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Abstract

X-ray ptychography is a scanning diffraction microscopy technique suited for the

phase-sensitive investigation of wavefronts and specimens. It returns complex-valued

wave functions and transmission functions producing high-resolution (nanoscale) phase-

contrast images. This work focuses on the implementation and application of X-ray

ptychography in the context of synchrotron radiation facilities.

It presents an experimental protocol developed for multiscale X-ray imaging and tested

at the I13-1 Coherence Branchline at Diamond Light Source. This protocol combines

both near-field and far-field ptychography with other imaging methods, providing a

flexible way of conducting experiments on hierarchical structures at any high-brilliance

X-ray facility.

This work also reports ptychography experiments performed at free-electron lasers,

aimed at characterising their pulsed beam. Both the average and individual wavefronts

are retrieved through a novel application of a reconstruction algorithm based on singular-

value decomposition, giving direct insight on pulse-to-pulse fluctuations and confirming

ptychography as a powerful beam diagnostics technique.

Additional ptychography experiments are also discussed, which were carried out at

storage rings on flat, weakly-scattering biogenic samples to characterise their 3D nanos-

tructures. Their data analysis pipeline is presented in detail, from data acquisition

to rendered volumes. Furthermore, one of these last experiments constitutes the first

successful 3D ptychography experiment run on real-life samples at the I13-1 Coherence

Branchline at Diamond Light Source.
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Impact statement

The results and the methodological developments presented in this work are expected

to impact the fields of X-ray physics and synchrotron-based science.

The multiscale imaging experimental protocol, presented in Chapter 3, is intended

to guide users of X-ray imaging beamlines in preparing and managing imaging experi-

ments. Particular consideration is given to time-efficiency in achieving desired outcomes

– namely field-of-view and resolution of retrieved images.

The novel application of the ptychographic reconstruction algorithm including a singular-

value decomposition (SVD) step presented in Chapter 4 is the first of a new branch of

wavefront characterisation experiments, of which pulsed X-ray sources are expected to

be the main beneficiaries. In this study, it gave unprecedented insight into single fem-

tosecond X-ray pulses delivered at two different end stations at free-electron lasers. It

is foreseen that similar experiments exploiting the approach will soon be carried out at

end stations worldwide, contributing to the commissioning and operation of free-electron

lasers.

The quantitative 3D results presented in Chapter 5 provide information for ongoing

studies in the field of evolutionary developmental biology and established a method now

applicable to countless similar samples relevant to that field. Furthermore, the success of

one of these experiments validated and demonstrated 3D X-ray ptychography on real-life

samples for the first time at the I13-1 Coherence Branchline at Diamond Light Source,

paving the way for similar experiments which will be carried out at that beamline in the

future.

More broadly, all these experiments and results contribute to the body of knowledge

available to the international X-ray imaging community, reducing the access barriers

which non-specialist users currently face, which keep ptychography a high-investment

technique – at least in terms of specialisation. These, together with future advancements,

will lower these barriers and make this high-resolution phase-contrast imaging technique

more widely and easily available, possibly even outside cutting-edge, large-scale research

facilities.
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Chapter 1

Introduction

X-rays were discovered over a century ago (1895) by W. Röntgen who immediately

carried out experiments on their interactions with matter, producing the much famous

X-ray of his wife’s hand, legitimately considered the first instance of medical X-ray

imaging. Since then, X-rays have become increasingly relevant to the scientific endeavour

as acknowledged by the awarding of several Nobel prizes to the field, e.g. W. Röntgen

1901, M. von Laue 1914, W. H. Bragg and W. L. Bragg 1915 and many others. X-ray

crystallography has been one of the first techniques exploiting this new region of the

electromagnetic spectrum and is still widely used today to determine the structure of

periodic objects with atomic resolution, based on the diffraction patterns generated by

the interaction of X-rays with the objects studied. This technique found applications

throughout science and technology and in fields other than physics. For example the

renowned “discoveries concerning the molecular structure of nucleic acids” (DNA) that

led to the awarding of 1962’s Nobel prize in Physiology or Medicine to F. Crick, J. Watson

and M. Wilkins were largely based on X-ray crystallography experiments. Later, also

the field of X-ray microscopy developed, bridging the resolution gap between visible

light and electron microscopy and at the same time offering the great advantage over

these other techniques of a larger penetration depth which makes the imaging of bulk

materials accessible.

As in the very first images generated using X-rays and produced by their discoverer, the

most straightforward interaction of X-rays with matter exploited for imaging purposes is

absorption. However, the most advanced X-ray imaging methods are based on refraction

which can deliver better contrast and resolution. In fact the component of the refraction

index determining the angle of refraction is typically orders of magnitude larger than

the component related to absorption, as discussed later (cf Chapter 2). This effect is

more significant for light elements and hard X-rays, which in turn translates to a higher

contrast being achievable exploiting refraction rather than absorption. This leads to the

10



Chapter 1. Introduction 11

field of X-ray imaging techniques known as phase-contrast imaging based on concepts

first applied in visible light and electron microscopy and of which wider reviews are

available (Momose, 2005).

Diffraction imaging was conceived as a way of solving the phase problem and returning

real space images via inverse Fourier transformation of the complex-valued diffraction

patterns generated by the interaction of X-rays, or other kinds of radiation, with the

imaged object. This was based on ideas first brought up by Hoppe (1969) and Hegerl

and Hoppe (1970). The technique grew thanks to the development of iterative phase

retrieval algorithms (Fienup, 1978), based on previous work by Gerchberg and Saxton

(1972). At first, these were only available for isolated objects (Miao et al., 1999) and were

later applied to extended ones (Faulkner and Rodenburg, 2004; Rodenburg and Faulkner,

2004) in the form of a lensless scanning X-ray diffraction microscopy technique known as

ptychography. In order to provide reconstructions of complex-valued images of objects,

they relied on in-depth knowledge of the probe, i.e. the complex-valued wavefront of

the coherent radiation impinging on those objects. This limitation was overcome with

the introduction of new reconstruction algorithms which do not require any a priori

knowledge on either object and probe (Thibault et al., 2009; Maiden and Rodenburg,

2009). Currently X-ray ptychography is able to routinely produce images of objects with

submicron resolution (Holler et al., 2014) and simultaneously deal with issues of partial

coherence in the probe (Thibault and Menzel, 2013; Enders et al., 2014). Details and

applications of these features are discussed in the following chapters.

It is also worth noting that the availability of high brilliance sources, such as syn-

chrotron sources at storage rings around the world, led to the success of many of the most

cutting-edge X-ray -based experiments which would be unfeasible otherwise. Further-

more, for little under a decade X-ray free-electron laser (XFEL) facilities have started

operation, open to users from the worldwide X-ray community. This has opened the

doors to a new realm of experiments ranging from ultrafast science to single particle

imaging and flash imaging experiments and raised new challenges such as that of the

characterisation of the high-brilliance X-ray beams produced by FELs. In fact these

XFEL beams are so bright that it is non-trivial to detect them both accurately and

non-destructively.

This work is centred around ptychography, its development as an X-ray imaging tech-

nique and its applications. It is structured such that Chapter 2 builds its theoretical

foundations, summarising and providing references to the body of knowledge necessary

to tackle the subsequent chapters. The concepts presented therein are drawn from estab-

lished knowledge and published research. Chapter 3 describes an experimental protocol

developed as a flexible tool to perform X-ray imaging experiments at a wide range of
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length scales exploiting ptychography to obtain images at the highest resolutions among

those achievable via phase-contrast techniques. General considerations are backed up

with experimental results, both published in Sala et al. (2018). Chapter 4 presents the

application of ptychography in a novel implementation based on singular-value decom-

position (SVD) applied to the problem of wavefront characterisation at high-brilliance

pulsed sources. This issue is of interest for the wider XFEL community and the developed

approach has been proven successful in retrieving single-pulse information, providing un-

precedented insight. At the time of writing, part of these results have been gathered

into a manuscript ready to be submitted to a peer-reviewed journal. Chapter 5 focuses

on the application of X-ray ptychography for the high-resolution phase-contrast quan-

titative characterisation of nanostructures found in butterfly wing scales. Experimental

results are presented from data suited for tomographic analysis and the whole data anal-

ysis pipeline is discussed, leading to 3D characterisation of the butterfly scales. One of

these experiments also validated ptychographic X-ray computed tomography (PXCT)

on real-life samples at the I13-1 Coherence Branchline at Diamond Light Source for the

first time and has been made into a manuscript undergoing peer-review at the time of

writing. Finally, Chapter 6 draws the general conclusions by summarising the main

results presented in this work and their wider implications.

1.1 Contributions

A significant fraction of the novel research presented in this work stems from studies

carried out within the framework of wider international collaborations. As with most

impact-bearing research in modern science, this work was only possible within such

framework and whenever individual contributions could be assigned, this has been ex-

plicitly pointed out.

The local teams of each of the large-scale facilities involved were solely responsible

for beamlines being in working conditions and provided support throughout each ex-

periment. These were staff from the I13-1 Coherence Branchline at Diamond Light

Source (DLS) (Chapters 3,5), the Atomic, Molecular and Optical (AMO) and the Co-

herent X-ray Imaging (CXI) end stations at the Linac Coherent Light Source (LCLS)

(Chapter 4), the Diffraction and Projection Imaging (DiProI) beamline at the Free Elec-

tron laser Radiation for Multidisciplinary Investigations (FERMI) facility (Chapter 4)

and the ID16A Nano-Imaging beamline at the European Synchrotron Radiation Facility

(ESRF) (Chapter 5).

Measurements at storage rings (Chapters 3,5) were supported by members of the X-

ray Nano-imaging Group (XNIG) of University College London (UCL) and the Univer-

sity of Southampton. Measurements at free-electron lasers (Chapter 4) were supported
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by members of the Molecular Biophysics group of Uppsala University, the Centre for

Bioimaging Sciences (CBIS) of the National University of Singapore (NUS) and the

Optoelectronics Research Centre (ORC) of the University of Southampton.

The collaborators from Uppsala University were also responsible for carrying out the

pre-characterisation of the test pattern via SEM as well as most of the pre-processing

on raw data collected at LCLS. Michal Odstrcil from the University of Southampton

contributed to the pre-processing on raw data collected at FERMI. Anupama Prakash

from the National University of Singapore (NUS) was responsible for collecting SEM

images of the butterfly scales.

This is further detailed in the text where appropriate.



Chapter 2

Nibbles of X-ray physics

This chapter presents a wide variety of topics related to X-rays in general and ptychog-

raphy in particular. Many concepts are briefly touched on which all belong to a wider

body of established knowledge which does not constitute an original contribution of this

work but is however instrumental in setting the basis for the following chapters. First

(Section 2.1) an overview of X-ray waves is given including some of the ways they in-

teract with matter which are relevant to this work. The discussion then moves on to

X-ray sources (Section 2.2) with particular attention to synchrotron radiation from both

storage rings and free-electron lasers as this has been the one used to carry out all experi-

ments figuring in this work. A brief overview of scanning transmission X-ray microscopy

appears (Section 2.3) followed by a more extensive discussion on ptychography (Section

2.4) which is the main imaging technique both used and developed within this work.

Phase-retrieval algorithms are presented, along with a few of the several developments

that ptychography saw within the past decade. Finally, some concepts in tomography

are introduced (Section 2.5) as that is the technique commonly exploited to achieve 3D

imaging.

As many of the notions discussed are considered common knowledge in the field,

explicit reference to an original source is sometimes not provided. Wherever that is the

case, the reader should refer to common handbooks in the field, such as Als-Nielsen and

McMorrow (2011) or Willmott (2011).

14
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2.1 X-rays

2.1.1 Wave theory

Maxwell’s equations describe the classical theory of electrodynamics and for the case of

electric E(x, y, z, t) and magnetic B(x, y, z, t) fields in vacuum they read

∇ ·E = 0

∇ ·B = 0

∇×E = −∂B

∂t

∇×B = ε0µ0
∂E

∂t
(2.1)

where ε0 and µ0 are respectively the electrical permittivity and magnetic permeability

of free space. Exploiting the mathematical identity

∇× (∇× f) = ∇(∇ · f)−∇2f (2.2)

and keeping in mind that the speed of light in vacuum c = 1/
√
ε0µ0, one can rearrange

Maxwell’s equations to obtain

1

c2
∂2E

∂t2
−∇2E = 0

1

c2
∂2B

∂t2
−∇2B = 0

(2.3)

which are partial differential equations of the form of d’Alembert wave equation and can

be represented in scalar theory using the single complex scalar Ψ(x, y, z, t) associated to

the electromagnetic disturbance as(
1

c2
∂2

∂t2
−∇2

)
Ψ = 0 . (2.4)

Solutions Ψ to this equation represent electromagnetic waves propagating in free-space.

Applying some spectral decomposition to Ψ through a Fourier integral, one gets

Ψ(x, y, z, t) =
1√
2π

∫ ∞
0

ψω(x, y, z)e−iωtdω (2.5)

including the angular frequency ω.

Substituting Eq. 2.5 into Eq. 2.4 then gives∫ ∞
0

[(
∇2 +

ω2

c2

)
ψω(x, y, z)

]
e−iωtdω = 0 . (2.6)
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Therefore considering the wavelength λ and plugging in the wavevector k = 2π/λ = ω/c

one can infer

(∇2 + k2)ψω(x, y, z) = 0 (2.7)

which is the time-independent form of the wave equation known as Helmholtz equation.

For a monochromatic wave propagating into a medium Eq. 2.7 reads

∇2ψ + k2n2ψ = 0 (2.8)

where n is the refraction index discussed later (Section 2.1.3).

A possible solution of Helmholtz equation is that of a plane wave. Such plane wave

propagates along the direction r(x, y, z) following

ψ(x, y, z) = ei(kxx+kyy+kzz) (2.9)

with k2x + k2y + k2z = k2.

Rearranging for kz =
√
k2 − k2x − k2y one can write such a plane wave at an arbitrary

position z0 as

ψ(x, y, z0) = ei(kxx+kyy)eiz0
√
k2−k2x−k2y (2.10)

where the second component on the right-hand side is a form of the free-space propagator

P free space = eiz0
√
k2−k2x−k2y . (2.11)

Using Fourier decomposition one can represent any monochromatic wavefield as a linear

combination of plane waves. At an initial position z = 0 this reads

ψ(x, y, 0) =
1

2π

∫∫
ψ̃(kx, ky, 0)ei(kxx+kyy)dkxdky (2.12)

where ψ̃ denotes the Fourier transform (FT) operation Fψ.

Inserting 2.11 into this equation leads to the wavefield at the position z0 > 0, i.e.

propagated along the axis z by the distance z0. One can then define an operator Pz0
such that applied to an arbitrary monochromatic wavefield it would return the free-space

propagated wavefield at a distance z0 in the x-y plane

Pz0 = F−1P free spaceF = F−1eiz0
√
k2−k2x−k2yF (2.13)

which is another form of the free-space propagator.

This can be seen as the general operator for free-space diffraction. A special case

is that of Fresnel diffraction which is diffraction occurring in the near-field while the

following paraxial approximation holds. If one considers Fresnel number NF = a2/z0λ
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where a is the characteristic dimension of the source of radiation typically referring to

an aperture size, then a propagation distance z0 such that NF ≈ 1 is said to be in the

near-field propagation regime. Furthermore when |kx| � kz and |ky| � kz the wavefield

is said to be paraxial and the following binomial approximation holds

√
k2 − k2x − k2y ≈ k −

k2x + k2y
2k

(2.14)

and Pz0 becomes

PFresnel
z0 = eikz0F−1e

−iz0(k
2
x+k2y)

2k F (2.15)

where the free-space propagator has been substituted by the Fresnel propagator.

As in the general case, one can rewrite the operation as a convolution

ψ(x, y, z0) = PFresnel
z0 ψ(x, y, 0) = ψ(x, y, 0) ∗ PFresnel(x, y, z0) (2.16)

where PFresnel(x, y, z0) is the real-space form of the Fresnel propagator

PFresnel(x, y, z0) = − ike
ikz0

2πz0
e

ik(x2+y2)
2z0 . (2.17)

Fresnel diffraction then reads

ψ(x, y, z0) = − ike
ikz0

2πz0

[
ψ(x, y, 0) ∗ e

ik(x2+y2)
2z0

]
(2.18)

which is a mathematical representation of Huygens-Fresnel principle stating that the

propagation of a wavefield ψ(x, y, z0) can be represented as the coherent superposition

of spherical waves originating at every point of the initial wavefront ψ(x, y, 0).

Turning now to the far-field case for which the Fresnel number NF � 1, one obtains

Fraunhofer diffraction

ψ(x, y, z0) ≈ −
ikeikz0

2πz0
e

ik(x2+y2)
2z0 ×

∫∫ ∞
−∞

ψ(x′, y′, 0)e
−ik(xx′+yy′)

z0 dx′dy′ (2.19)

which can be written as

ψ(x, y, z0) ≈ A× ψ̃(kx/z0, ky/z0, 0) (2.20)

with

A = − ike
ikz0

z0
e

ik(x2+y2)
2z0 . (2.21)

This shows how in the far-field limit the free-space propagated diffraction pattern is a

transversely scaled version of the 2D Fourier transform of the initial wavefield ψ(x, y, 0)
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multiplied by a phase factor and a paraxial spherical wave described by A.

The wave theory just presented holds for any kind of electromagnetic wave and is

solely based on a classical description of such phenomenon. It is therefore relevant to

recall the quantised nature of radiation which describes electromagnetic waves as made

up of photons and states the relationship between the energy E carried by each photon

and its wavelength λ and frequency ν

E = hν = hc/λ (2.22)

where h is Planck’s constant and c the speed of light in vacuum.

Furthermore, this text mainly focuses on X-rays which refer to only a limited energy

range of the electromagnetic spectrum which spans roughly from 100 eV (∼ 12 nm) to

100 keV (∼ 12 pm). This range is further divided into soft and hard X-rays where the

former typically carry energies below 2-5 keV and the latter above 5-10 keV. Sometimes

the intermediate range between soft and hard X-rays (1-10 keV) is referred to as tender

X-rays. Finally the 10-100 eV energy range is often called extreme ultraviolet (EUV),

especially within the laser users community.

2.1.2 Coherence

The discussion so far treated the ideal case of parallel and monochromatic plane waves as

initial wavefield ψ(x, y, 0) which can be said to be fully coherent. The beams available

for any experiment however deviate from the ideal case so the concept of coherence

length becomes a useful estimate of such a deviation. Given two plane waves in phase at

the source, the transverse and longitudinal coherence lengths define at which distance,

perpendicular and parallel to the optical axis respectively, such waves will be out of

phase.

The transverse (or spatial) coherence length ξt describes the effect of the divergence

of different plane waves composing a beam and is defined as

ξt =
1

2

λR

D
(2.23)

with λ as the wavelength, R as the distance from the source and D as the distance

between point sources which corresponds to the characteristic size a of the source. One

can further distinguish between vertical and horizontal coherence lengths which differ

for most experiments.
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On the other hand the longitudinal (or temporal) coherence length ξl describes the

effect of the polychromaticity of the beam and is roughly identified by

ξl ≈
1

2

λ2

∆λ
(2.24)

where ∆λ represents the difference in wavelength between two waves and is related to

the bandwidth of the beam which in turn is defined by the energy resolution ∆λ/λ of the

monochromator. In fact, most X-ray experiments use of monochromators, even those

exploiting X-ray sources with naturally narrow emission spectra, such as undulators (cf

Section 2.2.1).

The concept of coherence length is useful as it determines the largest distance between

scatterers for them to be able to generate interference effects which is a requirement of

several experiments. In the limit of a completely incoherent beam no interference is

produced and the total scattered intensity is just the sum of the contribution of each

individual scatterer, whilst in the limit of a fully coherent beam interference occurs. In

the intermediate cases the beam is said to be partially coherent and often interference

fringes are visible though blurred. This latter condition is very common experimentally

and can still be used for some diffraction experiments which would normally require

highly coherent beams, as it will be discussed in Section 2.4.

2.1.3 Interaction with matter

In optics in general, the index of refraction n is a useful concept used to deal with

radiation at the interface between different media. It already appeared in Helmholtz

equation (Eq. 2.8) and for X-rays it is commonly defined as

n = 1− δ + iβ (2.25)

where β is related to absorption and δ to refraction. The latter also has a direct relation

to the phase shift ϕ a wave experiences while travelling through a medium along the

optical axis z:

ϕ = k

∫
δ(x, y, z)dz . (2.26)

The main categories of radiation-matter interaction are now briefly outlined which are

routinely exploited in different ways within X-ray imaging experiments. Some are used

as contrast mechanism to form pixelated images and some are used within focusing de-

vices to manipulate X-ray beams, especially with the purpose of concentrating coherent

radiation within a limited area. This is not intended as an exhaustive list of all kinds of

known radiation-matter interactions.
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In classical optics, when waves encounter an interface they experience reflection and re-

fraction. This is due to elastic scattering or Thomson scattering which, for X-rays, causes

scattered waves to preserve their amplitude and undergo a phase shift of π. Both of these

types of interaction affect X-rays when exploited within experiments involving interfaces

between some external environment – typically vacuum or some low-interacting fluid,

such as air – and, for instance, a sample. As in the sub-UV range materials usually show

an index of refraction smaller than unity, this leads to the occurrence of a critical angle

αc =
√

2δ below which grazing incident X-rays undergo total external reflection. This

is the physical principle on which Kirkpatrick Baez (KB) focusing mirrors are based

(Kirkpatrick and Baez, 1948). These are highly polished mirrors – not rarely down to

the atomic scale – designed with a very low curvature in order to achieve total external

reflection and therefore focus X-rays along a specific direction. They are typically used

in pairs, i.e. to focus X-rays along both directions perpendicular to the optical axis.

Unless they undergo total external reflection, X-rays at an interface also experience

refraction. This too can be treated with classical geometric optics – and Snell’s law in

particular – and be interpreted as a change in the propagation direction of a wave caused

by a change in the refraction index of the medium, i.e. at an interface. As it depends

on the medium-dependent δ factor of the refraction index, morphological information

on a material can be retrieved exploiting this interaction. This is the principle on which

the phase-contrast methods outlined in Section 2.3 are based, which are sensitive to

the small angular deviation of an X-ray beam caused by refractive interaction with a

specimen.

Refraction is also the principle on which focusing lenses are based. In fact, as for

visible light (n > 1) there exist convex lenses focusing such radiation, so for X-rays

(n < 1) compound refractive lenses (CRLs) have been designed which are arrays of

concave lenses able to focus the weakly refracted X-rays (Snigirev et al., 1996).

Absorption is another kind of radiation-matter interaction and occurs whenever a

photon is captured by a charged particle such as an electron in an atom and is then

annihilated. Together with Compton scattering which becomes more relevant at high

energies, this phenomenon accounts for the attenuation that radiation undergoes when-

ever travelling through a medium. Some useful formalism to describe attenuation is

summarised by Lambert-Beer law

I(z) = I0e
−µz (2.27)

with I and I0 being respectively the intensity of the radiation at z and z = 0 assuming

the radiation is propagating along the z direction and µ representing the medium-specific
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and wavelength-dependent absorption coefficient. This latter has a direct relation with

the imaginary part of the refraction index n through µ = 2kβ.

Finally, when radiation is scattered by an inhomogeneous medium, interference phe-

nomena lead to diffraction. This is the product of wave-wave interaction but arises in

the presence of scatterers and can hence be considered the indirect product of radiation-

matter interaction. Diffraction has already been implicitly used in Section 2.1.1 and can

be described as the special case of refraction where interference between multiple waves

occurs according to Huygens-Fresnel principle. It is the physical principle on which

diffraction X-ray imaging techniques are based as well as Fresnel zone plates (FZPs)

(Baez, 1961), which are another kind of focusing optics suited for X-rays and frequently

used in imaging experiments.

Diffraction is also the foundation of X-ray crystallography which shares with X-ray

diffraction imaging the so-called phase problem. Upon measurement, the information re-

garding the phase of a complex-valued function such as a wavefunction is lost. In an ideal

probe-object interaction, the probe P (x, y) is the complex-valued function representing

the wavefront as it is just before interacting with the specimen, while the object O(x, y)

is the complex-valued transmission function of the specimen and accounts for both the

absorption and the phase shift that radiation undergoes while travelling through the

specimen. This latter is a solution of the inhomogeneous Helmholtz equation (Eq. 2.8)

and it reads

O(x, y) = eik
∫
[n(x,y)−1]dz = e−k

∫
β(x,y)dze−ik

∫
δ(x,y)dz . (2.28)

Recording the wavefront right after the object corresponds to measuring the modulus

squared of the exit wave ψ(x, y, z) = P (x, y, z) ·O(x, y, z), so that

I(x, y, z) =
∣∣ψ∣∣2 = ψ ψ? = (PP ?)e−2k

∫
β dz (2.29)

where the phase factor e−ik
∫
δ(x,y)dz = eiϕ disappeared.

