly, typically after two or three iterations. The quality of the reconstructions
could be further improved if one first determines the incoming illumination wave by
measurement. In holography this is typically referred to as measuring the reference
wave. In the presented work only a computed illumination wave was used, which,
however, already allowed for remarkable reconstructions. Probing the real illumina-
tion wave and using this to reconstruct the holograms should yield an even better
quality of the reconstruction.

The reconstructions done in CDI using an HIO algorithm can easily invoke well
above 10,000 iterations, especially if the guided HIO algorithm is used, where many
separate runs are used to enhance the result. What makes all these algorithms slow
is the numerical Fourier transform, i.e. the FFT. The HIO just needs two FFTs per
iteration, while the DIH reconstruction code needs, besides two FFTs, additional
steps e.g. for data rescaling and the multiple multiplication of the Fresnel propagator.
Moreover, the DIH reconstruction algorithm needs a much finer computation grid
to maintain the phase6 during the wave propagation. The HIO algorithm for CDI,
that switches between object plane and Fourier transform plane, in comparison just
needs a computation grid as large as the oversampled diffraction pattern captured
in an experiment.7 However, in this section it was demonstrated that only very few
iterations are needed for the reconstruction of a digital in-line hologram, hence the
necessary overall computation time is very short compared to 10,000 iterations in
an HIO algorithm. Using a typical desktop computer8 and an implementation of the
DIH reconstruction algorithm in Matlab the processing rate was at roughly one
iteration per second at full resolution. This means one could easily implement the
whole reconstruction process in real-time, taking advantage of fast data processing
on a modern multi-core graphic card processor and a faster programming language,
e.g. C++. Limiting for real-time table-top XUV DIH at the moment is the XUV
photon flux, which currently keeps the needed exposure times long. However, one
should note that the system used for the DIH experiments in this work was far from
perfect with the 1µm pinhole placed in a 50µm (FWHM) focus wasting almost all
of the flux. Using the FCPA system (Sect. 3.1.2) and the dielectric mirror based setup
(Sect. 3.2.2) having a focal spot sizematching well to the pinhole diameter, one could
certainly get to exposure times in the range of a minute or even less, setting the stage
for real-time high resolution XUV DIH. This should be a subject for experiments in
the near future.

6 For the DIH reconstructions presented in this thesis the computation grid was typically between
4000 × 4000 and 7000 × 7000pixels large, demanding a high amount of memory.
7 If the measured diffraction pattern in CDI is highly oversampled one can even reduce the compu-
tation grid further by binning pixels together without losing resolution in the reconstructed object,
as was done in Sect. 4.3.
8 A processor operating at 3.1GHz having four cores and 8GB random access memory.
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4.2 Transmission CDI at the Abbe Limit with a High Numerical
Aperture

Each experiment that is presented in the previous and the following sections of this
chapter demonstrates the beauties and advantages of using coherent XUV light for
microscopy. However, the resolution is in all cases limited to the micron range,
which is definitely in reach of visible light microscopes. The best resolution that was
reported for a CDI experiment so far was in the range of 1.6 times λ [9], which equals
a spatial resolution of 22nm and is thus already not far from the Abbe limit.9 Using
the fiber CPA setup (Sect. 3.1.2) producing very narrow-band harmonics together
with the dielectric mirror based imaging setup (Sect. 3.2.2), recently experiments at
a high numerical aperture were conductedwith the objective to reach sub-wavelength
resolution and to approach the Abbe limit (Eq. 1.1). The wavelength for all high NA
experiments reported in this section is λ = 33.2nm, which corresponds to the 31st
harmonic of the ytterbium doped fiber laser.

The samples used were fabricated out of 200nm thick silicon nitride membranes
on a silicon substrate geometrically equal to those depicted in Fig. 4.1. They were
covered with an additional gold layer of 200nm thickness to render the membrane
totally opaque for XUV light.10 Using focused ion beam milling (FIB, FEI Helios
NanoLab 600i), apertures were cut into the membranes, which are hard edge planar
apertures for XUV light. The results achieved will be presented in the subsequent
sections.

4.2.1 High NA Reconstruction of a Pinhole Aperture

The first object measured in this part of the work was an aperture having a diameter
of 1µm (Fig. 4.6a). This rather simple object was chosen for calibrating the sample-
to-detector distance, in order to accurately determine the numerical aperture. For this
experiment a beam stop consisting of an approximately 100µm large sugar crystal
affixed to a 5µmtungstenwirewas used. The exposure timewas texp = 600 s and 4 by
4 pixels of the CCD were combined into one, which results in an approximate linear
oversampling ratio11 of O ≈ 6 (Eq. 2.25). After applying the curvature correction
and intensity normalization (Sect. 3.4) further pixel binning resulted in a computation
grid of 308 by 308pixels, such that O ≈ 3.7. The prepared diffraction pattern is
depicted in Fig. 4.6b. From a transmission SEMmeasurement (Fig. 4.6a) the diameter
of the aperturewas accurately known, hence the algorithm outlined in Sect. 3.3 can be
employed to determine the distance between sample andCCDmore accurately. It was

9 For very special sample geometries providing sparsity sub-wavelength CDI was demonstrated for
visible light [10].
10 The bare 200nm silicon nitride has a residual transmission of 0.02% [5].
11 From a first estimate by mechanically measuring the distance it was clear that the distance
between sample and CCD was in the order of 10mm.
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(a)

(c) (d)

(b)

(e)

Fig. 4.6 High NA experiment using a 1µm aperture as object. a A transmission SEM (STEM)
image of the aperture. The FIB fabrication produced soft edges which are visible as gray shading
in the image, see text for details. b The measured diffraction pattern with the curvature corrected
and the intensity normalized. The NA is ≈0.80 with the sample being 10.46mm away from the
CCD. Note the beam stop blocking the central speckle of the diffraction pattern. c Reconstructed
object plane featuring the aperture. Positive complex values were allowed, indicated by the hue
and brightness, which encoded the phase and amplitude respectively. A profile (d) marked with
magenta in (c) suggests a resolution of �r ≈ 60nm. e The PRTF reveals what is also visible in
(b), i.e. no full advantage of the high NA can be taken, since intensities were measured only to an
effective NA of ≈0.36. Hence, the resulting resolution is in the order of �r ≈ 70nm. The scale
bars in (a) and (c) are 1µm

determined to be LSample−CCD = 10.46± 0.05mmin this experiment. Thenumerical
aperture is thus NA ≈ 0.80, allowing for a maximum detectable momentum transfer
qmax ≈ 24.02µm−1 at the midpoint of the detector’s edges, resulting in a theoretical
resolution limit of �r ≈ 20.8nm, i.e. well below the wavelength.12 The prepared
diffraction pattern was fed into a guided HIO algorithm (Sect. 2.3) which performed
1,000 iterations on a set of 10 independent reconstructions that were each starting
with random phases. After these 1,000 iterations the best reconstruction, judged by
the error, was used to generate a new set of 10 new initial guesses as the next
generation. After 20 generations a common solution was found. The shrink-wrap
method was used to update the support during the iterations accordingly. In Fig. 4.6c
the reconstructed object plane, whichwas allowed to have positive complex values, is
depicted. The aperture is properly reconstructed with an almost flat phase across the
aperture (the hue encodes the phase and the brightness the amplitude of the complex-

12 Maximum detectable momentum transfer refers to the highest measurable modulus of the
projected momentum transfer vector q for all angles φ (Fig. 3.9) with respect to the center of
the CCD, e.g. at the CCD’s midpoints of the edges.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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valued object plane). Analyzing the PRTF (Eq. 2.42) one finds, however, that above
a |q| ≈ 6.9µm−1 no significant contribution to the reconstructed diffraction pattern
occurs (Fig. 4.6e).13 That means that the intensities measured at higher momentum
transfers, if measured at all, are subject to noise. This is also obvious in Fig. 4.6b,
where just noise is visible in the outer parts of the CCD image. The resolution is thus
effectively limited to�r ≈ 70nm due to this effective NA. Testing this resolution by
taking a profile (Fig. 4.6d)14 in the reconstructed object plane results in�r ≈ 60nm,
which compares well to the value given by the PRTF. However, inspecting the PRTF
and using a 1/e threshold, as it is done e.g. in [12], the resolution would be much
better, since the PRTF fluctuates between 0.4 and 0.5 until |q| ≈ 14.5µm−1, which
would in turn already result in a resolution equivalent to one wavelength. The reason
as towhy the resolution is notmuch better could be that the aperture has a soft edge for
the XUV, as can be seen by the gray shading in Fig. 4.6a. The aperture was milled by
shooting gallium ions onto the gold covered silicon nitride from the wrong side, i.e.
from the gold side. Because the Ga ions have a much higher interaction cross-section
with gold one gets a kind of under-etching effect, i.e. some gold around the intended
aperture was removed before the ions could break through the silicon nitride. Hence
in Fig. 4.6a black colors correspond to Au on Si3N4, gray corresponds to a beveled
Si3N4 membrane, and white to a clear aperture. This explains why the edges in the
reconstructed object plane appear washed out: the remaining beveled Si3N4 acts as
a kind of soft edge. For the next presented sample the aperture was milled from the
other side resulting in a sharp edged aperture, see Fig. 4.7a.

4.2.2 High NA Reconstruction of a Complex-Shaped Aperture

Since the circular aperture used in the previous subsection is a somewhat trivial
sample, another more complex sample had to be imaged and will be dealt with in
this section. The sample used is depicted in a transmission SEM image in Fig. 4.7a.
Please note that this time the FIB milled the sample from the silicon nitride side,
which produced a hard gold edge at the exit plane facing the CCD. The distance of the
sample to the CCD was kept constant at 10.46mm, as for the previous sample. The
diffraction pattern was measured by combining single measurements with exposure
times texp = 1800, 600, 300, 60 s,while the two shortest exposures had the beam stop
removed. Hence, a high dynamic range (Sect. 3.2.3) diffraction pattern could be fed
into the same algorithm as used in the previous subsection after applying curvature
correction and intensity normalization (Fig. 4.7b). Again the object was retrieved at
a convincing quality (Fig. 4.7c). The phase is flat across the object15 and one can

13 The conservative value of PRTF = 0.5 as threshold is used.
14 The 90%/10% of the modulus of the electron density ρ criterion is used to determine the
resolution of the experimental data [11].
15 The different hue is due to a constant phase offset compared to Fig. 4.6c, which is one of the
remaining ambiguities in a CDI reconstruction.
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(a) (b)

(c) (d) (e)

Fig. 4.7 High NA experiment using a complex-shaped aperture. a A transmission SEM (STEM)
image of the aperture. In contrast to Fig. 4.6a a hard gold edge is evident. bThemeasured diffraction
pattern composed of a high dynamic range diffraction pattern from several single exposures with
andwithout a beamstop. The curvaturewas corrected and the intensity normalized. TheNA is≈0.80
with the sample being 10.46mm away from the CCD. c Reconstructed object plane featuring the
object. Positive complex values were allowed, indicated by the hue and brightness, which encode
the phase and amplitude respectively. A profile (d) at the position marked with the magenta line in
(c) suggests a resolution of �r ≈ 60nm. e The PRTF shows that a much more usable diffraction
signal compared to Fig. 4.6b was measured. The resulting resolution is well below one wavelength.
The green scale bars in (a) and (c) are 1µm

easily identify the parts of the object in comparison to the STEM image (Fig. 4.7a).
Unfortunately, the tiny rays of the spark in the bottom right corner of the object
were not resolved. Also the fine details in Jena are not resolved well. These are well
below one wavelength if accurately measured out in Fig. 4.7a, hence an increased
flux would be necessary to get some light through these tiny features. Taking a
profile yields the experimentally achieved resolution, which is again in the range of
�r ≈ 60nm (Fig. 4.7d). Comparing the measured diffraction pattern with the one
in Fig. 4.6b one finds that the fringes extend more towards the edge of the detector.
Hence, a better resolution could be expected. By analyzing again the PRTF (Fig. 4.7e)
an upper limit of diffraction data that contributed to the reconstruction is found at
|q| ≈ 18.06µm−1, which compares well to a visual inspection of the measured
diffraction pattern. The resulting experimental resolution is thus �r ≈ 27.6nm, i.e.
equivalent to 0.8 wavelengths.

