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Visualisation of nano structure is essential for rapidly evolving fields such as lithography,

and to gain a greater understanding of mechanisms behind biological processes. This

thesis focuses on using coherent diffraction imaging methods to resolve fine biological

structures using a high harmonic generation source and a synchrotron source. The

majority of work is focused on developing imaging using the ptychography technique

using extreme ultraviolet radiation (EUV) at the University of Southampton.

The state of the high harmonic generation imaging beam line is first improved. Flux,

stability, and coherence have all been improved in order to meet the required beam

characteristics for ptychography imaging. We present published experimental data that

shows the first high resolution transmission polychromatic ptychography result from

a high harmonic source. To the best of our knowledge we also show the first near

field ptychography reconstruction on a high harmonic source. The very first images of

real biological samples (chromosomes and hippocampal neurons) using high harmonic

generation ptychography are presented. We can achieve 54nm resolution over 100 µm

field of view of weakly scattering samples imaging both phase and amplitude. Our EUV

microscope is compared to data collected using an established hard X-ray synchrotron

source, where it is found far more information can be extracted from the inexpensive

table-top source at the University of Southampton.
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Chapter 1

Introduction

Three hundred and fifty years on from when Robert Hooke changed the way we observed

the microscopic world, in ‘Micrographia’ [1], the next frontier in science is conquering

an understanding of structures on the nanometre scale. Processing power has to date,

followed the trajectory predicted by ‘Moores Law’[2], and as chip line widths become

smaller and smaller [3] imaging of lithographic defects is essential for the industry to

progress. As we look to the future using ‘bottom up’ development, advances in reliable

high resolution imaging must develop in parallel. Further to this, there is a labyrinth

of unexplained biological processes that require imaging on the nanometre scale to gain

improved understanding.

Optical light microscopes have been the workhorse of imaging for decades and have

opened access to the microscopic world to the masses. However, this type of microscopy

is fundamentally limited by the diffraction limit. The field of research of super resolution

imaging has used numerous techniques to image beyond the diffraction limit, [4], [5], [6].

However, most of these involve artificially attaching fluorescent markers to the imaging

sample. Electron microscopy and contact methods such as atomic force microscopy

demonstrate superior spatial resolution on the atomic scale, however sample penetration

and invasive sample preparation techniques (for biological samples) significantly alter the

native biological state. There are a variety of X-ray sources that can be used for imaging,

however complications arise when trying to manipulate X-ray radiation because of how

high energy photons interact with matter.

In the X-ray spectral region coherent diffraction imaging (CDI) microscopy is becoming

a firmly established microscopy technique at many large scale coherent light facilities.

However these sources are extremely costly, sparsely located and rarely available. In

CDI the diffraction pattern of the sample is collected and computational algorithms

replace the role of the objective lens used in conventional microscopy. It is for this

1
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reason that CDI is particularly useful within the community who use radiation of λ <

200 nm. This project looks at generating coherent extreme ultraviolet (EUV) radiation

from a laboratory based source to image both amplitude and phase of a sample on the

nanometre scale and ultimately to bring soft X-ray microscopy to the masses.

1.1 The Project

The motivation behind this thesis is to establish a scanning coherent diffraction imaging

technique called ptychography, using a high harmonic source of EUV light, as a reliable

form of high resolution quantitative phase and amplitude sensitive imaging. In Chapter

2 the state of the current imaging field is summarised, and the challenges of imaging

at EUV- hard X-ray wavelengths are discussed. The theory behind phase retrieval for

classical implementations of CDI with support constraints is introduced, along with the

methods behind ptychography. Chapter 3 examines the current sources of coherent high

energy radiation. High harmonic generation (HHG) is discussed in most detail because

the project is mostly focused on this particular coherent source. Synchrotron sources

are also discussed, plus plasma and X-ray free electron lasers as alternative high energy

coherent sources.

In Chapter 4, the work characterises essential requirements necessary from the high

harmonic source and investigates the stringent properties of the beam for successful co-

herent imaging, along with the methods required to do this. In order to generate high

flux needed for imaging, well documented phase matching techniques from the litera-

ture are applied, and we utilise techniques to validate our experimental parameters to

optimise phase matching of the high harmonic beam. The source stability is scrutinised

and improved to the highest achievable limit with the hardware available. The mode

quality of the EUV spot is examined using both a charge coupled device (CCD) and

photoresist. Finally, the coherence of the EUV beam was quantified ensuring we could

guarantee a source of coherent photons on a regular basis.

Chapter 5 is based on experiments at the Diamond Light Source (DLS), using coher-

ent hard X-rays generated from a synchrotron source on the I13 beam line. The high

energy photons are used to image internal structure of samples and also to spatially

map elements using X-ray fluorescence. Results of spatial imaging using ptychography

and fluorescence imaging are shown for both test samples and a real sample of mouse

neurons extracted from the hippocampus.

Chapter 6 presents the results from imaging experiments using the HHG source at the

University of Southampton. Published data from a simple binary object using single
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position CDI is presented. The limitations of this method are discussed in order to

show the evolution of the project from single position CDI to ptychography. Data is

presented that shows the first monochromatic transmission ptychographic reconstruction

from a HHG source and the largest field of view ptychographic reconstruction from a

HHG source. Published data of the first broadband ptychographic reconstruction of

test samples is presented. The end of the chapter presents cutting edge work, imaging

phase and amplitude of both human lymphocyte chromosomes, and mouse hippocampal

neurons. This is a significant step in the HHG community, demonstrating the usefulness

of high harmonic generation ptychography (HHGP) to biology and establishing the

technique as a significant tool to understand biological mechanisms better.

Chapter 7 presents a comparison of imaging using hard X-rays and EUV radiation.

Whilst both techniques image at comparable resolutions each imaging modality presents

both positives and negatives. The mouse hippocamal neurons are used as a sample

imaged on both systems for comparison.

Chapter 8 outlines the future for this project. When developing novel microscopy tech-

niques one must always be aware of the capability of other sources and how one’s own

source competes. High harmonic sources are unique in that they produce femtosecond

pulses, and so there should be an emphasis on time resolved spatial imaging. Further

to this, the spectral region so desirable to biologists, ‘The Water Window’ is yet to be

suitably investigated using coherent imaging from a high harmonic source. Investigation

into the development of suitable flux, stability and coherence to image in this spectral

region is required.



Chapter 2

Introduction to Lensless Imaging

2.1 Introduction to Microscopy

The first optical microscopes developed using modern optical principles and precision

lenses were produced by Ernst Abbe and Carl Zeiss in the late 1800s [7]. Soon after

these first microscopes were developed, the late nineteenth century saw an explosion

of optical microscopy designs. Microscopy is an ever evolving field and because of this

there have been countless forms of microscopy. If the reader is interested to learn more

about early microscopy, reference [8] is recommended.

In this chapter a brief literature review of the field of super resolution microscopy is

discussed. The physics behind interactions of photons with matter is presented, and

useful mathematical relations required in this project are derived. The effect of high

energy photons on matter are considered. Finally, the phase retrieval algorithms neces-

sary for coherent diffraction imaging (CDI) are discussed, specifically for single position

CDI using support constraints and for ptychography.

2.1.1 Image Formation

In a typical optical microscope design the sample is illuminated either from the front of

the sample (reflective geometry) or from the rear of the sample (transmission geometry).

In both cases the principle of image formation is the same. However, for understanding

and consistency the following text will be in the context of transmission geometry mi-

croscopy. As light illuminates the sample in the focal plane of the microscope, the light

is either reflected, refracted, absorbed, or diffracted. Reflected light does not contribute

to the image in this case, nor does absorbed light, however the diffracted and refracted

light pass through the sample, exhibiting a phase and amplitude change in comparison

4
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to light that was unaffected by the sample. This light is then collected by the objec-

tive lens which effectively ‘organises the phases’ of the diffracted light. The undeviated

light is projected by the objective onto the imaging plane where it interferes with the

scattered light. Extra magnification can be obtained by placing an eye lens after the

objective lens.

