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Fundamentals and limitations of XUV ptychography with high harmonic sources

by Rhys Jacob William Donovan

XUV ptychography provides an excellent technique for studying small structures in
thin biological samples. Using XUV ptychography to image neurons is potentially very
important given the current interest in neurodegenerative diseases, such as Alzheimer’s

or tauopathies, which are linked to the neuron’s structure.

This thesis addresses the overlooked nuances in the fundamental understanding of
XUV ptychography, shedding light on neglected aspects within the field. Employing
a combination of real and simulated data, the research shows how ptychographic re-
construction can be optimised for a given XUV source. Focusing on optimising the
illuminating probe, we show an improvement in resolution and signal-to-noise. The
directional nature of resolution is considered, introducing a novel measurement tech-
nique to account for this aspect. These changes lead to a potential threefold resolution
improvement by using a new design for the beam-shaping aperture and faster and

lower-dose imaging.

While XUV ptychography offers inherent advantages, its synergy with complementary
fluorescence-based imaging techniques is important in understanding neuron struc-
ture. Correlative imaging using three fluorescence-based techniques is explored to see
how these can aid in attaining a more profound understanding of the sample composi-

tion and structure.

Furthermore, this thesis delves into the limits of damage in lab-based XUV ptychogra-
phy, discussing the mechanism behind the damage, and showcasing the repeatability

of experiments with XUV ptychography.
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Chapter 1

Introduction

1.1 Motivation

In today’s ageing society, neurodegenerative diseases, such as Alzheimer’s disease,
are becoming evermore present. Techniques to image neurons are therefore becom-
ing more essential to assist in this field. Imaging neurons is not a simple task; neurons
have features on the nanoscale and the smallest features of neurons have been shown to
be sensitive to high-energy photons. With the linkage errors involved when using fluo-
rophores being comparable to the size of some features of neurons, fluorescence-based

techniques are, therefore, limited.

A simple way to resolve smaller features has always been to use a shorter wavelength.

This is described by Abbe’s limit, where the smallest resolvable feature is defined by:
R=— (1.1)

where A is the wavelength of the light, and NA is the Numerical Aperture (NA) of the
imaging system. From this, it is clear that reducing A reduces the size of the smallest

resolvable feature.

High-Harmonic Generation (HHG) can be used as a lab-based and high-spatial-coherence
XUV source, making it a short wavelength and accessible source. Harmonic generation
has been used for decades (2), beginning with the non-linear generation of harmonics

and the discovery of second-harmonic generation (SHG) in 1961 (3), and progressed
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with the third to eleventh harmonic orders being generated in 1977 (4). HHG has now
been shown to reach energies over 3keV, allowing for generation of radiation with sub-
nanometer wavelengths (5)(6). Due to the characteristics of refractive lenses in the XUV
regime, conventional lens-based imaging is not feasible. Mirrors can also focus a beam,
but with the difficulties of polishing a spherical mirror to the precision required to pre-
vent mirror aberrations affecting short wavelengths, spherical mirrors are very difficult
to make. The precision a mirror needs to be smooth to can be explained by the phase

shift induced by the different heights of a rough mirror,

A = 47rhf\os(i) (12)

where A¢ is the phase difference between beams reflected at the peak height of the
mirror and the lowest trough of the mirror, h is the distance from the trough to the
peak height of the mirror, i is the incident angle of the beam on the mirror, and A is the

wavelength of the beam. For A¢ < 7 the previous equation can be rearranged to:

A
< .
= 8cos (i)

(1.3)

Therefore the surface aberrations for the 29.6 nm wavelength laser used throughout

this thesis would need to be less than 3.7 nm .

Coherent Diffractive Imaging (CDI) is a technique that can image objects without lenses
or mirrors; however, CDI has many limitations. Ptychography is a form of CDI that can
overcome these limitations. This thesis will demonstrate the power of ptychography

for high-resolution imaging and the developments to improve this further.

1.2 Contents of the Thesis

In Chapter 2, the fundamentals of imaging will be introduced along with the basics
of conventional lens-based imaging. This will lead on to how it is possible to image
without a lens and what CDI does to facilitate this will be discussed. Following this,
how ptychography can recover the lost phase and the reconstructive algorithms used
to facilitate this. Finally, similar resolution techniques will be compared, with the ad-

vantages and disadvantages that affect each being discussed.
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In Chapter 3, the process of HHG will be explained initially from the simple three-step
model to the more accurate quantum mechanical model, and the characteristics and
properties required from the HHG to perform successful imaging will be discussed.
This is followed by a detailed explanation of the system used to generate the high-
harmonics and the equipment which performs ptychography using the Extreme Ultra-

violet (XUV) beam.

Chapter 4 will demonstrate a more detailed understanding of the probes used with
ptychography. This will also include methods used to quantitatively measure the reso-
lution of reconstructions, from the Fourier ring correlation (FRC), to a more detailed
Fourier line correlation (FLC) that considers direction when calculating the resolu-
tion. Then follows an explanation of the simulation used to gather data and investi-
gate the effects of multiple parameters on the resolution of the reconstructed objects.
Multiple parameters will then be investigated using this simulation, giving a greater
insight into the fundamentals of ptychography and what improves the resolution of re-
constructed objects. Developing from previous research, an attempt at building upon
super-resolution will be reported. Finally, the best aperture for the best probe will be

explored when imaging with XUV ptychography.

In Chapter 5, correlative imaging of Structured Illumination Microscopy (SIM), Stochas-
tic Optical Reconstruction Microscopy (STORM), Lightning, and XUV ptychography
will be performed with a more detailed explanation of the requirements to perform the
first three techniques and methods to determine their resolution. The chapter ends by
comparing the four techniques and proposing suggestions for improving the correla-

tive imaging performed in this chapter.

Chapter 6 sets out the mechanism behind the damage caused by hard X-ray imaging
and why XUV imaging doesn’t appear to cause damage. The chapter ends with an in-
depth attempt to damage a sample using XUV ptychography and define the damage
threshold when imaging with XUV ptychography.

Chapter 7 outlines the pertinent results of chapters 4, 5, and 6. It ends with the potential
avenues for future work and further progression of how to improve XUV ptychography

imaging.

Chapter 8 contains the titles of planned papers from the research within this thesis.






Chapter 2

Imaging

This chapter aims to explain the theory of imaging and why the use of XUV needs a
lensless technique. This chapter will begin with an introduction to the theory of lens-
less techniques and how they can be taken further to improve the problems found with
CDI by using ptychography. Then, the reconstructive algorithms used by ptychogra-
phy will be explored in greater detail to understand how ptychography overcomes the
underconstrained problem. Finally, this chapter will compare other techniques with a

similar resolution to XUV ptychography.

2.1 Imaging Theory

Microscopes have been around since circa 1600, with Hans Janssen and his son Zacharias
being credited for inventing the compound microscope (7). Conventional lens-based
microscopes, such as the compound microscope, work by a wave illuminating the ob-
ject; the light will then propagate through an objective lens that forms a real image on
the other side of the lens compared to the object, and then an eyepiece can be used
to further magnify the image to form a virtual image. When determining the smallest

resolvable feature using (1.1), the numerical aperture is required and is defined as:

NA = n(A)sin(0) (2.1)
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where n is the wavelength-dependent refractive index of the medium surrounding the
entrance to the objective and 0 is the maximum half-angle of acceptance of the cone of
the incoming beam into the objective. Modern optical systems have achieved NAs of
1.9 (8), allowing for resolutions of a quarter of the wavelength used. This is compared to
a typical XUV ptychography system with a numerical aperture of 0.18, leading to three
times the wavelength for resolvable features. To calculate the NA for ptychography or

CDI the following equation is used:

r

NA = Si?’l_l (\/ﬁ

) (2.2)
where r is the distance from the centre of the detector to the closest edge of the detector,

and d is the distance from the sample to the detector.

A more accurate measure of resolution is the point spread function (PSF); the PSF is
how a pattern of light emitted from an infinitely small point in the object plane is trans-
formed when it reaches the image plane. Images are comprised of many features that
are composed of individual spatial frequencies. A wide PSF corresponds to a blurred
image of low resolution and a narrow PSF corresponds to a sharp image of higher reso-
lution. Taking the Fourier transform of the PSF results in the Optical Transfer Function

(OTF); the OTF describes how the spatial frequencies will be transformed (9).

In the XUV regime, refractive lenses are difficult to produce due to the properties and
characteristics of materials in this regime. In the XUV regime, materials have a short
attenuation length, so the beam is heavily absorbed by the material it is propagating
through. The phase shift caused by materials is not great enough for the rate of atten-
uation incurred to make a feasible lens. The complex refraction index of a material is
defined by:

n=1-06—-ip (2.3)

where J is the refractive index decrement, also known as the phase retardation index,
and g is the absorption coefficient, also known as the extinction coefficient. J corre-
sponds to effects of phase and B corresponds with the attenuation of the beam. The
ratio of % determines the ability to create a refractive lens. It is possible for n < 1 as

this is the phase velocity of the wave is greater than the speed of light; in this situation
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the group velocity of the wave, which is the speed at which information travels in the

wave, is less than the speed of light.

Fresnel zone plates (FZP) are an alternative to refractive lenses that work in the XUV
regime, and they do not rely on the ratio of %. FZPs will be discussed later, but they

have different issues that cause them not to be used.

2.2 Classical Imaging

A 4f imaging system can be used when performing classical imaging. This system uses

four separate focal lengths between the input and the output plane, hence its name.

A collimated light source, such as a laser, first illuminates the object in the input plane.
The light source being collimated is important as a planar wavefront is required for
accurate Fourier transforms. One focal length after the input plane a lens L, is placed
to focus the wave, producing a Fourier transform of the wave in the Fourier plane. One
focal length after L; a filter is placed to control the spectrum of the wave; as the wave
is currently represented by its frequency components a high-pass filter can be used
to block low frequencies improving smaller details. One focal length after the filter
another lens L, is placed to focus the wave one focal length away, this performs an
inverse Fourier transform on the wave, returning the wave back to the spatial domain

and this forms an image at the output plane (10).

2.3 Coherent Diffractive Imaging

Due to the inability to use lenses with wavelengths in the XUV regime, coherent diffrac-
tive imaging (CDI) can be used to image an object with an XUV beam. Initially, the
idea of using diffraction patterns to recover the image of an object began in 1912 with
father William Henry Bragg and son William Lawrence Bragg, and was for periodic
crystalline structures (11). Two years later, William Lawrence Bragg published a paper
proving that Laue’s measurements showed diffraction patterns and how to interpret
the diffraction patterns (12). In 1952 Sayre proved that the object’s structure could be

recovered from the diffraction patterns (13). When not using a lens the intensity of a
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scatter pattern is measured and the phase information of the scatter pattern is lost. In
1972, Gerchburg and Saxton proposed an algorithm, originally for electron microscopy,
to recover the lost phase from an intensity measurement, now commonly known as
Error Reduction (ER). In 1982, Fienup then proved that only the Fourier modulus was
required to reconstruct the object and improved upon the ER phase reconstruction algo-
rithm with Hybrid Input-Output (HIO), which overcame the "local minimum’ problem
(14), where the "local minimum’ is the lowest point in phase space for a region but not
the lowest point in the whole of phase space. In 1982, Bates proved that unique solu-
tions to the phase retrieval problem existed for objects with enough Fourier modulus
sampling (15). However, isolated objects that have been uniformly shifted in position
and the Hermitian complex conjugate of the objects would also be valid solutions for
these phase reconstruction algorithms. In 1988, Miao, Sayre, and Chapman proved
that a solution could be found as long as the total number of intensity measurements
in the image plane exceeded the number of unknown points in the object plane (16).
CDI requires the spatial coherence of the beam to be twice the width of the object being
imaged (17):

X, = 2W (2.4)

where X, is the lateral coherence width, and W is the width of the object. Now consid-
ering the Nyquist-Sharron sampling theorem, to capture all the information of a signal

it must be sampled at least twice per period, as shown by the following equation:

Az

Ax = NAq

(2.5)

where Ax is the sampling interval in the object plane, A is the wavelength of the beam,
z is the distance between the sample and detector, N is the number of pixels in a row

or column, and Aq is the pixel size.

With these developments, it was possible to perform lensless imaging by recovering the
lost phase by just measuring the intensity of the scatter pattern from an object, where
recovering the phase is the process of calculating the phase for phaseless intensity mea-

surements of scatter patterns. Two constraints and how the planes are connected are
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needed to perform CDI: the constraint in the object plane, usually a border around the
object to reduce the number of unknown points, and a constraint in the image plane,
which is the measured intensity. The connection between the image and object plane is

a transform function, such as a Fourier transform.

2.3.1 Image Reconstruction

You cannot directly get the phase from the intensity measurement of the scatter pat-
tern as you only have N data points but have 2N unknowns, the amplitude and the
phase of each pixel in the diffraction pattern. Iterative algorithms are used to recover
the phase of measured scatter patterns. To recover the phase, these algorithms initially
estimate the phase of the image to form a prediction of the image. Then, the algorithm
transforms the image into the object plane and the constraints are applied. Then, the
algorithm transforms the object into the image plane and constrains the image predic-
tion. Over many iterations, the algorithms reduce the error of the image’s phase and

the error of the object.

2.3.1.1 Gerchburg Saxton/Error Reduction

ER is the simplest of the algorithms described. ER entails repeating the following four
steps (18):

1. Fourier transform an estimate of the object exit wave function into the Fourier
plane.

2. Apply the Fourier constraint; this is replacing the modulus of the Fourier plane

wave function with the measured modulus of the Fourier plane wave function.

3. Inverse Fourier transform the Fourier plane wave function back to the object

plane.
4. Apply the object constraint; this is replacing the object exit wave function’s mod-

ulus with the constraint’s modulus, such as a border or the autocorrelation.

The requirements to perform ER are an intensity measurement of the scatter pattern, the

object constraint, and the transfer function. The intensity measurement is the Fourier
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plane constraint, and the object plane constraint is usually an opaque border. With
these constraints, ER begins by calculating the amplitude of the diffraction pattern for
the intensity measurements and multiplying this image estimate with random phases

for each pixel. This gives the wave function of the scatter pattern in the detector plane:

p' =/ 1'(r)e?) (2.6)

where ' denotes the detector plane, I’(r’) is the measured intensity of the scatter pat-
tern at position r’, ¢(r’) is the phase of the wave function at position r’. With an
estimate of the wave function of the scatter pattern, it is now possible to calculate the
exit wave function of the object in the object plane by taking the Fourier transform of

the estimate of the wave function of the scatter pattern:

v=Flp']. 2.7)

The object constraint is applied to the object exit wave function estimate. The com-
monly used object constraint, the border, involves setting the amplitude of the ob-
ject exit wave function to zero where the border constraint is and leaving the non-

constrained pixels, inside the border, to be the same value:

0, ifre A
¥(r) = (2.8)
P(r), ifr¢ A

where r is a position of the object wave function, and A denotes the area in which
the constraint applies. Afterwards, the object wave function is then inverse Fourier

transformed back to the image plane:

p'(r') = F ()] (2.9)

and this completes an iteration of ER. Future iterations of ER follow the previous steps,
except for applying a random phase during the first step, as future iterations use the
previously calculated phase. The constraints in the detector and object plane drive the
changes of the wave function towards the correct solution of the phase of the scatter

pattern and exit wave function of the object.

It is useful to calculate the error of the reconstructed image and object to ensure that
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the algorithm is progressing or to stop the code once the desired error is reached. The

Fourier error is defined by:

TR
Zr/ll(r/>

€

(2.10)

this calculates the error between the reconstructed and the measured scatter patterns to
ensure the reconstructive algorithm has not caused the reconstructed scatter pattern to
diverge from the measured scatter pattern. The object error calculates the convergence

of the algorithm and is defined by:

e=Y (9l = [9(r)nal? (2.11)

r

which calculates the difference between the current and the previous iteration of the
object to ensure that the reconstructive algorithm is converging on a solution. These

errors are used together to make sure the algorithm converges to the correct solution.

To understand how ER works, it is helpful to visualise how ER solves a simple two-
constraint problem. By reducing the problem to a simple two-constraint problem, it
can be shown how the algorithm uses the two constraints to arrive at the solution.
Two lines will represent all the valid solutions for the two constraints. The transform
between the two constraints will be the projection, the closest point on the other line.
The solution to the problem is where both constraints are satisfied, where the two lines

intercept.
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FIGURE 2.1: ER algorithm (blue line) applied to y=%x (black line) and y=4x-2 (red line)
starting at the point (4,4), calculating the closest point alternating between lines.

From figure 2.1, it is shown that ER is applying the transform and the constraints, and
over multiple iterations, it converges to the point where the lines cross. This point is
the minimum distance between lines, known as the minimum, or global minimum.
ER works well for problems of a single defined minimum, as it converges directly to
the minimum. ER, however, struggles where the constraints result in multiple "local

minima’, such as in the following example where one of the lines has multiple curves.
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FIGURE 2.2: ER algorithm (blue line) applied to y=%x (black line) and y=cos(2x)-2 (red
line) starting at the point (4,4), calculating the closest point alternating between lines.

Figure 2.2 has the situation of multiple "local minima’. A "local minimum’ is where the
two constraints are closest for a region but is not the global minimum. Here, the algo-
rithm gets trapped in a local minimum. ER just about escapes the first local minimum
of this problem but is trapped by the second; however, if the initial guess had been
closer to the global minimum than a local minimum, ER would have converged to the

global minimum and arrived at the correct solution.

2.3.1.2 Hybrid Input Output

HIO is an algorithm that can overcome the ‘local minimum” problem by using infor-
mation from previous iterations to influence the current iteration. HIO is similar to
ER, following the same steps as ER, but updating the constraint in the fourth step us-
ing information from the previous iteration to prevent stagnation within local minima.

(18).
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), ifre A
P(r)n1 = ¥0) 1 (2.12)

Y)n = pp(r)n-1, ifré A
where B is the fraction of the previous iteration used in calculating the current iteration.
It is typical to use values between 0.5 and 1, and if a value of 1 is used then HIO is

reduced to ER as the algorithm no longer uses information from previous iterations.

FIGURE 2.3: HIO algorithm (blue line) applied to y=%x (black line) and y=4x-2 (red
line) starting at the point (4,4), calculating the next point using equation (2.12) with
2

From figure 2.3 is it clearly shown that HIO can find the solution to the simple one

minimum problem. The advantage of HIO is that it can overcome local minima.



2.3. Coherent Diffractive Imaging 15

FIGURE 2.4: HIO algorithm (blue line) applied to y=%x (black line) and y=cos(2x)-2
(red line) starting at the point (4,4), calculatin§ the next point using equation (2.12)

From figure 2.4 it is shown that HIO was able to pass the local minimum and converge
on the global minimum of this constraint problem. This technique of using the infor-
mation of past iterations in calculating the current iteration is a useful tool that will
be used later to improve the reconstructions by avoiding ‘local minima’. A problem
of HIO, however, is that HIO does not converge directly to the solution but circles to-
wards it. This can be solved by increasing  towards 1 once the solution is the closest

minima, as ER converges to the nearest minima.

ER and HIO suffer from a degeneracy problem. When reconstructing an image, the true
solution is identical to its Hermitian complex conjugate. ER and HIO are unable to dis-
tinguish between the two, and the reconstruction will only solve one at random. This is
true because the Fourier transform of an exit wave function i (r) is equal to the Fourier
transform of an image rotated by 180°¢(—r). To overcome this degeneracy, Fienup pro-

posed reduced support method as a solution (19). This new object constraint, or mask,
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would use a subset of the correct mask that have at least one edge, wasn’t centrosym-
metric, and used for a few iterations. This worked because after a few iterations the
algorithm would converge on one of the two solutions, and once this had occurred the

correct mask could be used once again to converge on to the correct solution.

In 2003, Marchesini proposed a new method of solving the degeneracy problem by in-
troducing the ‘shrink wrap” method, so named because the constraint appears as if you
are shrink-wrapping the constraint around the reconstructed object (20). This method
involves taking a Gaussian blur of the object, the convolution of the object, and a 2-D
Gaussian to which a threshold is applied. As the iteration progresses, the Gaussian
blur is retaken to reduce the size of the object constraint to prevent convergence to the

wrong solution and reduce the error of the reconstruction.

Though these solutions to the degeneracy problem improved the reconstructions, they
were not entirely robust, and the issue of requiring the spatial coherence of the beam
to be greater than the width of the sample being imaged remains. This issue also con-
strains the size of the sample being imaged. Both of these were solved with a new

technique that had been proposed to improve reconstructions.

2.4 Ptychography

The original idea of ptychography was proposed over 50 years ago by Hoppe and
Strube (21)(22)(23). The first experimental use of ptychography in two dimensions was
in 1996 by Chapman using the Wigner-distribution deconvolution method (24). Later
in 2007 the uptake on the use of hard X-rays to perform ptychography was begun by
Rodenburg (25). Finally, in 2014 the use of XUV in ptychography happened by using
HHG to generate XUV of 30 nm by Seaberg (26).

Ptychography uses a probe, the beam profile illuminating the sample, to create a scat-
ter pattern that will be measured. The sample is moved, and another scatter pattern
is measured; an overlap on the object between the current and the previous probe is
required. This process is repeated until all of the scatter patterns of the scan area have
been measured. A reconstruction algorithm is then used to recover the lost phase. The
image constraints of ptychography are the scatter pattern’s measured intensity and

the object constraint is that the object in the overlapping regions of the probes must
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be equal. The overlapping object regions collapse the degeneracy of two solutions, as
only one solution is correct for both regions in the overlap, and this doesn’t allow the

hermitian complex conjugate to exist as a solution. (27)

Ptychography is a relatively new technique, and reconstruction algorithms are rapidly
developing. The two new reconstruction algorithms used in this thesis are Maximum-
Likelihood (ML) and Difference Map (DM). Newer techniques have and are being de-
veloped, such as Relaxed Averaged Alternating Reflections (RAAR), and Relaxed Av-
eraged Successive Projections (RASP) (28).

CCD

Incoming
Beam

Mirror

Sample on
translation stage

Aperture

FIGURE 2.5: Diagram of how ptychography is implemented within our setup. Firstly,
the beam is reflected towards an aperture; secondly, multiple probe locations will be
separately illuminated with overlap; finally a scatter pattern is measured on the CCD.

The following sections give the basic explanations of the techniques used for recon-

struction throughout this thesis, and the techniques that they are built upon.

24.1 The Difference Map

The difference map was first proposed by Elser (29) and later improved by Thibault
(30). DM applies the constraints to both sets of solutions at the same time and then
uses the difference between the constraints to calculate the next iteration. DM is a
batch method of a reconstructive algorithm where it is applying both constraints at the
same time. Batch methods can run in parallel so that the data reconstruction can be

faster. DM is the reconstructive algorithm initially used in our reconstruction process
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as it is more robust to noise than sequential techniques and will converge faster to the
solution. HIO, as described before, is a particular case of DM. DM still retains the
feature of avoiding local minima and still converges towards the global minimum. The

DM is defined by (29):

D=1+pA (2.13)

and

A =m(f) —m(fi) (2.14)

where 71; are the two projections between constraints, f; are the maps for real and
Fourier space that 71; are composed on, and A is the difference of the two projection
operators. A fixed point of D, p* is defined by A(p*) = 0, where applying the differ-

ence map to p* does not change it, also expressed as:

(m1(f2)) = p1Np2 = (m2(f1))- (2.15)

When using DM to reconstruct an object, the following equation is used:

Pn+1 = Pn + BD(pn) (2.16)

where p,, are the values of p for the current iteration, and p,;, are the values of p for
the next iteration. Starting from an initial point p(0) the DM from (2.13) is applied
repeatedly until a fixed point is found (30). The convergence of p can be monitored by

calculating the norm of the differences:

ei = |[A(p(D)]]. (2.17)
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2.4.2 Extended Ptychography Iterative Engine

Ptychography Iterative Engine (PIE) is a sequential method of reconstruction algo-
rithms. PIE applies one constraint at a time to calculate the next iteration (31). Se-
quential methods cannot be run in parallel but are more memory efficient and will
converge faster to the solution when converging on the correct solution, giving a better
reconstruction. PIE is another reconstruction algorithm that can be used in phase re-
trieval. PIE and ER are linked in a way that is similar to the link between DM and HIO.
PIE starts with an estimate of the object exit wave function, then transforms this wave
function into the Fourier plane. The Fourier constraint is then applied to the Fourier
plane wave function, after which the updated Fourier plane wave function is trans-
formed back to the object plane. The object constraint is then applied, and this process

is repeated.

Extended Ptychography Iterative Engine (ePIE) is an improvement on PIE. PIE does
not update the probe when reconstructing, and ePIE updates the probe estimate be-
tween iterations to improve the reconstruction. ePIE consists of the following six steps

(32)(33):

1. Aninitial estimate of the object and probe exit wave function at each probe posi-
tion ¢; is created by multiplying the object function O(r) with the shifted probe
function P(r — R;).

pi(r) = O(r)P(r — R;) (2.18)

where r is the real space coordinate vector, and R; is the relative position of the

probe to the object for the j probe position.

2. The object and probe exit wave function is then propagated to the Fourier plane

using a Fourier transform

¥i=Flypj] (2.19)

Then the modulus constraint is applied to the Fourier plane wave function by

replacing the modulus using the measured intensity at the j probe position.

, ¢
yi= ﬁwj, (2.20)
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3. The updated Fourier plane wave function is then propagated back to the object

plane using an inverse Fourier transform.

Pl =F '] 1 (2.21)

4. The updated object and probe exit wave function is used to update the object and

probe functions using:

0 _ P]-* (1‘ — R]) "

j+1(r) = Oj(r) + “m(% (r) — 9;(x)) (2.22)
p _ O]* (I‘ — R]) u

j+1(r) = Pi(r) + 5m(¢’j (r) — 9;(x)) (2.23)

where « and B are coefficients that alter the step size of the update.

5. Steps 1-5 are repeated for all probe positions j to update all the estimates of the

object and probe exit wave functions.

Updating the probe provides an accurate amplitude and phase of the probe as well as

leading to faster convergence (32).

2.4.3 Maximum likelihood

Maximum likelihood (ML) improves upon ePIE by using gradient descent to find the
minima with a grouping of scan positions (34). ePIE updates the object and probe
wave function at one probe position at a time, ensuring the next object and probe wave
function is more accurate; however, this is slow. ML selects a group of probe positions
to update the object and probe wave function simultaneously. This results in a less
accurate update for the group of probe positions but is much faster. There are two
types of ML, Maximum Likelihood stochastic (MLs) and Maximum Likelihood cluster
(MLc). The stochastic grouping uses random probe positions, and the cluster grouping
uses nearby probe positions. This technique is slower to converge per iteration but is

faster to converge in real time.

n the original paper i’ was used to denote the updated object and probe exit wave function; however,
this convention conflicted elsewhere in this thesis and has been replaced by " to denote the updated exit
wave function
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2.4.4 Algorithm comparison

When discussing these algorithms, comparing the error of the reconstructions and the
speed at which they reconstruct data is useful. This will be conducted by running 100
iterations for purely DM, purely MLs, and an equal split of DM and MLs. The Fourier
error of the reconstructions will be used to calculate the quality of the reconstructions

by using;:

2
o (Areconstructed,n - Ameusured,n) 224
€Fourier = 0 52 ( . )

where A,.constructedn 15 the modulus of the reconstructed wave function of the scatter
pattern at the nt" scan position, Aeqsured n is the modulus of the measured wave func-
tion of the scatter pattern at the n' scan position, and 0.5 is the correction for Poisson
noise if single photon precision is expected. (2.24) calculates the difference between the

measured wave function and the reconstructed wave function at the detector.

