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Abstract
The rise of X-ray phase contrast imaging as an investigative tool is largely promoted by
techniques requiring less demanding experimental conditions. Near-field ptychography
(NFP) is a recent addition to those methods, benefiting from the simplicity and high
throughput of inline holographic techniques, while maintaining the robustness of ptychographic approaches, thus yielding images of high resolution and quantitative nature.
In this work, the application spectrum of NFP is broadened by demonstrating the
technique with both hard and soft X-rays using Fresnel zone plate (FZP) based imaging
assemblies. A refined reconstruction approach is presented for the successful reconstruction of secondary illumination modes, which are darkfield signal carriers when imaging
takes place in the Fresnel regime. In addition, a range of diffuser materials, the source
of diversity in the collected diffraction frames, are investigated regarding their impact
on the reconstruction process. It is observed that errors in the pixel size or scanning
positions are absorbed by the illumination as phase variations, further underpinning the
robustness of the technique.
Furthermore, hard X-ray NFP with FZPs is combined with computerised tomography to perform limited angle nanotomography on a fossil fish bone slab, a sample
of interest regarding vertebrate evolutionary history. A novel stretched scanning procedure is implemented to maintain the same field of view at all acquisition angles. The
resulting tomographic reconstruction is of high quality exhibiting almost no artefacts,
despite the limited amount of taken projections. An adapted tomographic consistency
approach was utilised, which used the slab’s thickness as a constraint.
In addition, soft X-ray NFP with FZPs is performed in two different imaging domains. Firstly, NFP is demonstrated in the Fresnel regime, the expected one for nearfield diffraction. A shared probe reconstruction approach between two different data
sets of varying periodicity is utilised to suppress raster grid artefacts due to a rectangular scan pattern. Secondly, NFP is applied to diffraction data collected in the transition
regime. Albeit being undersampled for near-field propagation, it is possible to reconstruct the data set through the use of multiple illumination modes. Ptychographic
reconstructions in NFP are thus possible even if the illumination is sampled below the
Nyquist frequency. The same data set is also reconstructed with far-field propagators.
Lastly, NFP visible light experiments with an imaging setup assembled as part of
this work are performed to support the findings of the X-ray experiments, as well as to
attempt imaging red blood cells.
v
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Impact Statement
The main aims of the presented work are to gain a deeper understanding of the X-ray
imaging technique Near-field ptychography (NFP), thereby improving its application
and thus ultimately making it more easily accessible to a broader user audience from
various fields of research.
The first two objectives are achieved among others with a comparative diffuser
study using hard X-rays and a Fresnel Zone plate imaging assembly. A similar study
is also performed with visible light experiments. The diffuser is essential to the image
reconstruction method of NFP and its impact on the reconstruction process is relatively
unexplored. Investigating the role of this device led to a refined reconstruction approach
which allows for the successful reconstruction of secondary illumination modes in NFP.
Combining this approach with the provided experimental details yields a methodology
for preparing and conducting near-field ptychographic imaging experiments with Fresnel
Zone plates in the hard X-ray regime.
To demonstrate NFP’s application in other fields of research, the technique is combined with computerised tomography in a hard X-ray experiment to yield a three-dimensional reconstruction of a fossil fish bone slab. The reconstructed volume provides
unique insights into a sample of interest regarding vertebrate evolutionary history and
should spark future imaging experiments from other research fields examining similar
types of specimens, e.g. Earth Sciences. An adapted three-dimensional reconstruction
approach based on tomographic consistency was implemented as part of this work and
can be readily applied in future experiments.
The application scope of NFP is further broadened by imaging cultured cortical
mouse neurons using soft X-rays and a Fresnel Zone plate imaging setup, thus paving
the way for investigations of similar biological samples in the future. A novel reconstruction approach using a shared probe between two data sets of varying periodicity was
introduced during these experiments to suppress raster grid artefacts originating from
rectangular scan patterns. Additionally, the demonstration of a near-field ptychographic
reconstruction of an undersampled soft X-ray data set using multiple illumination modes
should motivate the research community to further explore NFP.
To conclude, the research shown in this work makes significant contributions to
the knowledge base of the X-ray imaging community and helps establish NFP at two
imaging beamlines operating with hard and soft X-rays respectively, thereby increasing
the facilities’ attractiveness for future funding and user applications.
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1 | Introduction
The discovery of X-ray radiation by Röntgen (1895) marked a milestone in the field of
imaging since it allowed for non-destructive access to inner structural information for
the first time. Nowadays, widely known due to its frequent use in medical examinations, in parallel, X-ray imaging also reached importance with applications in material
sciences (Mayo et al., 2012), bio-medical research (Dierolf et al., 2010a), and palaeontology (Tafforeau et al., 2006) among others. Because of their small wavelength,
X-rays lend themselves as an ideal tool for a microscopy technique aimed at bridging
the spatial resolution gap between electron and visible light microscopy. In contrast to
the latter techniques, X-ray microscopy is not surface constrained or limited to relatively thin samples. This penetrating power makes imaging of internal structures of an
entire three-dimensional object possible. In practice, this is achieved with the aid of
computerised tomography (CT).
The work presented in this thesis can be attributed to the larger family of lensless X-ray imaging. The latter denotes microscopy techniques which do not require
image forming optics (Sakdinawat and Attwood, 2010), but may, however, implement
optical elements for beam modifications. Limiting imaging factors arising from these
components due to challenging production processes can thereby be circumvented. A
further benefit of lensless imaging is the possibility of an a posteriori phase retrieval
procedure in these techniques, during which phase information of the X-ray wavefield
are reproduced. The phase shift experienced by the wavefield as it traverses the object can yield images of much higher contrast, especially in the case of low absorbing
materials (Momose, 2005).
In the family of lensless imaging, the content of this work belongs to the more specific
group of inline holography or propagation-based techniques. These techniques encompass methods operating in the near-field, a domain in which Fresnel diffraction takes
place. Free-space propagation (Cloetens et al., 1996; Wilkins et al., 1996) is the most
general manifestation thereof, where a specimen’s outer boundaries are directly revealed
in the measured diffraction patterns. Extension through backpropagation (Gabor, 1948;
Nugent et al., 1996; Cloetens et al., 1999) allows for quantitative phase recovery, albeit imposing limits on the propagation distance or the sample’s scattering properties.
Other approaches exploit specially prepared beams via crystal diffraction (Bonse and
Hart, 1965; Davis et al., 1995; Ingal and Beliaevskaya, 1995) or gratings (Momose, 2003;
Weitkamp et al., 2005; Pfeiffer et al., 2006) to allow interferometric measurements. The
1

patterned nature helps decoupling the wavefront from the object transmission function, but a priori wavefront knowledge may apply. Lately introduced speckle tracking
techniques (Morgan et al., 2012; Bérujon et al., 2012a,b; Zanette et al., 2014) operate
without any prior information regarding the illumination. Unlike diffractive imaging
modalities working in the far-field (Chapman and Nugent, 2013), near-field methods
benefit from being less demanding on the dynamic range of the detector and on the
coherence properties of the beam. By implementing a magnifying cone beam configuration to the incident illumination, a broad spectrum of varying length scales can be
covered with these techniques (Mokso et al., 2007).
Phase retrieval, as generally accomplished in propagation imaging, suffers from two
significant drawbacks. The first one regards imaging of strongly phase shifting and absorbing samples at high spatial resolution, which constitutes a challenging task when
the phase recover process depends on a linearisation of the object transmission function (Cloetens et al., 1999). Ways of addressing this challenge have been reported in
the form of the transport of intensity equation (Nugent et al., 1996; Mayo et al., 2002;
Krenkel et al., 2013) and the mixed approach (Guigay et al., 2007). The second issue
arises from the fact that these techniques were conceived to require a distortion-free
illuminating wavefront. Corrections to the diffraction data concerning slowly changing
inhomogeneities can be made through the division of a flat field image, the recorded
intensity of an empty beam without a specimen present. However, this approach neglects the wave properties of X-rays. Strong variations in the illuminating beam are copropagated with diffracted waves from the object, which leads to reconstruction artefacts largely at high resolutions (Mokso et al., 2007; Hagemann et al., 2014).
A recent addition to the propagation-based techniques is “near-field ptychography”
(NFP) (Stockmar et al., 2013), which aimed at tackling these shortcomings. It combines the benefits of inline holographic methods, such as high throughput and ease of
us, with the robustness of ptychographic approaches. Ptychography solves the phase
problem by combining the information from diffraction patterns formed by the incident
illumination impinging on overlapping areas of the sample (Faulkner and Rodenburg,
2004; Rodenburg et al., 2007a). Data redundancy is exploited post-acquisition to iteratively reconstruct both the object’s transmission function and the scanning illumination
profile (Thibault et al., 2008). The approach has been primarily applied to far-field
diffraction data (Rodenburg et al., 2007b; Thibault et al., 2008), but also to Fresnel
diffraction patterns collected in the far-field (Vine et al., 2009). NFP differs in that
holograms in the Fresnel regime are acquired instead. A similar concept was lately
also applied to a series of near-field diffraction patterns collected at various sampleto-detector distances (Robisch and Salditt, 2013). As with all near-field techniques, a
minimum of one Fresnel zone needs to be resolved in order for interference effects to
be measured (Cloetens et al., 1996) and for NFP to work (Stockmar et al., 2013). In
NFP, the imaging probe extends almost entirely over the field of view (FOV), which
corresponds to high Fresnel numbers. Fewer diffraction patterns are therefore required
to image larger FOVs, a critical criterion when investigating dose-sensitive samples.
2

The versatility of the technique has been demonstrated by imaging strongly absorbing
and phase shifting samples and through combination with nanotomography (Stockmar
et al., 2015a,b). Wavefront imperfections are eliminated from the sample image, while
being explicitly required for the reconstruction process, since wave modulations ensure
diversity between the diffraction patterns. Additional distortions can be introduced into
the scanning beam with a diffuser to improve reconstructions (Stockmar et al., 2013),
a behaviour which has also been observed in far-field methods (Guizar-Sicairos et al.,
2012; Li et al., 2016). Despite recent simulations (Clare et al., 2015), the exact nature
of the ideal diffuser is still unclear.
In this thesis the application spectrum of NFP is broadened by demonstrating the
technique with both hard and soft X-rays using Fresnel zone plate (FZP) based imaging
assemblies. The method is further optimised with a revised multi-modal reconstruction
approach and applied to a selection of samples, for both two-dimensional projection
reconstructions, and in conjunction with CT for three-dimensional volume reconstructions. Furthermore, NFP is pushed to its propagation limits by reconstructing an undersampled near-field diffraction data set through the use multiple illumination modes.
The thesis starts with an overview of the theoretical background relevant to this
work in Chap. 2. First, a short introduction into Fourier transform operations and
signal discretisation is given. This is followed by a section outlining the interaction of
radiation with matter. The chapter concludes with an insight into partial coherence
theory.
The algorithmic framework relevant to the data analysis performed within this work
is presented in Chap. 3. First, a short introduction into the basic notions of coherent
diffractive imaging is given and the phase problem in the context of imaging is stated.
This is followed by a demonstration of solving the latter using iterative algorithms.
A more advanced instance thereof, ptychography, is then introduced, along with two
algorithms adapted to this technique. The chapter is concluded by a small introduction
into the working principles of CT.
In the first results chapter, Chap. 4, hard X-ray NFP with a FZP based imaging
assembly is demonstrated with a Siemens star test pattern and a ptychographic reconstruction diffuser study is presented. First, an introduction to the Diamond Light
Source (DLS), the synchrotron facility where most of the experiments of this work were
performed, is given and the beamline at which the experiments of this chapter were performed, is outlined. The experimental setup for data acquisition and the applied data
reconstruction procedure are described next. In the remaining part of the chapter, the
results of the technique demonstration and the diffuser study are shown and discussed.
In Chap. 5, limited angle nanotomography on a fossil fish bone, a sample of interest
regarding vertebrate evolutionary history, is performed via the application of hard Xray NFP with a FZP. First, the experimental data collection setup is outlined. The
specimen is presented in the following, along with its preparation procedure. This is
followed by the applied ptychographic reconstruction routine and a presentation and
3

discussion of the resulting images. In the final part of this chapter, the tomographic
reconstruction procedure applied to the set of ptychographic reconstructions, is outlined
first. Subsequently, the results of the tomographic reconstruction are presented and
evaluated.
In the next chapter, Chap. 6, soft X-ray NFP using a FZP based imaging assembly
is demonstrated with a Siemens star test pattern and is subsequently applied to image
cultured cortical mouse neurons. Additionally, NFP is pushed to its propagation limits
by reconstructing a Siemens star test pattern from data collected in the transition
regime, which is also reconstructed with far-field propagators. An introduction to the
beamline at the DLS, at which the experiments of this chapter were performed, is given
first. The experimental assembly for data collection is described next. Data acquisition
was performed in two different imaging domains, the Fresnel regime and the transition
regime. The ptychographic reconstruction procedure is outlined next. In the first result
section, reconstructions from data sets collected in the Fresnel regime are presented
and discussed. Subsequently, ptychographic reconstructions of a Siemens star from
data collected in the transition regime, performed with both near-field and far-field
propagators, are shown and evaluated.
In the final chapter of this thesis, Chap. 7, near-field ptychographic visible light
experiments to support the findings of the preceding chapters are presented. In addition,
the results of an attempt to use the visible light setup as a microscope to image red
blood cells with NFP are shown and evaluated. The experiments were performed with
an imaging assembly which was constructed as part of this work.
The thesis concludes with a summary of this work and an outlook to future action
steps.

4

2 | Theoretical framework
In this chapter the theoretical background relevant to this work is outlined. First, Fourier transform operations and useful theorems thereof are stated and a short introduction
into signal discretisation is presented. This is followed by a section about light propagation and its interaction with matter. The chapter is concluded by a brief introduction
into partial coherence theory.

2.1

Fourier transform and signal discretisation

In this section the Fourier transform operations are introduced and useful theorems
important to this work are briefly outlined. Furthermore, a short introduction into
signal discretisation is presented. The following equations are given for one dimension
since expressions for higher can be readily inferred. The outline is based on Thibault
(2007).
Periodic functions can be analysed into their constituent components by a process
called Fourier analysis. This procedure can be extended to non-periodic functions by
means of Fourier transform. In one dimension the continuous-space Fourier transform
is given by:
1
fe(qx ) = F {f (x)} = √
2π

Z

∞

f (x)e−iqx x dx.

(2.1)

−∞

In this work the notation r = (x, y, z) will be used to represent the spatial coordinates of
direct space functions, whereas their counterparts of functions in reciprocal space reachable through the application of Fourier transform will be expressed by q = (qx , qy , qz ).
The reciprocal space is also sometimes termed Fourier space. The inverse Fourier operation is:
Z ∞
o
n
1
f (x) = F −1 fe(qx ) = √
fe(qx )eiqx x dqx .
2π −∞

(2.2)

A useful property of the Fourier transform is the convolution theorem. Convolving
two functions f (x) and g(x) is defined as:
Z
(f ∗ g)(x) =

f (x0 )g(x − x0 )dx0 .

(2.3)

It can be shown that the Fourier transform of a convolution is equivalent to a mul5

tiplication of the individually Fourier transformed functions. This is known as the
aforementioned convolution theorem:
F {(f ∗ g)(x)} =

√

2πF {f (x)} · F {g(x)} .

(2.4)

Conversely, a convolution in Fourier space reduces to a multiplication of the involved
functions in real space.
Similar to the convolution operation is the cross-correlation:

Z
(f ~ g)(x) =
=

√

f (x0 )g ∗ (x0 − x)dx0
2πF

−1

∗

(2.5)

{F {f (x)} · (F {g(x)}) } .

An important instance of the latter is the autocorrelation function:
Af = (f ~ f ) (x) =

√

n
o
2πF −1 |F {f (x)}|2 .

(2.6)

The relation between the autocorrelation function and the inverse Fourier transform of
the power density spectrum expressed in Eq. 2.6 is also known as the Wiener-Khinchin
theorem (Yates and Goodman, 2005).
In order to process data on digital computers, measured signals need to be discretised
on a finite grid. Discretisation implies the conversion of a continuous function f (x)
into one consisting of a finite amount of samples fm = f (m∆x). The discrete Fourier
transform for a function made out of N sampling values is given by:
N
−1
X
efn = F{fm } = √1
fm e2πinm/N .
N m=0

(2.7)

This operation yields efn = fe(n∆qx ), which is sampled on a grid as well. The grid
samplings of a Fourier transform conversion process form continuous to discrete are
connected via:
∆x∆qx =

2π
.
N

(2.8)

Differing only by a complex conjugated exponential, the inverse discrete Fourier transform operation reads:
fn = F

−1

N −1
1 X e −2πinm/N
e
{fm } = √
fm e
.
N m=0

(2.9)

In practical implementations of discrete Fourier transforms usually a Fast Fourier transform (FFT) is executed, whose computing time is proportional to N log(N ) (Cooley and
Tukey, 1965).
For a given grid spacing ∆x, the largest frequency in the spectrum of a discrete
6

Fourier transform is set by:
qN =

N ∆qx
π
=
,
2
∆x

(2.10)

the so-called Nyquist frequency. If the sampling interval is chosen too large, aliasing
may occur. Wrapping of frequencies greater than qN is the consequence, which in turn
are perceived as lower ones. This effect can be prevented if the function is band-limited,
i.e. the following conditions hold:
fe(qx ) = 0 for |qx | > B,

(2.11)

B < qN .

(2.12)

and:

For this case, the Nyquist-Shannon sampling theorem (Shannon, 1949) guarantees an
impeccable determination of f (x) through its sampled version fn :
f (x) =

X
n

fn

sin(x − n∆x)
.
(x − n∆x)

(2.13)

Sampling of a continuous signal while condition 2.12 is met leads to an “oversampled”
discrete signal.

2.2

Interaction of radiation with matter

In this section light propagation and its interaction with matter are treated theoretically.
First, a scalar wave equation for electromagnetic fields in the presence of an interacting
material is derived from the Maxwell equations. The outcome is used to extract a
wavefield expression for when wave alterations are only induced via phase and amplitude
shifts. Reutilising the first result, an expression for propagating a wavefield between
two parallel planes is derived. Subsequently, this notion is extended to paraxial beams
to arrive at Fresnel and Fraunhofer diffraction. Lastly, the Fresnel scaling theorem for
diffraction patterns is established using the Fresnel diffraction integral.

2.2.1

Wave equation for electromagnetic fields

In the following the derivation of differential equations describing electromagnetic waves
when interacting with matter is presented. Again, r will be the Cartesian coordinates
in three-dimensional space and t will be the time. The derivation is mainly based
on Paganin (2006) and on Thibault (2007).
The starting point for the derivation are the Maxwell equations (see Jackson (1998)
for instance). These equations can be rewritten to take the following form:
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∇ · [(r) E(r, t)] = 0

(2.14)

∇ · H(r, t) = 0

(2.15)

∂
H(r, t)
∂t
∂
∇ × H(r, t) = (r) E(r, t)
∂t
∇ × E(r, t) = −

(2.16)
(2.17)

where E denotes the electric field, H the magnetic field, and  the electrical permittivity of the material. In order to arrive at the above equations, only linear isotropic
materials are considered, for which the electric displacement is given by D = E and the
magnetic induction by B = µH, where µ is the magnetic permeability of the material.
Additionally, the material is assumed to be static, which removes the time dependency
from µ and . Furthermore, a restriction to non-magnetic materials, where µ = µ0 , and
absence of current and charge densities are now presupposed.
For the derivation of the wave equation only materials whose properties vary slowly
over length scales similar to the wavelength of the incident radiation are considered.
The derivation is carried out by taking the curl of Eq. 2.16 on both sides and by making
use of the following vector identity:
∇ × (∇ × E) = ∇ (∇ · E) − ∇2 E.