This result is a bit puzzling, because for the round aperture in the previous
subsection the experimental resolution obtained from both, a profile and the PRTF,
compare well, especially considering the soft edge. Here the complex-shaped aper-
ture has a defined hard gold edge, thus this should not limit the resolution. On the
other hand, if the resolution of around 27nm would be real, one should start to see
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the rays of the spark in the bottom right edge of the object. However, even when the
reconstruction algorithm is seeded with a perfect fitting support deduced from the
transmissionSEMimage (Fig. 4.7a) noneof the sparks arise. Therefore, the resolution
that is reached practically is in the range around�r ≈ 60nm, i.e. 1.8 wavelengths, as
suggested by the profile measurement. That value also fits better to a visual inspec-
tion of the reconstructed object plane, which also features some distortions, e.g. in
the letter Q. As discussed for instance in [13, 14] another possibility would be that
fringes from the inner surface of the aperture aremeasured due to the highNA. Thus a
full 3D reconstruction would be necessary to achieve the resolution suggested by the
highest measured momentum transfer. This would also explain the distortions on the
larger structures within the structure, e.g. the letterQ, because these would be the first
from where one could expect those scatters from the inner surface due to the larger
aperture opening compared to the smaller structures. Consequently, implementing a
3D reconstruction code, e.g. the ankylography code [15], would be beneficial in the
near future. Another option as to why the expected resolution is not achieved could
be missing temporal coherence. However, as discussed in Sect. 3.1.2, the temporal
coherence of the system used in this work should be sufficient for sub-wavelength
imaging. Moreover, a low temporal coherence would blur the reconstruction and not
cause these additional sharp edged features as they appear in the letter Q. Hence, the
finite depth of the sample seems to effectively limit the achievable resolution.

4.2.3 Summary of the Transmission CDI Experiments

In this section very recent and to some extent preliminary results were presented.
The first experiment using a 1µm aperture was used to determine the exact distance
between the sample and the CCDby supplying the defined pattern of such an aperture
and the exact knowledge of the diameter. The achieved resolution in terms of the
effectively reached NA compares well to an estimation based on taking a profile in
the final reconstruction. It was demonstrated that the aperture can be reconstructed
to a resolution of approximately 60nm, which is equivalent to 1.8 wavelengths. As
a more complex sample an aperture featuring parts of the institute’s logo, where
this work was done, was used. Astonishingly, the object could be recovered showing
almost all features in good detail. One should keep inmind that all the reconstructions
were run by means of a guided HIO algorithm without any a priori knowledge about
the sample. The resolution achieved is in the same range as for the aperture sample,
despite the measured diffraction data suggesting an equivalent resolution slightly
below one wavelength. It was further found that the finite depth of the sample likely
causes the resolution limit, such as is reported in literature for very high NAs [14].
Hence, for future experiments a full three-dimensional reconstruction should be done
in order to achieve real sub-wavelength resolution. Moreover, for a better confidence
in the data, an increased flux from the HHG is needed and will likely be implemented
in the near future.

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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4.3 CDI of an Artificial Non-periodic Specimen
in Reflection Geometry

The sample that was investigated in reflection geometry16 consisted of the characters
V 20 fabricated by electron lithography on a silicon wafer (Fig. 4.8a). The height of
the gold layer from which the structure was etched was 30nm, which corresponds to
a little less than one wavelength (λ = 38nm) of the illumination used. The overall
dimensions of the sample are roughly 33µm by 11µm with details of the struc-
ture being in the sub-micron level. The sample was placed in the rear focal plane
of the grating based CDI setup (Sect. 3.2.1) and HHG was driven with a Ti:Sa laser
(Sect. 3.1.1). A 50µm pinhole was inserted closely before the focus in order to select
the 21st harmonic at λ = 38nm wavelength. Please note that in contrast to the cali-
brated spectrum of the source that was presented in Fig. 3.2 the wavelength used in
this section was measured by the pinhole method—having a 5µm pinhole temporar-
ily installed—described in Sect. 3.3. The small deviation could be subject to a blue
shift of the HHG spectrum due to a variable day-to-day laser performance. However,
the small deviation has no effect on the results presented here, thus λ = 38nm will
be used for the evaluation in this section. The angle of incidence was aligned to
roughly αi ≈ 22.5◦ and the diffraction pattern was captured 430mm downstream
from the sample using a CCD (2048 × 2048pixels, each 13.5 by 13.5µm wide)
cooled to −70 ◦C in order to suppress thermal noise. This geometry corresponds
to a numerical aperture NA ≈ 0.03 and results in the momentum transfer compo-
nent mapping that was depicted in Fig. 3.12a–c. The linear oversampling ratio (see
Eq. 2.25) in this geometry becomes O ≈ 37 if the full CCD resolution is assessed.
As discussed in Sect. 2.2.3, an O of two is sufficient for a phase retrieval. Thus, one
can safely bin 4 × 4pixels of the CCD into one super-pixel in order to reduce the
exposure times without losing the necessary oversampling. The binned raw diffrac-
tion pattern that was measured (O ≈ 4.6) is depicted in Fig. 4.8b and consists of
an HDR diffraction pattern (see Sect. 3.2.3) combined from seven single measure-
ments having texp = 3, 6, 12, 24, 48, 96, 192 s exposure times. Thus, the diffraction
pattern is strongly enhanced in terms of the dynamic range. The center of the beam
was blocked by a 2mm large beam stop, which was placed close to the CCD. All
hotspots were carefully removed and the region of the beam stop was set to zero.

Inspecting Fig. 4.8b one finds that the diffraction pattern is slightly off-center.
From the properties of the Fourier transform it is known that a translation of the dif-
fraction pattern byq0 results in a phase rampexp(iq0x) in the object plane image. This
effect was visualized in the final reconstruction in the scheme depicted in Fig. 2.7b,
where the pattern was intentionally shifted off the center. If one knew this shift
exactly one could account for it. However, it is of course more convenient though
to simply center the measured diffraction pattern as well as possible. This is even
more important if additional constraints, such as positivity (see Sect. 2.3), are to be
imposed on the object plane data.Moreover, it is known from themomentum transfer

16 Please refer to Fig. 3.11 for the coordinate definition in this section.
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(a) (b)

(d)(c)

Fig. 4.8 Experimental diffraction pattern obtained from a non-periodic specimen in reflection
geometry. a Light microscope image of the sample, see text for geometric details. Note the dirt on
the sample, which introduces additional distortion. bDepicts the measured HDR diffraction pattern,
see text for experimental parameters. 4 by 4 CCD pixels were binned to one superpixel, hence the
measured grid is 256 by 256pixels. The bright center of the diffraction pattern was blocked with
a beam stop. c By centering the diffraction pattern and stretching it in the vertical axis, in order to
have an almost identical scaling of the qx and qy component, the diffraction pattern (c) that is fed
into the HIO algorithm is prepared. d Shows the reconstructed diffraction intensity, i.e. the square
of the modulus of the Fourier transform of the reconstructed object, after 10,000 HIO iterations.
The unknown features, which were blocked by the beam stop, are satisfyingly recovered. Compare
to Fig. 3.11 for the coordinate systems’ and axis’ definitions

vector discussion for reflection geometry (Sect. 3.4.2 and Fig. 3.12a–c) that the qx

and qy components do not scale equally on the planar quadratic detector. At this
low NA the curvature of the Ewald sphere is negligible. The qz component of the
momentum transfer vector can be neglected as well, since the sample is sufficiently
flat. However, the fact that the detector observes the sample under an angle of 22.5◦
leads to an unequal momentum transfer scaling in the x ′ and y′ direction of the
detector. Due to the low NA qx and qy sample almost uniformly and independently
across the detector, and the phase retrieval should result in a horizontally reduced
image of the sample. Unfortunately, all attempts to reconstruct the sample in that
way failed. Hence, the measured diffraction pattern was rescaled such that qx and
qy scale almost equally across the detector. This is done by stretching the diffrac-
tion pattern in the detector’s y′ direction by a factor of 1/sin(22.5◦) = 2.61. This
corrected diffraction pattern is depicted in Fig. 4.8c.

For the phase retrieval the HIO algorithm, as outlined in Sect. 2.3, with a
feedback parameter β ramped from 3 down to 0.1 within 10,000 iterations was
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used. After 90 iterations of the HIO algorithm another 10 iterations using the
error-reduction algorithm were performed. Further, positivity was enforced, i.e. pos-
itive complex-valued numbers in the object plane. The reconstructions started with
random phases and an initial support estimated from the autocorrelation of the mea-
sured diffraction pattern [16]. During the reconstruction the shrink-wrapmethod [17]
was applied to update the support every 10 iterations. The Gaussian blurring that is
necessary to estimate the new support in shrink-wrap was also ramped down from
a 10pixels standard deviation radius to a one pixel standard deviation radius in the
end. For all pixels where no data was measured, i.e. mainly the beam stop region, the
amplitude and phase evolve freely, while for all measured pixel values the amplitude
constraint in the detection plane was enforced.

Using this method some good reconstructions were achieved, while it is worth
noting that the success rate of the reconstructions was on the order of ≈80%.17

Mostly, the reconstructions did not converge when shrink-wrap shrunk the support
too quickly at a certain step, which eventually leads to a complete run-away of the
phases and instability of the algorithm. An example of a successfully reconstructed
diffraction pattern, i.e. the square of themodulus of theFourier transformof the recon-
structed object, is depicted in Fig. 4.8d. One sees easily that all measured features
are contained and that the unknown region behind the beam stop was successfully
retrieved from the remainder of the pattern without any additional knowledge. One
missing feature in Fig. 4.8d, compared to Fig. 4.8c, is the missing ring structure18

that is evident in Fig. 4.8c. This is caused by a slight diffraction at the 50µm pinhole
that is used to select the single harmonic. However, the diffraction pattern caused by
the object is dominant. The scaled object plane is depicted in Fig. 4.9a and compares
well to the actual object. The reconstructed phase across the object is relatively flat,
as was to be expected from the planar letters. The main features of the object are
resolved to satisfaction. Actually the object is reconstructed mirrored in the com-
puter due to the reflection geometry, however, for convenience the result presented
here was numerically mirrored in the final step to allow a comparison with the light
microscope image in Fig. 4.8a.Moreover, one sees that the reconstructed object plane
now scales identically in the x and y direction, which is due to the stretching of the
diffraction pattern.