Using real data with a double slit aperture (5x1 um slits spaced 4 ym from centres)
to image 1 ym polystyrene spheres, it is possible to compare the effect of different

reconstructive algorithms.
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1.4

FIGURE 2.6: Comparison of reconstructive algorithms on real data on 1 uym

polystyrene spheres with a double slit aperture (5x1 pum slits spaced 4 ym from cen-

tres). (A) reconstructed data using 100 iterations of DM, (B) reconstructed data using

100 iterations of MLs, (C) reconstructed data using initially 50 iterations of DM fol-
lowed 50 iterations of MLs.

The images from figure 2.6 are reconstructions from data I took using an HHG source.
These data were taken using my system to image two sets of data of 1 ym polystyrene
spheres with a double slit aperture (5x1 pym slits spaced 4 ym from centres). One of the
data sets was then reconstructed with different ratios of reconstructive alogthrims to

compare the speed and effectiveness of the different ratios of DM and MLs.

From figure 2.6 it can be seen without error metrics that the reconstructions using MLs
are better, which is corroborated by the Fourier error, where the Fourier errors are (A)
is 6.43, (B) is 1.61, and (C) is 1.60; though the difference between (B) and (C) is not
statistically different enough for (C) to be better error-wise. Using no MLs is there-

fore detrimental to the quality of the reconstruction, and why the reconstruction speed
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needs to be accounted for. The total time for the entire code to run for (A) is 20 s, (B) is
38 s, and (C) is 29 s. When removing the time used by the code not on the reconstructive
algorithms, the new times are (A) is 13 s, (B) is 31 s, and (C) is 22 s. DM, therefore, is

over twice as fast as MLs, which is why the combination of the two algorithms is used.

Using a combination gives the benefits of both methods; DM converges quickly near
the global minimum and the code being fast to run, and MLs converging towards the

local minimum.

The code used here, PtychoShelves, was written by researchers at the Paul Scherrer
Institute to reconstruct ptychography data (35). The reconstructive algorithm DM can
be completely parallelised leading to faster reconstruction times. MLs can parallelise
groups of scan positions, therefore, reconstruction times depend on the group sizes, but

group sizes of 20-40 tend to give the best reconstructions.

2.5 High-Resolution Imaging Techniques

Many other techniques can resolve features to a similar resolution as XUV ptychogra-
phy, currently around a maximum resolution of 50 nm using our system at a wave-
length of 29 nm, found by previous group member Dr Peter Baksh and Dr Michal
Odstréil (36). This section will explore these other techniques while explaining their ad-
vantages and disadvantages. These other techniques can be categorised as X-ray-based,
synchrotrons, fluorescence-based, electron microscopy, ion beam, scanning probe mi-

croscopy, and superlens-based.

2.5.1 X-ray-based Techniques
2.5.1.1 HHG Ptychography

Ptychography has been described in greater detail earlier in this chapter, and this sec-
tion will explore the state of the art of HHG ptychography. Briefly, HHG uses a driving
laser to excite atoms to generate higher harmonics of the driving laser to achieve lower
wavelengths, HHG will be explained in greater detail later in the thesis. Using a 13.5

nm HHG source the Kapteyn-Murnane group achieved resolutions of sub 20 nm (37).
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2.5.1.2 X-ray Holography

Holography was first proposed by Gabor in 1948 (38). The technique of holography
relies on the interference pattern created between the wavefront from scattered light
from an object and a reference wave. The interference between the scattered light and
reference beam creates a hologram (39). The hologram is then measured by a detector,
and this pattern encodes the amplitude and phase of the scattered wave from the object.
The hologram can then be multiplied by the reference wave in the hologram plane to
retrieve the diffraction pattern in the image plane; the diffraction pattern can then be
backpropagated to retrieve the reconstructed image of the object at multiple distances

(40). Holography has been able to achieve sub 1 nm spatial resolution (41).

2.5.1.3 Conventional X-ray Imaging

Attenuation X-ray imaging measures the transmitted intensity of the beam after being
absorbed by the object, and the intensity pattern gives an image of the object. The
resolution of attenuation-based X-ray imaging is determined by the pixel size of the
detector being used to image the transmission. A resolution of less than 25ym has been

recorded (42).

Phase-contrast imaging measures the phase variations caused when passing through
the object, where the different refractive indices will change the direction of propaga-
tion of the X-rays (43). For objects that attenuate the beam weakly, measuring the phase
contrast provides higher resolution. This improved sensitivity of phase-contrast imag-
ing allows the imaging of samples that absorption-based X-ray imaging cannot, such
as tissue, since the tissue is weakly absorbing. A disadvantage of phase-contrast imag-
ing is that it requires thin samples, as low attenuation is required (44). Phase-contrast

imaging can resolve features of around 50nm (45).

2.5.2 Synchrotrons

Synchrotrons are large facilities that generate tunable x-rays. To generate the X-rays the
synchrotrons first accelerate electrons around a circular track, the electrons are guided

and contained by the magnets. The electrons pass through an undulator, wiggler or
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electron bender, which accelerate the electrons to produce x-ray radiation. The wave-
length of the beam is dependent on the acceleration of the electron (46). Since syn-
chrotrons are large and expensive, they have low availability. The high flux of X-rays
generated by synchrotrons can also damage thin samples, such as biological samples,

therefore repeated imaging would result in a different image.

2,521 Synchrotron Microscopy

When the synchrotron beam is monochromatic a Fresnel Zone Plate (FZP) can be used
to focus the beam. FZPs are a type of lens that can focus monochromatic beams and can
work in the X-ray regime. FZPs consist of concentric circular rings of increasing size,
the distance between rings decreases as the distance from the centre increases. For an
FZP to produce constructive interference at a certain distance with a certain wavelength

the circular rings need to have radii defined by the following equation:

= (fnA)/?3(1+ @)1/2 (2.25)

4f
where n is an integer defining which ring, f is the distance from the centre of the FZP
to the focus of the FZP, and A is the wavelength of light the FZP is designed for (47).
Typical binary FZPs have efficiencies around 10%, but using more advanced fabrication

techniques they can reach 95% efficiency (48).

With FZPs synchrotron X-rays can be used as a source for scanning microscopy (49).
FZPs have low efficiency, so the measured flux is reduced; FZPs are also expensive.
Synchrotron microscopy can resolve features of 15nm, where the photon energies used

ranged from 250eV to 1.8keV (50).

2.5.2.2 Synchrotron X-ray Tomography

Synchrotron X-ray Tomography (SXT) can measure the three-dimensional structure of a
sample. In SXT the sample is measured in multiple orientations. The transmitted beam
passes onto a scintillator before being measured by a CCD. These results are recon-
structed into a set of 2-D layers which form a 3-D image (51). Synchrotron microscopy

can resolve features of sub 50nm (52).
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2.5.3 X-ray Free Electron Laser

An X-ray Free-Electron Laser (XFEL) generates X-rays similarly to synchrotrons. XFELs
generate x-rays via an undulator, which can be over 100m long. Undulators have
higher coherence but lower flux beams compared to wigglers. Most XFELs do not
accelerate electrons in a recycling ring; instead, XFELs accelerate electrons with a Lin-
ear Accelerator (LINAC). LINACs bunch the electrons more than a synchrotron (53).
XFELSs can reach a brilliance of over 1 x 103 photons/s/ mm?/mrad?/0.1%BW, which
is 1 x 10'° greater than a typical synchrotron. XFELs can also generate sub-femtosecond
pulses (54). These pulses can image extremely quick processes such as the formation of
molecules. XFELs suffer from spatial, spectral and temporal instability, as they rely on
self-amplified spontaneous emission. New systems are being developed which use a
seed to initiate generation, though they are at lower fluxes at the moment (55). XFELs
mostly image using single-shot CDI as the brilliance of the beam damages the sample

too much for more measurements.

2.5.4 Fluorescence-Based Techniques
2.5.4.1 Confocal Microscopy

Confocal microscopy is a more specialised version of wide-field fluorescence microscopy.
Where wide-field fluorescence microscopy allows all light from the sample to reach the
camera, confocal microscopy uses a pinhole aperture to filter out light from different
focal planes. By filtering out the light from different focal planes the resolution of the
image can be improved; however, reducing the pinhole’s size reduces the incoming
amount of photons, this is why a photomultiplier is used to increase the signal-to-noise
ratio. A confocal microscope can then image the object by scanning over the object(56).

Confocal microscopy has a typical resolution of 180nm.

2.5.4.2 Structured Illumination Microscopy

Structured Illumination Microscopy (SIM) is a fluorescence-based imaging technique.
A beam is split, and the two parts of the beam interfere at the focal plane of an objective

to form striped illumination patterns. This striped illumination is superimposed with
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the sample to produce a Moiré pattern. A Moiré pattern is the apparent lines formed
when similar gratings overlap. Multiple Moiré patterns are measured from multiple
rotations and translations of the sample. Using the multiple Moiré patterns, a recon-
struction algorithm recreates an image of the sample (57). The main disadvantage of
SIM is that it images the fluorescent material attached to the sample instead of the sam-
ple directly. This issue becomes more apparent the smaller the feature that is resolved.
SIM can resolve features at A/4 (58). A fluorophore’s emission also diminishes over

time, resulting in increasingly noisy images.

2.5.4.3 Stochastic Optical Reconstruction Microscopy

Stochastic Optical Reconstruction Microscopy (STORM) images by activating and de-
activating fluorophores. Measuring the Point Spread Function (PSF) of the emission
from the fluorophores, it is possible to calculate the centre position of the PSF (59). The

calculated centre position of the PSF has a standard deviation of:

o= —— (2.26)

where ¢ is the standard deviation, R as defined in equation (1.1) as Abbe’s limit, and
N is the number of photons measured. Initially, all fluorophores are deactivated by a
strong pulse of wavelength A, to induce the fluorophores into the triplet state, to ensure
no fluorophores are in the singlet state. In the triplet state, the fluorophores will ran-
domly switch between the fluorescent and nonfluorescent states. Wavelength B is then
used to cause the fluorophores in the fluorescent state to fluoresce. STORM requires a
small amount of the fluorophores to be in the fluorescent state at a given moment so
that the individual fluorophores” PSFs do not overlap (60). Over multiple images, the
individual PSF locations can be reconstructed. Using STORM it is possible to resolve
features at a 20nm resolution (61). STORM can beat the diffraction limit by calculating
the PSFs centres. As STORM uses fluorophores, it has the same disadvantages as SIM,

with increasingly noisy images from fluorophore degradation.
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2.5.4.4 Stimulated Emission Depletion

Stimulated Emission Depletion (STED) is a dual-beam system where there is a deple-
tion beam and an excitation beam. The excitation beam is to induce fluorescence; the
depletion beam is doughnut-shaped, overlapping the outermost region of the excita-
tion beam. This overlap is to induce depletion of the excited state by stimulated emis-
sion before fluorescence is possible. This causes only the innermost region to fluoresce,
effectively reducing the point spread function. STED can overcome the diffraction limit
and resolve features as small as 20nm. This technique uses fluorescence, so has the
same disadvantages as SIM and STORM. The intensity of the depletion beam can also

damage the outermost region when imaging. (62)

2.5.4.5 Minimal Photon Fluxes

Minimal Photon Fluxes (MINFLUX) is an improvement on STED. MINFLUX is a single-
beam system that only has a doughnut-shaped beam. The fluorophores will fluoresce
proportional to the strength of the beam on the fluorophore. To find the location of a flu-
orophore, measurements of the flux count are collected, where the minimum flux will
be collected when the centre of the beam is at the fluorophore. Multiple measurements
are collected for a single fluorophore to determine the location of the fluorophore. The
size of the doughnut-shaped beam can be large to quickly find the approximate loca-
tion of the fluorophore, and then the size of the beam can be reduced to improve the
resolution. MINFLUX is both faster and causes much less photobleaching compared to
STED (63). The resolution of MINFLUX is 1nm for fixed structures and 3nm for living

cells.

2.5.5 Electron Microscopy

2.5.5.1 Transmission Election Microscopy

Transmission Electron Microscopy (TEM) uses the transmission of electrons through a
sample to image. Since electrons have such a short wavelength a TEM can resolve fine

detail while being limited by Abbe’s limit. Samples being imaged by TEMs need to be
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transparent to electrons, usually with thicknesses of less than 100nm; thicker samples

require higher electron energies. TEMs can resolve features of 0.2nm. (64)

2.5.5.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) scans a sample with a focused beam of electrons
and the scattered electrons are used to image the sample. A magnetic lens is used to
focus a beam of electrons onto the sample, and the current of re-emitted secondary
electrons is collected. The current is dependent on the material and structure of the
sample. After accounting for the material, the current can be used to produce an image
of the sample. SEM requires the sample to be conductive for the electron current to
pass and insulating materials often need to be coated by a conductive material (65).

SEM can resolve features of 10nm (66).

2.5.6 Ion Beam Microscopy

2.5.6.1 Helium Ion Microscopy

Helium Ion Microscopy (HIM) uses a focused beam of helium, which is similar to
SEM, where the most common signal to form the image is from secondary electrons
re-emitted after the helium beam. HIM can use higher energies than SEM, as there is
less interaction with the sample when imaging with a helium atom compared to an
electron. The best spot size is predicted to be 0.25nm resulting in a resolution of 0.25nm

(67).

2.5.7 Scanning Probe Microscopy

2.5.7.1 Scanning Tunneling Microscopy

Scanning Tunnelling Microscopy (STM) uses electron tunnelling as a measure to de-
termine the surface of a structure. Holding a sharp tip close to a conductive surface,
electrons can tunnel from the tip to the surface. This tunnelling can be measured as a
current. By moving the tip laterally and maintaining a constant current the height of a

surface can be measured. STM can measure samples at a lateral resolution of 0.1nm and
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depth resolution of 0.0lnm. STM is fragile and the tip can break, which is more likely
when scanning faster. STM also requires a conductive surface otherwise tunnelling will

not occur, reducing viable samples to be imaged. (68)

2.5.7.2 Atomic Force Microscopy

Much like STM, Atomic Force Microscopy (AFM) uses a tip for scanning the surface
of a material. AFM places a conical tip on the end of a cantilever, which is brought
close to the surface. The tip experiences a van der Waals force, which is dependent on
the distance between the surface and the tip. The force on the cantilever is inversely
proportional to the distance from the atom. A laser is reflected from the cantilever, and
the deflection of the laser is measured. This deflection is converted into the height of
the cantilever and, therefore, the surface of the sample. AFM has a lateral resolution
of 0.Inm and a depth resolution of 0.Inm. AFM can be a relatively slow technique

compared to STM but doesn’t require a conductive surface. (69)

2.5.8 Superlens-based

2.5.8.1 Far-Field Superoscillatory Metamaterial Superlens

By diffracting light with specific masks it is possible to form superoscillations, rapid
local variations of the electromagnetic field, in the far-field. These superoscillations can
beat Abbe’s limit since they can oscillate much faster than the highest Fourier compo-

nent in their spectra.

Most masks are static and cannot be modified after fabrication; a mask using subwave-
length plasmonic metamolecules can alter the scattered waves. This control allows for
the forming of superoscillatory hotspots that can be shaped as desired. This then can
beat Abbe’s limit as a superlens can achieve an effective numerical aperture of 1.52 and
focus of 0.33A, usually, they are conventionally limited to 1 and 0.5A respectively. Sur-
rounding these hotspots is a region of low intensity, or halo, which defines the field
of view. These superlenses can image samples without damaging them and do not re-
quire the use of fluorescent materials. The limitations of this technique are that only

samples smaller than the field of view can be imaged, as the halo will interfere with
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any samples larger. Superlenses can resolve features of 264nm, beating Abbe’s limit for
an 800nm wavelength beam (70). Superoscillatory illumination has recently achieved

12.6nm pixel sizes for 466nm (71). Superlenses have a reported focusing efficiency of

up to 10% (72).

2.5.9 Comparison

Here is a table summary of the previously mentioned techniques for easy comparison.
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Technique ‘Advantages Disadvantages ‘Resolution ’Imaging time
X-Ray-Based
Xuv Ptychography = Material differentiation = Thin samples 20 nm Requires lots of long
= No Sample damage exposure scans
Holography = High resolution = Sensitivity of <1lnm Limited by
= 3 dimensional images equipment reconstruction time
Phase-Contrast Imaging = High resolution « Thin samples 30 nm Limited by the refresh
= Material differentiation rate of the camera
Synchrotron Microscopy = High brilliance = Large facility 15 nm Limited by time for
= Viable lenses = Sample damage each scans and
number of scans
= High brilliance = Large facility 50 nm Limited by time to

Synchrotron X-ray
Tomography

= Three dimensional image

= Sample damage

image each rotation

Fluorescence-Based

Structured lllumination = Fast = Measures fluorescent|50 nm Up to real time
. = Fluorophores tag specific parts |matenals
Microscopy of the sample

Stochastic Optical
Reconstruction Microscopy

= High resolution
= Fluorophores tag specific parts
of the sample

= Measures fluorescent
materials

20 nm

Up to real time

Stimulated Emission
Depletion

= High resolution
= Fluorophores tag specific parts
of the sample

= Measures fluorescent
matenals
= Damaging to samples

20 nm

Up to real time

MINFLUX

= Extremely high resolution
= Fluorophores tag specific parts
of the sample

= Measures fluorescent
matenals

1-3 nm

Up to real time

Confocal Microscopy

= Fluorophores tag specific parts
of the sample

= Measures fluorescent
matenals

= Lower resolution
compared to the other
techniques

180 nm

Up to real time

Electron Microscopy

Transmission Election = Extremnely high resolution = Thinsamples 0.2 nm Up to real time
Microscopy
Scanning Electron ) ) . .

. = High resolution * Conductive samples |10 nm Up to real time
Microscopy
lon Beam Microscopy
Helium lon Microscopy = Extremely high resolution = Thinsamples 0.25nm Up to real time
Scanning Probe Microscopy

= Extrernely high resolution = Equipment is fragile |0.1 nm As fast as the probe

Scanning Tunneling

= Three dimesional profile scan

= Requiers a conductive

moves

Microscopy sample surface

Atomic Force Microscopv = Extremely high resolution = Slow 0.1 nm As fast as the probe
= Three dimesional profile scan |« Image scan size moves
= High depth resolution

Superlens Techniques
= Doesn't require fluorescent = Lower resolution 264 nm Limited by speed of

Far-Field Superoscillatory
Metamaterial Superlens

materials
= Doesn't damage samples

compared to the other
techniques

scans

TABLE 2.1: A table of the techniques discussed at the end of Chapter 2
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Chapter 3

Introduction to High Harmonic

Generation

3.1 Theory of High Harmonic Generation

In this chapter, the generation of high harmonics will be explained. Initially explained
is the three-step model, a simplified model of HHG, used to give a basic understand-
ing of the process of HHG. Next is the quantum mechanical model, a more detailed ap-
proach to HHG that gives a greater understanding of the true process of HHG, and how
ionising an atom can generate short wavelengths. Afterwards, the important effects of
phase matching and coherence will be discussed, as well as how they are relevant to

imaging with HHG.

The later part of this chapter is dedicated to the detailed description of my experimental
setup, where the components are described, and the processes that each component
performs are explained to give a deeper understanding of what is required for HHG.
This section will explain the laser involved and the auxiliary components to generate

high harmonics and perform ptychography successfully.

3.1.1 High Harmonic Generation

High harmonic generation is the generation of odd harmonic frequencies from a non-

linear optical effect caused by the interaction of a high-intensity laser pulse with an
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atomic field, typically of a gas (73). This causes the atoms to ionise and generate a

shorter wavelength than the parent beam.

3.1.1.1 Three-Step Model

The three-step model is a basic model for understanding the mechanisms of HHG; the
model is a description of the behaviour of electrons during the HHG process, also pro-
viding quantitative information on some HHG processes, such as the cutoff energy. Ex-
plained by Corkum in 1993 (74), the three-step model is semi-classical and hence misses
crucial details of the electron’s behaviour contained in the quantum model; neverthe-
less, the three-step model is useful for visualising HHG and granting a fundamental

understanding of some aspects of the process.
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FIGURE 3.1: This figure shows the position and wave function of the electron (black

line "A’ side) in a varying potential, which is the Coulomb potential plus the laser

potential at three different points of the laser cycle, (blue line "A’ side) due to different
phases (black cross ‘B’ side) of an electric field (blue line ‘B’ side).



3.1. Theory of High Harmonic Generation 35

The three steps as shown in the figure 3.1 are (75):

1. Initially, the electron is in the ground state; when an oscillating electric field large
enough to significantly distort the Coulomb potential of the atom interacts with
the atom’s potential field, the electron then tunnels out of the atom’s potential

tield.

2. After tunnelling, the electron begins to accelerate away from the nucleus as it
effectively has become a free particle; this is due to the external field dominating
the electron over the atom’s Coulomb potential since the electron is now far from

the nucleus.

3. As the oscillating external field’s direction begins to reverse, the electron begins to
accelerate back towards the nucleus, and it may recombine. Upon recombination,
a photon is released. The photon’s energy equals the ionisation energy plus the

kinetic energy of the electron gained from this acceleration.

This model is a semi-classical approach as the behaviour of the interaction of the electric
field and the electron is classical; the effect of tunnelling is a quantum effect. Though
it misses the detail of the quantum approach, the three-step model can still predict the

highest harmonic that can be generated as described by the cutoff energy.

3.1.1.2 Cutoff Energy

The cutoff energy is the maximum possible energy of the harmonics produced in the
three-step model. This maximum energy is acquired by an electron ionising at the time
that leads to the maximum induced velocity at recombination. To calculate the cutoff
energy, the assumption that the distance travelled by the electron is large compared to
the atomic radius of the atom is used. From this assumption, the Coulomb potential
can be ignored, and only the Lorentz force due to the laser needs to be considered. For

intensities below 1 x 107 Wem ™2 the Lorentz force can to simplified from

F =e¢[E+ 7 x B] (3.1)

to

F = ¢[E]. (32)
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Then applying this to Newton’s 2" law we get:
eEy cos(wt) = mx. (3.3)

Rearranging and integrating for velocity, we get:

. EE() . /
= t . 34
= sin(wt) + ¢ (3:4)

We can assume that the electron initially has zero velocity at the moment of tunnelling,

t = to. With this we can apply x(tp) = 0 to (3.4) and we get:
_o = CRog
= sin(wtp). (3.5)
Then combining (3.4) and (3.5) we get:
€E0

X = %[sin(wt) — sin(wty)]. (3.6)

Another assumption we can use is that the electron’s initial position is zero, such that

x(tp) = 0. With this assumption after integration of (3.6) we get:

X = %[cos(wto) — cos(wt) + w(ty — t) sin(wtp)]. (3.7)
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FIGURE 3.2: Electron trajectories for the classical three-step model with differing to,

(multiple colour lines, left axis), as described by (3.7) due to the acceleration induced

by the electric field (solid orange line, right axis) against time (black line, both axes).

The initial time of emittance, ¢y (red star points) are followed by times of recombina-

tion with a gradient of displacement, if applicable(red lines). The key shows the return
energy of the different ejection times.

As shown in figure 3.2, only electrons emitted for a quarter period after a maximum
of the electric field will recombine with the atom. Electrons emitted within a quarter
period before the maximum will accelerate away for the atom and will not recombine
within the timescale of the laser pulse; if and when the electron were to recombine with
the atom, it would no longer be coherent with the atom, not contributing to HHG. The
gradients of displacement at recombination are important as this is the kinetic energy
of the returning electron. Electrons emitted exactly at the maximum of the electric field
will recombine with a kinetic energy of zero and emit a photon with an energy equal to
the ionisation potential, so they also don’t contribute to HHG. Electrons emitted with a
phase difference of half the period of the electric field will propagate along a path equal

but opposite to an electron emitted half a period before.

An issue that can arise when performing HHG is that the average separation of atoms
in the generation medium is less than electron displacement. If the separation is below
the electron displacement, then ejected electrons could recombine with neighbouring

atoms. Calculating this distance can be done by first using the ideal gas law equation:
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PV = nRT (3.8)

where P is the pressure of the gas, V is the volume of the gas, n is the number of moles,
R is the ideal gas constant, and T is the temperature of the gas. This equation can then

be rearranged to find the number of moles per volume:

n P

V - ﬁ. (3.9)
Then multiplying equation 3.9 by Avogadro’s constant the number of molecules per

volume can be found, with the following equation:

N_VINA

%4 1%

(3.10)

where N is the number of molecules, and N4 is Avogadro’s constant. The following

equation can be used to find the volume occupied by one molecule:

|4
Vinolecule = N (3.11)

where V,o1ecule is the volume occupied by one molecule. Finally, to find the separation

between atoms the cube root of equation 3.11 is taken:

W=

d= (Vmolecule) (312)

where d is the separation between atoms. For argon at 0.1 bar at 18°C, the same values
as I have when performing HHG, the separation between atoms is 7.4 nm. This sep-
aration is quite close to the electron displacement, and since this is an average some
electrons may combine with different atoms, but it is large enough that it will not sig-
nificantly affect HHG. Due to the timescale of this process the recombination happens
instantaneously compared the movement of the atoms, so only the atomic separation

and electron displacement need to be considered.

To produce an XUV beam of high flux from HHG, a high probability of ionisation in
the quarter period after the maximum of the electric field is mandatory. The Keldysh

parameter is a measure of ionisation probability given by:
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IP
Y= 2U, (3.13)
where I, is the ionisation potential, and U, is the ponderomotive potential. The pon-
deromotive potential is the cycle averaged kinetic energy of an electron in an electric
tield. For HHG with my system 32.5% of the argon experiences first degree ionisation.
The ponderomotive energy can be derived by starting with the force on an electron in

an electric field:

F = gE cos(wt) (3.14)

where q is the charge of an electron, E is the amplitude of the electric field, w is the
angular frequency of the electric field, and t is time. The acceleration of the electron is

then:

_F_4E
A== cos(wt) (3.15)

where m is the mass of an electron. Since the electron is experiencing harmonic motion

the electron’s position is:

—a qE
e cos(wt). (3.16)

To find the time-averaged energy, x is required and is:

2E2

>, 4E 2_ 1
x7 = ( mecos(wt‘)) =

2t cos?(wt). (3.17)

Time-averaging for (x2) cos?(wt) becomes 1 and therefore (x?) becomes:

2p2
o _ 49°E
The time-averaged potential energy for harmonic motion is given by:
L 2042
U, = MW (x°). (3.19)
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Ponderomotive energy is then given by substituting equation 3.18 into equation 3.19.

2E2 2E2/\2
U, = —20 = 220 (3.20)
dmw?  1672mc?

where e is the charge of the electron, Ey is the peak electric field strength of the driving
pulse, m is the mass of the electron, w is the angular frequency of the driving pulse, A

is the wavelength of the driving pulse, and c is the speed of light.

When 7 > 1, the atomic potential dominates the electron’s motion, but when v < 1, the
external field’s potential dominates the electron’s motion. Therefore, for HHG ¢ < 1is
required. However, as 7y decreases and ionisation probability increases, early depletion
leads to fewer electrons emitting in the quarter period after the maximum of the electric
field. Electrons that tunnel in this quarter period will not return to the electron, within
the timescale of the HHG process, and therefore will not produce any high harmonics
. This depletion is caused by the external field’s intensity being large compared to the
atomic potential, increasing the probability of tunnelling and over-the-barrier ionisa-
tion. With fewer electrons available to emit in the quarter period after, this leads to
less recombination, and the HHG emission is reduced. , though the less ionisation that
occurs the fewer electrons there will be to tunnel to produce high harmonics. There is
a balancing act not to ionise so much that the medium being used to generate high har-
monics still has electrons available to ionise after the quarter period after the maximum
of the electric field, while not ionising too little that the medium has electrons available

when the electric field has zero amplitude.