2.1.2 Resolution

The resolution that can be obtained from standard microscopy using probing radiation

(in most cases) is fundamentally limited by the wavelength of the radiation. It is further

limited by the geometry of the microscope that can be quantified by the numerical

aperture (NA). The NA is the maximum acceptance angle of the diffracted, reflected or

refracted radiation that can be measured by the detector, given as NA = n(λ)sin(θ).

n is the wavelength dependent refractive index of the medium and θ is the maximum

acceptance angle.

Ernst Abbe proposed that an object of size d can be resolved by an optical system if

the 0th order and at least the first order of the diffracted light are captured by the

detector. His formula on the smallest resolvable object is d = λ
2NA , where NA is the

numerical aperture. In order to capture higher diffraction orders, higher refractive index

materials can be used between the lens and sample, and this can improve the resolution

of the optical system. Commonly, in optical microscopy, an oil immersion lens is used

to improve resolution in this way. Using an oil of refractive index of 1.5, which is very

similar to glass, an extremely high NA can be achieved. Oil immersion lenses can achieve

NA equal to 1.6 as opposed to a high NA refractive dry lens whose NA is only 0.95.

The Rayleigh equation is often used as the standard equation to define resolution

δr = C.
λ

NA
(2.1)

where NA is the numerical aperture, or the half acceptance angle, δr is equal to the

distance between two resolvable features and C (in the case of Lord Rayleigh’s definition)

is equal to 0.61. This equation was derived from observing where the first diffraction

minimum of one point source aligns with the diffraction maxima of an adjacent point

[9] as shown in figure 2.1. Abbe also defined resolution in the same format as equation

2.1, however in his case C was equal to 0.5. Abbe stated that a periodic object could be

resolved if the first order diffraction pattern could be recorded. Other resolution criteria

have been used to define resolution e.g the Sparrow limit [10]. However each of these

techniques directly relate to the point spread function (PSF), which is a more accurate

method to quantify the resolution [11].
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(a) (b)

Figure 2.1: Rayleigh Criterion: Figure to show how Rayleigh demonstrated the size
of the smallest resolvable feature from an imaging system. (a) shows an object fully
resolved and (b) is the Rayleigh criterion point where the maximum of one diffraction

feature aligns with the first minimum of the second diffracting feature.

Every feature in an image can be decomposed into the individual Fourier frequencies

that make-up the final resolution image. So it follows that the image resolution is the

convolution of the PSF and the function of the object itself, or alternatively it can also

be equal to the Fourier transform of the PSF multipled by the Fourier transform of

the object. This is one of the most intuitive ways to think about the resolution of a

microscope system. If a sample is imaged with a poor system, the resulting picture will

be heavily blurred compared to a good quality system where the image is sharp. In the

case of the blurred image the sample function has been convoluted with a wide PSF,

whereas in the case of the sharp image the PSF is narrow, approaching a delta function.

A measurement of the widths of these functions is a direct measure of the resolving

power of the microscope.

The Fourier transform of the PSF is called the optical transfer function, (OTF) and this

function shows how well each frequency of the object will be transformed to the image,

and ultimately is an all encompassing measure of the resolution [12].

The OTF is a complex function, which examines how well contrast is transferred from

the object to the imaging system, and the imaginary component of the OTF shows how

well the object phase is represented by the imaging system. The modulation transfer

function (MTF) shown in figure 2.2 (b) is the absolute value of the OTF and the complex

component of the OTF is given as the phase transfer function (PTF). In a perfect optical

system both MTF and PTF would be equal to 1 for all frequencies. If the PTF shows a

linear shift as a function of spatial frequency this simply indicates the imaging system
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Figure 2.2: Figure showing how the Modulation Transfer Function (MTF) can be
used to quantify the resolution. (a) shows an example of 2 frequencies that are present
in an object function. If the PSF of an imaging system is known, the Fourier transform
of the PSF will produce a graph similar to that in (b). The OTF indicates the accuracy
of the imaging system to transfer the contrast from the object into the imaging system.
For the low frequency the system has a far better response to transfer the contrast and
resolving power, whereas for the higher spatial frequency the system does not transfer

contrast well. Figure re-created from [12].

has shifted the imaged spatially, which could result from an aberration. Figure 2.2 (b)

shows the expected MTF for a real system. The lower spatial frequencies are usually

represented well in the imaging system; however the imaging systems ability to transfer

the higher spatial frequencies into the image decreases.

2.2 Super Resolution Microscopy Techniques

Larger acceptance angles allow for higher Fourier frequencies to be collected and there-

fore more detail can be resolved in the system. Likewise, using shorter wavelength

radiation will also reduce the smallest resolvable object size. In principle, all probing

radiation based microscopes use this to improve resolution.

Figure 2.3 shows the achievable resolution for common microscopy techniques. All prob-

ing radiation microscopes have a resolution related to the wavelength of the radiation

used. X-ray and extreme ultraviolet (EUV) microscopy achieve high resolution images

because their illumination wavelength is far smaller than optical wavelengths. Whilst we

can improve our resolution using shorter wavelengths, the interaction of matter with the

probing radiation must also be considered since without an interaction, nothing could

be resolved.

Super-resolution microscopy is a field that attempts to resolve objects smaller than

the diffraction limit using optical wavelengths. For an optimal conventional imaging

geometry using optical light the diffraction limit is ≈ 200 nm when using an illumination
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Figure 2.3: Figure taken from [13]. Far field techniques can achieve 100 nm resolution,
and near field techniques can optimistically approach 10 nm, however most of these

techniques will require fluorescence stain.

of λ = 400 nm. The field is extremely vast and fascinating so it is recommend if the

reader requires more information on the topic they explore references [14–16] because

only a brief summary of the field is discussed below.

Many super resolution techniques use fluorescent markers in the sample itself. Confocal

microscopy [17], and multiphoton microscopy are common techniques that use fluores-

cence markers. Both techniques require a spatially apertured laser beam to excite a

flurophore in the sample, however the aperture has less of an effect in multiphoton

imaging. The fluorescent signal from multiphoton imaging can provide up to a
√

2

improvement (in the case of 2 photon absorption) in resolution [18]. Multiphoton mi-

croscopy uses non-linear absorption to reduce the effective size (full width half maximum

FWHM) of the excitation region for a given wavelength. However in the case of 2 pho-

ton imaging, often an IR laser will be used, and so this acts to increase the size of the

PSF. Further to this both of these techniques reject out of focus scattered light leaving

a microscopy system with a very short effective depth of field. This not only provides an

extremely sharp image but can allow for optical sectioning, and so a 3D reconstruction

can be obtained.

In typical optical microscopes, only light from one side of the sample is collected into

the objective lens, limiting the size of the point spread function (PSF). 4Pi microscopy

is a technique that improves the resolution by using two opposing objective lenses that
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scatter light down to the sample focal point. Light is collected by the two objective

lenses, and so more of the scattered light is collected. This technique in combination

with a fluorescent marker can achieve resolution to 100 nm [19].

Structured Illumination Microscopy (SIM), is a technique applied in order to extract

higher Fourier frequencies from the sample. The idea is that if the sample is illuminated

by radiation with a periodic structure, the scattered spatial frequencies will interfere with

the known input frequencies. This creates a beat frequency that encodes higher spatial

frequencies than can be collected by the objective lens. Using multiple orientations

of the sample relative to the structured illumination a high resolution image can be

reconstructed [20].

The following paragraph on super resolution imaging is grouped into the methods that

look to use a spatially patterned excitation beam in combination with fluorescent emis-

sion to improve resolution beyond the limit of diffraction. These methods are STED

and RESOLFT which measure a nonlinear response to an excitation and this is used to

improve resolution. Stimulated emission depletion microscopy (STED) uses two laser

beams. The first laser beam is structured such that it has zero intensity in the central

region and non-zero around this region creating a doughnut shaped beam. The sec-

ond laser beam has no structure and is blue shifted relative to the structured beam.