The phase retrieval transfer function (PRTF, Eq. 2.42) can be used to determine
the achieved resolution. For this experiment the PRTF is depicted in Fig. 4.9b. Apart
from the undefined part that is blocked by the beam stop (red bar in Fig. 4.9b), the
PRTF stays well above the 0.5 level (dotted line). If the PRTF drops below 0.5 [1],
or less conservative 1/e [18], the corresponding momentum transfer would suggest
the resolution obtained in a particular experiment. Thus, in the experiment presented
the resolution is only limited by the low NA. One can compute the resolution limit19

to �r = 1
2qmax

≈ 1.7µm. This compares well to a qualitative inspection of the

17 Success in this case is measured by the error metric, which was mentioned in Sect. 2.3.
18 More precisely these are ellipses in the stretched pattern.
19 Note that the NA should in principle allow a resolution of �r ≈ 0.63µm. This is effectively
reduced here due to the projection.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
http://dx.doi.org/10.1007/978-3-319-12388-2_2


84 4 Lensless Imaging Results

(a) (b)

Fig. 4.9 Reconstruction of a micron scale object in reflection geometry. a The reconstructed
complex-valued object plane. The brightness encodes the amplitude of the object and the hue
encodes the phase (see inset colorwheel). Inspecting the phase, one finds that it is relatively flat
across the object. The resolution can be estimated from looking at the vertical bar of the letter V
(white arrows) in the magnification which is 3µm wide and well resolved. The scale bar is 20µm.
A more quantitative access to the resolution can be gained from the PRTF depicted in (b). It shows,
by not dropping below 0.5 for all values |q|, that the resolution is only limited by the NA and
maybe noise. Thus the calculated resolution is roughly 2µmwhich compares well to the qualitative
inspection in (a)

reconstructed sample (Fig. 4.9a), where a well resolved vertical bar of letter V
(marked by two white arrows) corresponds to a length of 3µm. Thus, the achieved
spatial resolution is about 2µm.

The results obtained in reflection geometry presented in this section were recently
published [19]. In [19] additionally the effect of imperfect centering of the diffraction
pattern by shifting it pixelwise around and running the reconstruction is discussed.
The result is that shifting the diffraction pattern as little as 1 pixel off the perfect cen-
ter spoils the reconstruction severely. This is mainly caused by the phase ramp that
is introduced, which causes 2π phase wraps almost from one pixel to the next which
are then tackled by the positivity constraint. Moreover, different vertical stretching
factors were tested. The result was that the reconstruction produces faulty results, if
converging at all, when the stretching deviates significantly from the perfect value,
i.e. stretching by a factor of 2.61 induced by the angle of incidence. This is not
intuitive, because a stretched object results in a reduced diffraction pattern on the
corresponding axis in Fourier transform plane, provided that the sampling distance
is kept constant. Hence, in principle, one should be able to reconstruct the stretched
object plane without altering the data. The behavior found is explained as follows.
The whole reconstruction process takes place in the object plane and the detection
plane, i.e. the Fourier transform plane. The only definite information is known in the
Fourier transform plane, i.e. the measured diffraction pattern, while almost nothing
about the object plane is known, except the rough bounds due to the autocorrela-
tion of the diffraction pattern. Martin and co-workers convincingly discussed the
effect of noisy data on the HIO algorithm [20] and found that already small amounts
of noise hinder convergence. If one has a stretched object it will cover more pix-
els in the object plane and, hence, the area of the support is bigger compared to
the unstretched object. This also means that more noisy pixels are carried on from
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iteration to iteration, because the noise in the recorded diffraction pattern, which
comes from experimental measurements and not from the object, is projected onto
the object plane at every step [20]. Hence, minimizing the area covered by the object
while keeping the computation grid fixed reduces the effects of noisy data. This
could be the main reason as to why the reconstructions for the presented experiment
succeeded once the data was stretched in the way that a 1:1 scaled image appeared
in object plane. Interestingly, this is also beneficial the other way around, such as
Sun et al. presented in [21], where they used a strongly stretched object in reflection
geometry, and found that the stretching factor of the object (their institute’s logo)
corresponds to the stretching observed by the detector due to the tilted sample plane.
In their reconstruction using HIO they scaled back the logo to 1:1. Compared to [14]
the experiment presented has achieved a much lower resolution in reflection geome-
try. However, the quality of the reconstruction, bearing in mind the complexity of the
object, is much better. This clearly indicates that an increase of the NA also increases
the trouble with properly preparing the experimental data.

The resolution obtained in the experiment presented here is relatively low (�r ≈
2µm) compared to state-of-the-art lightmicroscopes. Nevertheless, it is rather high if
one considers the large distance between the sample and the detector, which is almost
half a meter. Compared to a conventional light microscope one would need to get as
close as a few millimeters to the object in order to achieve an equivalent resolution.
Here the clear distance is 430mm from the sample to the detector, hence, one could
think of implementing additional diagnostics such as a spectrometer to measure
fluorescence, which would open the way to multimodal microscopy. Furthermore,
in the CDI approach the phase of the object is measured as well. Hence, one can
measure very precisely height profiles as long as the heights remain smaller than
the wavelengths used, because otherwise an unavoidable phase wrap would induce
ambiguity.Also, by choosing different illuminationwavelengths out of the harmonics
spectrum, one could assess material [22] and phase contrasts [23].

4.4 CDI Based Fast Classification of Breast Cancer Cells

After having investigated artificial samples in the preceding sections, the focus of
this work will now turn onto the application of the findings for clinical purposes.
For instance in cancer treatment it is highly desirable to identify the characteristics
of cancer as fast as possible, since quick proper treatment is essential for a success-
ful therapy and for reducing the risk of spreading malignant cells via the blood or
lymph system. Nowadays, the standard method to identify the cancer characteris-
tics is profiling by polymerase chain reaction (PCR) or sequencing. In daily clinical
routine, patient samples are usually sent out to external labs for an analysis and thus
round-trip times from the tissue extraction until report reception are several days.
Hence, the need for faster reliable on-site classification methods with minimal need
for sample preparation is evident. A good overview about the clinical application of
PCR analysis can for instance be found in [24].
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(a) (b)

Fig. 4.10 Microscopic images of a dried PBS droplet containing a cancer cell. a An overview over
a dried out droplet applied with a micropipette. The cell is marked with the arrow, all other objects
of the droplet are crystalline remains of the PBS buffer. b At high magnification one MCF7 cell
with a diameter of roughly 6.5µm and plenty of crystalline salt remains are found. The cell has an
adjacent half-ring of salt

The analysis of Raman spectra of cells and bacteria has been under intense
investigation during recent years [25, 26] to approach this problem. In this thesis a
different approach to classify rapidly cell types based on coherent diffraction imaging
techniques is presented. The presented method [27] could allow an implementation
in a clinical environment. In a proof-of-principle experiment, differentiation between
different breast cancer cell lines of the same cancer type but with different expression
profile and different genetic aberrations was attempted. The cell lines used are named
MCF7 and SKBR3. These are epithelial-like cell lines, which were established from
pleural effusions of a 69-year-old and a 43-year-old Caucasian woman with metasta-
tic mammary carcinoma, respectively. The cell line cells are commercially available
and are well-established as a good model to mimic circulating tumor cells in the
blood stream of breast cancer patients. These unstained and unlabeled cells were
cultivated and afterwards fixed in a liquid PBS buffer. Using an inverted microscope
and a micropipette, droplets containing several cells were deposited onto plane sub-
strates, which were previously covered with a 200nm gold layer to enhance XUV
reflectivity.20 After drying one typically finds large areas scattered with crystalline
salt remains from the PBS buffer and some cancer cells in between. An overview
and a detailed microscopic image of the deposition result are depicted in Fig. 4.10.

For the experiments the Ti:Sa based laser source was used to generate coherent
XUV radiation (Sect. 3.1.1), which was subsequently fed into the grating based CDI
setup (Sect. 3.2.1). A 5µm pinhole was employed in the rear focal plane of the
toroidal mirror in order to select the focus of the 21st harmonic at 39nm wavelength.
The distance from the pinhole to the CCD was Lobj−CCD ≈ 365mm in reflection
geometry (Fig. 3.11) using an angle of incidence αi ≈ 22.5◦. Hence, one can think

20 Carbon and gold have a comparable reflectivity at used wavelength and angle of incidence [5].
Hence, one probes the surface and silhouette of the specimen at the same time to acquire amaximum
of spatial information.

http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_3
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(a) (b)

Fig. 4.11 Example of a raw diffraction pattern captured in reflection geometry on a MCF7 cell.
a Linear intensity plot of the raw diffraction data mainly featuring the hologram part in the center.
b A logarithmic intensity plot of the same data shows plenty of CDI related fringes all over the
detector. The dotted circle approximately delimits the hologram from the CDI related fringes

of the geometry as a combination of the reflection CDI experiment described in
Sect. 4.3 and the DIH experiments in Sect. 4.1.2. The sample was placed as close as
0.5mm to the pinhole, whichmeans essentially that the illumination from the pinhole
allows to access the diffraction pattern of a single cell. Following the discussion in
Sects. 2.4 and4.1.2 onefinds a hologram in the central part of the detector, featuring an
extremely poor spatial resolution compared to the DIH measurements in Sect. 4.1.2.
The remainder of the detector will be covered with coherent CDI related speckle
caused by the silhouette and surface of the cell.21 This geometric arrangement is
a mixture of CDI and DIH and compares to what is known in literature as Fresnel
CDI [28].However, here it is combinedwith reflection geometry and a compact table-
top HHG source. The advantage over pure CDI, i.e. using a much larger pinhole and
hence illuminate the sample with a pure plane wave, is that the strong central speckle
of the diffraction pattern is suppressed and thus neither a beam stop nor multiple
exposures are needed to collect data with a high dynamic range. In Fig. 4.11 the
raw data of such a measurement is depicted in linear and logarithmic scale. One can
easily distinguish the simultaneously measured two regimes. Moreover, one can see
that the hologram is almost washed out due to the discussed poor resolution resulting
from the large pinhole diameter compared to the cell size.

The idea behind the classification22 scheme [27] now is that the measured diffrac-
tion patterns23 are related to the spatial shape of the objects. In the case presented this
is the dried cell, which in three dimensions might appear more like a pancake due to
drying. At the nanoscopic scale cells and other biological specimens can have a rather

21 For convenience the whole measured intensity distribution will be denoted as diffraction pattern
in the remainder of this section, regardless of the fact that the center represents actually a hologram.
22 A comparable Fourier transform based approach was proposed by Lendaris and Stanley for
classifying photographic transparencies [29].
23 Of course this method will also work with pure CDI setups and is not limited to the presented
geometry, just the data collection then becomes more problematic due to the need for a beam
stop etc.

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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Fig. 4.12 General scheme for specimen classification using CDI techniques. An XUV light source
(1) is spectrally and spatially filtered and then focused onto the specimen. The specimen is deposited
onto a highly reflecting substrate in order to probe the silhouette and surface of the specimen at the
same time. A CCD captures the generated diffraction pattern (2) in the far-field. This fingerprint of
the specimen is digitally compared (3) with known fingerprints of the specimens under investigation
from a database. The comparison results in the classification of the specimen (4). Using this scheme
a rapid and high throughput classification even in a clinical environment might be possible

complex outer shape, see e.g. [1]. So, if one suspects that the same type of cells exhibit
similar outer structures one should be able to identify the cells by their diffraction
pattern. Hence, the need for an object plane image reconstruction is dispensed with
and one can directly compare the diffraction patterns obtained from the cells. Since
the intensity measurement in Fourier transform plane is insensitive to the phase it is
also insensitive regarding the actual sample placement relative to the beam and the
global phase shifts (see discussion in Sect. 2.2.3). This fact alleviates the classifica-
tion in Fourier transform plane even further and one can expect that similar outer
shapes of the cells will give rise to similar features in the diffraction pattern, allowing
to distinguish them. Hence, for a clinical implementation, one would need a data-
base with known diffraction patterns of the classes of objects one wants to identify,
e.g. comparable to a database of fingerprints, and then use well-established and fast
picture comparison techniques to determine the object. This process is illustrated in
Fig. 4.12. This could in principle result in a high throughput technique provided a
higher photon flux from the source can be achieved.