The Keldysh parameter can also be explained in terms of timescales, where the Keldysh
parameter is the ratio of the Keldysh tunnel time and the laser oscillation period (76).
When the laser oscillation period is much lower than the Keldysh tunnel time the com-
bined Coulomb field and laser field can be considered static or quasi-static. If the com-
bined fields have a potential that allows the electron to tunnel, the electron can then
tunnel in this stable quasi-static state. If the laser oscillation period is too fast, tun-

nelling will be restricted.

Using equation (3.6) the potential energy of the ejected electrons at recombination can

be calculated.
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FIGURE 3.3: Energy for electrons emitted at different times (orange line) are sepa-

rated into short and long trajectories, to the left and right respectively (black line) with

3.17U, marked (red line). The key shows the return energy of the different ejection
times. The coloured points correspond to lines of figure 3.2.

From figure 3.3, the kinetic energies for different tunnelling times are shown; the max-
imum energy is the cutoff energy. The photon energies are not discrete, and equal
photon energies can be produced from two different times of emission, the long and
short trajectories. The short trajectory refers to the electrons that spend a shorter time
in the continuum and are ejected after the time that would result in the maximum ki-
netic energy. The long trajectory refers to the electrons that spend a longer time in the
continuum and are ejected before the time that would result in the maximum kinetic
energy. Where photons of the same energy can be released, this leads to interference.
This interference is affected by the relative phase between the two times of emission.
The effect of this quantum path interference can be adjusted with the driving laser’s
intensity (77). The long and short trajectories merge at the cutoff energy. Electrons with
a long trajectory spend more time in continuum than electrons with a short trajectory,
and the harmonics they produce have a broader angular spectrum and are less likely
to propagate in the direction of the driving beam. Long trajectories are therefore less

likely to contribute to the desired HHG beam.
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Given the maximum kinetic energy gained by the electron, it is possible to calculate the
maximum energy of the released photon. The maximum energy of a photon that can

be generated is given by (75):

where Ip is the ionisation energy of the atom. Using the equation for the ponderomotive

energy (3.20), this then leads to:

Ny & TA2. (3.22)

where I is the intensity of the driving pulse and A is the wavelength of the driving
pulse. With equation (3.22) it is shown a longer driving wavelength gives a larger max-
imum photon energy. The larger the photon energy, the shorter the HHG wavelength.
A shorter wavelength would allow smaller features to be resolved in an imaging ex-
periment following equation (1.1); however, HHG flux varies proportionally from A~>
to A7° (78); this means the intensity of the driving beam must be increased, or the flux
would be diminished. Though intensity cannot be indefinitely increased even though
this would increase the ponderomotive potential, as the pondermotive potential is pro-
portional to the intensity of the beam, and this would lead to over-ionisation as de-
scribed by the Keldysh parameter. To further increase the flux of the HHG other ap-
proaches are required such as phase-matching or quasi-phase-matching of the gener-

ated photons, or increasing the repetition rate of the driving beam.

For the HHG system used for the thesis, a driving beam of 1.4 W with a 50 fs pulse
was used. The beam was focused to a spot of 50 ym, where spot size is the diameter
of the beam’s intensity at 1/¢?, giving a peak intensity of 8 x 10"*Wcm 2. Using (3.20),
with the beam’s electric field equaling 6x10'° with a wavelength of 800 nm, a pon-
deromotive potential of 30 eV is calculated, and this result is used in (3.21) to calculate
a maximum photon energy of 94 eV. These results will be used in the next section to

provide realistic values.
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3.1.1.3 Quantum Mechanical Model

The three-step model describes an electron’s behaviour during the HHG process; how-
ever, it does not fully explain the electron’s behaviour and the process of HHG. The
quantum model explains the interaction between the returning wave packet wave func-
tion and the ground state wave function. A fraction of the electron’s wave function
tunnels from the ground state dependent on the intensity of the electric field. Once
tunnelling has occurred, the fraction of the wave packet that tunnelled will gain energy
dependent on the time of tunnelling described as such by figure 3.3, though not with
the semi-classical nature as before. When the wave packet returns, it interferes with the
ground state wave function of the atom. The probability density of the resultant total

wave function is:

Yrotal = [¥as + Fwe|? (3.23)

where ¥ is the wave function of the ground state of the atom; ¥yyp is the wave func-

tion of the returning wave packet.
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FIGURE 3.4: The probability density of the total wave function (black line) is the coher-
ent sum of the ground state wave function (blue line) and the returning wave packet’s

wave function (orange line). Point of zero potential (red line) and the expectation
value of the total wave function (vertical black line).
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FIGURE 3.5: Position of expectation values of the probability density of the total wave
function (blue line) over 1.6ps plotted over the position of a mean of zero (red line).

The oscillations shown in figure 3.5 correspond to the oscillations of the mean position
of the electron density of the atom; this causes dipole moments to be formed. These

dipole moments radiate an electric field proportional to their acceleration (79). This

acceleration can be derived from the Ehrenfest theorem:

d 1 J0A
E<A> = ﬁ([A/ H]) + <§> (3.24)

where A is a quantum mechanical operator, and H is the Hamiltonian. Rewriting the

previous equation for x gives:

2 x(t)) = (1 H) (.29

where <%—’t‘> = 0 since x is not explicitly dependent on time. Then taking the derivative

with respect to time gives:

2
o x(t)) = [, H) .20

Then applying the Ehrenfest theorem again the following equation is given:

d 1
7\ H]) = = ([[x, H], H]) (327)
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Substituting (3.27) into (3.26):

2
L (0) = = ([l H), H)) (3.28)

This can then be simplified to give acceleration:

d> 1
a(t) = g x(t) = =7 ([H, [H,«]]) (3:29)
where a is the acceleration, (x) is the expectation value of electron position, the expec-

tation value of the wave function, and H is the Hamiltonian.

3.1.1.4 0Odd Harmonics

In high harmonic generation, only odd harmonics are present, and it is possible to

explain this by the argument of symmetry. The polarisation for a wave can be described

by:

P(w) = eo[xVE(t) + xXWEX(t) + x®E3(t) + ... (3.30)

Due to the electron being in free space, there is spherical symmetry, meaning P(w) = -P(-
w). This is only true for odd harmonics as there is no sign change for even harmonics,

leading to x for even orders to be 0.
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FIGURE 3.6: Graph of the fundamental (thick black line), second harmonic (thick red
line), and third harmonic (thick blue line) for an arbitrary beam. The vertical lines note
offset half periods of the fundamental.

From figure 3.6, it is possible to see the effect of the sign changes, where the second
harmonics generated at the first vertical line would destructively interfere with the

second harmonics generated at the second vertical line.

3.1.1.5 Phase Matching

Phase matching is vital, as it is required for increasing the flux. The increased flux in-
creases the intensity of measured scatter patterns, this improves the contrast between
the high-frequency components and the noise of the scatter pattern. This improved in-
tensity of the measured scatter leads to better image reconstructions. To achieve phase
matching, all forms of phase contributions must be balanced within the system given

by the equation (80):
AK = DK gas + DK plasma + DK detay + MK geo (3.31)
where AK is the total phase shift, ATc)gas is the neutral gas phase shift gained from

the dispersion from neutral atoms, A?plasma is the plasma phase shift gained from the

free-electron plasma, Ak 414y is the atomic phase shift gained from the recombination
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delay of the electron, and A?geo is the geometric phase shift gained from the geometric

dispersion (81)(82)(83).

The neutral phase shift gained is from when a wave travels through a medium,; it is
affected by the refractive index of the medium. The refractive index of a medium is
wavelength-dependent. The refractive index causes the driving laser and emitted HHG
photons to experience optical paths of different lengths. Therefore, the phase of pho-
tons generated later will be shifted, causing a phase shift. The phase shift induced is

given by the equation (84):

AR gas = —-n(A)d (3.32)

where A is the wavelength of the beam, n is wavelength- and intensity-dependant re-

fractive index, and d is the distance propagated through the neutral gas.

Due to the intensities involved in HHG, plasma is formed in the gas—the plasma forms
when the electrons are excited to become free. It is possible to balance the neutral gas
and plasma phase shifts to produce phase matching. The phase shift induced due to

free electrons of the plasma is defined as (85):

nqw?

—FL (3.33)

AK
plasma —

Where q is the harmonic order generated, Ag is the fundamental wavelength of the
driving beam, wy is the angular frequency of the driving laser, and w), is the plasma

frequency as defined by:

1062
me€p

wp = (3.34)

where 1, is the electron density, e is the electron charge, m, is the mass of an electron,

and ¢ is the permittivity of free space.

The atomic phase is determined by the electron’s time within the continuum.
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FIGURE 3.7: Time in which electrons spend in the continuum (orange line) are sepa-

rated by the point of greatest kinetic energy (dark green point, vertical black line). To

the left of the line are long trajectories and short trajectories to the right of the line,

and are aptly named for relation to time in the continuum. The key shows the return

energy of the different ejection times. Coloured points correspond to lines of identical
colour on figure 3.2.

From figure 3.7 it can be seen that different times of tunnelling lead to varying time
spent in the continuum. The emission of XUV is delayed while the electron is in the

continuum, and this delay causes a phase shift in the emitted radiation.

The geometric phase is the phase shift acquired by a Gaussian beam propagating through

a focus. This contribution is also known as the Gouy phase and is given by;

- 1 Z
Ak geo = YGouy = —tan 1£ (3.35)

where zp is the Rayleigh length and z is the position within the beam—z = 0 corre-

sponds with the position of the beam waist. The Rayleigh length is given by:

zg = —20 (3.36)

where wy is the beam waist, and A is the wavelength of the beam.
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Tt is difficult to achieve AX = 0, where there would be perfect phase matching through-
out the entire gas. The coherence length of the region where waves will be 7 out of

phase is defined by (85):

L=" (3.37)
Ak
and this shows that minimising AKX will increase the region in which phase matching
is possible. Within this region, there will be HHG that is coherent and can increase in
intensity. There are two regions where phase matching is possible, corresponding to

HHG due to the short and long trajectory electrons.

The terms for the atomic phase shift and the geometric phase shift are the most impor-
tant terms for phase matching for HHG. The plasma phase shift and the neutral gas

phase have less of an impact on phase matching for HHG.
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FIGURE 3.8: The calculated coherence length for the long and short HHG trajectories

for the 27t harmonic of an 800 nm beam, with a pulse energy of 1.5 m] with a 40 fs

pulse length focused to a beam waist of 60 ym in argon gas. This data was calculated
and the diagram was created by Doctor Charles Pooley.

Figure 3.8 shows the coherence length of the long and short trajectories generated at
different distances relative to the beam’s focus. Positioning the focal point of the beam
so that the gas jet is 6 mm after results in the optimal point to generate high harmonics
as the coherence length of the short trajectories is high and the coherence length of the
long trajectories is low. More flux can be generated at 7 mm, but the coherence of the
high harmonics will be lower as the coherence length of the long trajectories is higher

there than at 6 mm.
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3.1.1.6 Coherence

Coherence is a characteristic of a beam relating to the predictability of the phase within

the beam. Coherence consists of two parts, temporal and spatial.

Temporal coherence is defined by the phase relationship of the electric field between

the same point of the beam profile at different times.

Spatial coherence is defined by the phase relationship of the electric field between two

different points on the beam profile at the same time.

Coherence is required for our imaging technique, as it is required for stable interference

patterns. The spatial coherence condition for diffractive imaging is(17):

X5 = 2W (3.38)

where X; is the spatial coherence length, and W is the beamwidth of the probe. When
performing HHG in a gas cell, both long and short trajectories are produced in different
proportions. The focus of the driving laser is positioned towards the short trajectory
region. The short trajectory is preferable as radiation is generated with a greater coher-

ence length than the region corresponding to the long trajectory(82).

3.1.2 Summary

The three-step model is a simple model of the behaviour of the electron in HHG. The
quantum model explains the interaction of the wave functions in HHG. The argument
of symmetry explained the existence of only odd harmonics. The sources of phase
contribute to phase matching with HHG were discussed. Finally, coherence consists
of two types, spatial and temporal, and a spatial coherence length of twice the probe’s

beamwidth is ideally required for ptychography.

3.2 System for High Harmonic Generation and Ptychography

High harmonic generation is not a simple process; it is complex, and a system to gen-

erate high-harmonics contains many elements. The system for HHG is not just a tool
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that can be turned on, but something that takes time to understand. Input power needs
to be optimised into the gas cell to generate the highest flux while not causing satura-
tion of the ionisation process; this is important as too high ionisation will lead to early
depletion and reduce the high harmonics generated. A region of phase matching must
be selected to balance the flux and spatial coherence of the XUV beam. The location of
the Circle of Least Confusion (CLC) is required as this region gives the maximum flux
through the aperture. Selecting the sample region to image with the SmarAct stages
is also crucial as the region must be thin due to attenuation of the XUV beam in the
sample and contain many interesting features to image, which become more sparse
in thinner regions. This complexity has led to only a few groups being able to perform
ptychographic imaging with HHG successfully. The remainder of this chapter contains
the details of the elements that make up the system.

3.2.1 Experimental Setup

¢ Mirror
/ Beam Splitter

FIGURE 3.9: Diagram of the experimental setup. Section A is where the Millennia(1)

pumps the Tsunami (2) to generate modelocked pulses. Section B is where the Evolu-

tion(3) pumps the Spitfire CPA system(4). Power is selected by a polariser(5). Section

C is the beam stabilisation that occurs with a mirror(7), lens(8), and cameras(9). Sec-

tion D is the FROG(6) to measure the pulse duration and chirp. Section E is where the

XUV beam is generated from the gas cell(10), passes through the aluminium filters(11),
and into the vacuum chamber(12).

3.2.1.1 Mode-Locked Seed Laser

This system uses a Master Oscillator Power Amplifier (MOPA) system. MOPAs give
great control over the pulse shape and generate pulses of high energy. This is due to the

pulse being generated in a low-power laser with high stability to give the great control
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required to generate the pulse with the desired characteristics sans power. The desired

power can then be acquired through the use of an amplifier.

3.2.1.2 Millennia

For the Ti:Sapphire laser to lase, a pump laser is required. The pump laser used in
this system is a Millennia, which is a diode-pumped continuous wave laser with a
Neodymium-doped yttrium orthovanadate (Nd:YVO, gain medium. This generates
a 1064 nm wavelength that is then frequency doubled to a wavelength of 532 nm, the
wavelength which matches the peak absorption of Ti:Sapphire to pump to the Tsunami.

The Millennia pumps at a power in this system of 3.8 W.

3.2.1.3 Tsunami

The Tsunami is used to generate the ultrashort pulses, which are required later in the
system to perform HHG. The Tsunami is a mode-locked ultrashort pulse Ti:Sapphire
laser, which in this system generates approximately 30 fs pulses at a repetition rate of
80 MHz, with a central wavelength of 800 nm, a bandwidth of 50 nm, and an output
power of 0.33 W.

The Titanium ions (Ti ™) doped within the gain medium have a large bandwidth; this
is required for mode-locking. Mode-locking is important for high intensities, which
is crucial for HHG. Within the laser cavity, there are a large number of longitudinal
modes. Mode-locking is the process of forcing coherence between these modes so that
they are in phase; this causes destructive interference for most of the wave, but with a
few regions of constructive interference where pulses form. The Tsunami initially uses
an Acousto-Optic Modulator (AOM) to force all the longitudinal modes of the cavity to
become in phase. The Tsunami is then kept mode-locked due to the Kerr effect, where
the more intense parts of the pulse causes a stronger change in the refractive index

causing intensity-dependent focusing within the crystal (86)(87).

Vibronic transitions are electronic transitions where there is a simultaneous change in
the vibrational state of the molecule. The Franck-Cordon principle states that electronic
transitions occur almost instantaneously compared to nuclear motion, where transi-

tions between vibronic states happen vertically on potential energy diagrams. Where
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the vibrational wave functions of the excited states and ground states do not perfectly
overlap, the intensity of the vibronic transition is proportional to the square of the over-
lap integral between the vibrational wave functions of the initial and final states in a
vibrational transition. Ti:Sapphire crystals have a large overlap integral between vi-

bronic states resulting in a large bandwidth (88).
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FIGURE 3.10: Graph of the emission spectrum from the Ti:Sapphire, showing intensity
versus wavelength.

Figure 3.10 shows the spectrum generated by the Tsunami. The noise in figure 3.10
is real, but is not a true representation of the spectrum, and is due to the optical fibre
used to measure the spectrum. Since the optical fibre has multiple modes and there are
many different wavelengths entering, the noise is an effect of the interference between

them.

3.2.1.4 Chirped Pulse Amplification

Chirped Pulse Amplification (CPA) was first demonstrated by Strickland in 1985 (89),
which later won the Nobel Prize in Physics in 2018. The intensity of the Ti:Sapphire
pulses initially is too low for HHG; therefore, the pulses need to be amplified. Directly
amplifying the pulse results in non-linear effects, such as irregular amplification of the

pulse, distortion of the pulse and damage to the amplifier. To avoid this, CPA is used.
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CPA achieves this by using positive dispersion to increase the temporal length of the
pulse, so that when the pulse is amplified the peak intensity remains low. Once the
pulse has been amplified negative dispersion can then reduce the temporal length of

the pulse to return the pulse to a short length.

3.2.1.5 Evolution

To increase the gain within the amplifier, a pump laser is required for population inver-
sion to occur. This pump laser is the Evolution, a Q-switched laser with a Neodymium-
doped yttrium lithium fluoride (Nd:YLF) gain medium. In this system, the Evolution
generates a wave with a wavelength of 1053 nm that is then frequency doubled to a

wavelength of 527 nm with a repetition rate of 1 kHz.

Q-switching is a technique of generating highly energetic pulses. To cause Q-switching
in the Evolution, the laser cavity is blocked by an AOM being turned on to stop lasing,
and this causes the population of the gain medium to increase. When the gain medium
is saturated, the AOM is turned off, causing the cavity loss to decrease suddenly and
allowing the Evolution to lase. This causes a short, highly energetic pulse to be released.

The process is then repeated by turning the AOM on again.

3.2.1.6 Spitfire

The Spitfire is the regenerative amplifier used for CPA in this system, with the seed
pulse provided by the Tsunami. The Spitfire in this system generates 800 nm wave-

length 50fs pulses with a repetition rate of 1kHz and an output power of 2.8W.

Directly amplifying the pulse is not viable as the intensities within the amplifier would
be too high and could lead to unwanted nonlinear effects or permanent damage to the

amplifier. CPA is a way to amplify the pulse without direct amplification.

CPA is performed by the pulse temporally being broadened via chirping, chirp is the
time variation of frequencies; this results in a lower peak intensity of the pulse. Positive
dispersion is used to chirp the pulse; a grating stretcher is an example source of positive
dispersion. Once chirped, the pulse is safe to be amplified with this lower peak inten-

sity. The broadened pulse is temporally shortened to increase the intensity of the pulse
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by using a source of negative dispersion; a grating compressor is an example source of
negative dispersion. The resultant temporally-altered amplified pulse is equivalent to

the theoretical directly amplified pulse(90).

While CPA produces pulses of high intensity the average power of the system can be
low, this can be improved by increasing the repetition rate of the CPA system. The
Spitfire is limited by the Evolution’s repetition rate of 1 kHz. The Evolution is limited
by the time it takes for the population inversion needed for Q-switching. In the future, a
fibre system could be used for higher average power, as a fibre system’s average power
is limited by thermal distortions when the average power is too high. The fibre system
would also need to have a bandwidth as high as the Ti:Sapphire to ensure short pulse

lengths.

3.2.1.7 Frequency-Resolved Optical Gating

Ultrashort pulses are difficult to measure due to the response time required. Auto-
correlators are devices that have the time resolution to measure an ultrashort pulse.
Autocorrelators record a signal that depends on the time-delay between a pulse and
its replica. However, since the detector response is slow in comparison with the oscil-
lation period of light, the phase information is lost, and the autocorrelation of a pulse
is not unique; therefore, multiple pulse shapes of identical autocorrelation cannot be
distinguished. The Frequency-Resolved Optical Gating (FROG) system used was a
Grenouille. A Grenouille uses a Fresnel biprism to separate the beam by delay along
the x-axis, and by wavelength along the y-axis. A FROG system using SHG (second
harmonic generation) can use the same method as autocorrelation but with the ad-
dition of a spectrometer. SHG is required to be used here as it is a combination of the
reference wave and the delayed wave that is measured. The spectrometer measures the
gated frequency spectrum, which is a function of the delay and the wavelength. The
phase can be recovered from the frequency spectrum from a gated pulse and intensity

measurement. With the phase, it is possible to distinguish pulse shapes.
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Live (Raw) FROG

FIGURE 3.11: Image of the FROG trace of the pulse after the CPA, showing wavelength
against delay.

Figure 3.11 shows an example FROG trace that I took from the system used throughout
this thesis. A FROG trace shows the different orders of dispersion of the pulse, where
1%t order is a linear tilt in the trace, 2" order is a symmetrical broadening of the trace,
3" order is an asymmetric skew of the trace, and 4" is finer modulations in the trace.
Typically the pulse length is 50 fs, but the trace also shows that not all 3" and 4"
order dispersion is compensated for as the pulse should be an ellipse stretched in the
vertical direction. Not compensating for all 3" and 4! order dispersion is shown by

the stretched corners, dots to the sides, and waves of intensity across the trace.

The Grenouille has a temporal resolution of 0.5 fs and a spectral resolution of 0.3 nm.
The Grenouille system used an algorithm to recover the pulse where the algorithm

solves two constraints. The first constraint is the gated signal field:

Euig(t,7) = E(OIE(t— 7)] (339)
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where t is time, T is the time delay, and E is the electric field of the pulse. The second

constraint is the spectrally resolved intensity:

) ) 2
Irroc(w, T) = ‘/_ Esig(t, T)e " 'dt (3.40)

where w is the angular frequency.

3.2.1.8 Beam Stabilisation

The beam stabilisation system was created by a previous user of the laser system, Dr
Michal Odstréil. Positional instability of the beam can cause image reconstruction to
fail because beam movement shifts the illuminated region of the object, resulting in
a scatter pattern of a different region than what the code is expecting. A motorised
mirror and a motorised lens are used to maintain the beam’s position on two cameras
to stabilise the beam. The mirror’s orientation and the position of the lens are controlled
by a proportional-integral-derivative (PID) error minimisation code. PID controllers

use the equation:

u(t) = Kye(t) + K; [ e(t)dt + Kpdi (3.41)
where u is the PID control variable, K, is the proportional gain, e is the error value, K;
is the integral gain, and t is the time. The proportional section of the equation, Kpe(t),
creates an output proportional to the magnitude error signal to maintain a constant
offset from the set point. The integral section of the equation, K; [ e(t)dt, creates an
output proportion to the duration and magnitude of the error signal to reduce the off-
set from the set point. The derivative section of the equation, Kp%, creates an output
proportional to the rate of change of the error signal to reduce the induced oscillations
from the integral section. This results in the beam not drifting more than 20 nm at the
detector. The distance between the mirror and the lens was over 1 m, 30 cm from the
lens to the gas cell, 1.2 m from the gas cell to the mirror in the vacuum chamber, and 0.3
m from the mirror in the vacuum chamber to the CCD. A variation of beam position of
0.1 um at the lens leads to a variation of beam position at the CCD of 20 nm; by using

the ratio of the distance between the stabilisation lens and the mirror, and the mirror
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and the CCD, to calculate the beam position variation at the CCD from the variation at
the stabilisation lens. My input into this part of the system was calibrating the system

before use and maintaining its quality.
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FIGURE 3.12: Graph of the movement of the beam on the CCD with and without the

stabilisation system turned on. Times before roughly 150 s the stabilisation system is

off and times after the stabilisation system is on. The graph shows the stabilisation

of the x-axis (green line) and y-axis (blue line), where 1 pixel is 20 nm. This data was
taken by Doctor Michal Odstr¢il

From figure 3.12 it can be seen that when not being stabilised the x-axis varies by about
60 nm and the y-axis varies by about 80 nm. When the stabilisation system is on both

axes vary by 20 nm.

3.2.1.9 Gas Cell

Argon is used as the HHG medium for the system used throughout this thesis. Argonis
a gas at room temperature; gases are used here for transmission HHG as the attenuation
of liquids and solids are too high. Argon is a noble gas, and the noble gas group has
the highest first ionisation energy of their periods. The first ionisation energy of argon
is 15.76 eV. This high ionisation energy prevents the early depletion of electrons, as
discussed earlier, and allowing higher energy HHG to be performed. Helium and neon
have higher first ionisation energies, however, HHG with these gases results in a lower
flux of the XUV produced. The gas still attenuates the beam, so generation efficiency
is limited by the absorption length of the XUV beam in the gas. A cell containing

the argon with windows would be preferred; however, materials such as silicon and
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diamond ablate at intensities of 2.4 x 10°Wcm =2 (91). Our beam reaches intensities of
1 x 10®Wem =2, so windows are not viable. To contain the argon, copper tape is applied
on either side of a cell through which argon is pumped. The beam will form one hole in
each piece of copper tape, the size of the beam waist at the tape. This is the minimum

hole size achievable and, therefore, causes the least argon leakage.
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FIGURE 3.13: Diagram of high harmonic generation using a high intensity pulsed

beam focused onto a gas cell contained by openings in copper tape, created by the

laser to be the minimal size; then the parent beam is filtered out, leaving only the
generated beam.

Figure 3.13 is a diagram of the gas cell used in the system used throughout this thesis.
The size of the gas cell tube is approximately 3 mm with a 500 ym hole machined

through the tube.

argon has higher flux when generating high harmonics compared to Helium and Neon
since they are smaller and therefore there is less overlap between Helium and Neon’s
wave functions and the returning electron’s wave function; a lower overlap reduces the

flux generated.

Gaseous argon was not only used as the medium for HHG compared to a solid because
the system was setup to only accept gases, but due to complications such as high atten-
uation which arise when generating high harmonics through a solid. High harmonics
can be generated at an angle from solids but this also adds complexity to refitting the

current experimental setup.
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3.2.1.10 Beam Filters

The high intensity of the IR pulses used to generate HHG would overwhelm measure-
ments from the XUV and cause damage to the Charge-Coupled Device (CCD) used for
measurements if allowed to reach the detector. Two 100 nm thick free-standing alu-
minium filters are used to block the driving beam’s wavelength. Aluminium is well
suited for this purpose as it has high transmission at our HHG’s 29.2 nm wavelength
and relatively high reflectance at the driving beam’s 800 nm wavelength. The XUV
still attenuates within the aluminium, and Aluminium oxide forms a layer 4nm thick
on aluminium, which attenuates the XUV beam even more. Aluminium of 184 nm
thickness has a transmission of 0.640; Aluminium oxide of 16 nm thickness has a trans-

mission of 0.364, therefore, the overall transmission is 0.233 (1).