The intensity in the non-zero region of the structured beam is such that it suppresses

any fluorescence from flurophores, returning them to the ground state by stimulated

emission. This effectively selectively turns off fluorescence in this spatial region of the

sample. Therefore only fluorescent emission from the centre of the beam can occur which

determines the PSF. To reduce the size of the PSF, the laser beam power needs to be

increased which reduces the size of this central region, which has intensity less than what

is required to de-excite the flurophore. Reversible saturable optical linear fluorescence

transitions, RESOLFT, is a similar concept to STED, however instead of using stimu-

lated emission to suppress unwanted fluorescence the method uses saturable depletion.

This is where fluorescent probes can be photo switched between a fluorescent on state

and an off state where they do not fluoresce [21]. The advantage over RESOLFT is that

a laser of lower power can be used to isolate the fluorescent region.

Stochastic optical reconstruction microscopy (STORM), also known as PALM, is a tech-

nique that utilizes the stochastic switching of a single molecule’s fluorescence signal.

STORM avoids the blurring that occurs in conventional fluorescence microscopy where

fluorescent signals from all flurophores superimpose on one another. STORM does this

by using fluorescent probes that can switch between an on and off state. Over many

snapshots an image can be reconstructed where a single flurophore is isolated.
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Finally a technique that is very different to the others discussed above is scanning near

field optical microscopy SNOM. SNOM is a technique that achieves high resolution

imaging by sampling the evanescent wave, and so there is no measurement of any wave

diffraction. The evanescent wave is described mathematically later in the chapter. The

intensity of the evanescent wave falls sharply, exponentially with distance from the sam-

ple surface and can only be detected at distances similar to the illumination wavelengths.

Through measurement of this evanescent wave resolution of tens of nm resolution can

be obtained of the samples surface laterally and vertically. Contrast can be enhanced

through alterations of the incident light polarisation and intensity. Techniques com-

monly used in optical microscopy such as staining and fluorescence can also be used to

improve the contrast. Despite a highly impressive resolution capability SNOM is limited

to the sample surface, and long sample scanning time is required[22].

2.3 Contact Microscopy

Whilst many of the principles of contact microscopy differ from the main ideas in this

thesis, contact microscopy remains an alternative technique that one should be aware

of. All scanning microscopy uses a fine tip to measure the sample surface, and it is the

interaction between this tip and the sample that is measured.

Scanning tunnelling microscopy (STM) measures the current between the tip of a probe

and the sample. A bias voltage is applied between the sample tip and the sample sur-

face and the current that tunnels between the two is dependent on the sample to tip

separation. Measurement of this tunnelling current can give up to a 0.01 nm vertical

resolution and fractions of nm in lateral resolution. STM is an extremely elegant tech-

nique, however requires excellent vibrational control between the sample and the tip.

Further to this, the sample must be conducting, which is a limitation for many samples.

Atomic force microscopy uses the interaction force between the tip and the sample

from mainly van der Waals forces, capillary forces, electrostatic and magnetic forces,

to accurately image surface features down to the atomic level. AFM has a variety of

advantages over other techniques in this class of resolution. No staining or harsh vacuum

environment is required. AFM has two major limitations; one is that it can only image

a small region in one scan, and the second is only surface information can usually be

extracted.
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2.4 Electron Microscopy

As previously discussed, resolution is linearly dependent on the wavelength of the illu-

mination and inversely proportional to the microscope’s numerical aperture. Electron

microscopy addresses shortening the wavelength of the illumination in order to improve

the resolution. During the 1920s experimentalists [23] discovered that electrons can be-

have like waves (wave particle duality) supporting the de Broglie hypothesis [24]. The

fact that a particle moving with a momentum has an associated wavelength can be used

to create extremely short wavelengths 100,000 times shorter than those of optical radi-

ation. The de Broglie wavelength, given in equation 2.2 quantifies the wavelength of a

particle of momentum p where h is Planck’s constant.

λdeBroglie =
h

p
(2.2)

Equation 2.2 shows that if a charged particle is accelerated to a velocity v such that it

has momentum p then the wavelength of the radiation is inversely proportional to the

particle’s velocity. Therefore, if electrons are accelerated to a high enough velocity then

the probing radiation wavelength can be extremely small and picometer resolutions can

be achieved [25]. Electron microscopes typically use energies between tens and hundreds

of keV.

The electron microscope works typically in two regimes, scanning and transmission.

Scanning electron microscopy (SEM) can resolve features of a couple of nm, and trans-

mission electron microscopy (TEM) even smaller. In both systems an electron beam

is accelerated and manipulated using electrostatic lenses to focus the beam onto the

sample. In the case of SEM the electron beam is raster scanned over the sample’s sur-

face. The primary electron beam (PE) weakly penetrates the sample interacting with

the sample’s electrons altering the trajectory during every collision, losing energy in the

process. The mean free path of the electron beam determines the penetration depth,

which is dependent on the material and the initial PE energy. The electron detectors are

positioned around the sample in a reflection geometry to detect the secondary electrons

(SE) and the back scattered electrons (BSE). The BSE are the PE that have undergone

an elastic collision with the sample altering their trajectory from the undeviated trajec-

tory of the PE. SE can be caused either by the PE or BSE which result from an inelastic

scattering event within the sample. These are most likely to be generated at the sample

surface or near to the sample surface since their escape thickness will be small. Often

the PE energies are kept low, 1-30keV, to limit the interaction volume and so improving

the reconstruction of the sample’s surface only.
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When the conditions are such that the mean free path of the electron beam within the

sample is similar to the sample thickness itself, TEM can be used. In this case it is the

PE that are measured. After the electron beam has passed through the sample it is sent

through further magnification lenses to increase the magnification and then is measured

by a detector, in a similar way to optical microscopes.

There are issues when using the electron microscope for imaging biological samples.

Electrons are charged particles and as part of their nature they interact strongly with

the sample itself, depositing a large amount of energy into the sample. Samples can

reach temperatures of 100s of degrees centigrade when placed in the electron beam for

TEM, and slightly less for SEM, however both of these cause significant damage to the

sample. As with many high resolution imaging techniques the imaging environment

must be under a vacuum otherwise electron absorption in air would be too high to

get a signal. This instantly dehydrates the sample. Fixation of samples for use with

the SEM beam can be less aggressive than for the TEM beam, and a simple methanol

fixation can suffice at low energies. For higher energies the sample must be cryo-cooled.

However in the case of the TEM where the sample must be sectioned into ultra thin

slices the sample is first fixed, dehydrated and then embedded in a resin. Further to

this, the sample is often stained with heavy materials to provide contrast within the

biological sample. Whilst the images the electron microscope is capable of producing

are undoubtedly outstanding the question remains as to how close does the sample under

these conditions resemble the sample in its natural state?

2.5 X-ray Microscopy

The discovery of X-ray radiation is credited to Rontgen who first reported the existence

of this high energy radiation in 1895. He subsequently took images of his wife’s hand

which clearly resolved her bone structure and wedding ring. During a similar time

period, Tesla was working with X-rays and had also been working on imaging with X-

rays. The quality of Tesla’s images far surpassed Rontgen’s, however Tesla still believed

Rontgen to be the founder of X-ray radiation.

Since X-rays can be simply produced from a discharge tube, X-rays were quickly adopted

for medical imaging. However to really exploit the resolution that can be achieved using

high energy radiation, the X-rays need to manipulated using some form of lens. Figure

2.4 shows how high energy photons interact with fused silica a material commonly used

in optical lenses.
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Figure 2.4 shows that the interaction between the high energy photons and fused silica

has little effect on the phase of the wave. This is because the frequency of the radiation is

close to the resonant frequency of the medium. This is problematic because the purpose

of the lens is to apply alterations to the phase (dictated by the thickness) at different

spatial positions. The spherical curvature of the objective lens is the physical property

that enables the lens to focus the light. In order for the lens to focus X-ray photons it

would have to be manufactured to be very thick, which is problematic because absorption

losses within the material would be high. It is for these reasons that conventional lenses,

used in optical microscopy, cannot be used with radiation from the EUV and X-ray

spectra.
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Figure 2.4: Graph showing the complex refractive index as a function of wavelength
for fused silica. The data for this figure was generated from the CXRO database [26].
It is showing that for typical soft X-ray- EUV wavelengths the real and imaginary part
of the refractive index are very small in comparison to their values at optical photon
energies. Therefore, in order to achieve the necessary phase shifts in fused silica (for
EUV energies), the optic would have to be engineered to be extremely thick. When the
optic is engineered to be thick the absorption loses would be too high. In contrast, the

value for delta at 580 nm is equal to -0.459, and beta is negligible.