(2.18)

Substituting Eq. 2.14 and Eq. 2.16 into Eq. 2.18 and subsequently rewriting the term
on the left-hand side using Eq. 2.17 then yields:



∂2
2
(r) µ0 2 − ∇ E(r, t) = 0.
∂t

(2.19)

For the magnetic field one finds with a similar line of reasoning:


∂2
2
(r) µ0 2 − ∇ H(r, t) = 0.
∂t

(2.20)

The components of the fields in Eq. 2.19 and Eq. 2.20 are not coupled in any form,
neither mutually between the two equations nor in their own. This permits a transition
to a scalar theory, in which every single component of the electromagnetic field corresponds to the scalar. Note that this transition is quite involved and will not be discussed
here. For a good list of entry points to the detailed theory the reader is referred to Paganin (2006). In this scalar notion the electromagnetic field can be modelled by the
disturbance Ψ(r, t), which fulfils the differential equation:


∂2
2
(r) µ0 2 − ∇ Ψ(r, t) = 0.
∂t

(2.21)

Inherently, Ψ(r, t) is real but will be treated as complex, the time in particular to
be more precise, in order for the analytic signal formalism to apply (Paganin, 2006).
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Eq. 2.21 thus describes how the complex scalar electromagnetic wave Ψ(r, t) evolves
spatially and temporally. The real part of the latter represents the actual physical
field. Using the Fourier transform over non-negative frequencies, one can decompose
the complex disturbance into strictly monochromatic fields consisting of a spatial wavefunction ψω (r), multiplied with a harmonic time factor exp(−iωt). Substituting this
decomposition into Eq. 2.21 leads to:
Z

∞ 


∇2 + (r) µ0 ω 2 ψω (r) exp(−iωt)dω = 0.

(2.22)

0

The part contained by braces must disappear, hence:



∇2 + ω (r) µ0 c2 k 2 ψω (r) = 0.

(2.23)

Here the angular frequency was replaced by ω = ck, where c is the speed of light and k is
the wavenumber. For non-magnetic materials with slowly varying electrical permittivity
over length scales comparable to the incident wavefield’s wavelength, the square root of
the term ω µ0 c2 can be identified with the frequency dependent index of refraction nω :
s
p
nω (r) = c ω (r) µ0 =

ω (r)
,
0

(2.24)

where 0 is the vacuum permittivity. Using this expression in Eq. 2.23 one arrives at:
∇2 ψω (r) + k 2 n2ω (r)ψω (r) = 0.

(2.25)

This is the scalar wave equation for electromagnetic fields in the presence of an inhomogeneous medium, also known as the “Helmholtz” equation. From now on, light of only
one frequency will be assumed unless stated otherwise and therefore the ω subscript
will be omitted.
The frequency dependent refractive index introduced in Eq. 2.24 for X-rays can be
written in terms of a purely refractive (real) and absorptive (imaginary) constituent:
n(r) = 1 − δ(r) + iβ(r).

(2.26)

The term β is connected to the photoelectric absorption coefficient µ via:
β(r) =

λ
µ(r),
4π

(2.27)

where λ denotes the wavelength. The term δ is linked to the electron density ne via:
δ(r) =

re λ2
ne (r),
2π

(2.28)

where re is the electron radius. This relation holds true when scattering happens away
from the specimen’s absorption edges in a small angle forward direction, which is also
known as Thomson scattering.
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2.2.2

Projection approximation

In this subsection a wavefield expression for interaction with matter based on solely
phase and amplitude shifts is derived. To arrive at this expression, the projection
approximation is assumed for light beams entering an object. In this approximation,
beams are treated as being negligibly scattered within the object, thus exiting it without
a change in trajectory. In this case, the changes imprinted onto the wave while traversing
the medium can be accounted for as phase and amplitude shifts. Using Eq. 2.25 and
the product ansatz of an unscattered plane wave exp(ikz) with an envelope ψ(r):
ψansatz (r) = ψ(r) exp(ikz),

(2.29)

an expression for the wave exiting the object can be derived. A detailed version of the
procedure can be found in Paganin (2006). The outcome states that the exit wave can
be expressed as a product of the entering wavefield ψ0 (x, y, z = 0) and a complex object
transmission function O(x, y, z = d):
ψ(x, y, z = d) = O(x, y, z = d) · ψ0 (x, y, z = 0),

(2.30)

where d stands for the object’s thickness. The approximation holds for thin samples
whose inside diffraction effects are not resolvable, that is:
√

dλ ≤ res,

(2.31)

is fulfilled, with res denoting the resolution of the imaging system. For instances where
this condition breaks down, alternative multi-slice approximation approaches have been
reported (Maiden et al., 2012; Suzuki et al., 2014; Tsai et al., 2016). The object transmission function is given by:
O(x, y) = T (x, y) exp [iφ(x, y)] ,

(2.32)

 Z

T (x, y) = exp −k β(x, y, z) dz ,

(2.33)

where:

is the projection of the absorbing part along the propagation distance z and:
Z
φ(x, y) = −k

δ(x, y, z) dz,

(2.34)

denotes the phase shift experienced by the passing wave. The derivation of these quantities can also be performed in geometric optics context. By placing a detector directly
behind the illuminated object, the intensity can be measured, which is the squared
modulus of the wavefield given in Eq. 2.30:


Z
I(r) = ψ(r) ψ (r) = I0 (r) exp −2k β(x, y, z) dz ,
∗
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(2.35)

where 2βk corresponds to the absorption coefficient introduced in Eq. 2.27. For materials of a single composition, Eq. 2.35 reduces to the Lambert-Beer law.
In imaging experiments, only the intensity can be measured directly. The phase
information is lost during the detection process. Phase shifts can be transformed into
observable intensity variations by means of exit wave propagation. The phase changes
imparted onto the wave by the object may exceed 2π. Excessive alteration is wrapped
back though into the original interval [0, 2π) due to the exponential periodic nature
of the phase term in Eq. 2.32. In these cases, unwrapping techniques can be used to
reverse this effect (Goldstein et al., 1988; Ghiglia and Pritt, 1998).

2.2.3

Free-space propagation: angular spectrum

In the following a means for wavefield propagation in vacuum from one plane to a
parallel one downstream the first is outlined. The starting point is Eq. 2.25, which
reduces in vacuum, where n is equal to one, to:
(∇2 + k 2 )ψ(r) = 0.

(2.36)

The angular spectrum formalism allows for the construction of a wavefield operator facilitating propagation to a parallel plane downstream the original. For that, elementary
plane waves are considered:
ψ P W (r) = exp [i(qx x + qy y + qz z)] ,

(2.37)

which are solutions to Eq. 2.36 given that:
qx2 + qy2 + qz2 = k 2 .

(2.38)

The triple of numbers (qx , qy , qz ) represent the components denoted by their subscripts
of the wavevector k of the plane wave (vector points in direction of propagation). Isolating and subsequently taking the positive square root of qz2 , since only forward propagation along the z axis is of concern, leads to:
qz =

q
k 2 − qx2 − qy2 .

(2.39)

Using Eq. 2.39, the elementary plane wave solution (Eq. 2.37) becomes:
ψ

PW

h q
i
(r) = exp [i(qx x + qy y)] exp iz k 2 − qx2 − qy2 .

(2.40)

The first term describes the value the plane wave takes at z = 0, that is the value of the


unpropagated wave. Through multiplication with the term exp iz(k 2 − qx2 − qy2 )1/2 ,
the value of the wave at an arbitrary distance z can be determined. This factor is called
“free space propagator”. In order for these findings to be applicable to a monochromatic
wavefield ψ(x, y, z = 0), the latter has to be decomposed into a linear combination
of plane waves via a two-dimensional Fourier transform. By applying the free space
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propagator to the decomposition, each wave can be propagated to a desired distance
∆z and as a consequence forward the entire wavefield:
1
ψ(x, y, z = ∆z) =
2π

ZZ

q
i
h
e x , qy , z = 0) exp i∆z k 2 − q 2 − q 2
ψ(q
x
y

× exp [i(qx x + qy y)] dqx dqy ,

(2.41)

∆z ≥ 0.

e x , qy , z = 0) describes the Fourier transformed unpropagated wavefield.
Here, ψ(q
Eq. 2.41 is the aforementioned angular spectrum representation for a propagated wavefield. This expression can be cast into an operator D, which, when applied to an
unpropagated wavefield ψ(r), will produce the propagated wavefield at a distance difference ∆z:
D∆z = F

−1

q
i
2
2
2
exp i∆z k − qx − qy F.
h

(2.42)

Note that the operations contained within the operator are executed from right to left
onto the wavefield.

2.2.4

Fresnel and Fraunhofer diffraction

The results of the previous section are extended in the following to paraxial beams. This
leads to the Fresnel and Fraunhofer diffraction expressions for propagation of wavefields.
For the outline of the Fresnel diffraction theory, the wavefield is assumed to be
paraxial, meaning only plane wave components comprising small angles with respect to
the optical axis are contributing with non-negligible intensities. In this case, the following binomial approximation can be used to simplify the angular spectrum formulation:
q
qx2 + kq2
k 2 − qx2 − qy2 ≈ k −
.
2k

(2.43)

Rewriting the operator introduced in Eq. 2.42 using Eq. 2.43 yields the Fresnel approximation version of it:
"

D∆z ≈

(F )
D∆z

#
2 + q2)
−i∆z(q
x
y
≡ exp(ik∆z) F −1 exp
F,
2k

(2.44)

where the F superscript points out the operators affiliation to Fresnel diffraction. The
term exp[−i∆z(qx2 + qy2 )/2k] is also known as the Fresnel propagator. The operator in
Eq. 2.44 can be rearranged as a convolution integral using Eq. 2.4:
(2.45)

ψ(x, y, z = ∆z) = ψ(x, y, z = 0) ∗ P (x, y, z = ∆z),
where P (x, y, z = ∆z) is the real-space form of the Fresnel propagator:
1
P (x, y, z = ∆z) ≡
exp(ik∆z) F −1
2π
12

(

"

−i∆z(qx2 + qy2 )
exp
2k

#)
.

(2.46)

Eq. 2.45 is also known as the Fresnel-Kirchhoff diffraction integral. By evaluating the
Fourier integrals in Eq. 2.46 an explicit form of the propagator can be derived:


ik exp(ik∆z)
ik(x2 + y 2 )
P (x, y, z = ∆z) = −
.
exp
2π∆z
2∆z

(2.47)

If the source wavefield is considered to be a point one represented by a two-dimensional
Dirac delta, then the propagator describes the modulus of the propagated wavefield. In
this case, the propagator is also proportional to a radiating spherical wave for instances
where the magnitudes of x and y are considerably smaller than the travelled distance.
Thus, the propagated wavefield in the convolution formulation is the sum of the fields
emanated from point sources in the plane z = 0, which is essentially a mathematical
representation of the Huygens-Fresnel principle.
Eq. 2.45 is rewritten once more to simplify access to numerical computation of
diffraction patterns and to yield a starting point for the derivation of Fraunhofer diffraction. For this purpose, Eq. 2.45 is rearranged using Eq. 2.3. A subsequent expansion
of the exponent in the integral and factoring out an integration variable independent
term results in:



ik exp(ik∆z)
ik
2
2
ψ(x, y, z = ∆z) = −
exp
(x + y )
2π∆z
2∆z


ZZ ∞
ik
0 0
02
02
×
ψ(x , y , z = 0) exp
(x + y )
2∆z
−∞


−ik
0
0
(xx + yy ) dx0 dy 0 .
× exp
∆z

(2.48)

Furthermore, the dimensionless Fresnel number NF is introduced:

NF ≡

a2
,
λ∆z

(2.49)

where a denotes the diameter of the illumination and ∆z the propagated distance.
The domain where NF is much larger than unity is called Fresnel or near-field regime.
The opposite case is termed Fraunhofer or far-field regime. Working areas set in the
transition between the two are said to be in the holographic regime. In the Fraunhofer
regime, that is:

NF  1,

(2.50)

the first exponent in the integral of Eq. 2.48 can be omitted. This results in the limiting
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form of the Fresnel diffraction integral, the Fraunhofer diffraction integral:



ik exp(ik∆z)
ik
2
2
ψ(x, y, z = ∆z) ' −
exp
(x + y )
∆z
2∆z


kx
ky
× fe qx =
, qy =
,z = 0 .
∆z
∆z

(2.51)

In this approximation, the wavefield at distance ∆z is a spherical wave originating in
the source plane and modulated by a transversely scaled Fourier transform of the source
field.

2.2.5

Fresnel scaling theorem

In the following the derivation of the Fresnel scaling theorem from the Fresnel diffraction
integral is outlined.
The Fresnel scaling theorem states that a diffraction pattern, detected from an
object illuminated by an expanding cone beam geometry, can be treated as if the object
had been irradiated by a plane wave, which is recorded at a demagnified propagation
distance. This relation is sketched in Fig. 2.1. The starting point for the derivation of
the theorem is the exit wave of an object at a distance z1 from the source in a cone
beam configuration as shown in Fig. 2.1 (a). Note that wave functions of the cone beam
geometry will feature the subscript cb, whereas pb will be used for the parallel one. If
the projection and paraxial approximation hold, then the exit wave ψcb (x, y, z = z1 )
can be expressed as the product of a planar wave ψ P W (x, y, z = z1 ) and a spherical
term arising from the focused illumination at position z = 0:
ψcb (x, y, z = z1 ) = ψ

PW


ik 2
2
(x + y ) .
(x, y, z = z1 ) exp
2z1


(2.52)

Substituting the above equation into Eq. 2.48 and a subsequent merging of the spherical
term with the propagator yields the wavefield at a propagated distance z2 from the exit
wave:
ψcb (x, y, z = z2 ) =

x y
z2 
1
ψpb
, ,z =
,
M
M M
M

(2.53)

where:
M=

z1 + z 2
,
z1

(2.54)

is the geometric magnification, determinable from the source to exit wave distance z1
and the exit wave to detection plane distance z2 . Eq. 2.53 is therefore the key to
switching between cone beam and plane wave configurations by using the geometric
magnification. For a converted plane wave illumination, the pitch between the exit
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wave and plane of detection is given by:

zef f =

a)

z2
.
M

(2.55)

b)

Figure 2.1: Equivalent beam configurations under the Fresnel scaling theorem. (a)
The cone beam of a point source illuminates an object whose exit wave at a distance
z1 from the radiating origin is recorded a further distance z2 downstream. Using the
Fresnel scaling theorem, this beam configuration can be treated as if the object had been
irradiated by a parallel beam (b), where detection takes place at a distance zef f = z2 /M
from the exit wave. Here, M is the geometric magnification determined by the distances
specified in (a), namely M = (z1 + z2 )/z1 .

2.3

Partial coherence theory

In this section an introduction into partial coherence theory is provided. First, the
notion of fringe visibility is introduced in order to characterise a wavefield’s degree of
coherence. After that, a more general approach for characterising coherence properties
in the form of the mutual coherence function, the complex degree of coherence, and
the mutual intensity function is outlined. Subsequently, an approach for propagating
the mutual intensity function is described and generalised for radiation coming from an
completely incoherent source, a means by which beam coherence can be induced. This
is followed by an outline of a simpler approach using a source distribution of points
emitting spherical waves for estimating the measured intensity produced by an extended incoherent source. An alternative method for estimating a propagated diffraction
pattern of a partially coherent field is then presented by combining the mutual intensity
function with the coherent-mode formalism. Lastly, the transverse coherence length is
introduced as an additional tool for characterising the spatial properties of a wavefield.
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2.3.1

Fringe visibility, Mutual coherence function, and Mutual intensity function

In the previous sections perfect knowledge of the wavefields for all positions and time
was assumed. A realistic wavefield, however, is the result of a stochastic generation
process. This randomness, arising from limitations induced by source sizes and finite
energy bandwidths, can be accounted for by means of partial coherence theory.
Coherence describes the ability of a wavefield to interfere after being previously
separated either spatially or temporally 1 . The degree of this property can be classified
by the fringe visibility (Zernike, 1938):
V≡

Imax − Imin
,
Imax + Imin

(2.56)

where Imax is the maximum and Imin the minimum intensity of the detected interfered
wavefield. If Imin is equal to zero and Imax is non-zero, the visibility is unity, which corresponds to complete coherence. Equality of both intensities leads to total incoherence.
Intermediate realisations of fringe visibility indicate partial coherence of the wavefield
at the points of separation.
The findings expressed in the previous paragraph can be restated in a more general
manner. This is achieved in the form of a mutual coherence function (Wolf, 1955), which
quantifies the spatial and temporal correlation between two points r1 and r2 separated
by a time lag τ of a wavefield Ψ:
Γ(r1 , r2 , τ ) = hΨ(r1 , t + τ ), Ψ∗ (r2 , t)i,

(2.57)

where the time average of the quantity on the right-hand side is indicated by angular brackets. In order to link Eq. 2.57 to the fringe visibility, the normalised mutual
coherence function, also termed complex degree of coherence, is introduced:
Γ(r1 , r2 , τ )
γ(r1 , r2 , τ ) ≡ p
.
Γ(r1 , r1 , τ = 0)Γ(r2 , r2 , τ = 0)

(2.58)

For the following, only one instance of a partially coherent wavefield will be considered,
the quasi-monochromatic field, since only this kind of radiation will be used in this
work. The temporal Fourier transform of such a field is confined to a finite range with
the source bandwidth being much smaller than the mean frequency of the spectrum:
∆ν
 1.
ν

(2.59)

For the case the wavefield features the same time-averaged intensities at positions r1
and r2 , the modulus of the complex degree of coherence is then equal to the fringe
1
The first can be demonstrated with a Young interferometer and the latter with a Michelson interferometer.
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visibility:
V = |γ(r1 , r2 , τ )|.

(2.60)

A useful instance of the mutual coherence function is the mutual intensity function,
which can be derived from Eq. 2.57 by putting the time lag to zero:
J(r1 , r2 ) ≡ Γ(r1 , r2 , τ = 0).

(2.61)

J constitutes the spatial coherence properties of an in parts coherent wavefield. The
measurable intensity of the wavefield downstream the optical axis is then given by:
I(r) = J(r, r).

2.3.2

(2.62)

Propagation of the mutual intensity function

A diffraction theory similar to the one introduced in the previous sections can be derived
for all of the two-point correlation functions presented in Sec 2.3.1(see Paganin (2006)).
An approach for propagating the mutual intensity function for a quasi-monochromatic
field is described in the following.
For the derivation the small-angle paraxial approximation is assumed. Furthermore,
the propagation distances dS1 T1 and dS2 T2 for two separate points from the source plane
S to their respective counterparts in the target plane T are required to be much larger
than the radiation’s mean wavelength λ = 2π/k. Under these approximations the
mutual intensity function can be rewritten to (Paganin, 2006):

2

k
J(r1 , r2 ) =
(2π)2

ZZZZ



exp ik (dS1 T1 − dS2 T2 )
J(r 1 , r 2 )
dr0 1 dr0 2 .
dS1 T1 dS2 T2
0

0

(2.63)

With this equation the mutual intensity function can be propagated based on all the
point pairs r0 1 , r0 2 it takes in the origin plane z = 0. By setting r1 = r2 and making
use of Eq. 2.62 it can be seen that the propagated time-averaged intensity does not
simply reduce to an intensity function I(r0 ) = J(r0 , r0 ) originating in the source plane
z = 0 from each point r0 , but also contains contributions from the mutual intensity’s
‘off diagonal’ components.
Eq. 2.63 can be generalised for an incoherent plane source emitting quasi-monochromatic radiation from the origin plane at z = 0. The mutual intensity function for such
a source can be expressed as:
J(r0 1 , r0 2 ) = I(r0 1 )δ(r0 1 − r0 2 ),

(2.64)

where I(r0 1 ) is the source intensity distribution and δ denotes the two-dimensional
Dirac delta. Disturbances from different points on the source are thereby assumed to
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be completely uncorrelated to each other. Substituting Eq. 2.64 into Eq. 2.63 yields the
van Cittert-Zernike theorem (van Cittert, 1934; Zernike, 1938):
2

k
J(r1 , r2 ) =
(2π)2

ZZ



exp ik (dS1 T1 − dS2 T2 )
dr0 1 .
I(r 1 )
dS1 T1 dS2 T2
0

(2.65)

The theorem, which translates to a Fourier transform of the source intensity if a phase
factor is excluded, states that the act of free-space propagation can induce beam coherence. The phase factor represents a propagating spherical wave originating in the
source plane (Cloetens, 1999).
A simpler approach to estimate the intensity in the detector plane produced by
an extended incoherent source is by considering a source distribution of points S(rs )
emitting spherical waves (Cloetens, 1999). The points’ contributions to the intensity
only differ by a weighting factor S(rs ) and a translation specified by rs d/l, where l is the
distance from the source to the object and d the object to detector distance. Convolving
a point source’s intensity with the source distribution’s geometrical projection through
the object onto the detector yields the average intensity:
point
(r).
IDetector (r) = S(r l/d) ∗ ISource

(2.66)

If s is the source distribution’s characteristic width, then the blurring at the detector
level is of the order s · d/l. Eq. 2.66 can be adapted for plane wave illumination (see Cloetens (1999)):
coh
IDetector (r) = S [(r/M ) · (l + d)/d)] ∗ ID
(r/M ),

(2.67)

coh (r/M ) stands for a plane wave illumination’s intensity propagated to a diswhere ID

tance D and M = (l + d)/l.