Recognizing I0 = PP ?, Eq. 2.29 clearly is a more general version of Lambert-Beer

law which for a homogenous sample becomes again Eq. 2.27 via 2k
∫
βdz = 2kβz = µz.

This simple example shows how the phase component of the exit wave is lost in an X-

ray diffraction experiment while the absorption component is preserved and can therefore

be measured in a more straightforward way. Nonetheless as the phase information is

necessary to fully characterise the complex-valued exit wave, only solving the phase

problem can return the full information carried by the complex-valued transmission

function of the object.
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2.2 X-ray sources

Since their discovery by Röntgen in 1895, X-rays have become a widespread tool in mod-

ern science and technology so that interest continues to be maintained into improving

existing sources and designing new ones. The first X-ray sources were X-ray tubes of

the kind used by Röntgen and later improved and somehow standardised by Coolidge.

These see the electrons emitted by a glowing filament accelerated through an evacuated

tube towards a metal anode acting as a target. The interaction between the electrons

and the target generates electromagnetic radiation within the X-ray spectrum through

two mechanisms. One is bremsstrahlung or braking radiation which produces a contin-

uous spectrum with its highest energy determined by the tube’s voltage. The other is

fluorescent emission by core vacancies induced in the target which produces sharp peaks,

typically significantly more intense than the bremsstrahlung, whose energy depends on

the excited elements. X-ray flux increases by increasing the number of electrons reaching

the target, i.e. by increasing the current through the filament. However for this kind

of setup the limiting factor is overheating of the water-cooled metal target which an

excessive electron flux would melt or damage. In the 1960s a significant improvement

on this design came along by establishing a rotating anode: conceptually identical to

the X-ray tube, the rotation of the metal target offers more surface to the electrons

making it a more thermally stable X-ray source and hence bringing up the X-ray flux

it can produce. In the 2000s a further step in the same direction was made with the

design of the first liquid-metal-jet anode X-ray sources which exploiting a continuously

regenerated liquid target increase both anode speed and thermal load limit leading to

the generation of an X-ray flux at least two orders of magnitude higher than with the

previous rotating anode design (Hemberg et al., 2003).

In order to describe and compare different X-ray sources, it is now useful to introduce

the concept of brilliance or brightness. Brilliance is a conventional figure of merit that

describes the quality of an X-ray beam and is defined taking into account several factors

typically relevant when running X-ray experiments, namely flux, emittance and band-

width. The flux is as usual Φ = dNph/dt, the emittance corresponds to the product of

the beam divergence (or collimation) relative to the propagation axis z and the source

ε = δθ σ and for the energy bandwidth (BW) conventionally 0.1% is taken as a relative

value. This gives

brilliance =
Φ[s−1]

δθxδθy[mrad2] σxσy[mm2] (0.1% BW)
(2.30)

and qualitatively implies that for the average X-ray experiment it is desirable to have

many photons travelling parallel to each other, coming from a point source and carrying

the same energy.
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Using brilliance as a comparison tool one can assess the brilliance of a standard X-

ray tube, a rotating anode and a liquid-metal-jet source at around 108, 109 and 1012

ph/s/mrad2/mm2/0.1%BW respectively.

2.2.1 Synchrotrons

It becomes then apparent how the anode-based sources presented so far could make a

rather rudimental kind of X-ray source in many contexts. They in fact produce polychro-

matic X-rays in a wide solid angle. This explains why by the beginning of the 1960s with

the coming of increasingly large particle accelerators some scientists started exploiting

the synchrotron radiation produced by such machines in parasitic mode, i.e. by drilling

holes through particle beam guides. Synchrotron radiation is the electromagnetic radi-

ation that accelerated relativistic particle beams emit and was known since the 1940s

based on mathematics by Liénard from the 1890s and mostly considered an unwanted

yet intrinsic inefficiency of any circular accelerator. Its properties however were soon

found so desirable that in the 1980s the first purposely-designed particle accelerators

started to be built and operated which became known as 2nd generation synchrotron

sources, to underline the improvement with respect to previous parasitic sources. 2nd

generation sources are able to produce X-ray beams at least two orders of magnitude

brighter than previous ones via bending magnets (BM), i.e. strong dipole magnets used

to bend a particle beam – typically electrons – in order to keep it along a circular path.

Fig. 2.1a shows part of a 2nd generation synchrotron source, removed from the particle

accelerator for exhibition purposes. X-rays are emitted along the optical axis z each

time a particle bunch travels through the bending magnet. The X-ray beam is delivered

downstream via a photon guide while the particle beam keeps moving around a circular

path within the particle guide after its trajectory has been bent.

By the 1990s, insertion devices (ID) were designed to fit within the straight sections

in between bending magnets leading to the configuration of most synchrotron sources

currently active worldwide. The further increase in terms of brilliance that insertion

devices brought along with respect to the best bending magnets has been so significant

– up to 6-7 orders of magnitude – that the synchrotron facilities exploiting them became

known as 3rd generation sources.

Finally the multiple-bend achromat (MBA) concept initially developed in the 1990s

(Einfeld et al., 2014) has been recently reconsidered for implementation (Hettel, 2014):

it aims at reaching a photon beam emittance ε = δθ σ ≤ λ/4π, i.e. below the diffraction

limit and is hence known as the diffraction-limited storage ring (DLSR) design. As

DLSRs will have a smaller emittance and higher coherence than current synchrotrons,

the achievable brilliance is expected to increase by 2 further orders of magnitude, enough
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for such sources to constitute a 4th generation of sources. At the time of writing, there

are 2 such facilities under commissioning and construction: respectively MAX IV in

Sweden (Tavares et al., 2014) and Sirius in Brazil (Liu et al., 2014).

Again for the purpose of comparison, one can consider the increase in average brilliance

among the different generation of synchrotron sources: from 1st to 4th, these are about

1012, 1014, 1020 and 1022 ph/s/mrad2/mm2/0.1%BW.

Most synchrotron sources operating today abide by 3rd generation layout in which a

linear accelerator (linac) followed by a booster ring speed up electron bunches emitted

by an electron gun. Electron bunches circulate the booster ring several times and are

there accelerated to relativistic speed typically in the GeV range through magnetic fields

synchronised with their increasing kinetic energy, hence the name synchrotron. Once

reached the desired energy, electron bunches are injected into the storage ring, a large

ring-shaped building so-named because originally its main purpose was to store the

particle beam by preserving its energy. Storage rings still do so by exploiting radio

frequency (RF) cavities which preserve the bunching and at the same time counter-

balance for the kinetic energy lost through radiation at each lap. However they also

host a number of other magnetic devices. Dipole magnets are used as bending magnets

(BM) in order to keep the particle beam along a circular trajectory by at the same

time causing it to emit continuous synchrotron radiation. Higher multipole magnets are

also present, typically as quadrupole and sextupole magnets (cf Fig. 2.1a) where the

former act in pairs to focus the particle beam along the two dimensions orthogonal to

its average trajectory and the latter correct for chromatic aberrations caused by such

focusing. Finally in the straight sections in between the other components wigglers and

undulators are found – hence their name insertion devices (ID) – which are both made

up of alternated static magnetic fields which cause the charged particles to oscillate or

wiggle which, once more, causes them to emit synchrotron radiation. Fig. 2.1b shows the

inside of an unmounted undulator with the electron bunches travelling along z, towards

the viewer. When such charged particles experience the alternated vertical – i.e. along y

– magnetic fields produced by the undulator’s magnets they oscillate along x, emitting

electromagnetic radiation.

As both bending magnets and insertion devices produce synchrotron radiation, a

beamline is located tangentially downstream to each one of them. Beamlines are the

radiation-controlled laboratories where synchrotron-based experiments take place, typi-

cally divided in three wide categories: diffraction, spectroscopy and imaging. The front

end is the most upstream part of a beamline and separates the particle beam guide

from the harvested radiation, insulating both vacua from one another, monitoring var-

ious beam parameters and often shielding from unwanted radiation. It is followed by

the optics hutch which hosts beam-manipulating equipment: usually a monochromator
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Figure 2.1: Photographs of components of a synchrotron source. (a) Unmounted
section of storage ring featuring a bending magnet (blue), two quadrupole magnets
(red) and a sextupole magnet (yellow). Particle bunches travel along z through the
bending manget which bends their trajectory to keep them following the particle guide
around the storage ring and at the same time emit radiation through the photon guide.
Multipole magnets are used to preserve the properties of the particle beam, namely
by focusing it and correcting for chromatic aberrations. (b) Unmounted undulator
revealing rows of magnets in alternated N/S and S/N pairs, each pair with one pole in
the top row and the other in the bottom row. The resulting alternated vertical (along
y) magnetic fields cause the particle beam to oscillate horizontally (along x) and emit
electromagnetic radiation. Relativistic effects cause this radiation to concentrate in a
tight cone along the optical axis z.
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as well as focusing KB mirrors. And finally, the experimental hutch is where actual

beamline user experiments take place involving various sample environments, motors

and detectors, depending on the specific requirements of each kind of experiment.

As the most advanced X-ray sources today exploit bright highly-coherent synchrotron

radiation produced by having particle beams travelling through undulators, it is now

useful to briefly outline their working principle. Undulators are based on the emission of

electromagnetic waves by accelerated particles, much like a radio antenna, although the

wavelengths emitted by undulators are much shorter than what their periodicity might

suggest. The alternating magnetic fields making up an undulator are in fact typically a

few cm apart but the wavelength of the emitted radiation results much shorter due to a

combination of Doppler effect and Lorentz contraction.

An electron travelling through an undulator as observed from the laboratory inertial

reference frame constitutes a moving source of radiation whose wavelength therefore

appears shortened due to Doppler effect. When observed from an angle θL = 0 from the

optical axis, the wavelength is given by

λL ≈ λe/2γ (2.31)

with λe as the wavelength in the electron reference frame and γ = 1/
√

1− v2

c2
= Ee/mec

2

as the Lorentz factor which here corresponds to the energy of the electron in units of rest

mass energy and can be expressed as γ ≈ 103Ee[GeV]. This shortening of the observed

wavelength which would occur also for non-relativistic particles is further stressed by

the relativistic speed at which the electron typically travels in synchrotron sources,

thus requiring relativistic corrections to the classical Doppler effect. Furthermore the

wavelength emitted by the electron λe is equal to the period of the undulator λu as seen

from the electron reference frame which also needs relativistic treatment as it undergoes

Lorentz contraction and leads to

λe = λu/γ . (2.32)

Combining Eq. 2.31 and Eq. 2.32 gives the general relationship

λL ≈
λu
2γ2

. (2.33)

Reintroducing a variable angle θ and considering the magnetic field B within the undu-

lator, the general equation for the wavelength emitted by an undulator then reads

λL(θL, B) ≈ λu
2γ2

(
1 +

K2

2
+ γ2θ2L

)
(2.34)

with K ∝ λuB as a parameter used to characterise the undulator and usually close to

unity. Eq. 2.34 implies that a possible way of varying the wavelength of the radiation
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produced by an undulator is to alter the magnetic field B onto the particle beam. This

is typically achieved by changing the insertion device (ID) gap, i.e. the distance between

the opposite poles of the permanent magnets making up each period of the undulator.

So, opening the ID gap by moving the magnetic arrays apart causes the undulator to

produce radiation at a shorter wavelength and vice versa.

Furthermore the number of periods Nu of an undulator determines both its energy

bandwidth and the angular spread of the emitted radiation. The bandwidth depends

on ∆λn/λn = 1/Nun, with the integer n indicating the harmonic, and the full width

at half maximum (FWHM) of a section of the beam perpendicular to the optical axis

is given by θFWHM ≈ 1/γ
√
Nu which implies that undulators are naturally highly col-

limated sources. The overall divergence from an undulator is however the result of the

convolution of the photon-beam divergence with that of the electron beam circulating

the storage ring which is typically larger in the horizontal direction. In the case of

3rd generation sources, this results in the undulator divergence being roughly one order

of magnitude larger in the horizontal direction than in the vertical which also implies

different emittances εx > εy.

Following the spread of large-scale synchrotron facilities many efforts have been made

to find ways of producing electromagnetic radiation of similar quality from smaller

sources to contain both costs and space requirements and make cutting-edge X-ray

experiments more accessible, even to smaller university-based laboratories rather than

large dedicated research centres. Beside the liquid-metal-jet source introduced at the be-

ginning of Section 2.2 which can be considered an improvement on previous anode-based

X-ray source designs, also other designs have been proposed and developed inspired more

closely by synchrotrons.

A first example is a compact light source (CLS) (Huang and Ruth, 1998) which re-

cently became commercially available (Eggl et al., 2016) and produces hard X-rays from

inverse Compton scattering. Namely relativistic electron bunches of a few tens of MeV

circulating in a room-sized storage ring are made interact with infrared laser pulses in

an enhancement cavity which acts similarly to an undulator hence producing bright

short-wavelength radiation.

A different approach is that of laser-driven sources which exploit plasma excitations

and evolved from ultra-fast high harmonic generation (HHG) concepts. One example

of such design is one that produces ultra-relativistic electron bunches (up to 1 GeV)

from the wakefield in a diluted plasma obtained by ionising a gas target with an intense

femtosecond laser pulse (Fuchs et al., 2009). The electron bunches then go through a

cm-long undulator with a period of a few millimetres thus producing soft X-ray / ex-

treme ultraviolet (EUV) synchrotron radiation. A further development of that concept

removed the undulator altogether in a design in which the focusing fields of the wakefield
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itself induce electron transverse (betatron) oscillations which in turn cause the electrons

to radiate X-rays with a brilliance comparable to that of 3rd generation large-scale syn-

chrotron sources (Kneip et al., 2010). While HHG sources have been historically limited

by the relatively long wavelength they produced, more recent demonstrations showed

they too can reach 3rd generation-like brilliance in the EUV regime (Dromey et al.,

2006). On the other hand the main limitation of laser wakefield accelerators (LWFA)

has always been their low repetition rate (<Hz) which makes their use unpractical for

most synchrotron science applications. Both HHG sources and LWFAs however attract

great interest because of both their tabletop and ultra-fast (femtosecond) nature.

Going back to the definition of brilliance one can compare the quality of the different

X-ray sources and notice that the brilliance of large-scale 3rd generation synchrotron

radiation is typically 10 orders of magnitude higher than that produced by traditional

laboratory sources such as rotating anodes. This explains the success of synchrotron

facilities which can perform experiments which would otherwise be unfeasible but also

improve on existing ones by achieving better results, e.g. faster measurements, higher

precision, better resolution. For example high-brilliance sources allow to determine the

structure of nanocrystals or other weakly scattering specimens via diffraction experi-

ments whose signal-to-noise ratio would be excessively low were they performed with

conventional sources. This great advantage comes at the cost of radiation damage which

increases as the flux of ionising radiation impinging on a specimen grows, till the point

where an increase in brilliance could adversely affect the outcome of an experiment

(Henderson, 1995). This can be partly overcome by the use of cryogenic cooling (How-

ells et al., 2009; Holton, 2009) which is widely used for biological samples as these are

particularly sensitive to radiation and accounts for the recent success of imaging tech-

niques exploiting it, mainly cryo-electron microscopy (cryo-EM).

The issue of radiation damage can be completely bypassed thanks to the develop-

ment of X-ray free-electron lasers (XFEL) which are discussed in more details in Section

2.2.2. Their peak brilliance gains another 10 orders of magnitude with respect to 3rd

generation continuous synchrotron sources, reaching 1032 ph/s/mrad2/mm2/0.1%BW

and thus leading to the destruction by Coulomb explosion of any specimen hit by any

single radiation pulse. Nonetheless, due to the pulsed nature of XFEL sources, any of

these single pulses can be short enough - typically . 100 fs - to achieve diffraction be-

fore destruction (Neutze et al., 2000; Chapman et al., 2006a), i.e. the scattering events

producing the measured diffraction pattern occur over a timescale which is shorter than

that required by electrons to leave the specimen and causing its structure to be dam-

aged and ultimately destroyed. Single particle imaging (SPI) or flash X-ray imaging

(FXI) experiments are based on this principle exactly: the extremely high brilliance of

the XFEL beam is exploited to produce a resolvable diffraction pattern of an individual
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particle which is enough to reconstruct its 2D projection. By collecting and reconstruct-

ing several of such patterns it is in principle possible to retrieve the full 3D volume of the

particle. The proof-of-concept of this idea has already been demonstrated for both non-

biological (Loh et al., 2012; Barke et al., 2015) and biological particles (Seibert et al.,

2011; Hantke et al., 2014; Van Der Schot et al., 2015; Ekeberg et al., 2015; Munke et al.,

2016; Reddy et al., 2017; Hosseinizadeh et al., 2017) and, although there remain several

experimental complications yet to overcome, it significantly contributed to the growing

interest of the scientific community for XFELs.

2.2.2 X-ray free-electron lasers (XFELs)

3rd generation synchrotron sources make use of undulators and wigglers as insertion

devices within a storage ring along with the bending magnets necessary to keep the

electron bunches travelling on their bent trajectory. Therefore several bunches keep

running through each device which behaves as an individual continuous X-ray source. At

X-ray free-electron lasers, instead, only one longer undulator is used and every electron

bunch is generated, sent through the undulator once (one-pass) and dumped right after.

The injection of individual bunches leads to the characteristic femtosecond pulsed time

structure mentioned earlier whilst a storage ring would barely be able to reach the

subpicosecond time resolution at the expense of a great loss in peak flux, e.g. in single-

bunch mode.

The large gain in flux of XFELs with respect to traditional insertion devices is mainly

due to their longer undulators and higher bunch compression: in fact the higher number

of periods of alternating transverse magnetic fields Nu along with the high density of

the electron gas making up the particle beam enables self-amplified spontaneous emis-

sion (SASE) to occur (Margaritondo and Rebernik Ribic, 2011; Marangos, 2011; Huang

and Kim, 2007). This is a process in which stochastic density variations within an

electron bunch - namely electron shot noise - lead to spontaneous microbunching, i.e.

the formation of periodic density modulations at the same wavelength of the emitted

radiation which, once started, amplifies itself. This phenomenon is based on the interac-

tion between the electrons and the electromagnetic waves they produce while travelling

through the undulator, in a similar way to what happens in an RF cavity but at a smaller

length scale. In fact the electrons move under the influence of a ponderomotive poten-

tial resulting from the combination of the undulator and the radiation fields: under such

conditions and after some distance within the undulator, the energy modulation of the

fields is translated into density modulations within the electron beam. The consequence

is that the intensity of the radiation emitted by the electron beam grows exponentially

along the undulator as the electrons within each microbunch start emitting in phase.

This process continues until saturation and the total emitted radiation intensity results
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greatly amplified by the quasicoherent combination of the radiation emitted by any of the

Ne electrons making up the beam. For comparison, at a typical synchrotron source the

total intensity of the emitted radiation from the uncorrelated electrons each generating

an electric field of the same magnitude En = E is

Iuncorrelatedtot ∝
Ne∑
n

∣∣En∣∣2 = E2Ne (2.35)

whilst that of the correlated electrons within the microbunches in an XFEL is

Icorrelatedtot ∝

∣∣∣∣∣
Ne∑
n

En

∣∣∣∣∣
2

= E2N2
e . (2.36)

At saturation both the microbunching and the intensity of the emitted radiation reach

their maximum as afterwards the resonant condition is lost due to the loss of kinetic

energy of the electron beam, so extending the undulator further does not lead to any

gain. Nonetheless in order for saturation to be reached long undulators are required,

typically several tens of meters long with ∼ 103 periods. Although earlier examples

of SASE FELs generating soft X-rays exist (e.g. FLASH in Hamburg, Germany), the

first facility to become operational within the hard X-ray regime has been the Linac

Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory (previously

Stanford Linear Accelerator Center) in Menlo Park, US, which opened its doors to user

operation in late 2009 (Emma et al., 2010).

FELs based on such amplification principle are known as high-gain FELs and, unlike

low-gain FELs, they are able to produce high intensity radiation without any optical

cavity, which would be unpractical for X-rays. On the other hand SASE XFELs produce

only quasicoherent radiation due to the intrinsically limited temporal coherence implicit

in the SASE process. The microbunching depends on stochastic density modulations

within the electron beam which are further amplified in the undulator. Therefore every

electron bunch contains several distinct microbunches and every radiation pulse contains

∼ 102 of phase uncorrelated fs pulses which can be represented as several coherent modes.

The plot on the left-hand side of Fig. 2.2 shows the temporal distribution of such smaller

pulses via the power distribution along the optical axis which clearly reveals several and

distinct spikes. The number of such spikes is approximately given by the ratio between

the overall length of the electron bunch and the cooperation length, i.e. the distance

within the electron bunch at which self-organization occurs.

The stochastic nature of the spontaneous emission also causes similar spikes to occur

within the power distribution in the spectral domain as shown in the plot on the right-

hand side of Fig. 2.2. These result in a pulse bandwidth at FWHM in the range 0.2-1.0%
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Figure 2.2: Simulations of temporal and spectral domain of a single pulse generated
by a SASE FEL operating at 1 keV (Marangos, 2010). Permission to reproduce this
figure has been granted by the Science and Technology Facilities Council (STFC).

which is significantly larger than the lowest value that could be achieved given the pulse

duration.

Considering radiation pulses generated by different electron bunches, a similar stochas-

tic variation is observed once more due to the SASE process. This implies that significant

temporal and spectral variations occur also among pulses leading to shot-to-shot fluc-

tuations of the pulsed radiation beam. For example, for SASE XFEL beams the power

stability is typically of the order of 3-12% and the wavelength stability of the order of

0.1-0.2% (Emma et al., 2010)1.

A method to reduce both pulse-to-pulse and single pulse fluctuations is to exploit

a seed signal, i.e. to initiate the microbunching and amplification process with some

radiation rather than leaving it occurring spontaneously from the stochastic shot noise.

This approach can be applied to soft X-rays and EUV sources for which a coherent

input source acting as seed can be produced, e.g. via high harmonic generation (HHG)

exploiting a laser beam (Yu, 1991). On the other hand such a seed is not available for

hard X-rays for whose generation a self-seeding scheme can be used instead, in which

the radiation produced via the SASE process is filtered through a monochromator and

then exploited as seed (Feldhaus et al., 1997; Saldin et al., 2001). In both schemes the

use of a seed ensures increased stability of the pulsed beam and higher coherence of the

individual radiation pulses whose temporal and spectral distributions take the form of

narrow gaussian distributions. For comparison, the product of temporal duration and

spectral bandwidth both taken at FWHM of a SASE pulse can be up to two orders

of magnitude larger than that of a seeded pulse, highlighting the advantages that the

seeded scheme offers. An example of such EUV seeded FEL is the Free Electron laser

Radiation for Multidisciplinary Investigations (FERMI) facility at Elettra in Basovizza,

Italy (Allaria et al., 2015).

1These estimates correspond to the root mean square of values collected over a few minutes of
measurements at different wavelengths at the LCLS with a 30 Hz repetition rate.
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Currently, seeded XFELs remain the minority due to the technical and experimental

complexity of a self-seeded scheme to be compared to the SASE XFEL technology which

is more established and relatively simpler. However it is clear that it is towards the

former that most technological development is heading.

2.3 Scanning transmission X-ray microscopy (STXM)

As mentioned earlier, phase-contrast imaging techniques are based on the fact that

light is bent when travelling through a medium by an amount related to its index of

refraction. Therefore, measuring the refraction of a straight beam returns morpholog-

ical information on the medium. In the case of real specimens, typically made up of

several non-homogeneous media, the image obtained by measuring refraction changes

constitutes a projection of the illuminated sample onto a plane perpendicular to the

beam direction. Given that in the X-ray range of the electromagnetic spectrum the

index of refraction (cf Eq. 2.25) of most materials typically shows values for δ much

larger than β, exploiting δ-dependent refraction rather than β-dependent absorption for

imaging experiments generates better contrast. Fig. 2.3 shows a comparison between β

and δ for two different materials highlighting the advantage of exploiting refraction over

absorption in both cases.

An application of this concept is scanning transmission X-ray microscopy (STXM)

(Horowitz and Howell, 1972; Morrison and Chapman, 1983). In this technique an X-

ray beam is focused to a small size and scanned onto the surface of a specimen while

the transmitted signal at each scanning position is recorded by a detector downstream.