There are methods used specifically to focus high energy radiation to compensate for

the problems associated with refractive lenses as explained above. A commonly used

structure to focus EUV and X-ray radiation is a Fresnel Zone Plate (FZP). The FZP

uses diffraction of light in order to focus radiation. In a simple design the FZP uses a

pattern of concentric rings whose spacing decreases the further the radial distance from

the centre. Using Bragg’s equation for diffraction gratings,

dsinθ = mλ (2.3)
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where d is the spacing between the diffraction objects, m is the diffraction order and

θ is the diffracted angle, it is seen that radiation that passes through at small radial

distances from the centre will diffract far less than radiation passing through the FZP

at large radial distances from the center. For the first order scattering the light should

focus tightly in the Fourier plane [27], [28] as shown in figure 2.5. The radius of each

ring in the FZP can be calculated using the formula;

rn = nλf +
n2λ2

4
(2.4)

where rn is the radius of ring n, λ is the wavelength and f is the lens focal length.

Figure 2.5: Radiation that interacts at large radial distances from the center of the
FZP is diffracted more than for radiation that interacts with the FZP at small radial
distances from the centre. This is used to focus radiation using the diffraction property

of light. Figure taken from [29].

There are common problems to all of the methods used to focus high energy radiation.

Firstly the efficiency of the processes is often poor. For example in the case of FZP the

transmitted amplitude though the holes in the zone plate is 1. However, in the regions

over the bars of the plate the transmitted efficiency is given by [30]

t = e
−2πdβ
λ (2.5)

where d is the bar thickness and β is the real component of the refractive index, discussed

in more detail in section 2.6.1. Because the values for the transmission are often low the

overall transmission efficiency is usually poor. Further to this, order sorting apertures

are often used in combination with a FZP to remove higher order diffraction, further

reducing the efficiency of our diffraction optic.
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A second problem inherent to all optics for high energy photons are imperfections in

the lens on the scale of the illuminating wavelength. A good quality optic for use in the

visible light regime will be flat to approximately 40-70 nm over one wavelength. This is

a flatness equal to λ/10 over one wavelength. This rule also applies in the X-ray regime

in order to avoid distortions and aberrations to the image. However, because X-ray

wavelengths are at least an order of magnitude smaller than the optical wavelengths

an X-ray optic requires flatness of at least an order of magnitude better. This poses

engineering problems.

The discussion above indicates that one of the limiting factors for high resolution and

high photon energy imaging is the quality and affordability of the objective lens. A

method known as coherent diffraction imaging (CDI), an extension of crystallography,

and first experimentally proved in 1999 [31] avoids the requirement of the objective

lens. Instead of the lens, the scatter pattern is recorded from an aperiodic sample and

computational algorithms are used to retrieve the phase of the scatter pattern, which

allows the samples phase and amplitude to be successfully imaged. This thesis focuses

on using these CDI methods with EUV and hard X-rays which are discussed in detail

later in this chapter.

2.6 Interactions of Photons with Matter

In order to understand how illuminating photons interact with the sample, some basic

processes must be understood. It is a combination of these photon matter interactions

that yield the exit wave field from the sample that ultimately propagates to our lens or

detector.

2.6.1 Absorption at EUV/ X-ray Wavelengths

Absorption is a process where a photon is taken in by matter and there is a transfer of

energy between the photon and matter. Absorption of EUV takes place when the energy

of the incident photon is equal to an electron transition. EUV and X-ray photons are

forms of ionising radiation and so when matter interacts with these photons ionisation

(electron removal) takes place. For hard X-rays the photon interacts with a K energy

shell electron, where as for EUV wavelengths the photon will interact with an L or M

edge electron shell. One can assign a probability that during an interaction between

a photon and matter absorption will occur. This is dependent on the energy of the

photon and the Z number of the material. For a photon of given energy the absorption

cross section increases approximately with Z4. The case is not so simple for how the
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absorption cross section varies with photon energy. The absorption cross section is

strongly dependent on the electronic structure of the specific material which means that

there will be large discontinuities in the absorption cross section. For typical soft X-ray

energies large absorption edges occur at the K,L and M shells.

2.6.2 Scattering, Diffraction and Refraction

Scattering is the term used to describe a redirection of radiation after it has interacted

with matter. Radiation can be scattered into all angular directions and the distribution

of the scattered photons is determined by the structure of the scattering object. Diffrac-

tion has a very subtle difference to scattering. Like scattering it is the redirection of

radiation after interaction with matter, however diffraction describes a specific form of

scattering from a well ordered periodic object [28]. The far field scatter patterns from

this diffraction form well defined maxima and minima from constructive and destructive

interference. The angle at which a diffracted wave will propagate is described by Bragg’s

equation as given in equation 2.3. The refractive index is commonly written as

n = α+ iβ (2.6)

where α is the real term which describes how a wave’s phase velocity will alter as it

propagates through the material whereas the complex part of the refractive index, β,

describes the attenuation properties of the material. However, because the real part of

the refractive index is close to unity in the high photon energy regime, the refractive

index is often written as in equation 2.7

n = 1− δ + iβ (2.7)

where in the X-ray regime δ is often very close to 0. Refractive index is a property

that arises because of how the atoms in a material interact with the exciting photons.

Refractive bending is a common phenomenon when a wave passes between two medium

with different indices of refraction causing a change in wave direction at the interface.

The phenomenon occurs because the phase velocity of the wave is a function of the

material refractive index and so as the wave passes across an interface between two

different materials the phase velocity changes causing a bending for all non-normal

incident angles.
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2.7 Wave Propagation

The following discussion looks at some of the mathematical relationships that can be

used to describe how radiation propagates through space. The results from the de-

rived formalisms are used in future sections during the image reconstruction process.

Maxwell’s equations are the set of equations to describe the propagation of electric and

magnetic fields. In the case of wave propagation in free space (without the presence of

charges), Maxwell’s equations are written as shown in equation 2.8,

∇ · ~E = 0

∇ · ~B = 0

∇× ~E = −∂
~B

∂t

∇× ~B = ε0µ0
∂ ~E

∂t

(2.8)

where µ0 and ε0 are the magnetic permeability and the vacuum permittivity respectively.

It is possible to use the vector identity given in equation 2.9, and Maxwell’s equations

to derive the two independent wave equations given in the vector wave equation 2.10.

∇× (∇× ~A) = ∇(∇ · ~A)−∇2 ~A (2.9)

(µ0ε0
∂2

∂t2
−∇2) · ~E = 0

(µ0ε0
∂2

∂t2
−∇2) · ~B = 0

(2.10)

The vector wave equation is equal for both the electric and magnetic fields and so it

is valid to write a scalar wave equation that will be obeyed by all components of these

vectors. That is to say

(
1

c2

∂2

∂t2
−∇2) · Ex = 0 (2.11)

is a valid equation, and this would also hold for EyEzBxBy and Bz. We have also

substituted c into equation 2.11 which is equal to 1√
µ0ε0

. At this point it is possible

to define a scalar field u(r, t) where u has dependence now on both position and time.

It is now conclusive to say that in a dielectric medium that is linear, non dispersive,

isotropic and homogeneous all the components of the magnetic and electric field behave

identically, and their behaviour is described by the scalar wave equation equation 2.12.