2.3.3

Propagation of partially coherent fields with coherent-mode formulation

An alternative approach for the propagation of partially coherent fields based on the
coherent-mode formulation (Starikov and Wolf, 1982) will be briefly outlined in what
follows.
In this formulation, the mutual intensity function is described as a superposition of
mutually incoherent modes ψm (r):
J(r1 , r2 ) =

X

∗
ψm (r1 )ψm
(r2 ).

(2.68)

m

With decreasing coherence the amount of participating modes required to determine or
approximate J becomes greater. Using the propagator given in Eq. 2.44, the diffracted
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intensity at a distance ∆z can be computed via:
I(r) =

X

(F )

|D∆z {ψm (r)}|2 .

(2.69)

m

2.3.4

Coherence length

In addition to the means presented above, the transverse coherence length is introduced
here as a tool for characterising the spatial coherence properties of a wavefield. This
scalar quantity can be derived from geometrical deliberations (Als-Nielsen and McMorrow, 2011) and is given by:
ξt =

λz1
,
2a

(2.70)

where a is the lateral source size and z1 denotes the source to object plane distance
as depicted in Fig. 2.1 (a). The transverse coherence length delineates the maximum
separation distance between two points which still guarantees enough correlation of
a wavefield in order for interference effects to appear. As can be readily seen from
Eq. 2.70, the spatial coherence of a wavefield can be increased by either decreasing the
source size or by increasing the propagation distance between source and object plane.
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3 | Algorithmic framework
In this chapter an outline of the working principle of ptychography, with a particular focus on its near-field derivative, is given. In addition, a brief introduction into
tomographic reconstruction algorithms is presented.
First, a brief introduction into coherent diffractive imaging is presented. In the
following, the phase problem is stated, accompanied by a basic demonstration for solving
it using iterative schemes. A more advanced instance of the latter, ptychography, is then
introduced, along with two algorithms adapted to this technique. In the last section of
this chapter, an insight into computerised tomography is given. First, the Fourier slice
theorem is derived. This is subsequently used to arrive at a method for reconstructing
three-dimensional object volumes from a set of projections, the Filtered Back Projection
(FBP).

3.1

Coherent diffractive imaging

Coherent diffractive imaging using a X-ray microscopy setup can be thought of as a
diffraction experiment where only the intensity of X-rays scattered in a small angle
in forward direction and unaffected parts of the original radiation are recorded with a
detector. X-rays absorbed by the specimen or scattered at larger angles are attributed
to overall beam attenuation. Depending on the working regime, the recorded diffraction pattern is either a direct space (Fresnel diffraction) or a reciprocal space image
(Fraunhofer diffraction). The latter necessitates some kind of real space image forming
procedure which is usually achieved with phase retrieval algorithms. In order for the
recovering process to work, the scattered wave needs to be coherent enough to feature
measurable interference effects. Transverse coherence lengths which are large compared
to the extent of the diffracting object are required. These reconstruction techniques can
also be used to refine direct space images obtained from Fresnel diffraction, where less
stringent requirements on beam coherence and the dynamic range of the detector apply.
An adaptation of far-field reconstruction concepts to the near-field domain is presented
in the remainder of this chapter. The corollary of this fusion is a technique called nearfield ptychography.
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3.2

The phase problem

Quantum mechanics state that measuring of any physical quantity is subject to chance
variation. The corollary of such a measurement is commensurate to the squared modulus
of a quantum state vector describing the quantity. The phase of the latter, a crucial
feature in wave mechanics phenomena, is lost during measurement, a limitation known
as the phase problem.
In imaging experiments, a diffraction pattern is recorded on a pixelated detector
composed of Nx · Ny pixels, which provides only half of the required information to fully
characterise a wavefront ψ(r). If the phase of the wavefront is to be recovered through
the inversion of Eq. 2.69, additional information is required since 2Nx · Ny unknowns,
the amplitude and phase of the wavefront, are only matched by Nx · Ny measured
intensities, yielding an underdetermined system of equations. The phase problem in
imaging experiments can therefore be expressed as the search for corresponding phases
in a given diffraction pattern which fulfil additional constraints.

3.3

Iterative phase retrieval

Direct and iterative methods exist for retrieving the phase lost during measurements,
a phenomenon which was described in the previous section. Since a modality of the
latter methods is used in this work, the focus will be put on iterative phase retrieval in
the following. In the remainder of this section the basic notions of this technique are
introduced.
An iterative reconstruction process starts with an initially guessed wavefield ψ 0 (r).
This value is subsequently refined through comparison of the measured intensities I(r)
to estimated ones, which in the case of near-field diffraction are given by I n (r) =
(F )

|D∆z {ψ n (r)}|2 . The update procedure of the wavefield depends on the chosen refinement algorithm.
The working principle of such a refinement is demonstrated in what follows with the
aid of the error reduction algorithm (Fienup, 1982), which can be considered a prototype
for more sophisticated iterative phase retrieval algorithms. It is based on the GerchbergSaxton algorithm (Gerchberg and Saxton, 1972). For this purpose, the phase problem
is rephrased as finding the intercept of two constraint sets. The constraint sets give rise
to projectors Π, which map the current iterate to the closest value on the respective
set. A first constraint set is constituted of the measured intensities I(r), which have to
be matched by the iterate. The corresponding projector, which replaces the intensities
of current estimate with the measured ones, is given by:
ΠM {ψ(r)} =

(F )
D−∆z

(
)
(F )
p
D∆z {ψ(r)}
I(r) (F )
,
|D∆z {ψ(r)}|

(3.1)

which is also called the modulus projector. For the demonstration of the error reduction
algorithm, the limiting case of ∆z → ∞ is considered, which leads to far-field diffraction
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patterns. In this case, the diffraction patterns correspond to the squared modulus of the
Fourier transformed exit waves, hence the alternative set labelling Fourier constraint.
A second constraint set can be constructed by introducing a support area S in the
reconstructed wavefield, which defines the maximum dimensions of the object, as well
as its position on the wavefield. The extent of this area should not exceed at maximum
half of the available space. The support projector, which maps the iterate outside of S
to 0 and thus enforces a search of the wavefield within the support area, is given by:

ψ(r) r ∈ S
ΠS {ψ(r)} =
0
otherwise.

(3.2)

The error reduction algorithm uses an alternating scheme of these two projections to
reach the intersection of the constraint sets. If ψ n (r) denotes the current iterate of
number n, then the next estimate is calculated via the following update rule:
ψ n+1 (r) = ΠS {ΠM {ψ n (r)}}.

(3.3)

Tending to stagnate in local minima (Paganin, 2006), an improved version for the
error reduction algorithm was derived in the form of hybrid-input-output algorithm
(HIO) (Fienup, 1982), which includes feedback loops.

3.4

Ptychography

In the previous section a means for solving the phase problem in diffractive imaging by
employing an iterative algorithm was described. The approach outlined there, however,
is only applicable to samples which fulfil the support constraint. In what follows a
technique which permits the investigation of extended specimens called ptychography
is presented.
In ptychography, originally envisioned by Hegerl and Hoppe (1970) and first demonstrated by Rodenburg et al. (2007a,b) in the context of visible light and X-ray imaging,
the object is scanned by a spatially confined illumination. This illumination, often
termed the probe, irradiates a limited area on the sample at different scan positions
rj , with the corresponding diffraction patterns Ij (r) being recorded on a detector. In
order for the iterative reconstruction to work, a sufficient probe overlap between the
diffraction patterns of adjacent scan positions has to be present. The overlap in the diffraction data provides redundancy which allows for the construction of a new constraint
set, thereby replacing the support constraint. Modern ptychographic algorithms not
only solve for the phase problem, but facilitate the simultaneous reconstruction of both
the object’s transmission function and the scanning illumination profile (Thibault et al.,
2008; Guizar-Sicairos and Fienup, 2008; Maiden and Rodenburg, 2009), thus rendering
any a priori knowledge of the probe superfluous.
The basis of the new constraint set is Eq. 2.30, which states that the exit wave ψ(r)
under the projection approximation can be factorised into a complex object transmission
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function O(r) and a complex illumination function of the incident radiation, represented
by P (r) in the following. This exit wave relation has to be fulfilled for all scan positions
rj :
ψj (r) = P (r − rj )O(r),

(3.4)

in addition to the usual modulus constraint:
(F )

Ij (r) = |D∆z {ψj (r)}|2 ,

(3.5)

here again stated for Fresnel diffraction. The ptychographic phase problem thus reads
as the search for O(r) and P (r) which obey the two above equations. Effects of fringe
degradation can be accounted for by modifying Eq. 3.5 to include the coherent-mode
formulation (Thibault and Menzel, 2013):
Ij (r) =

X

(F )

|D∆z {ψj,m (r)}|2 .

(3.6)

m

3.5

Ptychographic reconstruction algorithms

In this section two algorithms which are used for ptychographic phase retrieval in this
work are outlined. First, a more general projection based algorithm, the difference
map (DM), is explained. This is followed by an introduction into a ptychographic
reconstruction procedure using a maximum-likelihood (ML) approach.

3.5.1

Difference map

Being a more general form of the HIO algorithm, the DM algorithm (Elser, 2003) for
ptychographic phase retrieval reads:
h
ψjn+1 (r) = ψjn + β ΠM {(1 + γ1 ) ΠO {ψjn (r)} − γ1 ψjn (r)}
i
− ΠO {(1 + γ2 ) ΠM {ψjn (r)} − γ2 ψjn (r)} ,

(3.7)

where β, γ1 , and γ2 denote complex parameters, which are in general taken to be
real. Using the optimised parameters γ1 = β −1 and γ2 = −β −1 (Thibault, 2007), and
β = 1 (Thibault et al., 2008), the update rule given by Eq. 3.7 can be simplified to:
ψjn+1 (r) = ψjn + ΠM {2ΠO {ψjn (r)} − ψjn (r)} − ΠO {ψjn (r)},

(3.8)

where ΠM denotes the modulus projector as stated in Eq. 3.1 and ΠO is the overlap
projector. The latter is derived from the overlap constraint introduced in Sec. 3.4, which
gives rise to the following projection:
ΠO {ψj (r)} = P̂ (r − rj ) · Ô(r),
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(3.9)

where P (r) and O(r) are determined by minimising the distance:
∆O =

XX
j

(3.10)

||ψj (r) − P̂ (r − rj ) · Ô(r)||2 .

r

Differentiation of Eq. 3.10 with respect to O(r) and P (r) yields the following update
rules for object:
P̂ ∗ (r − rj )ψj (r)
,
P
2
j |P̂ (r − rj )|

P

j

Ô(r) =

(3.11)

and probe:
P
P̂ (r) =

j

Ô∗ (r + rj )ψj (r + rj )
.
P
2
j |Ô(r + rj )|

(3.12)

If either of the quantities is known, the other can be readily calculated. For the case
that both are unknown, it was found that an application of both equations in succession
for a few iterations leads to reasonable outcomes (Thibault et al., 2009).
The update rule given by Eq. 3.8 is repeated until convergence is achieved. When
working with experimental data though, perfect compatibility among the two constraint
sets is not possible due to noise presence (Dierolf et al., 2010b). As a consequence, not
a single solution, but only a steady-state regime is reached instead. This regime quasiergodically covers the space of permitted solutions. Averaging these solutions leads
to a unique reconstruction. The various solutions can be achieved by independent
reconstruction runs, started with different random guesses.
Strong noise effects and experimental systematic errors may hinder the reconstruction process considerably or even impede convergence. In its current state, the DM
algorithm has no implementation to account for noise statistics. However, increasing
the subset of allowed solutions by relaxing the modulus constraint given by Eq. 3.1 is a
viable means to mitigate the effects of noise (Giewekemeyer et al., 2010). This approach
can be thought of as placing a sphere with an adjustable radius around every point of
the set. The thereby modified projection is given by:


n
D(F ) (1 −
−∆z
ΠRF C {ψ(r)} =
|ψ(r)|

D
d)

p
I(r) +

o

(F )
D
d |D∆z {ψ(r)}|

if d > D,
if d ≤ D,

(3.13)

where D is the Fourier constraint relaxation parameter (F CRP ), which is proportional
to the sphere’s radius. Additionally, the average distance d2 is introduced, which is
defined by:
d2 =

p
1 X
(F )
||D∆z {ψ(r)}| − I(r)|2 ,
N r

(3.14)

where N is the number of pixels in ψ(r). In this work a default value of F CRP = 0.0
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was used unless stated otherwise, in which case Eq. 3.13 defaults to the usual modulus projection given by Eq. 3.1. Albeit its drawback regarding convergence, the DM
algorithm has the benefit of circumventing local minima traps (Thibault, 2007).

3.5.2

Maximum-likelihood refinement

In the following a ptychographic reconstruction process based on a ML approach is
briefly outlined. The ML refinement was conceived as a means to deal with statistical information such as noise in diffraction images while reconstructing (Godard et al.,
2012; Odstrčil et al., 2018). In this work, the implementation proposed by Thibault and
Guizar-Sicairos (2012) is used, which is presented in the following. First, the reconstruction approach itself is described. This is followed by an introduction of two optimisation
techniques, namely preconditioning and regularisation, which can be included into the
ML refinement.
Reconstruction approach
The reconstruction problem as stated in Sec. 3.4 entails the search for Pr and Or given
Eq. 3.4 and Eq. 3.5. In the ideal case, the only noise contribution is due to counting
statistics, which can be expressed by a Poisson distribution. For a given Pr and Or , the
probability of detecting nr photons is:
p(njr |Pr , Or ) =

(Ijr )njr −Ijr
,
e
njr !

(3.15)

with Ijr being defined as stated in Eq. 3.5. In many cases, additional error sources have
to be accounted for. The more suitable probabilistic description for these instances is a
Gaussian distribution:
"

#
(Ijr − njr )2
p(njr |Pr , Or ) = q
exp −
,
2
2σjr
2
2πσjr
1

(3.16)

2 is the spatially dependent standard deviation. The associated negative logwhere σjr

likelihood function with this distribution is given by:
L = −log

YY
j

p(njr |Pr , Or ) =

r

X X wjr
2
2 (Ijr − njr ) ,
2σ
jr
r
j

(3.17)

which is a weighted sum of least squares. Inclusion of only valid measurements into
the sum over r is enforced through the weights wjr . Given the measured data njr , the
most likely estimates for Pr and Or can be computed by minimising Eq. 3.17, which
is in essence a ptychographic reconstruction. This can be achieved with a nonlinear
conjugate gradient (CG) approach, which requires the gradients of the negative loglikelihood function with respect to Pr and Or . These derivatives can be expressed with
the Wirtinger derivatives (Kaup et al., 1983) as:
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gOr =

X
∂L
=
Pr−rj χ∗jr ,
∂Or

(3.18)

X
∂L
=
Or+rj χ∗jr+rj .
∂Pr

(3.19)

j

gPr =

j

The corresponding auxiliary function χjr is best expressed in the detector plane:
χ̃jr = wjr

Ijr − njr
ψ̃jr .
2
σjr

(3.20)

CG minimisation is performed iteratively. First, a new gradient is calculated with
Eq. 3.18 and Eq. 3.19:



(n)

(n)

g (n) = gPr , gOr



=


X

(n)

(n)∗

Or+rj χjr+rj ,

X

j

(n)
(n)∗
Pr−rj χjr  .

(3.21)

j

Subsequently, a new search direction is computed:


(n)
(n)
= −g (n) + β (n) ∆(n−1) ,
∆(n) = ∆Pr , ∆Or

(3.22)

where β (n) is estimated with the Polak-Ribière formula (Press et al., 2007):
β (n) =

g (n) , g (n) − g (n) , g (n−1)
.
g (n−1) , g (n−1)

(3.23)

The form h, i denotes the scalar product in the space generated by (Pr , Or ). To finalise
the iteration step, L is minimised in the new search direction. The way the line search
is executed depends on disposable computing time. The one-dimensional function to
minimise for the Gaussian model has the form of an order eight-polynomial:
L(Pr +

(n)
γ∆Pr , Or

+

(n)
γ∆Or )

=

8
X

ci γ i ,

(3.24)

i=0

in which γ denotes a real-valued step parameter. Readily computable are the coefficients ci (see Appendix Thibault and Guizar-Sicairos (2012)). In this instance, line
minimisation equals to selecting the germane root estimated from Eq. 3.24. Computing time can be reduced by ignoring coefficients above the second order. Calculating
the minimum from the shortened quadratic form equals to executing a single step in a
Newton-Raphson line minimisation (Press et al., 2007).
Preconditioning
The embedding space metric, i.e. the definition of the scalar product, determines the
efficiency of consecutive line minimisations. A procedure for optimisation called preconditioning works by deviating from the standard metric definition. Two different types
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of preconditioners are presented in the following, with one of them being explained in
more detail as it was used in this work.
The preonditoners are constructed upon the following two observations. The first
one is that the relative multiplicative scaling of Or and Pr , both being different physical
quantities, is a system independent parameter. The second regards low spatial object
frequencies, which, albeit overall having a large power, are inclined to evolve at a slower
pace. Both preconditioners can be expressed by a variable change of the form:
(3.25)

L̂(P̂r , Ôr ) = L(U Pr , V Or ),

where U and V denote invertible linear operators which act on probe and object, respectively. Minimisation with regard to (P̂r , Ôr ) can be included in the conjugate direction
calculation. This is performed by transforming the gradient scalar product ĝ = ∇L̂:
†
hĝ, ĝi = gP† U U † gP + gO
V V † gO .

(3.26)

The first preconditioner has U = s and V = 1, with s being a positive scalar. This
leads to the following modified update rule:

β̂

(n)

=

(n)† (n)
gP

(n−1)† (n)
(n−1)† (n)
gP − gO
gO
,
(n−1)†
(n−1)
(n−1)†
(n−1)
s2 gP
gP
+ gO
gO

s2 gP

(n)† (n)

+ gO gO − s2 gP

(3.27)

with:

(n)

∆Pr

(n)
∆Or

(n)

(n−1)

= −s2 gPr + β̂ (n) ∆Pr
=

(n)
−gOr

+

(n−1)
β̂ (n) ∆Or
.

,

(3.28)
(3.29)

In general, the scale s is a set reconstruction parameter. A redefinition of s as a
function of the current object and probe estimates is possible though. It has been
observed (Thibault and Guizar-Sicairos, 2012) that enforcing equality among the two
gradients:
|ĝP |2 = |ĝO |2 ,

(3.30)

resulting in a scale:
s2 =

|gO |2
,
|gP |2

(3.31)

leads to improved convergence speeds. This preconditioner was applied during the
ptychographic reconstructions presented in this work.
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Regularisation
Regularisation offers means to counter reconstruction difficulties due to an ill-conditioning or ill-posing of the set problem. In the context of ML refinement, the negative
log-likelihood function can be expanded by adding a regularisation term:
LR (Pr , Or ) = L(Pr , Or ) +

µ
R(Pr , Or ),
K

(3.32)

where K is a renormalisation constant and µ an adjustable parameter. The added
term competes with the original log-likelihood term during the reconstruction process,
thereby trying to impose a form of smoothness on the final outcome.
The simplest regulariser in its continuous form applied to the object only is R(Or ) ∼
|∇Or |2 . Image fluctuations are thereby penalised. The corresponding discrete form is:
R(Or ) =

X

|Or+∆x − Or |2 + |Or+∆y − Or |2 ,

(3.33)

r

where ∆x and ∆y are the grid spacing in the respective system axes directions. In the
reconstruction algorithm, the derivative of Eq. 3.33 needs to be added to gO , which is:
∂R
∗
∗
∗
∗
= 4Or∗ − Or+∆x
− Or−∆x
− Or+∆y
− Or+∆y
.
∂Or

(3.34)

The amount the regulariser contributes during a reconstruction is determined by the
amplitude µ/K. A definition for a reasonable setting rule for the latter is presented in
the following. For this, the expectation value of L, estimated for an ensemble containing
possible experimental realisations and at the solution, is considered:

hLi =

X X wjr
(Ijr − njr )2
2
2σ
jr
r
j

1
= Nm ,
2

(3.35)

with the total amount of independent measurements being Nm (i.e. amount of diffraction
patterns multiplied by valid pixels). Depending on the actual object is the expectation
value of R:

hRi = 4

X

|Or − hOr i |2

r

6 4Npix ∆O2 ,

(3.36)

which is bounded by the variance ∆O2 due to noise propagation. Here, Npix represents
all the grid points (pixels) the object Or is evaluated on. The finite number of photons
detected during an entire experiment, meaning added over all diffraction frames, Nphot ,
determines the lower bound. Scattered within an individual reconstruction pixel are
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Nphot /Npix photons, given a uniform fluence over area to be reconstructed, thus yielding:
∆O2 ≈

Npix
.
Nphot

(3.37)

Using the order of magnitude estimations from above, the renormalisation constant K
can be defined as:
K=8

2
Npix

Nm Nphot

(3.38)

,

which attributes the same scaling and the same order of magnitude, to hLi and hRi /K.
The relative power assigned to the regularisation term is therefore determined by the
amplitude µ, a quantity independent of experimental conditions. A value of µ = 1%
was used throughout this work unless explicitly stated otherwise.