For practically testing this scheme the diffraction patterns of three single MCF7
cells and one SKBR3 cell were separately captured. Each of the cells was located
inside another droplet, hence it dried separately and arranged itself independently
from the other cells. The exposure time on each cell was texp = 1,500 s and two
by two pixels on the CCD were binned into one. The exposures on each cell were
repeated several times, which produced identical diffraction patterns. This justifies
the fact that radiation damage is not limiting this experiment, in contrast to those

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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Fig. 4.13 Measured raw
diffraction patterns of
different breast cancer cells.
Each panel shows a captured
raw diffraction pattern of
single different MCF7 and
SKBR3 cells as indicated in
each panel. All panels have
the depicted logarithmic color
scale. Despite each diffraction
pattern is different one can
already see with the bare eye
that there is a difference
between the two cell types

performed at free-electron lasers [12]. The four measured raw diffraction patterns
are depicted in Fig. 4.13. Even with the naked eye one sees that the MCF7 patterns
appear alike and the SKBR3 diffraction pattern differs.

In order to quantify this, first a 2D cross-correlation C(i, j) is computed

C(i, j) =
N−1∑

m=0

N−1∑

n=0

A(m, n)B∗(m + i, n + j) (4.2)

of the images24 A(m, n) and B(m, n), where m and n denote the pixel numbers in
the original images and 0 ≤ i, j ≤ 2N − 1 denotes the pixel coordinates in the
cross-correlation image. In the next step a correlation factor κ is computed

κ = max |∇[∇C(i, j)]| , (4.3)

where ∇C(i, j) = ∂C(i, j)
∂i î + ∂C(i, j)

∂ j ĵ . The resulting κ gives an indication how well
two images compare. For evaluating the data, κ is computed for each measured dif-
fraction with one another. The result is depicted in Table4.1. On the main diagonal
high correlation factors for each diffraction pattern with itself are obvious. By intro-
ducing an experimentally determined threshold of κ > 3.5 in order to judge whether
two diffraction patterns match or not, one can turn Table4.1 into a cross validation
matrix as shown in Table4.2. The matrix demonstrates that this technique allows to
distinguish between the cell types in this experiment. It is surprising that this works
at all, because the cells are randomly oriented and the numerical aperture in this
experiment (NA ≈ 0.04) does not allow for high resolution images.

24 Here image refers to the measured raw data from the CCD. Each image was normalized to a
common level.
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Table 4.1 Correlations factors κ obtained from 2D cross-correlations of each diffraction pattern
with one another

κ [arb. u.] MCF7 cell #1 MCF7 cell #2 MCF7 cell #3 SKBR3 cell #1

MCF7 cell #1 13.03 9.48 3.75 1.99

MCF7 cell #2 9.48 15.52 4.49 2.16

MCF7 cell #3 3.75 4.49 13.67 3.13

SKBR3 cell #1 1.99 2.16 3.13 7.95

See text for details

Table 4.2 Cross validation matrix of the classification experiment

Class. result MCF7 cell #1 MCF7 cell #2 MCF7 cell #3 SKBR3 cell #1

MCF7 cell #1 = = = �=
MCF7 cell #2 = = = �=
MCF7 cell #3 = = = �=
SKBR3 cell #1 �= �= �= =
This is the result from judging that diffraction patterns having a κ > 3.5 were produced from the
same cell type. Please see text for further discussion

Of course the results presented in this chapter are far from a proof that this method
would work with a thousand cells and hundreds of possible cell types. Moreover,
no actual database exists yet. However, this work shows in a first experiment that
there is a good indication that a diffraction pattern classification is possible. Much
more precise results could be obtained by using more advanced image comparison
techniques, such as those which are comprehensively outlined in [30]. This could
allow for sampling patient tissue at a high throughput and low costs in a clinical envi-
ronment, since the preparation of the samples is straightforward and cheap because
labeling, staining or cultivating is not required. Pipetting the specimen onto a pla-
nar substrate is much easier compared to the deposition onto thin membranes, as
outlined in Sect. 4.1.1. Other possible applications of this technique can be found in
micromachining and the semiconductor industry, where e.g. a defective part could be
simply identified by a deviating diffraction pattern. Moreover, the setup can be com-
bined with other techniques that for instance analyze visible fluorescence emission
triggered by the highly energetic photons of the XUV light.

In this section radiation damage effects to the biological specimens were
completely neglected. This is a topic that is already extensively covered in litera-
ture [4, 31, 32].

Using the formulas given in [33] and the experimental parameters25 the total dose
can be estimated to D ≈ 7 × 109 Gy26 which is far from threatening destruction
to the sample [33]. Moreover, repeated measurements on the same cell resulted in

25 The measured power of a single harmonic at 1kHz repetition rate behind the pinhole
is ≈1nW. Together with λ = 39nm this yields a number of photons per pulse on target
nph ≈ 6 × 106 photons/pulse. Together with the exposure time texp = 1,500s and the values
and formulas given in [33] it allows an estimate of the dose.
26 Unit: 1 [Gy] = 1 [J/kg] is the unit of the dose called Gray.
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comparable diffraction patterns, hence no relevant radiation damage occurred. To
further enhance the outlined method it would be beneficial to operate in the water
window in order to acquire information from the organelles of the cell and thus
enhance the classification of the specimen.
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Chapter 5
Optical Vortices in the XUV

5.1 Singular Light Beams—Optical Vortices

In the preceding chapters and almost everywhere in imaging theory, flat phases and
plane waves are assumed for illumination. This is convenient, because it yields a
simple solution of the Helmholtz equation and thus obeys Maxwell’s equations.
However, there is a manifold of possible known other solutions. One of these quite
special solutions are so-called optical vortex (OV) or singular light beams. The pecu-
liarity of these beams is that they have a radial screw-like phase distribution. This
characteristic helical phase profile can be described by exp(−ilφ), where l is an
integer number and φ is the azimuthal coordinate. For a physical solution the radial
phase must be wrapped modulo 2π along the azimuthal coordinate. This leads to a
phase singularity in the center of such beams, where the phase is undefined. In turn
the intensity at this phase singularity becomes zero, because the real and imaginary
part of the field amplitude vanish. This can be also interpreted as destructive inter-
ference, since all phases are present at the same time at the singularity with equal
amplitude [1]. Such screw-type distributions with a physical quantity becoming zero
in the center are well-known from nature and compare e.g. to a water vortex, hence
the name optical vortex. The number l is also called the winding number or the
topological charge (TC). The first actual description of such singularities in optics
goes back to a work from Nye and Berry [2]. Nowadays, optical vortices are a large
field of research, a comprehensive overview can for instance be found in [3].

This thesis will thus focus on a few relevant aspects and introduce OV phenom-
enologically. For this, a closer look is taken at the field amplitude ul

p(r, φ, z) of such
beams. Its radial dependence ul

p(r, φ, z) can be expressed by Laguerre-Gaussian
(LG) modes [4], described by
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which are eigenmodes of the paraxial Helmholtz equation. In this equation C is a
constant, k is the wavevector, zr is the Rayleigh length, and Ll

p are the generalized
Laguerre polynomials with radial index p and a beam radius w(z) (beam waist at
z = 0) known from Gaussian optics. The LGmodes with p = 0 feature a bright ring
with a radius R(Z) ∝ w(z)

√
l, which obviously increases with the TC [5].1 This

leads to the possibility of trapping particles in a tight focus of an OV beam, because
it forms a toroidal trap where the particles are repelled from the high intensity ring
[6, 7]. Another property of OV beams can be found by inspecting the Poynting
vector S = E × H, which describes the momentum flow in free space. For the
screw-type phase profile the Poynting vector has an azimuthal component, leading
to a Poynting vector that describes a spiral along the propagation direction [4]. This
results in an orbital angular momentum (OAM) parallel to the beam axis, because
the Poynting vector describes the energy transfer in free space. It was found by
semiclassical calculations that each photon in a such a helical beam carries an OAM
of l� [8] independent of its spin, i.e. its polarization state. Hence, such photons
can transfer a torque on matter upon interaction. This was already postulated by
Poynting himself for circular light and experimentally measured for the first time
byBeth [9]. Hence, such beams can be used to transfermomentum to particles [1, 10]
or even micromachines [7, 11]. The implications from the OAM are, however, more
far-reaching, because in optics typically every photon that is absorbed or emitted
from an atom exchanges a quanta ±� due its spin. However, if a photon additionally
carries an OAM an additional degree of freedom arises, which allows to address
transitions that are forbidden by the selection rules in the electric and magnetic
dipole approximation [12]. Other potential applications can for instance be found in
quantum information [13] and interferometry [14].

There are various techniques to generate an OV. The most obvious one is to use
a radial phase plate [15] or vortex lenses [16]. The difficulty with those is that the
radially etched steps must be accurately matched to the wavelength and typically the
phase profile must be discretized for practical fabrication. Other techniques include
astigmatic laser mode converters [17] and holographic phase imprint [18]. However,
special care has to be taken if dealing with ultrafast light that is to be converted,
because the large bandwidthmakes the proper phase shaping experimentally difficult.
Special dispersion-compensating setups were invented for such purposes [19]. In
this work, however, a spatial light modulator (SLM) was used to imprint the phase
onto a Gaussian input beam. Using SLMs to generate OV beams was successfully

1 Experimentally a radius increase R ∝ l was found in [1].
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demonstrated before [1]. The technical realization done in this workwill be described
in full depth in the next section.

The objective of dealing with OV in this work was to investigate whether such
OV could be transfered into the XUV regime by HHG (Sect. 2.1). The reason as to
why it is important to generate OVs at shorter wavelengths is that the spectroscopy
of forbidden inner transitions in atoms [12] requires typically higher photon energies
than would be achievable in the visible light domain. A harmonics comb produced
with HHG would thus be perfect for spectroscopy if the OAM could be transferred
to each individual harmonic. The general feasibility of generating OVs at soft X-ray
wavelengths was demonstrated using synchrotron radiation and an appropriate phase
plate [20, 21]. To access even higher topologic charges at X-ray wavelength, high
precision phase plates were successfully tested [22]. For the wavelengths produced
byHHG, however, phase plates are not an option due to the high absorption ofmatter.

Unfortunately, such OV beams do not behave in an orderly manner in nonlinear
light-matter interactions. The vortices tend to break-up in self-focusing nonlinear
media. This was first predicted in [23] and observed in [24, 25]. This is also known
as optical vortex decay, which eventually results in a splitting of a l-fold screw dislo-
cation into l dislocations with unit charge in the presence of a small coherent pedestal
[26]. This was experimentally observed e.g. in [27, 28]. Moreover, modulation insta-
bilities, i.e. small imperfections in the OV beam profile, can lead to the same effect
in the presence of a nonlinearity [29].