(
1

c2

∂2

∂t2
−∇2) · u(r, t) = 0 (2.12)
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From the scalar wave equation the Helmholtz equation can be derived. The relation de-

scribed using the Helmholtz equation dictates the complex amplitude of any monochro-

matic optical wave propagating in a homogeneous dielectric medium, or vacuum. Using

a monochromatic field only, given in equation 2.13, where A(r) is the position dependent

amplitude and ω is the angular frequency, it is possible to insert this into the scalar wave

equation 2.12. The wave number k = 2π
λ is then substituted in to derive the Helmholtz

equation given in equation 2.14.

u(r, t) = A(r)e−iωt (2.13)

(∇2 + k2) · u(r, t) = 0 (2.14)

The following discussion describes the formulation of the angular spectrum model (ASM)

in a similar fashion to Goodman [32]. The ultimate objective of the angular spectrum

model is to find how the field U(x,y,0) evolves when measured at position U(x,y,z).

Let the field represented by spatial coordinates x,y,z at position z=0 be equal to U(x,y,0)

which is related to a spatial frequency spectrum A(νx, νy, 0) using the Fourier transform.

A(νx, νy, 0) =

∫ ∫ ∞

−∞
U(x, y, 0)e−2πi(νxx+νyy)dxdy (2.15)

Similarly the original field U(x,y,0) can be represented as a sum of waves over all fre-

quencies. Each wave with wave vector ~k has a directional cosine, α, β, γ shown in figure

2.6

x

y

z

k

Figure 2.6: Schematic to show the wave vector ~k and and its directional cosines α,
β, and γ. Recreated from Goodman [32].

U(x, y, 0) =

∫ ∫ ∞

−∞
A(νx, νy, 0)e[2πi(νxx+νyy)]dνxdνy (2.16)
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A plane wave propagating with the wave vector ~k, and magnitude equal to 2π
λ is repre-

sented by the time independent equation 2.17

P (x, y, z) = e(i(~k·~r)) (2.17)

where ~r, the position vector is equal to xx̂+yŷ+zẑ. In a similar fashion the wave vector

~k can be written using the directional cosines shown in figure 2.6, ~k = 2π
λ (αx̂+βŷ+γẑ).

Knowing that the square of the directional cosines must sum to unity and |~k| = 2π
λ the

directional cosines can be re written in terms of their frequency components, ν.

α =
kx

|~k|
=

2π
λx
2π
λ

=
λ

λx
= νxλ (2.18)

Replacing the directional cosines into the description of plane wave equation 2.19 is

derived.

P (x, y, z) = e(i2π(αx+βy+γz)) (2.19)

Since the square of the geometrical cosines must always be equal to one, they can be

rearranged such that γ is a function of α and β. It is also useful to express the directional

cosine in terms of λ and ν.

γ =
√

(1− α2 − β2) (2.20)

Substituting the directional cosines into equation 2.16, equation 2.21 is obtained, which

is called the angular spectrum of the disturbance at U(x, y, 0). The result here shows

us that each frequency component is propagating at a different angle.

A(
α

λ
,
β

λ
, 0) =

∫ ∫ ∞

−∞
U(x, y, 0)e[−2πi(α

λ
x+β

λ
y)]dxdy (2.21)

U(x, y, z) =

∫ ∫ ∞

−∞
A(
α

λ
,
β

λ
, z)e[2πi(α

λ
x+β

λ
y)]d

α

λ
d
β

λ
(2.22)

The field U must satisfy the Helmholtz equation written in equation 2.14. Inserting the

intergrand from equation 2.22 into the Helmholtz equation the higher order differential

equation is obtained.

d2

dz2
A(
α

λ
,
β

λ
, z) + (

2π

λ
)2[1− α2 − β2]A(

α

λ
,
β

λ
, z) = 0 (2.23)

A solution to this equation can be :

A(
α

λ
,
β

λ
, z) = A(

α

λ
,
β

λ
, 0)e[ 2πi

λ

√
1−α2−β2z] (2.24)
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Equation 2.24 describes how the wave propagates after its disturbance at z=0. The

field’s propagation is dependent on the factor exp [2πi
λ

√
1− α2 − β2z]. In the case when

α2 + β2 > 1 the quantity inside the square root becomes negative. Thus follows the

exponent becomes real and so, the term describes exponential decay. These spatial

frequencies represent the evanescent field, and quickly decay at distances of order ≈ λ

from the plane of the disturbance. This explains why standard microscopy methods

cannot observe frequencies higher than those of the illuminating radiation. However

in the case α2 + β2 < 1 the effect of the propagation is simply to alter the relative

phases of each components of the angular spectrum. The ASM is used often for near

field propagation calculations, however it is valid also for large propagation distances.

However it is an impractical method to use for large propagation distances, and so ASM

is usually only used for near field propagation.

An alternative approach to ASM is to observe wave propagation through an aperture.

The Fresnel-Kirchhoff diffraction formula in equation 2.25 can be used to describe wave

propagation between planes P0 which contains an aperture and P1 (a plane at position z

where z > 0), as shown in figure 2.7. The Fresnel-Kirchoff diffraction formula derivation

can be found in [32]. The derivation comes from applying Green’s theorem and the

Helmholtz equation to the case of light diffraction through an aperture in an opaque

screen in plane P0. The approximation that z � λ must be used when applying the

Fresnel Kirchoff integral. This integral is shown in equation 2.25,

S

t

z

P1

P0

x

y

r

Figure 2.7: Aperture is in the plane of P0. The wave is measured at a distance z
from the plane P0 at the plane P1. x and y are spatial coordinates in the plane P1 and

s and t are spatial coordinates in the plane P0.

U(x) =
1

λi

∫

P0

∫

P1
U0(x′)

e(ikr)

r
F (θ)dP1dP0 (2.25)

where U0(~x′) is the field in the plane of P0, U(~x) is the field in the plane P1, r is a

vector distance between the source point at ~x′ and the observable point x = x′ + ~r.

F (θ) is known as the obliquity factor which is equal to cos(θ). Using the small angle
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approximation (paraxial approximation), cos(θ) will be equal to 1. Equation 2.25 can

be written just over the surface plane P0.

U(x, y) =
1

λi

∫

P0
U0(s, t)

e(ikr)

r
dsdt (2.26)

The distance r is equal to
√
z2 + (x− t)2 + (y − s)2. An approximation for r can be

used shown below.

√
z2 + (x− t)2 + (y − s)2 ≈ z +

(x− s)2 + (y − t)2

2z
− ((x− s)2 + (y − t)2)2

8z3
(2.27)

If the approximation for r is inserted into equation 2.26 the following equation is derived;

U(x, y, z) =
1

λi

∫

P0
U0(s, t)

e
ik
2z

(2z2+(x−s)2+(y−t)2)

r
ds dt (2.28)

The equation can be simplified by multiplication of the exponent and extracting constant

terms from the integrand.

U(x, y, z) =
1

λiz
e(ikz)e( ik

2z
(x2+y2))

∫

P0
U(s, t)e( ik

z
((
s2+t2)

2
−(sx+ty)))dsdt (2.29)

Equation 2.29 is known as the Fresnel equation which describes the wave field at any

positive distance as long as the distance, provided by z � λ, and the paraxial approxi-

mation applies. Examining this equation closely the definition of the Fourier transform

can be identified. Below, in equation 2.30 the definition of the Fourier transform is given

which is used in the final part of the derivation.

f(η) =

∫
f(x)e−2πixηdx (2.30)

The Fresnel equation can now be described using the Fourier transform operator as

shown below

U(x, y, z) =
1

λiz
e(ikz)e( ik

2z
(x2+y2))F[U(s, t)e( ik

z
((
s2+t2)

2
))] (2.31)

It is useful at this point to define the Fresnel number, F, which is used as an approxi-

mation to determine whether a situation corresponds to the near field (Fresnel regime)

or the far field (Fraunhofer regime). For a source of size, a, where the distance from

source to observation is z, the Fresnel number is given as;

F =
a2

λz
(2.32)
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where for F ≥ 1 the situation is best described using the near field regime and for

F � 1 the regime is the far field. This can be understood looking into equation 2.31.

For the near-field regime the exponent inside the Fourier transform is not small and

so contributes to the diffraction pattern. The diffraction pattern will depend on the

source to measurement distance. In the case of the far field the exponent inside the

integral becomes very small and so becomes unity. It is seen that the field at U(x, y, z)

is proportional only to the Fourier transform of the initial field. This shows that the

structure of the diffraction pattern at this point has dependence on distance (but will

just scale in size with distance from the source plane).