Fig. 2.4 shows a typical experimental configuration suited to perform STXM scans, in

which the sample is scanned in the x-y plane in order to produce a relative displacement

Figure 2.3: Comparison between δ and β values from indices of refraction of silica
SiO2 and chitin (C8H13O5N)n within the X-ray regime. Log-log scales. Values taken
from Henke et al. (1993).
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Figure 2.4: Diagram of an experimental setup suited for scanning X-ray microscopy
experiments: with this geometry both scanning transmission X-ray microscopy (STXM)
and ptychography experiments can be performed. Some adjustable slits act as sec-
ondary source by shaping the X-ray beam (represented in green) coming from the
source upstream. A pair of KB mirrors focuses the beam onto a small area of a sam-
ple. The size of the illuminating focused beam onto the sample – i.e. the probe size –
is adjusted by translating the sample along the optical axis z. The beam is scanned
onto the sample by translating the sample in the x-y plane. The free-space propagated
exit waves (i.e. the diffraction patterns) are recorded by a detector downstream. The
main difference between the data acquisition processes of STXM and ptychography is
that the latter requires some degree of overlap between adjacent scanning positions (cf
Section 2.4).

between probe and object. Beside KB mirrors, also other kinds of focusing optics are

often used for scanning X-ray microscopy experiments, such as FZPs and CRLs (cf

Section 2.1.3).

Regardless of the choice of detecting system, a first imaging mode STXM provides is

absorption-contrast. Rather intuitively, this is based on recording the beam attenuation

at every scanning position for which a simple integration of every collected frame is

sufficient, effectively reducing any detector to a point detector. Another imaging mode

is that of phase-contrast and is based on the use of a segmented or pixelated detector.

Determining the centre of mass of every diffraction pattern in fact is equivalent to

determining the angle of refraction α of the X-ray beam at every scanning position,

given the detector’s pixel size and its distance from the sample. In the conventional
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reference system in which the optical axis corresponds to the axis z, the relationships

∂ϕ(x, y)

∂x
= kαx ,

∂ϕ(x, y)

∂y
= kαy (2.37)

hold, with the wavevector k = 2π/λ, the phase ϕ and the horizontal and vertical refrac-

tion angles αx and αy respectively. This implies that measuring the refraction angle α

allows to produce a pair of differential phase contrast images – horizontal and vertical

– which through integration lead to a phase image. Even just the differential phase-

contrast images are especially useful in returning information on the specific orientation

of interfaces within the specimen and often reveals features unnoticeable from the ab-

sorption signal alone. Furthermore, by integrating only the signal outside the direct

beam, also a dark field image of the specimen can be obtained, which results in a third

imaging mode accessible via STXM. Dark field images are sensitive to scattering which

causes a change in the amplitude of interference patterns.

The resolution STXM images achieve is dictated by the probe size used to perform

the scanning measurements. It follows that in most instances in which STXM has been

implemented at X-ray imaging beamlines there has been a significant push to reduce

the smallest achievable spot size produced by beamline optics (Chapman et al., 1995;

Gianoncelli et al., 2006; Stampanoni et al., 2010; Kaulich et al., 2011). In fact focusing

optics constitutes the main limiting factor in terms of achievable resolving power for this

technique and the smallest focal spot sizes achieved to date have been able to generate

images with resolution in the 10 nm range (Mohacsi et al., 2017).

STXM can also be combined with simultaneous X-ray fluorescence (XRF) measure-

ments which enrich the collected dataset with chemical information and elemental con-

trast. Also X-ray absorption spectroscopy (XAS) is compatible with the STXM geometry

although it is typically performed using a point detector which prevents the collection

of differential phase contrast and dark field images.

Other techniques exist which are able to achieve phase-contrast imaging but they fall

outside the scope of this work. Some of these are analyser-based and grating-based

imaging which are increasingly widespread even for macroscopic applications such as

medical imaging at hospitals and in general also outside high-brilliance X-ray facilities.

For a wide overview of some of them the reader is referred to David et al. (2002), Momose

(2005) and Weitkamp et al. (2005).

2.4 Ptychography

First X-ray microscopy techniques relied on geometries analogous to those used for visible

light microscopy which very roughly consist of a source, some optics to focus light onto
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the sample under study, an objective and a detector. For example such a geometry

is employed in full-field transmission X-ray microscopy (TXM) where the main factor

limiting resolution is the objective lens. As the index of refraction of X-rays varies

only slightly from unity, the manufacture of X-ray optics components is particularly

challenging and often results in aberrations occurring and leads to low efficiency or low

numerical apertures, all features compromising the performance of a microscopy setup.

The role of the objective lens in such setups is to invert the free-space propagated

image of the sample back to a real space image which is then recorded by the detector.

Lensless microscopy approaches exist which bypass the need for an objective lens. In

such experiments the light from the sample is directly recorded by the detector without

the use of image-forming optics. An image of the sample is later obtained via back-

propagation after the lost phase information has been recovered using phase retrieval

algorithms Therefore, ptychography falls into the category of lensless imaging techniques

and allows to computationally recover complex-valued images by iteratively solving the

phase problem and, in principle, achieve diffraction-limited resolution.

It should be pointed out that the iterative phase retrieval algorithms employed in

ptychography hold regardless of the radiation used. In fact, ptychographic reconstruction

is successfully achieved within experiments exploiting either one of X-rays, visible light or

electrons. The wide reach of ptychography is demonstrated by its continued development

with visible light (Sun et al., 2017) as well as its recent success in achieving sub-Ångström

(< 0.5 Å= 0.05 nm) resolution within electron microscopy experiments (Jiang et al.,

2018). However, this work focuses on X-ray ptychography, so its application to fields

other than X-ray science falls outside its scope.

The experimental geometry used for X-ray ptychography is the same as that already

represented for STXM (cf Fig. 2.4). The main difference with respect to STXM is

ptychography’s need for overlap between adjacent illuminated areas, as discussed below.

Ptychography’s background and its developments are presented in this section. The

reader can refer to Rodenburg (2008) for a wide review of the field of ptychography and

to Pfeiffer (2018) for a review of the recent advances of X-ray ptychography.

2.4.1 Iterative phase-retrieval algorithms

The first formulation of the concept of phase retrieval algorithm for imaging (Gerch-

berg and Saxton, 1972) was followed by the development of iterative phase retrieval

algorithms (Fienup, 1978; Bruck and Sodin, 1979), later applied to X-ray diffraction

imaging. These algorithms can solve the phase problem provided what was known as

oversampling is achieved during the experimental data collection. This translates into

producing a constrained problem, as detailed further below.
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In order to understand the concept of oversampling for phase retrieval, one could

start considering a one-dimensional signal that can be decomposed and analysed using a

discrete Fourier transform which translates the signal into the frequency domain. Such

domain is often labelled as inverse space, Fourier space or reciprocal space as opposed to

the domain of the signal prior Fourier transformation which is in turn identified as direct

space or real space. The Nyquist frequency qN then represents the highest frequency

from the discrete Fourier transform of such a direct space signal with sampling interval

∆x and it reads

qN = N
∆q

2
=

π

∆x
(2.38)

with ∆q as the sampling interval in inverse space.

In signal processing the bandlimit ought to be smaller than the Nyquist frequency in

order for aliasing not to occur and thus oversampling to be achieved.

The concept of 1D bandlimit still holds for the 2D case thus allowing for 2D signals such

as electromagnetic wavefronts to be sampled finely enough to avoid aliasing. In actual

experiments though, only the real part of any complex signal can be detected (cf phase

problem from Section 2.1.3) which is equivalent to measuring half of the information

carried by a given wavefront thus making its recovery an underdetermined problem.

The Nyquist-Shannon sampling theorem (Shannon, 1949; Sayre, 1952) offers a solution

to this by stating that it is in principle sufficient to oversample a wavefront by a further

factor of two in order to obtain at least as many constraints as unknowns. In direct

space this can be achieved through the use of a support – namely an isolated specimen

– outside of which no signal is assumed to be produced. The theorem reads

∆qx ≤
π

sx
, ∆qy ≤

π

sy
(2.39)

where sx and sy describe the extension of the support respectively along the x and y

directions.

From Nyquist-Shannon sampling theorem it follows that by selecting a support small

enough in order to satisfy oversampling conditions, phase retrieval can take place.

This occurs via iterative phase retrieval algorithms the most widespread of which are

projection-based algorithms such as the difference map (DM) algorithm (Elser, 2003).

Projection-based algorithms are search algorithms that aim at finding the intercept of

constraint sets by applying alternately projections onto such sets. In the case of phase

retrieval the constraints are two, one in real space and one in inverse space. They are

used to find the complex-valued exit wave which, as mentioned in Section 2.1.3, is the

product of probe P and object O, i.e. the wavefront illuminating the sample and the
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transmission function of the sample respectively, such that

ψ(x, y) = ψ(r) = P (r)O(r) . (2.40)

At the n-th iteration, a Fourier magnitude projection is applied to the latest estimate

of the exit wave ψn(r). In the most general case, such projection onto the constraints

in inverse space reads

ΠF {ψn} = F−1
(√

I(q)
Fψn(r)

|Fψn(r)|

)
. (2.41)

This is equivalent to replacing the magnitudes of the current estimate of the exit wave

with the experimentally measured ones, i.e.
√
I(q), which geometrically corresponds to

projecting each estimate onto a circle in the complex plane.

On the other hand, the real space constraint is the support constraint that forces the

estimated exit wave to zero outside the support S of the isolated sample and it reads

ΠS{ψn(r)} =

{
ψn(r) r ∈ S
0 r /∈ S

. (2.42)

Different or more elaborate inverse and real space constraints can be applied which

depend on the experimental conditions as it is briefly discussed later.

Applying both projections, the update rule for DM phase retrieval algorithms takes

the general form

ψn+1 = ψn + β
[
ΠF

{
(1 + γ1)ΠS{ψn} − γ1ψn

}
−ΠS

{
(1 + γ2)ΠF {ψn} − γ2ψn

}]
(2.43)

where β, γ1 and γ2 are complex parameters.

Many variants of such general form exist. The hybrid input-output (HIO) algorithm

(Fienup, 1978, 1982) for example is a widespread error reduction algorithm whose update

rule takes the form

ψn+1 = ψn + β
[
ΠF

{
(1 + β−1)ΠS{ψn} − β−1ψn

}
−ΠS{ψn}

]
(2.44)

which can easily be identified as a special case of the generic DM algorithm.

The application of such iterative phase retrieval algorithms has been successfully tested

on isolated samples within coherent diffraction imaging (CDI) experiments (Miao et al.,

1999), so named because of the highly coherent radiation needed to produce phasable

diffraction patterns. This approach is also rather promising for single particle imaging

and flash X-ray imaging studies in which the aim is to retrieve the full 3D structure

of an isolated specimen of which several 2D projections have been collected at random
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orientations (Chapman et al., 2006b). This is particularly relevant for those submicron

particles whose structure could not otherwise easily be resolved for example due to

the lack of a stable crystalline form of such particles which prevents the more common

crystallographic approach from being applicable. This is the case of several structures of

biological interest and has been one of the scientific drivers for the investment into XFEL

facilities which are needed to perform such high-brilliance experiments as mentioned

earlier (Neutze et al., 2000).

On the other hand, most specimens are typically extended in nature or need to be

imaged in specific environments which prevent them from being isolated. Two kinds

of approach have been developed which are able to tackle this issue exploiting a con-

fined illumination acting as support: they are keyhole coherent diffractive imaging and

ptychography. While keyhole CDI is a further development of previous CDI techniques

and has been experimentally demonstrated on extended samples (Abbey et al., 2008),

ptychography originated from the field of electron microscopy for which – as for X-rays –

phase retrieval is also achievable (Hoppe, 1969). The name and concept of ptychography

was first theorised as a non-iterative method by Hegerl and Hoppe (1970) and later de-

veloped (Bates and Rodenburg, 1989; Rodenburg and Bates, 1992) and experimentally

demonstrated (Rodenburg et al., 1993) for electron microscopy. Similar phase retrieval

approaches were also demonstrated for X-rays (Chapman, 1996, 1997) in what can be

seen as a combination of CDI and STXM able to retrieve phase images within an ex-

tended scanning area exploiting a confined illumination as a support. Projection-based

iterative phase retrieval algorithms were then introduced which exploited the idea of

alternating projections within real and inverse space (Faulkner and Rodenburg, 2004;

Rodenburg and Faulkner, 2004; Rodenburg et al., 2007) in order to retrieve the full

extended-object transmission function. In ptychography in general, an X-ray beam is

scanned through an extended sample recording intensity distributions at several posi-

tions of the probe with respect to the object. The constraints needed to ensure that the

phase retrieval problem is not ill-posed rely on the overlap between adjacent illuminated

areas of the sample. The data redundancy so-achieved has been proven strong enough

not only for iterative algorithms to converge to a solution for the object but also to

achieve simultaneous probe and object reconstruction without a priori knowledge on

either one of them (Thibault et al., 2008, 2009; Maiden and Rodenburg, 2009) thus by-

passing the main limitation of the previous algorithms which did not update the initial

estimate of the illumination function.

The method from Thibault et al. (2008) is based on a DM algorithm. In this case the

exit wave ψ(r) is replaced by the state vector

Ψ =
(
ψ1(r), ψ2(r), . . . , ψN (r)

)
(2.45)
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which contains all the N views of the probe onto the object. The Fourier magnitude

(or modulus) projection is then individually applied to each view ψj(r) but remains

otherwise unchanged in nature. For ptychography the recorded intensities then read

Ij(q) =
∣∣Fψj(r)

∣∣2 =
∣∣F[Pj(r)Oj(r− rj)

]∣∣2 (2.46)

where rj = (xj , yj) represents the relative displacement of the object with respect to

the probe for the j-th view. On the other hand the real space constraint is no longer

the support of an isolated sample, but rather an overlap constraint among adjacent

probe-shaped illuminated areas of the extended object. Therefore the projection ΠS is

replaced by ΠO{Ψ} which is then applied to every view such that

ΠO

{
ψj(r)

}
= P̂ (r)Ô(r− rj) (2.47)

where P̂ and Ô are chosen so as to minimise the difference

∣∣∣∣Ψ−ΨO
∣∣∣∣2 =

∑
j

∑
r

∣∣∣ψj(r)− P̂ (r)Ô(r− rj)
∣∣∣2 . (2.48)

Such minimisation can be achieved through differentiation with respect to P̂ and Ô thus

giving the system of equations

Ô(r) =

∑
j P̂
∗(r + rj)ψj(r + rj)∑
j

∣∣P̂ (r + rj)
∣∣2 (2.49)

P̂ (r) =

∑
j Ô
∗(r− rj)ψj(r)∑

j

∣∣Ô(r− rj)
∣∣2 . (2.50)

Alternately applying these equations leads to the minimisation of Eq. 2.48. The com-

plete formulation of the update rule for the DM algorithm for ptychography then takes

a form similar to Eq. 2.44. In fact by choosing β = 1 one gets

Ψn+1 = Ψn + ΠF {2ΠO{Ψn} −Ψn} −ΠO{Ψn} . (2.51)

Another kind of projection-based iterative phase retrieval algorithm, which does not

heavily rely on an in-depth knowledge of the probe and is currently widespread through-

out the X-ray imaging community, is the extended ptychographical iterative engine

(ePIE) (Maiden and Rodenburg, 2009). This is a more versatile and flexible version

of the simpler ptychographical iterative engine (PIE) which marked the beginning of

modern ptychography (Rodenburg and Faulkner, 2004).
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A conceptually different approach is used by another ptychographic iterative phase

retrieval algorithm known as maximum likelihood (ML) algorithm.

Likelihood maximisation has been successfully implemented (Thibault and Guizar-

Sicairos, 2012) and is particularly suited for dealing with noise which is an intrinsic

aspect of any experiment involving photons and hence at least statistical noise. In fact

in an ideal case the only source of noise is the statistical noise witnessed by detectors.

Once the recorded frames have been converted into photon counts – a step which is not

necessary in the case of photon-counting detectors – it should still be taken into account

the fact that such discrete photon distribution is the result of a quantum process which

obeys Poisson statistics. The approach developed within maximum likelihood is based

on the modelling of the probability p of measuring n(q) photons out of a probe-object

interaction which reads

pP
(
nj(q)

∣∣P (r)O(r)
)

=
Ij(q)nj(q)

nj(q)!
e−Ij(q) (2.52)

where Ij(q) is always given by Eq. 2.46.

Nonetheless, more often other sources of noise such as detector point spread function

(PSF) are simultaneously present in the experiment and a Gaussian distribution becomes

a more suited representation of the probability distribution. This is in general a valid

approximation in the case of high values of the intensity Ij(q) and reads

pG
(
nj(q)

∣∣P (r)O(r)
)

=
1√

2πσ2j (q)
e−[Ij(q)−nj(q)]

2/2σ2
j (q) . (2.53)

Following the Gaussian probability distribution pG the negative log-likelihood is then

defined as

L = − log
∏
j

∏
q

pG
(
nj(q)

∣∣P (r)O(r)
)

=
∑
j

∑
q

wj(q)

(
Ij(q)− nj(q)

)2
2σ2j (q)

(2.54)

which takes the form of a weighted sum of least squares with the weights wj(q) intro-

duced to mask out invalid measurements such as dead or bad pixels. The minimisation of

L with respect to P (r) and O(r) then returns the most likely estimates of the probe and

the object given the measured photon counts nj(q). For such minimisation Wirtinger

derivatives of L are used, which read

∂L
∂O(r)

=
∑
j

P (r + rj)χ
∗
j (r + rj) (2.55)

∂L
∂P (r)

=
∑
j

O(r− rj)χ
∗
j (r) (2.56)
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where χj(r) can be defined in inverse space as

χ̃j(q) =
∂L

∂Ij(q)
ψ̃j(q) = wj(q)

Ij(q)− nj(q)

σ2j (q)
ψ̃j(q) . (2.57)

The so-defined ML algorithm is found to be most useful for the refinement of results

estimated by other search algorithms, usually more efficient in sampling wide search

spaces. In such applications it often leads to an improvement in the achievable resolution.

2.4.2 Mixed-states ptychography

So far it has implicitly been assumed that the probe interacting with the sample has

a well-defined phase or, in other words, it is fully coherent. As seen in Section 2.1.2,

a high degree of coherence is required to produce resolvable interference effects. It is

on these that X-ray diffraction imaging techniques are based, to the point that some

of them are referred to as coherent diffraction imaging (CDI) techniques in order to

stress the need for highly coherent radiation. However, it has been shown that partial

coherence can be handled effectively by phase retrieval algorithms in both the cases

of limited transverse (Whitehead et al., 2009; Clark and Peele, 2011) and longitudinal

(Abbey et al., 2011) coherence. Furthermore ptychography can converge to meaningful

solutions whilst dealing with a wide variety of sources of decoherence and – as stated

earlier – without any modelling or a priori knowledge on either one of probe and object

(Thibault and Menzel, 2013). This is achieved by interpreting a partially coherent probe

as an ensemble of mixed quantum states represented by a low-rank density matrix. The

rank r of such a density matrix ρ corresponds to the number of orthogonal states in

which ρ can be spectrally decomposed. It comes from this that a density matrix of rank

r = 0 describes a probe in a pure state, i.e. a fully coherent probe, and is defined as

ρ = |P 〉〈P |, whilst for higher ranks r > 0 it becomes

ρ =
r∑
k

|Pk〉〈Pk| . (2.58)

The ptychographic problem from Eq. 2.46 can be rewritten representing the object as

an operator onto the probe Ôj = O(r− rj) which for a pure state probe (r = 0) reads

Ij(q) =
∣∣Fψj∣∣2 =

∣∣∣〈q|Oj |P 〉∣∣∣2 . (2.59)

The generalisation of Eq. 2.59 for a mixed-state probe then reads

Ij(q) =
∑
k

∣∣∣〈q|Oj |Pk〉∣∣∣2 . (2.60)
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This representation has been demonstrated to be able to handle not only partially co-

herent probes, but even other sources of decoherence such as the point spread function

of detectors as well as sample vibrations. Furthermore, this approach can be extended

to mixed-state objects too which in turn enables studies on sample dynamics to be

conducted under conditions which can range from stochastic equilibrium fluctuations to

steady flows, periodic variations and continuous sample movement. The latter is partic-

ularly interesting in the context of on-the-fly scans aimed at increasing the experimental

acquisition rate. For a mixed-state object Eq. 2.60 then is parametrised as

Ij(q) =
∑
k,l

∣∣∣〈q|Oj,l|Pk〉∣∣∣2 . (2.61)

This formalism can be implemented in the difference map (DM) algorithm mentioned

earlier. In this case the Fourier magnitude constraint (Eq 2.41) becomes

ΠF {ψj,k,l} = F−1
√Ij(q)

Fψj,k,l(r)√∑
k,l

∣∣Fψj,k,l(r)
∣∣2
 (2.62)

which is equivalent to projecting each point into the complex space onto a multi-

dimensional quadric form of a circle. This leads to the reformulation of Eq.s 2.49-2.50

into

Ôl(r) =

∑
k

∑
j P̂
∗
k (r + rj)ψj,k,l(r + rj)∑

k

∑
j

∣∣P̂k(r + rj)
∣∣2 (2.63)

P̂k(r) =

∑
l

∑
j Ô
∗
l (r− rj)ψj,k,l(r)∑

l

∑
j

∣∣Ôl(r− rj)
∣∣2 . (2.64)

Furthermore, one can reformulate the maximum likelihood (ML) algorithm for the

mixed-state conditions too, obtaining the derivatives of the negative log-likelihood in

a form similar to Eq.s 2.55-2.56:

∂L
∂Ol(r)

=
∑
j,k

Pk(r + rj)
∂L

∂ψ∗j,k,l(r + rj)
(2.65)

∂L
∂Pk(r)

=
∑
j,l

Ol(r− rj)
∂L

∂ψ∗j,k,l(r)
. (2.66)

This system of equations is exploited by the minimisation algorithm which usually ap-

plies several line minimisations in order to find a solution.

Both DM and ML algorithms are routinely employed in ptychographic reconstruc-

tions with multimodal decomposition which offer the great advantage of relaxing the

requirements on the experimental setup, mainly in terms of stability and coherence.
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2.4.3 Near-field ptychography

So far the application of ptychography has been presented only within the far-field

propagation regime, i.e. exploiting Fraunhofer diffraction. However soon after its first

development, ptychography has been successfully implemented also for near-field (NF)

experiments, i.e. exploiting Fresnel diffraction (Stockmar et al., 2013). The same itera-

tive phase-retrieval algorithms as for far-field still hold with the fundamental difference

of the operator applied in between iterations which for near-field ptychography (NFP)

becomes the Fresnel propagator introduced in Section 2.1.1. In fact measuring diffrac-

tion in the near-field regime leads to recording holograms, namely real-space images

featuring Fresnel fringes and magnified by the use of a divergent-beam geometry.

NFP stemmed from the concept of X-ray inline holography proposed long ago by Gabor

(1948) and belongs to the wider field of propagation-based imaging exploiting Fresnel

diffraction. Like other near-field imaging techniques it benefits from a small detector

pixel size which is a key factor affecting the achievable resolution of reconstructed images.

On the other hand there are less stringent requirements for the detector dynamic range

as compared to the far-field case and it can also be exploited in the presence of low beam

coherence.

Although this varies from experiment to experiment mainly depending on their geom-

etry, NFP is generally found to be faster and able to return larger images with respect

to far-field ptychography (FFP) mainly on account of the former making use of a larger

illumination positively affecting the scanned area per unit time. On the other hand NFP

usually achieves lower resolutions than FFP leaving – at least at the time of writing –

the latter as the preferred technique for experiments aiming at the highest resolution.

However NFP proved able to reconstruct complex-valued transmission functions even

of thick specimens (Stockmar et al., 2015b) and remains the ptychographic variant of

choice at some high-resolution imaging beamlines (da Silva et al., 2017a).

Some experimental applications of near-field ptychography are discussed in Chapters

3,5.

2.4.4 Post-processing

Both near-field and far-field ptychography return projections of the complex-valued

transmission function of an area scanned by the beam. These are usually represented

separately as absorption and phase images. Despite their lower contrast, absorption

images are rather straight-forward to interpret as they stem from the transmission prop-

erties of specimens as dictated by the imaginary part β of their index of refraction (cf

Section 2.1.3). On the other hand the phase images reconstructed by ptychographic

algorithms need to undergo some further post-processing procedure before being used
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to visualise the phase-shifting properties of specimens described by the real part δ of the

index of refraction. Being based on a multiplicative relation between probe and object,

reconstruction algorithms return objects Or(x, y) multiplied by unknown phase terms.