The combination of aluminium and aluminium oxide has an optimal transmission
around 29 nm, leading to the 27" harmonic (29.2 nm) being chosen for the wavelength

used in this system.
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FIGURE 3.14: The transmission values of four materials from 10 eV to 100 eV (blue

line), with the photon energy of the HHG beam (red line). (A) shows the transmission

values of Ar with a density of 1.78x103¢/cm?>. (B) shows the transmission values of

Au with a density of 19.32 ¢/cm>. (C) shows the transmission values of Al with a

density of 2.7 g/ cm3. (D) shows the transmission values of Al,O3 with a density of
3.97 ¢/cm3. The transmission data were from the CXRO database (1).
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3.2.1.11 Vacuum Chamber

XUV beam

Aperture

Spherical mirror

FIGURE 3.15: Diagram of the beam path, spherical mirror, the aperture, the sample,
and CCD within the vacuum chamber of the system

The final stage of our setup is contained within a vacuum chamber. Air at 1bar has
a transmission of 2 x 1072 over 1mm, for a wavelength of 29 nm. The pressure in
our vacuum is 7 x 10~®mbar, which has an absorption of 4 x 10~* over 1m (1). The
reduced attenuation increases the flux of the XUV available for scattering. While in the
vacuum chamber, the XUV beam is reflected by a spherical mirror to focus the beam.
The Radius of curvature of the mirror is 0.5 m, the angle of incidence is 7°, and the
coating is presumed to be scandium silicon, though this cannot be precisely known
as the mirror is proprietary technology. The beam then passes through an aperture to
define the probe. The beam is then scattered by the object. Finally, the scatter pattern is

measured by a detector.

3.2.1.12 SmarAct Stages

The sample and aperture are positioned by a pair of SmarAct stages. These stages
can perform 1 nm movement with a repeatability of 25 nm. Ptychography requires
accuracy and precision on the samples since it uses the aperture and sample position to
reconstruct the sample correctly. While used for ptychography within this thesis, this

equipment could be used for other imaging techniques such as single-shot CDIL
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There are also specially designed mounts fitted to the SmarAct stages that have been
machined to allow nanometer precision in positioning the aperture and sample, and

also the ability to fit four samples or aperture selections on each.

Smaract

Smaract i
| SLC-1740 %3

SLC-1730 x3

FIGURE 3.16: Diagram of the SmarAct stages used to position the aperture and the
sample. Where A is used for the aperture, and B is used for the sample.

3.2.1.13 Aperture

The aperture is used to define the probe before the sample; usually, a 10ym diameter
circular aperture 100um before the sample. A well-defined probe is required for pty-
chography. A multi-stage process is used to create the apertures used in this system.
Firstly, a 5 nm thick layer of Titanium (Ti) is evaporated onto a 50 nm thick membrane
of Silicon Nitride (SiN); Ti is used as a binding layer to allow Gold (Au) to attach to the
membrane, as Au alone would not hold onto the SiN. Afterwards, a 100 nm thick layer
of Au is evaporated onto the membrane, as Au has a low transmission for a 29.2 nm
wavelength beam. Finally, a Focused Ion Beam (FIB) is used to cut the apertures, as FIB

is a highly precise method to cut shapes.

To achieve maximum flux through the aperture, the beam must be focused at the aper-
ture. A spherical mirror is used to focus the beam, though the mirror cannot focus
the beam enough for scan-based imaging. When reflecting with a spherical mirror at
a non-zero angle, the beam becomes asymmetrical, and the horizontal and vertical foci
shift. The CLC is the position between the horizontal and vertical foci. The two foci are

defined by the ray transfer matrices:
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1 0
M, = (3.42)
Rcos(0)
and
M ! 0 3.43
= L (3.43)
R/ cos(6)

where My is the ray transfer matrix for the horizontal focus, M, is the ray transfer
matrix for the vertical focus, R is the mirror radius, and 6 is the angle between the
beam incident on the mirror and the off-axis beam. The horizontal focus is affected by

R x cos(0) and the vertical focus is shifted by R/cos(6) (92)(93).
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FIGURE 3.17: The theoretical log-base-10 diffraction patterns for a Gaussian beam

passing through a 10 ym diameter aperture after off-axis reflection, the aperture is

positioned at (A) the horizontal focus, giving a vertical line at the centre; (B) the ver-

tical focus, giving a horizontal line at the centre; (C) circle of least confusion, giving a
cross-shaped pattern at the centre.



66 Chapter 3. Introduction to High Harmonic Generation

The diffraction patterns of figure 3.17 were calculated using Fraunhofer propagation, as
the distance from the aperture to the detector is 3.57 cm, which is in the far-field regime.
The aperture shape was the same for the three diffraction patterns; later in the thesis

the shape of the aperture and the effects on the diffraction pattern will be discussed.
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FIGURE 3.18: The theorectical horizontal (blue line) and vertical beam waists (orange
line) for the reflected beam from the XUV mirror. This figure shows the CLC at the
point where the two lines intersect.

From figure 3.18 the calculated beam waist at the CLC is 7.58 um, which is larger than

the largest aperture used that has a radius of 5 um.

3.2.1.14 Detector

The type of detector used to measure the XUV scatter pattern is a CCD. To reduce
noise, the CCD is cooled to -40 °C. The CCD uses two thermoelectric cooling chips;
these Peltier modules can each cool a differential of 20 °C each, allowing for the -40 °C
total to be reached, and reducing the dark noise. A CCD is used to measure the scatter
patterns over a Complementary Metal-Oxide-Semiconductor (CMOS) due to high dark
noise, as CMOS typically cannot reach -40 °C. However, CCDs are slower at reading
out than CMOS. A CCD measures pixels charged by incident photons and then reads
these pixels off pixel by pixel. CMOS measure the pixels line by line, which is much
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faster than a CCD (94). A new CMOS has been developed, which can operate at lower
temperatures and with lower dark noise; this CMOS is being considered for future

applications.

Using the diffraction pattern from an aperture, the position of the aperture relative to
the CLC can be discovered, and the centre of the diffraction pattern reveals the position
of the aperture. From figure 3.17a a vertical line at the centre of the diffraction pattern
is observed, from figure 3.17b a horizontal line at the centre of the diffraction pattern is
observed, and from figure 3.17c a cross-shaped pattern is at the centre of the diffraction
pattern is observed. The aperture can be positioned at the CLC for maximum flux from

these patterns.
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FIGURE 3.19: Recorded measurements of the diffraction pattern of a 10 um aperture,
with a maximum exposure of 10 s, binning of 2, cropping of 1, at a temperature of -40
°C and taking 18 s.

This image was taken by myself using the experimental setup. From figure 3.19 it is
seen that the aperture’s position is within the CLC due to the cross at the centre of
the scatter pattern; it can also be seen that the beam is spatially coherent due to the

ring pattern existing across figure 3.19 towards the edge. Figure 3.19 doesn’t exactly
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resemble figure 3.17c, where the cross in the middle is not the same and the rings decay
towards the edge. This can be due to not being exactly at the CLC, the aperture not
being at the centre of the beam, or due to higher flux being chosen at the expense of the

coherence of the beam.

3.2.2 Summary

The system for HHG and ptychography consists of many different elements. This sec-
tion discussed the components of the system that generate a high-intensity short-pulse
beam, followed by an explanation of the peripherals that measure and stabilise the
beam. The equipment used for HHG was discussed. Finally, the vacuum chamber and

the components within were explained.
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Chapter 4

Experimental Procedure

This chapter is a detailed outline of how to use the system explained in the previous
chapter to acquire data for later reconstruction. This section will first explain the pro-
cess I used to generate high harmonics, then how the high harmonics are optimised for

imaging, and finally the process of acquiring the data.

4.1 Preparation

The first thing to do is turn on and get all the equipment ready for use. First, the chillers
for the lasers are turned on to bring them to the desired temperature. The Millennia,
Tsunami, and Evolution need to be turned on and warmed up for around an hour to

reach thermal stability.

The Spitfire needs to be dehumidified to below 10% before it can be cooled to -14 °C,

otherwise ice will form on the gain crystal.

The turbo for the vacuum chamber can be turned on if the chamber is less than 5-102
mbar from the rotary pump being on, this will bring the chamber down to 7-10~® mbar.
This should take around an hour. Initialise the CCD and SmarAct stages with the MAT-
LAB commands ‘cam = Andor()” and ‘motor = Smaract()’. Once the chamber pressure
is low, begin cooling the CCD now to save time, otherwise it will need to be cooled be-

fore the ptychography scan. This is to reduce the dark noise when collecting data. The
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CCD should not be cooled before the chamber’s pressure has been lowered, otherwise

too much ice will form on the CCD’s chip.

The turbo for the gas cell and the chamber it’s attached to can be turned on, and this will
bring the pressure down to 3-10~2 mbar. This is quick, and should only take minutes
since the volume of these parts is much smaller than the vacuum chamber. Once the
pressure has lowered, the software controlling the flow of argon into the system should
be turned on. Then, open the final valve connecting the argon to the gas cell, this will
cause a spike in the pressure measured by the software, but is nothing of concern.
Next, open the valve of the manifold. Then, open the valve on the argon canister, and
increase the pressure to 5 bar. The reason for opening the valves in this order is to
allow the argon to have somewhere to go. Then, adjust the valve of the manifold to 2
bar. Afterwards, adjust the valve before the gas cell to 1 bar. When the pressure of the
vacuum chamber is 7-10~° mbar pull the filter to the ‘out of the beam path’ position.
Slowly open the gate closest to the vacuum chamber attached to the gas cell, once the
pressure has stabilised put the filter back into the “in the beam” position. Finally, in
increments of 20 mbar increase the pressure of the argon flow on the software, waiting

for the pressure to stabilise each time; this is to prevent the filter from being damaged.

4.2 Mode-locking

Once the Tsunami has warmed up it can be mode-locked. The output power of the
Tsunami should be 330 mW. Mode-locking the Tsunami is achieved by turning the
acousto-optic modulator on and moving the prism out of the beam. When moving the
prism out of the beam the central wavelength of the beam measured by the spectrom-
eter will increase. When the central wavelength is greater than 850 nm, begin moving
the prism back into the beam and the central wavelength will decrease; continue until
the pulse width suddenly increases. If you reach a central wavelength of 800 nm, try
again but move the prism out to a higher central wavelength. If the Tsunami is still not
mode-locking it is most likely that the Tsunami has not warmed up enough. Continue
moving the prism into the beam until the central wavelength has decreased by 10 nm,
then turn the AOM off. Keep moving the prism in until the pulse width is 50 nm. If it

does not reach 50 nm the Tsunami has most likely not warmed up enough, but if that
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is not the case the slits of the Tsunami need to be adjusted, and in a worst-case scenario

the prism needs to be realigned.

4.3 Evolution

On the Evolution software press and hold the run button until the current of the Evo-
lution begins to increase. The Evolution current will increase to 22.5 A, and then it is

ready for the Spitfire to begin amplifying the beam.

4.4 Spitfire

Once the Tsunami has been mode-locked the safety measures preventing the beam from
entering the Spitfire will now allow the mode-locked beam to enter. The Spitfire has
been set for the mode-locked pulse to use all the gain in the crystal, but this can be
checked with an oscilloscope where increasing the number of round trips through the
Spitfire crystal will increase the power of the mode-locked pulse to a point after which
the power will begin to drop. The time the pulse spends in the Spitfire should be ad-
justed to just before the power drops. The distance between the compressor grating and
mirror should be adjusted until the pulse length is 50 fs, this will need to be adjusted
around every half an hour to an hour as the Spitfire warms up. Rotate the quarter wave

plate after the Spitfire so that the power after the quarter wave plate is 1.4 W.

4.5 Beam Stabilisation

Once the pulse has been amplified and the beam is exiting the Spitfire make sure the
mirror to change the beam line is down so the beam goes the ptychography setup. The
beam will then appear on two cameras. Adjust the rotation of the stabilisation mirror
to centre the beam on camera 1, then adjust the rotation of the stabilisation lens to
centre the beam on camera 2, and repeat until the beam is centred on both cameras.
After, press 'find optimal exposure’, and then press ‘lock beam position” on the beam
stabilisation software. Then, run the stabilisation routine. If the stabilisation is not

good, run the calibration routine, then rerun the stabilisation routine.
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4.6 Beam Quality

With no aperture or sample in the beam path, images of the beam’s flux count can
quickly be taken to see the shape of the beam at the CCD, with the MATLAB com-
mand "While cam.GetData’. The stabilisation lens can be moved along the beam path
to change the total flux and shape of the beam by changing the focal point of the beam
in the gas cell. Move the lens to a position where the beam’s shape is close to a circle
but is still an ellipse, as this balances flux and coherence. If no beam is showing it could
be that the compressor distance needs adjusting, the gate to the gas cell is not opening,

or no argon is reaching the gas cell.

To perform ptychography the HHG beam needs to be spatially coherent. This can be
measured by collecting the diffraction pattern of the beam passing through a double slit
mask. The visibility can be calculated by finding the ratio of the height of the central
peak and its nearest trough. A visibility of lower than 0.85 should not be used, as the
spatial coherence of the beam will be too low. If the visibility is too low adjust the
position of the stabilisation mirror along the beam path until a high enough visibility

has been achieved.

4.7 Aperture to Object Distance

The two SmarAct stages have position values that are independent of each other. To
calibrate the z distance between the aperture and the object mounts align the two Smar-
Act stages along the x-axis using the camera in the chamber. There is a series of steps
at the bottom of the aperture mount, change the y position to match the z distance you
desire between the aperture and sample. While observing the mounts from the camera
in the vacuum chamber move one mount closer to the other mount along the z direc-
tion until the mount can no longer move. This can then be used to know the offset of

the two mounts.

When attempting to find the offset of the two SmarAct stages I missed the steps and
pushed the aperture into a sample of polystyrene spheres. Afterwards, the apertures
were permanently altered with some of the polystyrene spheres attached to the aper-

tures. When reconstructing data afterwards the probe did not appear to be the same,
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and back-propagating the probe to the position of the aperture, the polystyrene spheres

could be seen on the aperture. This prompted the investigations of chapter 5.

4.8 Locating Apertures and Samples

Locating the apertures is achieved by performing an intensity scan of an area, with the
sample mount set to a position where it does not interfere with the beam. If imaging
has been done recently a small area can be used if imaging has not been done recently
the beam’s position may have drifted too far away for a small area. If new apertures
or samples have been added to the mount a larger area might also be needed. A small
area is between 10-100 ym? and a large area is greater than 1 mm?. For a large area,
more scanning positions might be needed. Once the rough location has been found,
an appropriately sized area for the aperture should be used with 25 or more scanning

positions to find the centre of the aperture.

To find the sample use a previously known location, or if not known perform an inten-
sity scan with a large area, with the aperture mount in a position that will not interfere
with the beam. Have the sample and aperture mounts 1 mm apart, and move the aper-
ture mount so the aperture is in the beam, then move the aperture mount to a distance
100 ym away from the sample mount. Then perform an intensity scan of an area the
size of the sample. This will show the rough structure of the sample, and the sample
can be moved to an area of interest, based on a visible microscope image of the sample

before it was in the chamber.

4.9 Data acquisition

Position the desired aperture into the beam path, and the sample at the region that is to
be imaged. This is so the mounts don’t move too much before imaging, and potentially
damage the aperture or the sample. In the MATLAB code that performs the ptychogra-
phy scan, select the scan area, the aperture position, the sample position, and distance
between scan positions. Every half an hour adjust the compressor grating in the Spitfire

to maintain a 50 fs pulse length.
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410 Changing Samples and Apertures

When changing the apertures and/or the samples on the mounts the vacuum chamber
must be at atmosphere. Before changing either make sure to acquire a microscope
image to be able to refer to, to locate apertures or regions of interest on the sample. Use
acetone on the corners of the aperture or the sample to remove the glue. Then carefully
remove the aperture or sample, add the new aperture or sample to the mount, and use

glue to hold it in place on the mount.

To image at atmosphere the vacuum chamber would need to still be low pressure, but
by encasing the sample between membranes containing water vapour and spaced by
50 ym it would be possible. The membranes can withstand the pressure difference
without breaking, the water vapour allows the sample to not be fixed, and the 50 ym
spacing minimises the distance the beam propagates through the water vapour while
not complicating the fabrication process too much. The 50 ym spacer can be 3D printed
as a hollow square and then the two membranes can be glued together with the spacer
in between. This fabrication technique for combining the membranes with a spacer
has been proven to work, but has never been tested for imaging with the experimental
setup. Another complication of imaging at atmosphere is the cells will only survive
24 hours without additional nutrients, so this needs to be done quickly, and the time
it takes to bring the pressure down in the current vacuum chamber is too long as the
chamber is large, so a smaller chamber that can be depressurised quickly would be

needed.
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Chapter 5

What Makes a Good Probe?

When performing ptychography, the probe is the beam at the object and should be
constant when collecting the scatter pattern data. The probe is translated along the
x and y-axes around the object, such that there is an area of overlap between areas
illuminated by the probe. A scatter pattern is formed for each probe position as a result
of the interaction between the probe and the object. It is important that the beam is
spatially coherent for the size of the probe, however, the beam does not need to be
spatially coherent for the size of the final reconstructed image as that is made up of

multiple smaller scans.

Within this chapter, the factors that make a good probe will be discussed throughout,
with the aim to improve the overall resolution of reconstructions by changing the aper-
ture used. What the probe is, its characteristics, and the current research into the effect
of different probes on reconstructions will be discussed. Following will be an expla-
nation of methods of measuring reconstruction resolution to compare the impact of
different probes. This chapter contains both experimental and simulated data, as the
experimental data offers authenticity, but the simulated data are more abundant. The
code used for generating and analysing the simulated data was written by myself, ex-
cept for the initial code to generate the Gaussian beam at the CLC, which was written
by Dr Bill Brocklesby. PtychoShelves was used to reconstruct experimental data and the
simulated data (35). Finally, an aperture and probe that results in a greatly improved

resolution will be discussed.
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5.1 Introduction

The probe’s characteristics are controlled by the beam and an aperture. A probe can be
characterised by its beam width, profile, flux count, degree of coherence and angular

spread.

If the beam width of the probe is increased and the scanning positions are unchanged,
the overlap of the probes on the sample increases. The optimal overlap of circular
probes is reported to be around 70% to 90%(95); an overlap value less than this re-
gion will have a lower resolution as there is not enough overlap for current ptycho-
graphic reconstruction methods to work optimally, and above this region it tends to-
wards single-shot CDI and loses the benefits of ptychography. As the size of the probe
is varied, changing the scan positions to scan a larger area or using fewer positions is
necessary to keep a fixed overlap. Scanning a larger area will increase the speed of
imaging per unit area; fewer scanning positions can lead to a lower resolution of the
reconstructed object, as there will then be less overlap of the probes on the sample. This

will be explored further in section 4.8.

The probe profile is the shape of the 2-D cross-section of the probe. Its effects on the
resolution of reconstruction are less well understood. The effect of the profile of the
probe’s field is investigated later by defining the complexity of the probe as a measure

of the predicted resolution of reconstruction. This will be explored in section 4.7.

If a different aperture is used to shape the probe, the amount of flux transmitted can
also change, where higher amounts of flux result in a greater signal-to-noise ratio. The
amount of flux is important because certain objects, such as biological samples, may be

sensitive to too much flux. This will be explored in section 4.5.

The angular spread of the probe is linked to the spatial frequencies measured by the de-
tector. Increasing the angular spread, the higher spatial frequencies will be raised above
the noise fluctuation threshold, leading to a higher resolution of the reconstructed ob-

ject. This will be discussed further in section 4.1 and explored in section 4.13.

Below in figure 5.1 are experimental examples of probes that are the results of an off-
axis focused HHG beam (15.6 ym spot size, and 29.3 nm) passing through a circular

aperture (7 ym diameter) and a double slit aperture (5x1 um slits spaced 4 ym from
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centres), and propagating for 141 um, the typical aperture to sample distance in our

system.
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FIGURE 5.1: Images of the beam at the aperture and corresponding probes, after the
beam at the aperture has propagated to the object plane, with a Hue Saturation Value
(HSV) display in the top right-hand corner of (A). (A) is the beam at a 7 ym diameter
circular aperture recovered by the backpropagation of (B) using ASM to backpropa-
gate 141 ym to the aperture plane, (B) is the reconstructed probe from a reconstruc-
tion of ptychographic data using a circular aperture (7 yum diameter). (C) is the beam
at a double slit aperture (5x1 pum slits spaced 4 ym from centres) recovered by the
backpropagation of (D) using ASM to backpropagate 141 ym, (D) is the reconstructed
probe from a reconstruction of ptychographic data using a double slit aperture (5x1
pm slits spaced 4 ym from centres). (E) is the beam at a double slit aperture (5x1 ym
slits spaced 4 ym from centres) recovered by the backpropagation of (F) using ASM to
backpropagate 89 ym, (F) is the reconstructed probe from a reconstruction of ptycho-
graphic data using a double slit aperture (5x1 ym slits spaced 4 ym from centres) with
1 ym diameter polystyrene spheres on the aperture.
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HSV is an intuitive method of displaying the phase information and the amplitude of
the electric field of ptychographic reconstructions of objects. The hue represents the
phase of the reconstructed object, and the value and saturation, the brightness, repre-
sent the amplitude of the reconstructed object. The hue corresponds to a phase shift
from 0 to 27t. The brightness corresponds to the converted intensity of a grayscale im-
age. This HSV wheel is not present on all ptychographic reconstructions as this would
interrupt the images, but the concept applies to all coloured ptychographic reconstruc-

tions.

From figure 5.1, it is shown that the aperture used is very influential on the characteris-
tics of the probe, where all four of the characteristics have been changed. The dark spot
in the middle of (B) is due to the diffraction of the beam by the aperture, and would
be a bright spot if the propagation distance had been 10 ym closer or further away. It
is possible to transform between the object and the aperture plane using a near-field
propagation technique. The near-field propagation was performed with the Angular
Spectrum Method (ASM); ASM involves Fourier transforming the beam into its angu-
lar spectrum, then propagating the probe in the frequency domain by multiplying by
the wave vector, and finally, an inverse Fourier transform is performed to calculate the
propagated beam. ASM is limited in how far the wave can be propagated by the size
of the matrix used to calculate the propagation, if the wave is propagated too far the
beam will be larger than the physical size represented by the matrix and will no longer
give an accurate calculation of the propagated wave. The sampling criteria for ASM
is that the sampling rate in the angular spectrum must be at least twice the maximum
spatial frequency in the field. The sampling rate used for ASM in this thesis was twice
the maximum spatial frequency measurable by the detector. Using ASM to transform
between the aperture and the object plane allows for parameters of the system to be re-
covered and imaging of the aperture. The distance that the probe has propagated from
the aperture can be found by performing ASM on the probe and propagating a range
of distances that the aperture is believed to be between. In this thesis, the aperture to
object propagation distance was found by using the distance at which the aperture was
in focus. This information can then be used in later reconstructions to refine the probe
further. This is possible as the reconstructive code can propagate the probe back to the
aperture plane, and values outside of the known aperture size are reduced to zero. Us-

ing backpropagation of the probe to the aperture allows us to investigate and confirm
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the shape of the aperture, and see if the aperture has been damaged in any way. The
reason (D) does not have the classic shape of a double slit diffraction pattern is because
at a distance of 141 ym the Fresnel number is 1.48 and is in the near-field regime, and
the Rayleigh length of that system is 655 ym. It can seen from (E) that objects on the
aperture can be reconstructed, and more importantly, can alter the shape of the probe.
It is also important to note that since the aperture is positioned at the CLC the phase has
a saddle shape, and this can be seen in 5.1 (A), (C), and (E) across the circular aperture

and double slit aperture.

Since the probe used in reconstruction needs to be coherent, when using a double slit
both of the slits need to have light that is coherent with one another. When light propa-
gates through a double slit, if the light is coherent between both slits, you get the classic
double slit diffraction pattern. When using light that is incoherent between the two slits

the diffraction pattern becomes the sum of two individual slits.
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FIGURE 5.2: Images comparing a coherent and incoherent beam at the CLC for a dou-
ble slit aperture (5x1 um slits spaced 4 ym from centres) using simulated data. (A) is
the amplitude and phase of a propagated beam from the double slit aperture 141 ym
away using a coherent beam. (B) is the intensity of a propagated beam from the dou-
ble slit aperture 3.69 cm away using a coherent beam. (C) is the amplitude and phase
of a propagated beam from the double slit aperture 141 ym away using an incoherent
beam. (D) is the intensity of a propagated beam from the double slit aperture 3.69 cm
away using an incoherent beam.

As can be seen from figure 5.2 we don’t get the classical diffraction patterns for a coher-
ent and an incoherent beam, this is due to the saddle-shaped phase at the aperture. (A)
and (C) look similar as the beam has not propagated far and in the coherent case of (A)
not much distance for the beam through both slits to interfere. The difference between

the coherent and incoherent cases of (B) and (D) is much more pronounced.
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(a) (B)

FIGURE 5.3: Images comparing the beam at the aperture for two different M? values

using simulated data. (A) is the beam at the aperture with an M? value of 3, the value

used for all other simulated data throughout this thesis. (B) is the beam at the aperture
with an M? value of 10.

From figure 5.3 it can be seen that increasing the M? value of the beam at the aperture
only increases the extent of the amplitude of the beam, and that the phase variation of
the beam remains constant. Since the probe illumination of the beam remains constant

the shape of the probe also remains constant.

When reconstructing the data from ptychography, the reconstructed probe recovered
did not appear to come from a perfectly circular aperture as expected; when the probe
was back-propagated to the plane of the aperture, the image of polystyrene spheres
could be seen around the edge of the aperture. The presence of the spheres had changed
the probe at the sample from what a circular aperture’s probe would have been, indi-
cating something had happened to the aperture. The effect on the changes to the probe
led to investigating reconstructions using different apertures and their effect on the res-
olution of reconstructed objects. When reconstructing an object using the double slit,
the double slit had a higher resolution than the circular aperture when comparing the
Fourier Ring Correlation (FRC) of each, so a series of experiments and simulations were

performed in order to refine what makes a “good” probe.

Not much research has been conducted into what makes a good probe. Guizar-Sicairos

et al. (96) investigated the effect of the spatial frequency of the probe’s spectrum on the
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resolution of reconstructions, and concluded that a wider spread in reciprocal space is

beneficial.

When analysing the scatter patterns from the circular and double slits, the double slits’
scatter pattern had a greater angular spread. The Fourier transforms of natural objects
have a decaying power spectrum, where higher spatial frequencies have a lower power
(97). The scatter pattern measured is the Fourier transform of the product of the probe
and object, thus the scatter pattern is the convolution of the Fourier transform of the ob-
ject and the Fourier transform of the probe. A probe with a higher angular spread will
cause the higher spatial frequency components of the spectrum to have a higher signal-
to-noise ratio. This increase in the signal-to-noise ratio at the higher spatial frequencies

will increase the resolution at which the object can be reconstructed.
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FIGURE 5.4: The cross-sections of the power spectrums of the Fourier transform of

a Gaussian object, two probes, the convolution of object and individual probes, (A)

the low angular spread probe, and (B) the high angular spread probe, with the power

spectrum of the object’s Fourier transform (blue line), the Fourier transform of the

probe (black line), the convolution of the object and the probe (yellow dashed line),

the noise level (purple line), and the intercept of a noise threshold and the convolution
of the object and the probe (red circles).