2.8 Biological Sample Considerations

In order to gain a greater understanding of biological mechanisms the X-ray community

aim to image samples in such a way as to; improve image resolution, sample contrast,

sample penetration depths, elemental information, 3D information and the ability to

image biological structure in its natural environment. This section discusses the effects

that high energy photons can have on biological material over a spectral range from the

EUV to hard-xrays.

2.8.1 Resolution and Dose

When imaging using any ionising radiation a percentage of the radiation will be absorbed

into the sample material. This absorbed energy is known as the dose and has units of

the Gray [ Jkg ]. This absorbed energy can have both primary and secondary effects upon

the sample. The primary effects are the direct consequence of an interaction between

ionising radiation and the sample. The photon can interact with the sample by the

photo-electric, Compton or Auger effect. All of these generate energetic electrons that

can begin to break down chemical bonds within the sample. Secondary effects arise

from the production of free radicals in the sample that are created as a result of these

energetic electrons from primary interactions.

In order to image a sample using ionising radiation there will always be some amount

of dose inflicted on the sample, however samples can tolerate a certain amount of dose

before their structure begins to deform. Therefore it is useful to have an idea on the

amount of dose required to image a sample at a given resolution. The following discussion

is based on the work from Howells [33], and is summarised in [34] and [35].

First, we address how much dose is required for a sample to scatter enough photons

such that there is sufficient signal scattered into high angles to reconstruct a desired
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feature size by diffractive imaging. The Rose criterion is used as the guide as to the

SNR required to image a given feature, that is the SNR must be 5 or greater to ensure

no imaging artefact. Howells derived the formula given in equation 2.38 that quantifies

the dose required to image a voxel of d × d × d dimension. Below are the steps in the

derivation of Howells formula in equation 2.38. Initially the number of absorbed photons

is derived. Using the intensity absorption coefficient µ given in units m−1, and N, the

number of transmitted photons per unit area d2 can be calculated ,

N = N0exp
−µt (2.33)

where N0 is the number of incident photons per unit area d2 and t is the thickness given

in units m. For high energy photon illumination such as hard X-rays in combination

with biological samples the material thickness will be far less than the absorption length,

and so a dose, D deposited on the sample surface given in units J
kg is calculated. The

number of photons deposited on the sample surface is given by,

[
∂N

∂t
]t=0 = −N0µ (2.34)

where the energy deposited on the surface per unit area is given as N0µhν and the minus

sign denotes energy has been absorbed by the sample, which we shall ignore in the rest

of the derivation. The surface dose, D is given below in equation 2.35,

D =
N0µhν

ε
(2.35)

where ε is equal to the mass density given in units of kg
m3 . In order to calculate the dose,

D, required to measure a feature of size, d, the fraction of the photons N0 that will

scatter must be calculated. The number of scattering photons, Ns, is calculated by,

Ns = N0σs (2.36)

where σ is equal to the scattering cross section given in equation 2.37 which is valid

assuming the weak phase and weak amplitude approximation. This approximation is

valid for thin samples where the phase shift is small and is a good approximation for

hard X-ray energies however breaks down for EUV photons, where the phase shift is

larger.

σs = r2
eλ

2|ρ′|2d4 (2.37)

re is the electron radius and ρ′ is the electron density. Letting P, equal the number

of photons required to statistically measure the scattered signal, the total dose, D, will

equal,
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Dose =
uN0hνP

ε

1

r2
eλ

2|ρ′|2d4
(2.38)

The results from this calculation are very important. Equation 2.38 implies that the

dose required to resolve a feature of size d is inversely proportional to the 4th power of

d.

For the work in this thesis we span a wide spectral region from the EUV to hard X-rays

so the following discussion on the biological consideration will be divided into EUV, soft

X-rays and hard X-rays.

2.8.2 EUV Considerations

This spectral region has had only a limited interest for biological imaging, however as

the work shows in later chapters of this thesis there is un-explored potential when using

EUV for biological imaging.

EUV wavelengths include energies up to approximately 100eV. Experimental coherent

diffraction imaging experiments using EUV have shown 22 nm resolution [36]. At this

resolution it opens up an exciting world approaching the resolution power of a SEM.

Further to this, the photon energy is low so the sample dose is minimised. The scattering

cross sections for biological material are high at these wavelengths also. Figure 2.8

(b) shows that whilst there is high contrast between carbon and water at 5 nm, at an

illumination wavelength of 29 nm there is also good contrast. EUV is extremely sensitive

to thin structures with very high attenuation coefficients for biological materials.

However imaging in EUV for biological purposes has numerous issues. Firstly, the

absorption length of EUV wavelengths in air is small (≈ 10−6 m in 1 atm of N2), and so

experiments have to be conducted in a vacuum environment and the sample fixed before

imaging. The sample will either have to be fixed chemically, flash frozen or freeze dried.

There are positives and negatives to cell fixation explained in [37]. The idea of fixation

is to preserve the cell structure in such a state that it is as close to in vivo conditions as

possible. Without fixation the cell in its naturally hydrated form will dry out without any

surrounding inter cellular fluid. This results in the collapse of biological structures and

thus the cell is no longer close to a structure that resembles a natural state. Further to

this a process known as autolysis begins to occur when the intracellular enzymes begin to

denature proteins within the cell. However, fixation never perfectly maintains a sample

in its natural state and also restricts real-time imaging of cell processes. Further to

this, depending on the imaging radiation, the sample composition and fixation method,

contrast can be degraded.
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Figure 2.8: (a) shows the amplitude contrast between carbon and water over the EUV
spectral region after the wave has passed through 100nm of either carbon or water. The
dotted squares show the regions of interest for absorption contrast at 29 nm and in the
water window. (b) shows the real part of the refractive index which is representative
of the phase contrast. The box here shows phase contrast at 29 nm is far higher than

in the water window.

In order to achieve near wavelength resolution the NA of the microscope must be max-

imised. As one pushes towards using EUV to achieve 10 nm resolution the depth of

focus of the microscope is significantly reduced as it is proportional to the inverse of the

square of the NA. This is often ignored and must be carefully addressed with selecting

the most appropriate wavelength to image a biological sample.

2.8.3 Soft X-ray Consideration

The soft X-ray region lies between EUV energies and hard X-ray energies at about 6keV.

It is a spectral region of biological importance because its spans an energy range over

the ‘water window’, where the contrast between water and carbon is high as shown

in figure 2.9. However, the large draw back of imaging in this spectral region is the

large dose that a sample can receive. Unlike EUV radiation, where photon energy is

low, and hard X-ray radiation where sample absorption is low, dose for the soft X-ray

region requires careful examination. Work by Kirz et al. [38] investigated the dose that

biological frozen hydrated samples can tolerate. A ribosome crystal is exposed and the

diffraction pattern is collected after an increasing dose. The integrated radial intensity

begins to drop off for higher scattering angles with increasing exposure time indicating

a loss in high frequency signal, implying damage to high resolution features.

Henderson [39] demonstrates that a frozen macromolecule can tolerate 2×107 Gy before

high scattering angle intensity is reduced to half of its intensity. This dose is enough in
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order to collect high resolution 2D reconstructions for 2D CDI however, as the commu-

nity look to progress to tomographic ptychography this limit poses a real issue.
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Figure 2.9: Graph is showing the absorption length of both carbon and water in the
spectral region termed the window window. Within this spectral region lies the oxygen
K-edge, and the carbon K-edge. These large differences in absorption length provide

high natural contrast in biological samples.

2.8.4 Hard X-ray Consideration

There has been a limited amount of experimentation performed on non crystalline bi-

ological samples at these energies, however some example ptychography results using

hard X-rays are [40] [41]. As in the EUV and soft X-ray spectral regions, imaging using

hard X-ray radiation has its advantages and disadvantages.