This reads

Or(x, y) = O(x, y)ei(a+bx+cy) (2.67)

where O(x, y) is the same as Eq. 2.28 and a, b and c are constants. Linear phase terms

b and c generate a linear phase ramp equivalent to an object translation in Fourier

space. In most situations this can be easily corrected by subtracting from the phase

a linear phase ramp obtained exploiting regions of the imaged area of known phase-

shifting properties. Whenever possible, this is achieved exploiting regions outside the

sample which can be assumed to produce negligible phase shifts, typically air or empty

space in the case of experiments with hard or soft X-rays respectively. At the same time

this allows to correct for the constant offset making the result quantitative in nature.

Another post-processing operation necessary for the meaningful representation of the

phase part of most reconstructions is phase unwrapping. Whenever the range of phase

shift exceeds 2π in fact this leads to discontinuities resulting of wrapping of the phase

values within the range (0, 2π) which then needs to be unwrapped in order to obtain

physically meaningful values.

Some phase ramp removal and phase unwrapping procedures are briefly treated in

Guizar-Sicairos et al. (2011) and are now standard steps of any ptychographic image

reconstruction.

2.4.5 Further advances

X-ray ptychography quickly developed within the last decade, i.e. as soon as robust it-

erative reconstruction algorithms became available. Since then its reach kept expanding

both in terms of quality of the images it produces and its range of applicability. It has

been demonstrated X-ray ptychography is able to reliably resolve structures with a size

of 10 nm or smaller both in the hard (Schropp et al., 2012) and in the soft X-ray regime

(Shapiro et al., 2014).

As for STXM, also ptychography has been successfully combined with other X-ray

investigation techniques such as X-ray fluorescence (XRF) (Vine et al., 2012; Deng et al.,

2015b) and different forms of X-ray absorption spectroscopy (XAS) (Beckers et al., 2011;

Maiden et al., 2013; Shapiro et al., 2014) producing phase-contrast morphological images

complemented with chemical information.

Also reconstruction algorithms saw steady development enabling ptychography to be

applied in a variety of experimental situations. As mentioned already, algorithms exist
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which are able to deal with partial coherence (Thibault and Menzel, 2013). Others can

correct for inaccuracies or uncertainties in motor positions associated to each frame of

a ptychographic scan through different position refinement approaches (Guizar-Sicairos

and Fienup, 2008; Maiden et al., 2012b; Beckers et al., 2013; Zhang et al., 2013; Tripathi

et al., 2014). Continuous on-the-fly scanning mode is another desirable feature of many

imaging experiments positively affecting time-efficiency and also in the case of ptychog-

raphy reconstruction algorithms able to handle it have been implemented (Pelz et al.,

2014; Clark et al., 2014; Deng et al., 2015a).

Finally the case of specimens perturbing the illumination enough to significantly break

the projection approximation has also been considered, i.e. that of probe-object inter-

actions for which the transverse Laplacian

∇2
⊥ =

∂2

∂x2
+

∂2

∂y2
(2.68)

from Helmholtz equation (Eq. 2.8) is no longer negligible. To tackle this issue recon-

struction algorithms have been designed which model the sample as a stack of multiple

layers or slices and hence are commonly identified as ’multi-slice’ approaches (Maiden

et al., 2012a; Suzuki et al., 2014; Tsai et al., 2016).

2.5 Tomography

Another fundamental application of X-rays is X-ray tomography, a technique commonly

used to retrieve volumetric information starting from 2D projections thanks to the rel-

atively large penetration depth of X-rays for most materials. In the context of medical

imaging in particular, this technique is also widely known as computed axial tomogra-

phy (CAT or CT) due to its use of computerised algorithms for the retrieval of volumes.

One of the most widespread approaches for volume retrieval is based on the filtered

back-projection (FBP) of a collection of projection images recorded at different sample

orientations. It relies on inverse Radon transforms and returns bulk 3D reconstructions

of the imaged samples. The achievable 3D resolution depends both on the resolution

obtained in the 2D projections and on the total number of projections. Measuring over

an angular range of sample orientations of π requires at least Nproj ≈ π
2Npix projections

in order for the Fourier space to be sampled enough for the tomographic reconstruction

not to produce major artefacts, with Npix as the detector size in pixel units, i.e. the

total number of pixels in one dimension. This is also known as the Crowther criterion

(Crowther et al., 1970).

Tomography was first used for absorption imaging, but it only requires several 2D

projections in order to reconstruct a 3D image, leaving more freedom on how these 2D
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projections are produced. Therefore, the tomographic approach is accessible for the

whole range of 2D imaging techniques and is routinely and successfully applied with X-

ray phase-contrast and diffraction microscopy techniques, further highlighting the great

benefits of X-rays in the investigation of bulk materials.

In fact, both electron microscopy (EM) and visible light microscopy are less suited

to efficiently image through 3D specimens as both electrons and visible light photons

typically show low penetration depth for most condensed matter and therefore are only

able to sample the surface of materials, or the bulk of relatively thin specimens.

As for other phase-contrast microscopy techniques, also ptychography has been suc-

cessfully combined with tomography ensuring bulk 3D reconstructions of specimens both

in the far-field (Dierolf et al., 2010; Guizar-Sicairos et al., 2011; Diaz et al., 2012) and in

the near-field (Stockmar et al., 2015a). This approach is also known as ptychographic

X-ray computed tomography (PXCT). It can be used to achieve local quantitative tomo-

graphic reconstructions of volumes (Guizar-Sicairos et al., 2015a) and can be combined

with other imaging techniques compatible with tomographic experiments. It has also

been demonstrated it can retrieve high-resolution volume reconstructions with voxel

sizes as small as 16 nm (Holler et al., 2014).



Chapter 3

Multiple-technique experimental

protocol for X-ray imaging end

stations

In Chapter 2 several techniques have been presented which are able to produce images

of a specimen exploiting X-rays in different geometries. They all have different require-

ments and typically offer trade-offs between acquisition rate and field-of-view (FOV) on

the one hand and achievable resolution on the other.

In this chapter, an imaging protocol is presented where some of these techniques have

been implemented and combined during X-ray imaging experiments performed at the

Diamond Light Source (DLS)’s hard X-rays Coherence Branchline I13-1 (Rau et al.,

2011) with the aim of obtaining an adaptive coherent multiscale imaging setup, suited

for exploring a wide range of length scales. Both the imaging protocol and some results

obtained exploiting it are discussed. The imaging techniques used within the protocol are

a form of full-field microscopy, scanning transmission X-ray microscopy and both near-

field and far-field ptychography, which all fall into the category of propagation-based

scanning X-ray microscopy techniques. For all of them, the X-ray beam is scanned onto

the sample by translating the latter onto a plane perpendicular to the optical axis and, in

the case of ptychographic scans, ensuring sufficient illumination overlap among adjacent

scanning positions. At each position the free-space propagated exit wave produced by

the probe-object interaction is recorded by a detector located downstream to the sample

along the optical axis, thus bypassing the need for an image-forming lens.

The material presented in this chapter is largely drawn from Sala et al. (2018).

47
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3.1 Geometries and techniques

Both near-field and far-field ptychography have become established high-resolution imag-

ing techniques able to produce phase-contrast images. They are routinely and increas-

ingly applied at many high-brilliance X-ray sources worldwide (Takahashi et al., 2011;

Beckers et al., 2011; Schropp et al., 2012; Maiden et al., 2013; Shapiro et al., 2014;

da Silva et al., 2017c; Vogt et al., 2017). However, being scanning techniques, they both

impose an obvious trade-off between the size of the imaged area and the time neces-

sary to scan the X-ray beam over it. This makes it a key asset to be able to rapidly

identify specific areas of interest on which to apply lengthy high-resolution scans. A

common approach to tackle this issue is the use of an X-ray camera or X-ray eye, i.e. a

video camera coupled with a scintillator which provides live feedback on sample position

and orientation. Similarly, an online visible-light microscope is sometimes used for the

same task. Scanning transmission X-ray microscopy (STXM) too makes a well-known

and strong candidate able to retrieve coarse wide images (cf Section 2.3). This latter

technique has been developed at full-field X-ray microscopy beamlines (Chapman et al.,

1995; Gianoncelli et al., 2006; Stampanoni et al., 2010; Kaulich et al., 2011) providing

an efficient way of probing even wide areas with little processing requirements and with

an achievable resolution determined by the used beam size. When exploiting tightly

focused beams, STXM can produce high-quality images resolving nanometric features

(Mohacsi et al., 2017). However it has been shown that STXM scans can also support

far-field ptychography experiments by exploiting the same geometry and requiring sig-

nificantly less processing to provide wide overviews of whole specimens (Thibault et al.,

2008; Shapiro et al., 2014; da Silva et al., 2015; Guizar-Sicairos et al., 2015a).

Stemming from this application, a flexible multiscale imaging protocol has been imple-

mented and established for both near-field and far-field ptychography experiments to be

performed at any high-brilliance X-ray source in combination with other imaging meth-

ods to obtain both wide FOV images of whole specimens and submicrometre-resolution

images of specific regions of interest. For the far-field propagation regime this is achieved

by combining ptychography with STXM while in the near-field an approach which ex-

ploits full-field transmission images produced by a wide parallel beam is used instead.

For simplicity, this latter approach will be referred to as parallel-beam holography.

The protocol includes three different geometries accessible at the I13-1 Coherence

Branchline at Diamond Light Source which can be remotely and reversibly swapped via

simple motor translations. This approach allows for the four complementary propagation-

based scanning X-ray microscopy techniques to be used interchangeably thus providing

a flexible means to investigate extended samples at multiple scales. These techniques

are parallel-beam holography (PBH), scanning transmission X-ray microscopy (STXM),
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near-field ptychography (NFP) and far-field ptychography (FFP). While PBH returns

plain unprocessed transmission images, STXM is able to produce differential phase-

contrast and dark field images too when a suitable detector is used, i.e. a position-

sensitive detector such as a segmented or pixelated one. Both NFP and FFP lead to

the reconstruction of the complex-valued transmission function of the projection of the

imaged area thus providing both absorption- and phase-contrast images.

The used geometries are represented in Fig. 3.1. They involve focusing optics based

on a Fresnel focusing zone plate (FZP) system as that is the focusing system routinely

available at the beamline where the protocol has been first implemented and tested.

Equivalent geometries exploiting other forms of focusing optics can also be applied within

the same imaging protocol. Three different geometries are used: one based on a parallel

beam and the other two on a divergent beam. The use of a monochromatic beam is

Figure 3.1: Schematic representation of the three geometries used within the pro-
posed protocol. The elements annotated on the figure are beam-shaping slits, a central
beam stop (CS), a Fresnel focusing zone plate (FZP), an order-sorting aperture (OSA),
a cardboard diffuser, the sample and a detector. (a) Geometry suited for parallel-beam
holography, generating wide field-of-view (FOV) and low-resolution images. (b) Ge-
ometry suited for near-field ptychography, producing intermediate to small FOV and
submicrometre-resolution images. (c) Geometry suited for scanning transmission X-ray
microscopy producing images within a wide range of FOVs and resolutions, and suited
for far-field ptychography for small FOV and high-resolution images. This figure has
been adapted from Sala et al. (2018) and permission to reproduce it has been granted
by Diamond Light Source (DLS).
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highly preferable for the success of the imaging techniques involved in the protocol.

Furthermore a monochromatic beam is also necessary for a FZP system to successfully

focus it. For these reasons the use of a monochromator is assumed upstream from all

geometries. Then moving downstream along the optical axis (z) some beam-shaping

adjustable slits are found which determine the secondary source size. In both divergent

beam geometries further optical elements used are a central beam stop (CS), a FZP and

an order-sorting aperture (OSA) which together form the FZP-based focusing system

and are each individually mounted on 3-axis translation stages. Also a diffuser mounted

on another 3-axis translation stage figures in the second geometry as that has been found

to be sometimes beneficial for near-field ptychography measurements which rely on a

structured illumination. In all geometries, further downstream the specimen is mounted

on top of a high-precision translation and rotation stage followed by a detector with

no other optical element needed between them as only propagation-based microscopy

techniques are involved.

As requirements are typically different for the imaging techniques involved, two dif-

ferent detectors have been envisioned for the proposed protocol: one to be used in the

near-field propagation regime and another one for far-field. They are both mounted on

translation stages in order to be easily swapped within an experiment when switching

between different imaging techniques. For far-field measurements a high dynamic range

is required which makes a photon-counting detector the ideal choice. Photon-counting

detectors are diode-based systems in which every pixel converts X-ray photons directly

into an electronic current ensuring the absence of dark current and read-out noise. On

the other hand, the main requirement of near-field measurements is a small pixel size

which makes photon-counting detectors less preferable due to their pixels being several

tens of micrometres wide. Scintillator-based systems are typically used instead which

involve a scintillator converting X-rays into visible light then detected by a visible light

detector such as a CCD or CMOS camera. These cameras have pixels only a few mi-

crometres wide but suffer from the presence of dark current and read-out noise which

both contribute to the overall detector point spread function (PSF). In order to further

reduce the effective detector pixel size, magnifying optics is often added to such detect-

ing system which also negatively affects the PSF. Furthermore the quantum efficiency of

a scintillator – i.e. the probability of an X-ray photon to be converted into visible light –

increases with its thickness although together with the probability of multiple scattering

events for both X-ray and visible light photons which is in turn a further source of noise.

This results in near-field detectors achieving an effective pixel size 2 orders of magnitude

smaller than far-field detectors at the expense of a larger PSF and presence of noise.

All the elements of the experimental setup mentioned so far need careful alignment.

The monochromator has to be oriented in such a way that the exiting monochromatic
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beam reaches both sample and detector. Adjustable slits are centred in x and y around

the monochromatic beam in order to let a portion of it through, such that its cross

section around the focusing optics position is at its brightest and flattest. Focusing

optics also has to be carefully adjusted to generate a tight well-characterised focus. In

the case of a FZP-based system, all three elements involved are aligned in x and y and

positioned in z with respect to one another with the aim of having mostly the first order

beam diffracted by the FZP reaching its focal distance, whereas most of the lower and

higher orders are shadowed out by CS and OSA. At their different positions in z, sample

stages are aligned in x and y with respect to the beam, with particular care at having

the axis of rotation at its centre, mostly relevant only for 3D experiments. Positions in x

and y often differ at different z positions due to slight misalignment between the optical

axis and the motor translation direction. Finally, both near-field and far-field detectors

are aligned in x and y to the centre of the beam, therefore also having the projection of

the sample’s axis of rotation at the centre of their FOV.

In principle. this whole alignment procedure only needs to be carried out or tested

once at the beginning of each experiment: in fact, unless large changes in beam energy

are foreseen, the properties of the beam remain untouched throughout. Most imaging

beamlines are able to provide users with an experimental setup whose optics has already

been aligned. In general, all motor positions can be saved, so that alignment reduces to

fine-tuning their relative position in order to correct for long-term drifts of any of the

stages involved, which is typically a rather quick and straightforward procedure. Some

beamlines implemented interferometers to continuously monitor geometry and actively

correct for small drifts.

In the first geometry (Fig. 3.1a), the parallel beam shaped by the adjustable slits

illuminates the specimen directly with no further optical element involved and interacts

further downstream with the near-field detector. This way holograms of areas up to a

few mm across can be measured by scanning the specimen on a x-y grid using a wide

beam and a step size which could be as wide as the beam itself. Collected holograms

are then stitched together to form larger absorption-contrast images typically containing

the whole sample. Such a stitched hologram can take a few minutes of measuring time

and produce an image of several tens of megapixels.

The second geometry (Fig. 3.1b) is used to run NFP scans and is achieved by inserting

the focusing optics (CS, FZP, OSA) and the diffuser into the beam path. The sample

is then positioned downstream to the focus such that it is illuminated by a perturbed

divergent beam some tens of micrometres wide which then propagates till the near-field

detector. Such a geometry allows to produce complex-valued images with submicrometre

resolution from ptychographic scans run on relatively wide areas, typically up to a few

times the beam size and taking several tens of seconds to be collected.
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The third geometry (Fig. 3.1c), suited for both STXM and FFP measurements, is

produced from the second by swapping the near-field detector with the far-field one,

removing the diffuser, and translating the sample closer to the focal position. Like

the wide holograms obtained from the first geometry, STXM images of whole samples

of several tens of micrometres can easily be generated from frames collected in a few

minutes in this geometry. Using this technique, the acquisition time increases with the

inverse square of the beam size in the sample plane while the resolving power increases

linearly: this leads to a trade-off that needs to be carefully balanced depending on the

experimental requirements and which is further commented upon below. On the other

hand, ptychographic reconstruction of diffraction patterns collected in this geometry

leads to the achievement of the highest half-period resolution, often around a few tens

of nanometres, with scanning times usually ranging in the order of a few minutes for

imaged areas a few tens of micrometres wide.

All these geometries are compatible with 3D imaging experiments as the presence of a

rotation stage beneath the sample stage allows to carry out conventional tomography in

any of the configurations. This approach has in fact been already established for both

FFP (Dierolf et al., 2010) and NFP (Stockmar et al., 2015a) where 2D projections are

reconstructed at several sample orientations thus forming a tomographic dataset suited

for the retrieval of quantitative phase-contrast volumetric information. Furthermore

these geometries also allow for on-the-fly scans to be performed which can be handled

by ptychographic reconstruction algorithms as mentioned in Section 2.4.5. These are

expected to greatly decrease the acquisition time for each scan – even by more than one

order of magnitude – which is a critical factor for most 3D measurements (Pelz et al.,

2014; Clark et al., 2014; Deng et al., 2015a).

Beyond the experimental setup, the availability of powerful data analysis tools is es-

sential to fully benefit from the flexibility of multiscale experiments. There already exist

some established packages for ptychography (Maiden and Rodenburg, 2009; Marchesini

et al., 2016). and PtyPy (Enders and Thibault, 2016) has been used to test the pro-

posed protocol. PtyPy is an open-source Python package which offers ptychographic

reconstruction algorithms for both near-field and far-field datasets. Customised param-

eters should be selected on a case-by-case basis, but ptychographic reconstructions are

usually based on the same principles: a few hundred iterations of the difference map

algorithm (DM) followed by several hundred iterations of maximum likelihood (ML)

refinement, using a few mixed states to account for various sources of loss of coherence.

This yields the sample’s complex-valued transmission function from which absorption

and phase-contrast images can be generated.

PtyPy also provides a convenient library to handle and process scanning datasets in

general. For PBH, each hologram is fed into a data management container and a wide
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Figure 3.2: Photographs of experimental setup used for multiscale protocol. (a)
Most upstream part of the experimental hutch. The X-ray beam is coming in from the
photon guide through beam-shaping slits and propagates along the optical axis z. The
central beam stop (CS) and the Fresnel focusing zone plate (FZP) are visible. (b) The
X-ray beam keeps propagating along the optical axis z and reaches the sample region
or interaction region. The order-sorting aperture (OSA), the diffuser and the sample
holder are visible. The X-ray beam propagates farther to the near-field detector. All of
the focusing optics (CS, FZP, OSA), the diffuser, the sample holder and the near-field
detector are mounted on individual translation stages to move them in and out of the
beam and allow for fine alignment. The sample holder is also mounted on a rotation
stage on top of a coarse translation stage to allow for fine changes in orientation and wide
changes in xyz positions, respectively. Webcams are available for remote monitoring.
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Figure 3.3: Photograph of experimental setup used for multiscale protocol. Most
downstream part of the experimental hutch. The X-ray beam propagates from the
direction of the near-field detector through a flight tube parallel to the optical axis z.
The far-field detector is positioned at its end and is mounted on a translation stage to
adjust its position along the optical axis z and to allow for fine alignment.

FOV image is stitched together through a procedure consisting of a weighted sum of each

flat-normalised frame, taking into account the motor positions associated with each one

of them. PtyPy also produces STXM images through a library which was complemented

with a simple frame-by-frame analysis of the collected diffraction patterns: integration

leads to transmission images, while computation of each diffraction pattern’s centre of

mass leads to refraction images, corresponding to differential phase contrast images.

3.2 Theoretical comparison

A wide range of length scales can be investigated exploiting the experimental protocol

described in Section 3.1. This can be represented as in Fig. 3.4 where comparisons be-

tween scanning areas, acquisition times and resolving powers best accessible with each

technique within the proposed protocol are schematically summarised highlighting their

complementarity. Fig. 3.4a shows the domain of each colour-coded technique in the

logarithmic space of acquisition time and scanning area where the former represents the

time required to complete a whole scan and the latter the size of the image retrieved

through such scan. For simplicity a one-dimensional value has been chosen to repre-

sent the scanning area which is assumed to be square. On the other hand Fig. 3.4b

shows a comparison of the different length scale regimes accessible with each technique.
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The transparent colour-coded domain represents the whole range of achievable resolving

powers from the smallest resolvable feature found in the literature to the largest still

relevant to the proposed protocol. The opaque bar is used to annotate the pixel size of

images obtained through each technique.

Opaque domains in both plots refer to geometries and setup elements selected to be

representative of typical experimental conditions. A 10 keV beam energy is selected

to be representative of hard X-rays experiments. A 400 µm Fresnel focusing zone plate

with 150 nm outermost zone width is chosen as focusing optics. Also a mirror-based

focusing system which produced a beam with the same divergence could be employed

without altering the outcome. Mirror-based focusing systems are an alternative solution

often found at imaging beamlines and they offer the advantage of achromaticity and

high-efficiency. A 2000x2000 pixel detector with a pixel size of 0.4 µm after optical

magnification is assumed for near-field and a 500x500 pixel detector with 50 µm pixel

size for far-field. A minimum detector exposure time of 0.8 s is assumed for all techniques

keeping in mind this value would be significantly smaller for faster experiments such as

those involving high-flux and on-the-fly scans. Chosen beam size varies among techniques

such that for PBH it is 300 µm, for NFP it is 80 µm and for STXM and FFP it is 12 µm.

The minimum degree of overlap between the areas illuminated at adjacent scanning

points is set to 0% for PBH and STXM, 71% for NFP and 50% for FFP, implying that

for each technique each point was illuminated once, 12 times and 4 times respectively;

this is an approximation which ignores boundary effects, i.e. the scanning points framing

the scanned area. Finally the sample-to-detector distances are determined such that the

divergent beam illuminates about 50% of the near-field detector area and takes up at

most 21% of the area sampled in Fourier space by the far-field detector thus ensuring a

high degree of oversampling.

Image pixel sizes from Fig. 3.4b can be used for comparison purposes as reliable figures

of merit as they only depend on the chosen experimental geometries whereas the actual

resolution achieved within any experiment varies significantly with the imaged specimen

and only stems from the image pixel size rather than equating to it. Nonetheless it

could be useful to keep in mind the qualitative relationship between image pixel size and

achieved resolution within geometries closely related to the ones considered to generate

Fig. 3.4. Using PBH, it should be expected that only features significantly larger than the

image pixel size – typically by one order of magnitude – would be resolvable. This is due

to the fact that propagation effects cause blurring in the unprocessed near-field images

and give rise to fringes. At the same time edge-enhancement effects make PBH even more

effective as low resolution technique suited for investigating the general morphology of

an uncharacterised specimen. On the other hand the actual resolution of STXM images

corresponds to the beam size used to produce them which could be slightly larger than
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Figure 3.4: Comparison between imaging techniques available within the proposed
protocol. Colour-coded techniques domains in logarithmic space of (a) acquisition time
and scanning area and (b) size of smallest resolvable feature, based on typical ex-
perimental parameters. In (b) transparent domains indicate the regimes accessible in
general through each technique and opaque lines indicate the image pixel size obtained
with the experimental parameters considered for (a). Values relative to experimental
results presented in other figures in this chapter are annotated as circles, colour-coded
to technique. Colour-coding is labelled in (b). This figure has been adapted from Sala
et al. (2018) and permission to reproduce it has been granted by Diamond Light Source
(DLS).
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their pixel size as the latter is given by the scanning step size. Finally both NFP and

FFP often achieve resolutions of only a few pixels but especially for these techniques

resolutions largely depend on the imaged specimens and their properties.

It should be noted that Fig. 3.4 is not aimed at giving a rigorous picture of the extent

of each domain but rather it acts as guideline in showing what typical ranges are for

the available techniques providing a tool to compare them and assess which to select for

each need. These ranges depend in fact on a combination of variables which cannot all

be rigorously represented in the same plot and have been chosen to be representative

of those that would be optimally used within the proposed protocol. The variables

considered for the realisation of Fig. 3.4 which have already been listed can be varied

within imaging experiments and some of them can significantly affect each technique’s

domain. In general they can be divided into two categories. On the one hand near-

field and far-field detectors as well as focusing optics often only depend on what is

already available at the facility where the imaging experiment takes place: these could

therefore be considered hardware constraints. On the other hand there are experimental

parameters than can more easily be varied within existing imaging setups: this is the

case for overhead, detector exposure time, scanning step size and beam size at sample

position.