In figure 5.4, it is shown that a probe of lower maximum intensity and higher angular
spread has more of the convolution of the object and the probe above the noise thresh-
old. The low angular spread probe intercepts the noise level at 196 units from the
centre, and the high angular spread probe intercepts the noise threshold at 222 units
from the centre. The noise level in figure 5.4 represents the amount of fluctuation in

the noise, as the readout noise from the CCD has a defined average value; if the noise
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was a constant value it could be removed. The CCD used for experimental work has a
readout noise of 2 counts, but 0.4 was used here for clarity of the figure. Convolution
theorem states the Fourier transform of the convolution of two arbitrary functions f
and g is equal to the product of the Fourier transforms of f and g (98). This can be

expressed as:

Flf gl = FIf]- Flg] =F- G (5.1)

where F is the Fourier transform of f, and G is the Fourier transform of g. Equation

(5.1) can be written alternately as:

Flf-gl=Flf]« Flg] =FxG. (5.2)

From equation (5.2), if the object is the function f and the probe is function g, and if
the angular spread of the probe is larger, the convolution of the Fourier transforms will
have larger spatial frequency amplitudes for higher spatial frequencies. The concept
is that the object is fixed, but the angular spread of the probe can be changed; there-
fore, the scatter pattern measured can contain higher spatial frequencies of a greater
intensity, unlocking the ability to reconstruct objects with higher resolution without

increasing flux.

By using a simulation that replicates an experimental setup to test multiple apertures to
give different probes and calculating the angular spread for different probes, the probes
with a greater angular spread should yield a reconstruction with higher resolution,
then a value to predict the probe’s quality can be assigned. Other parameters will be

characterised to attempt to determine what makes a good probe.

It is possible to increase the angular spread of a probe by reducing the size of the aper-
ture; however, this will reduce the transmitted flux, the probe size at the object, and the

probe’s complexity.
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5.2 Fourier Ring Correlation

Defining resolution as a single number, by using a method such as knife-edge reso-
lution, is a simplification. FRCs were developed by Saxton and Baumeister in 1982 to
give a more accurate measure of resolution (99). The accuracy of a reconstruction varies
depending on spatial frequency, where the reconstruction of lower spatial frequencies,
which correspond to larger features of the object, are usually more accurate, this can
be due to the Fourier transforms of natural objects having a decaying power spectrum
mentioned earlier (97). An FRC calculates the correlation between the summation of

values at different spatial frequencies for two Fourier transforms of reconstructions of

an object. The FRC is defined as (100):

(7’) _ Zreri 51 (7’) : Fz(?’)*
\/Zreri F12 (1’) ’ Zreri FZZ(V)

where F is the Fourier transform of the first object, F, is the Fourier transform of the

FRC

(5.3)

second object, and r; is the individual element at radius r. The one-bit and half-bit cri-
teria were introduced to determine a value where the information in a pixel in Fourier

space has dropped below a threshold, where the one-bit criterion is defined by:

T ‘(r,)_o.5+2.4142-1/m -
O T 5 1141421/ /n(r) .

and the half-bit criteria defined by:

02071 +1.9102 - 1/+/n(r;)
1.2071 4 0.9102 - 1/+/n(r;)

Ty /2—pit(71) (5.5)
where n(r;) for both are the number of elements in the ring for each spatial frequency.
The one-bit and half-bit criteria are thresholds in which the signal-to-noise ratio (SNR)
has reached a certain level. The one-bit criterion is when the signal is equal to the noise,
and the half-bit criterion is when the signal is twice the noise. For (5.4) and (5.5), when
the FRC curve intercepts the criteria, the average information contained per pixel at
that spatial frequency will be one bit or half a bit, hence the names of the criterion. The

one-bit criterion is a more stringent criterion when defining an image’s resolution. To
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produce a resolution that agrees with previous X-ray crystallography criteria, the half-
bit criterion was introduced for cryo-EM experiments. This led to the half-bit criteria
being widely used as the standard resolution measurement for FRCs. An FRC that
doesn’t intercept the chosen criterion shows the object is at the maximum resolution of

the system (100).

When calculating the FRC, two independent images reconstructed from different data
of the same object are usually required as an FRC with the same object would resultin a
correlation of 1 for all spatial frequencies. If the objects are not aligned, they need to be
spatially shifted to perform the FRC. Recently in 2019 it has been shown by Koho that
only one image is required for Fourier correlations (101). This is achieved b dividing a
single image into two image pairs, where the first image pair uses all pixels with even
row and column indices for the first image, and all pixels with odd row and column
indices for the second image. The second image pair is created by using all even row
and odd column indices for the first image, and by using all odd row and even column
indices for the second image. An FRC can be calculated from a single image pair, but

averaging the two image pairs gives a better result.

—FRC
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FIGURE 5.5: FRC calculation of experimental datathat I took. (A) and (C) are cropped
images of reconstructions from unique data of 945 nm polystyrene spheres using a
double slit (5x1 ym slits spaced 4 ym from centres) positioned 140 ym before the object
at the CLC of 29 nm soft X-ray beam. (B) and (D) are the Fourier transforms of (A) and
(C) respectively. (E) is the FRC against the ratio of spatial frequency and Nyquist
frequency (blue) with the one-bit criterion (yellow) and the half-bit criterion (orange).
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Figure 5.5 shows two aligned reconstructed images of the same object, their Fourier
transforms, and the resultant FRC. The correlation between the Fourier transforms first
intercepts the half-bit criterion at a spatial frequency corresponding to 95 nm but then
shows a strong correlation between 89 nm and 82 nm. The features from 82 to 89 nm
may arise from the way the Fourier transforms were windowed. The resolution at the
Nyquist limit of the detector is 82 nm, where the Nyquist limit is the maximum spatial
frequency measurable by the detector; a higher Nyquist limit is achieved by increasing
the size of the detector or reducing the distance to the object. The Nyquist limit is
defined by:

e A
Nyquist limit = INA (5.6)
where A is the wavelength being measured at the detector, and NA is the numerical
aperture of the detector. The resolution for figure 5.5 would be defined as 95 nm even
though features between 89 nm and 82 nm are resolvable, which is the main issue of

reducing the resolution to a single value.

5.2.1 Two-axis Fourier Line Correlation

The probe of a circular aperture is radially symmetric in shape; the scatter pattern will
then be radially symmetric, if nothing such as an object interrupts the wave. The dou-
ble slit probe is not radially symmetric, and has greater angular spread along the x-axis,
compared with circular aperture of the equivalent diameter. The FRC is the average
correlation of spatial frequencies along all directions, this does not matter for a radially
symmetric probe as the Fourier correlation is the same in all directions. Non-radially
symmetric probes do not necessarily have the same Fourier correlation in a particu-
lar direction as the FRC value. Instead of a ring at increasing spatial frequencies, the
Fourier correlations can be taken at increasing spatial frequencies along the x and y-
axes. To test this, the same principles from FRCs will be used, comparing the flux
between the two Fourier transforms of reconstructions from repeat experiments of the

same object using displacement in the x and y-axes instead of the magnitude of distance
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1, where the Fourier Line Correlation (FLC) in x is defined by:

erxi Fl(x) ’ FZ(x)*

FLC(x) =
\/erx,- F12(x) : erxi FZZ(X)

(5.7)

where x is the distance from the centre along the x-axis. The FLC in y is defined by:

FLC(y) = Yyey, FL(y) - B2(y)”

— (5.8)
Ve W) Tyey, B W)

where y is the distance from the centre along the y-axis.

Before comparing FLCs of a non-radially symmetric probe, it would be prudent to in-
vestigate a radially symmetric probe to investigate if using FLCs are a good measure of

directional resolution.
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FIGURE 5.6: FLC calculations of experimental data. (A) is the FLC for reconstructed
data from a 7 ym circular aperture, (B) is the FLC for the data used in figure 5.5, recon-
structed data from a double slit aperture (5x1 ym slits spaced 4 ym from centres, with
the slit diffraction along the x-axis), to compare FLCy (orange) and FLC, (blue), and
containing the one-bit criterion (purple) and the half-bit criterion (yellow).

From figure 5.6, it is clearly shown that a nearly radially symmetric probe has nearly
equal FLCs in both the x and y directions. The double slit probe has greater angular
spread on the x-axis, leading to two different FLCs in x and y. Figure 5.6 continues
to 55 nm as this is the resolution in the corners of the detector as calculated by using

equation (5.6) using the numerical aperture of the corners of the detector; however,
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FRC, and FRC, only reach the resolution at the Nyquist limit of the detector of 82 nm.
The double slit’s resolution along the x-axis is 82 nm and resolution along the y-axis is

162 nm.

5.2.2 Complete Fourier Line Correlation

Building upon Fourier correlation in two directions, an FLC can be measured at all
angles between the x and y-axis. An FLC for all directions is needed to explore the best
possible aperture. It is possible to take the Fourier line correlation further by expanding

it from two directions to all directions by using the equation:

Zueu, Fl(u) Fz(u)*

FLC(0) =
\/ Zueul Zueu ( )

(5.9)

where 6 is the angle of the line from the y-axis, and u is the distance from the line from
the origin. Equations (5.7) and (5.8) are specific forms of this equation (5.9) for 6 = 0°
and 0 = 90° respectively.

|
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FIGURE 5.7: A diagram showing how the Fourier correlations for FLCs are calculated

for an angle 6 at a distance u where the red lines without arrows are the regions being

compared between the two Fourier transforms of the two reconstructions of the same
object.



5.2.  Fourier Ring Correlation 89

Figure 5.7 shows how one Fourier correlation for an angle 6 at a distance is calculated.
All Fourier correlations would be calculated for all distances of u at each angle of 6 to

calculate the full FLC.

With (5.9) multiple FLCs of varying angles of 6 can be calculated.
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FIGURE 5.8: FLC calculations of experimental data that I took. (A) is the FLC for

reconstructed data from a 7 ym circular aperture, (B) is the FLC for the data used in

figure 5.5, reconstructed data from a double slit aperture (5x1 ym slits spaced 4 ym
from centres).
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The polar plots from figure 5.8 give a more complete picture of the resolution and a
deeper understanding of the probe’s shape on the effect of reconstruction quality. As
shown by figure 5.8 (A), the radial symmetry of the 7 ym circular aperture leads to a
nearly symmetric FLC; this is not perfectly symmetrical as the aperture is at the CLC,
causing a slightly non-symmetrical probe. From figure 5.8 (B) the resolution is the
greatest in the direction that the double slit has the highest angular spread, and where
the double slit scatter pattern is very weak in the corners of the CCD the FLC is also at

its lowest.

From figure 5.8 looking at (B) there is a sharp change in resolution, this is due to how
the directional resolution is being calculated using FLC. The double slit scatter pattern
has a high amplitude along the x-axis and y-axis, and at certain angles when calculat-
ing the FLC these high amplitude regions contribute to the FLC value for longer than
compared to neighbouring angles. This causes the FLC value to be dominated by the
smaller high amplitude region compared to the larger noisy region, therefore, when
comparing neighbouring angles in the double slit case a sharp change in FLC value can

be seen. The sharp change in FLC value is also due to the number of angles used in
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the FLC calculations, and by increasing the number of angles the sharp changes in FLC

values are smoothed out.

In the field of cryo-EM, directional Fourier shell correlations (FSC) were developed in
2021 (102). The directional FSC calculates the Fourier correlation from cones; the tech-
nique was developed in response to the different resolutions of proteins angled differ-
ently. FLCs were developed separately and were not intended to show the effect of
the object on directional resolution but instead the effect of the probe’s angular spread
on the directional resolution; however, FLCs would also be affected by the object with

directional resolution.

5.3 Methodology

It has been shown in the previous section that a higher angular spread in a direction
leads to a greater Fourier correlation in that direction. Fabricating new apertures to
test new probes is time-consuming; therefore, a simulation will dramatically speed up
the rate at which apertures can be tested. An accurate simulation can be developed
by comparing experiment results with the simulation at every step from the beam to
the reconstructed objects and FLCs. An accurate simulation can test the resolution of
reconstruction for different apertures of varying angular spreads in varying directions.
The simulation will also allow other fundamentals of the experiment to be investigated,

such as the impact of flux on the resolution of reconstructed objects.

5.4 Simulation

Here is a detailed description of the simulation that allowed a more rapid data col-
lection than obtaining data from an experiment. The simulation needed to allow for
all parameters of the experiment to be varied. This simulation can then be used to in-
vestigate the effect of all parameters on the resolution of the reconstructed object. This
simulation has been developed by myself over the last couple of years with its continu-
ous refinement during my studies. Due to the time spent creating this simulation, it has
become easy to test hypotheses regarding how to improve the resolution of ptychog-

raphy and how experimental parameters affect the reconstruction, by simply adjusting
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variables. Where it would take up to four hours to collect data and hours after to get
the best reconstruction, it now takes minutes. With the speed of the simulation, it is

possible to reduce a month of data acquisition down to a day.

5.4.1 Initialisation

The parameters of the simulation are defined. The parameters here have been set to
replicate an experimental setup and can be changed later to investigate their effects on

reconstruction resolution.

Aperture
Parameter Value Description
dire C:\*\ Code location
apertureFile Test_Apertures\star.png Default aperture to use
aperFile DoubleSlit Aperture file identifier
aperSize 7.00E-06 Size of the aperture matrixin ym
aperPixels 720 Number of pixels in the aperture
a 4.00E-06 Aperture radius (5e-6 for clover)
apertureNo 1 Index of aperture used (1 is circular)
Object
Parameter Value Description
objectFile Test_Objects\Neuronimage.mat Default object to use
thickness 0.25 Thickness of the object
polyAttenuation -0.06 Attenuation of polystyrene for 29 nm
polyRIndex (1-0.103295486) - (1i*0.037276342) Refractive index of polystyrene for 29 nm
obijFile PolysphereObject5 Object file name
objPixScale 10e-6/720 Object pixel scale
BeamInstab(1) 2 Position instability
Beamlnstab(2) 0.17 Power oscillations instability
Beaminstab(3) 0.1 Power amplitude instability
objPad 0.5 Padding multiplier for the object
CLC
Parameter Value Description
L 1.51 Distance from source to mirror
R 0.5 Mirror radius
th_deg 5 Angle of the mirror (degrees)
10 7.90E-07 Wavelength of the parent beam
harmonic 27 Which harmonic
W0 1.00E-05 spot size
M2 3 M? (beam quality factor, normally 3)
z 0.24999 Distance from the gas cell
fluxScaleSelect 1 Factor to change the flux of the beam
extent 6.00E-05 Extent (120e-6 is normal)
fluxFudge 4 factor to match flux count(1 for 120, 4 for 60)

TABLE 5.1:

First half of the initialisation parameters for the simulation, their default

values, and a brief description of each parameter.
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Aperture
Parameter Value Description
dire Ci\F***\ Code location
apertureFile Test_Apertures\star.png Default aperture to use
aperFile DoubleSlit Aperture file identifier
aperSize 7.00E-06 Size of the aperture matrixin ym
aperPixels 720 Number of pixels in the aperture
a 4.00E-06 Aperture radius (5e-6 for clover)
apertureNo 1 Index of aperture used (1 is circular)
Object
Parameter Value Description
objectFile Test_Objects\Neuronimage.mat Default object to use
thickness 0.25 Thickness of the object
polyAttenuation -0.06 Attenuation of polystyrene for 29 nm
polyRIndex (1-0.103295486) - (1i*0.037276342) Refractive index of polystyrene for 29 nm
obijFile PolysphereObject5 Object file name
objPixScale 10e-6/720 Object pixel scale
Beamlnstab(1) 2 Position instability
Beaminstab(2) 0.17 Power oscillations instability
BeamInstab(3) 0.1 Power amplitude instability
objPad 0.5 Padding multiplier for the object
CLC
Parameter Value Description
L 1.51 Distance from source to mirror
R 0.5 Mirror radius
th_deg 5 Angle of the mirror (degrees)
10 7.90E-07 Wavelength of the parent beam
harmonic 27 Which harmonic
wo 1.00E-05 spot size
M2 3 M2(beam quality factor, normally 3)
z 0.24999 Distance from the gas cell
flL 1 Factor to change the flux of the beam
extent 6.00E-05 Extent (120e-6 is normal)
fluxFudge 4 factor to match flux count(1 for 120, 4 for 60)

TABLE 5.2: Second half of the initialisation parameters for the simulation, their default
values, and a brief description of each parameter.

5.4.2 The Gaussian Beam

First, code is used to simulate the propagation of the XUV beam using ABCD matrices
after a spherical mirror. The beam width in the x and y-axis are calculated for the beam
at the CLC using (3.42) and (3.43). Then, the complex beam parameters, the q values,
are calculated to generate the beam wavefront. Finally, the x and y components are

combined with meshgrid to form the beam at the CLC.

Using the desired extent as the size of the beam and object, then dividing by the desired
number of pixels the difference between adjacent pixels is the pixel size. The extent
should be large enough to fully encapsulate the beam and object; the number of pixels

should be large for a more accurate simulation, or smaller for a faster simulation.
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FIGURE 5.9: The electric field of the beam just before the aperture and at the CLC used
in the simulations.

5.4.3 The Aperture and Probe

A mask is used to simulate the aperture. Real values define how much the aperture
transmits at that pixel, where 0 is no transmission and 1 is full transmission. Imaginary
values define the phase shift induced by the aperture. Complex values correspond-
ing to phase shifts have not been used in any simulation in this thesis as we have no
fabrication facilities for a phase mask at present; the benefits of using a phase mask
would be that more flux of the beam could pass through the aperture, and it could al-
low for apertures that are impossible to fabricate with just transmission masks due to
the structure not connecting. The beam at the aperture is generated by multiplying the
mask and the beam. The beam at the aperture is propagated using ASM to calculate

the probe at the object.
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FIGURE 5.10: (A) the beam at a circular aperture (8 ym diameter), and (B) the probe
after the beam propagated 141 ym from the aperture to the plane of the object.

From figure 5.10 it can seen that the phase is nearly flat, but the inversion of the saddle-
shape phase can be seen at the edges of the circular aperture along the x-axis and y-axis.
Boundary diffractive wave effects have not been accounted for here, ASM was used to

propagate the beam which does not account for these effects.

5.4.4 The Object and Scanning Pattern

A reconstruction of neurons has been chosen as the object to be imaged within the
simulation; this allows for a closer comparison with actual data and will make the
simulation more accurate as the neurons are an actual object. The experimental data
used are neurons imaged using a circular aperture (10 ym diameter). This had the issue
that the reconstructed object didn’t have detail greater than what was reconstructed, so
the object was defined to be half the size and then tiled to create a larger object with
smaller features. This would allow the reconstructed object to have features half the

size, and the simulation wouldn’t be limited by feature resolution.

When performing ptychography, positions of a scanning pattern are needed, allowing
for overlap between points and covering the desired size. Though almost any scanning
pattern with overlap can be used to perform ptychography, a Fermat spiral was used, as

the Fermat spiral has low symmetry. High symmetry in a scanning pattern can lead to
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“raster grid pathology”, page 340 (103), which can cause artefacts in the reconstructed
image (104). The first ring has seven scanning positions to remove any periodicity

when taking a cross-section of the scatter pattern.
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FIGURE 5.11: (A) The scanning positions and order of a 30 ym by 30 ym scan area

with a step size of 2 ym, resulting in 251 scanning positions, and (B) the object used in

the simulation, where it has been created from an actual experimental reconstruction
of neurons, then reduced in size and tiled.

5.4.5 The Scatter Pattern

The probe and the object are multiplied at the scanning position, then Fraunhofer prop-
agation is used to calculate the far-field scatter pattern, as the Fresnel number is 0.024,
which is far below 1. Then the scatter pattern is binned to simulate the pixels on the

detector.

CCD Detectors have a saturation limit where flux counts can only be measured up to
this value. If a scatter pattern were measured by a detector with no adjustments, the
high spatial frequency components would have a low signal-to-noise. A high dynamic
range (HDR) technique can remove this problem. A HDR image starts by taking a long
exposure image, then if any pixels are saturated a shorter exposure image is taken, and
this is repeated until an image is taken with no saturation. The images then can be
divided by the time and combined. The code recreates this effect by taking the scatter
pattern, dividing the value of the saturated pixels by ten, and repeating this until there

are no pixels with a value above the saturation limit. Then, the readout and Poisson
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noise are added. Afterwards, the values of the pixels are multiplied by the amount they

were originally divided by to give the final scatter pattern.

The beam has spatial and power instability. The spatial instability is modelled by shift-
ing the probe with a normal distribution from the intended scan position in the form

of:

(xnew/ynew) = (xold/yold) + (g(ol d)/g(ol d)) (510)

where x is the x position of the scan position, y is the y position of the scan position,
and g is a random Gaussian distribution about 0 with a standard deviation of d, where
d was 50 nm for the simulation by default. The beam’s power instability is modelled by
a sine function, where the sine function’s amplitude affects the instability’s amplitude,
and the frequency affects the rate at which the power fluctuates. This instability was in

the form of:

instabilityamp

5 ) + instabilityamp sin(n - instabilitygreq) (5.11)

Pnew = Pold(1 -

where P is the probe function, instabilityamp is the instability in the amplitude of the
probe function, instability.q is the frequency of the instability, and n is the scan posi-

tion index.

To reduce the thermal noise when measuring scatter patterns, the CCD chip is cooled to
-40°. Due to the residual water content of the vacuum chamber, ice will begin to form
on the CCD chip. The XUV beam is heavily attenuated by any ice that forms. The ice
layer will grow if the CCD temperature is below 0°; this results in CCD measuring a
lower-intensity scatter pattern as data are collected. This is simulated by increasing the
size of the ice on the CCD at a constant rate per scan and attenuating the beam using
the amount of ice calculated. The default amount of ice each scan added was 50 pm,

which would result in about 50% transmission after 251 scans.

5.4.6 Reconstruction

PtychoShelves (35) from PSI is code used to reconstruct the object from the scatter pat-

terns. To get high-resolution reconstructed objects, many settings must be optimised
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per data set. To ensure the reconstructions do not fail with the simulated data, the
settings have been changed to perform robust reconstructions. The main settings that
were changed to perform robust reconstructions were using a loaded probe as the ini-
tial guess for the probe, and performing DM first to get a good estimation of the object
before using MLs. PtychoShelves also performs well when given a good estimate of the
probe, such as using a previous reconstruction of the probe. Here the actual probe used
in the simulated data has been used to minimise failed reconstructions (35). Using the
actual probe used for creating the simulated data removes one unknown for the recon-
struction allowing for a better convergence for the reconstruction of the object. This is

representative of our experiments.

5.4.7 The Error Calculation

To calculate the error of the reconstructed simulated object, two reconstructions of dif-
ferent data sets of the same object are required to perform an FRC. The resolution is
defined as the first intercept of the FRC and half-bit criterion. This doesn’t consider the
FRC rising above the half-bit criterion line again; however, this is a widely accepted

value for resolution and simplifies the results.

5.5 Variation of Simulation

In the following section it is helpful to know the variation of the FRC values of the sim-
ulation for the same initialisation values, where only the noise is varying. By running
the simulation 24 times with the same input parameters the variation of reconstruction

quality can be measured by the resulting FRC values.
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FIGURE 5.12: A histogram and scatter plot 24 runs of the simulation with same initial-
isation values. The histogram shows groups of FRC values in 0.1 ranges (blue bars).
The scatter plot shows the exact FRC values for the 24 simulation runs (black crosses).

From figure 5.12 the variation of the FRC for the same initial parameters can be seen,
with a near gaussian-shape except for the peak around 1. With the data for this graph,
the mean of 0.7413 and standard deviation of 0.1734 can be calculated.

5.6 Flux

The double slit aperture’s probe has half the flux of the circular aperture (7 ym diame-
ter), yet reconstructions using the double slit aperture had a higher FRC first intercept
of the half-bit criterion of 1 compared to 0.6. This shows that higher flux does not neces-
sarily result in a higher resolution. Higher flux would increase the signal-to-noise ratio,

so the resolution might be expected to improve with higher flux for the same aperture.

To investigate the effect of flux on the resolution of the reconstructed object the sim-

ulation would be used to calculate the FRC first intercept of the half-bit criterion for
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varying amounts of flux. The amount of flux for a circular aperture (8 ym diameter)
was measured to be 2107 countswhen using initial parameters that match the exper-
imental setup; a range from 1-10° to 2-10'® was used in the simulation. While an 8
pm circular aperture was simulated in this section, only experimental data for the flux
count of a 7 ym circular aperture were available to match to. In this section an 8 ym
circular aperture was simulated as it balances the flux count and angular spread of the
probe to attempt to achieve the highest resolution during the simulations.
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FIGURE 5.13: FRC half-bit intercept of simulated data with varying levels of flux. The

FRC half-bit intercept (blue line) for simulated data using a circular aperture (8 ym

diameter) with a reconstructed object of neurons for flux counts from 1% to 1 - 108% of
a flux count measured from a circular aperture (7 ym diameter).

From figure 5.13, it is shown that the FRC first intercept of the half-bit criterion rises
quickly when increasing the flux of the reconstruction, and then plateaus when reach-
ing an FRC first intercept of the half-bit criterion of the detector’s Nyquist limit, where
in this thesis a detector’s Nyquist limit refers to maximum spatial frequency recorded
by the detector at the edge of its x or y-axis. The cause of a decrease in the FRC first
intercept of the half-bit criterion for the final data point could be due to the reconstruc-
tion algorithms’ inability to handle high flux counts over the whole scatter pattern. The
second-to-last point’s FRC first intercept of the half-bit criterion having a maximum of
1.4 is also unusual, but it is possible to have two independent reconstructions that are

that similar.
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This implies once the flux is high enough to reach the maximum resolution for a given

probe, the reconstructed object’s resolution cannot be improved by increasing the flux.

5.7 CCD Distance

When measuring the scatter pattern from the combination of the probe and object, the
further from the centre of the scatter pattern, the greater the spatial frequency. The
CCD, however, is a set size; without changing the aperture or beam, the CCD must be
moved perpendicular to the beam to change the spatial components measured. By re-
ducing the distance of the CCD to the object, the Nyquist limit of the CCD will increase.
With higher spatial frequencies when reconstructing, the resolution of the reconstruc-

tion should increase.

Using the simulation to reconstruct two unique data sets of the same parameters over
eleven object to CCD distances averaged over three runs, it is possible to investigate
the effect of object to CCD distance on resolution. If the signal-to-noise is high enough
at higher spatial frequencies, the FRC first half-bit intercept should reach 1 for all object
to CCD distances.
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FIGURE 5.14: FRC half-bit intercept of simulated data with varying object to CCD

distances. The average FRC half-bit intercept compared to the Nyquist of the CCD

(blue line) against the object to CCD distance, and error bars are the maximum and
minimum of the three FRC half-bit intercept values.

When comparing the FRC half-bit intercept value against the Nyquist limit of the CCD
at those distances from figure 5.14, 0.5 cm to 5 cm object to CCD distance, it is clearly
shown that FRC half-bit intercept value increases with distance, this does not strictly
mean the reconstructions are worse as the Nyquist limit of the CCD corresponds to
higher spatial frequencies for shorter object to CCD distances. Figure 5.14 shows that
the signal-to-noise is not great enough at higher spatial frequencies as the FRC first

half-bit intercept increases with object to CCD distance.

By converting the Nyquist limit of the CCD to the smallest resolvable feature, it can be
shown that there is a limit to the resolution for the circular aperture (7 ym diameter).
Even though the signal-to-noise for higher spatial frequencies is not great enough, we
would expect the resolution to improve as the object to CCD distance decreases as the

higher spatial frequencies can be measured by the CCD.
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FIGURE 5.15: FRC half-bit intercept of simulated data with varying object to CCD dis-

tances. The average FRC half-bit intercept as the smallest resolvable feature (blue line)

against the object to CCD distance, and error bars are the maximum and minimum

of the three FRC half-bit intercept values. Where reconstructions at distances equal to

and lower than object to CCD distances at the red line are not valid due to approxima-
tions.