Hard X-ray photons are absorbed weakly in air so samples can be imaged outside of

vacuum. This is not the case for the lower energy photons. This is advantageous for

practical reasons and also, in the case of biological materials, imaging at atmosphere has

the potential to expose ‘wet’ samples, whereby the cell can be imaged in a near natural

state. The high penetration of the high energy photons can extract internal information

from relatively thick samples. Further to this, the absorption of hard X-rays in matter

is less than for soft X-rays so a smaller dose is given to the sample. The spectral region

spanned by hard X-rays covers the absorption edges of several biologically interesting

elements and so fluorescence can be measured. This allows extra elemental information

to be extracted without the need for staining with biological markers.

However, because hard X-rays interact so weakly with matter, for real samples only

information can be obtained from looking at the phase of the exit wave field. Only

for thicker samples will there be any contrast in the reconstruction amplitude. Further
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difficulties can arise when trying to achieve high NA to maximise the resolution. Because

the sample interacts so weakly with matter, and the scattering cross sections are low,

there will be very few highly scattering photons which are those that contain the high

resolution information.

2.9 Coherent Diffractive Imaging

CDI is a technique used to image aperiodic objects from a measurement of their scatter

pattern only. The idea of retrieving sample information from the diffraction pattern

is not new. Laurence Bragg used the diffraction pattern measured from scatter off a

crystalline periodic object to extract information on the crystal structure [42]. Sayre [43]

proposed in 1952 that if scatter pattern is collected between the Bragg peaks then there

could be enough information to uniquely solve the structure of the diffracting object.

Later, Sayre proposed a scheme to increase the sampling of the diffraction pattern by

isolating the object such that scatter can be measured between the Bragg peaks [44].

Gerchburg and Saxton [45] proposed an algorithm for use in electron microscopy, in

order to retrieve the phase of a field from a measurement of its intensity. Fienup built

upon the work by Gerchburg and Saxton applying these phase retrieval algorithms in

the visible light regime. At a similar time Bates [46] was also working on the phase

retrieval algorithm and published work where he demonstrated that a correctly sampled

Fourier modulus in more than one dimension can have a unique solution for the majority

of samples (issues such as complex conjunction were acknowledged to be an issue at this

point). The samples that could suffer problems through iterative phase retrieval were

objects that exhibited homometric properties (where more than one object can have an

identical scatter pattern). It was later discovered that if the object is illuminated with

light exhibiting a spherical phase curvature as opposed to a flat phase there does exist

a truly unique solution [47]. Miao and colleagues continued to work on the problem

[48] demonstrating that a solution can be found as long as the total number of intensity

values (pixels) exceeds the total number of unknowns in the object and 1 year later the

first successful image was reconstructed using X-ray scatter data from a synchrotron

source [31].

2.9.1 Coherence

As the technique name implies, a degree of coherence is required from the illuminating

radiation for CDI. Coherence is the term to describe how well a wave correlates with

itself in both space and time. A coherent wave will have a fixed phase relationship in

space and time such that if the properties of a beam are measured at x and t then
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Diffraction Pattern
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Figure 2.10: The schematic shows the simplified typical experimental arrangement
for a CDI experiment. A coherent source is focused down onto a sample. The scatter
pattern is collected using a detector often in the far-field however, it can also be placed

such that it is in the near field regime.

at a different time/space t + τ and x + x0 the wave could be perfectly predicted. For

sources that exhibit good coherence properties the intensity of a diffracted wave can be

calculated using a coherent sum described by equation 2.39;

IQ = |[
∑

i

ui(x, t)]
2| (2.39)

where ui represents the wave scattered from point i and IQ represents the intensity at

point Q. In contrast when calculating the diffracted intensity for a completely incoherent

wave, equation 2.40 is used.

IQ =
∑

i

|ui(x, t)|2 (2.40)

Coherence between two points whose position in space is x1 and x2 and are separated

in time by τ is commonly quantified by the mutual coherence function given in equation

2.41,

Γ(x1, x2, t+ τ) =< E(x1, t)E
∗(x2, t+ τ) > (2.41)

where the notation < and > represent the time ensemble average. If there are multiple

wavelengths in the electric field the Fourier transform of the mutual coherence function

identifies how coherent each frequency is in the wave field. This is known as the cross

spectral density of the mutual coherence function shown in equation 2.42.

W (x1, x2, ω) =

∫ ∞

−∞
Γ(x1, x2, τ)e−iωτdτ (2.42)

The coherence factor is based on the mutual coherence function; however it can be

normalised based on intensity. The normalised coherence factor u(x1, x2, t, t + τ) is
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given in equation 2.43;

u(x1, x2, t, t+ τ) =
< E(x1, t)E

∗(x2, t+ τ) >√
< E(x1, t)2 >

√
< E(x2, t+ τ)2 >

(2.43)

where the denominator in equation 2.43 is known as the intensity normalisation factor

which can be defined as I0. Finally connection of the coherence factor and the mutual

coherence function is given in equation 2.44.

Γ(x1, x2, t, t+ τ) = I0(x1, x2, t, t+ τ)u(x1, x2, t, t+ τ) (2.44)

When an electric field is perfectly coherent between two points in space and time the

mutual coherence function will be equal to 1, and when there is no coherence it will be

equal to 0. Any wave field whose coherence function is between 0 and 1 is said to have

partial coherence. The length and time at which a wave is described to be coherent is

given as Lcoh and τcoh. The intensity normalisation factor and coherence factor are used

in the discussion below on temporal coherence.

2.9.1.1 Temporal Coherence

The temporal coherence of an electric field is directly related to the spread of bandwidth

δλ. For a wave field that is composed of multiple wavelengths that are propagating

through time, if at t = 0 all the independent wavelengths had the same phase then when

t 6= 0 there will be a phase shift between the two waves. For a wave field centred at

wavelength of λ and a bandwidth of δλ, after λ
2δλ wavelengths have occurred after t = 0

the two waves would be exactly out of phase. This can be used as a measure over the

length at which the waves remain coherent given below in Equation 2.45.

Coherence Time = τcoh =
Lcoh
c

Coherence Length = Lcoh = cτcoh =
λ2

2δλ

(2.45)

However, the waves propagating within the bandwidth δλ have a fixed phase relationship,

and so if the initial description of coherence is used the waves remain coherent. In fact

if the coherence factor is used to measure the coherences in this situation because the

intensity factor falls as the waves become more and more out of phase the coherence

factor remains 1. It is because of this argument that care needs to be taken when

discussing the mutual coherence function for multiple wavelengths with a fixed phase

relationship.
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When using coherence for imaging, the coherence time of the pulse can become a limiting

factor as shown in figure 2.11. The diagram shows that there is path difference for high

scattering angles between two adjacent points on the sample. This path difference has

an associated time delay. Even if the pulse remains coherent throughout its duration

if it is so short, that it does not exist for long enough to get the required interference,

blurring in the diffraction pattern will be observed.

Figure 2.11: In the case of a pulsed laser illuminating a sample, the scatter into high
scattering angles can suffer from a reduction in coherence. The coherence length, that
is dependent on the pulse length, defines over what spatial region interference effects

can be observed.

For a pulse of pulse length τp the relationship between the maximum scattering angle

at which interference effects can be seen and spatial separation on the sample x is given

in equation 2.46

x =
τpc

sin(θ)
(2.46)

2.9.1.2 Spatial Coherence

The spatial coherence, or sometimes referred to as transverse coherence of a beam inves-

tigates the phase relationship across the wave front of the beam. Full spatial coherence

is when two spatially separated points on a wave front have perfectly correlated phase.

The discussion on spatial coherence that follows is broken into two cases. The first is the
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spatial coherence of a point source, which is how the coherence of an undulator could

be calculated and the second is the case of a laser.

A perfectly coherent beam could be formed from a point source. However the term point

source is very loosely defined. The discussion below is based on a derivation by Attwood

[28] looks at quantifying how small a point source would have to be in order for two

spatially separated points across a wave front to be considered coherent.

The discussion begins by defining Heisenberg’s uncertainty principle, where ∆p is the

uncertainty in the momentum and ∆x is the uncertainty in the position.