3.6

Computerised tomography

In this section the basic working principles of computerised tomography are briefly
outlined. First, the Fourier slice theorem is derived. Using it, a reconstruction approach
for a three-dimensional object volume from a set of projections, named Filtered Back
Projection, is presented in the second part. The derivation of both the theorem and
the reconstruction method are based on Kak and Slaney (2001). In the last part of
this section a projection alignment approach based on Tomographic Consistency (TC)
is introduced and described.

3.6.1

Fourier slice theorem

In the following the recipe to recovering the three-dimensional volume of an object from
a set of recorded rotated projections around the z-axis is outlined. Such a set of data is
also termed sinogram. It is assumed that the scanning beam is parallel, thus reducing
the dimensionality of the problem by one. The to be recovered quantity is therefore a
two-dimensional object function f (x, y). Its two-dimensional Fourier transform is given
by:
ZZ

∞

F (u, v) =

f (x, y)e−2πi(ux+vy) dxdy.

(3.39)

−∞

For the derivation, the original object coordinate system (x, y) is replaced by a rotated
version:
"

t
s

#

"
=

cos θ

sin θ

#"

− sin θ cos θ

x
y

#
.

(3.40)

A projection along the lines of a constant t in this system is expressed by:
Z

∞

p(t, θ) =

f (t, s)ds.
−∞
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(3.41)

Its corresponding Fourier transform is:
∞

Z

p(t, θ)e−2πiωt dt.

(3.42)

[f (t, s)ds] e−2πiωt dt.

(3.43)

P (ω, θ) =
−∞

Substituting Eq. 3.41 into Eq. 3.42 yields:
Z

∞

P (ω, θ) =
−∞

This equation can be transformed with Eq. 3.40 into the (x, y) coordinate system:
ZZ

∞

P (ω, θ) =

f (x, y)e−2πiω(x cos θ+y sin θ) dxdy

(3.44)

−∞

Identifying the right-hand side of Eq. 3.44 with a two-dimensional Fourier transform
having a spatial frequency of (u = ω cos θ, v = ω sin θ) leads to:
P (ω, θ) = F (u = ω cos θ, v = ω sin θ),

(3.45)

the Fourier slice theorem. It implies the equivalence of a one-dimensionally Fourier
transformed projection at angle θ to its associated slice in the two-dimensionally Fourier
transformed object. Thus, by Fourier transforming object projections collected at angles
θ1 , θ2 , ... , θk , the values of F (u, v) on radial lines can be determined. Assuming that
an infinite amount of projections are acquired, F (u, v) becomes identifiable for every
coordinate in the uv-plane.

3.6.2

Filtered back projection

Using the Fourier slice theorem, a procedure for reconstructing object slices from a set
of projections will be presented in the following.
The starting point is the inverse Fourier transform of the object function f (x, y):
ZZ

∞

F (u, v)e2πi(ux+vy) dudv.

f (x, y) =

(3.46)

−∞

A polar coordinate system, (ω, θ), is introduced first by substituting:

u = ω cos θ

(3.47)

v = ω sin θ

(3.48)

dudv = ωdωdθ.

(3.49)

and altering the differentials to:
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This leads to the following inverse Fourier transform of a polar function:
Z

2π

Z

∞

F (ω, θ)e2πiω(x cos θ+y sin θ) ωdωdθ.

f (x, y) =

(3.50)

−∞

0

Splitting this integral into two parts, ranging from 0° to 180° and 180° to 360° respectively, and making use of F (ω, θ + 180°) = F (−ω, θ) leads to:
π

Z

∞

Z

F (ω, θ)|ω|e

f (x, y) =

2πiωt


dω dθ,

(3.51)

−∞

0

which is simplified by setting:
(3.52)

t = x cos θ + y sin θ.

Using the Fourier slice theorem to substitute the Fourier transform of a projection into
Eq. 3.51 yields:
Z

π

Z

∞
2πiωt

f (x, y) =

P (ω, θ)|ω|e


dω dθ.

(3.53)

−∞

0

This integral can be subdivided into:
π

Z
f (x, y) =

Qθ (x cos θ + y sin θ)dθ

(3.54)

0

and:
Z

∞

Qθ (t) =

P (ω, θ)|ω|e2πiωt dω.

(3.55)

−∞

This is the Filtered Back Projection reconstruction method. Its name arises from the
two-part operation sequence of the approach. The fist step in Eq. 3.55 can be identified
with a filtering operation. Qθ (t) is called a filtered projection, in which the filter frequency response is determined by |ω|. The estimate of f (x, y) is then formed in Eq. 3.54
by adding the resulting projections for various angles θ.
In the filtered projection given by Eq. 3.55, other filters may be applied instead
of the stated linear ramp |ω| (also known as Ram-Lak filter ). Experimental noise can
thereby be accounted for or certain object features enhanced. In this context, the
existence of algebraic reconstruction algorithms should be mentioned (Herman, 1980;
Andersen, 1989; Kak and Slaney, 2001), which are less prone to noise and can also work
with missing, irregularly spaced, or limited projection data, but may feature reduced
accuracy or implementation speed. In this work, only FBPs with a Ram-Lak filter were
performed.

3.6.3

Tomographic consistency

In the last part of this section a projection alignment approach named Tomographic
Consistency is outlined.
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Due to thermal drifts and mechanical instabilities reconstructed projections exhibit
a degree of misalignment among each other, which can introduce artefacts during tomographic reconstruction and lead to overall results of diminished quality. One way to
realign the projections is by applying a normalized cross correlation (Sarvaiya et al.,
2009). Other methods rely on invariances in the projection space such as vertical mass
profile or horizontal center of mass approaches (Guizar-Sicairos et al., 2011), which require an integration step over the entire sample structure, meaning it has to be isolated
within the FOV. A recently published approach by Guizar-Sicairos et al. (2015) named
Tomographic Consistency exploits a consistency relation between projections and the
reconstructed volume when using FBP to iteratively line up the first. In the FBP
method, tomographic reconstruction is accomplished via an inverse Radon transform.
It is only possible to recover the original sinogram from the reconstructed volume via
a Radon transform if the first already constituted a consistent three-dimensional representation, which does not apply for originally misaligned projections. The projected
tomographic reconstruction, however, forms a synthetic sinogram against which the
original projections can be realigned. Position refinement on the original sinogram is
performed by minimizing the mean squared error between the created model and the
projections for a number of transformations to and back from the projection space.
Contrary to methods based on invariances, this approach allows for interior ptychographic nanotomography using standard FBP methods. In this work, a gradient-based
optimisation algorithm (Guizar-Sicairos et al., 2015) was used to minimise the following
error metric:
#2

"
E = min

an,m,θ

X

W (x, y) × Φθ (x, y) − Φ̂θ (x, y) −

X

an,m,θ pn,m (x, y)

,

(3.56)

n,m

x,y,θ

where Φθ (x, y) represent the phase projections at an angle θ and Φ̂θ (x, y) are the Radon
transformed phase projections of the current iterate. Additionally, W (x, y) denotes a
binary mask covering invalid areas of the ptychographic reconstructions and pn,m (x, y) is
the two-dimensional orthonormal Legendre polynomials of orders n and m, with an,m,θ
being the associated coefficients.
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4 | Diffuser study with zone plate
based imaging assembly
If it converges, it converges.

In this chapter hard X-ray NFP with a FZP based imaging assembly is demonstrated
with a Siemens star test pattern and a ptychographic reconstruction diffuser study is
presented.
First, a brief introduction into the DLS, the synchrotron facility where most of the
experiments of this work were performed, is provided. This is followed by an overview
of the beamline where the experiment shown in this chapter was conducted. The experimental setup for data acquisition is described next. Following is a section outlining
the ptychographic reconstruction steps which were applied to the data.
In the first results section, the quality of the Siemens star reconstruction is assessed
at the start. The occurrence of phase vortices in the illumination, observed during the
reconstruction process and in some of the final images, is discussed next and means
for computational remedy are presented. Following are a few remarks regarding the
computational behaviour of the DM algorithm when run with multiple probe modes
with NFP data, which were observed during this work. Subsequently, the results of
a revised ML reconstruction approach are discussed. It is shown that the secondary
illumination modes in NFP carry darkfield information if imaging takes place in the
Fresnel regime. Furthermore, indicators that a single additional probe mode suffices in
near-field ptychographic reconstructions are elaborated, forestalling some of the results
of the later chapters.
The previously presented reconstruction was from a data set where a cardboard
diffuser had been positioned close to the specimen. In the following, a reconstruction
from a diffuser-free data set and one from a sandpaper diffuser data set are presented
and compared against the first. It is observed that errors in the pixel size or scanning
positions are absorbed by the illumination as phase variations. This section is concluded
by commenting on good diffuser properties according to the previously stated results.
It is observed that sufficient information mixing is required to achieve reasonable convergence times.
In the final results section, reconstructions from data sets, where the diffusers had
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been placed at a different position in the beampath, are shown and compared to the
reconstructions from the first section. In addition to the cardboard and sandpaper, a
reconstruction from a nanoporous gold diffuser is shown and compared to the other two.
This section finishes by commenting on the effect of the diffuser position.

4.1

Coherence Branchline I13-1 at the Diamond Light
Source

The experiments presented in this work were performed at the DLS, a third generation
synchrotron. It produces X-rays by circulating electrons in a storage ring, so-called
bending magnet radiation. In order to achieve this, the electrons must travel at relativistic speeds v. The produced beam features an opening angle which scales with
1/γ, where γ = [1 − (v/c)2 ]−1 is the Lorentz factor (Als-Nielsen and McMorrow, 2011).
Undulators and wigglers are so-called insertion devices which can be added into the
straight sections between the bending magnets to increase the radiation. Both devices
consist of a periodic alternating arrangement of magnets featuring a periodicity of λu ,
which forces the electrons to oscillate as they traverse the devices. Wigglers can be
thought of as a succession of concatenated bending magnets which impose a strong
oscillation amplitude. Undulators, on the contrary, enforce only smaller amplitude variations. Radiation emitted by electrons at varying positions within the undulator can
then add up constructively, but only at a specific wavelength:
λu
λ= 2
2γ



K2
1+
,
2

(4.1)

or at higher harmonics thereof. K describes a dimensionless quantity representing the
power of the oscillation. For more details regarding the theory behind and the working
principles of synchrotrons the reader is referred to Als-Nielsen and McMorrow (2011).
The experiments shown in this chapter were conducted at the beamline I13-1 of the
DLS, which is briefly introduced in the following based on Rau et al. (2011). A schematic
of the beamline is depicted in the upper part of Fig. 4.1. The X-ray beam coming from
the storage ring first passes through an undulator. After traversing various slits and
deflecting optics downstream its path, the beam reaches a monochromator, which is
located at roughly 208 m from the insertion device in an external building housing the
experimental hutch. The X-ray beam is then forwarded into the latter where the actual
experiments are conducted.

4.2

Experimental setup

A schematic of the setup for the experiments performed in this chapter is shown in
Fig. 4.2. The primary X-ray source is an undulator located 208 m upstream the end
station. A monochromator before the experimental hutch filtered the beam energy
to 9.7 keV. In the hutch, the beam was focused with a Fresnel zone plate of 400 µm
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Figure 4.1: I13 beamline layout. The beamline I13 at Diamond Light Source features
two different branches. The experiments presented in this work were performed at
the coherence beamline I13-1, which is depicted in the upper part of the sketch. The
X-ray beam coming from the storage ring on the left side first passes through an undulator. After traversing various slits and deflecting optics downstream its path, the
beam reaches a monochromator which is located at roughly 208 m from the insertion
device in an external building housing the experimental hutch. The X-ray beam is then
forwarded into the latter where the actual experiments are conducted. Permission to reproduce this image has been granted by the Diamond Light Source (Image © Diamond
Light Source).
diameter. It featured an outer zone width of 150 nm, which would yield a virtual secondary source of the same size under ideal conditions. The coherence lengths for this
experiment were 350 µm in vertical direction and 129 µm in horizontal direction (Wagner et al., 2017). This means the zone plate was illuminated by a partially coherent
beam, which led to an increase of the focusing spot size and its focal depth. To get
an estimate for the focal spot size, the demagnified image of the source can be convoluted with the diffraction limited spot size produced by the zone plate (Maser et al.,
2000). This yielded a focal spot extending 202 nm in vertical and 296 nm in horizontal
direction. The sample was placed at a distance z1 = 110.6 mm ± 0.7% from the focal
spot. A scintillator-coupled sCMOS2 camera with 2560 x 2160 pixels and a pixel size
of x = 6.5 µm was positioned at a distance z2 = 544 mm ± 0.7% from the sample. The
effective propagation distance due to this geometry was zeff = 91.6 mm ± 0.5%. Consequently, this led to an effective pixel size ∆x = 49.6 nm ± 0.5%. A diffuser stage
was mounted 100 µm upstream the sample. No error was recorded on this quantity
at the time of the experiment. The sample was a 500 nm thick gold Siemens star test
pattern manufactured by beamline scientist Joan Vila-Comamala. A scan pattern of
concentric circles with a shell spacing of 15 µm was used during data acquisition. The
2
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innermost circle contained five scan points and every additional one added five more
to the amount of its predecessor. Repeated for a region of interest of (100 µm)2 , this
resulted in a total of 38 scan points. The exposure time per frame was 2 s. Dark frames
and images without a sample in the beampath were collected for every scan.

Detector

Sample

Diffuser

Order sorting aperture

Central stop
Zone plate
Beam
Figure 4.2: Schematic of hard X-ray setup with diffuser stage positioned before the
sample. The X-ray beam with photon energy of 9.7 keV is focused with a Fresnel zone
plate of 400 µm diameter. A central stop is positioned 25 mm downstream the zone
plate to remove the zeroth Fresnel order. An order sorting aperture inserted at 45 mm
upstream from the focal spot blocks Fresnel orders larger than one. The sample, a
gold Siemens star, is placed 110 mm downstream of the focal spot in the expanding
illumination. The detector is positioned at a distance of 644 mm from the focal spot.
A diffuser stage is placed 100 µm upstream the sample.
In this work, all directly measured quantities are stated with an absolute error,
while all derived quantities are marked by a relative error. The effective pixel size was
determined by cross-correlating common distinct features of two holograms, which had
been displaced by a known amount. The procedure was repeated on several areas of the
sample. The standard deviation of the thereby determined pixel shift was multiplied by
a Student factor to yield an error with a trust level of 99%. This error was propagated
with the error of the stages, which operate with nanometre accuracy, to get the error of
the pixel size. The effective propagation distance was determined by backpropagating
a hologram. Its error was estimated by propagating the relative error of the pixel size
and the readout error of the two backpropagated images next to the sharpest by visual
inspection. The error of z1 was determined by propagating the relative errors of the
pixel size, propagation distance, and readout error of the reconstructed probe diameter.
38

The error of z2 was estimated via the magnification of the scintillator optics, which had
been determined via the cross-correlation method mentioned above. For this, all optics
were removed from the beampath. Distinct features were again used to get the effective
pixel size, which was subsequently utilised to backpropagate the hologram.

b

c

6000

Intensity [ADU]

a

0

Figure 4.3: Near-field diffraction patterns without and with various diffusers positioned
before the sample. (a) No diffuser. (b) Cardboard diffuser. (c) Sandpaper diffuser. A
diffuser in the beampath provides additional diversity and introduces a typical speckle
pattern to the data (b, c), although the sample can still be discerned upon close inspection. The scale bars indicate 10 µm and the intensities’ digital counts are expressed in
Angalog-Digital Units (ADUs).

4.3

Ptychographic reconstruction procedure

The ptychograhphic reconstruction procedure follows the diffracted intensity model established by Eq. 3.5 and utilises the algorithms outlined in Sec. 3.5 for solving it with
respect to object and probe.
Raw diffraction frames collected with the presented imaging setup are displayed in
Fig. 4.3. In a pre-processing step, hot pixels were removed from the raw frames. The
data was further processed by subtracting a dark frame and rebinning by a factor of
two. This altered the dimension of the frames to 10242 pixels and the effective pixel
size to ∆x = 99.2 nm ± 0.5%. First, the DM algorithm was run for 500 iterations. Subsequently, the ML algorithm was applied with two modes in the illumination function,
where the second mode had been initialised as an array of ones. The main illumination mode and the object were started with the results of the previous reconstruction.
Ptychographic analysis, which was performed as part of this work, was executed in the
computational framework PtyPy (Enders and Thibault, 2016). After completion of the
reconstruction process, a phase ramp was removed from the final objects.

4.4

Diffusers positioned before the sample

In Fig. 4.4, a successful ptychograhphic reconstruction of the Siemens star using a
FZP based imaging assembly is depicted. A measure to quantify image quality is the
contrast-to-noise ratio (CNR), which is can be defined as:
CNR =

|SA − SB |
,
σ0
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(4.2)
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Figure 4.4: Reconstructed gold Siemens star test pattern from a data set with a cardboard diffuser positioned before the sample. (a) Phase-contrast image. (b) Absorption
image. (c) Main mode of complex-valued illumination. (d) Zoomed in region marked
by white box in (a). (e) Line plot marked in (d) for determining the resolution. (f) Line
plot marked in (a) for highlighting quantitative phase shift. The scale bars indicate
10 µm in the top images and 2 µm in the magnified one.

where SA and SB are intensities of the compared areas of interest, and σ0 is the noise
standard deviation. The phase image (a) is of high quality, featuring a CNR of 18.1. For
the estimation of the CNR, the blue and red areas highlighted in Fig. 4.7 (a) were used.
The CNR of the amplitude image (b) is 3.3, which is as expected in this X-ray regime of
lower contrast when compared to the phase image. A phase vortex was present in the illumination after the first reconstruction step as shown in Fig. 4.5 (a). The phase change
on a closed path around phase vortices does not integrate to zero, which makes them singular points. They can naturally be part of an illuminating beam as the result of three
planar waves interfering (Paganin, 2006), spontaneous formation (Paganin, 2006), or
created via spiral phase or Fresnel zone plates (Peele et al., 2002; Vila-Comamala et al.,
2014). The occurrence of phase vortices during the reconstruction process is also a well
documented transient phenomenon (Fienup and Wackerman, 1986; Marchesini et al.,
2005; Stockmar et al., 2015b). Vortices usually merge, annihilate, or terminate at the
border of the image. Due to the highly localised nature of near-field diffraction data,
annihilation options are modest. Once manoeuvred into a low-intensity area, phase
vortices were not observed to evolve any more over the course of many thousands iterations. Computational remedy is possible as demonstrated in Stockmar et al. (2015a).
The core position (xv , yv ) of a vortex and its helicity m can be readily classified upon
visual inspection of a reconstructed image. In order to remove a phase singularity, it
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has to be multiplied with one of opposite helicity:


v(r) = exp −im arctan



x − xv
y − yv


.

(4.3)

The corrected illumination is shown in Fig. 4.5 (b). It served as a starting guess for the
subsequent ML reconstruction step. As phase vortices are local inconsistencies with the
collected data, removing them improves the quality of the reconstruction.

a

b

0

Figure 4.5: Reconstructed complex-valued illumination from a data set with a cardboard diffuser positioned before the sample before (a) and after phase vortex removal
(b). The illumination in (a) is the result of applying 500 difference map iterations. The
therein featured phase singularity has a vorticity of −1. The scale bars indicate 10 µm.
Furthermore, it was observed that relaxing the FCRP during the DM step of the
reconstruction process by a large amount decreases the probabilities for phase vortices
to disappear. Instead, the vortices float through the probe while the algorithm tries to
converge. It was observed that a factor of as high as F CRP = 0.05 can be critical.
This is much lower than the values for far-field ptychographic reconstructions mentioned
by Giewekemeyer et al. (2010), which range from F CRP = 0.16 to F CRP = 0.625,
depending on exposure times. Relaxing the Fourier constraint in NFP should therefore
be exercised with caution. Setting the FCRP to zero allows to achieve mostly vortexfree probes, which then serve as good starting guesses for the ML refinement step, which
offers a more sophisticated approach for handling noise in ptychography. However, in
instances where the DM algorithm struggles to converge at all, increasing the FCRP
by a large amount allows for the reconstruction of possibly weak intermediate results of
probe and object, which can subsequently be heavily refined with ML.
The periodicity of resolvable Siemens star spokes is a measure for quantifying the
resolution. For the reconstruction shown in Fig. 4.4, this corresponds to 496 nm for
a full feature as highlighted by Fig. 4.4 (e). The current state of research is that the
resolution in NFP is limited by the pixel size in the reconstruction and the source
size (Stockmar et al., 2013, 2015a). Another important factor to consider is the pointspread function (PSF) of the detector system, which may induce additional blur to the
diffraction patterns. Generally, the PSF in imaging systems characterises the quality
of a point output image. If a perfect detector records the intensity Iideal (r), then the
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image acquired by a real detector is given by the following convolution:
Imeasured (r) = Iideal (r) ∗ P SF (r).