Overhead toh is caused by hardware limitations and has no effect other than uniformly

slowing down the scanning procedure. It is typically the sum of sample motor overhead

and communication overhead. The former occurs whenever the sample is translated by

discrete steps in between collection of frames at each point of extended scans as both

motor translation and settling take a finite amount of time during which no measurement

takes place. The latter includes all non-measuring time necessary for the communication

to occur among the various hardware components of the setup, typically between motors,

controllers and detector. The increase of acquisition time caused by overhead is some-

times overcome by replacing move-settle-measure scans with continuous or on-the-fly

scans which require however a more sophisticated analysis.

Exposure time (or dwell time) texp is more freely adjustable and is usually chosen

on the principle of as short as possible and as long as necessary in that the goal is

ultimately to collect raw frames with signal-to-noise ratio high enough to retrieve images

of the specimen. For STXM and PBH low or noisy signal can compromise the quality

of the reconstruction, mainly in terms of contrast, while for NFP and FFP it could

even prevent reconstruction algorithms from converging altogether, e.g. when speckle

visibility is compromised.

Scanning step size should be selected to be as large as possible in order to reduce

overall acquisition time. In the case of STXM and PBH this could be as large as the

beam size as all frames are processed individually and can be stitched together based
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solely on the recorded motors positions. This 0% overlap has been taken as the lower

boundary for generating Fig. 3.4. However the stitching procedure would benefit from

some degree of overlap between adjacent frames which in the case of holograms could

even be used to correct for errors in the recorded motors positions and distortions in

the acquired frames. In the case of NFP and FFP, the scanning step size is a fraction

of the beam size as enough overlap between adjacent illuminated areas is necessary for

the reconstruction algorithms to tackle the phase problem and hence converge. This

parameter can also be represented as the degree of overlap (or redundancy) r necessary

among illuminated areas, i.e. the number of times each area is illuminated throughout

a scan.

The beam size b too should be selected to be as large as possible to accelerate the

scanning procedure, always keeping in mind an increase in beam size entails an increase

in the image pixel size for all techniques but PBH for which the pixel size corresponds

to the available near-field detector pixel size. So for PBH beam size is only limited by

the size of the beam available upstream the optics and the beam-shaping slits can be

opened wide as long as a reasonably small secondary source size is preserved.

Combining all the variables introduced, one can seek the general dependency of the

total acquisition time taq per scan. Assuming a square beam bx = by = b, one obtains

taq = (texp + toh)Nframes = (texp + toh)
X Y

r b2
(3.1)

whereNframes represents the number of frames collected andX and Y the one-dimensional

sizes of the area imaged within the scan. As texp and toh are experiment-dependent and

r is limited by the technique used, the general relation taq ∝ XY/b2 is found.

Similarly, the technique-specific dependencies of the achievable image pixel size p can

be formalised. As already mentioned, for PBH this is

PBH: p = pNF
det (3.2)

with pNF
det representing the near-field detector pixel size.

For STXM every frame corresponds to a pixel so that when the smallest degree of

overlap is used (r = 1) one finds

STXM: p = b (3.3)

once more highlighting the trade-off mentioned in the Section 3.1.

For NFP

p =
pNF
det

M
=

pNF
det z1

z1 + z2
(3.4)
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with pNF
det as the near-field detector pixel size, M as the magnification caused by the

divergent beam, z1 as the focus-to-sample distance and z2 as the sample-to-detector

distance. The geometry is typically fixed such that a specific area of the near-field

detector is illuminated, so focus-to-detector distance z1 + z2 is constant. As pNF
det is a

hardware parameter, this leaves p ∝ z1, but z1 is chosen to obtain a specific beam size

onto the sample and, in the case of a Fresnel zone plate of diameter DFZP and focal

length f , z1 = b f/DFZP. Once again treating hardware parameters as constant leads to

the general relation

NFP: p ∝ b (3.5)

similar to the STXM case.

Finally for FFP

p =
λ z2

DFF
det

=
λ z2

NFF
p pFFdet

(3.6)

with λ as X-ray beam wavelength, z2 as sample-to-detector distance and DFF
det, N

FF
p and

pFFdet as the far-field detector size, number of pixel and pixel size respectively. Keeping

λ and the detector parameters as constant, one gets p ∝ z2 which for speckle-resolution

constraints needs to satisfy z2 > b 2pFFdet/λ which once more reduces to

FFP: p ∝ b (3.7)

similarly to the STXM and NFP cases.

The general dependencies p ∝ b and taq ∝ XY/b2 have been found, describing the

relations between selected beam size and image pixel size and between beam size, size of

imaged area and total acquisition time respectively. Both relations further highlight the

trade-offs which need to be taken into account when selecting the most efficient imaging

technique for a specific goal.

Finally, a further element to be weighed in is the processing time associated with each

technique. For well-characterised and optimised systems this typically lies in the order

of minutes for STXM and PBH which only require limited computational resources.

On the other hand both NFP and FFP involve reconstruction algorithms which run

for several iterations before approaching convergence thus pushing processing time in

the hours. This is often reduced by employing larger computational resources – namely

multiple cores or GPUs – but still needs to be considered in the context of time-limited

experiments.



Chapter 3. Multiple-technique protocol for X-ray imaging 60

3.3 Implementation and experimental results

Taking into consideration the complementarities discussed so far, a few experiments have

been performed at the I13-1 Coherence Branchline at Diamond Light Source exploiting

the most efficient combination of techniques suited for each situation. The measurements

involved a series of specimens of different sizes and compositions covering the full scale

range, the largest sample spanning several millimetres in size and the smallest features

lying in the sub-100 nm regime. Images from three biogenic specimens are shown which

are representative of extreme cases, i.e. located at either end of the length scale range

accessible within the multiscale imaging protocol. It is worth noting that for these

experiments all specimens satisfied the projection approximation. It is expected that

extending these methods to samples significantly thicker than the depth of field would

require to take into account the probe changes as it travels within the sample. This is

relevant in particular for the high-resolution techniques, namely both near-field and far-

field ptychography, and some algorithmic approaches have been successfully proposed

to tackle this issue (Maiden et al., 2012a; Suzuki et al., 2014; Tsai et al., 2016).

All experiments have been carried out exploiting hardware already available at the

beamline. A pseudo- channel-cut crystals Si monochromator was used to produce a

monochromatic hard X-ray beam. For the divergent beam geometries a FZP-based

focusing system was in place which exploited a 40 µm central beam stop, a 400 µm

Fresnel focusing zone plate with 150 nm outermost zone width and a 25 µm order-sorting

aperture. For near-field measurements a diffuser was produced from a piece of cardboard

and measurements in this regime were collected with a scintillator-coupled pco.edge 5.5

cSMOS camera. This detector had 2560x2160 pixels 6.5 µm each, giving a magnified pixel

size of 0.29 µm after a scintillator was coupled through a 20X objective lens. Finally

far-field measurements were carried out with EXCALIBUR, a photon counting detector

based on the Medipix3 chip with 2069x1796 pixels, 55 µm each (Marchal et al., 2013).

3.3.1 Imaging of a fossil fish bone

The first experiment in which the proposed protocol has been tested was run on a fossil

(sample 1), the widest among the biogenic samples involved. This took the form of a

silica slab a few millimetres wide, embedded in resin and polished down to a thickness

of about 20 µm, resulting in a thin tile-like sample. This was clipped standing upright

on top of a sample holder using a screw. The holder was oriented in such a way as to

minimise the path X-ray photons had to travel through it, i.e. the main plane of the flat

sample was perpendicular to the optical axis.

The fossil was extracted from a fragment of the bone of an extinct fish (genus Psam-

molepis) whose bone repair mechanism involved dentine and is of current interest for the
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paleontological community (Johanson et al., 2013). It can be considered as an example

representative of the high end of the accessible length scale range.

The experiment was performed at an X-ray energy of 9.7 keV. According to Fig. 3.4a

the fastest way to get an overview of an area large enough to cover the whole sample was

through a PBH scan. So the parallel-beam geometry was used and the monochromatic

beam was shaped down to a rectangular size of 458x438 µm2 using the adjustable slits.

The sample was scanned transverse to the beam along a 31x15 rectangular grid using

a 250 µm step size, which ensured a significant amount of overlap among frames was

available for post-acquisition corrections. PBH data collection took 17 minutes, for a

total of 372 megapixels. The simple stitching procedure described at the end of Section

3.1 returned the low resolution transmission image shown in Fig. 3.5a. Its pixel size is

the same as the detector pixel size, namely 0.29 µm. After having identified a relatively

sharp isolated feature within the sample, a gaussian curve was fitted through a line plot

perpendicular to its edge. The result obtained is shown in Fig. 3.6a and gave a half

width at half maximum (HWHM) of 6 µm. This could be used as coarse estimate of

the achieved resolution which then results some 20 times larger than the pixel size, in

agreement with what qualitatively outlined in Section 3.2 for PBH.

As the stitched hologram made for a rather large image to handle, smaller sections

have been produced from it: an example is shown in Fig. 3.5b as a zoomed in version

of the inset from Fig. 3.5a. This made possible the identification of smaller regions of

interest which were some 80 µm in size and did not require to resolve features smaller than

100 nm. NFP was identified as the most suitable candidate to swiftly image those smaller

regions. Focusing optics and diffuser were moved in to get to the geometry shown in

Fig. 3.1b. Having positioned the sample some 90 mm downstream to the focus produced

by the FZP gave a beam size of 77 µm which propagated to the scintillator camera some

65 mm further downstream, in the near-field regime. This geometry combined with the

magnification effect of the divergent beam and led to an effective pixel size of 74.3 nm

for the recorded near-field images.

A customised sample scanning pattern was prepared consisting of two series of 5 and

10 points equally spaced along concentric circles of 10 µm and 20 µm radii, respectively,

for a total of 15 scanning positions, spanning a 40x40 µm2 area. Such scanning pattern

was used to run NFP measurements on the regions of interest identified from the wide

PBH image. Detector exposure time was set to 2 s in order to achieve a useful signal-to-

noise ratio, for a total scan duration of around 35 s, including overhead. The collected

data was then rebinned by a factor of 2, to get a more manageable file size, and processed

using 500 iterations of DM reconstruction algorithm in PtyPy.

An example of the images obtained from such scans is shown in Fig. 3.5d, as the

phase part of the reconstructed complex-valued transmission function of the area from
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Figure 3.5: Reconstructions of the fragment of a fossil fish bone (sample 1). (a)
Transmission image of the whole sample obtained from parallel-beam holography data;
arbitrary units. The projection of the slab of fossil fish bone embedded in resin is fully
visible. Some air surrounds the thin slab and both sample holder and its screw – used
to hold the slab in place – are visible at the bottom. (b) Magnified inset from (a). (c)
Magnified inset from (b). (d) Relative phase shift from the near-field ptychographic
reconstruction of a scan performed on the area of the inset in (b), i.e. the same area as
(c). (c-d) focus on a feature which is part of a small bone fracture, possibly forming
an interface between the original bone and an area repaired with dentine. The gain in
resolving power between the image obtained via parallel-beam holography (c) and the
one from near-field ptychography (d) is apparent. Colour scaling differs in (a-c) and
(d) as contrast relies on absorption for the former and on phase-shifting for the latter.
This figure has been adapted from Sala et al. (2018) and permission to reproduce it has
been granted by Diamond Light Source (DLS).
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Figure 3.6: Gaussian fits were used to determine the half-period resolution of the
images obtained from the fossil fish bone (sample 1). (a) Gaussian fit (black line)
through data (red dots) from parallel-beam holography image (cf Fig. 3.5a-c). (b)
Gaussian fit (black line) through data (red dots) from near-field ptychography image
(cf Fig. 3.5d). Full widths at half maximum of both fits are annotated on each plot.

the inset in Fig. 3.5b. Fig. 3.5d can directly be compared with Fig. 3.5c which is an

enlarged version of Fig. 3.5b cropped from the region of its inset, so that Fig.s 3.5c-d show

the same region of sample. Fig. 3.5c was generated via PBH and relies on absorption

contrast whereas Fig. 3.5d was generated via NFP and relies on phase contrast. The

gain in resolving power of the NFP image with respect to the PBH one is apparent.

Using the same reasonably sharp feature already used for PBH, the achieved resolution

for NFP has been estimated with another gaussian fit, as shown in Fig. 3.6b. The

resulting HWHM had a value of around 1.2 µm, equivalent to 16 pixels. This should

not be used as a general figure of merit for the method, but rather as a tool to compare

NFP and PBH in terms of resolving power, as both estimates originated from the same

feature whose actual sharpness cannot be conclusively assessed.

3.3.2 Imaging of a limpet tricuspid tooth

Another experiment involving the proposed imaging protocol was run on a tricuspid

tooth (sample 2) extracted from a common limpet (Patella vulgata) which lies at the

lower end of the accessible length scale range. Limpets are sea snails – common name for

marine gastropods – provided with a tongue-like anatomical structure known as radula

hosting thousands of teeth. They inhabit the neritic zone and in particular intertidal

areas where they use their radula for feeding by scraping on the rocky substrates on

which they are attached. Their teeth have recently been found to feature the highest

tensile strength among biological materials (Barber et al., 2015). Made of 20 nm thin

mineral fibres (goethite, α-FeOOH) in an organic matrix (chitin, (C8H13O5N)n) this

sample required access to the highest resolution.
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Figure 3.7: Reconstructions of a limpet tricuspid tooth (sample 2). (a) Vertical
refraction image of the whole sample obtained from scanning transmission X-ray mi-
croscopy data. The three cuspids forming the tooth are clearly visible along with part
of the sample holder at the bottom left corner. Background is air. (b) Vertical refrac-
tion image of single cuspid from inset in (a) obtained from a far-field ptychographic
reconstruction: the gain in resolving power with respect to (a) is apparent. Nanofibres
could not be resolved, partly on account of the thickness of the sample. This figure has
been adapted from Sala et al. (2018) and permission to reproduce it has been granted
by Diamond Light Source (DLS).
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The isolated tricuspid tooth was only a few hundred micrometres across and could

therefore be imaged whole starting from the far-field geometry directly. A 9.1 keV X-

ray beam was used throughout. The sample was positioned some 11 mm downstream

from the focus in order to have a beam size of around 10 µm which then propagated

till the photon-counting detector positioned 7.19 m further downstream in the far-field

regime.

In order to get a first overview of the whole sample, STXM data were collected by

running a 61x61-point raster scan with a step size of 5 µm, thus covering an area of

300x300 µm2. With a relatively short exposure time of 0.1 s, the scan took 13 minutes

to complete. STXM data were easily processed within PtyPy following the procedure

briefly summarised at the end of Section 3.1 thus generating transmission and both

horizontal and vertical differential phase-contrast images. Fig. 3.7a shows a smoothed

version of the refraction image obtained from vertical differential phase-contrast STXM

data. In the context of this imaging protocol, STXM data are only used to quickly

produce overview images which result coarsely pixelated. This case is no exception and

relies on 3721 pixels in total, so using traditional methods to estimate the achieved

resolution would not produce reliable figures. Applying the gaussian fit approach on the

smoothed image would not be reliable either as that would only return values dependent

on the filter used. In the case of STXM, the most robust estimate one can provide for

the achieved resolution then stems from the beam size used to run the scan, which in

the case of Fig. 3.7a corresponds to a value of 10 µm.

Despite such poor resolution, the general morphology of the sample is apparent and

carried enough information to determine on which regions of interest (ROIs) to perform

higher resolution scans: one of these was the tip of one of the cuspids (inset from Fig.

3.7a). As the highest achievable resolving power was necessary to aim at resolving the

nanofibres hosted within this sample, a tight FFP scan was performed. This consisted

of a 902-frame scan in which every frame was collected at a position located on a spiral

path, efficiently covering a 30x30 µm2 area. The distance among neighbouring positions

was set to 1 µm in order to ensure a high degree of overlap and provide many constraints

for the phase-retrieval algorithm to work on. Detector exposure time was set to 1.8 s to

maximise signal-to-noise ratio which led to a collection time of 35 minutes. After masking

and centring, the FFP frames gathered from the spiral scan have been cropped to a size

of 512x512 pixels and processed within PtyPy, using a mixed state model involving 5

modes to represent the probe. After 500 DM and 1500 ML iterations, an object was

retrieved whose phase part has been differentiated as in Fig. 3.7b to obtain a refraction

image comparable to Fig. 3.7a. Fig. 3.8a shows the retrieved probe and its multimodal

decomposition is represented in Fig.s 3.8b-f, along with the relative power of each mode.

The main mode (Fig. 3.8b) accounts for the most power and secondary modes (Fig.s
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Figure 3.8: (a) Probe retrieved from ptychographic reconstruction on limpet tricuspid
tooth (sample 2), resulting from 5 independent modes. (b-f) 5 orthogonalised modes
making up the retrieved probe: secondary modes (c-f) mainly pick up on sources of
decoherence. Relative intensity is annotated on top of each figure. Amplitude is mapped
to brightness and phase to hue according to the colourwheel in (a).

3.8c-f) appear noisy, as if the ptychographic algorithm used them to account for various

sources of decoherence.

Given the used geometry, the reconstruction pixel size is 34.8 nm. Even though no

sharp edge was present in this reconstruction, the usual gaussian fit was still applied to

the sharpest identifiable feature in order to produce a rough estimate of the achieved

resolution. This fit is shown in Fig. 3.9a and the ballpark figure obtained through this

process was a HWHM of just above 280 nm, corresponding to little over 8 pixels of the

reconstructed image.

Some nanostructure can be observed directly from the reconstruction but goethite

fibres are not resolved, most likely due to the thickness of the specimen which causes

contribution from fibres at different depths to sum up in the reconstructed 2D projection.

Such a situation is a clear example of a case in which the collection of 3D data is expected

to be beneficial in detangling different contributions and hence possibly resolve individual

fibres.

3.3.3 Imaging of a butterfly wing scale

Finally the proposed protocol was used for an imaging experiment run on a weakly

scattering specimen (sample 3). This consisted of a cover scale extracted from the



Chapter 3. Multiple-technique protocol for X-ray imaging 67

Figure 3.9: Gaussian fits were used to determine the half-period resolution of the
images obtained via far-field ptychography. (a) Gaussian fit (black line) through data
(red dots) from the limpet tricuspid tooth (sample 2) image (cf Fig. 3.7b). (b) Gaussian
fit (black line) through data (red dots) from butterfly wing scale (sample 3) image (cf
Fig. 3.10b below). Full widths at half maximum of both fits are annotated on each plot.

wing of a female pansy butterfly (Junonia orithya) which is known to contain chitin

((C8H13O5N)n) nanostructures responsible for the wing colouration thanks to interfer-

ence effects. These nanostructures are present in different forms in most butterflies

belonging to the same genus and constitute a marker of interest for evolutionary de-

velopmental biology (Wasik et al., 2014). Unlike the previous case of the limpet tooth

(sample 2), the challenge this sample posed did not lie in the small size of its features

but rather in the high degree of accuracy with which these needed to be repeatably

measured as it is the size of these structures that varies among individuals rather than

their general morphology. As this sample together with other butterfly scales was also

the object of a more extensive study reported on in Chapter 5 it is described in more

depth there.

The experiment was run using a 9.7 keV X-ray beam. The scale stretched just under

200 µm along its longest axis and therefore it could fit whole within the FOV of a STXM

scan, as it was already the case for sample 2. So the experiment started from the far-

field geometry directly. The sample was positioned some 15 mm downstream from the

focus thus leading to a probe size of 13 µm. A He-filled flight tube connected the sample

region to the photon-counting detector some 14.6 m further downstream in the far-field

regime. An overview STXM scan was run exploiting an 18x18 raster grid with a step

size of 8 µm thus covering an area of 144x144 µm2 for a total of 324 frames. A detector

exposure time of 0.9 s was used which led to a data acquisition time of about 8 minutes.

STXM data have been processed producing the smoothed refraction image shown in

Fig. 3.10a with a resolution estimated at 13 µm based on the retrieved beam size.

Higher resolution FFP scans were then run on different regions of the specimen to
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Figure 3.10: Reconstructions of a butterfly wing scale (sample 3). (a) Vertical refrac-
tion image of the whole sample obtained from scanning transmission X-ray microscopy
data. The whole scale with its jagged top is clearly visible as well as part of the sample
holder at the bottom left corner. Background is air. (b) Phase part of the far-field
ptychographic reconstruction of a scan performed on the apical region from inset in
(a). Nanostructures (axial ridges and crossribs) are clearly resolved. This sample and
the results drawn from it are discussed in more detail in Chapter 5. This figure has
been adapted from Sala et al. (2018) and permission to reproduce it has been granted
by Diamond Light Source (DLS).
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reveal nanometric features. One such scan was performed on a wide apical region ex-

ploiting a 17x19 perturbed raster scan with an average step size of 4 µm. Points falling

outside an area of 68x76 µm2 were discarded thus reaching a total of 318 collected frames,

later all cropped down to 512x512 pixels. With a 0.9 s detector exposure time the scan

took around 8 minutes to complete. Still within PtyPy, 2 modes have been used to

model the illumination function and a reconstruction of the object has been obtained

after 500 iterations of DM followed by 1500 of ML refinement. The phase part of the

reconstructed object is shown in Fig. 3.10b which clearly highlights the axial ridges and

cross-ribs covering the dorsal side of the scale. A gaussian fit estimate for the achieved

resolution was carried out as shown in Fig. 3.9b and returned a value of 172 nm. Given

a reconstruction pixel size of 66.3 nm, this is equivalent to roughly 2.5 pixels.

3.4 Conclusions

All the experimental results presented in this chapter can be compared with the general

domains in Fig. 3.4 where they are annotated as circles coloured according to the tech-

nique they exploited. In particular the values for scanning area and acquisition time for

each of the scans used to produce Fig.s 3.5,3.7,3.10 are represented in Fig. 3.4a while

their pixel size is represented in Fig. 3.4b. In the case of Fig. 3.4a, some of these anno-

tations lie within the middle-to-upper area of their technique’s domain which is mainly

due to the presence of overhead slowing down their acquisition. Also, the FFP scan

performed on the limpet tooth (sample 2, Fig. 3.7b) appears as an outlier because of

the high degree of overlap and longer exposure times chosen to perform it together with

the smaller pixel size aimed at, all factors reducing the accessible FOV per unit time.

On the other hand the image pixel sizes annotated in Fig. 3.4b mostly fall around the

expected values generated with the experimental parameters chosen to be representative

for each technique. The small discrepancies are simply due to the difference between

the geometries and parameters used to perform each of the experiments presented and

the general ones considered to produce Fig. 3.4.

It can be noted that for all samples a first technique – PBH or STXM – was used as a

means to rapidly produce a wide FOV and low resolution image to be used throughout

the experiment to identify specific regions of interest, while a second technique – NFP

or FFP – was exploited to get higher quality information on such regions with submi-

crometric resolution. This time-efficient approach is made possible by the flexibility of

the experimental protocol implemented and demonstrated in this chapter. This can be

applied to most setups used for coherent X-ray imaging experiments offering increased

flexibility in the selection of several parameters, chiefly the size of the imaged area and
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the sought resolving power. Any experiment involving wide specimens featuring struc-

tures at different scales or designed to retrieve a variety of low and high resolution images

can benefit from it. The extension of its applicability was discussed and some examples

of its implementation were shown within experiments for which low resolution images of

whole samples have been produced in order to rapidly identify smaller regions of interest

on which to run more time-consuming scans revealing high resolution features. Given the

fact that ptychographic scans are often run at hundreds or even thousands of different

sample orientations to produce datasets suited for tomographic analysis, the collection

of initial wide field 2D images is even more crucial to pin down the location and extent

of a region of interest (ROI) making its imaging in 3D more time-efficient. Selecting the

most suited technique for each situation together with fine-tuning the available parame-

ters also helps in making an optimal use of beam time as well as decreasing dose on the

sample, thus preventing potential radiation damage.

The proposed experimental protocol is routinely applicable at both soft and hard

X-rays beamlines involved in propagation-based imaging experiments both in 2D and

3D.



Chapter 4

Ptychography for the

characterisation of wavefronts at

FELs

In Chapter 3, results from experiments aimed at the characterisation of unknown speci-

mens are shown. This is the most widespread application of ptychography in any of its

forms, i.e. the use of a relatively defined beam to retrieve the transmission function of

an extended specimen. Nonetheless, as it is discussed in Chapter 2, the most advanced

amongst ptychographic phase retrieval algorithms are able to effectively retrieve a spec-

imen’s transmission function together with the partially coherent illumination function

making up the probe. This allows to reconstruct objects even when there is only rela-

tively limited information on the probe or when its quality is far from ideal, e.g. in the

case of partial coherence of the X-ray beam or whenever variations of illumination occur

during a ptychographic scan. But this feature even makes possible some experiments

with a completely different goal, namely the retrieval of the illumination function in the

presence of a relatively well-known specimen or test pattern. Ptychography is in fact also

used to characterise X-ray beams (Kewish et al., 2010; Schropp et al., 2010; Takahashi

et al., 2011; Hönig et al., 2011; Vila-Comamala et al., 2011), especially for those applica-

tions which require or benefit from a high-resolution knowledge of the wavefront, which

more often occurs at high-brilliance X-ray sources such as storage rings and XFELs.