From figure 5.15, it can been seen that the FRC first half-bit intercept decreases initially
as the object to CCD distance decreases, showing an improvement in the resolution.
Then, the resolution plateaus and no longer reaches the resolution at the Nyquist limit
of the CCD. When the object to CCD distance is too low the resolution suddenly be-
comes much worse. This shows that there is a limit to the resolution to be gained by
just decreasing the CCD to object distance. This sudden increase in the FRC first half-bit
intercept is due to the small angle approximation used when converting the distances
of the CCD pixels to angles. At 3.69 cm the actual angle at the edge of the CCD is 0.1785
rad and the approximation is 0.1804 rad, with a percentage difference of 1.0%, whereas
at 1 cm the actual angle at the edge of the CCD is 0.5873 rad and the approximation is
0.6656 rad, with a percentage difference of 12.5%. The small angle approximation be-

comes less valid around 0.26 rad, which would be an object to CCD distance of 2.5 cm.
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Also as the object to CCD distance decreases the Fresnel number increases, reducing
the accuracy of Fraunhofer propagation, where at 3.69 cm away the Fresnel number
for an 8 ym circular aperture is 0.015, for 1 cm away the Fresnel number is 0.055. This
could be fixed by integrating software such as COMSOM to more accurately calculate
the propagated beam, this is especially becoming more viable as computers improve,
keeping reconstruction times low. This was however not used due to time constraints

in integrating these methods into the workflow used throughout this thesis.

The object to CCD distance can be converted to the numerical aperture to find the limit

of this CCD in terms of the numerical aperture.
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FIGURE 5.16: FRC half-bit intercept of simulated data with varying object to CCD

distances. The average FRC half-bit intercept as the smallest resolvable feature (blue

line) against the numerical aperture, and error bars are the maximum and minimum
of the three FRC half-bit intercept values.

From figure 5.16 the quality of reconstruction drastically decreases after a numerical
aperture of 0.45, which is far beyond when the small angle approximation breaks down,

showing the robustness of the reconstruction algorithms and simulation.
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From figure 5.15 and figure 5.16, the plateau in resolution suggests that an aperture has
determined maximum resolution for a given flux. This can be explained by the higher
spatial frequency components of the scatter patterns, which have a lower intensity, are

below the noise threshold no matter the object to detector distance.

To predict the FRC first intercept of the half-bit criterion value for a given aperture at
any distance and the maximum resolution, a function of the scatter pattern’s charac-
teristics that varies with distance would be desired. The beam width is a good initial
estimate as the beam width increases with distance, and so does the FRC first intercept
of the half-bit criterion.
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FIGURE 5.17: The beam widths (black crosses) of a circular aperture (8 ym diameter)
for multiple object to CCD propagation distances.

From figure 5.17, it is shown that initially, the beam width does not increase, and nei-
ther does the FRC first half-bit intercept from figure 5.14. The beam width then begins
to increase, and so does the FRC first half-bit intercept; however, the beam width con-

tinues to increase, whereas the FRC first half-bit intercept begins to plateau as it reaches



5.8.  Probe Complexity 105

the Nyquist limit. This shows beam width alone does not predict the resolution; how-
ever, it could contribute to the estimate of the resolution achievable from an aperture

for a given distance.

5.8 Probe Complexity

The probe is not just determined by the beam at the aperture and the aperture itself,
but also by the distance the beam propagates from the aperture to the object. In the
far-field, the probe’s shape remains constant, but the size increases with longer prop-
agation distances; this can be compensated for by changing the step size of the probe
positions. This is not to be confused with the M2 of the beam; this increase in the beam
width is due to the beam propagating and not due to the M? of the beam increasing.
In the near-field, the probe’s profile changes shape, which could change the resolution
of the reconstruction as the probe’s complexity can improve. The probe’s complexity
is not fully understood and may not be able to be parameterised. This possible inabil-
ity to parameterise the complexity of the probe is due to probe complexity not having
a definition, but when observing two probes there is intuition of which is the more

complex.

When trying to parameterise how complicated the probe is, one approach is to use
the normalised value of the average summation of the absolute gradients of the probe
within the beam width. This will give a value of how much the probe changes within

the beam width. This is defined by:

Y [dx;| + |dy;|

m (5.12)

Complexity =
where dx is the gradient in x for each element i, dy is the gradient in y for each element
i, and n is the number of elements. Using equation (5.12) the complexity value for an
8 um circular aperture at the aperture is 6.35x10~%. The complexity value for a beam
3.69 cm after an 8 um circular aperture is 292. The complexity value for a beam 141 ym
after a double slit (5x1 yum slits spaced 4 yum from centres) is 5.12x 10~%. The complexity
value for a beam 3.69 cm after a double slit (5x1 um slits spaced 4 ym from centres) is

59.
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FIGURE 5.18: The probe complexity of a circular aperture (8 ym diameter) for multiple
aperture to object propagation distances.

From figure 5.18, it can be seen that for this method of calculating probe complexity,
the 100 ym aperture to object propagation distance should result in the best quality of
reconstruction; after 100 ym aperture to object propagation distance the resolution of

reconstruction should decrease.

When comparing probes from the same aperture with different aperture to object prop-
agation distances, it is hard to make this perfectly fair, as the beam width varies. For
a circular aperture (8 ym diameter), the beam width is roughly 4 ym for all propaga-
tion distances. Adjusting the step size would change the number of scatter patterns
collected, or changing the scan area would change the object being imaged; therefore,

the step size is unchanged throughout this simulation.
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FIGURE 5.19: The FRC first intercept of the half-bit criterion of a circular aperture (8
pum diameter) for multiple aperture to object propagation distances.

From figure 5.19, it can be seen that 200 ym has the highest quality of reconstruction,
which is not as predicted from the method of defining probe complexity in (5.12). Fig-
ure 5.18 and figure 5.19 both increase and then decrease; however, figure 5.19 has the
highest FRC first intercept of the half-bit criteria at a longer object to detector distance.
Although figure 5.19 may not show any correlation between aperture to object distance
and resolution, it does show that the probe from 200 ym aperture to object distance
results in the highest resolution from these distances. This means the chosen method of
calculating complexity does not predict the point of the highest resolution. Therefore,
in the future, another parameter will be required to predict the resolution of reconstruc-
tion from different probes from the same aperture. Figure 5.19 still shows that selecting
the best aperture to object distance for a given aperture is important in getting the
highest resolution possible for an aperture as there is a relation between complexity

and resolution, however, the correct parametrisation for complexity was not found.
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5.9 Probe Overlap

When discussing probe overlap in ptychography, what is usually meant is linear over-
lap. Linear overlap compares the overlapping area of the same probe separated by a

distance. Linear overlap is defined by:

d
O=1-- (5.13)

where d is the distance the two probes are separated by, and r is the beam width of
the probe. When using simple circular probes, this overlap is easy to define. When
using more complex probes with significant amplitude variation across the probe, a
different measure of effective radius is needed. The probe beam width in the thesis
is defined by the point that the radial integral of the probe crosses the threshold 1/¢?
of the maximum value of the probe. The radial integral is calculated by taking the
average value of the beam’s amplitude at discrete ranges of distance from the beam
centre. This measurement is a good representation of how the probes overlap when
discussing radially symmetric probes, such as the circular aperture’s probe. Using the
linear overlap for a circular aperture, it was reported that a linear overlap of 70% to
90% was optimal (95). However, issues emerge when not using a radially symmetric

probe, as the overlap is dependent on the relative orientation of the two probes.

When comparing a double slit aperture (5x1 ym slits spaced 4 ym from centres) and
circular aperture (8 ym diameter), the value that the radial integral of the probe crosses
the threshold e% are nearly equal. Hence, the linear overlap of these two probes is nearly

equal, though the actual overlap is different when considering overlap in any direction.
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FIGURE 5.20: Radial integrals of probes for (A) a double slit aperture (5x1 ym slits
spaced 4 ym from centres), and (B) a circular aperture (8ym diameter). Both with an
aperture to object propagation distance of 141 ym.

It is seen from figure 5.20 that the probe radius of both is nearly equal with a radius of
approximately 4 ym. With a step size of 2 ym, the linear overlap would therefore be
75%. This could lead some to believe that the intensity distribution of the probes over
the object are closely related for both the apertures; however, due to the asymmetrical
nature of the double slit, the double slit’s probe extent is greater in the x direction.
This leads to asymmetric overlap between probes; in these cases, interesting patterns
emerge when examining the intensity distribution of the double slit’s probe compared

to the circular aperture’s probe.
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FIGURE 5.21: The total intensity distribution for simulated data of all probes over an

object over a scan area of 30 ym by 30 ym with 251 scans for (A) a double slit aperture

(5x1 um slits spaced 4 ym from centres), and (B) a circular aperture (8 ym diameter).
Both with an aperture to object propagation distance of 141 ym.

From figure 5.21, two interesting developments can be observed: the patterns that
emerge in the reconstructions from the two probes, and the extent the double slit’s
probe extends in the x direction. When reconstructing objects with a double slit, the
reconstruction contains vertical lines throughout the reconstruction. When reconstruct-

ing with the circular aperture, rings can appear in the reconstructed object. Given the
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double slit’s probe intensity distribution, the vertical lines of higher intensity distri-
bution are clearly visible; less obvious, but easier to see at the edges of the intensity
distribution of the circular apertures are rings. Following the paper that discussed op-
timal linear overlap for the best resolution of reconstruction at a macro level, where the
macro level is the resolution over the whole object (95), it would make sense that the
resolution of reconstruction would vary at a micro level, small regions of the object,
where different levels of overlap over the object are experienced. This variation in res-
olution would explain the vertical lines found in reconstruction using the double slit

and ring patterns observed in reconstructions using the circular aperture.

While it is harder to see the extent of the probe’s intensity distribution from figure 5.21,
if the values of intensity are converted to multiples of the intensity of the beam at the
beam width, it is much clearer to see the extent of the probe’s intensity distribution.
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FIGURE 5.22: (A) The multiples of intensity at the beam width of all probes over an

object over a scan area of 30 ym by 30 ym with 251 scans for a circular aperture (8 ym

diameter), and (B) the reconstructed object. The black square of (A) is the same region
as the red square of (B).

From figure 5.22 it can been seen that the region of the reconstructed object that is of
higher quality in (B) matches the region of high values of overlap in (A). It also shows
that the lower quality regions are close to the scan area where the circular probe does
not spread far; this region is also nearly equidistant around the scan area as the circular

probe is nearly radially symmetric.
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FIGURE 5.23: (A) The multiples of intensity at the beam width of all probes over an

object over a scan area of 30 ym by 30 ym with 251 scans for a double slit aperture (5x1

pm slits spaced 4 ym from centres), and (B) the reconstructed object. The black square
of (A) is the same region as the red square of (B).

Figure 5.23 (B) shows the reconstruction using the double slit can reconstruct the object
further in the x-axis, albeit at a reduced quality. With the large spread of the double
slit’s probe along the x-axis, the object that is reconstructed goes far beyond the scan

area, and this can be seen from the values of overlap from (A).

While the reconstructed object in that region is noisy and low resolution, this addi-
tional information can be useful. Many systems either use destructive levels of flux,
or are imaging delicate samples; combining this with the low levels of flux the double
slit probe deposits on the object, an image larger than the scan area could be taken to

orientate an object in an environment that is not accessible, such as a vacuum chamber.

While 75% is a good linear overlap for determining the step size required for a double
slit and circular aperture, it does not work for all apertures. When using the radial in-
tegral, using an increasing radius to calculate the radial integral, to calculate the probe
width, a non-uniform star aperture’s probe has a narrower beam width than the dou-
ble slit and circular aperture’s probes. The star aperture is a non-uniformly star-shaped

aperture with an approximate height and width of 4 ym.
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FIGURE 5.24: (A) Beam at the star aperture, (B) beam after propagating 141 ym from

the star aperture, and (C) the radial integral of the beam after propagating 141 ym

from the non-uniform star aperture. (D) shows a scanning electron microscope image
of the star aperture.

From figure 5.24 it is shown that the probe 1/¢? width is 1.86 um after propagating 141
pum. This leads to a linear overlap of 46%, which is far from optimal;, however, this

should be improved by adjusting the linear overlap.
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FIGURE 5.25: (A) Reconstructed object of a non-uniform star aperture, with an aper-

ture to object propagation distance of 141 ym and object to CCD distance of 3.69 cm,

using 100 iterations of DM and then 500 iterations of MLs for reconstruction, and a

binning of 2. The resolution at the Nyquist limit is 82 nm. The linear overlap is 50%.
(B) is the FLC of the reconstructed object.

From figure 5.25, it can be seen that the star aperture has a low resolution from the
FLCs, where the FLC is high for low and high frequencies, but low for the middle
resolutions. The point in which the FRC intercepts the half-bit criteria results in a res-
olution of 164 nm. To match the linear overlap of 75% of the double slit and circular
aperture’s probe at 141 ym propagation, from equation (5.13) either the step size be-
tween scanning positions, d, needs to be decreased and or the propagation distance
from the aperture to the object needs to be increased, to increase the probe radius, r.
The polystyrene sphere sample was prepared by myself, and the code used to analyse

the FLCs was also written and developed by myself.

Changing the step size to 1 ym would result in a linear overlap of 75%, if the propaga-
tion distance from the aperture to the object is unchanged. This will result in a smaller

scan area to make the number of scan positions constant.
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FIGURE 5.26: (A) Reconstructed object of a non-uniform star aperture, with an aper-

ture to object propagation distance of 141 ym and object to CCD distance of 3.69 cm,

using 100 iterations of DM and then 500 iterations of MLs for reconstruction, and a

binning of 2. The resolution at the Nyquist limit is 82 nm. The linear overlap is 75%.
(B) is the FLC of the reconstructed object.

From figure 5.26 it can be seen that the FLC is worse than from figure 5.25 at lower res-
olutions, but is better at higher resolutions. Higher correlation at higher resolutions is
typically considered better; however, this is not the improvement expected from chang-
ing the linear overlap to the optimal range of values. The size of the object image has
been reduced, and the flux deposited onto the object has been concentrated. Therefore,
attempting to match the linear overlap to the optimal range of linear overlap values is

not a direct improvement.

The other method of matching the linear overlap is to increase the propagation distance
of the probe from the aperture to the object, as this will increase the spread of the probe.
An object to CCD propagation distance of 700 ym will result in a probe of 8 ym beam

width, and a linear overlap of 75% for a step size of 2 ym.
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FIGURE 5.27: (A) Reconstructed object of a non-uniform star aperture, with an aper-

ture to object propagation distance of 700 ym and object to CCD distance of 3.69 cm,

using 100 iterations of DM and then 500 iterations of MLs for reconstruction, and a

binning of 2. The resolution at the Nyquist limit is 82 nm. The linear overlap is 75%.
(B) is the FLC of the reconstructed object.

From figure 5.27 the FLC is worse compared to figure 5.25. The scan area is the same;
however, when examining the reconstructed object, artefacts can be seen in regions of

maximum transmission.

While not tested in this thesis, it has been proved that the scanning pattern also matters
(104). When performing all reconstructions within this thesis, a pattern similar to the
Fermat spiral has been used, and therefore we can be confident in the scanning position

pattern not reducing the resolution of the reconstructions.

Using the linear overlap is a great method to find the correct step size when performing
ptychography with the probe from a simple circular aperture; however, linear overlap
does have limitations, where it doesn’t fully explain the overlap experienced across the
object. Two probes with the same linear overlap can have different intensity distribu-

tions across the object.
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510 Binning

Binning is the act of averaging nearby groups of pixels when the CCD is measuring the
intensity of the scatter pattern; where a binning of 1 is measuring each pixel individu-
ally, a binning of 2 is grouping the pixels into unique squares of 2 by 2 and averaging
the count, and this process can keep increasing to the size of the CCD. The CCD read-
out time is much faster if binning is performed during the readout, typically with an 7?
improvement in readout speed. While it may feel like binning loses detail in the scatter
pattern, it only reduces the extent of the probe array being reconstructed. The extent of
the probe array in the object plane depends on the pixel size in the detector plane. A
binning of 2 will reduce the extent of the probe array in the object plane by 2 when re-
constructing. This can reduce the overlap during reconstruction between probes if the
probe intensity extends to the edges of the probe array, if too high a binning is used.

In this section, it will be shown that reducing the amount of binning for higher angular

spread probes will increase the resolution of the reconstructed images.

This can easily be visualised using the cross-sections of two probes, represented by top-
hat functions, and limiting the probe array extent in the object plane due to the pixel
size resulting from binning.
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FIGURE 5.28: The cross-section of two overlapping probes with a binning of 2. The

Probe at position 1 (blue line), and the probe at position 2 (red line), the extent of

the probe array 1 (grey vertical line). The region of overlap between the two probes

within the extent of the probe array (blue area), and the region of overlap missed due
to binning (red area).
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Figure 5.28 shows the cross-section of two probes represented as top-hat functions, and
the regions of overlap within the extent of the probe array and outside of the extent of

the probe array.

From figure 5.28 it can be seen that the blue area representing the overlapped region of
the probe array does not extend to the full overlap between the two probes. Here the
extent of the probe array is limited by the detector pixel size, and a substantial amount
of overlap between the two probes is lost.
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FIGURE 5.29: The cross-section of two overlapping probes with no binning. The Probe

at position 1 (blue line), and the probe at position 2 (red line), the extent of the probe

array 1 (grey vertical line). The region of overlap between the two probes within the

extent of the probe array (blue area), and the region of overlap missed due to binning
(red area).

Figure 529 shows the cross-section of two probes represented as top-hat functions
where the probe array extent is double that of figure 5.28, and the region of overlap

within the extent of the probe array now covers all the overlap between probes.

From figure 5.29 it can be seen that the full region of overlap between the two probes is

within the extent of the probe array; therefore, no overlap is being lost due to binning.

With an 8 ym diameter circular aperture, the angular spread is low, and when recon-

structing the probe, there is not much intensity at the edge of the probe array.
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FIGURE 5.30: logl0 of the amplitude a reconstructed probe of an 8 ym diameter cir-
cular aperture that has propagated 141 ym with a binning of 2. This image was recon-
structed by PtychoShelves from data that I took.

From figure 5.30, it can be seen that the probe from a circular aperture (8 ym diameter)
has an amplitude at the edge of the probe array of two orders of magnitude lower
than the centre. Therefore, reducing the binning should not improve the overlap when
reconstructing by a substantial amount. Figure 5.30 shows that the extent of the probe
during reconstruction does not appear to be limited by the reduced field of view of the

probe.
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FIGURE 5.31: logl0 of the amplitude a reconstructed probe of a double slit aperture
(5x1 pm slits spaced 4 ym from centres) that has propagated 141 ym with a binning of
2. This image was reconstructed by PtychoShelves from data that I took.

Figure 5.31 clearly shows that the probe amplitude at the edge of the CCD of a double
slit aperture (5x1 um slits spaced 4 ym from centres) has high amplitude towards the
edges of the extent of the probe array. Here, a reduction in binning would increase the
size of the probe array during reconstruction and increase the overlap between probes

by a substantial amount.

To investigate the effect of binning on reconstruction resolution, two FRCs can be cal-

culated, one where the data are not binned and one where the data are binned by 2.
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FIGURE 5.32: The FRC for different amounts of binning for an 8 ym circular aperture
using 100 iterations of DM followed by 100 iterations of MLs with an aperture to object
distance of 141 ym and an object to detector distance of 3.69 cm, where a not binned
reconstruction (orange line) and binning of 2 reconstruction (blue line) are compared
against the one-bit criterion (purple line) and the half-bit criterion (yellow line).

From figure 5.32 it can be seen that the FRC of the unbinned data are much better for
the higher frequencies. It can also been seen that the first FRC intercept of the half-
bit criterion is at 79 nm, which is beyond the resolution at the Nyquist limit of the
CCD of 82 nm. Even though the probe of the circular aperture (8 ym diameter) has
low angular spread, not binning has still improved the resolution of reconstruction.
This understanding of the effects of binning on reconstructing objects is very impactful,
as trying to push for better quality reconstructions is typically limited by the higher

resolution components falling below the half-bit threshold criterion.

511 Beam Instability Effects

Beam instability is expected when performing experiments, and much time and effort

is applied to reduce the amount experienced by the system. Still, there is instability,
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and the reconstruction algorithms have to be able to compensate for this. Otherwise,
with power instability, the reconstructed object would appear more or less transmissive
than the actual object, with varying levels of resolution. With position instability, the
reconstructed object would be shifted incorrectly compared to the actual object. With
position instability, the reconstructive algorithms can compensate for small movements
of the beam compared to where the data believes the beam is, and if this is working,
there shouldn’t be a difference in the quality of the reconstructed object. Using the
simulation, the normal distribution of position error of the beam has been varied. A
normal distribution of position error of two pixels is the measured amount from exper-
iments, averaging all the beam positions over 251 scan positions took 3 hours. Here
will be an investigation of reconstruction resolution with varying levels of instability,

and how robust the algorithms are to beam instability.
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FIGURE 5.33: The first FRC intercepts of the half-bit criterion for varying levels of nor-

mal distribution of the position error for an 8 ym circular aperture using 100 iterations

of DM followed by 100 iterations of MLs with an aperture to object distance of 141 ym

and an object to detector distance of 3.69 cm, with the average FRC intercepts of the

half-bit criterion (blue line), the maximum and minimum FRC intercepts of the half-bit
criterion (error bars).
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From figure 5.33 there is a no relation between position error and the FRC first intercept
of the half-bit criterion, which was not expected; however, the best reconstructions
of each value of the normal distribution of position error is similar. Therefore, the
reconstructive algorithm’s ability to compensate for position error is robust and not
a limiting factor in the resolution of reconstructions for these levels of position error.
Although a normal distribution of 4 pixels appears to be better for reconstruction than 3
pixels. It is possible that the 3 runs of 3 pixel normal distribution happened to be on the
lower end of its achievable reconstruction quality, and the 4 pixel normal distribution

runs happened to be good, where figure 5.12 this is possible.

Power instability can result from two factors: the rate at which the power oscillates,
and the amount by which the power oscillates. Firstly, the rate at which the power
oscillates will be investigated. The measured number of power oscillations of scatter
patterns over two hours is around seven; however, experimental power oscillations are

more complex than the sinusoidal oscillations used in the simulation.
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FIGURE 5.34: The first FRC intercepts of the half-bit criterion for varying levels of

power oscillations of the position error for an 8 ym circular aperture using 100 itera-

tions of DM followed by 100 iterations of MLs with an aperture to object distance of

141 ym and an object to detector distance of 3.69 cm, with the average FRC intercepts

of the half-bit criterion (blue line), the maximum and minimum FRC intercepts of the
half-bit criterion (error bars).

From figure 5.34, there is no correlation between the number of oscillations of the power
and the FRC first intercept of the half-bit criterion, which was not expected as this
would cause greater variations in the intensity of scatter patterns measured; however,
the best reconstructions for each value of oscillations of power are similar, yet again
proving the robustness of the reconstructive algorithm’s ability to compensate for un-

expected variations in the beam.

The other type of power instability is the amount by which the beam’s power oscillates.
Here, the maximum and minimum values of the beam’s power will be more extreme,
leading to higher maximums and lower minimums, which could lead to better recon-
structions due to higher flux, improving the FRC first intercept of the half-bit criterion.

Equally, lower fluxes decrease the FRC first intercept of the half-bit criterion more than
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higher fluxes improve it, which should cause the reconstructions to be worse. How-
ever, the reconstructive algorithms have proved their robustness to instability and may

still perform well.
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FIGURE 5.35: The first FRC intercepts of the half-bit criterion for varying levels of

power oscillations of the position error for an 8 um circular aperture using 100 itera-

tions of DM followed by 100 iterations of MLs with an aperture to object distance of

141 ym and an object to detector distance of 3.69 cm, with the average FRC intercepts

of the half-bit criterion (blue line), the maximum and minimum FRC intercepts of the
half-bit criterion (error bars).

From figure 5.35, it appears that the resolution of reconstruction oscillates with the
amount the beam’s power oscillates, but overall, there appears to be no trend. This is

most likely due to the higher flux regions compensating for the lower flux regions.

5.12 Ice Formation

Where the CCD chip is at -40°, and there is water in the vacuum chamber, ice will form

on the CCD chip. Ice attenuates the XUV beam, and the ice layer on the CCD chip
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will increase in thickness as the experiment progresses. Due to the size of the vacuum
chamber used in experiments for data collection for ptychography and the inability
of the current experimental setup to change samples without opening the chamber,
much water enters the vacuum chamber regularly. In the future it would be possible
to reduce this with a smaller chamber that is easier to remove water content from, or
use methods such as a cold finger to trap the water elsewhere. This causes the intensity
of the measured scatter patterns to be reduced by an increasing amount as data are

collected.

To investigate the effect of ice formation on the detector FRCs will be calculated for
different parts of the reconstructed object over a 31 by 31 grid, where the results will
be linearly interpolated to match the size of the reconstructed object. The rate of ice
formation will range from 0 ym to 8 ym per scatter pattern, where the two middle
values match rates of ice formation previously recorded. Previous ice formation rates
have resulted in 20% and 90% flux lost for the final scatter pattern measurements.

This section assumes linear ice growth over the CCD, in reality, the ice would form
crystalline structures. This assumption is because this section investigates the general

effect of ice thickness on reconstruction and therefore simplifies the ice formation.
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FIGURE 5.36: The reconstructed objects for varying levels of rate of ice formation on

the detector at different regions of the reconstructed object for an 8 ym circular aper-

ture using 100 iterations of DM followed by 100 iterations of MLs with an aperture to

object distance of 141 ym and an object to detector distance of 3.69 cm, (A) 0 intensity

lost to ice for final scatter pattern, (B) 20% intensity lost to ice for final scatter pattern,

(C) 90% intensity lost to ice for final scatter pattern, (D) 95% intensity lost to ice for
final scatter pattern.

From figure 5.36 the effect of lower flux for the later scatter patterns is most pronounced
in (D) where the edges are reconstructed as nearly opaque, where the ice thickness is
so large that little flux is measured by the detector. The higher amount of ice forma-
tion has led to the outer regions of the reconstructed objects to have a lower intensity.

Calculating FRCs for multiple regions of the reconstructed objects is now possible.



128 Chapter 5. What Makes a Good Probe?

-2.4e-05

-2.4e-05 —3

-1.2e-05 -1.2e-05

m o m o
0.6
0.5
1.2e-05 12605 bt
0.3
0.2
24605 2.4e-05 0.1
24605 12605 0 12605  2.4e-05 24605 12605 0 12605  24e-05
m m
24605 -2.46-05 4
1
0.9 09
12605 - 12605 08
07 0.7
0.6
m o 05 m o
05 0.5
0.4 0.4
12005 . 12005 -
02 0.2
24605 0.1 24605 0.1
24605  -12605 0 12005  2.4e-05 24605 12605 0 12605 24005
m m
(©) (D)

FIGURE 5.37: The first FRC intercept of the half-bit criterion for varying levels of rate

of ice formation on the detector at different regions of the reconstructed object for an 8

pm circular aperture using 100 iterations of DM followed by 100 iterations of MLs with

an aperture to object distance of 141 ym and an object to detector distance of 3.69 cm,

(A) 0 intensity lost to ice for final scatter pattern, (B) 20% intensity lost to ice for final

scatter pattern, (C) 90% intensity lost to ice for final scatter pattern, (D) 95% intensity
lost to ice for final scatter pattern.

From figure 5.37, it can be seen that the first FRC intercept of the half-bit criterion im-
proves in the later scatter pattern measurements with higher ice formation. This is the
opposite of what was expected, as the amount of flux for the later scatter patterns is
much lower. The first FRC intercepts of the half-bit criterion of the central regions are

worse, where there is less intensity for the scatter patterns in the outer regions.