(4.4)

Contrary to its far-field counterpart where multiple illumination modes can alleviate
this effect to a certain amount (Thibault and Menzel, 2013), it was observed that this
method seems to be less efficient in NFP. Other methods based on deconvolving the
PSF from the raw diffraction patterns prior to near-field ptychographic reconstruction
have been reported (Stockmar et al., 2015b) and are worth exploring further in the
future to improve the resolution. As only an additional illumination mode was used
to tackle the PSF in this work, this could explain the difference between the achieved
resolution and the other limiting factors. Due to dissimilar lateral coherence lengths
of the X-ray source, a discrepancy of resolution in horizontal and vertical direction
is observable in Fig. 4.4 (d). The measured phase shift is in accordance with expected
value for a homogeneous golden sample of 500 nm thickness. This also holds true for the
corresponding absorption image. The characteristic size of the scattering structure can
be determined via the auto-correlation function of a speckle pattern (Olson and Pierson,
1997). A flat image of the cardboard diffuser analysed in such a manner returned an
average diffuser scatterer size of 22.0 µm ± 1.8%.
The DM algorithm yielded a ptychogram of low quality as indicated by a phase
CNR of 7.4 and an amplitude CNR of 0.9. In addition, the measured phase shift is
lower than the expected value. The latter can be improved by iterating longer, though
this introduces an unwanted background phase curvature. In an effort to improve the
overall outcome by tackling inconsistencies in the reconstruction model, a probe mode
was added to the reconstruction process in the same fashion as described in Sec. 4.3
for the ML step. Running the DM algorithm in such a configuration with a near-field
ptychographic data set emerged to be unstable. Although the algorithm first starts to
populate the added mode the with the same information as the ML step does, the added
mode drifts off after 50 iterations, resulting in a pure noise image. Iterating for a longer
period with such a mode led to an artificial smoothing and exaggeration of the phase
and amplitude, conglomerating in much larger values than the expected ones. During
this work no ways to stabilise the algorithm were found and the exact origins of this
misbehaviour remain to be investigated.
For the subsequent refinement with the ML algorithm, the DM outcome after the
first step provided good initial conditions. A total of two illumination modes proved to
be the best reconstruction approach as evidenced by the phase shifts measured along
the edge of the sample and the phase CNRs shown in Fig. 4.6. The phase shift measured
along different spoke edges yielded an error of ±2.5%, which is within the production
precision according to the sample producer. The amplitude CNR is not discussed further
as it did not evolve much during the ML step. The reconstruction with two modes
reaches a stable phase shift and CNR after 3000 iterations. A correct phase recovery
with one mode requires more iterations. The procedure is slow as even 5000 iterations
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Figure 4.6: Phase shift and phase contrast-to-noise (CNR) ratio evolution of a ptychogram reconstructed from a data set with a cardboard diffuser positioned before the
sample run with different probe modes over maximum likelihood (ML) iterations. The
phase shift was measured along the edge indicated by the purple line in Fig. 4.7 (a).
The CNR was computed using the red and blue areas marked in Fig. 4.7 (a).
deliver a result which is 5% off of the expected value. The fact that the corresponding
CNR is higher than the two mode case is possibly due to a lack of convergence, as
also the latter shows a peak before it stabilises. An alternative explanation could be
that the algorithm does not know what to do with the little information it is given
and simply smoothens the image. Three illumination modes in the reconstruction did
not improve the outcome further. For this case, the phase shift increases with more
iterations and the phase CNR decreases, which are observed signs for a misbehaving
algorithm (similar to running DM in NFP with more than one mode). One way to
possibly explain the limitation to a single additional mode in NFP is by looking at
the degrees of freedom the algorithm is given with regards to the collected diffraction
frames. In far-field ptychography, a small probe is to be reconstructed from a large
amount of measurements. A large number of probe modes can therefore be added to
harvest more information from the diffraction patterns. In NFP, a large probe is to be
recovered from only a few collected diffraction frames. As will be shown in Chap. 5 and
Chap. 7, a certain minimum of acquired diffraction patterns is required to adequately
populate the second illumination mode. A third mode offers the algorithm a channel it
does not know how to populate further as the available information has already been
distributed among the first two modes, hence it misbehaves. In principle, collecting
more diffraction frames should allow for the successful addition of a third mode, but
this would contradict NFP’s benefit over its far-field counterpart in that fewer diffraction
frames are needed. The reconstructed probe modes for the data set with the cardboard
diffuser positioned before the sample are shown in Fig. 4.7 (c, d), of which the main
one has a power contribution of 92.4% and the second 7.6%.
Probe modes were essential to a quantitatively correct reconstruction with ML.
Furthermore, the phase image was smoothened and the absorption image was improved
immensely with the ML step. The successful reconstruction of probe modes in NFP
revealed them to be carriers of darkfield information of the beam. These are scattering
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information coming from beamline optics such as beamstops, but also from scattering
structures in the diffuser itself. While the results shown in this section indicate that the
secondary probe mainly picks up dark signal, there are other instances where also other
inconsistencies are dealt with the other modes, which will be discussed in the upcoming
chapters.
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Figure 4.7: Ptychograms of data sets without and with various diffusers positioned
before the sample. Reconstructed Siemens star phase and absorption images with corresponding two modes of complex-valued illumination for cardboard diffuser (a, b, c, d),
no diffuser in the beampath (e, f, g, h), and sandpaper diffuser (i, j, k, l). The red and
blue areas marked in (a) were used to compute the contrast-to-noise ratios for each
reconstruction. The phase shifts shown in Fig. 4.7 and Fig. 4.8 were measured along
the edge highlighted by the purple line in (a). The scale bars indicate 10 µm.
Ptychographic reconstructions were also performed on a data set without a diffuser.
The diffuser-free ptychogram was quantitatively worse when compared to the cardboard
ptychogram after the DM step, featuring a phase CNR of 4.5 and an amplitude CNR
of 1.3. ML refinement improved these values to 10.6 (see Fig. 4.8) and 2.7, respectively, albeit still being below the values of the cardboard reconstruction. Information
mixing of the diffuser-free diffraction data, mainly stemming from the beamstop, is
low. Lacking diversity affects larger flat areas in particular and makes them harder to
reconstruct (Li et al., 2016). The magnified Siemens star spokes shown in Fig. 4.9 (a)
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and (b) demonstrate this effect. In Fig. 4.7, the entire phase (e) and amplitude image
(f) of the diffuser-free ptychogram are shown, as well as the corresponding two modes
of the illumination (g, h). The main illumination mode, contributing with 94.97% to
the power spectrum, shows phase astigmatism. Although imaging takes place in an
expanding cone beam, it is treated as a parallel one and therefore no phase curvature
is to be expected in the beam. It can be ascribed to stage calibration errors which are
absorbed by the probe as phase variations. As expected, less incoherent scattering is
present, confirmed by the power of the secondary probe of 5.03%. The measured phase
shift as depicted in Fig. 4.8 is below the expected value. Recovering the correct phase
shift should be possible with more ML iterations as shown in Fig. 4.8, but at a slow
pace. An improved starting guess would enable faster convergence. On the other hand,
the DM algorithm is likewise slowed down due to lacking diversity. To illustrate, a total
of 10000 iterations are needed to recover the same phase shift as with the current ML
recipe. A diffuser is therefore a necessity in NFP with FZPs if reasonable convergence
times are to be achieved. Considering the main source of diversity in the diffuser-free
data set is the beamstop, the resulting ptychogram is still of remarkable quality. Under special experimental conditions, where positioning of a distorter near the sample is
challenging, e.g. vacuum or cryogenic, operation without such a device is an option if

Phase shift [rad]

Contrast-to-noise ratio

compromises regarding convergence speed or quantitativeness are acceptable.

Maximum-likelihood iterations

Maximum-likelihood iterations

Figure 4.8: Phase shift and phase contrast-to-noise ratio (CNR) evolution of ptychograms from data sets without and with various diffusers positioned before the sample
over maximum likelihood (ML) iterations. The phase shift was measured along the edge
indicated by the purple line in Fig. 4.7 (a) for each reconstruction. The phase CNR for
each ptychogram was computed using the red and blue areas highlighted in Fig. 4.7 (a).
Finally, a data set with a sandpaper diffuser was also collected. The produced
speckle image can be presumably controlled more precisely as it simply depends on the
grit designation. The sandpaper had a P600 grit size, which corresponds to an average
particle diameter of 25.8 µm, thus resulting in a rougher speckle pattern compared to
the cardboard diffuser. Analysis with the auto-correlation of a speckle pattern yielded
an average diffuser scatterer size of 20.7 µm ± 2.1%, which is smaller than the cardboard diffuser. The sandpaper diffuser featured several regions of low intensity which
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facilitated the occurrence of phase vortices during the reconstruction process. As a
result, 1500 DM iterations were required to get to an illumination free of phase vortices. The reconstructed phase and amplitude image from the sandpaper data set are
shown in Fig. 4.7 (i) and (j), respectively. The corresponding primary mode, depicted in Fig. 4.7 (k), shows phase wrapping and contributes with 92.54% to the power
spectrum. Shown in Fig. 4.7 (l) is the secondary mode with a power contribution of
7.46%. The power distribution is comparable to the cardboard diffuser reconstruction, although the latter exhibits less scattering in the secondary mode. Stemming
from sharp diffuser structures, this incoherent scattering has a negative impact on the
reconstruction process. Scattering on a scale that cannot be sampled yields worse reconstructions (Stockmar et al., 2013). This is confirmed by a phase CNR of 4.9 after
the DM step of the sandpaper ptychogram, which is quantitatively on a par with the
diffuser-free reconstruction, and an even worse amplitude CNR of 0.6. The phase CNR
improved to 16.7 after the ML step and the amplitude CNR increased to 2.1. The
reason for this is due to two effects. The diffuser leads to an improvement in information mixing, but in order for the algorithm to harvest this, it has to mitigate the
issues cause by the diffuser, which is accomplished by the second mode. The regulariser
amplitude had to be increased to µ = 1000% to balance the algorithm for these noisy
conditions. Since ML has not the driving force of DM, the expected phase shift can
only be recovered marginally. The sandpaper diffuser behaves comparably to diffuserfree data set during the ML step, where iterating longer recovers the correct phase shift
(Fig. 4.8). A worse starting guess explains the overall lower measured phase shift. With
the sandpaper diffuser however, iterating longer with DM is more beneficial due to the
increased diversity provided through the distorter. The measured phase shift is 5% off
of the expected value after 5000 DM iterations. As can been seen in Fig. 4.8, the overall
phase CNR during the ML step of the sandpaper reconstruction is higher than the one
from the diffuser-free data set, but lower than the cardboard reconstruction. The phase
CNR of the sandpaper ptychogram declines after 2000 ML. This is an observed sign of
a mild ill-conditioning of the ML algorithm. It manifests itself by introducing noise at
the edges of the phase image. The phase CNR can therefore be used for monitoring
stability of the ML algorithm when measured in the outer regions of a ptychogram.
The benefits of using a diffuser become apparent when comparing the phase images
of all data sets in Fig. 4.7. A beam distorter improves the CNR and helps to decrease
ringing artefacts. A poor diffuser can slow down the reconstruction process and degrade the image quality, in particular the amplitude image as visualized in Fig. 4.9 (f).
Not any distorter will therefore be beneficial to the reconstruction process. Good diffusers smoothly maximise disturbance in the main illumination mode while minimising
disturbance in secondary mode.
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Figure 4.9: Zoomed in reconstructed Siemens star phase and amplitude images from
data sets without and with various diffusers positioned before the sample. (a, d) Cardboard diffuser. (b, e) No diffuser in the beampath. (c, f) Sandpaper diffuser. The scale
bars indicate 5 µm.
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4.5

Diffusers positioned before the order sorting aperture

In the second part of the experiment the diffuser stage was positioned 387 mm upstream
the order sorting aperture (OSA) as illustrated in Fig. 4.10 in an attempt to benefit
from additional spatial filtering. All other beamline optics and the sample remained at
their original positions, meaning the effective pixel size and the effective propagation
distance were the same as described in Sec. 4.2. Data acquisition was performed exactly
as outlined in Sec. 4.2. Raw diffraction frames collected in this new configuration are
depicted in Fig. 4.11. Ptychographic reconstructions of the data sets were carried out
as described in Sec. 4.3.
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Sample

Diffuser

Order sorting aperture

Central stop
Zone plate
Beam
Figure 4.10: Schematic of hard X-ray setup with diffuser stage positioned before the
order sorting. The X-ray beam with photon energy of 9.7 keV is focused with a Fresnel
zone plate of 400 µm diameter. A central stop is positioned 25 mm downstream the
zone plate to remove the zeroth Fresnel order. An order sorting aperture inserted at
45 mm upstream from the focal spot blocks Fresnel orders larger than one. The sample,
a gold Siemens star, is placed 110 mm downstream of the focal spot in the expanding
illumination. The detector is positioned at a distance of 644 mm from the focal spot.
A diffuser stage is placed 387 mm upstream the order sorting aperture.
The reconstructed phase image of the data set with the cardboard diffuser positioned
before the OSA, depicted in Fig. 4.12 (a), has a CNR of 29.7. Shown in Fig. 4.12 (b)
is the corresponding amplitude image, featuring a CNR of 4.1. These are higher values
compared to the reconstruction in Sec. 4.4 and can be attributed to a noise reduction,
resulting in a smaller denominator in Eq. 4.2. The DM step required 1500 iterations
to reach a steady-state illumination. In addition, the regulariser amplitude had to be
increased to µ = 100% during the ML step, indicating the presence of more incoherent
48

scattering. The reconstructed main illumination mode with a power contribution of
91.02% is shown in Fig. 4.12 (c). In Fig. 4.12 (d), the secondary mode is depicted, which
adds 8.98% to the power spectrum. The recovered phase shift is below the expected
value as can be seen in Fig. 4.13. Comparing this ptychogram to the corresponding one
of the previous section, it can be stated that CNR of both the phase and amplitude
image improved, but the recovered phase shift is below the expected value. As will be
shown in Chap. 7, this might be a limitation due to the distorter position.
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Figure 4.11: Near-field diffraction patterns with various diffusers positioned before the
order sorting aperture. (a) Cardboard diffuser. (b) Sandpaper diffuser. (c) Nanoporous
gold diffuser. A diffuser in the beampath provides additional diversity and introduces
a typical speckle pattern to the data, although the sample can still be discerned upon
close inspection. Note that these data sets were taken on a different part of the sample
compared to the raw frames in Fig. 4.3. The scale bars indicate 10 µm.
In Fig. 4.12 (e), the reconstructed phase image of the data set with the sandpaper
diffuser positioned before the OSA is shown. It features a CNR of 14.7. The associated
amplitude image, displayed in Fig. 4.12 (f), has a CNR of 2.0. Similar to the cardboard
reconstruction shown in the preceding paragraph, the sandpaper ptychogram also benefits from a reduction in noise. In order to achieve convergence though, the Fourier
constraint had to be relaxed by F CRP = 0.01. Likewise, 1500 DM iterations were required to reach a steady-state illumination. Furthermore, the regulariser amplitude had
to be raised to µ = 100% for the ML step. The reconstructed main illumination mode
with a power contribution of 85.28% is shown in Fig. 4.12 (g). Depicted in Fig. 4.12 (d)
is the secondary mode, which adds 14.72% to the power spectrum. This implies that the
algorithm is trying to harvest information coming from the incoherent scattering. The
recovered phase shift is below the expected value as can be seen in Fig. 4.13. Compared
to its counterpart of the previous section, this ptychogram shows an improved phase
and amplitude CNR, but a worse recovered phase shift.
In the last part of the experiment, a nanoporous gold diffuser was tested regarding
its performance during the reconstruction process. Venkata Sree Charan Kupilli from
the Department of Physics and Astronomy at the University College London produced
the distorter by selectively etching a 12 carat gold silver alloy using nitric acid (Ding
et al., 2004). The diffuser was only tested at the position before the OSA. Ptychographic reconstruction was performed using the standard recipe described in Sec. 4.3.
In Fig. 4.12 (i), the reconstructed phase image is shown. It has a CNR of 29.4, which
is comparable to the cardboard reconstruction in this section. The amplitude image in
49

Phase

2nd Mode

1st Mode

Amplitude

8.98%

Cardboard

91.02%

a

b

c

d
14.72%

Sandpaper

85.28%

Nanoporous gold

e

g

f

h
93.41%

j

i
-1.2

[rad]

0 0.8

k
1

6.59%

l
0

Figure 4.12: Ptychograms of data sets with various diffusers positioned before the order
sorting aperture. Reconstructed Siemens star phase and absorption images with corresponding two modes of complex-valued illumination for cardboard diffuser (a, b, c, d),
sandpaper diffuser (e, f, g, h), and nanoporous gold diffuser (i, j, k, l). The red and blue
areas marked in (a) were used to compute the contrast-to-noise ratios for each reconstruction. The phase shifts shown in Fig. 4.13 were measured along the edge highlighted
by the purple line in (a). The scale bars indicate 10 µm.
Fig. 4.12 (j) has a CNR of 4.2. Shown in Fig. 4.12 (k) is the reconstructed main illumination mode with a power contribution of 93.14%. The secondary mode is depicted
in Fig. 4.12 (l) and adds 6.59% to the power spectrum. This is a power distribution akin
to the ones of the reconstructions in Sec. 4.4. The reconstructed phase shift is below
the expected value. Looking at Fig. 4.13, it seems the algorithm is not attempting to
reach the correct value. In order to see if this is a fundamental limitation due to the
diffuser’s position in the beampath, the distorter should be tested at the position close
to the sample in future experiments.
In this section, it was shown that the same diffusers have a different impact on the
reconstruction process when positioned at different positions in the beampath. Placing
the distorters before the OSA increases the CNRs of the reconstructions. However,
recovering a correct phase shift at this position was not possible with the tested diffusers.
It still needs to be investigated whether this could be a fundamental limitation due to
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Figure 4.13: Phase shift and phase contrast-to-noise ratio (CNR) evolution of ptychograms from data sets with different diffusers positioned before the order sorting aperture
over maximum likelihood (ML) iterations. The phase shift was measured along the edge
indicated by the purple line in Fig. 4.7 (a) for each reconstruction. The phase CNR for
each ptychogram was computed using the red and blue areas highlighted in Fig. 4.7 (a).
the distorter’s position in the beampath, for instance, if crucial information are cut out
by the OSA.
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5 | Limited angle nanotomography
using near-field ptychography
Listen to the phase.

In this chapter NFP with a FZP is applied to perform limited angle nanotomography
on a fossil fish bone, a sample of interest regarding vertebrate evolutionary history.
First, the experimental setup for data collection is described, including a novel
scanning principle for maintaining the same FOV at all acquisition angles. This is
followed by a presentation of the sample and a description of how it was prepared for
the experiment. Areas of interest for collaborating research groups are then identified
with micrographs and a hologram of the entire sample. This is followed by a section
detailing the ptychographic reconstruction procedure performed on the data.
The results of the ptychographic reconstruction are presented and discussed next.
It is observed that reconstructions performed with only a few diffraction frames, in
this case 15, might struggle to fill the second probe mode during the reconstruction
process with appropriate signal. In this instance, the second mode might fail and resort
to a pure noise image. However, it is also observed that by deviating slightly from
the correct reconstruction parameters, the second mode is pseudo-stabilised by being
attributed more signal due to the introduced inconsistencies.
In the last section of this chapter tomographic reconstructions from a set of ptychographic projections recorded on an area of the fossil bone are presented. First, the
implemented optimisation procedure prior to and then the actual reconstruction process
itself, are outlined. Subsequently, slices through the reconstructed object volume are
shown, compared to ptychographically recovered projections, and discussed in terms of
their overall quality. The section concludes with a preliminary scientific assessment of
the three-dimensional volume by the sample provider.