The characterisation of the wavefront of an X-ray beam using ptychography allows

to characterise the focusing optics while in operation conditions. In particular, optics-

induced aberrations can be identified which could adversely affect several experiments.

Then the responsible optical elements can be corrected or replaced or, more easily the

case, the recovered wavefront can be propagated both upstream and downstream in

order to find a plane in which the observed aberrations are minimised and hence at
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which to perform experiments. The reduction of the aberrations by selecting such a

plane is particularly relevant in the case of experiments carried out at high power den-

sity or with small focal spot size, both conditions under which even small aberrations

can have strongly detrimental effects. Furthermore, the recovery of the wavefront is

useful whenever an accurate initial estimate of the illumination is needed: in the case

of single particle imaging (SPI) or flash X-ray imaging (FXI) experiments, for example,

starting the iterative phase retrieval algorithms from a credible illumination function

may positively affect their computational cost and efficiency. Similarly, characterising

shot-to-shot fluctuations at pulsed sources further contributes to decouple the effects of

varying illuminations from those of the change in orientation or even morphology of the

illuminated particles.

It is in particular with the latter goal in mind that the experiments introduced in this

chapter have been carried out at different XFEL sources. These in fact do not only

contribute to the development of quick and reliable beam diagnostics techniques but

also provide insightful knowledge on X-ray beams as one of the parameters affecting

flash X-ray experiments aimed at the retrieval of the 3D structure of isolated particles,

ultimately with atomic diffraction-limited resolution.

The characterisation of the X-ray beam generated at XFELs can be achieved to a

different degree through several techniques, some of which are briefly listed here.

Shack-Hartmann wavefront sensors (WFS) are CCD cameras combined with pinhole

arrays and are often used to characterise local out-of-focus wavefront tilts (Keitel et al.,

2016). This is an indirect method for beam diagnostics and is ineffective close to focus.

Another method routinely applied at hard X-ray FELs is that of ablative imprints

(Chalupsky et al., 2011). In this approach the high-brilliance X-ray beam is shone onto

a target material and the crater produced by ablation is then examined through atomic-

force microscopy (AFM) returning information about the general spatial properties of

the beam, such as size and shape. Though widespread, this offline technique is rather

time-consuming as several craters need to be produced and analysed in order to gather

enough statistical significance making it less preferable for real-time feedback while an

experiment is being carried out.

Young’s double-slit experiments have been used to quantify the spatial and temporal

coherence of the beam (Vartanyants et al., 2011). In this approach the beam is let

through two small pinholes and the visibility of the interference fringes is measured

downstream giving an estimate of the spatial coherence length. On the other hand the

contrast of the fringes as a function of their distance from the centre of the diffraction

pattern returns an estimate of the temporal coherence length.
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One can also use a grating interferometer to determine the radius of curvature of the

wavefront and its pulse-to-pulse variations (Rutishauser et al., 2012). This approach

has also been successful at locating the point source position of individual pulses both

transversely to and along the beam direction under varying conditions ranging from

normal operation to the more unstable process of driving the XFEL into saturation.

Another approach comes from the development of single particle imaging experiments

for which spatially and temporally precise injection of each single particle into the beam

is required. In this context, enough statistics have been collected from the diffraction

patterns produced by test objects to notice that these effectively sample different areas

of the beam and can therefore be used as a means of characterising it. For example the

diffraction patterns from aerosol-dispersed polystyrene spheres normally collected during

the calibration of an injector while setting up a single particle imaging experiment can

be used to determine the average shape of the wavefront as well as its average intensity

profile (Loh et al., 2013).

It has also been shown that coherent scattering experiments run on well-known samples

can be exploited to easily locate the focus via speckles analysis (Sikorski et al., 2015).

This analysis is performed on single pulses and also returns a first estimate of the focal

spot size as well as pulse-to-pulse fluctuations of the focus position, size and shape.

Recently, another set of grating-based approaches have been proposed and successfully

implemented at different FELs. These are able to return spatial fluence distributions

(Schneider et al., 2018) as well as the local electric field (Liu et al., 2018) at the grating

position. The main advantage of these methods is that they allow for in situ wavefront

sensing and hence to directly characterise single FEL pulses. They are mainly limited

by manufacturing issues as the resolution of the images they produce depends on the

available grating.

Finally, ptychography too is used to characterise the full wavefield of XFEL beams

(Schropp et al., 2013). The current approach involves first applying a ptychographic

reconstruction exploiting an average illumination on a test specimen, i.e. running the

phase retrieval algorithm under the assumption that the probe remains the same for

all scanned positions, which is equivalent to neglecting the shot-to-shot fluctuations of

the beam. Then, once a credible reconstruction of the test pattern has been obtained,

the algorithm is run again searching for the individual illuminations at each scanning

position, using the average wavefield obtained from the previous reconstruction as the

initial estimate for all probes and without updating the estimate of the object.

An alternative novel ptychographic beam characterisation approach is presented in

this chapter which stems from the multimodal decomposition outlined in Section 2.4.2.

This approach aims first at obtaining the average probe directly as a combination of
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several coherent modes accounting for the contribution of different pulses and then at

retrieving as much information as possible from single pulses.

Three different sets of measurements took place at different beamlines in order to

investigate and validate this method: one at the Atomic, Molecular and Optical (AMO)

and one at the Coherent X-ray Imaging (CXI) end stations at LCLS, SLAC’s hard X-

ray SASE FEL, and one at the Diffraction and Projection Imaging (DiProI) beamline

at FERMI, Elettra’s soft X-ray and extreme ultraviolet (EUV) seeded FEL (cf Sec-

tion 2.2.2). These experiments are individually discussed in Sections 4.2, 4.3 and 4.4

respectively

The sample used for all three experiments was a 200 nm thick Au test pattern (X30-

30-2) deposited onto a 110 nm Si3N4 membrane. Fig. 4.1 shows a scanning electron

microscopy (SEM) image of such test pattern, revealing the 30x30 µm2 Siemens star on

which ptychographic scans were run. Previous ptychography experiments of this kind

exploited a periodic test pattern along with a scanning path illuminating homologous

overlapping areas belonging to different periodic cells so as to overcome radiation damage

issues caused by the high power density X-ray beam. Given the non-periodicity of the

sample available for the experiments described here, this approach was not viable. Scans

Figure 4.1: SEM image of gold test pattern used for the wavefront characterisation
experiments performed at XFELs: the 30x30 µm2 Siemens star used for most ptycho-
graphic scans appears at the centre of the image. This image has been produced and
provided by the Molecular Biophysics group of the Department of Cell and Molecular
Biology of Uppsala University.
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had to be run non-destructively instead which required attenuation of the XFEL beam.

In fact for wavefront characterisation experiments the beam would usually be attenuated

only if necessary to prevent any detector pixel from being saturated by the direct beam

which would otherwise be shadowed out by a central stop in other kinds of experiments

performed at XFELs. Instead, in this case a bigger limitation has rather been the sample

melting dose, typically orders of magnitude lower than detector saturation levels. Due to

this large attenuation, several diffraction patterns have been collected at each scanning

positions in order to compensate for the signal-to-noise ratio of a generally weakened

scattering signal.

The setup used in all experiments was based on the diagram from Fig. 2.4. This

geometry has been chosen to be the same as that of FXI experiments as the ultimate

goal was to make the beam characterisation by ptychographic scans a routine part of

such experiments, as it already is the case for the calibration and optimisation of other

experimental parameters. In such a configuration only a set of two KB mirrors was

used to focus the XFEL beam which would otherwise damage other diffractive optics

sometimes used for imaging experiments with other sources. The experiments were

carried out in the same way as that of standard ptychography experiments as described

in Chapter 2, i.e. the sample was scanned onto the x-y plane ensuring the illumination

at each position partly overlapped with the adjacent ones. The far-field propagated

diffraction patterns were then recorded by a 2D detector located downstream along the

optical axis z. Each setup operated under vacuum conditions as it would normally be

necessary for full-intensity XFEL beams, especially in the case of soft X-rays and EUV

for which the interaction of radiation with air is particularly strong.

Finally, for the ptychographic analysis of all datasets collected within the experiments

presented in this chapter the Python package PtyPy was used (Enders and Thibault,

2016). In particular its mixed-state modelling algorithm has been complemented with

a novel implementation of a single-shot analysis method discussed in the next section

(Section 4.1).

4.1 A method based on singular-value decomposition for

the analysis of single-shots datasets

In order to tackle the issue of retrieving single-shot information from ptychography

measurements a novel method has been implemented within PtyPy directly inspired by

orthogonal probe relaxation ptychography (OPRP) as proposed by Odstrcil et al. (2016).

This method extends the ptychographic model to allow for every probe Pj associated to

each of the N diffraction patterns Ij to vary. This is achieved by adding a singular-value
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decomposition (SVD) step at the end of every iteration reducing all probes to a combi-

nation of the same modes. The remainder of the algorithm is virtually unchanged which

allows for this step to be implemented in any ptychography reconstruction algorithm.

For the applications presented in this chapter, such SVD step was implemented for both

difference map (DM) and maximum likelihood (ML) algorithms.

Applying SVD to the complex matrix P containing all single probes Pj leads to P =

UΣV ∗ where V ∗ denotes the Hermitian transposition of V and both U and V are unitary

matrices such that UU∗ = U∗U = I and V ∗V = V V ∗ = I with I as the identity matrix.

By multiplying P with its Hermitian transpose P ∗, one gets

P ∗P = V Σ∗U∗UΣV ∗ = V (Σ∗Σ)V ∗ (4.1)

with P ∗P as a Hermitian matrix and (Σ∗Σ) as a diagonal matrix. This is equivalent to

the eigenvalue problem

(P ∗P )V = V (Σ∗Σ) (4.2)

so that the non-zero elements on the diagonal of Σ correspond to the square roots of

the eigenvalues of P ∗P . Through a truncated diagonalisation, the N eigenvalues and

main k eigenvectors V̂ can be retrieved, with k < N and V̂ denoting truncation of

V . Applying this in the SVD step implementation, a set of k orthogonal modes M is

generated via M = PnV̂ = U Σ̂V̂ ∗V̂ = U Σ̂ where Pn denotes the probe matrix P at

the n-th iteration. The obtained mode matrix M is then used to generate the updated

probes Pn+1 = MV̂ ∗ = U Σ̂V̂ ∗.

It is worth pointing out that the k modes obtained with this approach are not enforced

but are rather generated directly from the reconstructed probe matrix P by dimension-

ality reduction at every iteration.

Results from applications of this novel algorithm are discussed in the next sections.

4.2 Experiment at AMO end station

The first wavefront characterisation experiment was run at the AMO end station (Fergu-

son et al., 2015) at LCLS (Emma et al., 2010) with 1.25 keV soft X-rays. An attenuation

to 3.42×10−7 of the original intensity of the 2.7 mJ pulses has been used to safely remain

two orders of magnitude below the melting dose of the gold test pattern. This value

also corresponds to the limit to prevent detector saturation as the full beam has been

measured without any beam stop, otherwise present in other experiments in order to

prevent the bright direct beam from hitting and potentially damaging the detector. Such

an attenuation was achieved by using a 4.5 m long gas chamber filled with a 14.225 Torr

N2 atmosphere. The beam was then clipped by a pair of adjustable slits and focused by
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Figure 4.2: STXM images of the Siemens star obtained from data collected during the
experiment performed at AMO, LCLS. The raster scan covered an area of 45x45 µm2

with a step size of 3 µm. The absorption (a) and horizontal differential phase-contrast
(b) images both confirm the location of the Siemens star onto the test pattern.

a pair of perpendicular KB mirrors with focal distances of 1.1 m and 1.6 m respectively.

The sample was mounted in vacuum within the LAMP chamber (Ferguson et al., 2015)

and at the focal position. A pn junction CCD detector with 75 µm pixels (Strüder et al.,

2010) was used to record diffraction patterns 0.73 m downstream from the focal position

with a 30 µm thick polyimide filter with 0.94 transmission placed just in front of it. The

use of the detector was limited to an off-centred area of 192x192 pixels in order to avoid

gaps in the recorded diffraction patterns which combined with the chosen geometry led

to a reconstruction pixel size of 50 nm.

Real-time monitoring throughout the experiment as well as preprocessing was car-

ried out using the open-source Python-based software tool Hummingbird developed and

maintained by the Molecular Biophysics group of the Department of Cell and Molecular

Biology of Uppsala University (Daurer et al., 2016).

STXM scans were performed at different stages of the experiment in order to accurately

determine the sample position both in the x-y plane and along z and to check its integrity.

An example of a 45x45 µm2 STXM scan with a 3 µm step size is shown in Fig. 4.2 where

the analysis has been conducted following the procedure described in Section 2.3: the

absorption and the differential phase-contrast images both confirm the location of the

Siemens star.

The ptychographic scans have all been run on a raster grid with some small known

random noise added to each position in order to avoid periodicity which is known to be

a potential cause of artefacts in the reconstruction, referred to as raster grid pathology
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(Thibault et al., 2009). Several such scans have been run varying some of the experimen-

tal parameters: datasets have been collected with alternately high and low detector gain

mode, with the sample in focus and out-of-focus and with the detector cooling heads on

and off. This latter are required for the detector not to get damaged because of overheat-

ing during measurements but have been found to adversely affect the setup because of

induced vibrations. A reasonable compromise found suited to address such issue during

the data acquisition with the active cooling turned off has been to periodically pause

the experiment to allow for the detector to cool down.

The results presented here originate from one such dataset collected in high gain

mode (28 analogue-to-digital units) and with the active cooling turned off. A 5x5 µm2

perturbed raster scan with an average step size of 0.5 µm was performed on the cen-

tral region of the Siemens star while at the focal position for a total of 100 scanning

points. With a 3 s dwell time, at every position about 300 single-shot diffraction pat-

terns were collected operating the XFEL at 100 Hz whilst recording dark frames at 0.5

Hz (BYKIK mode). Dark frames, frames associated to erroneous motor positions and

weak events – i.e. diffraction patterns generated by X-ray pulses with energies below 1

mJ – were discarded. To remaining frames dark correction was applied by exploiting the

temporally-closest available dark frame. They were then converted to units of photons

by rounding ADU-converted values to the closest integer, except for one-photon pixels

counted only above the 0.75 threshold and set to zero otherwise: this constituted the

single-shot dataset later used for single-shot analysis.

For the first step of the ptychographic reconstruction process an averaged dataset has

been used instead. This was obtained by averaging all frames recorded at the same motor

positions which – discarding the last erroneous motor position – led to a collection of

99 diffraction patterns depicted in Fig. 4.3. These frames already confirm the scan was

performed on the Siemens star, as the collected diffraction patterns coincide with the

Fourier transforms of areas close to its centre. The change in orientation of the diffracted

signal recorded in each frame is in agreement with the raster geometry used to perform

the ptychographic scan: namely the main axis of such signal lies perpendicularly to the

main axis of the spokes on the sample visible at each illuminated area.

This dataset was fed into PtyPy ’s mixed-state ptychographic reconstruction algorithm

running 1000 difference map (DM) iterations and decomposing the probe P in k = 10

modes in order to obtain an estimate of the imaged object O within an averaged analysis.

A relatively high number of modes k was chosen to take into account possible shot-to-

shot fluctuations of the probe which in the averaged dataset would act as a source of

decoherence, blurring out each averaged diffraction pattern. Keeping in mind Eq. 2.60
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from Section 2.4.2, the mixed-state problem can be more explicitly rewritten as

Ij =
∑∣∣∣ψ̃j,k∣∣∣2 =

∑
k

∣∣∣F[Pj,k(r)Oj(r− rj)
]∣∣∣2 (4.3)

with k incoherent modes summed up to produce each diffraction pattern Ij . Exploiting

this formalism a reconstruction of the object and a first estimate of the averaged beam

are generated. The absorption image of the Siemens star obtained after 1000 iterations

Figure 4.3: Averaged background-subtracted diffraction patterns collected at each
position of a ptychographic 5x5 µm2 raster scan with a step size of 0.5 µm on the
Siemens star on the test pattern during the experiment performed at AMO, LCLS.
Each frame has been obtained by averaging the contribution of about 300 diffraction
patterns and is represented in a logarithmic scale. This dataset already confirms the
scan was performed on the Siemens star, as the collected diffraction patterns coincide
with the Fourier transforms of areas close to its centre. Also, the change in orientation
of the diffracted signal recorded in each frame is in agreement with the raster geometry
used to perform the ptychographic scan: namely the main axis of such signal lies per-
pendicularly to the main axis of the spokes on the sample visible at each illuminated
area.
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of DM algorithm is shown in Fig. 4.4b together with its SEM counterpart (Fig. 4.4a)

for comparison purposes. The agreement between the two images of the object supports

the reliability of the probe obtained from this averaged dataset. The k = 10 orthogonal

modes composing such probe are shown in Fig.s 4.5a-j and are directly related to the

average wavefront at the focal position produced by the XFEL. They are represented in

a relative scale in order to highlight their local morphology but their contribution to the

total power of the probe is also annotated for comparison purposes. Fig.s 4.5k-t show

each mode after it has been propagated back to the virtual secondary source plane, i.e.

the mid-point between the pair of focusing KB mirrors some 1.35 m upstream from the

sample position.

While more than half of the beam power lies within a relatively well-defined elongated

focus (Fig. 4.5a), it can be noted that a non-negligible fraction seems to be concentrated

in confined regions towards the edges of the field-of-view (FOV) of the probe (Fig.s

4.5b,f) which currently has no straight-forward physical implication and might be the

result of applying mixed-state analysis to an averaged dataset. Lower intensity modes

(Fig.s 4.5i,j) pick up on diffused noise as it is revealed by a significant fraction of their

power falling outside the main pupil when back-propagated (Fig.s 4.5s,t). Finally the

corners of all modes accumulated no power due to the fact that one corner of the detector

was mostly masked out due to unreliable readout.

Once established the reliability of the averaged dataset and having retrieved both ob-

ject and probe reconstructions from it, the single-shot dataset has been analysed. Due to

Figure 4.4: SEM image (a) and amplitude of ptychographic reconstructions (b,c) of
same Siemens star test pattern. (a) is extracted from Fig. 4.1, (b) is obtained from
the averaged dataset and (c) is obtained from the single-shots dataset. The ptycho-
graphic reconstructions (b-c) are in good agreement with the expected morphology of
the Siemens star and confirm the iterative algorithms reached an adequate degree of
convergence. In the reconstruction from the single-shot dataset (c) features appear
less resolved than from the averaged one (b): this is mainly due to the lower statistics
present in the former with respect to the latter, i.e. fewer counts. Also, in (c) brighter
areas can be observed which are most likely caused by the algorithm not properly
uncoupling variations in sample density from fluctuations of the beam intensity. This
leads to such patchy object reconstruction rather than to probes varying more in overall
photon counts.



Chapter 4. Ptychography for characterisation of wavefronts 81

Figure 4.5: (a-j) Orthogonalised modes of reconstructed probe from averaged dataset.
Relative intensity is annotated on top of each mode. (b) and (f) are thought to origi-
nate from incoherent contribution due to diffuse scattering from beamline components
upstream the sample. (k-t) Back-propagation of such modes to the pupil plane. Am-
plitude is mapped to brightness and phase to hue according to the colourwheel in (a).



Chapter 4. Ptychography for characterisation of wavefronts 82

computational limitations a subset of diffraction frames has been produced by sampling

the full range of valid frames at regular intervals in order to obtain about 10 frames per

position for a total of N = 1002 frames. Such single-shot dataset was processed using a

ML algorithm modified so to include the SVD step (cf Section 4.1) and using the probe

found from the averaged dataset as an initial guess for the illumination function. For

the object, a flat array was chosen as an initial guess instead, to allow to exploit the

reconstructed object as a means to assess overall convergence. Choosing to decompose

the probe into k = 10 modes and after running the SVD algorithm for 600 iterations, an

object was obtained whose absorption image is shown in Fig. 4.4c. The quality of the

object reconstructed from the single-shot dataset is clearly lower than that of the one

obtained from the averaged dataset (Fig. 4.4b). Although more slightly-varying diffrac-

tion frames were available at every position, their signal-to-noise ratio was significantly

lower than that of the averaged frames obtained by averaging the contribution of about

300 frames per position, on account of the large attenuation employed. Low signal then

negatively affected the outcome of the reconstruction. Nonetheless the main features of

the object are still resolved, especially within the central 5x5 µm2 area directly covered

by the perturbed raster scan.

Fig.s 4.6a-j show the k = 10 modes in which SVD analysis decomposed the N = 1002

individually retrieved probes and Fig.s 4.6k-t show the respective modes propagated back

to the virtual secondary source plane. All secondary modes (Fig.s 4.6b-j) discontinuously

concentrate their power towards the top and bottom edges of the FOV of the probe –

areas which accumulate little to no power in the main mode (Fig. 4.6a) – and in the

central high-power region of the focus. This suggests the main mode is responsible

for most of the power of the retrieved single-shot probes while the secondary modes

concentrate on noise and small shot-to-shot variations. This statement is further backed

up by the fact that the back-propagated secondary modes extend outside the area of the

main pupil.

Four of the retrieved probes are shown in Fig.s 4.7a-d as a representative sample of the

whole stack of probes P , along with their back-propagated versions (Fig.s 4.7e-h). Only

small variations can be observed (< 1%) which suggests a large beam stability. However

fluence is known to vary more than what the reconstructed probes indicate. This can

be explained by a poor uncoupling between probe and object contributions within the

reconstruction algorithm which translates into the object picking up on beam intensity

fluctuations rather than the probes. This also accounts for the spotted appearance of

the object reconstructed from the single-shots dataset as from Fig. 4.4c. At the same

time this lacking does not undermine the credibility of the morphology found for each

probe which can still be considered reliable except for an intensity rescaling factor.
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Figure 4.6: (a-j) k = 10 modes of reconstructed probes obtained via SVD from
single-shots dataset. These modes were found through truncated diagonalisation aimed
at solving the SVD problems (cf Section 4.1) and were not otherwise enforced as con-
straints onto the reconstruction algorithm: in that sense, they form the basis of the
set of N = 1002 reconstructed probes. Beside (a), higher modes seem to address only
small noise variations of the main mode. (k-t) Back-propagation of such modes to the
pupil plane. Amplitude is mapped to brightness and phase to hue according to the
colourwheel in (a).
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Figure 4.7: (a-d) 4 of the N = 1002 reconstructed probes from the single-shots
dataset. These were chosen to be representative of the most significant variation among
all probes. (e-h) Back-propagation of such probes to the pupil plane. These probes
show no significant variation, neither at the sample plane nor at the pupil plane. This
suggests that if any pulse-to-pulse variation occurred at all, the low statistics offered by
the recorded single-pulse diffraction patterns was not sufficient for the SVD algorithm
to pick up on it. Amplitude is mapped to brightness and phase to hue according to the
colourwheel in (a).
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The probes obtained from the analysis of the single-shots dataset also strongly agree

with the main probe mode from the averaged dataset which is then confirmed as a suit-

able representation of the wavefront of the average beam as well as of that of individual

pulses. This leads to a measured focus whose size lies within the expected values of a

few micrometres but is also revealed to be asymmetric, with a FWHM of around 2 µm

and 1 µm in the horizontal and vertical directions respectively. Such wavefront has also

been numerically propagated around the focal position as shown in Fig. 4.8, revealing

how the beam propagates asymmetrically upstream and downstream due to the intrinsic

astigmatism of KB mirrors. However it should be noted that the wavefront does not

undergo any significant change or distortion within a 10 µm range in either direction of

the focus which corresponds to the interaction region of FXI experiments hence confirm-

ing a large degree of beam stability for such experiments both temporally (shot-to-shot)

and spatially (around the focal position).

4.3 Experiment at CXI end station

Another wavefront characterisation experiment has been performed at the hard X-rays

CXI end station (Liang et al., 2015) at LCLS on the same test pattern and with a

geometry based on the same concept as the one outlined in Section 4.2 (cf Fig. 2.4).

The most advanced FXI setup has been used aiming at a focal spot size of 100 nm

which made the whole experimental procedure particularly challenging.