5.2 Experimental Setup for Generating XUV Vortex Beams

For the OV experiments presented in this work a spatial light modulator (SLM)
was used to imprint the typical screw-like phase profile (Fig. 5.1b) onto a Gaussian
near-infrared beam used to produce the harmonics. This principle is well-known

(a) (b)

Fig. 5.1 Principal structure of an optical vortex. a The intensity distribution features a bright ring
and a dark core in the center of the vortex. b The phase distribution resembles a screw from zero to
2π for the presented OV having a TC of one. The phase singularity in (b) coincides with the center
of the dark core in (a). OVs with higher TCs exhibit multiple phase wraps modulo 2π in one turn
around the azimuthal angle φ. In that case the diameter of the bright ring in (a) increases as well
according to the TC

http://dx.doi.org/10.1007/978-3-319-12388-2_2
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and has been used to generate OV beams before [1]. The SLM (type Hamamatsu
LCOS- SLM X10468) consists of a highly reflecting mirror with a thin nematic
liquid crystal array on top. Areas of 20µm by 20µm can be addressed like a pixel on
a computer display, making up a total array of 800 by 600 pixels. In order tomodulate
a beam it is simply reflected off this device. The corresponding part of the beam that
is reflected off a pixel experiences a refractive index change corresponding to the
state of the nematic liquid crystal in that particular pixel. Each pixel has a control
depth of 8bits. The specific device used in this work allows a phase shift per pixel
of a little more than 2π for wavelengths 800 ± 50nm. The device is addressed by
the graphics card of a common desktop computer using gray-scale images. A black
colored pixel, i.e. pixel value zero, and a white pixel, i.e. pixel value 255, correspond
to zero and ≈2.2π phase shift respectively. A global phase-shift is added due to the
light passing through the crystal, which is the same for all pixels. The total thickness
of the liquid crystal layer and the cover glass is ∼1mm, hence dispersion can be
neglected for the 30 fs pulses used in the experiment presented. In summary, the
SLM device described above is readily capable of modulating an impinging beam to
imprint a helical phase profile in order to generate an OV beam.2

The SLM was placed in the Ti:Sa driven HHG setup (Fig. 3.2a) before the final
focusing optic into the HHG target. A sketch of the whole setup that is discussed
in this and the following paragraphs is depicted in Fig. 5.2a. The angle of incidence
on the SLM was kept as low as possible. A self-programmed LabView program
generates the gray-scale image that is subsequently transfered onto the SLM. The
program allows to change the topological charge, the gray-value for 2π and the actual
position of the singularity with respect to the image coordinates. The latter proved
very important, because the singularitymust be placed as accurately as possible on the
center of the impinging Gaussian beam. If the singularity was placed more than ∼10
pixels off the proper center it was not possible to observe any vortex structure at all in
the XUV. The size of the impinging laser beam was adapted to the overall size of the
active SLM area by a telescope. In the experiments the singularity was first roughly
placed on the Gaussian mode by visual inspection on a screen behind the SLM, the
dark vortex core was clearly discernible. The exact gray-value that corresponds to
2π was experimentally found by inspecting the mode on the screen. If the value did
not correspond to 2π an additional dark line with fringes was visible at the position
of the phase jump. This line disappeared suddenly when the maximum gray-value
was carefully adjusted in the LabView program. In the presented experiments a gray-
value of 233 corresponding to 2π was found. It had to be set within±1bits for proper
OV generation.3 It is worth mentioning that the SLM generation method is also very
convenient, because one can instantly switch to a blank phase distribution on the
SLM leaving the Gaussian mode unchanged. The exact placement of the singularity

2 Higher topological charges can be generated by introducing several 2π phase wraps around the
azimuthal coordinate.
3 Actually, a high TC was set first, which resulted in plenty of lines at every phase wrap position
looking like a wagon wheel on the screen if the gray-value was not properly set. The alignment of
the correct gray-value was straightforward that way.

http://dx.doi.org/10.1007/978-3-319-12388-2_3
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(a) (b)

(c)

Fig. 5.2 Principal setup of the optical vortex experiment. a The input laser beam, having almost an
Gaussian shape, from a femtosecond Ti:Sa laser system is modulated by a spatial light modulator
(SLM), which is fed with a gray-scale image containing the helical phase mask. The two insets
show the measured beam profiles before and after the SLM. The modulated beam clearly features
the bright ring and dark core of an optical vortex. A focusing optic (FO), in the experiment a
f = 300mm lens, focuses the modulated beam into the HHG setup described in Sect. 3.1.1.
Several diagnostics can be placed behind the HHG source. A 5µm tungsten wire (TW) affixed to
a frame can be inserted 80mm behind the source as a wavefront splitting interferometer. A pickup
mirror allows to feed the infrared laser pulses into a focus diagnostic setup (FD). A total of 0.5µm
thick aluminum is employed to filter the infrared light. The pure XUV beam can either be measured
spatially in the far-field by a CCD or spectrally measured after refocusing into a XUV imaging
spectrometer. The measured laser focus using the FD with a phase profile for TC= 1 and a flat
phase applied to the SLMare depicted in (b) and (c), respectively. Both pictures were overlayedwith
a properly scaled microscopic image of the hole drilled into the nickel tube in order to demonstrate
that both modes fit well through the interaction region

on the Gaussian input mode was later determined in the experiment by analyzing the
HHG signal.

Subsequently, the modulated beam was focused down into the HHG setup, which
was previously described in Sect. 3.1.1. The intensity profile of an OV beam can
described by Laguerre-Gaussian modes as described in the previous section. The
intensity profile of an OV with a TC of one can be described by a LG1

0 mode, while
a standard Gaussian beam would be represented by LG0

0. Hence the doughnut-like
intensity distribution of the OV in the focus will be significantly larger than the
Gaussian focus. Thus before the experiment the focal lens was translated relative to
the nickel tube with a Gaussian beam applied. This results in drilling the hole bigger,
such that the OV beam can also fit the interaction region (see overlay in Fig. 5.2b, c).
A focus diagnostic could be employed by driving a pick-up mirror into the beam
path behind the nozzle. For simple phase measurements by means of a wavefront
splitting interferometer a 5µm thin tungsten wire could be placed 80mm behind the
source. After an aluminum filter (0.5µm total thickness) an XUV sensitive CCD
could be placed downstream for spatial inspection of the far-field. The total distance
between source and CCD was approximately 600mm. A Hartmann mask could be
placed in front of the CCD to evaluate the wavefront. For spectral characterization
an XUV imaging spectrometer (McPherson 248/310G with MCP imaging unit,

http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_3
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300 lines/mm grating installed) could be placed instead of the camera. In that case
a toroidal mirror should be placed in between the source and the spectrometer in a
4 f -setup in order to focus the XUV light onto the entrance slit of the spectrometer
(compare to Fig. 3.4). The advantage of an imaging spectrometer is that one gets the
spectrum of the light in one axis and a spatial profile in the perpendicular direction.
Hence, in case of an OV beam, one would expect to see two vertically well separated
intensity maxima if the OV beam is properly placed on the entrance slit of the
spectrometer.

The measured foci for a vortex beam with TC= 1 and a Gaussian beam (flat
phase on the SLM) are depicted in Fig. 5.2b, c respectively. The vortex beam profile
is obviously not transfered perfectly into the focus. The missing dark vortex core
in Fig. 5.2b could, however, be subject to the limited resolution and dynamic of the
focus diagnostics. The asymmetry of the focus is likely caused by astigmatism,which
is a known problem of the laser setup used. The astigmatism is mainly induced in an
off-axis telescope that is used to adjust the beam size from the output of the Ti:Sa
laser system to the SLM’s active area.

5.3 First Demonstration of Optical Vortices in the XUV

When the helical phase profile corresponding to TC= 1 was properly imprinted on
the fundamental infrared beam it was possible to observe a structure similar to an
optical vortex in the XUV. In order to suppress any mixing effects on the CCD by
multiple harmonics being detected at the same time, the laser energy, and thus the
intensity in the focus and thereby the cut-off, was reduced. Only the 11th harmonic at
λ = 74nmcould proceed through theAl filter.4 The resultingXUV lightwas spatially
detected in the divergent beam behind the filter at a distance of 600mm, see Fig. 5.3a.
One finds the principal structure of an OV, i.e. a bright ring-like structure and a dark
core indicated by the dotted line and the cross, respectively. The slight background
could be incoherent emission from the source (compare to the background in the
spectrum in Fig. 3.2b). If one now switches the SLM to a blank screen, one can
instantly propagate a Gaussian beam through the system and generate an almost
Gaussian-shaped harmonic beam (Fig. 5.3b). The center of the Gaussian XUV beam
corresponds exactly to the position of the almost dark core in the XUV OV beam
(cross in Fig. 5.3a). One should note that the pulse energy for the unmodulated beam
was further reduced, such that only one harmonic could proceed through the Al filter.
The imperfect shape of the OVXUV beam is explained by the imperfect shape of the
generating beam in the focus (Fig. 5.2b). Furthermore, phase matching effects could
play a role [31] in the way that the additional phase of the wavefront could cancel
the HHG phase matching achieved by the Gouy-phase for certain azimuthal angles.

4 At 74nm half a micron Al has a transmission of ∼6%. The 9th harmonic is totally suppressed
already [30].

http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_3
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(a) (b)

Fig. 5.3 Measured XUV beam at 74nm with a TC= 1 optical vortex mode and Gaussian mode in
the fundamental. a Seeding anHHG experiment with a TC= 1 infrared beam yields a doughnut-like
intensity distribution that, apart from some distortions, resembles an optical vortex. The dotted line
guides the eye on a circle. The center features an almost dark core, with only a few hundred counts
remaining above the noise level, which are likely incoherent background. The center, marked by
a cross, is exactly the position where a Gaussian mode (b) appears, if the SLM is switched to a
blank screen. The latter corresponds also to aGaussian fundamentalmode. Compare to themeasured
corresponding focal beam profiles in Fig. 5.2b, c. The exposure timewas texp = 20 s and texp = 0.2 s
for the vortex and Gaussian fundamental mode, respectively. Two by two pixels on the CCD were
binned into one superpixel in (b). The CCD was cooled to −10 ◦C and the electronic background
was properly subtracted for each measurement. The selected frame of the CCD is identical in (a)
and (b) and corresponds to 1024 by 1024pixels on the CCD. The vertical smearing in (b) is an
artifact from the camera readout. The distortions, examples marked with the green arrows, come
from debris on the Al filter

The spatial shape alone, however, is no proof for the existence of an OV. Ideally
the amount of topological charge carried in an OV beam is measured by interfering
the OV beam with itself [32] or a Gaussian reference wave [33], which then readily
proves the existence of an OV. Such measurements are straightforward in the visible
light domain but remain difficult in the XUV and soft X-ray range, because 50/50
beam splitters are difficult to implement. Interference with a Gaussian reference
could in principle be implemented more easily by splitting the fundamental infrared
beam and build two independent HHG sources. However, with the available laser
system the pulse energy was not sufficient. Hence, the wavefront splitting method
suggested by Peele and Nugent [21] was employed in this work.