5.1

Experimental setup

The experiments presented in this chapter were performed at the I13-1 beamline introduced in Sec. 4.1. A schematic of the experimental assembly is shown in Fig. 5.1.
An undulator located 208 m upstream the end station functioned as the primary X-ray
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source. The beam energy was filtered to 9.7 keV by a monochromator before the experimental hutch. Inside the hutch, the X-rays were focused with a FZP of 400 µm diameter
and an outer zone width of 150 nm. The coherence conditions were the same as described in Sec. 4.2, thus leading to a focal spot of equivalent size as mentioned there.
The sample was mounted at distance z1 = 85 mm ± 1.2% from the focal spot onto 3-axis
translation stages, which in turn were set up on a rotation stage, meaning the translation stages rotated in the laboratory frame. For data collection, a scintillator-coupled
sCMOS camera with 2560 x 2160 pixels and a pixel size of x = 6.5 µm was used. It was
positioned at distance z2 = 626 mm ± 1.2% from the sample. The effective propagation
distance due to this geometry was zeff = 77.9 mm ± 0.9%. This resulted in an effective
pixel size of ∆x = 36.7 nm ± 0.9%. A cardboard diffuser was placed into the beampath 16 mm upstream the sample. No error was recorded on the diffuser distance. The
shown errors were estimated as described in Sec. 4.2.
The ptychographic scan pattern consisted of two concentric circles with a shell spacing of 10 µm. The inner circle contained five scan points and the outer ten, thus
totalling in 15 scan points. Each frame was exposed for 2 s. For the tomographic reconstruction, ptychographic scans at rotation angles ranging from −59.5° to 62.0° in
steps of 0.5° were recorded. The projection at the rotation angle θ = 0.0° was the front
view onto the sample. Data acquisition was subdivided into four interlaced runs, each
featuring an angle step size of 2.0°. At the end of every run, dark and flat frames were
collected. In order to maintain the same FOV for all reconstructions, the scan patterns
were stretched by a factor of 1 / cos(θ) in the perpendicular direction extending to the
left and right of the sample. For the ptychographic reconstructions, these coordinates
were corrected again by multiplication of cos(θ).

5.2

Identifying sample areas of interest

The specimen, a fossil bone of the fish Psammolepis, was provided by Zerina Johanson from the Department of Earth Sciences at the National History Museum and Elga
Mark-Kurik from the Institute of Geology at the Tallinn University of Technology.
Main head and body parts of Psammolepis were covered by extensive bony shields. A
recent study (Johanson et al., 2013) has shown that the external skeleton was made up
primarily of bone with dentine tubercles on the surface. It was observed that dentine
contributed substantially to the healing of bone injuries, e.g. after a predator attack. Answering questions regarding the different types of dentine involved and how the dentine
was deposited to repair the damage by looking into the three-dimensional volume of the
fish were the aim of this experiment.
The sample was provided in a resin block. It was first sliced into a few mm thick
slabs, which were glued onto glass substrates. Subsequently, the slabs were polished
down with silicon carbide powder to around 20 µm thickness. The thickness was determined by inspecting the visible minerals in the polished slabs with a polarised microscope. The slices were then released in an acetone bath and lifted onto a sample stage
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Figure 5.1: Schematic of hard X-ray setup for tomographic data collection (a) and
near-field diffraction patterns (b, c). The X-ray beam with photon energy of 9.7 keV
is focused with a Fresnel zone plate of 400 µm diameter. A central stop is positioned
25 mm downstream the zone plate to remove the zeroth Fresnel order. An order sorting
aperture at the focal spot blocks Fresnel orders larger than one. The sample is mounted
onto 3-axis translation stages, which themselves were mounted on top of a rotation stage,
at 85 mm downstream of the focal spot in the expanding illumination. The detector
is positioned at a distance of 711 mm from the focal spot. A cardboard diffuser was
placed into the beampath at 16 mm upstream the sample to avoid collisions with the
sample. The collected diffraction patterns are holograms of the sample (b). A diffuser
in the beampath provides additional diversity and introduces a typical speckle pattern
to the data (c). The scale bars indicate 10 µm.
with a pair of tweezers. A micrograph of the sliced sample before release is depicted in
Fig. 5.2 (a). The fish was wounded on its exoskeleton from the top side in the image
where the dent is visible. Bone repair was performed by moving dentine into the wound.
These are the yellow and lighter yellow areas. The magnified micrograph in Fig. 5.2 (b)
outlines the area that was scanned with X-rays. The specimen was prepared with the
help of James Davy from the Department of Earth Sciences at the University College
London.
In order to identify the sample areas of interest during mount in the imaging assembly, an entire hologram of the sample was acquired. For this, all beamline optics
were removed from the beampath and the sample was raster scanned with a parallel beam. The pixel size in this configuration, i.e. a parallel beam illuminating the
scintillator-coupled detector, was ∆s = 294.5 nm ± 0.1%. The raster grid scan pattern
consisted of 30 frames in horizontal and 14 in vertical direction, each separated by a
translation of 250 µm, thus resulting in a total of 420 images. The images were stitched
together to form a complete hologram of the sample as shown in Fig. 5.3 (a). The stitching was performed by Simone Sala from the Department of Physics and Astronomy at
55

a)

b)

c)

Figure 5.2: Fossil fish bone micrographs. (a) Entire specimen before release. (b)
Zoomed in area marked by dashed box in (a), rotated by 90.0°. (c) Zoomed in micrograph overlaid with hologram shown in Fig. 5.3 (a). It can be seen that the top part
of the sample broke off during the mounting procedure. Parts of the areas of interest
remained intact. The scale bars indicate 2.5 mm in the top image and 1 mm in the
lower images.
the University College London using tools provided in the computational framework
PtyPy (Enders and Thibault, 2016) and is about to be published (Sala et al.). In
Fig. 5.2 (c), the micrograph is overlaid with the hologram, where it can be seen that
the top part of the sample in the holographic image is missing. It broke off during the
mounting procedure, but parts containing the areas of interest remained intact.

5.3

Ptychographic reconstruction procedure

Raw diffraction frames of a ptychographic data set without and with a diffuser in the
beampath are shown in Fig. 5.1 (b) and (c), respectively. In a pre-processing step,
hot pixels were removed from the raw frames. Each frame was also subtracted by a
dark frame and rebinned by a factor of two before ptychographic reconstruction. The
pre-processed frames thus featured 10242 pixels and an effective pixel size of ∆x =
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73.4 nm ± 0.9%. First, the data sets around the centre view of each run were reconstructed with 4000 DM iterations. The large amount of DM iterations was chosen
to accommodate for beam instabilities such as diffuser drifts and for the probe phase
changes due to positional errors. If phase vortices were present in the illumination, they
were removed with the procedure outlined in Sec. 4.4. Subsequently, the ML algorithm
was applied for 3000 iterations with an additional probe mode initialised as an array
of ones. The final outcome served as a starting guess for the reconstructions of the
neighbouring data sets within one run, both in positive and negative rotation angle
directions. These were reconstructed in the same way and served as starting guesses
for their neighbouring data sets. This was repeated until the entire run had been reconstructed. From the final phase images, a phase ramp was removed and subsequently
phase unwrapping applied.
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Figure 5.3: Fossil fish bone hologram and crescent-like feature ptychographic reconstructions. (a) Hologram of the entire specimen in the beampath. (b) Zoomed in area
marked by black box in (a). (c) Phase image of feature marked by black circle in (b).
(d) Amplitude image of feature marked by black circle in (b). (e) Complex-valued illumination of the ptychographic reconstruction performed on feature marked by black
circle in (b). The scale bars indicate 1 mm in the top image, 100 µm in the inset image,
and 10 µm in the lower images.
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5.4

Ptychographic reconstruction results

The feature of the specimen which will be the focus of ptychographic analysis in the
following is a crescent-like shape at the lower edge of the areas of interest as depicted in
Fig. 5.3 (a) and (b). Phase and amplitude image of a ptychographic reconstruction of
that feature are shown in Fig. 5.3 (c) and (d), respectively. The corresponding illumination is shown in Fig. 5.3 (e). This reconstruction was performed with no additional
mode in the probe because it kept failing, meaning that it drifted off after 50 ML iterations. The reason for this is due to a different scan pattern used compared to the
one in Chap. 4, in that fewer diffraction frames, namely 15, were collected. It was
chosen to allow for faster reconstructions of the tomographic projection data. Although
it has been shown that NFP can work with as little as 6 diffraction frames (Clare et al.,
2015), it is beneficial to increase the total amount of measurements as more information
becomes available to the algorithm on how to populate the second mode. This observation is supported by visible light measurements in Chap. 7. In this work, a total of 38
diffraction frames worked well for this purpose. A reconstruction on a different area of
the fossil bone specimen form data collected with a scan pattern as outlined in Sec. 4.2
recovered the second probe easily. This reconstruction is shown in Fig. 5.4. At a lower
limit of 15 different patterns, the algorithm struggles to reconstruct the second probe.
As will be shown in Chap. 7, visible light reconstructions managed to reconstruct the
secondary mode, albeit attributing it very little power. It still needs to be investigated
what the minimum amount of diffraction frames is for effortless second probe mode
recovery.
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Figure 5.4: Fossil fish bone ptychographic reconstruction from larger data set. A
total of 38 diffraction frames were collected. (a) Phase image. (b) Amplitude image.
(c) Main mode of complex-valued illumination. (d) Secondary mode of complex-valued
illumination. Contrary to the reconstruction shown in Fig. 5.3 from a data set containing
only 15 diffraction frames, the secondary probe mode is stable. The scale bars indicate
20 µm in the phase and amplitude images and 10 µm in the illumination images.
Due to an optimisation mistake, an effective pixel size of ∆x = 37.1 nm and an
effective propagation distance zeff = 81 mm were used for the ptychographic reconstructions of the tomographic data set. The impact off these offset parameters on the
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reconstructions is discussed in the following. While the propagation distance only affects the sharpness of the image, the wrong pixel size introduces a phase curvature into
the illumination and skews the reconstructed object. The results of a reconstruction
performed with offset parameters are depicted in Fig. 5.5. When comparing the phase
image (a) to the phase image of the reconstruction with correct parameters, it can
be seen that the latter exhibits slightly finer details, but the differences are marginal.
Furthermore, the object reconstructed with offset parameters is skewed. It is notable,
however, that this reconstruction is working with an additional probe mode. The algorithm attributes more power to the secondary probe mode as the parameters are not
matching the collected data. It can be seen that its contribution to the power spectrum
is almost negligible since not enough measurements are available to accurately populate
it. Although performed with offset parameters, it was possible to reconstruct the entire
tomographic data set, which is a further demonstration of the robustness of NFP.
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Figure 5.5: Fossil fish bone crescent-like feature reconstruction with offset pixel size
and propagation distance. (a) Phase image. (b) Amplitude image. (c) Main mode
of complex-valued illumination. (d) Secondary mode of complex-valued illumination.
Contrary to the reconstruction with the correct parameters shown in Fig. 5.3, the secondary probe mode is stable. This is because its being attributed more signal due to
the introduced inconsistencies. The scale bars indicate 10 µm.

5.5

Tomographic reconstruction results

In the last section of this chapter a tomographic reconstruction from a set of ptychographically reconstructed projections of the specimen feature described in Sec. 5.4 is
presented. The concept of combining two-dimensional ptychographic reconstructions
with CT was first shown by Dierolf et al. (2010a) and has since been applied in various
instances (Holler et al., 2014; Guizar-Sicairos et al., 2015; Stockmar et al., 2015a; Li
and Maiden, 2018).
Since the contrast of the phase images of the specimen feature, shown in Fig. 5.5 (a),
is higher than in the corresponding amplitude image (b), those images were used for
tomographic reconstruction. Before the actual reconstruction procedure, a few critical
parameters were optimised. For this, a downsampled data set of the projections was used
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to decrease computing time and usage of computational resources. First, the projection
angles were corrected, as the slab was not in perfectly perpendicular direction to the
beampath. For this, the reconstructed projections were summed and the result was
filter backprojected for a number of offset angles ranging from −3° to +3.5° in step
sizes of 0.5°. The power of these object slices within the assumed area of the slab was
compared among all offset angles and would be maximal for the angle at which the
sample slab would be perpendicular to the beampath. This resulted in a correction of
the angles of +6.0°, which was not necessary for tomographic reconstruction, but helped
during constraint application in the Tomographic Consistency approach. In a similar
fashion, the axis of rotation was corrected. Instead of varying the angles, the centre was
shifted during the FBP. The new found centre of rotation was shifted by 26 pixels. A
tomographic reconstruction was then performed on reconstructed projections rebinned
by a factor of two using FBP with a Ram-Lak filter as described in Sec. 3.6.2. The
reconstructed volume was then clipped to the slab’s thickness, i.e. all outside values were
set to zero. This tomogram was subsequently used to realign the original projections
using the Tomographic Consistency approach outlined in Sec. 3.6.3. These last three
steps were repeated for five iterations. Since the pixel size had been rebinned, the final
tomographic reconstruction featured a voxel volume of (147 nm)3 .
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Figure 5.6: Tomographic object slices and ptychographic projection. (a) Object slice
in the centre of the sagittal plane. (b) Ptychographic projection. (c) Object slice in the
centre of the frontal plane. (d) Object slice in the centre of the transverse plane. The
scale bars indicate 10 µm.
The results of the tomographic reconstruction are shown in Fig. 5.6. The object
slice in the centre of the sagittal plane is depicted in (a). For comparison purposes,
the phase image of a ptychographic reconstruction is shown in (b). It is noticeable
that tomographically reconstructed object slice exhibits more and finer details than the
ptychographic projection. This is to be expected, as the projection compresses threedimensional information into a two-dimensional plane, which becomes again accessible
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through CT. The overall sharpness of the central object slice of sagittal plane speaks
for a good alignment of all projections. Furthermore, no streak artefacts are present.
According to Kak and Slaney (2001), the rule of thumb to avoid streak artefacts is:
M
π
≈ ,
N
2

(5.1)

where M is the number of measured projections and N the amount of pixels they
were sampled with. Following this rule, the available data set should be undersampled.
During the tomographic reconstruction, limits on the expected width of the specimen
were applied, thereby imposing a strong reconstruction constraint, and as a consequence
yielded these high quality results. In Fig. 5.7, object slices at various distances in
sagittal plane are plotted, thereby demonstrating the field of depth of the reconstruction.
Features like the central spot are better discernible at the front of the sagittal plane
when compared to the back, for example.
The object slice in the centre of the frontal plane is shown in Fig. 5.6 (c). The
image exhibits almost no “tuning fork artefacts” (Shepp et al., 1979), indicating that
the centre of rotation is well aligned. In Fig. 5.6 (d), the object slice in the centre of
the transverse plane is shown. It can be seen by visual inspection that the thickness of
the slab was somewhere between 25 and 30 µm.

Centre

- 6.5 μm

- 13.0 μm

a

b

c

d

e

f

Centre

+ 6.5 μm

+ 13.0 μm

Figure 5.7: Tomographic object slices at various distances in the sagittal plane. All
distances are relative to the central sagittal plane unless stated otherwise. (a) Object
slice at −13.5 µm. (b) Object slice at −6.5 µm. (c) Object slice at the centre of the
sagittal plane. (d) The same as (c). (e) Object slice at 6.5 µm. (f) Object slice at
−13.5 µm. The scale bars indicate 10 µm.
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A first assessment of the reconstructed three-dimensional volume by Zerina Johanson
led to the following insights. Tubercles, a regular dentine tissue with tubular shape,
are visible in Fig. 5.6 (a), extending from the crescent-like feature. Fewer of them are
present when compared to regular dentine deposition in the specimen’s top bone layers
(see Fig. 5.3 (a) on the right hand side). Also, they extend into different directions
within the sample. All this could be an indicator that the bone repair process needed
to happen fast and is therefore less organised. Furthermore, different parts of fractured
bone tissue, the lighter areas in Fig. 5.6 (d), were identified, which were surrounded by
dentine, darker grey areas in Fig. 5.6 (d), during the healing. These are all preliminary
findings and a more in-depth analysis of the volume is currently being performed.
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6 | Near-field ptychography with
soft X-rays
Things move slower in real space.

In this chapter NFP with soft X-rays using a zone plate base imaging setup is demonstrated with a Siemens star test pattern and is subsequently applied to image cultured
cortical mouse neurons. Additionally, NFP is pushed to its propagation limits by reconstructing a Siemens star test pattern from data collected in the transition regime.
The same data set is also reconstructed with far-field propagators.
First, the beamline at which the experiments of this chapter were performed is
introduced. This is followed by a description of the experimental assembly for data
collection. Data acquisition was performed in two different imaging domains, the Fresnel
regime and the transition regime. Subsequently, a procedure for characterising the
detector flat field, here a requirement for a correction of the raw diffraction frames, is
briefly outlined. The ptychographic reconstruction procedure, which was applied to the
experimental data, is detailed afterwards.
In the first result section, reconstructions from data sets collected in the Fresnel
regime are presented. The ptychographic reconstruction of a Siemens test pattern is
shown at the beginning and is discussed in terms of quality. A method to reduce
raster grid artefacts by sharing the probe during the reconstruction among two data
sets is demonstrated and elaborated on. For this, the raster grid collected data sets
need to feature a varying periodicity. In the last part of this section the up to this point
established imaging procedure is applied to cultured mouse cortical neurons. The thereof
reconstructed ptychographic images are compared to a scanning electron microscope
(SEM) image.
In the last section ptychographic reconstructions of a Siemens star from data collected in the transition regime are presented. The same data set was reconstructed
with both near-field and far-field propagators. The final reconstructions from both approaches are compared to each other. Finally, possible implications of these results on
future ptychographic experiments are discussed.
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6.1

Scanning X-ray Microscopy Beamline I08 at the Diamond Light Source

The experiments presented in this chapter were performed at the Scanning X-ray Microscopy Beamline I08 (I08-SXM) of the DLS. A schematic of the beamline layout is
shown in Fig. 6.1, where it can be seen that the facility consists of several consecutive hutches and cabins. The X-rays are produced by a 4.5 m long Apple-II helical
undulator-type insertion device before the first hutch, which delivers linear vertical and
horizontal polarised X-rays ranging from 250 eV to 4200 eV. In the optics hutch, the
beam is collimated onto a monochromator in the following optics cabin. The latter features additional mirror optics for vertical focusing and switching of the beam direction
to either the main branch or an attached side branch. In the second optics cabin, the
X-rays are horizontally focused before being passed to the experimental cabin, where
the scanning transmission X-ray microscope (STXM) end station is.

Figure 6.1: I08 beamline layout. The beamline I08 at Diamond Light Source consists
of several consecutive hutches and cabins. The X-rays are produced by a 4.5 m long
Apple-II helical undulator-type insertion device before the first hutch, which delivers
linear vertical and horizontal polarised X-rays ranging from 250 eV to 4200 eV. In the
optics hutch, the beam is collimated onto a monochromator in the following optics
cabin. The latter features additional mirror optics for vertical focusing and switching of
the beam direction to either the main branch or an attached side branch. In the second
optics cabin, the X-rays are horizontally focused before being passed to the experimental
cabin, where the scanning X-ray microscope end station is. Permission to reproduce
this image has been granted by the Diamond Light Source (Image © Diamond Light
Source).