At first an energy of around 7 keV was aimed at which would have required an at-

tenuation of the 1 mJ pulse intensity to about 10−10 of the original value to prevent

radiation damage on the sample, i.e. about 5 orders of magnitude lower than the de-

tector saturation limit for this energy. Four solid Ge attenuators with a thickness of

290 µm each were available at the beamline for that purpose. However they were found

unsuited to withstand the radiation damage induced by the beam at such energy and

therefore the experimental plan had to be changed on site by switching to an energy of

9.5 keV.

A pair of KB mirrors with focal lengths of 0.9 m and 0.5 m respectively have been

used as focusing optics throughout the experiment. The X-ray camera detecting system

was a Cornell-SLAC pixel array detector (CSPAD) with a non-square tiling made up

of 64 185x194-pixel application-specific integrated circuits (ASIC) covering an area of

around 17x17 cm2 for a total of 2.3 megapixels, 110 µm each (Hart et al., 2012). The

detector was positioned 2.4 m downstream from the focal position.

Perturbed raster scans were performed at different sample positions both on the x-

y plane and along z, mainly aimed at precisely locating the beam onto the sample

and assessing its size. Data from a ptychographic scan some 5 µm off the centre of the
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Siemens star were collected within a 20x20-point perturbed raster scan with 100 nm step

size. Such scan was carried out with a beam energy of 9.5 keV and as close as possible

to the focal position along z. At every scanning position 480 diffraction patterns were

recorded, each generated from a single X-ray pulse. Fig. 4.9 shows a 10x10 downsampled

set of the 20x20 frames of the averaged dataset obtained by averaging all valid frames

collected at each position, according to the same principle as that used for the averaged

analysis of the data collected at AMO (cf Fig. 4.3). Unlike the averaged dataset from

AMO, the averaged dataset from CXI did not allow to easily assess on which area of

the test pattern the ptychographic scan was performed and no strikingly recognisable

feature could be identified.

Figure 4.9: Averaged background-subtracted diffraction patterns collected at one
every four positions of a ptychographic 2x2 µm2 raster scan with a step size of 100 nm on
the test pattern during the experiment performed at CXI, LCLS. Each frame has been
obtained by averaging the contribution of 480 diffraction patterns and is represented
in a logarithmic scale. Unlike Fig. 4.3, in the case of this dataset it is not trivial to
estimate on which area of the test pattern the ptychographic scan was performed and
no strikingly recognisable feature could be identified.
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Given the used geometry a reconstruction pixel size of 15.5 nm was expected out of

ptychographic analysis of this dataset, with raw frames cropped down to 184x184 pixels.

Similarly to AMO, STXM analysis was carried out first in order to assess sample posi-

tion, here exploiting a dataset from a ptychographic scan. This produced absorption- and

phase-contrast images which are both represented in Fig. 4.10 and hinted at the fact that

possibly an area of the Siemens star including only the outer part of two spokes was illu-

minated. This and following scans did not produce any more convincing results in terms

of object convergence, let alone probe’s, both from STXM and ptychographic analysis.

This is most likely due to the use of a very tight focus which prevented a significantly

large and well-characterised area of the sample from being unambiguously imaged. The

small step sizes required to ensure large enough an overlap between scanning positions

are in fact close to the precision of the translation stages which are unavoidably affected

by vibrations effects and thermal drifts. Finally several attenuation-related issues have

been encountered during the experiment which negatively affected the beam delivered

to the sample and made measurements particularly challenging.

Via SEM analysis, no radiation damage has been observed on the sample after the

experiment at CXI, suggesting that any issue encountered had to do with the positioning

system and the X-ray beam rather than the dose delivered onto the sample by the highly

collimated beam – though attenuated.

4.4 Experiment at DiProI end station

Another set of measurements have been collected at the DiProI beamline (Pedersoli

et al., 2011; Capotondi et al., 2015) at FERMI (Allaria et al., 2015). The experiment

has been performed on the usual gold test pattern at an energy of 83 eV equivalent to

Figure 4.10: STXM images obtained from data partly shown in Fig. 4.9. The ab-
sorption image (a) is rather unhelpful in determining the beam location onto the test
pattern, whilst the vertical differential phase-contrast image (b) suggests the scan was
performed towards the outer spokes of the Siemens star. This is apparent by comparing
it with the SEM image of such an outer region, as in (c), though no further conclusion
could be drawn.
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a wavelength of 15 nm and hence lying in the EUV regime. At this energy the sample

behaves as a binary object and most of the information is carried by the transmitted

signal.

An attenuation to at least 10−4 the original intensity of the 0.1 mJ pulses generated at

FERMI was needed to prevent radiation damage on the sample and was achieved using

one gas and two solid attenuators: a 300 nm thick Zr attenuator and a 200 nm thick Al

attenuator have been combined with a 6 m long gas chamber filled with 2.8 · 10−2 mbar

of N2.

A set of two bendable KB mirrors was used with a focal length of 1.75 m for the

vertical mirror and 1.2 m for the horizontal one. These focused the beam to a focal

spot size of around 4x5 µm2 at the sample position. A PI-MTE:2048B in-vacuum CCD

camera with 2048x2048 pixels 13.5 µm each has been positioned 150 mm downstream

from the sample. Only the information collected by the central 1000x1000 pixels has

been recorded to decrease readout time to 2 s. Unlike previous experiments, where

readout frequency at least matched the pulse frequency of the FEL ensuring diffraction

patterns generated by individual pulses could be recorded separately, in this case the

fast shutter had to be used for only one pulse to contribute to each detector reading.

Due to further overhead, FERMI’s usual 10 Hz repetition rate was effectively translated

into a 0.2 Hz acquisition rate, to be compared with the 100 Hz acquisition rate achieved

during the experiments at LCLS. This drastic increase in the acquisition time allowed

to collect only a few diffraction patterns at each scanning position – between 5 and 20.

This figure can be compared to the few hundred diffraction patterns collected at each

scanning position within experiments at LCLS therefore providing a larger statistical

sample to be analysed.

Several ptychographic measurements have been performed scanning the sample stage

over an area roughly the size of the Siemens star on the test pattern (30x30 µm2) using

spiral scans. The smallest achievable probe size of around 4x5 µm2 has been used for

most of them by keeping the sample as close to the focal plane as possible. One of such

scans and its analysis are presented here. This was a 25x25 µm2 spiral scan with 2.5 µm

step size for a total of 101 points. Single-shot diffraction patterns were collected in 3

series, each recording 5 frames per scan position, for a total of 1515 frames. Each frame

was corrected by removing from every pixel its respective mean dark count obtained

by averaging 100 previously collected dark frames, i.e. frames recorded with the fast

shutter close. Then detector counts were thresholded to a value of 0 in order to remove

unphysical negative counts and finally they were converted into units of photon counts

by exploiting detector specification.

The fact that FERMI is a seeded FEL implies that its pulse-to-pulse stability is signif-

icantly higher than that of SASE FELs such as LCLS. For this reason the data analysis
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was supposed to be comparatively more straightforward and likely require relatively

few coherent modes to model the average probe used throughout a ptychographic scan.

However a wide jitter of the photon beam occurred throughout data acquisition which

was later found to be caused by vibrations in the optics upstream from the experimental

setup, most likely due to a pump from a nearby experiment. This made the scanning

positions recorded by the sample motors unusable. Even though most of the diffraction

patterns were produced by a probe-object interaction occurring within the FOV of the

original scanning pattern, the beam was sometimes found to fluctuate farther away. Fig.

4.11 illustrates this issue where each set of three diffraction patterns (Fig. 4.11a-c and

Fig. 4.11d-f) has been collected at the same sample stage motor positions. In particular,

in the second set of diffraction patterns produced at a motor position corresponding to

a region on the Siemens star (Fig. 4.11d-f) it is apparent that the beam moved enough

off it to hit one of the nearby gratings (cf Fig. 4.1).

As mentioned in Section 2.4.5, different approaches exist which are able to tackle is-

sues of position refinement within ptychographic algorithms (Guizar-Sicairos and Fienup,

2008; Maiden et al., 2012b; Beckers et al., 2013; Zhang et al., 2013; Tripathi et al., 2014).

Figure 4.11: Individual dark-subtracted diffraction patterns collected at two motor
positions (a-c and d-f respectively) of a ptychographic 25x25 µm2 spiral scan with a step
size of 2.5 µm on the Siemens star on the test pattern during the experiment performed
at DiProI, FERMI. The three diffraction patterns in every row have been collected at
the same sample stage motor positions and yet show discrepancies due to the pulse-to-
pulse displacement of the illuminating beam onto the sample. Each frame is represented
in a logarithmic scale.
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However they have mostly been designed to account for minor deviations from the ex-

pected positions, typically smaller than the scanning step size. A collaborator from

the Optoelectronics Research Centre (ORC) of the University of Southampton readily

implemented an approach to retrieve usable sample positions in the case of the wide po-

sition errors faced within this experiment. It consisted of cross-correlating the recorded

diffraction patterns with simulated ones obtained from the interaction of a simulated

probe and an object modelled from the available high-resolution SEM image. This first

coarse position estimate was refined iteratively via a purposely-designed ptychographic

algorithm described more extensively elsewhere (Odstrčil et al., 2018). This operation

was applied to the recorded motor positions as shown in Fig. 4.12a-c and produced the

corrected motor positions represented in Fig. 4.12d-f. Of these, only the ones estimated

with a high degree of certainty were then used for ptychographic reconstruction while

the diffraction frames from the other positions were simply discarded. This led to a

dataset of 937 frames, i.e. little over a third of the recorded data (578/1515) was not

used.

It should be noted that this position-correction approach was only possible thanks

to the in-depth characterisation of the test pattern available prior the experiment and

is not expected to become the tool of choice for this kind of experiments. In fact it

was only made necessary by the unforeseen circumstances in which these scans were

Figure 4.12: (a-c) Recorded x,y motor positions for three 25x25 µm2 spiral scans with
a step size of 2.5 µm performed during the experiment at DiProI, FERMI. (d-f) Actual
retrieved x,y positions for scans from (a-c) respectively. Position correction was carried
out exploiting simulated data as well as a purposely-designed algorithm described in
details by Odstrčil et al. (2018).
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carried out which do not fall into the standard operation conditions of FERMI nor other

FELs. Furthermore the application of this approach also hindered any beam-pointing

information that could be retrieved from the position-corrected dataset as electron bunch

effects, optics effects and position corrections could hardly be uncoupled as causes of

any further movement of the probe which could be found by single-shot analysis. Beside

this, there is no reason to question the credibility of any other information retrieved on

the probes, such as morphology and relative power distribution.

After finding the corrected positions for the collected frames, ptychographic analysis

could be carried out. All of the 937 valid frames were binned by a factor of 2, down

to a size of 512x512 pixels in order to decrease computational cost. The same single-

shot ptychographic algorithms used for the data collected at LCLS were applied on this

dataset, including the SVD step detailed in Section 4.1. Given the used geometry and

detector specifications the achieved reconstruction pixel size was 162 nm. Starting from

a robust initial guess for the illumination function and an empty object, 200 iterations

of DM were run, followed by 800 of ML refinement, both exploiting k = 10 modes to

decompose the full retrieved probe matrix P . This led to the retrieval of the object

transmission function whose absolute value is represented in Fig. 4.13b to be compared

with the SEM image of the same region in Fig. 4.13a. The agreement between the SEM

image and the ptychographically retrieved one is apparent, even well outside the FOV of

the original scanning area, still because of the wide beam jitter. This result validates the

retrieved probes whose modes are represented in Fig.s 4.14a-j. These modes have also

been propagated back to the virtual secondary source size plane located at the mid-point

Figure 4.13: SEM image (a) and amplitude of ptychographic reconstruction (b) of
same Siemens star test pattern. (a) is extracted from Fig. 4.1. The good agreement
between the two images validates the ptychographic reconstruction and confirms the
iterative algorithm reached an adequate degree of convergence.
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Figure 4.14: (a-j) k = 10 modes of reconstructed probes obtained via SVD. These
modes were found through truncated diagonalisation aimed at solving the SVD prob-
lems (cf Section 4.1) and were not otherwise enforced as constraints onto the reconstruc-
tion algorithm: in that sense, they form the basis of the set of N = 937 reconstructed
probes. Their diversity suggests a significant variation among the retrieved probes.
(k-t) Back-propagation of such modes to the pupil plane. Amplitude is mapped to
brightness and phase to hue according to the colourwheel in (a).
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Figure 4.15: (a-d) 4 of the N = 937 reconstructed probes obtained via SVD. These
were chosen to be representative of the most significant variation among all probes.
(e-h) Back-propagation of such probes to the pupil plane. Significant variation can
be appreciated among the retrieve probes at both the sample and the pupil planes,
suggesting pulses differed not exclusively due to beam pointing instability. Amplitude
is mapped to brightness and phase to hue according to the colourwheel in (a).
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between the pair of KB mirrors 1.48 m upstream from the interaction plane as shown

in Fig.s 4.14k-t in which only the last few modes present a significant amount of power

falling outside the area of the main pupil. Four probes are shown in Fig.s 4.15a-j as a

representative sample of the full stack of N = 937 retrieved probes. Fig.s 4.15k-t show

their respective wavefronts propagated back to the virtual secondary source plane.

The retrieved probes are in good agreement with the expected elongated shape of the

focus and some small shot-to-shot variation can be observed providing direct insight into

FERMI’s performance.

4.5 Conclusions

A novel ptychographic reconstruction method based on SVD was presented in this chap-

ter. The method is aimed at the characterisation of single X-ray pulses and has been

tested within 3 different experiments at FELs.

The one carried out at CXI did not produce any usable result due to poor and unfore-

seen experimental conditions, which in turn led to the poor quality of the collected data.

On the other hand, both of the other experiments – carried out at AMO and FERMI –

generated significant results.

In particular, the experiment at AMO proved the SVD-based ptychographic algorithm

to be a viable and valid method to obtain probe and object reconstructions from a low-

signal single-shot dataset. It is expected that the availability of larger computational

power will allow for a larger fraction of the collected data to be analysed at the same

time, increasing its redundancy and hence compensating for the low signal. In fact, low

signal hinders the quality and credibility of reconstructions when only a small fraction

of the collected data is fed into the algorithm, so that only a few diffraction patterns are

available at each scanning position. The conclusion of the experiment at AMO is that

beam stability is relatively high: if any pulse-to-pulse wavefront fluctuations occurred,

they did at a length scale lower than the one to which the reconstruction algorithm is

sensitive. It is expected that such sensitivity will be improved by processing a larger

number of diffraction patterns for the same scanned area.

The experiment at FERMI also validated the SVD-based method for single-shot analy-

sis based on the quality of the probe and object reconstructions obtained therein. Larger

shot-to-shot variations of the wavefront have been found with respect to those retrieved

for AMO, although these might be due to the unexpected jitter of the focusing optics

rather than some more fundamental properties of the FEL. It should be noted that this

method is robust against several sources of uncertainties over the recorded motor posi-

tions and hence suited for wavefront characterisation experiments elsewhere, as they are
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often affected by vibrations and drifts – though smaller than the ones encountered here.

Results obtained from the FERMI experiment have been gathered into a manuscript

ready for submission to a peer-reviewed journal.

The novel SVD-based ptychographic method is primarily expected to benefit wavefront

characterisation experiments at FELs. However, its application can be envisioned within

other more object-oriented ptychography experiments which could also benefit from a

small relaxation of the probe constraints, mainly allowing for probe variations at every

position.



Chapter 5

Ptychography for the volumetric

investigation of photonic

nanostructures in butterfly scales

In Chapter 4 ptychography experiments have been discussed which were run on a well-

known test sample, with the goal of characterising the X-ray beam interacting with

it and therefore indirectly a whole X-ray imaging setup. In this chapter, experiments

run on well-known X-ray imaging setups are presented which exploited ptychography to

characterise samples of relatively unknown structure. This highlights the flexibility and

wide range of applicability of such scanning diffractive X-ray imaging technique.

In particular, this chapter focuses on ptychographic measurements compatible with

computed tomography (CT, cf Section 2.5) and performed on biological samples. These

are scales, extracted from the wings of two pansy butterflies (Junonia orithya) of the

same kind as the one shown in Section 3.3.3.

When caterpillars undergo metamorphosis into butterflies, they grow wings which are

finely covered by paddle-like scales, each generated by a single cell (Ghiradella, 1994). In

many butterfly species, these scales host photonic nanostructures mostly made of chitin

((C8H13O5N)n) which are responsible for the overall wing colouration through visible

light interference effects. This is a common colouring mechanism which falls into the

category of structural colouration, which does not require pigments and is often found

in insects – mostly butterflies and beetles – and birds. Through inter- and intra-cellular

processes, thousands of cells synchronise producing coloured patterns consistent within

butterflies belonging to the same species. How these processes have evolved and how

they are regulated by genes are both questions of interest in the field of evolutionary

developmental biology and bioengineering, and wing colouration patterns make for a

suitable marker to study them (Wasik et al., 2014; Prakash and Monteiro, 2018). Scales

97
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can be divided into ground and cover scales and pave wings in an alternating fashion: the

former form the bottom layer of the wing while the latter cover the topmost layer and are

the ones responsible for the overall colouration. Sexual dimorphism is also present within

pansy butterflies and, in this context, takes the form of a different general colouration of

the wing: namely female individuals mostly grow brown ground and cover scales whereas

males grow black ground scales and blue cover scales. Fig. 5.1a shows a reflected light

optical microscope image of a portion of a male wing from which several blue cover

scales have been removed in order to reveal the black ground scales underneath. The

difference in colouration among scales is caused by differences in their 3D self-assembled

nanostructures: these are all morphologically similar but show slight variations in sizes,

which in turn alter their visible light interference effect. Several structures feature

on each scale, such as differently spaced crossribs and ridges which grow on top of a

flat substrate known as lower lamina (Ghiradella, 2010). The lower lamina is in turn

connected to the rest of the wing through a stem at its narrowest end and parallel to

its main plane. Variations of thickness of the lower lamina are known to be among

the factors responsible for the overall scale colouration and occur within the range 100-

200 nm. Fig. 5.1b shows a 20X magnification transmitted light optical micrograph of a

single brown cover scale extracted from the wing of a female pansy butterfly and glued

on top of a 70 µm kapton MicroLoop ETM. Axial ridges are visible. Fig. 5.2 shows SEM

images of the dorsal side of an isolated blue cover scale extracted from the wing of a

male pansy butterfly. In Fig. 5.2, even the smaller crossribs are visible as the smaller

structures connecting the axial ridges perpendicularly. On the right-hand side of both

images the stem connecting the scale to the wing substrate is visible. Furthermore an

area of the scale has been scratched in order to reveal the underlying lower lamina (cf

Fig. 5.2b).

Neither visible light microscopy nor scanning electron microscopy allow to fully char-

acterise all nanostructures including the lower lamina. In fact, visible light microscopy

does not have high enough resolving power to return accurate measurements of the size

of these structures, while SEM returns high resolution images of only the surface of a

specimen on account of its relatively shallow penetration depth. SEMs rely on interac-

tion volumes at most a few micrometres deep which prevents from running tomographic

scans and limits them to produce at most 2D projections. X-rays become then suitable

candidates for the volumetric investigation of butterfly scales, as they offer the necessary

penetration depth combined with the potential to reach a high resolving power. Both

Bragg and coherent X-ray diffraction experiments have been run on butterfly scales

with the purpose of characterising the photonic nanostructures they contain (Singer

et al., 2016). That concept is here explored further by running ptychographic X-ray

computed tomography (PXCT) experiments aimed at the volumetric characterisation
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Figure 5.1: (a) Reflected light micrograph of a portion of the dorsal side of a wing
from a male pansy butterfly. The uppermost layer is made up of blue cover scales.
Areas of the wing have been scratched to reveal the underlying black ground scales
and the wing substrate (appearing gold). Areas featuring each of these elements are
circled and labelled in (a). (b) Transmitted light micrograph of a single brown cover
scale extracted from the wing of a female pansy butterfly and mounted on a kapton
MicroLoop ETM holder.



Chapter 5. Ptychography for investigation of nanostructures 100

of both brown cover scales from a female pansy butterfly and blue cover scales from a

male.

PXCT was first demonstrated under a decade ago by Dierolf et al. (2010) at the

cSAXS beamline at the Swiss Light Source (SLS) which kept leading its development

for the following years (Guizar-Sicairos et al., 2011; Diaz et al., 2012; Holler et al., 2014;

Guizar-Sicairos et al., 2015b; Holler et al., 2017). Due to the many technical challenges

it poses, the implementation of PXCT outside cSAXS took some years to be achieved,

but recently more beamlines are starting to offer it to external users (Stockmar et al.,

2015a; da Silva et al., 2017a; Yu et al., 2018; Kahnt et al., 2018). In this context, one

of the goals of the experiments presented in this chapter is to further contribute to the

establishment and spreading of PXCT, especially to the benefit of the synchrotron light

user community.

Two separate experiments are presented which have been carried out at different

beamlines. Both experiments were based on a standard ptychography experimental

setup, qualitatively comparable to the one presented in Chapter 3. The technique of

choice was determined based on the experimental parameters available at each beam-

line, mainly in terms of detector specifications and range of propagation distance down-

stream the sample position. With these constraints in mind, a near-field ptychography

experiment was run at the ID16A Nano-Imaging beamline at the European Synchrotron

Radiation Facility (ESRF) and a far-field ptychography experiment was run at the I13-1

Coherence Branchline at Diamond Light Source (DLS). In particular, the near-field ex-

periment exploited the geometry represented in Fig. 3.1b, while the far-field experiment

the one represented in Fig. 3.1c.

Both ID16A and I13-1 are long beamlines and have their experimental hutches in

satellite buildings located outside the main building hosting the storage ring and hence

their undulator source. They were designed this way in order to increase the transverse

coherence of the X-ray beams they exploit. Recalling its definition from Eq. 2.23, it

can be noted that there exist two ways to increase it. One way is to reduce the source

size and is achieved by reducing the gap of beam-shaping adjustable slits located at

the front-end, i.e. as close as possible to the already naturally small undulator source.

The slits effectively produce a secondary source of tunable size and this approach is in

place at long coherent beamlines along with several other sources. The second way is to

increase the distance from the source and brought to the design of such long beamlines,

able to provide a high flux of highly coherent X-rays suitable for coherence imaging

experiments preserving phase information.

Each experiment and its ptychographic analysis is presented in individual sections

(Sections 5.1-5.2) and the tomographic analysis of the retrieved 2D projections is then

presented separately in Section 5.3.
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Figure 5.2: SEM images of the dorsal side of a blue cover scale extracted from the
wing of a male pansy butterfly: (a) whole scale and (b) detail of scratched area. The
wing’s stem is labelled in (a). Axial ridges, crossribs and lower lamina are visible and
some have been labelled in (b). SEM images have been produced and provided by the
Evolutionary Developmental Biology group of the Department of Biological Sciences of
the National University of Singapore.
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5.1 Near-field experiment

A near-field PXCT experiment was carried out at the ID16A long (185 m) beamline

(da Silva et al., 2017a) at ESRF with the aim of characterising a collection of cover

scales extracted from wings of both female and male pansy butterflies. The experimental

procedure and some results from ptychographic analysis are now outlined.

A 17.05 keV X-ray beam with a bandwidth of about 1% was generated by the undulator

source and delivered to the experimental hutch where a set of adjustable slits formed a

550 µm aperture acting as secondary source. The beam propagating from it was then

focused by graded multilayer coated KB mirrors (Morawe et al., 2015) down to a size

of a few nanometres at the focal position some 100 mm downstream (da Silva et al.,

2017b). A divergent beam geometry was exploited by positioning the sample downstream

from the focus and adjusting its distance according to the desired reconstruction pixel

size. Samples were mounted on a 3-axis high-precision translation stage as well as

a rotation stage to allow for ptychography scans to be performed at different sample

orientations. They were mounted inside the vacuum chamber (10−7 mbar) normally

available at the beamline. A fast readout low noise (FReLoN) detector (Labiche et al.,

2007) was positioned 1.2 m downstream from the sample position: this was an in-house

developed CCD camera with 4096x4096 pixels, 15 µm each, further magnified by a 10X

visible-light lens system resulting in a detector pixel size of 1.5 µm. Hardware binning

by a factor of 2 was applied to reduce data size, effectively increasing the detector pixel

size to 3 µm and decreasing frame size to 2048x2048 pixels. Given the divergent beam

geometry, the detector pixel size was further translated into an effective pixel size in

the range 27-35 nm, depending on the sample-to-detector distances used. Unlike other

near-field ptychography experiments, in this case no diffuser was used as the X-ray beam

delivered to the experimental hutch already showed significant diversity.