In this method an opaque wire is placed in the beam and one observes interference
fringes in the far-field behind the wire. The tilt and shape of the fringe pattern
is dependent on the phase of the wavefront at positions across the wire. For an
OV beam the wavefront is tilted to opposite directions on opposite sides of the
beam due to the screw-like phase profile, thus the fringes are laterally shifted with
respect to the fringes of the opposite side of the beam.5 By comparing the measured
fringe pattern with simulations one can at least roughly determine the TC. In this
work only an imperfect vortex signature was found. However, it was possible to
place a 5µm tungsten wire across the beam such that it intersected the parts where

5 Here a wire centered on the singularity is expected, as was the case in the experiment.
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intensity is measured. For the measurements the full laser energy and hence the
full available HHG spectrum was used. The main spectral contribution is expected
around 36nm (Fig. 3.2b). For comparison a fringe pattern for a Gaussian input mode
was recorded first (Fig. 5.4a). The measured fringe pattern for a vortex with TC= 1
in the fundamental beam is depicted in Fig. 5.4b. One can already see that the fringes
are shifted at opposite positions of the beam indicating a relative phase shift (dotted
lines in Fig. 5.4b to guide the eye). One finds that a bright fringe in one lobe of the
XUV vortex ends on a dark fringe if extrapolated to the other lobe. An appropriate
simulation using a perfect XUV OV beam suggests that a beam with a topological
charge of one fits best to the measured pattern (Fig. 5.4c) considering the width of the
lobes and the fringe shift. The simulation parameters and simulations for higher TCs
are presented in appendix B. Another experimental step was to measure the spectrum
of the XUV vortex beam with an imaging spectrometer, see Sect. 5.2 for details. The
result is depicted in Fig. 5.4d. First, one finds that in all measured harmonic orders
an intensity structure is evident. The two intensity maxima on the spatial coordinate
correspond to the two lobes of the intensity distribution (Fig. 5.3a) being cut out
of the beam by the entrance slit of the spectrometer. Second, it is evident that the
two maxima are separated approximately by the same distance for all harmonics.
Speaking of optical vortices one could attribute this to all harmonics having the same

(a)

(d)

(b) (c)

Fig. 5.4 Thin wire interference and spectrum of an XUV vortex beam. a The measured far-field
fringe pattern caused by a 5µm tungsten wire on a Gaussian shaped input pulse features parallel
fringes. The full HHG spectrum behind the Al filter was used (compare to Fig. 3.2b). b If the vortex
phase profile is added to the fundamental beam the characteristic structure (compare to Fig.5.3a)
indicating an XUV vortex beam appears. The fringes caused by the same wire are now shifted and
one bright fringe in the upper lobe ends, if extrapolated, approximately at a dark fringe in the lower
lobe (dotted green line). c Simulation of the fringe pattern caused by a TC= 1 vortex on a thin
wire. See Appendix B for details and simulations for higher TCs. The width of the lobes in (b) and
the fringe shift compare well. d Using an imaging spectrometer with a slightly opened entrance slit
one finds that the XUV vortex signature is present in all visible harmonic orders. The experimental
conditions compare to those for (b). Please note that the wire was slightly horizontally translated
between (a) and (b) such that it covers the high intensity parts best

http://dx.doi.org/10.1007/978-3-319-12388-2_3
http://dx.doi.org/10.1007/978-3-319-12388-2_3
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TC, because, as discussed in the fundamentals (Sect. 5.1), a higher TC would yield a
larger ring diameter, which should in turn be visible by a larger separation. A further
measurement was a wavefront analysis based on a Hartmann measurement with the
implementation detailed in [34]. It resulted in the expected tilt of the wavefront, at
least at the places of the beam where intensity was measured. The TC cannot be
retrieved from that measurement in an accurate way. It was also tried to seed the
HHG experiment with a TC= 2 beam, which gave rise to a larger diameter of the
XUV vortex beam. Unfortunately, the yield was extremely low, preventing a detailed
analysis.6 The results of this work were recently published [35].

More recently a theoretical work published by Hernández-García et al. [36] sug-
gests, however, that a vortex beam having a m-fold topological charge in the funda-
mental should be n × m charged in the n-th harmonic in a frequency up-conversion
experiment. This is intuitively clear if one considers a periodic process with a radi-
ating dipole d(t) = f

[
exp(i[ωt + φ])], which is a function of the phase of the

driving field. One can calculate the n-th harmonic of this field by a Fourier transform
d̃(nω) = ∫

exp [inω] d(t)dt , which gives rise to the phase relation φ(nω) = nφ(ω).
The spectral observation with an almost constant vortex radius beam across the
harmonic orders was interpreted in [35] as an indication for a vortex beam with
TC= 1. If theoretically calculated as in [36] it turns out, however, that one would
actually expect that for two adjacent harmonics n and n + 2, with TCs behaving like
TCn+2 = TCn + 2, the radius of the ring would be almost equal, because a higher
ring diameter due to the TC is compensated by the lower wavelength of the cor-
responding harmonic. Hence, the interpretation of the measured TC in the present
experiment must be somewhat softened at this point. However, the fringe pattern
behind the wire still prohibits the existence of a TC= 23, as should be expected for
the 23rd harmonic. Thus the final interpretation of this experiment still is that likely
an optical vortex with a unit topological charge in the far-field was produced in the
XUV by HHG. The explanation for this behavior is that directly in the interaction
region vortices carrying high topological charges are generated. As discussed in the
fundamentals, such highly charged vortices exhibit a high instability [37, 38] and
can decay into several singly charged vortices which all carry the same sign. This
behavior was also observed in second harmonic generation [28]. Those vortex cores
then strongly repel each other. It eventually leads to the observation of a stable vortex
that carries only a single topological charge in the far-field. The imperfect shape of
the OV is explained by the imperfect focus of the infrared laser. The astigmatism on
that beam may additionally increase the probability of the vortex decay according to
the literature cited in the fundamentals.

What still remains unclear in that explanation is where the remaining 22 vor-
tices disappear to. If they totally disappear in the far-field, they would need a large
transversal k vector after the decay. This seems, however, not possible due to the fact
that vortices are paraxial objects. In the experiment no evidence for the remaining 22

6 Due to the increased diameter of the bright vortex ring in the fundamental the local intensity
decreases for increasing topological charge, hence the HHG cut-off is significantly reduced for
vortex beams carrying higher topological charges.
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single charged vortices was found and, moreover, the observed structure was stable
over longer periods, i.e. several minutes, which is not expected for a turbulent regime
of vortices dynamically decaying and repelling one another.

Another reason for the observed intensity profile could be off-axis phasematching
[39]. This was ruled out by scanning the gas backing pressure of the source, which
significantly influences the general phase matching of the HHG radiation. If off-axis
phase matching was an effect, then the diameter of the structure should be dependent
on the gas backing pressure. The intensity signature in the XUV, however, remained
the same with gas pressure, which rules out this effect. In any case, this could not
cause the observed phase shift in the wavefront splitting experiment.

Although the explanation provided is to some degree unsatisfactory, it does
facilitate a description of the features observed experimentally. However, there is
no doubt that optical vortex beams can be produced in the XUV by direct conversion
from the infrared by HHG. Further measurements on that topic should be done in
the future to learn more about the generation process and how to improve it. One
possible approach would be a clean-up of the Ti:Sa laser output by means of a spatial
filter before the vortex signature is imprinted. Unfortunately, in the case presented
this would have reduced the pulse energy too much for sufficient HHG, hence spatial
cleaning would require a more powerful laser. Another option would be the use of a
feedback algorithm to optimize the phase mask on the SLM, analogous to what was
published for HHG enhancement by spatial beam shaping [40]. The idea would be
to allow a small additional phase variation on the general vortex phase signature in
order to account for aberrations that are already present on the input laser beam. This
could be implemented by a feedback loop that gradually improves the phase mask
in order to get a perfectly shaped vortex beam in the XUV.

5.4 Application of XUV Vortex Beams to High Resolution
Lensless Imaging

In the previous section itwas demonstrated that optical vortex beams can be generated
in principle from an infrared vortex beam by HHG. In this section the theory will be
described as to how these beams, provided they had a perfect shape, could enhance
the achievable resolution in an imaging experiment.

The field of superresolution imaging is wide and draws on imaging well below the
resolution limit given by the wavelength of the used light. Some of these techniques
rely on measuring the evanescent field [41] or the optical near-field (NSOM) [42],
which includes scanning of the sample. Other techniques operate in the far-field
and use luminescence of the object itself (STED) [43], which also needs scanning
of the sample. Another approach is structured illumination microscopy (SIM) [44].
All of these methods were demonstrated with visible light so far and applying those
methods to XUVwavelengths could boost the achievable resolution even further. For
imaging with optical vortices two principal methods arise. First, one could exploit
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the fact that the radial phase distribution on an optical vortex is continuous and
hence samples interferences more finely than the wavelength. That is analogous to
the discussion of resolving depth profiles of objects below one wavelength from
longitudinal phase shifts. A first demonstration using the phase profile of OV beams
for near-field control is already reported [45]. A resolution comparable to a quarter
of the illumination wavelength was reported for imaging based on surface plasmon
waves induced by OV beams [46]. In Fig. 5.5 a numerical simulation on that matter
is presented. An 80nm wide μ-shaped aperture is placed in the focus of an optical
vortex beam that has a width of roughly two microns. In Fig. 5.5a–c the intensity of
the illumination field is overlayed with the aperture to get an impression of the spatial
relations. The wavelength was set to λ = 38nm for all simulations. Fig. 5.5a shows a
TC= 0 beam, i.e. a Gaussian-shaped beam, as reference. The corresponding far-field
(Fig. 5.5d) features only a few smeared out fringes that could be detected. For the
vortex beams with higher topological charges (Fig. 5.5b, c) the pattern features many
more fringes, which become finer for increasing topological charge. Although not
explicitly shown, one could certainly expect a better resolution in the reconstruction
of these fields by an adapted HIO algorithm, where the radial phase distribution is
assumed in the illumination field. This is mainly explained by the finer fringes, which
from physical intuition should yield sharper details in the image.

The second, somewhatmore extraordinary, possibility for imagingwithOVbeams
would use the dark core of the singularity as a probe. As has been discussed in
the fundamentals section and observed in the experiments, even small perturbations
already lead to a breakupof a highly chargedvortex, as they should in principle appear
in HHG, into several single charged vortices. These singularities are not subject
to diffraction and could thus propagate into the far-field, where the corresponding
positions of the dark cores can easily be measured by a CCD. Hence, it appears
possible to acquire information on the nanoscopic interaction regionof the vortex core
by tracing the singularities in the far-field. This has been numerically demonstrated
recently [47]. The idea of that publication is mainly that the vortex structure behind
an interaction with matter depends on the structure of the medium. Hence, these
singularities could well be used as a probe. By scanning the OV beam across the
sample one could thus acquire a high-resolution image of the sample. The size of the
singularity is by definition infinitesimally small and is independent of thewavelength.
The size of the dark core is, however, related to the topological charge and the
overall size of the beam (Eq.5.1). Hence, the size of the probe is dependent on
the focusability of the overall beam and thus the shorter wavelength could allow
for much tighter focusing of the full beam. This would then allow for even higher
resolution in OV imaging in the XUV compared to visible light. Moreover, another
great benefit of this technique would be that there is zero intensity at and around the
sample, hence, damaging the sample with the high intensity radiation would be no
issue.

Unfortunately, it is not possible at this stage to give accurate numbers about the
achievable resolution if a vortex beam is used for illumination, because nothing
accurate, or even a proof-of-principle experiment, has been published about this
topic yet. However, it would certainly be beneficial to conduct research on that, as
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(a) (b) (c)

(d) (e) (f)

Fig. 5.5 Simulation of imaging an aperture with an OV beam. A µ-shaped aperture with a width
of approximately 80nm is illuminated with a TC= 0 (i.e. Gaussian shape), b TC= 1 and c TC= 3
optical vortex beam having a diameter of roughly two microns. In (a) the aperture (inset) is colored
black, while it is coloredwhite in (b) and (c) and is overlayedwith the incoming intensity distribution.
The overall computation grid is 5µm by 5µm for all panels. The panels d, e and f show the
corresponding normalized linear intensities in the far-field of the corresponding input field computed
at roughly 4 Fresnel lengths behind the aperture. The wavelength for all experiments is 38nm. One
clearly sees that the phase distribution of the beams carrying a singularity causes additional, finer
fringes. It can be expected that a reconstruction under the assumption of a known phase distribution
of the impinging field would result in a better resolution in the cases of (e) and (f) compared to (d),
where just a few smeared out fringes are visible

OV imaging has the potential to become a important topic in the coming years. Then
immediately applicability in the XUV could be an outcome of the results presented
in this work.
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Chapter 6
Summary and Outlook

The aim of this thesis was to implement microscopic imaging at the lab scale using
coherent ultrafast XUV light sources. For this purpose two lensless imaging setups
were built that both fit on a less than two by 1m optical table.