The reason for the improvement in the first FRC intercepts of the half-bit criterion in
regions of the later scatter pattern measurements can be seen in figure 5.36 where the
regions of higher FRCs correspond to the regions of low intensity. This shows that care
must be taken when performing FRCs on samples of low intensity as the reconstructed

object does not resemble the sample.
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5.13 Super Resolution

Super-resolution for ptychography was introduced by Maiden ef al. in 2011, where it
was shown that there was much unused information in non-super-resolution ptychog-
raphy (105). Because the scatter pattern is the convolution of the Fourier transform of
the probe and Fourier transform of the object, there is information about scattered light
beyond the limit of the detector encoded within the scatter pattern measured by the

detector (106).
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FIGURE 5.38: The contribution of the Fourier transform of a probe on the convolution
for two positions, at the centre of the detector (black line) and outside the detector
(blue line). Within the detector (grey verticals) is the area of the Fourier transform of
the probe at the centre of the detector (black area) and the area of the Fourier transform
of the probe outside the detector (blue). The amount of contribution to the convolution
of the Fourier transform of the probe at the outside position is shown under the Fourier
transform of the object and the Fourier transform of the probe (red area).

From figure 5.38, it is shown that information about a position outside the detector is
encoded in the convolution of the Fourier transforms of the object and probe within
the detector. This is why a working super-resolution technique is important, as not
all the information measured is being used, and higher-resolution reconstructions are

possible.

With the high angular spread of the double slit’s probe this means there is much-

unused information about the pixels beyond the CCD in the x-axis.
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To test if super-resolution is possible for XUV HHG ptychography, a mask around the
edge of the data taken by the CCD can be used. The mask is a matrix of values that
are 0 or 1, where 0 is the data that are not used in reconstruction, and 1 is the data that
are used. The reconstructive algorithm will then reconstruct the data as if the CCD size
has not changed and not use the data that has a value of 0 in the masked region. If the
reconstruction with the masked data has the same resolution as without masking, this

will prove that super-resolution is possible with XUV HHG ptychography.

%100 , , %107

FIGURE 5.39: Reconstructed 945 nm diameter polystyrene spheres where no mask
(A) and a 32-pixel inward mask (B) has been applied on the data, using a double slit
aperture (5x1 ym slits spaced 4 ym from centres) 141 ym before the object and detector
3.69 cm away from the object, using 100 iterations of DM and 500 iterations of MLs.
Where (A) and (B) are two different data sets of the same object. (C) and (D) are the
masks for what data were used in the reconstruction of (A) and (B) respectively, where
1 is the data are used and 0 is the data were not used. (C) is the mask where all the
data are used, and (D) is the 32-pixel inward mask where the black border is where
the data were not used.
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From figure 5.39 it is shown that the reconstructive algorithms are still able to recon-
struct the object with no noticeable issues. To determine if the reconstruction is com-
parable to the non-masked reconstruction, FRCs and FLCs can be performed. When
reducing the detector size the resolution at the Nyquist limit of the CCD would be 93.5
nm, but if super-resolution is performed the reconstructions should be able to achieve

a resolution of 82 nm.
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FIGURE 5.40: (A) and (B) are the Fourier transforms of a central region from figure
5.39 respectively, (C) is the FRC of (A) and (B), and (D) is the FLC of (A) and (B). The
resolution at the Nyquist limit for this is 82 nm.

From figure 5.40, it can be seen that the FRC is as good as figure 5.5 and has an FLC as
expected from a reconstruction using a double slit; however, the Fourier transforms of
the object in figure 5.40 have a sudden increase in value towards the edge of the y-axis.

For natural objects, the intensity of the Fourier transform decreases (97), and this is a
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clear increase in the y-direction, and the x-direction does not have this issue. This can
be explained by the shape of the double slit scatter pattern spreading further in the x-
direction, where more information beyond the CCD is encoded into pixels on the CCD.
The spread is not as great in the y-axis and, therefore, fails to reconstruct the object
correctly along the y-axis. Here, the mask would lead to the reduced CCD size to have
a resolution at the Nyquist limit of 93.5 nm; however, the reconstructed objects” FRCs
reach the mask size resolution at the Nyquist limit of 83 nm, the same as the unaltered
CCD. The reason the central region of the reconstructed object is used for FRCs is that
it is the region of greatest overlap between probes and is least affected by the reduced

flux from the ice thickness.

With super-resolution being possible, even if only along the x-axis for a double slit, the
data and mask can have a border of 32 pixels of zeros added. This will allow the code
to reconstruct the data beyond the size of the CCD. The resolution at the Nyquist limit
of the increased CCD size will be 74 nm. While actin have diameters around 7 nm and
microtubules have diameters around 25 nm, super-resolution with this setup does not
reach this resolution. For future setups, an increase in resolution of 12.5% could reach

these resolutions, and it is important to have such a technique available.
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FIGURE 5.41: Reconstructed 945 nm diameter polystyrene spheres where a 32-pixel

outward mask has been applied on the data, using a double slit aperture (5x1 pm slits

spaced 4 ym from centres) 141 ym before the object and detector 3.69 cm away from

the object, using 100 iterations of DM and 500 iterations of MLs. Where (A) and (B) are
two different data sets of the same object.

In figure 5.41, it is shown that the reconstructive algorithms can reconstruct the object
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with a mask and data with a border of 32 pixels; however, the vertical artefacts found
in reconstructions that use a double slit are more pronounced. To calculate if super-
resolution has been achieved with increased data and mask size, first FRCs and FLCs
need to be calculated.
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FIGURE 5.42: (A) and (B) are the Fourier transforms of a central region from figure
5.41 respectively, (C) is the FRC of (A) and (B), and (D) is the FLC of (A) and (B). The
resolution at the Nyquist limit for this is 74 nm.

From figure 5.42, it can be seen that the FRC first intercepts the half-bit criterion at 145
nm, which is much worse than figure 5.40; however, the FLC in the x-axis reaches the
Nyquist limit of the increased CCD size, as shown by the x-axis of (D) from figure 5.42.

Here the resolution at the Nyquist limit of the increased size CCD is 74 nm.

The reason the inward mask reconstruction attempt may have worked where the out-

ward mask failed is that the scatter pattern becomes weaker further from the centre.
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This would lead to less information encoded in the scatter pattern from the convolu-
tion of the probe and object, and this was not enough for the reconstructive algorithms

to correctly reconstruct the object.

From figure 5.42 it can be seen in (A) & (B) that the intensity of the Fourier transform of
the object increases at the edges of the y-axis, which is wrong as the Fourier transform
of a natural image decays with spatial frequency (97). This shows the super-resolution
did not work along the y-axis, where the angular spread of the double slit’s probe is
lower. The x-axis does not have this increase in the intensity of the Fourier transform of
the object and shows that super-resolution can work if the angular spread of the probe

is great enough.

The problem of the irregular Fourier transforms could be explained by observing what
happens to figure 5.38 when the detector size is increased.
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FIGURE 5.43: The contribution of the Fourier transform of a probe on the convolution
for two positions, at the centre of the detector (black line) and outside the detector
(blue line). Within the detector (grey verticals) is the area of the Fourier transform of
the probe at the centre of the detector (black area) and the area of the Fourier transform
of the probe outside the detector (blue). The amount of contribution to the convolution
of the Fourier transform of the probe at the outside position is shown under the Fourier
transform of the object and the Fourier transform of the probe (red area).

From figure 5.43 it can be seen that the Fourier transform of a probe at a position the
same distance from the edge of the detector as in figure 5.38 has the same amount of

area within the detector; however, the contribution to the convolution is much smaller.
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This would explain why super-resolution worked when the CCD size was decreased,
as the contribution to the convolution at the edges was much higher, and there was
enough information encoded about positions outside of the detector to perform super-
resolution. When the CCD size was increased, the encoded information about positions
outside of the CCD was lower. This implies there is a required amount of encoded
information from Fourier transforms of probe positions outside the detector to perform

super-resolution.

It would be possible to increase the convolution at the edge of the detector by using
a probe of higher flux. This would allow for super-resolution on positions further out

from the probe.

While an interesting idea to wobble the CCD is to increase resolution, it would be too
difficult due to the lack of optics and problems from moving a water-cooled CCD in a

vacuum chamber.

5.14 Angular Spread

It has been shown that the angular spread in a direction improves the resolution of
a reconstruction in that direction. Research also shows angular spread improves re-
construction resolution. Here will be an attempt to parameterise the improvement in

resolution gained by the angular spread.

By comparing five apertures of increasing angular spread, the FRC first half-bit in-
tercept can be compared. The areas of apertures were only considered to make sure
enough flux passed through each aperture for successful reconstruction, as a thin circle
would have a high angular spread but low flux passing through. With the different
shapes of apertures it would be difficult to define a fair area for each aperture to have,
as different regions of the beam can pass through the different apertures. This section
was to help find a better aperture to use for ptychography. Before selecting the follow-
ing apertures multiple apertures were briefly tested to investigate their performance,

to see if they warranted further investigation.
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(©)

FIGURE 5.44: The beam at the aperture (A) and probe after propagating 141 ym (B) of
the circular aperture (8 ym diameter). (C) will be the symbol for the circular aperture
(8 ym diameter).

(©)

FIGURE 5.45: The beam at the aperture (A) and probe after propagating 141 ym (B)

of the double-double slit aperture (5 ym square outside height and width and 4 ym

inside height and width). (C) will be the symbol for the double-double slit aperture (5
um square outside height and width and 4 ym inside height and width).

It is important to note that the aperture in figure 5.45 would either need supports to
manufacture or use solid materials that alter the phase of the beam, but not block the

beam, passing through the aperture.
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FIGURE 5.46: The beam at the aperture (A) and probe after propagating 141 ym (B) of
the double slit aperture (5x1 pm slits spaced 4 ym from centres). (C) will be the symbol
for the double slit aperture (5x1 pm slits spaced 4 ym from centres).
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FIGURE 5.47: The beam at the aperture (A) and probe after propagating 141 ym (B) of
the ring aperture (10 ym outside diameter and 9 ym inside diameter). (C) will be the
symbol for the ring aperture (10 ym outside diameter and 9 ym inside diameter).

The aperture in figure 5.47 is not a full ring, as that would not be possible to fabricate
as a transmission mask. In the brief trialling of multiple apertures, it was a full ring,
but appeared to be performing the best and the gaps in the ring were added to see if a

ring aperture that could be fabricated still performed the best.
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FIGURE 5.48: The beam at the aperture (A) and probe after propagating 141 ym (B)
of the deformed spiral (10 ym outside diameter and 0.5 ym thickness). (C) will be the
symbol for the deformed spiral (10 ym outside diameter and 0.5 ym thickness).

It is important to note that the beam propagation from all the apertures used Fraun-
hofer propagation, and may omit the effects of boundary diffractive waves. If this was
an issue it would be most pronounced in the spiral aperture with its small features.

This could be improved in future analysis with more rigorous propagation methods.

The circular aperture was chosen as it is a commonly used aperture and the aperture
my group previously used. The double slit was chosen as it was the aperture with
the highest angular spread that I had access to. The double-double slit was chosen
as it should have high angular spread in both x and y directions. The ring aperture
was chosen as it has high angular spread in most directions. The spiral aperture was
chosen as it has been used by the Jena group for XUV ptychography (107). A double
ring aperture was considered when trialling multiple apertures to see which warranted
further investigation, and it did not appear to perform better than the singular ring
aperture, but in the future, further investigation could be undertaken into testing the

viability of the double ring aperture.
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FIGURE 5.49: The average FRC first intercept of the half-bit criterion of three runs for
a circular aperture (8 ym diameter), double-double slit aperture (5 ym square outside
height and width and 4 ym inside height and width), double slit aperture (5x1 ym
slits spaced 4 ym from centres), ring aperture (10 ym outside diameter and 9 ym inside
diameter), deformed spiral (10 ym outside diameter and 0.5 ym thickness) respectively
(blue line), with lowest resolution FRC first intercept of the half-bit criterion (top error
bar), and highest resolution FRC first intercept of the half-bit criterion (bottom error
bar).

From figure 5.49, there is a slight trend towards higher angular spread probes having
higher resolution; however, it can clearly be seen that the probes with the greater angu-
lar spread do not always have a better resolution of the reconstructed object. Where the
resolution at the Nyquist limit for reconstruction was 82 nm, it can be seen that many

probes reach this limit, and some surpass it.

All the probes have the same beam power at the aperture, but different-shaped aper-
tures will have different flux amounts transmitted. The flux counts of the first scatter
pattern were measured to ensure that the higher angular spread probes did not have
a higher resolution just due to a higher flux. The initial beam was kept the same, and
therefore different amounts of flux were measured by the detector, because this section
of the chapter was also to find the best aperture for a given beam, as flux can always
be increased in future experiments, and increasing the flux count the scatter patterns

would be affected by the high dynamic range calculations.
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FIGURE 5.50: On the right axis, the flux of the first scatter pattern for a circular aper-

ture (8 ym diameter), double-double slit aperture (5 ym square outside height and

width and 4 ym inside height and width), double slit aperture (5x1 um slits spaced 4

pum from centres), ring aperture (10 ym outside diameter and 9 ym inside diameter),

deformed spiral (10 ym outside diameter and 0.5 ym thickness) respectively (orange
crosses). This figure also contains figure 5.49 on the left axis.

As shown by figure 5.50, the circular probe (8 ym diameter), which had the highest
flux count, performed worse, and the remaining four probes had a similar flux count.
This shows that transmitted flux is not a good measure of probe quality and that flux
does not need to be heavily considered during this experiment. Flux still influences the

results, but this section was to find the best aperture for a given system.

To compare the limits of the best probes from figure 5.49, the double-double slit, the
ring aperture, and the spiral aperture, will be simulated at a short object to CCD dis-
tance. A shorter object to CCD distance is required to increase the resolution at the
Nyquist limit of the CCD. These probes will then be compared again with a higher

resolution possible.
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FIGURE 5.51: The average FRC first intercept of the half-bit criterion of three runs for
a double-double slit aperture (5 ym square outside height and width and 4 ym inside
height and width), ring aperture (10 ym outside diameter and 9 ym inside diameter),
deformed spiral (10 ym outside diameter and 0.5 ym thickness) respectively (blue
line), with lowest resolution FRC first intercept of the half-bit criterion (top error bar),
and highest resolution FRC first intercept of the half-bit criterion (bottom error bar).

From figure 5.51, it is shown that the ring aperture is the best aperture for higher res-
olution of reconstructed objects. With this increased resolution at the Nyquist limit, it
can be seen that higher angular spread probes are not always better. While high angu-
lar spread is important for high resolution of reconstructed objects, there appear to be

other characteristics that impact the resolution of reconstructed objects.

5.15 Best aperture

Throughout this chapter, certain characteristics have been shown to enhance the recon-
struction. The double slit aperture’s probe had a high angular spread of the scatter pat-
tern; however, the double slit aperture suffered from vertical lines in the reconstructions
owing to its scatter pattern mostly spreading along the x-axis. The circular apertures

did not suffer from these vertical lines as their FLCs were more radially symmetric.
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Knowing that the characteristics of high angular spread and uniform FLCs are what
make a good probe, this combination of the circular aperture and double slit would
make a good probe. The combination would make a ring, which also performed the

best out of all the apertures in the previous section.
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FIGURE 5.52: (A) Beam at the ring aperture, (B) beam after propagating 141 ym from
the ring aperture, and (C) the radial integral of the beam after propagating 141 ym
from the ring aperture.

From figure 5.52 it can be seen in (C) the ring aperture (10 ym outside diameter and 9
pum inside diameter) that the probe after propagating 141 ym has a beam width of 14
pum. In (A) is it shown that the probe in nearly radially symmetric. This probe also has
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a total flux count comparable to the double slit aperture, which is a quarter of that of

the 10 ym diameter circular aperture.

The high angular spread of this aperture and near radial symmetry should lead to high-
quality reconstruction, as higher frequency components will have a good signal-to-

noise in all directions.
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FIGURE 5.53: Fourier correlations for the ring aperture (10 ym outside diameter and

9 ym inside diameter), with an aperture to object propagation distance of 141 ym and

object to CCD distance of 3.69 cm, using 100 iterations of DM and then 100 iterations

of MLs for reconstruction, and a binning of 2. The resolution at the Nyquist limit is 82
nm.

From figure 5.53 it can be seen that FRC is high for all resolutions up to the resolution at
the Nyquist limit of the CCD; even going beyond and intercepting the half-bit threshold
criterion at 79 nm, where the resolution at the Nyquist limit of the CCD of 82 nm.
Figure 5.53 also shows a near radially symmetric FLC, meaning this aperture has good
resolution in all directions. The FLC is slightly worse towards the corners of the CCD,
though this is most likely due to the non-transmissive corners of the aperture limiting

the spread of the beam in these directions.

With this aperture performing so well, its limits need to be investigated. This was done
tirstly by reducing the object to CCD distance, increasing the resolution at the Nyquist
limit of the CCD. No binning was performed to improve the resolution for higher-
frequency components, as shown by figure 5.32, and due to the high angular spread of

the ring aperture’s probe.
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FIGURE 5.54: Fourier correlations for the ring aperture (10 ym outside diameter and

9 ym inside diameter), with an aperture to object propagation distance of 141 ym and

object to CCD distance of 1.35 cm, using 100 iterations of DM and then 100 iterations

of MLs for reconstruction, and a binning of 1. The resolution at the Nyquist limit is 33
nm.

From figure 5.54, the limit of this aperture, with current methods, can be found to re-
construct objects with a resolution of 33 nm. With binning, the aperture fails to recon-
struct the object at this object to CCD propagation distance, due to the reconstruction
algorithm requiring the increased size of the probe gained from not binning. With a
resolution of 33 nm this aperture would make this technique comparable to STORM,

one of the highest resolution techniques for imaging neurons.
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FIGURE 5.55: A simulated reconstruction of neurons, using a ring aperture (10 ym

outside diameter and 9 ym inside diameter) 141 ym before the object and detector. (A)

had an object to CCD distance of 3.69 cm, and (B) had an object to CCD distance of

1.35 cm, using 100 iterations of DM and 100 iterations of MLs. (A) had a resolution at

the Nyqusit limit of 82 nm, and (B) had a resolution at the Nyquist limit of 33 nm. (C)
and (D) are the same zoomed-in region of (A) and (B) respectively.

When comparing the reconstructions from figure 5.53 & 5.54 in figure 5.55 it can clearly

be seen that the reconstructed object from the closer CCD position is much sharper.

With the probe being much larger than previously used probes, the intensity distri-
bution goes beyond the scan area much further with a lower resolution object being

reconstructed as before.
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FIGURE 5.56: (A) The total intensity distribution of all probes over an object over a

scan area of 30 ym by 30 ym with 62 scans for ring aperture (10 ym outside diameter

and 9 ym inside diameter). (B) The multiples of intensity at the beam width of all
probes over an object. With an aperture to object propagation distance of 141 um.

Figure 5.56 shows how far the probe overlap extends beyond the scan area. With this

larger probe, it is possible to image the same scan area in fewer scanning positions.
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FIGURE 5.57: (A) The FRC and (B) one of the corresponding simulated reconstruction

of neurons. (B) was using a ring aperture (10 ym outside diameter and 9 ym inside

diameter), with an aperture to object propagation distance of 141 ym and object to

CCD distance of 3.69 cm, using 100 iterations of DM and then 100 iterations of MLs

for reconstruction, and a binning of 2. The resolution at the Nyquist limit is 82 nm.

This reconstruction used 62 scan positions with a step size between scan positions of
4 ym.
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The reconstruction in figure 5.57 used a step size of 4 ym, which leads to only 62 scan-
ning positions for the full scan area compared to the usual 251 scanning positions, as
used in figure 5.53. The ability to image with lower flux while maintaining maximum
resolution is incredibly impactful, as it improves the speed at which data are taken and

minimises damage to the sample.

To investigate if these results are only valid for reconstructions of a neuron, the previous
setup will be used on a simulation using a reconstruction of polystyrene spheres from

experimental data, that I collected and reconstructed. The object is of 0.5 ym diameter

polystyrene spheres.
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FIGURE 5.58: (A) The FRC and (B) one of the corresponding simulated reconstruction

of polystyrene spheres. (B) was using a ring aperture (10 pm outside diameter and 9

pum inside diameter), with an aperture to object propagation distance of 141 ym and

object to CCD distance of 3.69 cm, using 100 iterations of DM and then 100 iterations

of MLs for reconstruction, and a binning of 2. The resolution at the Nyquist limit is 82

nm. This reconstruction used 62 scan positions with a step size between scan positions
of 4 ym.

Figure 5.58 shows that this setup still achieves the resolution at the Nyquist limit of 82
nm, as did the reconstruction from figure 5.57. This adds to the robustness of the data
for the ring aperture and the resolutions achieved. This only shows that the aperture
works for neurons and polystyrene spheres, but these are the most common objects

imaged by my group.
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516 Summary

Using the new method of FLCs to quantify the resolution of a reconstruction in all di-
rections gave a more detailed insight into the quality of a reconstruction, improving
upon the well-established method of FRCs that gave the quality of the overall recon-
struction. Using FLCs, it was possible to analyse why the double slit aperture’s probe
had high-quality reconstructions even with lower flux compared to the typically used
circular apertures. Using this information, we were able to predict a probe from a ring
aperture that could give resolutions of 33 nm, improving upon the 82 nm resolution of

reconstructions of the circular aperture (10 ym diameter).

Increasing the flux through an aperture will increase the resolution of the reconstructed
object, up to the resolution at the Nyquist limit of the detector, with diminishing returns
afterwards. This allows for more flux-sensitive samples to be imaged at lower amounts
of flux if the FRC first intercept of the half-bit criterion is at the resolution at the Nyquist

limit of the detector.

We have found that while linear overlap is a good measure of determining the step size
required while imaging, it does not explain the intensity distribution of the probe over
the object. When calculating the intensity distribution of the probe on the object, it is
possible to find artefacts that will be reconstructed in the sample and regions beyond

the scan area that will be reconstructed at a lower resolution.

While investigating the robustness of the reconstructive algorithms, it has been found
that the code is very robust to experimental imperfections, such as beam instability and
ice formation. This informs us that these effects have not impeded the reconstruction

resolution and are not cause for concern.
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Chapter 6

Correlative Imaging

When imaging samples, the ability to identify the composition of the sample allows for
a greater understanding beyond simply the structure of the object. SIM, STORM, and
Lightning are techniques with a similar resolution to XUV ptychography and use fluo-
rophores to image the sample. These fluorophores mark different components, such as
actin and tubulin, and allow for identification once imaged. This chapter will compare
these techniques on similar samples and provide a more in-depth explanation of their
preparation and application. When performing correlative imaging with fluorescence-
based techniques, the composition of the cell will be imaged. It can be compared with
XUV ptychography, which will image the structure of the cell. This will grant a greater
insight into the sample. However, there are challenges involved in getting these tech-
niques to work in tandem, as each technique has different requirements to perform
optimally, and these will also be discussed. This section is not about comparing the
different techniques, but trying to image the same region with techniques that recover
different information about the sample and then combine to improve the overall infor-

mation about the sample.

It has been discovered that fluorescence-based techniques do not image all of the sam-
ple’s structure when imaging (108). When attaching the fluorophores to the sample,
they are designed to attach to specific proteins; however, they do not always attach

to every specific protein. Therefore, images from the fluorescence-based techniques
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measure all the fluorophores but not always the whole sample. Performing correla-
tive imaging with fluorescence-based techniques and XUV ptychography will show if
reconstructed objects from XUV ptychography can identify these missed regions.

6.1 Sample preparation

The correlative imaging will be performed on a sample of neurons. Neurons are well
suited for being imaged by the four techniques, as the fluorescent-based techniques can
mark the actin and tubulin, and the neurons do not attenuate the XUV beam too much
to prevent imaging. Neurons also have interesting features at sizes at the resolution of

the techniques.

When imaging with SIM, STORM, and Lightning, the sample can be prepared the same
way to begin with. A group in the School of Biological Sciences at the University of
Southampton created the samples. I did not do any preparation involving the devel-
opment of the embryo or neuron collection, though I observed the whole process. Cre-
ating the samples used in this chapter starts with a fifteen-to-eighteen-day-old mouse
embryo. The embryo is dissected, and the neurons are extracted and transferred to
a nutrient-rich agar medium; this is a liquid, and cells grow on poly-d-lysine coated
surfaces in this liquid, called Neurobasal medium, supplemented with B27, a neuronal
culture supplement, all from Gibco. In the agar is a silicon nitride membrane for the
cells to grow on, and after two weeks the cells are mature. Once the cells are mature
they are fixed using formaldehyde; formaldehyde is a compound made up of many
long and thin molecules that crosslink the proteins, stopping cellular processes. This

stops the cells from developing so that they can be imaged at a specific growth stage.

At this point of preparation, the cell membranes are impermeable, so a low-concentration
detergent is used to form holes in the cell membrane to make it permeable. Goat serum
is then used as a blocking agent to cover the charged organic molecules within the
cell; this suppresses the molecule’s charge so that the antibodies will only bind to their

specific epitopes. Otherwise, the antibodies would attach to the whole sample.

The next antibodies can be attached since they will now only attach to the actin and
tubulin. First, phalloidin conjugated to Alexa-647 is added to the cells; phalloidin is

a fungal toxin that binds directly to the cell and is very specific in binding to actin.
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The phalloidin is conjugated to Alexa-647 as Alexa-647 is excited by a wavelength of
647 nm, which is what will be imaged. To attach to tubulin, monocloncal rabbit anti-
tubulin clone 5-1-2 is first added as the primary, the primary being the first antibody
that is bound, and this binds to the tubulin. Then goat anti rabbit H&L IgG conjugated
to Alexa-488 is the second antibody used, and is referred to as the secondary, and will
attach to the primary. Alexa-488 is excited by a wavelength of 488 nm, which is what
will be imaged. This causes linkage error, which is the error incurred by imaging the
fluorophore and not the object, where the fluorophore is offset from the object by the
size of the link between the fluorophore and the object. Each of these antibodies is 10-15
nm in size (109), so when imaging with these fluorophores there is a 20-30 nm linkage
error on each side of the cell’s components; therefore, the total linkage error is 40-60

nm.

After this preparation, the sample consists of neurons on a silicon nitride membrane
that have been fixed and have the fluorophores attached to the epitopes actin and
tubulin. The silicon nitride membrane the neurons were grown on does not affect the
fluorescence-based imaging as the laser does not propagate through the silicon nitride,

since the neurons are closer to the laser.

6.2 Resolution of Techniques

When calculating the resolution of the four techniques, the resolution stated is from
the methods used by the communities that use their respective imaging techniques.
Fourier correlations were not possible with the fluorescence-based techniques because
the fluorophores become bleached when imaging and a second image would be worse
than the first. This means the resolution for the fluorescence-based techniques was
based on the components of the one image and it could not analysed if the compo-
nents were artefacts of that image or actual components of the object. If a Fourier
correlation had been used, it would have been possible to identify if the image from
the fluorescence-based techniques was accurate at all spatial frequencies. The smallest
full-width half-maximum measurable would be the object’s and probe’s convolution.
The resolution, up to the maximum possible value, is determined by the smallest fea-

ture in the sample. When determining the resolution of STORM, the accuracy of the
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central position of the fluorophore is used. The error of the central position of the flu-
orophore is the full-width half-maximum of the amplitude spectrum of a fluorophore.
A Gaussian curve applied to the full-width half-maximum would be able to perfectly
find the central position; however, noise prevents accurately calculating the position of

the Gaussian curve and, therefore, the central position of the fluorophore.