Several scales have been scanned, but the first attempts failed due to significant sam-

ple vibration. As measurements were performed in vacuum ruling out any air draft,

vibrations were most likely caused by motor encoders: in fact, high-precision transla-

tion piezo stages actively maintain positioning, potentially giving rise to small vibrations

which could propagate through poorly-mounted thin samples. In this case, scales around

1 µm thin were mounted free-standing on top of needles, using as little glue as possible

and having as much of them as reasonable sticking out from the more strongly scatter-

ing holders – typically by 60-100 µm. After switching to more robustly glued samples,

vibration effects were greatly reduced, though – at least judging from the unprocessed

holograms – they seemed not to have completely disappeared.

For conciseness only one of the collected datasets is discussed in detail. This was a

ptychographic CT scan performed on a cover scale from the wing of a male butterfly.
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For this scan a focus-to-sample distance of 12 mm was used which resulted in a 30 nm

effective pixel size and a 66 µm probe which did not fully fit the field-of-view (FOV)

of the detector, corresponding to about 61 µm at the sample plane. Considering θ as

the angle around the rotation axis of the rotation stage parallel to the y axis, 1301

projections were collected by varying θ in the range 0-180◦. At each sample orientation

a near-field ptychography scan was performed which consisted of recording 4 near-field

holograms at individually-perturbed positions for each of the 4 corners of a 10x10 µm2

area, plus one at its centre, for a total of 17 holograms per scan. A detector exposure

time of 0.3 s was used throughout, making the overhead of the move-settle-measure

routine the dominant factor of total acquisition time which reached 20 h. In order to

correct raw frames, also 10 flats and 10 darks were collected every 200 scans, as detector

readings with the empty beam and with the shutter close respectively.

Once collected, each hologram underwent dark subtraction and flat division in or-

der to correct for hardware-induced readout artefacts by exploiting the means of the

temporally-closest set of recorded flats and darks respectively. Binning by a factor of

2 was then applied to reduce computational cost leading to sets of 1024x1024-pixel

frames with an effective pixel size of 60 nm. A position correction algorithm was also

applied in order to get a better estimate of the sample positions as recorded motor po-

sitions have been occasionally found to be unreliable for this setup. This consisted of

cross-correlating a masked version of the pre-processed holograms in order to assess dis-

placement and led to a more reliable set of corrected positions. Pre-processed holograms

and corrected positions were then fed into a mixed-state ptychography reconstruction al-

gorithm available within the Python-based package PtyPy (Enders and Thibault, 2016).

A 2-mode decomposition was used to model the object aimed at accounting for observed

sample vibrations. 500 iterations of difference map (DM) algorithm were followed by

500 iterations of maximum likelihood (ML) refinement for every ptychographic scan.

On each reconstructed object a standard post-processing routine was performed in

order to obtain a meaningful representation of the phase shift induced by the probe-

object interaction (Guizar-Sicairos et al., 2011). As a first step a linear and a constant

phase terms were removed from each projection equivalent to removing a phase ramp

and a phase offset respectively. This was achieved exploiting areas of each projection

falling outside the sample, i.e. areas for which X-rays travelled through vacuum without

undergoing any phase shift. For this purpose, projection-specific masks were generated

by thresholding the phase part of each reconstructed object after applying first order

gaussian smoothing filters. After correcting for offset and linear ramp, phase unwrapping

was carried out in order to obtain a continuous scale for the phase shift. Fig. 5.3 shows

two examples of reconstructions obtained after post-processing for projections collected

at two different sample orientations. Both reconstructions have been thresholded to a
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Figure 5.3: Phase images of whole blue cover scale extracted from the wing of a male
pansy butterfly. Projections were reconstructed via near-field ptychography from scans
collected at different sample orientations: (a) 54◦ and (b) 160◦. The scale was slightly
curled rather than flat, as visible from a sideways view in (a). A long-term sample
drift upwards occurred during the tomographic scan, as revealed by the appearance of
the strongly phase-shifting sample holder at the bottom left of (b). Axial ridges and
crossribs (cf Fig. 5.2) are visible even at the widest sample orientation in (b), at which
scattering is the weakest.
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maximum phase shift of π/10 in order to highlight the features of the butterfly scale.

This is necessary because for several projections a significant part of the tip of the

needle holding the sample is visible which is much stronger a scatterer, as apparent

from Fig. 5.3b. This also highlights the fact that a significant drift occurred during the

long scanning procedure which at least for the vertical direction is already visible by

comparing Fig. 5.3a and Fig. 5.3b.

Finally, the retrieved objects confirm the success of the ptychographic reconstruction.

Weakly-scattering nanometric features were resolved, such as axial ridges and crossribs

(cf Fig. 5.3b). The largest overall phase shift found for the widest sample orientations

lies within the range 0.13-0.15. At 17 keV, a δ value of 1.0 · 10−6 is found for the index

of refraction of chitin ((C8H13O5N)n), taken from Fig. 2.3 and assuming a density of

1.37 g/cm3. Therefore, based on Eq. 2.26 describing the relationship between phase

shift ϕ, thickness z and δ at a given energy, an upper limit of z = 1.2-1.7 µm was found

for the thickness of chitin interacting with the beam. Considering the sample tilt (ca.

45◦) estimated from a perpendicular projection, this implies an overall thickness of 1.0-

1.2 µm can be assigned to the largest chitin structures composing the butterfly scale, in

agreement with the expected value (ca. 1 µm).

5.2 Far-field experiment

Another PXCT experiment was carried out at the I13-1 Coherence Branchline at DLS

(Rau et al., 2011). A 9.7 keV X-ray beam obtained through the beamline pseudo-

channel-cut crystals Si monochromator was focussed using a Fresnel focusing zone plate

(FZP) with a diameter of 400 µm and an outermost zone width of 150 nm in combination

with a central stop (CS) with a diameter of 40 µm and an order sorting aperture (OSA)

with a diameter of 10 µm. In order to complement the information gathered from the

experiment performed at ESRF on male scales, the samples used for this experiment

were brown cover scales extracted from the wing of a female pansy butterfly. They were

individually glued as in Fig. 5.1b and then mounted upright on the sample holder on

both a 3-axis translation and a 3-axis rotation stages located some 15 mm downstream

from the focal position in order to exploit a divergent beam with a diameter of 13 µm.

The rotation stage provided 360◦ rotation around the y axis which fulfils the general

requirement of tomography for a 180◦ rotation around an axis perpendicular to the

optical axis z to be carried out. The detector EXCALIBUR was then positioned 14.6

m downstream from the sample. EXCALIBUR is the 2069x1796-pixel photon-counting

beamline detector based on Medipix3 chips with 55 µm pixel size (Marchal et al., 2013).

A He-filled flight tube was positioned between the sample and the detector in order to

minimise scattering.
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As a first step, optics alignment was carried out which consisted of aligning – or

checking for the alignment of – all optical elements involved, namely the X-ray beam

with respect to the adjustable slits, the monochromator, the focusing optics (CS, FZP,

OSA), the sample stage and its rotation axis, the flight tube and the detector.

Then, routine beam characterisation checks followed exploiting a Siemens star test pat-

tern in order to retrieve the wavefront at the sample position, both to validate geometry

and probe size and to obtain a good initial guess for the probe for later reconstruc-

tions. The outcome of this procedure is reported in Fig.s 5.4a-b which show the phase

image of the Siemens star and the dominant mode of the illumination impinging on it,

respectively, both retrieved through ptychographic reconstruction. The robustness of

the used algorithm is confirmed by the fact that high-resolution features are visible in

the reconstruction of the object (cf Fig. 5.4a) and in good agreement with the expected

morphology of the Siemens star test pattern. Two probe modes were found to be enough

to account for decoherence effects thanks to the high degree of coherence available at

the beamline, ensured also by operating with a relatively tight front-end slit opening.

This assumption is validated by the fact that the main mode from Fig. 5.4b accounts for

96.5% of the overall power of the retrieved probe and shows a high degree of regularity

and symmetry.

Figure 5.4: (a) Phase part of the object and (b) complex-valued wavefront of the
dominant mode (96.5% of total power) of the probe, both obtained from a ptychographic
reconstruction run on a Siemens star test pattern in order to validate and optimise
the experimental setup. In (b) amplitude is mapped to brightness and phase to hue
according to the colourwheel. In (a) high-resolution features towards the centre of the
Siemens star test pattern are resolved, confirming the robustness of the reconstruction
algorithm and the validity of the retrieved probe. As the main mode in (b) picked up
most of the power, it is representative of the overall probe. Its high degree of regularity
and symmetry suggests a high degree of coherence, confirming the available X-ray beam
is suitable for ptychographic imaging.
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After testing the experimental setup with the Siemens star, finer alignment was carried

out on each mounted sample with particular care for aligning the area to be imaged in 3D

with the rotation axis, which is a standard procedure whenever setting up tomographic

experiments. Overview STXM scans were then performed confirming sample position

and orientation as from Fig. 3.10a from Chapter 3. Finally ptychographic datasets were

collected for each scale at different sample orientations.

For conciseness only one of the imaged scales is discussed and presented here, namely

one has been chosen on which most measurements have been carried out and hence from

which the best results were achieved. A PXCT dataset was collected by performing 6

interlaced series of ptychography scans in order to minimise risks from time limitation

and potential failure of any setup component. Each series was made up of 224 scans

within the angular range 0-180◦ with an increment of 0.8◦ for a total of 1344 scans. Each

scan was collected in move-settle-measure mode exploiting a 10x9-point snake scan, i.e.

a row-by-row raster scan inverting the order of the horizontal points at every row to

reduce motor overhead. A step size of 4 µm was used to ensure a large amount of overlap

among adjacent positions leading to the illumination of an overall area over 50x50 µm2

wide featuring between 1 and 4 of the tips of the jagged apical region of the cover scale

as visible in Fig. 5.5. Finally an exposure time of 0.9 s was selected as a compromise

between high signal-to-noise ratio of each diffraction pattern and short scanning time

leading to an overall scan duration of 55 h inclusive of pauses for optics realignment to

correct for long term drifts. No radiation damage was observed throughout such long

exposure confirming the dose resistance of this biogenic sample.

Ptychographic reconstruction was run on each scan in order to retrieve 2D projections

at every angle of the tomographic dataset. A mixed-state approach was used with a

2-mode probe using the probe retrieved from the test pattern as an initial guess (cf Fig.

5.4b). Each diffraction pattern – already provided in units of number of photons – was

cropped down to a size of 512x512 pixels which combined with the chosen geometry

lead to a reconstruction pixel size of 66.3 nm. 1000 iterations of difference map (DM)

algorithm were followed by another 1000 iterations of maximum likelihood (ML). The

resulting objects underwent phase ramp and phase offset removal followed by phase

unwrapping exploiting the same procedure used for the experiment at ESRF: namely

the offset and linear ramp were determined from a masked version of the phase of the

object aimed at including only areas containing air which – similarly to vacuum – was

assumed to cause negligible phase shift. This led to results such those from Fig. 5.5

which shows the phase images of the scale for two different projections, i.e. at two

different sample orientations.

As for the experiment at ESRF, the retrieved phase shift from the reconstructed

objects was used to produce an estimate of the upper limit for the thickness z of the
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Figure 5.5: Phase images of the apical region of a brown cover scale extracted from
the wing of a male pansy butterfly. Projections were reconstructed via far-field pty-
chography from scans collected at different sample orientations: (a) 0◦ and (b) 146◦.
Axial ridges and crossribs (cf Fig. 5.2) are clearly resolved at all sample orientations.
Only one of the tips of the jagged scale was within the scanned area at all orientations,
as in (a), but up to four tips were visible at more sideways orientations, as in (b).
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butterfly scale. The largest phase shift ϕ found for the widest sample orientations lied

in the range 0.24-0.27. Based on Eq. 2.26, using a δ value of 3.2 · 10−6 as found in Fig.

2.3 for 9.7 keV and correcting for sample tilt (ca. 78◦), this corresponds to a range of

thickness of 0.9-1.0 µm for the largest chitin structures composing the butterfly scale, in

agreement with the expected value (ca. 1 µm) as well as that found from the experiment

at ESRF.

5.3 Tomographic analysis

Once all the 2D projections were retrieved and corrected from both experiments, they

became datasets suitable for tomographic analysis. In order to produce sinograms suited

for filtered back-projection (FBP), individual 2D projections had to be aligned with

respect to each other, both vertically and horizontally. Some basic alignment procedure

for ptychographic projections within PXCT experiments is well presented by Guizar-

Sicairos et al. (2011). The fact that for these measurements parts of the imaged samples

fell out of the FOV at several orientations required however a more elaborate aligning

procedure, especially suited to tackle issues of missing wedge or – as it was the case for the

reconstruction from the experiment at DLS presented in the previous section (Section

5.2) – partial local tomography. In particular, a customised implementation of the

tomographic consistency approach (Guizar-Sicairos et al., 2015a) was found successful.

For clarity and conciseness, only the alignment routine applied to the results from Section

5.2 is presented: customised variations of the same approach remain valid for all datasets

produced by ptychographic analysis.

First, vertical alignment was carried out exploiting a first order – vertical derivative

only – gaussian smoothing filter able to highlight the top pixel of the sample at every

orientation by comparing the maximum values of each row. Cross-correlation was then

applied to this collection of values for the topmost area of each projection to vertically

align them within an estimated range of 2-3 pixels.

For horizontal alignment an iterative approach inspired by the principle of tomographic

consistency was applied. A sinogram was produced as the mean of a series of sinograms

within a narrow vertical range (10 pixels). Such mean sinogram was then padded,

both to compensate for misalignment of the rotation axis with respect to the centre

of the FOV of the reconstructions and to expand the FOV itself enough to include

at least the second tip of the scale, visible only at about 2/3 of the collected sample

orientations (cf Fig. 5.5). Then at each iteration a filtered back-projection is applied

to the sinogram exploiting a Hamming window and an inverse Radon transform and

generating a tomogram (step 1). A smoothing filter and some lower- and upper-value

thresholding is applied to such tomogram (step 2) which is then projected back to
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Figure 5.6: (a-c) Phase tomograms including two tips of the apical region of a brown
cover scale extracted from the wing of a female pansy butterfly. (a), (b) and (c) rep-
resent horizontal slices produced at 12.8 µm, 20.9 µm and 25.6 µm from the top of the
scale, respectively. (d) 3D rendering obtained from a stack of 750 such phase tomo-
grams using Drishti (Limaye, 2012). Approximate regions to which tomograms from
(a), (b) and (c) refer are annotated. Rendering allows to explore the reconstructed
volume and in particular the pillar-like trabeculae connecting the lower lamina to the
intricately patterned upper lamina formed of longitudinal ridges and crossribs as well
as the windows, i.e. the open spaces between them.
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Figure 5.7: Gaussian fits along paths perpendicular to the lower lamina at different
positions within a reconstructed phase tomogram of a brown cover scale from a female
pansy butterfly. The full width at half maximum (FWHM) of the gaussian curve is
annotated on each plot and is taken as an estimate of the thickness of the lower lamina.

the sinogram space via Radon transformation (step 3) generating a naturally aligned

sinogram within the whole padded FOV. This is used as a reference to align the original

projections contained within the sinogram from the previous iteration – i.e. before step

1 – via a windowed cross-correlation (step 4) concluding a full 4-step iteration. A few

such iterations (3-6) were already enough to achieve horizontal alignment allowing for

tomographic reconstruction to be run on the full dataset.

Applying FBP to the corrected phase part of the full stack of aligned projections

led to the results shown in Fig. 5.6. In particular Fig.s 5.6a-c show phase tomograms

of a region including 2 scale tips which was sectioned horizontally at different heights.

Fig. 5.6d shows a 3D-rendered image of the whole reconstructed phase volume obtained

exploiting the open-source volume exploration package Drishti (Limaye, 2012).

The retrieved tomograms were exploited to determine the thickness of the ventral side

of the scale corresponding to the lower lamina. Using gaussian fits, an estimate of the

FWHM in the range 460-530 nm was produced. Fig. 5.7 shows two examples of these

fits for paths perpendicular to the lower lamina at different positions.

More in general the volumetric reconstruction of a scale and its 3D rendering reveal

the pillar-like trabeculae connecting the lower lamina to the intricately patterned upper

lamina formed of longitudinal ridges and crossribs as well as the windows, i.e. the open

spaces between them. These are features hardly accessible via SEM which requires

high-precision sectioning to reveal them.
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5.4 Conclusions

PXCT experiments were successfully carried out in the near-field propagation regime at

ID16A, ESRF and in the far-field at I13-1, DLS, on several weakly-scattering butterfly

wing scales hosting chitin nanostructures. Ptychographic analysis produced full sets of

phase-contrast 2D projections at several sample orientations. Tomographic analysis on

such sets produced quantitative volumetric reconstructions of the scanned regions which

– exploiting 3D rendering and exploration tools – could be investigated for structure

determination and comparison at high resolution. In particular, scale features such as

trabeculae and windows were revealed which were not previously accessible via SEM nor

optical microscopy. As data were collected on scales belonging to both female and male

sexes, high-resolution morphological information could directly be exploited to assess

structural sexual dimorphism within pansy butterflies, especially within the context of

artificial selection and evolution. Furthermore, these data are expected to be combined

with other imaging modes, such as XRF and XAS, to provide complementary – especially

chemical – information. However, this does not fall within the scope of this work but is

rather the research interest of the collaborating synchrotron-user group.

This study and its results demonstrate the viability of PXCT as a high-resolution

characterisation tool for reproducible and routine non-destructive analysis of butterfly

scales from different individuals and species, suited to address the needs of evolutionary

developmental biology and bioengineering studies on such species.

Sample drifts (and drops) partly hindered the achievable resolution and quality of

3D reconstructions, also giving rise to artefacts. This issue is expected to be addressed

by increasing setup stability both by acting on the motor encoders but especially by

improving sample mounting.

Finally, it is worth pointing out these results include the first successful implementation

of PXCT on real-life samples at the I13-1 Coherence Branchline at DLS. This was

made the object of a manuscript submitted to a scientific journal for publication and

undergoing peer-review at the time of writing.
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Concluding remarks

This work presented three distinct pieces of research all sharing the development and

implementation of ptychography as their central core and, at the same time, each ad-

vancing its realm of application in individually distinct directions.

After a short introduction containing a statement about the contribution of other

researchers to this work (Chapter 1), some elements of X-ray physics in general and

ptychography in particular have been briefly summarised in order to set the background

for the general topic (Chapter 2).

Chapter 3 featured a detailed discussion on how to best exploit ptychography – in both

its near-field and far-field variants – within X-ray imaging experiments, integrating it

with other complementary imaging techniques in a way oriented towards time efficiency.

It provided a rather practical view on real-life experiments at modern imaging beam-

lines where hardware and time requirements often lead to unforeseen constraints to be

reckoned with within the time-limited high-investment experiments which are beam-

times. The theoretical and general comparison among compatible imaging techniques is

intended to be used as guideline when preparing and managing such experiments. Such

tool has been complemented by a collection of experimental results achieved exploiting

it, which also give a taste of its range of applicability.

Chapter 4 presents a novel application of ptychography which contributes to the beam

diagnostics toolkit available at high-brilliance sources. Ptychography is already estab-

lished as a high-resolution phase-sensitive wavefront characterisation tool and its appli-

cation is here expanded further to address the needs of the recent rise of ultra-short

pulsed sources, namely FELs. The presented approach allows to retrieve single-pulse

information providing an unprecedented insight into the properties of the X-ray pulses

generated at such large-scale facilities. Its application at other end stations is sure to

bear fruit, especially within the context of the upcoming European XFEL, cutting-edge

source currently leading the advancement of FELs worldwide.
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Chapter 5 presented the first successful implementation and demonstration of PXCT

performed at the I13-1 Coherence Branchline at DLS on real-life samples, namely chitin

scales from butterfly wings. Results from experiments at both I13-1 and ID16A at

ESRF are discussed detailing the whole data processing pipeline from data acquisition

to 3D-rendered images. On the one hand quantitative 3D characterisation of butterfly

scales directly addresses the needs of some evolutionary developmental biology studies

thus contributing to a diverse field of research. On the other hand the methodology

further validated within these experiments contributes to the expansion of the range of

application of X-ray ptychography and its availability to beamline users, external to the

field of X-ray physics and synchrotron science.

All of these small individual achievements constitute steps in the further advancement

of science, sitting somewhat halfway between applied and fundamental research. They

contribute to enrich the body of knowledge from which both X-ray imaging specialists

and external users can draw. In fact, the former benefit from the insight provided on

ptychographic algorithms, methodology and ways of use within real-life experiments,

whereas the latter are simply offered another high-resolution phase-contrast imaging

tool, now slightly more user-friendly and hence accessible to non-specialists. In this

regard, the long-term goals are to further establish ptychographic data acquisition and

processing, expand its range of applicability in terms of relaxation of experimental con-

straints and improve its achievable resolving power, till one day phase-contrast ptycho-

graphic images will be as accessible and normal to collect as a hand X-ray.
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tanyants, E. Weckert, S. Schöder, M. Burghammer, and C. G. Schroer. Hard x-ray

nanobeam characterization by coherent diffraction microscopy. Applied Physics Let-

ters, 96(9):091102, 2010.

A. Schropp, R. Hoppe, J. Patommel, D. Samberg, F. Seiboth, S. Stephan, G. Wellen-

reuther, G. Falkenberg, and C. G. Schroer. Hard x-ray scanning microscopy with

coherent radiation: Beyond the resolution of conventional x-ray microscopes. Applied

Physics Letters, 100(25):10–13, 2012.

A. Schropp, R. Hoppe, V. Meier, J. Patommel, F. Seiboth, H. J. Lee, B. Nagler, E. C.

Galtier, B. Arnold, U. Zastrau, J. B. Hastings, D. Nilsson, F. Uhlén, U. Vogt, H. M.

Hertz, and C. G. Schroer. Full spatial characterization of a nanofocused x-ray free-

electron laser beam by ptychographic imaging. Scientific reports, 3:1633, 2013.

M. M. Seibert, T. Ekeberg, F. R. Maia, M. Svenda, J. Andreasson, O. Jönsson, D. Odić,
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S. Schorb, D. Rupp, M. Adolph, T. Gorkhover, H. Hirsemann, G. Potdevin, H. Graaf-

sma, B. Nilsson, H. N. Chapman, and J. Hajdu. Single mimivirus particles intercepted

and imaged with an X-ray laser. Nature, 470(7332):78–82, 2011.

C. E. Shannon. Communication in the Presence of Noise. Proceedings of the IRE, 37

(1):10–21, 1949.

D. A. Shapiro, Y. S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, K. Kaz-

natcheev, A. L. Kilcoyne, F. Maia, S. Marchesini, Y. S. Meng, T. Warwick, L. L.

Yang, and H. A. Padmore. Chemical composition mapping with nanometre resolution

by soft X-ray microscopy. Nature Photonics, 8(10):765–769, 2014.

M. Sikorski, S. Song, A. Schropp, F. Seiboth, Y. Feng, R. Alonso-Mori, M. Chollet,

H. T. Lemke, D. Sokaras, T. C. Weng, W. Zhang, A. Robert, and D. Zhu. Focus

characterization at an X-ray free-electron laser by coherent scattering and speckle

analysis. Journal of Synchrotron Radiation, 22:599–605, 2015.

A. Singer, L. Boucheron, S. H. Dietze, K. E. Jensen, D. Vine, I. McNulty, E. R. Dufresne,

R. O. Prum, S. G. J. Mochrie, and O. G. Shpyrko. Domain morphology, boundaries,

and topological defects in biophotonic gyroid nanostructures of butterfly wing scales.

Science Advances, 2(6):e1600149, 2016.

A. Snigirev, V. Kohn, I. Snigireva, and B. Lengeler. A compound refractive lens for

focusing high-energy X-rays. Nature, 384(6604):49–51, 1996.

M. Stampanoni, R. Mokso, F. Marone, J. Vila-comamala, S. Gorelick, P. Trtik, K. Jefi-

movs, and C. David. Phase-contrast tomography at the nanoscale using hard x rays.

Physical Review B, 81:1–4, 2010.

M. Stockmar, P. Cloetens, I. Zanette, B. Enders, M. Dierolf, F. Pfeiffer, and P. Thibault.

Near-field ptychography: phase retrieval for inline holography using a structured illu-

mination. Scientific reports, 3:1927, 2013.

M. Stockmar, M. Hubert, M. Dierolf, B. Enders, R. Clare, S. Allner, A. Fehringer,

I. Zanette, J. Villanova, J. Laurencin, P. Cloetens, F. Pfeiffer, and P. Thibault. X-ray

nanotomography using near-field ptychography. Optics Express, 23(10):12720, 2015a.

M. Stockmar, I. Zanette, M. Dierolf, B. Enders, R. Clare, F. Pfeiffer, P. Cloetens,

A. Bonnin, and P. Thibault. X-ray near-field ptychography for optically thick speci-

mens. Physical Review Applied, 3(1):014005, 2015b.



Bibliography 130
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