6.2

Experimental setup

A schematic of the setup for the experiments presented in this chapter is shown in
Fig. 6.2. The primary X-ray source is an undulator located upstream the end station. A
monochromator before the experimental cabin filtered the beam energy to 702 eV. The
entire imaging assembly was in a vacuum chamber within the experimental cabin. In
the chamber, the beam was focused with a FZP of 320 µm diameter, featuring an outer
zone width of 50 nm. The coherence lengths were determined by slits positioned 2.5 m
before the zone plate which had been closed to 15 µm, thus leading to a coherence length
of about 147 µm for both vertical and horizontal direction. Following the procedure
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outlined Sec. 4.2, a focal spot size of 82 nm in both directions was estimated for the
partially coherently illuminated zone plate. A central stop directly attached the zone
plate removed the zeroth Fresnel order and an order sorting aperture inserted roughly
around the focal spot blocked Fresnel orders larger than one. The chamber only allowed
for positioning of a limited amount of sample holders and therefore no diffuser was placed
into the beampath for the experiments. This should be explored in future experiments.
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Central stop

Zone plate
Beam
Figure 6.2: Schematic of soft X-ray setup. The X-ray beam with photon energy of
702 eV is focused with a Fresnel zone plate of 320 µm diameter. A central stop is
directly attached the zone plate to remove the zeroth Fresnel order. Fresnel orders
larger than one are blocked by an order sorting aperture inserted roughly around the
focal spot (omitted for visibility purposes). Two different sample positions were used
during the experiments. The first one is downstream the focal spot in the expanding
cone beam (Sample position A) and is labelled the Fresnel configuration. The second
sample position is also downstream the focal spot, but very close to the latter (Sample
position B) and will be called the transition configuration. The detector is positioned
at a distance of 198 mm from the sample. In the Fresnel configuration, two different
types of specimens were imaged on different sample holders, which led to an increased
sample to detector distance of 208 mm for the second sample.
Two different types of samples were imaged during this experiment, a Siemens star
test pattern, and cultured cortical mouse neurons. The Siemens star was imaged at
two different positions in the beampath. In the first one, the sample was put further
downstream the focal spot in the expanding cone and will therefore be called the Fresnel configuration. In this configuration, the focal spot to sample distance was z1 =
1.000 ± 0.005 mm. It was determined by focusing the beam onto the sample and subsequently retracting the FZP to the desired distance. The detector was at a distance
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z2 = 198 mm ± 1.7% behind the sample. Resulting from this geometry was an effective
propagation distance of zeff = 995 µm ± 0.5%. The effective pixel size arising from this
geometric layout was ∆x = 81 nm ± 1.6%.
In a second configuration, the specimen was moved close to the focus of the beam,
which will be labelled the transition configuration in the following. This was again
achieved by focusing the beam onto the sample and subsequently retracting the FZP.
The focal spot to sample distance therefore changed to z1 = 50 ± 5 µm. The sample to
detector distance remained unaltered at z2 = 198 mm ± 1.7%. Due to a much smaller
z1 , the effective propagation distance also decreased to zeff = 50 µm ± 10.0%. The
effective pixel size resulting from this geometry was ∆x = 4.1 nm ± 10.1%.
The neurons were also imaged in the Fresnel configuration. A different sample
holder was used however, putting the sample about 10 mm closer to the focal spot.
Since the beam was again focused onto the sample and then retracted, the focal spot to
sample distance remained at z1 = 1.000 ± 0.005 mm. The sample to detector distance
changed to z2 = 208 mm ± 2.7%. This geometric layout led to an effective propagation
distance of zeff = 995 µm ± 0.5%. Accordingly, the effective pixel size changed to ∆x =
76 nm ± 2.7%.
All shown errors were calculated as described in Sec. 4.2. The error on the focal
spot to sample distance was the error of the retraction stage, which operated at a stated
precision of ± 5 µm. Strictly speaking, combining the errors of z1 and z2 for the error
of zeff is not allowed as z2 depends on z1 , but its contribution to the error is negligible,
so it is acceptable in this case.
The stages of the used STXM only allowed for raster grid scan patterns. In the
Fresnel configuration, 8 x 8 raster grids with a step size of 5.0 µm, and 9 x 9 raster
grids with a step size of 4.4 µm were used. The exposure time per frame was 60 s.
In the transition configuration, a 17 x 17 raster grid scan pattern with a step size of
294 nm was deployed. Each frame was exposed for 120 s.

6.3

Detector characterisation

The detector used during the experiments in this chapter was a scintillator-coupled
CCD3 camera with 512 x 512 pixels and a pixel size of x = 16 µm. The attached
scintillator optics introduced an overlaying honeycomb lattice into the diffraction frames
as can be seen in Fig. 6.3 (b). To prevent any possible negative impact of the lattice on
the ptychographic reconstruction process, the detector flat field was characterised and
was used for a correction during pre-processing.
For this, the entire detector was scanned with a 20 x 20 raster grid scan pattern
with a step size of 200 µm. The exposure time per frame was 20 s. An initial flat was
estimated from this data and was subsequently iteratively refined. The result of such a
detector characterisation is shown in Fig. 6.3 (a). A flat corrected diffraction frame is
3
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depicted in Fig. 6.3 (c). Aaron Parsons from the Diamond Light Source calculated the
flat for this experiment.

a

b

c

d

Figure 6.3:
Detector flat field characterisation and near-field diffraction patterns.
Detector flat field characterisation (a). Near-field diffraction patterns of the sample at
position A as indicated in Fig. 6.2 before applied flat field correction (b) and after (c).
Near-field diffraction patterns of the sample at position B as indicated in Fig. 6.2 with
applied flat field correction (d). The scale bars indicate 1 mm in the left image, 5 µm
in the two centre images, and 250 nm in the right image.

6.4

Ptychographic reconstruction

All diffraction frames were removed from hot pixels before being corrected by a flat division and dark frame subtraction during pre-processing. Reconstructions in the Fresnel
configuration were performed with 2000 DM iterations in a first step. If present, phase
vortices were removed from the illumination with the procedure outlined in Sec. 4.4.
Subsequently, 5000 ML iterations were performed with one additional mode added to
the illumination, initialised as an array of ones.
In the transition configuration, the near-field ptychographic reconstructions were
run for 2000 DM iterations. Due to the large relaxation of the Fourier constraint by
F CRP = 0.35 , 100 DM iterations would have sufficed. This was followed by 3000 ML
iterations, where one additional probe mode had been added as an array of ones.
For the far-field ptychographic reconstruction of the data collected in the transition
configuration, the frames were padded to 1024 x 1024 pixels and rebinned by a factor
of four. First, 200 DM iterations with three modes in the illumination were applied,
followed up by another 400 ML iterations. As with the near-field ptychographic reconstruction, the Fourier constraint had to be relaxed by F CRP = 0.2.

6.5

Specimen positioned in Fresnel regime

The results of a successful soft X-ray NFP demonstration are shown in Fig. 6.4. Depicted
are the complex-valued reconstructions of a Siemens star test pattern (a) and a symbol
pattern (b). Only the complex-valued quantities are shown as the test patterns were
created out of a 240 nm thick tungsten layer, which is absolutely absorbing in this
X-ray regime. Undefined phase jumps between transmissive and absorbative parts of
the sample are the consequence. The reconstructed main probe mode with a power
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contribution of 91.02% is shown in Fig. 6.4 (c). It absorbs minor inconsistencies between
the registered and actual scan points as phase variations. The deviations among the
scan points originated from interferometric readout offsets if the STXM had not been
reset properly. The secondary probe mode is shown in Fig. 6.4 (d) and adds 8.98%
to the power spectrum. Although there is no diffuser in the beampath, it picks up a
large amount scattering coming from the zone plate construction. The resolution for
these reconstructions as determined by the resolvable full feature of the Siemens star,
plotted in Fig. 6.4 (e), is 727 nm. This value is larger than the limits given by the
reconstruction pixel size and the source size. The difference can possibly be attributed
to a large detector PSF as has been outlined in Sec 4.4. As can been seen in Fig. 6.4 (f),
the expected amplitude change does not drop completely to zero. Achieving quantitative
results in NFP without a diffuser is challenging, as has been demonstrated in Chap. 4. It
is therefore advised to repeat the experiment with appropriate distorters in the future.
A possible starting point for phase modulation in the soft X-ray regime could be Maiden
et al. (2013).
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Figure 6.4: Ptychographic reconstructions of Siemens star and symbols test patterns.
(a) Complex-valued Siemens star. (b) Complex-valued symbols test pattern. (c) Shared
Complex-valued main probe mode. (d) Shared Complex-valued secondary probe mode.
(e) Line plot marked in (a) for determining the resolution. (f) Line plot marked in (a)
for highlighting quantitative phase shift. The scale bars indicate 5 µm.
In ptychography, data collected with a periodic pattern, e.g. a rectangular grid,
can lead to reconstruction artefacts known as raster grid pathology (Thibault et al.,
2009). The reconstructions performed in this section also exhibited these artefacts
when reconstructed on their own. Probe modulus images of such single reconstructions,
both featuring raster grid artefacts, are shown in Fig. 6.5 (a) and (b) for visualisation,
respectively. Sharing the probe of data sets with a different periodicity during the re68

construction process improved the outcome as demonstrated by the shared illumination
amplitude in Fig. 6.5 (c). The grid artefacts vanished, while also improving convergence
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c

Amplitude [a.u.]

times. In addition, the spokes of the zone plate construction have become discernible.

Figure 6.5: Shared probe amplitude comparison. The probe amplitude after 2000
difference map iterations are shown. The amplitude of the probe of the single Siemens
star reconstruction shows raster grid artefacts (a). The same applies to the probe amplitude of the symbol data set (b). The probe amplitude of the combined reconstruction
exhibits less artefacts and is overall of higher quality (c). Spokes of the zone plate
construction become discernible in the latter. The scale bars indicate 5 µm.
Overall, the behaviour of soft X-ray NFP is very similar to the one of hard X-rays.
The misbehaviour of the DM algorithm with multiple probe modes was also observed in
this case. Successful reconstruction of a secondary illumination mode worked similarly
with ML by initialising it as an array of ones. Lastly, it should be noted that the
secondary probe mode in Fig. 6.4 (d) seemed more susceptible to raster grid artefacts.
This can be attributed to the highly absorbative nature of the specimen, which blocks
a lot of scattering signal.
In the second part of this experiment, cultured mouse cortical neurons were imaged
in the Fresnel configuration. The specimen was produced and provided by Rachel
Kidd from the Academic Unit of Clinical and Experimental Sciences of University of
Southampton. A detailed description of the sample preparation process can be found
in Parsons (2014). Neurons pose an ideal sample for soft X-rays experiments as they
are less inclined to experience radiation damage.
Two raster grid data sets with varying periodicities were again combined during the
reconstruction by using a shared probe. The amplitude images of two different areas
of the sample are shown in Fig. 6.6 (a) and (d), respectively. Depicted in Fig. 6.6 (b)
and (e) are the corresponding phase images. The reconstructed main probe mode with
a power contribution of 83.81% is shown in Fig. 6.6 (c). Compared to the main probe
of the previous reconstruction shown in Fig. 6.4 (c), this one exhibits more phase variations and is further skewed, hinting at a larger offset between recorded and actual
scan positions. Shown in Fig. 6.6 (f) is the secondary probe mode of the neuron reconstruction, which adds 16.19% to the power spectrum. The power contribution is larger
when compared to the power of the second mode of the previous reconstruction shown
in Fig. 6.4 (d). This is due to the more transmissive nature of the neuron specimen.
As the secondary mode handles to a large amount scattering information, in this case
coming from the zone plate construction, this signal is in this instance easier accessible
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compared to a totally absorbing sample. The algorithm harvests the additional information. As a consequence, the second probe mode also becomes less prone to raster grid
artefacts.
For comparison purposes, a SEM image of the neurons is shown Fig. 6.6 (g), which
was kindly provided by Aaron Parsons from the Diamond Light Source. Comparing the
SEM image to the phase image in Fig. 6.6 (b), it can be seen that the latter exhibits finer
connections among the neurons. Furthermore, structures are discernible in the neurons
themselves which are not visible in the SEM image. A first presentation of these results
to the sample owners sparked interest in a renewal of this imaging experiment with
an updated specimen, in particular due to the more sample-friendly nature of soft Xrays when compared to their hard counterpart, and the possibility of imaging under
cryogenic conditions at the I08-SXM facility.
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Figure 6.6: Ptychographic reconstructions of cultured cortical mouse neurons. Two
different areas of the specimen were scanned with a raster grid of different periodicity.
The data sets were reconstructed simultaneously by sharing the probe among them. (a),
(d) Amplitude images. (b), (e) Phase images. (c) Shared main probe mode. (f) Shared
secondary probe mode. For comparison purposes, a scanning electron microscope (SEM)
image is shown in (g). The image was provided by Aaron Parsons and was part of his
PhD thesis (Parsons, 2014). The scale bars indicate 5 µm in all images except the SEM
one.

6.6

Specimen positioned in transition regime

In the final part of this experiment, the Siemens star test pattern was moved very
close to the focal spot in an attempt to push the resolution of NFP to the limit. The
data set collected in this regime was reconstructable with both near-field and far-field
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propagators as is demonstrated in Fig. 6.7. The reconstructed complex-valued object of
the near-field case, shown in Fig. 6.7 (a), benefits from the demagnified pixel size as it is
sharper then its far-field counterpart shown in Fig. 6.7 (c). Inspecting the Siemens star
spokes Fig. 6.7 (b), it can be seen that the resolution of the near-field reconstruction
for a fully resolvable feature is 81 nm. The far-field counterpart has a resolution of
108 nm for a full feature according to Fig. 6.7 (d). This suggest that the near-field
reconstruction is of superior quality, but it must be stated that the author is more
adept with NFP, which leaves room for optimisation of the far-field reconstruction,
both in terms of sharpness and resolution.
Looking at the primary and secondary illumination mode of the near-field reconstruction in Fig. 6.7 (e) and (f), respectively, aliasing in both instances is noticeable.
The probe modes of the far-field case, shown in Fig. 6.7 (g), (h), and (i), on the other
hand, reconstruct as expected. This means that the data is undersampled for near-field
propagation, which in this case means that the propagation distance is too large. Looking at the near-field propagator in Eq. 2.44, it can be seen a large propagation distance
leads to increased oscillations of the exponential, which cannot be sampled correctly
any more. For the case of Frauenhofer diffraction, shown in Eq. 2.51, this is the exact opposite case for large propagation distances. However, it is shown here that by
reconstructing with additional probe modes, the undersampled data is mitigated. This
is supported by the large power of the secondary near-field probe mode, which has a
power contribution of 35.41% and thus is much larger than the secondary probe mode
contributions in the Fresnel regime.
The findings of this section state that undersampled data is essentially a form of
fringe degradation and can therefore be mitigated by a multiple mode reconstruction.
The possible advantages of using a demagnified pixel size, as well as the possibility
to work with less diffraction frames, still need to be investigated. With certainty can
be concluded that near-field ptychographic reconstructions are possible even if the illumination is sampled below the Nyquist frequency. These findings should be backed
up by visible light measurements and simulations in the future. Also, it should be investigated whether undersampled far-field data sets can be reconstructed with multiple
illumination modes.
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Figure 6.7: Ptychographic Siemens star reconstructions with sample positioned near
the focal spot. Complex-valued object reconstructed with near-field propagators (a)
and corresponding line plot for determining the resolution (b). Complex-valued object
reconstructed with far-field propagators (c) and corresponding line plot for determining
the resolution (d). Complex-valued main (e) and secondary illumination mode (f) of
near-field reconstruction. Complex-valued first (g), second (h), and third illumination
mode (i) of far-field reconstruction. The scale bars indicate 1 µm in the top two images,
250 nm in the near-field illumination images, and 1 µm in the far-field illumination
images.
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7 | Visible light imaging assembly
for near-field ptychography
Iterating is progress.

In this chapter near-field ptychographic visible light experiments are presented. In
addition, the results of an attempt to use the visible light setup as a microscope to image
red blood cells with NFP are shown and discussed. The experiments were performed
with an imaging assembly which was constructed as part of this work.
The chapter starts by introducing the visible light setup which was built during this
work. Next, a diffuser study with visible light experiments is presented. The study begins with an introduction of the experimental setup for data acquisition. Subsequently,
ptychographic reconstructions of a plastic wedge are presented from data sets which had
been collected with two different types of diffusers, namely a thin plastic foil and an
engineered top hat distorter. The results are compared to a distorter-free reconstruction
and to the findings of Chap. 4.
In the second part of the diffuser study, the sample of interest was replaced by
an insect wing as the abrupt nature of the plastic wedge’s edges led to large phase
jumps in the ptychographic reconstructions. The diffuser that worked best during the
first part of the study, the thin plastic foil, was used at two different positions in the
beampath during data collection. The ptychographic reconstructions of these data sets
are presented and compared to the findings of Chap. 4.
In the last part of this chapter, the results of an attempt to image red blood cells
with NFP are presented. The ptychographic reconstructions of the specimen are shown
and compared to micrographs. In an attempt to image the sample with a higher resolution, the imaging configuration was changed to one with a larger magnification. The
ptychograms collected in this configuration are presented and discussed. Lastly, the
data acquisition schemes used during the visible light experiments are compared to the
ones used in Chap. 5.
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7.1

Visible light imaging assembly

A visible light setup using a coherent laser diode as a source was constructed during
this work to mimic environments present at synchrotron facilities. New ideas could thus
be tested and benchmarked at a small scale before application during proposal based
beamtimes. Conversely, experimental results from larger scale facilities could be verified
and supported by table top experiments. In addition, the imaging assembly functioned
as a microscope in its own right.

Figure 7.1: Photograph of visible light setup. The experimental setup was build on top
of an optical table featuring passive air damping. An optical enclosure was constructed
around it to prevent interferences with external light sources and to keep it dust-free.
All components except the sample stage were mounted onto an optical rail via carriers.
The components shown is this photograph from left to right are: laser diode, diffuser,
focusing lens, iris aperture, sample stage, and scientific CMOS camera.
A photograph depicting the imaging setup is shown in Fig. 7.1. The assembly
was constructed on top of an optical table, allowing for even alignment of the optical
components. Passive air damping reduced vibration transmission to the construction.
An optical enclosure sealed with blackout aluminium foil tape at its edges ensured
sufficiently dark conditions, as well as keeping the inside clean and dust-free. All the
components within the box, except the sample stage, were mounted onto an optical rail
via carriers. A 635 nm laser diode acted as the coherent light source, which could be
focused and spatially filtered with a variety of lenses and pinholes, including a movable
iris aperture. Two miniature linear stages run by a stepper motor (Newport MFAPPD) formed the sample stage. The detector was a sCMOS camera (PCO Edge 5.5)
with 2560 x 2160 pixels and a pixel size of x = 6.5 µm. Interfacing of the stages and the
camera was accomplished with EPICS4 . Individual programs created with this opensource software toolkit permitted server-like access to the components. As a client,
PyEpics was used to enable control via python code. A small python package labelled
Epics Control Centre (ECC) was written as a part of this work to provide direct access
4
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to the setup via the interactive python shell (IPython). ECC thus enables movement
of the stages, acquisition of single images, as well as the execution of automated scans
by entering line based commands in a terminal environment.

7.2

Diffuser study with visible light experiments

In this section, the impact of various diffuser materials on the ptychographic reconstruction process is examined with visible light experiments. In addition, the best
performing distorter is assessed further by placing it at two different positions in the
beampath during data acquisition and evaluating the resulting reconstructions.
A schematic of the setup for these measurements is shown in Fig. 7.2. Light of a
635 nm laser diode module was focused using a lens with a focal distance of 25.4 mm.
An iris aperture, which could be completely shut and opened up to a diameter of
12 mm, was placed roughly at the focal spot for spatial filtering. The sample and the
detector were positioned at various distances downstream the focal spot for different
experiments. Two diffuser positions were tested, which are pointed out in Fig. 7.2.
Diffuser position A was 80 mm upstream the focal spot, whereas diffuser position B
was 240 mm downstream of it.