6.3 Structured Illumination Microscopy

SIM was previously discussed in chapter 2, and this section will explain how to imple-
ment SIM for imaging. A few system optimisations are required to image with SIM: the
solution in which the sample is suspended, the refractive index of the immersion oil,
and the correction on the objective correction collar. The solution in which the sample
is suspended is required to match the NA of the glass slip that contains the sample for
the best imaging. Typically, when imaging with SIM on the system at the University of
Southampton, glycerol is used as the solution in which the sample is suspended, as it
has a refractive index of 1.46, which closely matches the refractive index of the glass
that the sample is on, of around 1.5. However, glycerol would cause polymerisation,
and the result of polymerisation could be imaged with XUV ptychography. Phosphate
Buffer Solution (PBS) was therefore used instead, as this solution was not destructive
to the sample, though PBS’s refractive index of 1.335 does not match the refractive in-
dex of the glass. Other fluids were not used due to the logistical constraints of aligning
beam time and sample preparation time with other time constraints. This was a limit-

ing factor for this attempt at imaging with SIM.

Immersion oil is used to remove air between the objective and glass slip, and the objec-
tive correction collar is used to adjust the refractive index of the objective. To optimise
the immersion oil refractive index and objective collar correction requires imaging with
SIM. Three immersion oils with refractive indices 1.5, 1.51, and 1.52 were tested, with
the highest-quality images being from the immersion oil with a refractive index of 1.51.
Then, multiple images were taken while varying the objective collar by adding a refrac-
tive index correction of 0.013 to 0.019. The highest-quality images from these tests were
acquired when the correction collar was set to 0.017, giving a total refractive index of

1.517.
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Images were then collected at focuses for seven equally spaced heights over a range of
0.6 ym to be able to focus on the sample, where manual refocusing was not required
between each image. Unfortunately, the optical transfer function used in SIM recon-
struction was designed for a refractive index of 1.51, limiting the quality of the recon-
struction. This is the first challenge of correlative imaging between the four techniques;

imaging with SIM was possible, but the images are not of the highest resolution that

SIM can produce.

FIGURE 6.1: Comparison of raw data collected for SIM (A), and the reconstructed
image of the mouse neurons (B), with tubulin stained with Alexa-488 (green) and actin
stained with Alexa-647 (red).

These images were taken by myself after being given instructions on how to use the
SIM system from Dr Mark Willett. From figure 6.1 it can be seen that the use of SIM
improves the raw data collected. Though the sample has not been optimised for the
SIM imaging, it has still produced a super-resolution image. The tool called SIMCheck
was developed by Ball et al. in 2015 (110). I then used this tool for the following analysis
to calculate the resolution and quality of the SIM images in figure 6.1. The resolution is
defined by the edge of second-order information; quality is determined by high levels
of modulated contrast-to-noise, and a low rate of change in the intensities through

different z-heights for the three moiré patterns.

When analysing regions of super-resolution the modulation contrast-to-noise ratio is

used to measure the quality. The modulation contrast-to-noise ratio is the ratio of the
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modulation transfer function and the noise power spectrum, where the modulation
transfer function is a measure of the quality of the contrast. Regions of higher modula-

tion contrast-to-noise ratio correlate to a region of higher quality.

FIGURE 6.2: Heat map of modulation contrast-to-noise ratio for the reconstructed im-
age (B) from figure 6.1.

From figure 6.2, it is shown that the reconstructed image has high levels of modula-
tion contrast-to-noise, resulting in a high-quality reconstruction. The regions of low

modulation contrast-to-noise are where there were no fluorophores.

Another check for the reconstruction quality is the moiré patterns” angles. This check
is to make sure the moiré patterns” angles are calibrated well, and do not change when
imaging at different z-heights. When imaging with SIM, multiple images are taken at
different z-height to find where the image is in focus. To find if the moiré patterns’
angles have been calibrated correctly, the rate in change of mean intensity through the
different z-heights should be similar for the three moiré patterns” angles. The three

moiré patterns’ angles can be found by the three regions of similar intensity.
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FIGURE 6.3: The mean intensity of each data slice taken used in the reconstruction of
the image (B) in figure 6.1

From figure 6.3, the three angles of the moiré patterns can be seen at scans 1-30, 31-60,
and 61-90. The rate of change in intensity through different z-heights for the three moiré
patterns” angles are similar, and therefore, the system’s calibration can be considered
successful. If the rate in change of mean intensity through the different z-heights for
the three angles of the moiré patterns were not nearly equal, the system would have
to be recalibrated. The data are ordered in the axis by their phase, Z, angle, and then
time. The data are first ordered by their phase of the illumination pattern, then by the
Z-height in which those data were taken, then the angle of the illumination pattern,

and then finally by the time the data were taken (110).

To quantify the resolution of the image reconstructed with SIM, the Fourier transform
of the reconstructed object is used. When performing a Fourier transform on SIM data
a 'flower’ pattern emerges, and the edge of the outer "petals” denotes the maximum of
the second-order components (110). The second-order information is higher frequency

information gained from the moiré patterns.
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FIGURE 6.4: The Fourier transforms of the reconstructed image (B) from figure 6.1,
with concentric rings denoting the spatial frequency in mm.

From figure 6.4, a 'resolution’ of 130 nm can be measured as defined by the software,
as this is the edge of the second-order information. To find the maximum possible

resolution of this system, the Rayleigh criterion is used; the Rayleigh criterion is defined

by:

0617

a NA

(6.1)
where A is the wavelength of light, and NA is the numerical aperture defined by (2.1).
Where SIM uses second-order information, half of d is the maximum resolution, lead-
ing to a maximum resolution of this system of 120 nm, using a wavelength for 488 nm
and an NA of 0.125. Therefore, while not optimal, the image (B) in figure 6.1 is not far

from the best image achievable.

6.4 Lightning

Lightning is the Leica-specific form of deconvolution, which is a development of con-

focal imaging discussed in Chapter 2. This chapter will explain the implementation of
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Lightning for imaging. Restricting the size of the pinhole used in confocal microscopy
during the scanning process of the sample results in a sharper PSF (111). Deconvolution
can be used to further sharpen the image; in normal deconvolution, the regularisation
is based on the Richardson-lucy procedure(112). Lightning uses an improved form of
deconvolution called adaptive deconvolution that uses local image properties to adapt

the deconvolution approach (113).

Lightning is the simplest to use of the three fluorescent-based techniques here. While
Lightning can be performed with the sample in any solution as the reconstruction can
account for this, one close to the glass’s refractive index will minimise the refractive
index mismatch. It is possible to use the confocal microscope of the system to image
the entire sample initially, then a region of interest can be selected and Lightning per-

formed.

FIGURE 6.5: The deconvolved image of mouse neurons (B), with tubulin stained with
Alexa-488 (green) and actin stained with Alexa-647 (red). The white square indicates
the area used for figure 6.6.

Figure 6.5 shows the deconvolved image reconstructed from the Lightning imaging
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technique. When determining the 'resolution” of an image reconstructed by Lightning
as defined by the Laica software, the full-width half-maximum of the smallest feature

is typically used. First, the smallest feature needs to be identified.

|
1 um
FIGURE 6.6: A zoomed-in region of figure 6.5, a deconvolved image of mouse neurons

(B), with tubulin stained with Alexa-488 (green) and actin stained with Alexa-647 (red).
The yellow line indicates the cross-section used for figure 6.7.

Figure 6.6 shows a zoomed-in region of figure 6.5 where a small feature has been iden-
tified, by analysing the full-width half-maximum of many features. From here, the

cross-section is taken to calculate the resolution.
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FIGURE 6.7: The full-width half-maximum of the smallest feature from figure 6.6.



6.5. STORM 159

From figure 6.7, the full-width half-maximum is calculated to be 130 nm using the fit
function in MATLAB using a fit type of ‘gauss2’ (114). Leica states that Lightning can
reach resolutions of 120 nm (113), so again, this is not the best the technique can reach;
however, this sample was not optimised for Lightning and is a good image given the

limitations.

6.5 STORM

STORM was previously discussed in chapter 2, and this section will explain how to
implement STORM for imaging. When performing STORM a bulffer is required, and is
used to keep the fluorophores in the triplet state for longer. The buffer consists of two
parts: the reducing agent, and the oxygen scavengers. STORM necessitates inducing
the electrons of the fluorophores into a triplet state to stop their fluorescence, where the
triplet state is a long-lived dark state. Electrons have a low probability of entering the
triplet state instead of the singlet state when excited; the reducing agent can make the
electron enter the triplet state through radical anion states (115). This increases the time
in which the fluorophore is in the dark state. To maintain the radical anion states, the
removal of oxygen is required. The oxygen scavengers are therefore used to minimise
oxygen concentration when performing STORM to extend the duration of the triplet

state (116).

With the powers of the lasers and the time involved in performing STORM, the region
of the sample being imaged will typically become photobleached. This is an issue that
can affect the repeatability. STORM was not possible on the system at the University
of Southampton, however, and was therefore performed with a different sample, made
by the same group that made the previous sample with the same method, on a system

at Rutherford Appleton Laboratories.
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FIGURE 6.8: The STORM image of mouse neurons (B), with tubulin stained with
Alexa-488 (green) and actin stained with Alexa-647 (red).

This image was taken by Dr Charles Pooley and myself. Figure 6.8 shows STORM’'s
ability to resolve individual fluorophores with a high signal-to-noise ratio. To find
the resolution of figure 6.8, the cross-seciton of an imaged fluorophore can be used to
calculate the PSF of the fluorophore. STORM's resolution is defined by the accuracy of
the central position of the PSE.
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FIGURE 6.9: The full-with half-maximum of the smallest feature in figure 6.8.

Figure 6.9 shows how a resolution of 50 nm can be recovered, where this is the range
in which the centre of the PSF is located. This is not ideal compared to the maximum
resolution of STORM being around 20 nm. This highlights the difficulty of imaging

with STORM where careful optimisation is required to reconstruct high-quality images.

6.6 Comparison

When attempting this correlative imaging, certain issues arose preventing a true com-
parison of the techniques. These issues were the refractive mismatch incurred from the
solution the sample was submerged in, incorrect OTF leading to sub-optimal recon-
structions from SIM, the STORM laser not working, and damage incurred to the mem-
brane during transportation. Only the combination of SIM and Lightning required the
sample in the same conditions for maximum resolution when imaging; therefore, three
different conditions are required to do correlative imaging with neurons. These con-
ditions can be changed between imaging techniques and are not an intrinsic issue of

correlative imaging.

Imaging the same region of the sample was prevented by technical and physical lim-
itations. The technical limitations for imaging the same region were with SIM and
STORM, where finding the same regions would have caused much photobleaching,
thus reducing the resolution of future imaging. Lightning also causes photobleach-

ing, but using a confocal microscope to map the whole sample minimises this effect.
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The physical limitation was that the sample is fragile and became damaged between
the four imaging techniques, though a different region with similar structures was im-
aged. The optimal solution to image the sample for SIM and Lightning would leave
the sample marked, so increased refractive mismatch had to be endured to avoid this.
If the samples were marked there would be polymerisation and this would be imaged
with XUV ptychography. The STORM buffer is toxic to the sample if left for a prolonged
time, damaging the sample, which would have been a factor when imaging with XUV
ptychography. Despite these factors, it was still possible to image similar regions with

the four techniques.
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(©)

FIGURE 6.10: A comparison of images from the four techniques: (A) is the recon-

structed SIM object from figure 6.1, (B) is the reconstructed Lightning object from fig-

ure 6.5, (C) is the reconstructed STORM object from figure 2.26, (D) is the reconstructed

object of mouse neurons using a double slit aperture (5x1 pm slits spaced 4 ym from
centres).

All of these images were taken by myself, with collaboration with Dr Charles Pooley
for (C). There is only one image of each technique in the comparison due to the difficul-
ties of attempting to image the same sample with four different techniques. From figure
6.10, it is shown that STORM had the highest resolution, but all of the fluorescent-based
imaging techniques could discern the actin from the tubulin. XUV ptychography can

not differentiate between tubulin and actin as their refractive indices are too similar to
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use the retrieved phase to identify them. XUV ptychography of neurons had a resolu-
tion of 80 nm (117); however, the smallest features suffer from the low y-axis resolution
of the double slit aperture, and XUV ptychography cannot differentiate the tubulin and

actin from each other.

6.7 Summary

Throughout this chapter, the techniques of SIM, Lightning, and STORM have been dis-
cussed in further detail, giving a greater understanding of what is required to perform
the three techniques. The individual methods used for calculating the resolution of
these techniques have also been discussed, showing that SIM and Lightning nearly
achieved maximum resolution, and STORM achieved less than half its maximum reso-

lution.

For this correlative imaging to work, additional steps and preparation would need to be
taken. When discussing with the head of microscopy for the University of Southamp-
ton Biology Sciences it was suggested that an indexable stage insert could be used to
position the sample during SIM and STORM such that the same region would be im-
aged as with Lightning and XUV ptychography. This positioning could then be refined
with fiducial markers, such as gold nanoparticles, facilitating clarification of the region

of the imaged sample.

Another optical transfer function for SIM would have to be created for the use of Phos-
phate Buffer Solution (PBS) to give optimal reconstructions. A new microscope is cur-
rently being delivered to the University of Southampton that would allow for the future
use of STORM. This is important as the samples are fragile, and transporting them be-
tween faraway locations would be to the detriment of the samples’ structural integrity,

as even transporting them between buildings on the same campus caused damage.

Different methods of calculating resolution were discussed; if a Fourier correlation
were used, it would have been possible to identify if all spatial frequencies from the
image of fluorescence-based techniques were accurately represented. This lack of cor-
relation could have led to inflated resolutions where spatial frequency components may

not be accurately represented for the object imaged.
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If the resolution of the actin and tubulin positions does not need to be less than 120 nm,
then Lightning and XUV ptychography would be the simplest method of correlative
imaging. Using the confocal microscope to image the entire sample and then choos-
ing multiple regions to perform Lightning with, XUV ptychography can find the same
regions with a transmission intensity scan; however, if less than 120 nm resolution is

desired for the actin and tubulin positions, then SIM or STORM would need to be used.
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Chapter 7

XUV damage

Damage caused to the sample is a major problem with hard X-ray techniques, as this
damage can result in the small features of the sample being lost, limiting the resolution
and repeatability of the experiment. In this chapter, an investigation into the limits of
XUV damage thresholds is explored, with comparisons between a 42 eV beam from
XUV ptychography and a 7.3 keV beam from a synchrotron. 7.3 keV was used as this
is above the K-edge of iron of 7.11 keV, and the beam was tuned to detect iron in a
previous experiment. During this experiment is when the damage to the sample was
observed. First, the dose of radiation that a sample experiences is defined to compare
the amount of radiation each technique deposits. Then, the mechanism behind the be-
lieved cause of damage from hard X-ray techniques is discussed, and why XUV imag-
ing is unaffected. Finally, an attempt will be made to quantify the damage threshold of

XUV ptychography.

7.1 Radiation dose unit: Gray

Grays (Gy) are the SI unit used to quantify the radiation dose an object is exposed
to, where a higher amount of Grays means more radiation is being deposited on the

sample. The radiation dose in Grays is defined as:

E
D= (7.1)
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where E is the energy of the radiation absorbed, and m is the mass of the object being
dosed by the radiation. Grays can therefore be expressed as J - k¢g~! or in SI units
as m? - s~2. The energy of radiation absorbed when performing ptychography can be
defined by a formula derived from Howells et al. (118) and used by previous members

of my group Pete Baksh et al.(119) is:

D— Nohv

7.2
L,nS 72)

where Nj is the number of photons incident on the sample in the area S, hv is the photon

energy, L, is the attenuation length, and n is the average density of the sample.

For a 10 um circular aperture using 251 scans with a scan area of 40 um?, the total
photons would be 9.0-10° with an energy of 42.5 eV, the attenuation length is 0.03 pm
(1), and the density of brain white/grey matter is 1060 kg/m? (120), the Grays would
4.8-10°.

7.2 Damage mechanism

It was found through previous research from Pete Baksh et al. in 2017 (119) that high-
energy photon, 7.3 keV, imaging techniques cause damage to the sample, and low-
energy photon, 42 eV, imaging techniques do not from a single data set. The damage
caused is where the smallest features of the sample are destroyed and, therefore, are not
there when imaged. The radiation dose of the 7.3 keV technique deposited 4-10° Gy on
the sample, compared to the 4.4-107 Gy of the 42 eV technique (119). This implied that
the amount of radiation deposited did not drive the damage caused by a technique, but

instead the photon’s energy caused the damage (119).

High and low energy photons are both ionising radiation for carbon atoms, a common
element in biological samples. In 1972 Kanaya and Okayama introduced the following

equation to calculate the electron penetration depth into a solid material (121):

_ 00276 x A g

R= ", (7.3)
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where A is the atomic weight of the material, Z is the atomic number of the material, p is
the density of the material, and E is the incident electron energy. A photon energy of 42
eV has enough energy to interact with the first two outer shells of carbon; therefore, the
photoelectrons produced are of low energy and the damage caused will be minimal as
the penetration depth is around 5 nm (122). Whereas, 7.3eV greatly surpasses the inner-
shell’s ionisation energy of 283 eV, allowing the 7.3 keV photon to eject the inner-shell’s
electron. When the inner-shell electron is ejected, an electron from a higher energy level
may fill the vacancy and release energy that is usually transferred to a valence electron,
causing the valence electron also to be ejected; this is the Auger effect (123). Due to the
high energy of the 7.3 keV photons, the primary and secondary ejected photoelectrons
have a penetration depth beyond 100 nm (122), and this penetration depth also leads

to greater radiation damage of the sample.

Where the synchrotron radiation pulse length was on the scale of nanoseconds, and
the XUV ptychography was on the scale of femtoseconds, the damage may also be
related to the temporal nature of the radiation. The short pulse duration of the XUV
ptychography radiation may be too short for the neuron’s atoms to respond, preventing

the damage from being incurred; however, this is speculation.

7.3 Attempted XUV damage of Neurons

Even though high-energy photons cause the mechanism related to damage, ionisation
is still being caused by 42 eV photons. To investigate the damage threshold when imag-
ing with XUV ptychography, two images of reconstructed objects are required with an
attempt at damage in between. The object being imaged was a neuron sample; this
sample was prepared by the same group in the Biological Sciences at the University
of Southampton that prepared the samples in Chapter 5. Creating the sample used
in this chapter started with a fifteen-to-eighteen-day-old mouse embryo. The embryo
was dissected, and the neurons were extracted and transferred to a nutrient-rich agar

medium.

First, a 40 ym by 40 ym region of neurons was imaged using a circular aperture (10
pum diameter) over 197 scan positions with a step size of 3 ym over three exposures for

a total exposure time of 11.1 s; this deposited 9.4-10° Gy over the entire sample. The
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object was then reconstructed to clarify that the region imaged had small features so
that if the sample were to be damaged in the next step, the small features would be
removed via the damage incurred. Next, the imaging routine was used to deposit an
increased dose of radiation on a scan area of 10 ym by 10 ym over 197 scan positions
with a step size of 0.75 ym over three exposures for a total exposure time of 33.3 s; this
deposited 4.5-10” Gy over the reduce scan area, this dose was forty-eight times higher
than the previous imaging deposited. The forty-eight times higher radiation dose was
chosen for multiple reasons: if tomography were to be performed in the future, this
would require imaging over fifty angles, and if the sample were damaged at forty-eight,
then tomography would not be possible. Another amount of Grays, such as forty-nine
times the normal dosage, was not chosen because a number in the region of fifty was
needed and forty-eight times worked well with our data acquisition methods. When
imaging with ptychography a sample would not be imaged a thousand times and forty-
eight times was a reasonable number of times a single sample would be imaged. If the
sample were to be damaged at a thousand times this would not give much insight into
the damage threshold of XUV ptychography on neurons, as this would only give the
information damage happens somewhere between two and a thousand times. COVID
prevented further investigation into the damage threshold beyond forty-eight times.
Finally, the same 40 ym by 40 ym region of neurons was imaged again using a circular
aperture (10 ym diameter) over 197 scan positions with a step size of 3 ym over three
exposures for a total exposure time of 11.1 s; this deposited 9.4-10° Gy over the entire
sample. Finally, the object was reconstructed to investigate whether the small features

were damaged.
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(©) (D)

FIGURE 7.1: Reconstructed objects of a 40 ym by 40 ym region using a circular aperture

(10 ym diameter) with 197 scan positions with a step size of 3 ym, (A) reconstructed

object of the sample before attempted damage, (B) reconstructed object of the sample

after attempted damage, and region of attempted damage (black box). (C) and (D)
show the regions in the black boxes from (A) and (B) respectively.

From figure 7.1, there is no visible damage in the region where the increased dose of
45107 Gy was deposited. To discover if the smallest features have been damaged,
an FRC and FLC can be taken to analyse the resolution at higher spatial frequencies,
where the removal of small features due to the damage would correspond to a worse

correlation at higher resolutions.
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FIGURE 7.2: (A) the FRC of the two reconstructed objects in figure 7.1, and (B) the FLC
of the two reconstructed objects in figure 7.1.

From figure 7.2, it is clear that the reconstructed object after the attempted damage still
contains the small features and that they have not been damaged as the FRC reaches
the resolution at the Nyquist limit of the CCD. Although there is a low correlation be-
tween 104 nm and 106 nm, if the sample had been damaged, smaller features would
have also been affected. The FLC does show a low resolution at 45°; however, the reso-
lution is still high along the x-axis and y-axis, which would also be low if damage had
occurred. This shows that XUV radiation, when performing ptychography, the sample
is not damaged within a reasonable amount of imaging, forty-eight times higher than

required for a single image of the reconstructed object.

74 Summary

This chapter discussed the amount of radiation absorbed by hard X-rays and XUV
beams, with XUV being found to deposit more radiation onto the sample. The cause
of damage instead is due to the energy of the photons in each technique, where higher
energy photons can ionise the inner-shell electron and cause the Auger effect, with the
inner-shell electron ejection causing another electron to be ejected. The penetration
depth of the hard X-rays is over 100 nm compared to the XUV beam, only causing a
penetration depth of 5 nm. Both of these effects cause hard X-rays to cause much more

radiation damage than XUV beam:s.
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The damage threshold for XUV imaging on neurons was not found; therefore, radiation
damage does not currently need to be addressed. The low levels of ionisation caused
by XUV are not enough to damage the sample within a reasonable amount of imaging,
where the same region can be imaged fifty times with no discernible damage to the

sample.
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Chapter 8

Conclusion and Future Work

8.1 Conclusions

8.1.1 What Makes a Good Probe?

Chapter 4 introduced a directional resolution with the FLC, which is a more detailed
approach than an FRC. FRC is the average Fourier correlation of all directions, and an
FLC is the Fourier correlation of a specific direction. As part of this research, the FLCs
of experimental data were calculated for different apertures, and the importance of the
probe’s angular spread in a direction was linked to the improved Fourier correlation in

that direction.

Chapter 4 would not have been possible without the accurate simulation of an XUV
ptychography system, as all facets of the system could be changed almost instanta-
neously. This has led to a greater understanding of the robustness of the reconstructive
algorithms when applied to real-life conditions. With the simulation, the lack of impor-
tance of flux beyond the flux required to reach the resolution at the Nyquist limit was

discovered, and with diminishing returns afterwards.

With the discoveries throughout chapter 4, it was decided that the ring aperture would
result in a probe capable of high resolutions of reconstructed objects. This would com-
bine the radial symmetry of the circular aperture to have an equal resolution in all
directions, and the double slit aperture, which has a large angular spread. The ring

aperture proved to excel with reconstructions, reaching 33 nm resolution, which can
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image neurons to greater resolution than currently possible with our XUV ptychogra-
phy system. This increased resolution will allow samples to be imaged with a higher
resolution and allow smaller features that may have not been reconstructed to be re-

constructed.

8.1.2 Correlative Imaging

In chapter 5, correlative imaging between SIM, STORM, Lightning, and XUV ptychog-
raphy was attempted. With non-optimal parameters, SIM and Lightning were nearly
able to achieve the maximum expected resolution, both with 130 nm resolution and a
maximum resolution of 120 nm. STORM was not possible on the same sample, and
a previously taken STORM image had a resolution of 50 nm, far from the maximum
resolution STORM can achieve of 20 nm. When using XUV ptychography, the same

region could not be imaged, but a resolution of around 100 nm was achieved.

Chapter 5 showed the difficulties of not only correlative imaging with the four tech-
niques, but the difficulty of imaging with SIM and STORM. The solutions to the issues
presented by correlative imaging were also discussed. If these issues can not be re-
solved, then the use of Lightning and XUV ptychography could be used for correlative
imaging, which will show the composition and the structure of the neurons. If the is-
sues are resolved, the higher-resolution fluorescence-based technique of STORM could

be used.

8.1.3 XUV Damage

This chapter discussed the mechanism believed to cause damage to the sample in high-
energy photon techniques, such as 7.3 keV. The high-energy photons cause ionisation of
the inner-shell electron, also causing the Auger effect. Low-energy photon techniques
of 42eV only ionised the two outer shell electrons, leading to minimal damage. The
unit for the radiation deposited on the sample, the Gray, was also discussed; however,
the does in Grays was higher for the measurement at 42 eV, showing that dose amount

alone is not a suitable parameter to describe damage.

When attempting to damage the sample with XUV ptychography, a region was exposed

to a dose fifty times higher than normal. When imaged again, there was no discernible
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damage. The damage threshold of XUV ptychography using a photon energy of 42eV
was not found; it can, therefore, be assumed that the threshold is far above a reason-
able amount that the sample would ever be imaged with and would not limit future

experiments, such as tomography, which require many images.

8.2 Future Work

8.2.1 Ring Aperture

With the potential shown by the ring aperture, the fabrication of the aperture and ex-
perimental adjustment would be required. Fabrication would only take time as the
required material has already been acquired. The mounts for the samples are currently
too large to allow the detector to be as close as 1.35 cm from the sample. Imaging at a
1.35 cm sample to detector distance requires no binning; this would cause the imaging
to take four times as long. This would total eight hours; the CCD can only currently

image for three consecutive hours without breaking.

If this aperture were to be created and the ptychography imaging system improved,
higher resolution images could be taken. This will unlock small features within the

reconstructed objects lost due to the lower resolution of the circular apertures.

8.2.2 Super Resolution

While initial attempts at super-resolution proved unsuccessful, adjustments to the re-
constructive algorithms or the inputted data would allow for increased resolution in

both new and old data.

8.2.3 Correlative Imaging

Preparations can be undertaken with a greater understanding of what is required to
perform correlative imaging between SIM, STORM, Lightning, and XUV ptychogra-
phy. An indexable stage and fiducial markers can be used to reliably locate the same
region of the sample. An optical transfer function for PBS for SIM and a powerful laser

for STORM are required.
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It would be possible to image with just Lightning and XUV ptychography to perform
correlative imaging. This would allow the identification of actin and tubulin within the
neurons on a reconstructed object from XUV ptychography with images from Light-

ning.

8.2.4 Sample in Water Vapour

I performed work towards imaging a sample at atmosphere, as discussed in chapter 4.
This would involve encasing the sample between two membranes with water vapour
inside. By 3-D printing a 50 ym thick square that is used to space two membranes apart,
it is possible to keep the sample at atmosphere while in the vacuum chamber. This will
have the issue of greater beam attenuation, but will allow the sample to be imaged
without being exposed to the vacuum and minimising damage. Imaging samples at
atmosphere will give a more accurate image of what the neurons are meant to look like

before drying or being fixed, as these processes will alter the samples.
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