The first setup that was built used a toroidal mirror and a grating to select the
wavelength and to focus the XUV light onto the sample [1]. The advantage of this
setup is that the operation wavelength can be freely chosen out of the harmonics
spectrum and one can therefore cover a large range of wavelengths without breaking
the vacuum. Thismakes this setup especially suited for phase contrastmeasurements.
Moreover, it could be used in a multimodal operation combination with a spectrome-
ter for detecting visible fluorescence of the sample. The disadvantage, however, is the
relatively large focal spot size (d ≈ 50µmFWHM) induced by theHHG source size,
which effectively limits the usable flux on a nanoscopic sample. For improving the
latter a second setup that is based on dielectric mirrors for selecting the wavelength
was built. By using two curved mirrors a tight focal spot size (d ≈ 3µm FWHM)
was achieved, which allows to concentrate a high photon flux on the sample. The real
advantage of the second setup, however, is that it was integrated into a new specif-
ically built vacuum chamber that allows for high NA imaging in both transmission
and reflection geometry.

A general drawback of CDI that was illustrated in this thesis is that usually several
exposures must be combined in order to have a sufficient dynamic range in the
diffraction pattern. Moreover, CDI is limited to isolated samples.1 Digital in-line
holography allows to overcome both limitations as it is demonstrated experimentally
in this thesis. An effective algorithm that is inspired by iterative CDI methods was
implemented in this work.2 The DIH reconstruction algorithm proved to be very
effective in reconstructing the holograms that were measured with the XUV HHG

1 This is true at least for the CDI implementations presented in this thesis. In Sect. 2.5 novel less
limited approaches reported in literature were discussed, e.g. ptychography.
2 It should be noted that the general idea of using iterative CDI methods for holographic reconstruc-
tions iswell-known [2].However, the implementation presented in this thesis allows a reconstruction
of complex-valued objects.
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source. It was demonstrated that one can reconstruct digital in-line holograms almost
in real-time, in contrast to the HIO algorithms used in CDI, which typically need
a much longer time for a reconstruction. The samples that were investigated using
DIH covered a wide range of possible applications. On a sample covered by a dirt
layer even a three-dimensional profile of the sample could be extracted from a single
measurement byusing theBeer-Lambert law.At adestroyed siliconnitridemembrane
it was demonstrated that in principle the thickness of a phase-shifting layer can be
resolved by fractions of the wavelength in a holographic reconstruction. Moreover,
a sample that consists of nanoparticles that arranged like diplococci was imaged in
great detail. On that sample a 900nm polystyrene bead was resolved with a good
contrast. Overall, it was demonstrated in this work that XUV DIH allows to access
a sample even in three dimensions from a single hologram. It is worth mentioning
that the samples that were imaged in this work, as far as could be ascertained, feature
muchmore complexity compared to samples reported in literature in the field ofXUV
DIH.3 DIH further offers a high experimental fidelity due to a relatively homogeneous
illumination of the detector and, in contrast to CDI reconstructions, the mitigated
requirements for noise-free diffraction data. However, it was also discussed that the
size of the reference pinhole limits the achievable resolution to approximately the
size of the pinhole. Hence, the practical limit of table-top XUV DIH would be in
the range of a few 100nm as long as pinholes are used as reference. The resolution
achieved in the experiments presented in this thesis is slightly below 1µm. Although
the reconstruction is quick, the long exposure times that were several tens of minutes
long in the experiments presented effectively limit the usability at this stage. A
combination of the tight focusing dielectric mirror setup should allow for a quicker
hologram acquisition in the near future.

On the other hand, the most widely used lensless imaging technique is coherent
diffraction imaging. The advantage over DIH is that the resolution is only limited by
the wavelength and the numerical aperture. Using the dielectric mirror setup, CDI
measurements in transmission geometry at a high numerical aperture (NA = 0.8)
achieved a resolution corresponding to 1.8 wavelengths by measuring a diffraction
pattern of planar objects. To properly reconstruct the object from the diffraction
pattern without any additional knowledge a curvature correction was applied. This
accounts for the fact that one projects the Ewald sphere onto a planar detector. Fur-
ther, an intensity normalization, originating from the fact the each pixel observes a
different solid angle with respect to the aperture, was utilized. The measured diffrac-
tion pattern suggested a resolution of below one wavelength, which could, however,
so far not be reproduced in the reconstruction. The reason found is that the planar
projection of the data is limiting at this stage, owing to the fact that the sample has
a finite depth and is actually a three dimensional object. Hence, for further experi-
ments a full 3D reconstruction should be aimed for in order to take full advantage
of the excellent beam properties produced by the fiber laser driven HHG source that
was employed for these experiments. These were the first ever imaging experiments
conducted with such a source. Moreover, the achieved resolution in terms of the

3 Mostly opaque wires, needles or spider threads were imaged so far with XUV DIH.
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wavelength is in the order of the best results that were ever achieved in table-top CDI
experiments. The absolute resolution is just about 2.5 times lower than the world
record.4 The smaller size and better scalability of the FCPA lasers will certainly
bring them ahead of the Ti:Sa based sources in the near future and probably even
allow for real-time CDI with very short integration times while having a resolution
in the order of the wavelength.

Furthermore,XUVCDI of a non-periodic sample in reflection geometry is demon-
strated [4]. The HHG source was driven with a standard Ti:Sa laser. This was the
first demonstration of reflection mode table-top XUV CDI with such a complexly
shaped sample. For a high quality reconstruction, the data rescaling, such that the
momentum transfer component qx and qy scale identically, was applied. Such rescal-
ing allows the object to cover a minimal space in the reconstructed object plane, i.e.
it appears not stretched. This reduces the support area needed and, hence, also re-
duces the effects induced by noisy data. A similar advantage of scaling the object 1:1
in the object plane was found elsewhere [5]. A spatial resolution of �r ≈ 1.7µm
was achieved. Theoretically, it was shown that for typical available wavelengths in
reflection geometry one will likely be limited to a resolution of a few 100nm, at least
in the plane of the reflection, unless the angle of incidence is significantly increased,
which then in turn will severely limit the reflected flux. Despite the resolution that
was achieved in this work being on the order of those of standard light microscopes,
it should be emphasized that the technique presented offers much more information
about the object, e.g. three dimensional information from the object plane phase that
is intrinsically retrieved. An improved resolution down to the limit mentioned above
is straightforward and was only prevented due to mechanical limitations. Moreover,
it was discussed that the reflection mode will likely be the geometry of choice for
real-world applications of CDI. This is because samples can be much more easily
prepared, e.g. by pipetting on highly reflecting surfaces in contrast to fragile ultra-
thin membranes as they are essential for CDI in transmission geometry. Moreover,
the outer shape of samples that highly absorb XUV, like biological specimens, can
be probed in reflection geometry, because samples that have a high absorption typ-
ically feature good reflectivity at the same time. The most intriguing application of
reflection mode CDI would, however, be microscopy of very fast processes on the
surface. Since HHG sources can be naturally time-locked to the laser source, one
could think of a kind of XUV pump-probe imaging, where a part of the HHG driving
laser serves as the excitation pulse triggering dynamics in a sample. First results
showing a promising temporal resolution are already reported [6, 7]. This would
then result in a high resolution microscope in time and space.

A summary of the results achieved in this thesis in terms of imaging and in
comparison to other published results is listed in Table 6.1. It can be concluded
from the table that the experiments in this thesis compare very well to the best
reported so far in terms of the relative resolution �r/λ. The high NA experiment
even reaches one of the best ever reported absolute resolutions for table-top systems

4 Seaberg et al. [3] achieved �r ≈ 22nm at λ = 13.5nm. However, the sample had a less complex
spatial structure.
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Table 6.1 Summary of the achieved parameters with relevance to microscopy in contrast to results
reported in literature

Source Method G λ (nm) NA �r (nm) �r
λ

FOV (µm) References

HHG CDI T 33.2 0.8 60 (28) 1.8 (0.8) ∼5 This work

HHG CDI T 13.5 0.79 22 1.6 ∼1 [3]

HHG CDI T 47 0.69 80 1.7 ∼4 [8]

HHG CDI T 32 0.57 62 1.9 ∼3 [9]

HHG CDI T 32 0.20 165 5.2 ∼20 [10]

SYN CDI T 0.89 0.01 150 169 ∼15 [11]

FEL CDI T 13.5 0.25 50 3.7 ∼5 [12]

FEL CDI T 32 0.26 62 1.9 ∼20 [13]

FEL CDI T 32.5 0.16 75 2.3 ∼10 [14]

HHG CDI R 38 0.03 1,700 45 ∼50 This work

HHG CDI R 29 0.29 �100 ∼3.4 ∼3 [15]

SYN CDI R 0.17 0.02 22 129 ∼5 [5]

HHG DIH T 39 0.02 830 21 ∼100 This work

HHG DIH T 39 <0.01 6,800 174 ∼1,000 [16]

HHG DIH T 38 0.07 1,000 26 ∼100 [2]

SYN FTH T 1.59 0.04 50 31.4 ∼2 [17]

HHG FTH T 29 0.63 89 3.1 ∼2 [18]

HHG FTH T 32 0.56 110 3.4 ∼3 [19]

The table depicts different experimentally achieved parameters at different light sources (SYN syn-
chrotron, FEL free-electron laser) in different geometries (G= T→ transmission geometry, G= R
→ reflection geometry). The parameters are: the used wavelength λ, the numerical aperture NA, the
resolution �r , the relative resolution �r/λ and the field of view (FOV ), which was estimated from
reconstructions presented in the corresponding source. The table is sorted according to the method
used: coherent diffraction imaging (CDI), digital in-line holography (DIH) and Fourier transform
holography (FTH). There is a bias of the selected references towards HHG based experiments in
order to compare those to the presented work. In the first row the achieved resolution suggested
by the PRTF, as it is done in most papers, is denoted in brackets. Please note that this table does
not claim completeness, especially in transmission CDI there is an enormous amount of papers
available

with potential for improvement via including a 3D reconstruction. Additional to the
techniques used in this work, one can find Fourier transform holography listed at the
bottom. This technique uses nanometer scale references for producing the reference
wave, which are specifically produced together with the sample. It shows that the
resolution achievable with holographic methods can be almost identical to the best
resolution achieved in CDI. Hence, it is beneficial to further improve digital in-line
holography by reducing the reference size. Themain limitation for table-topDIHwill
be to achieve a sufficient flux through the reference pinhole. Thus, a tight focusing
of HHG beams as was presented for the dielectric mirror setup is essential.
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Apart from imaging, the first demonstration that optical vortex beams can be
generated at XUV wavelengths by direct conversion of an OV beam using HHGwas
given in this work. The experimental results indicate that the measured beam had a
topological charge of one, in contradiction to theory and intuitive expectations for
frequency up-conversion of OV beams. The behavior is explained by the imperfect
beam shape in the focus, including some astigmatism, which results in the decay of
the OV into singly charged vortices as it is expected from theory and found in many
other experiments. These results were recently published [20]. In the scope of this
thesis the application of XUV vortex beams to imaging was discussed. The result of
a simulation was that in principle the radial phase distribution can be thought of as a
kind of structured illumination that leads to sharper fringes in the far-field diffraction
pattern of an object, which should allow for a reconstruction of objects beyond the
Abbe limit. However, since a detailed analysis of this could fill a whole thesis, this
simple first simulation shall be sufficient at this point.