Detector
Diffuser position B

Diffuser position A

Iris

Sample

Lens
Beam
Figure 7.2: Schematic of visible light setup with two different diffuser positions. A
collimated diode module emitted light of 635 nm wavelength, which was focused with
a lens featuring a focal length of 25.4 mm. An iris aperture was placed roughly at the
focal spot for spatial filtering. The sample was put at various distances downstream
the focal spot, followed by a detector behind it. Diffusers were placed at 80 mm upstream (position A) and at 240 mm downstream (position B) the focal spot for various
experiments.
75

7.2.1

Diffuser material study

For the diffuser material study, a plastic wedge served as a sample. A hologram of it is
shown in Fig. 7.3 (a). The tested diffuser materials were a thin plastic foil and an engineered circular top hat diffuser (Thorlabs 20° Circle Pattern). For ptychographic data
collection, the sample was placed at a distance z1 = 270 mm ± 5.3% from the focal spot.
The detector was placed further downstream at a distance z2 = 30.7 mm ± 0.8% from
the sample. This imaging geometry led to an effective propagation distance of zeff =
27.6 mm ± 0.6% and an effective pixel size of ∆x = 5.84 µm ± 0.5%. The diffusers were
placed 80 mm upstream the focal spot. All stated values and their corresponding errors
were estimated as described in Sec. 4.2. The scan pattern consisted of two concentric
circles with a shell spacing 325 µm. The inner circle had five scanning positions, the
outer ten, thus resulting in a total of 15 scan points. The exposure time per frame was
5.0 ms for data acquisition without a diffuser and the thin plastic distorter, and 60.0 ms
for the top hat modulator.
The diffusers remained at position A during the first part of the experiment. Raw
diffraction frames with the thin plastic diffuser and the top hat distorter are shown in
Fig. 7.3 (b) and (c), respectively. The collected data was pre-processed by subtracting
a dark frame and rebinning by a factor of two. The resulting frame dimension was
10242 pixels and the effective pixel size changed to ∆x = 11.68 µm ± 0.5%. Ptychographic reconstruction was performed for a 1000 DM iterations as this was enough to
draw conclusions regarding the algorithmic behaviour.
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Figure 7.3: Near-field diffraction patterns of plastic wedge. (a) Without a diffuser. (b)
Thin plastic diffuser. (c) Top hat diffuser. The diffusers were placed before the focusing
lens as indicated by position A in Fig. 7.2. The scale bars indicate 1 mm.
In Fig. 7.4 the reconstructed phase (a) and amplitude image (b) of the plastic wedge
from a diffuser-free data set are shown. Contrary to the diffuser-free reconstruction
with hard X-rays shown in Sec. 4.4, this one fails entirely due to a complete absence of
data diversity. With hard X-rays, the beamstop and other beamline optics contributed
to information mixing, which is not the case here. In the limit of almost distortionfree wavefronts, NFP fails. This becomes apparent when looking at the central parts
of the reconstructed object. The reconstruction’s associated illumination is shown in
Fig. 7.4 (c).
The reconstructed phase and amplitude image from the thin plastic diffuser data
set are depicted in Fig. 7.4 (d) and (e), respectively. Both images show a reasonable
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reconstruction result, but the phase image exhibits strong phase jumps at the sample’s
edge. The inability to accurately reconstruct the phase change at the verge may be due
to the abrupt nature of the sample. For completeness, the complex-valued illumination
of this reconstruction is depicted in Fig. 7.4 (f). A phase vortex is noticeable in its
centre.
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Figure 7.4: Plastic wedge reconstructions from data sets with various diffusers positioned before the focusing lens. A total of 1000 difference map iterations were performed. Shown from left to right are phase, amplitude, and complex-valued illumination.
(a), (b), (c) Without a diffuser. (d), (e), (f) Thin plastic diffuser. (g), (h), (i) Top hat
diffuser. The diffusers were placed before the focusing lens as indicated by position A
in Fig. 7.2. The scale bars indicate 1 mm.
Lastly, the phase and amplitude image reconstructed from the top hat diffuser data
set are shown in Fig. 7.4 (g) and (h), respectively. This reconstruction also fails as the
distorter is too absorbative. The associated illumination depicted in Fig. 7.4 (i) is not
reconstructed at all. In fact, parts of the diffuser image are actually transferred to the
object, in particular the amplitude image.
To conclude, the experiments performed in the first part of this section mirror the
reconstructional behaviour observed with hard X-rays, where the algorithm struggles
or fails in the absence of measurement diversity. In addition, it is demonstrated that
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also strongly absorbing diffusers hinder a successful reconstruction process.

7.2.2

Diffuser position study

In this section, the performance of the thin plastic foil diffuser on the reconstruction
process was evaluated for two different positions in the beampath. Due to the observed
large phase jumps at the edge of the plastic wedge phase reconstruction, the sample
was replaced by a fly wing for the second part of the experiments. It is an object
of interest which had already delivered reliable results in previous visible light experiments (Thibault et al., 2009; Loetgering et al., 2015). A hologram of the sample is shown
in Fig. 7.5 (a). In addition, the iris aperture was decreased slightly in an attempt to
improve the speckle pattern through high spatial frequency beam filtering. The intent
was to remove possibly unresolvable signal which could have a diminishing effect on the
reconstruction and thus make the speckle pattern more band limited. The sample was
positioned at a distance z1 = 265 mm ± 3.0% from the focal spot. Behind the sample
at a distance of z2 = 32.3 mm ± 0.5% was the detector. This geometric layout resulted
in an effective propagation distance of zeff = 28.8 mm ± 0.4% and an effective pixel size
of ∆x = 5.79 µm ± 0.3%. For completeness, diffuser position A was 80 mm upstream
the focal spot and diffuser position B was 240 mm downstream the focal spot. The
scan pattern were two concentric circles with a shell spacing 325 µm. The inner circle
had five scanning positions, the outer ten, thus resulting in a total of 15 scan points.
The exposure time per frame was 6.0 ms for diffuser position A and 2.0 ms for diffuser
position B.
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Figure 7.5: Near-field diffraction patterns of insect wing. (a) Without a diffuser. (b)
Thin plastic diffuser at position A before the focusing lens as shown in Fig. 7.2. (c)
Thin plastic diffuser at position B close to the sample as shown in Fig. 7.2. The scale
bars indicate 1 mm.
Raw diffraction frames with the diffuser at position A and B are shown in Fig. 7.5 (b)
and (c), respectively. The raw frames were subtracted by a dark frame and rebinned by a
factor of two in a pre-processing step, thus altering the frame dimension to 10242 pixels
and the effective pixel size to ∆x = 11.58 µm ± 0.3%. Ptychographic reconstruction
was performed with 2500 DM iterations in a first step. This was followed by 3000 ML
iterations with one additional probe mode, which had been initialised as an array of
ones.
In the following, the reconstructions of the data set where the diffuser had been
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positioned before the sample, which corresponds to position B in Fig. 7.2, are shown.
The reconstructed phase image in Fig. 7.6 (e) looks to be in accordance with other
recovered images found in literature (Thibault et al., 2009). In Fig. 7.6 (f), the corresponding amplitude image is depicted. The main probe mode, shown in Fig. 7.6 (g),
contributes with 99.36% to the power spectrum, while the secondary mode, depicted
in Fig. 7.6 (h), has only a power contribution of 0.63%. This power distribution compares to the ones seen for the fossil fish bone reconstructions in Sec. 5.4, where also
only 15 diffraction frames had been collected. The reconstructions with visible light are
more stable, however, presumably due to the more transmissive nature of the fly wing
specimen, thus allowing more scattering signal to pass and as a consequence, an easier
population of the secondary probe mode. For completeness, it should be mentioned
that a reconstruction of the fly wing from a diffuser-free data set also failed.
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Figure 7.6:
Insect wing reconstructions with diffuser at different positions in the
beampath. In a first step, 2500 difference map iterations were performed, followed
by 3000 maximum likelihood iterations. Shown from left to right are phase, amplitude,
main illumination mode, and secondary illumination mode. (a), (b), (c), (d) Thin plastic
diffuser at position A before the focusing lens as shown in Fig. 7.2. (e), (f), (g), (h) Thin
plastic diffuser at position B close to the sample as shown in Fig. 7.2. (i) Zoomed in
image of (a). (j) Zoomed in image of (e). The scale bars indicate 1 mm in the top
images and 250 µm in the magnified ones.
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The reconstructed phase image from the data set with the diffuser before the focusing lens, depicted in Fig. 7.6 (a), shows an unusual phase shift. In addition, ringing
artefacts are present. The corresponding amplitude image, shown in Fig. 7.6 (b), also
looks different when compared to the amplitude image presented in the previous paragraph (Fig. 7.6 (f)), as there are edge enhancement and wringing artefacts around the
object observable. The main mode of the reconstructed probe, depicted in Fig. 7.6 (c)
and adding 99.64% to the power spectrum, looks decent, although there are some bright
spots visible in areas which are not well defined. Comparing this to the main illumination mode of the reconstruction shown in the previous paragraph (Fig. 7.6 (g)), a
different kind of phase modulation among them is noticeable. The latter seems to induce a finer distortion into the beam. The secondary mode with a power contribution of
0.36%, depicted in Fig. 7.6 (d), also shows unusual phase behaviour in forms of a circular dot pattern. The probe mode power distribution of this reconstruction is similar to
the one of the reconstruction presented in the previous paragraph, which is as expected
for a data set containing only 15 diffraction frames. In an attempt to see if the data
set would converge to the right solution given good initial guesses, the reconstruction
was repeated with the object of the previous paragraph loaded as an initial guess. The
algorithm does not adhere to the correct solution, but instead decomposes the object
as can be seen in Fig. 7.7 to the state it has in Fig. 7.6 (a) and (b). This indicates
that there must be some fundamental position depended diffuser difference between the
two data sets, which is unclear at the moment and needs further investigation. For
completeness, it should be stated that a similar diffuser behaviour was observed with
hard X-rays (see Sec. 4.5).
To conclude, the experiments presented in this section mirror the results found
with hard X-rays, where the same diffuser material positioned closer to the sample
yields better quantitative reconstruction results when compared to a diffuser positioned
upstream an order sorting aperture. It seems that valuable information is removed by
aggressive beam filtering, especially in the phase as the intensity diffraction patterns
(Fig. 7.5) do not seem to exhibit anything unusual. The discarded information looks to
be essential for a successful ptychographic reconstruction. This is not a final statement
as the exact reason for this discrepancy still needs to be investigated. The diffuser
material study was not repeated with the insect wing as at the time of data acquisition
the exact origin of a possible reconstruction failure, i.e. the position of the diffuser behind
the order sorting aperture, was not known. However, this study should be repeated with
the insect wing as a specimen to verify the algorithmic behaviour described in Sec. 7.2.2.
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Figure 7.7: Insect wing reconstruction with correct object loaded as initial guess.
Ptychographic reconstruction on the data set with the diffuser positioned before the
focusing lens was performed with the reconstructed object from the data set with the
diffuser positioned before the sample taken as a starting guess. Shown from left to right
are phase, amplitude, and complex-valued illumination after the stated difference map
(DM) iterations. (a), (b), (c), 100 DM. (d), (e), (f), 200 DM. (g), (h), (i), 300 DM. (j),
(k), (l), 400 DM. The scale bars indicate 1 mm.
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7.3

Imaging red blood cells with visible light near-field ptychography

In the last experiment of this chapter, it was attempted to image red blood cells using
NFP with visible light. The sample was prepared and provided by Franziska Mohring
from the Department of Immunology and Infection of the London School of Hygiene
and Tropical Medicine. The cells, which have an average diameter of around 7 µm, had
been smeared onto a glass substrate, which was subsequently put into the beampath.
For the experiment, the sample was placed at a distance z1 = 260 mm ± 4.5% from
the focal spot. Further downstream of it, at a distance z2 = 33.3 mm ± 0.8%, was the
detector. The effective propagation distance and the effective pixel size due to this
geometry were zeff = 29.6 mm ± 0.5% and ∆x = 5.77 µm ± 0.5%, respectively. A thin
plastic foil distorter was placed 80 mm upstream the focal spot as indicated in Fig. 7.2.
A scan pattern of two concentric circles, where the inner one contained five and the
outer ten scan points, separated by a shell spacing of 325 µm, was employed. In total,
15 diffraction frames were collected, with each being exposed for 3.5 ms.
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Figure 7.8: Red blood cells reconstructions from data collected via standard imaging configuration. (a) Phase. (b) Zoomed in phase marked by white square in (a).
(c) Micrograph of red blood cells for comparison. (d) Amplitude. (e) Main mode of
complex-valued illumination. (f) Secondary mode of complex-valued illumination. The
imaging configuration was the one with the diffuser before the focusing lens and the
sample close to the detector in Fig. 7.2. The scale bars indicate in the top images from
left to right 1 mm, 250 µm, and 100 µm. In the lower images all scale bars indicate
1 mm.
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The data was pre-processed by subtracting a dark frame. Furthermore, the frames
were cropped to 20482 pixels. Ptychographic reconstructions were performed for 2500
DM iterations in a first step, followed by 3000 ML iterations with an additional probe
mode which had been initialised as an array of ones.
The reconstructed phase image of the cells on the glass substrate is shown in
Fig. 7.8 (a). Since the red blood cells only have an average diameter of about 7 µm,
they should not occupy more than one or two pixels in the image. Looking at the area
of (a) marked by the white box magnified in Fig. 7.8 (b), the cells should be the single
blue dots along the smear lines, but it cannot be stated with absolute certainty. A
micrograph of the specimen, which was kindly provided by Franziska Mohring, is shown
Fig. 7.8 (c) for comparison purposes. Looking at the density of the cells on display, the
corresponding areas in Fig. 7.8 (a) should be the smear line in the centre and on the
right, which are not resolvable. The corresponding amplitude image of the reconstruction is shown in Fig. 7.8 (d). Main and secondary probe mode are shown in Fig. 7.8 (e)
and Fig. 7.8 (f), respectively. This first contributes 99.99% to the power spectrum,
whereas the second adds only 0.01%.

a)
Glass substrate
with sample
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Detector

Diffuser

c
Iris

Lens
0

Beam

10000

Intensity [ADU]
Figure 7.9: Schematic of visible light setup with the sample positioned near the focal
point (a) and near-field diffraction patterns of the sample without a diffuser (b) and with
a thin plastic foil diffuser positioned before the focusing lens (c). A collimated diode
module emitted light of 635 nm wavelength, which was focused with a lens featuring
a focal length of 25.4 mm. An iris aperture was placed roughly at the focal spot for
spatial filtering. The sample was put 20 mm downstream the focal spot, followed by a
detector behind it. A thin plastic foil distorter was placed 80 mm upstream the focal
spot. The scale bars indicate 100 µm.
In an attempt to resolve the red blood cells, the setup was changed to one with a
higher magnification for the final part of this experiment. A schematic of the modified
setup is shown in Fig. 7.9 (a), along with near-field diffraction patterns recorded in
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this configuration without and with a diffuser in (b) and (c), respectively. In this
configuration, the focal spot to sample distance was z1 = 20 mm ± 30.5%. The detector
was at a distance z2 = 260 mm ± 30.4% behind the sample. This geometry resulted in
an effective propagation distance of zeff = 18.3 mm ± 2.2% and an effective pixel size
of ∆x = 462 nm ± 2.1%. The scan pattern were concentric circles with a shell spacing
15 µm, where the innermost circle contained five scanning positions. Every additional
circle added 5 scan points to the amount of the previous circle. This was repeated for
an area of interest of (100 mm)2 , thus totalling in 38 scan points. The acquisition time
per frame was 2.5 ms.
Dark frames were subtracted in a pre-processing step from the raw diffraction frames.
Additionally, the frames were cropped to 20482 pixels. Ptychographic reconstructions
were achieved by executing 1500 DM iterations first. During the DM step, the Fourier
constraint had been relaxed by F CRP = 0.9. This was followed up by 3000 ML
iterations where an additional illumination mode had been added as an array of ones.
A phase ramp was removed from the final phase image and subsequently the phase was
unwrapped.
The reconstructed phase and amplitude image of the data set taken in the magnified
configuration are shown in Fig. 7.10 (a) and (b), respectively. Four larger structures are
distinguishable in the centre of these images, but their sizes are too large in order to
be identified with cells. Comparing these images with the phase and amplitude images
obtained with lower magnification, it seems more reasonable that some other particles,
like those on the left on those images, were imaged instead. Due to time constraints,
it was not possible to take more measurements on different areas of the specimen.
The main probe mode of the reconstruction is shown in Fig. 7.10 (c) and has a power
contribution of 84.79%. Its associated secondary mode, depicted in Fig. 7.10 (d), adds
15.21% to the power spectrum. This power distribution is inline with the findings of
Chap. 4 and Chap. 6, where a minimum of 38 diffraction frames were collected during
data acquisition.

b

a
-5

[rad]

1st Mode

Amplitude

Phase

15

2nd Mode

84.79%

15.21%

c

d
0

[a.u.]

Figure 7.10: Red blood cells reconstructions from data collected via magnified imaging
configuration. (a) Phase. (b) Amplitude. (c) First probe mode. (d) Second probe mode.
The imaging configuration was the one shown in Fig. 7.9 with the diffuser before the
focusing lens and the sample close to the focal point. The scale bars indicate 100 µm.
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To conclude, it was attempted to image red blood cells with visible light using NFP.
Blue dots along the smear lines in one of the phase images recovered from a lower
magnification data set were identified as possible cell candidates. An attempt to image
the sample with a higher magnification was successful, but not on an area of interest.
The experiment should therefore be repeated on an area containing cells. Furthermore,
an analysis of the specimen with soft X-rays should be considered.
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8 | Conclusion and Outlook
With the work presented in this thesis the application scope of NFP has increased
immensely. The technique’s applicability with hard and soft X-rays using FZP based
imaging setups, as well as with visible light, has been demonstrated on a variety of
samples. In doing so, various parameters were optimised and understood better, thus
paving the way to an application of the technique in an imaging regime which had
previously been thought to be unsuitable.
In the first results chapter, hard X-ray NFP with a FZP based imaging assembly
was shown. The occurrence of vortices in the illumination during the reconstruction
process and in final images was discussed and means for computational elimination were
presented. A revised reconstruction approach based on the DM and ML algorithms was
established, which allowed for successful recovery of secondary probe modes in NFP.
In doing so, it was revealed that secondary illumination modes in NFP, when applied
in the Fresnel regime, carry the beam’s darkfield signal. Furthermore, it was observed
that errors in the pixel size or scanning positions are absorbed by the illumination as
phase variations. A range of diffusers at different positions in the beampath were tested
with the conclusion that sufficient information mixing is a necessity in hard X-ray NFP
with FZPs to achieve reasonable convergence times. Also, incoherent scattering in the
secondary probe mode should be minimised. The reason why the same diffuser material
performs dissimilarly when placed at different positions in the beampath could not be
pinpointed and should be investigated in the future.
In the following chapter, hard X-ray NFP with FZPs was combined with CT to
demonstrate limited angle nanotomography. During the preparation of ptychographically reconstructed projections, it was shown that a low amount of collected diffraction
frames, in this case 15, limits the available information to sufficiently populate the
secondary illumination mode during ptychographic reconstruction. Depending on the
nature of sample, the second probe might fail in this instance. However, if additional
inconsistencies are introduced, e.g. via an incorrect pixel size, the secondary probe mode
might be attributed more power and thus pseudo-stabilises. A minimum of 38 collected
diffraction frames was observed to be sufficient to adequately populate the secondary
illumination mode, although it still remains to be investigated if this amount can be
decreased further. Additionally, a novel scanning principle was introduced to maintain
the same FOV at all acquisition angles. The ptychographically reconstructed phase
projections were transformed into a three-dimensional volume using CT with an ad87

apted tomographic consistency approach. The resulting tomographic reconstruction is
of remarkable quality, given the low amount of fed projections. This was achieved by
imposing a constraint of the sample, the slab’s width, during the tomographic reconstruction.
In the third results chapter, soft X-ray NFP with a FZP based imaging setup was
demonstrated. The technique was first performed in the Fresnel regime, where it was
used to image cultured mouse cortical neurons. In order to optimise image quality, a
method for reducing raster grid artefacts by sharing the probe during the reconstruction
among two data sets of different periodicity was applied. Since there was no option to
employ diffusers at the time, the experiments should be repeated with appropriate
distorters in the future. In addition, ptychographic reconstructions with both near-field
and far-field propagators were performed on a data set collected in the transition regime.
It was shown that ptychographic reconstructions in the near-field modality are possible
even if the illumination is sampled below the Nyquist frequency.
In the final results chapter, NFP experiments with visible light to support the findings of the previous chapters were shown. The performed experiments backed up the
notion that near-field ptychographic reconstruction struggles or fails in the absence of
measurement diversity. In addition, it was demonstrated that also strongly absorbing
diffusers hinder a successful reconstruction process. The position depended diffuser discrepancy was also recreated with visible light measurements. Furthermore, the way the
secondary mode is populated during ptychographic reconstruction depending on the
amount of collected diffraction frames was also supported. Finally, it was attempted to
image red blood cells with visible light NFP.
The experiments performed in this thesis have helped to clarify a few aspects of
NFP. For instance, the exact routine to successfully reconstruct probe modes in the
Fresnel regime and that a minimum amount of diffraction frames are required to sufficiently populate the second mode. The question whether more modes can or should be
used is up to be answered by future investigators. This also concerns the ideal diffuser
position in the beampath. Regarding the technique itself, in order to access complementary quantitative information, the absorption image needs to be improved further.
Additionally, although being a shared drawback by all near-field imaging modalities,
the poor low spatial frequency transfer needs to be addressed.
Experiment-wise, this thesis has demonstrated the applicability of the technique to a
range of samples. The high quality tomographic imaging of rock-like slabs should spark
the interest of other research areas, e.g. Earth Sciences, especially due the extremely
short acquisition times. A GPU implementation of ptychographic reconstructions would
also speed up the overall post-acquisition data processing routine and should therefore
be focused on in the future. For imaging of biological specimen, the setup at I08-SXM
is ideal. The demonstration in this thesis could be used to initiate new multiscale
experiments, which are achieved via the simple retraction of the FZP.
Technique-wise, the most interesting paths have been opened via the demonstrated
reconstruction of a near-field ptychographic undersampled data set. It has to be ex88

plored whether any benefits exist to reconstructing a far-field ptychographic data set
with near-field propagators, possibly due to the demagnified pixel size, or if less diffraction frames can be used. More interestingly, it should be investigated whether also
undersampled far-field data sets can be reconstructed with a multiple probe mode approach.
To sum up, while this work has provided answers to some questions, it has simultaneously opened up the path for future investigations and new developments.
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