In order to bring these lensless imaging techniques into an application, experi-
ments on human breast cancer cells were conducted. The setup used was a mixture
of DIH and CDI. It was demonstrated that one can distinguish two different breast
cancer cell variations (MCF7 and SKBR3 cell line), i.e. cells of the same cancer type
but with different expression profile and different genetic aberrations, directly from
the measured diffraction pattern. The introduced method should allow for a clinical
method to implement classification at a high throughput [21]. The idea behind the
method is to treat the diffraction pattern, which is related to the outer shape of the
object, as a kind of fingerprint of the object and compare it to a database of known
objects. Surprisingly, it is already possible to distinguish between different cell ex-
pression profiles by using a very primitive picture comparison algorithm. One can
expect that this method could be even further improved by implementing numerical
picture comparison techniques known from e.g. face recognition. Again, the cur-
rently limiting factor for real-time analysis is the long exposure time (texp = 1, 500 s).
Although the presented analysis was based on only four individual cells, this method
should be further tested on a broader class of specimens in the near future. If suc-
cessful, it could be used to identify cellular specimens on a daily basis with a high
throughput without the need for additional preparation techniques such as labeling,
staining or cultivation, as is necessary for comparable modern applied techniques in
the field of clinical chemistry. A problem that was disregarded at this point is the
need to bring the cells into the vacuum. In this thesis cells that were pipetted onto
a substrate and dried. However, for a clinical application it would be beneficial to
find a way to overcome this limitation. Very recently a possible way to image living
cells in a vacuum environment was demonstrated [22]. Other fields of application for
this technique could for instance be in microchip processing and micromachining
where deviations of the shape of the object at the sub-micron scale could be directly
identified from the diffraction pattern.
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Appendix A
XUV Mirror Ray Trace and Aberration
Minimized Setup

In Sect. 3.2.2 the CDI setup based on dielectric mirrors for selecting the wavelength
was described. Moreover, the design goal was to achieve a tighter focal spot by first
collimating the beam and focusing it down by a curved mirror having a short focal
length. With the grating based setup (Sect. 3.2.1) a focal spot size of roughly 50µm
(FWHM) was achieved, which corresponds to a one to one imaging of the source
by means of a 4 f -setup. For analyzing the dielectric mirror setup, the powerful ray-
tracing software ZEMAX was employed to investigate numerically the aberrations
of the setup. What is clear beforehand is that one expects primarily astigmatism
from the focusing mirrors, which increases as the angle of incidence gets larger. As a
source for the ray trace, rays homogeneously emitted from a disk having a diameter
of 50µmwere initiated. The divergence is set such that the first mirror is illuminated
with a beam having a diameter of roughly 10mm which compares well with the
experimental conditions in this work.

The setup consists of a standard z-fold (Fig.A.1a) using two focusing mirrors.
M1 has a focal length of f1 = 1,000mm andM2 has a focal length of f2 = 500mm.
The first mirror is placed f1 away from the source. The distance betweenM1 andM2
is maximized but constrained by the chamber to about ∼200mm. Since the mirrors
consist of standard 1 inch sized substrates and the XUV beam has a diameter of
roughly 10mm on M1 there is a restriction on the amount of quenching the z-fold.
An angle of incidence1 of 5◦ to the normal ofM1 andM2was chosen (Fig. A.1a). The
result was that the beam towards M1 by M2 was not obscured and low astigmatism

1 As an exception in this appendix section the angle of incidence is measured against the surface
normal to stay consistent with ZEMAX.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. A.1 Different layouts for the CDI beam focusing setup. a Top view Layout as it was in
principle built for the high NA CDI experiments (Sect. 4.2). The two focusing mirrors M1 and M2
are deflecting both in the y-z-plane. M1 collimates the beam and M2 focuses the beam down onto
the target, i.e. the sample to be examined using CDI. b Ray trace results of rays starting equally
distributed on a disk of 50µm diameter in the source. The result consists of 5 parallel x-y-planes
scanned in 100µm steps around the focus z f . c Top view Optimized setup for better focusing. M1
directs the beam out of y-z-plane onto M2 which is vertically displaced, see d side view, which
brings the beam parallel to the y-z-plane again. e Shows the corresponding ray trace result which
features a two times tighter focal spot compared to (b), see text for an explanation. f Allowing
ZEMAX to choose the exit angles at M2 freely, one can even achieve an almost diffraction limited
focus.However, having a residual angle subtending the y-z-plane is not feasible forCDI experiments
unless both the camera, which is typically mounted parallel to the chamber, and the sample can be
tilted freely to again guarantee normal incidence on the sample. Please note that panels a, c and d
are to scale 1:2 in the z-axis

http://dx.doi.org/10.1007/978-3-319-12388-2_4


Appendix A: XUV Mirror Ray Trace and Aberration Minimized Setup 119

was achieved. Both mirrors keep the light parallel to the y-z-plane. The ray trace
results in a scan around the focus (Fig.A.1b) revealing rays arriving up to a radial
diameter of 50µm at maximum. The shape is almost perfectly round, but a small
astigmatism is already visible. For angles of incidence significantly larger than 5◦
the quality of the focus degrades quickly. The Airy disc, i.e. the region where the
rays would hit in absence of any aberration (≡M1–M2 on-axis), is about 2µm in
diameter. One should note that a ray trace does not enable the determination of the
expected FWHM diameter of a real beam. This size was determined experimentally
by scanning a 2µm pinhole across the focus. It was found to be in the range of 5µm,
which is also confirmed by high NA CDI measurements of objects being a little
larger than 5µm in diameter.2 These objects lacked intensity in the reconstruction
at the edges due to the missing photon flux.

The problem as to why the z-fold in Fig.A.1a does not reach the diffraction limit
(illustrated by the Airy disc) is because the astigmatism introduced byM1 adds to the
astigmatism of M2 in the same axis. Hence the overall astigmatism of the system is
not optimal. To improve this, the setup depicted in Fig.A.1c, d is presented. M1 now
is hit again under an angle of incidence of 5◦ but now it deflects the beam out of the
y-z-plane such that M2 is hit under the following angles of incidence with respect
to the subscripted planes: αyz = 0.4◦ and αxz = 4◦. This results in a rotation of the
system around the z-axis. Thus M2 contributes its astigmatism in the perpendicular
cross section and hence the overall astigmatism is smaller compared to the previous
setup. The astigmatisms do not fully cancel each other out, because intrinsically the
wavefront is different on each mirror aside from different radii of curvature. The ray
trace is depicted in Fig.A.1d. One can see that the radius of the ray scatter in the
focus is two times smaller compared to Fig.A.1b. This means practically that one
can focus the beam better by simply bringing one mirror out of plane. As a constraint
for the data presented in Fig.A.1c–e the beam was forced to come out of the system
parallel to the y-z plane, i.e. the optical table. If ZEMAX is allowed to optimize the
exit angle of M2 in such a way that the outgoing beam is allowed to have a residual
angle of <5◦ subtending the y-z-plane, one gets the result depicted in Fig.A.1f. It
shows that the rays almost all hit within the Airy disk. The triangle structure reveals
that only residual coma aberration is left in that arrangement with a beam diameter
almost only limited by diffraction.

The setup presented in this appendix (Fig.A.2) could be readily used for future
setups where an even tighter focus may be of use. In terms of a Gaussian focus the
focus physically present in the case of the geometry used to generate Fig.A.1f should

2 The deviation of a factor of 10 for the ray trace is still not explained. It is likely that the source
size of the FCPA laser driven HHG source is much smaller due to the harder focusing compared to
the Ti:Sa driven HHG source for which the ray trace was computed.
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be around 2µm (FWHM), which is the diffraction limit given by the NA of M2.

Fig. A.2 Photographic view of the dielectric mirror based CDI chamber. The XUV HHG source
(Fig. 3.2) emits from the right. Two dielectric coated mirrors (detailed on the inset in the left upper
corner) M1 and M2 refocus the light onto the sample for CDI. A grating G1 can be introduced to
the beam path in grazing incidence in order to check the spectrum reflected by the mirrors. The
sample area is detailed on the inset in the lower right corner as seen from the CCD which would
follow to the left in the overview picture. The sample is mounted on a aluminum mount having 4
long slits which are used for alignment of the beam before the sample is driven into the beam. The
beam stop (BS) consisting of a sugar crystal (d ≈ 100µm) fixed to a 5µm tungsten wire (too tiny
to be seen in the photograph) is affixed to a fork-like construction that can be independently driven
into the beam path. All optics and mounts can be electrically driven using piezo motors having a
step size ≈30 nm

step
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Appendix B
Simulations of Fringe Patterns for Different
Topological Charges in XUV Vortex Beams

In Sect. 5.3 the fringe pattern of an XUV vortex beam caused by a thin wire observed
experimentally was compared to a simulation. Here the simulation will be described.
FigureB.1a shows the intensity distribution of the numerically generated TC = 1
vortex beam overlayed with a thin wire that is set to split the wavefront. The fringe
pattern in the far-field is calculated by using the numerical methods described in
Sect. 2.4. The field obscured by the wire is propagated numerically by approximately
4 Fresnel lengths to be safely in the far-field. The simulation of the fringe pattern
was carried out for several input TCs: 1, 3, 5, 23. These correspond mainly to the
expected TCs for low-order harmonics and the high one for the one expected for the
23rd harmonic. The results are depicted in Fig.B.1b–e. One clearly sees that such
fringe patterns are easily distinguishable by their shape. Note the decreasing width of
the ring for higher TCs. For very high topological charges the fringe pattern appears
completely spoiled, which is due to the already quite large phase shift from one
horizontal end of the wire to the other. The simulation for the high TC was carried
out on a 6,000 by 6,000pixel grid to assure that the phase is sampled densely enough.
However, it is clear from the depicted simulation results that very high topological
charges can be ruled out in the presented experiment. For the low charges the TC = 1
appears most likely, because it also corresponds to the approximate relation of ring
width and dark core width in the measured data. Unfortunately, it was not possible
to perform a more accurate simulation by including all experimental parameters, for
example by calculating the size of the vortex mode at the wire and thus find the
correct relation between wire width and vortex width. The reason for this is mainly
that the exact source size is only very imprecisely known and thus theRayleigh length
cannot be calculated sufficiently accurately. This is further complicated, because the
high harmonics are generated in a gas cell slightly behind the focus of the IR beam
to maintain phase matching due to the Gouy-phase. Hence, the exact divergence of
the HHG beam and its spatial size cannot be determined accurately enough. Thus
only a qualitative look is taken at the far-field fringe pattern of an OV obscured by a
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(b)(a)

(d)(c)

Fig. B.1 Simulation of fringe patterns of optical vortices carrying different TCs at a thin opaque
wire. a The numerically generated OV with TC = 1 overlayed with a thin opaque wire. Far-field
fringe pattern after propagating 4 Fresnel lengths for b TC = 1, c TC = 3 and d TC = 23.
Note the small increase of the mode diameter after propagating the distance. All panels show the
normalized intensity. Panels b–d correspond to the same distance behind the interaction region

thin wire. For further experiments it would be beneficial to either scan the wire along
the XUV beam propagation axis and record several fringe patterns or to transverse
the wire across the XUV beam. From either of these measurements more accurate
simulations could be carried out.
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