∆p∆x ≥ ~
2

(2.47)

For a wavelength of λ and an observation half angle between two points θ a length can

be calculated at which the point source cannot be resolved. At this length we consider

the source to be fully coherent. The momentum can be written as ~p = ~~k where k is

the wave vector. For a source of relative spectral bandwidth ∆λ
λ the uncertainty in the

momentum is ∆k
k and so follows δ~p = ~∆~k. The uncertainty in the wave vector mainly

manifests itself in angular variations so for small angles δ|~p| = ~k∆θ. This can give us

the new uncertainty relation shown in equation 2.48.

∆x~k∆θ ≥ ~
2

(2.48)

Letting the diameter of the point source d equal 2∆x, the diameter of the point source

required for coherent emission between two points whose angle deviates by θ is given in

equation 2.49.

d =
λ

2πθ
(2.49)

Now that the size of the point source required for coherent emission has been calculated

by simple geometry the coherence length can be given, as shown in equation 2.50,

Lcoh =
λz

2πd
(2.50)

where z is the distance from source to wave front. A similar argument can be used

to describe the coherence from a laser source. For simplicity, assume the laser is only

operating in the TEM00 mode. For a given wavelength Gaussian optics describes the

beam size, r(z), of the intensity distribution, I = I0exp
[−r

2

2r0
]
, at a point z from the
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measured beam waist, r0, in equation 2.51,

r(z) = r0

√
1 + (

λz

4πr2
0

)2 (2.51)

where r0 is 1√
e

of the intensity distribution at r(0).

In the case of the far field we can assume z � 4πr20
λ and we let the 1√

e
divergence half

angle θ = r(z)
z . Now θ = λ

4πr0
and letting our source size d = 2r0 equation 2.52 is derived.

dθ =
λ

2π
(2.52)

Here we see that the result is the same for the point source and the beam waist of the

laser.

A common method to measure the spatial coherence of an electric field is to perform

a Young’s slit experiment as shown in Figure 2.12 (a). From the far field diffraction

pattern recorded from the scatter from two slits, the mutual coherence function is equal

to the visibility function (assuming slit illumination is equal and the temporal coherence

is perfect) shown in equation 2.53.

Visibility =
Imax − Imin
Imax + Imin

(2.53)

In figure 2.12 (b) the diffraction pattern from two slits has been simulated for the case

of a perfectly coherent beam. This is straightforward and can be calculated using the

absolute value of the Fourier transform of a mask of two slits. The line cross section of

the scatter pattern is shown. It is clear to see that the destructive interference entirely

extinguishes the far field intensity between the peaks. In this case the visibility would be

equal to 1. In the case of figure 2.12 (c) partial coherence has been simulated, by adding

an incoherent sum of two individually illuminated slits to the far field diffraction pattern.

In this case it is obvious to see how the intensity does not completely destructively

interfere and so the visibility is less than 1.

2.9.2 The Phase Retrieval Problem

The phase problem relates to the measurement of the intensity which has no information

about the phase of the electric field at the measured point. The phase is not an observable

quantity to measure directly, and can only be detected through interference effects. A

complete description of the electric field has both an amplitude and phase component,
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Figure 2.12: (a) shows the experimental design to conduct a simple Young’s slit
experiment. Radiation is focused down onto a slit sample and the diffraction pattern
is measured in the far field. (b) shows a simulated diffraction pattern from a perfectly

monochromatic coherent beam, and (c) a partially coherent beam.

and it is this recovery of the phase that defines the phase retrieval problem;

I = E0e
i(kx+ψ)E0e

i(kx+ψ)∗ (2.54)

where * denotes the complex conjugate, I the intensity, k the wave vector, x the position

vector in 1 dimension and E0 the maximum E-field value.

2.9.3 Oversampling in CDI

For aperiodic samples Bates [49] stated that the minimum frequency required to sample

a scatter pattern to retrieve the phase is twice the Nyquist sampling rate [50] in each

axis. For the case of a 2D diffraction pattern this would mean the diffraction pattern

would need to be oversampled by 4 times. Miao proposed that for a single position CDI

experiment the sampling can be calculated using equation 2.55 [51]. Dpixels is the total

number of pixels, and Spixels are the number of pixels inside the support;

σ =
Dpixels

Spixels
(2.55)
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and the object pixel is defined in equation 2.56.

Pobject =
λ

2 sin(arctan(PdetN2z ))
≈ λ

2NA
(2.56)

Figure 2.13: Schematic to demonstrate the concept of how geometry influences the
pixel resolution in the image reconstruction.

where Pobject is the size of an object pixel, Pdet is the size of the pixel on the detector,

N is the number of pixels in the detector and z is the distance between the object and

the detector. The ‘object pixel’ should not be thought as a detector pixel mapped onto

the object, more as a tool to help predict object resolutions and discrete sampling of

the object as shown in figure 2.13. Each detector pixel, that represents an intensity,

needs to be thought of as a simultaneous equation value where the amplitude and phase

of the pixel is unknown. It is therefore clear to see that for N pixels the oversampling

ratio must be greater than 2 in order to solve the problem. However when the problem

is increased to higher dimensions the actual oversampling ratio required need only be

greater than 2
1
n where n is the number of dimensions [48]. This is actually less than

Bates suggested in order to solve the problem. However for real data it is generally

accepted that an oversampling ratio of 5 should be used [51].
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2.9.4 Coherent Diffractive Imaging with Support Constraints

Gerchburg and Saxton[45] were the first to provide a phase retrieval algorithm for use

in the optics community called error reduction (ER). The ER algorithm requires a

measurement of the intensity of the scatter pattern in the far field. A set of constraints

for the reconstructed image and reconstructed diffraction pattern are applied at each

iteration of the algorithm. The algorithm is based on applying the Fourier transform

of the data in the plane of detection, usually called the Fourier plane, to the object

plane and back. The algorithm initially takes the square root of the measured intensity

and uses it as the amplitude of the electric field. This is multiplied by a random phase

distribution;

ρ̃(r′) = |ρ̃(r′)measured|eiφ(r′) (2.57)

where ρ̃(r′)measured is the measured amplitude component (ρ̃(r′)measured =
√
I) of the

electric field at point r
′

in the Fourier/detector plane. φ(r
′
) is the randomly generated

phase and ρ̃(r′) is the initial guess of the electric field in the Fourier plane. Equation 2.57

undergoes a Fourier transform such that it now represents the exit wave field (EWF) in

the object plane;

ρ(r) = FT [ρ̃(r
′
)] (2.58)

where FT represents the 2D Fourier transform kernel written in equation 2.59.

FT =

∫∫
ρ(r

′
)eir

′
rdrdr

′
(2.59)

The data is constrained in the object plane (the support constraint). In the ER algorithm

the support constraint enforces that the solution must exist within a predetermined

area, D, (the support), and zeros outside of the area D, shown in equation 2.60. Often

a thresholded autocorrelation of the scatter pattern is used as the support but other

support masks can be used. The next iteration is given by;

ρ(r)n+1 =




ρ(r)n if r ∈ D

0 if r /∈ D
(2.60)

where n is the iteration number in the algorithm. After the support constraint has been

applied in the object plane, an inverse Fourier transform transforms the data back to

the detector plane shown in equation 2.61.

ρ(r
′
n+1) = FT−1[ρ(r)n+1] (2.61)
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The modulus constraint is then applied to the data. The modulus constraint forces the

amplitude of the reconstructed data to take the experimentally measured data.

ρ(r
′
n+1) = |ρ̃(r′)measured|eiφ(r′)n+1 (2.62)

This concludes one cycle of the iteration. The algorithm is repeated whilst an estimate

of the error between the reconstructed scatter pattern and measured scatter pattern is

observed to give information as to whether the algorithm is converging to a solution.

ErrorFourierspace =

∑
i ||ρ(xi, yi)|2 − Imeasured(xi, yi)|∑

i Imeasured(xi, yi)
(2.63)

The coordinates have changed from r
′

to xi and yi to emphasise the 2 dimensional

property of the detector with finite pixel size and pixel number i. A similar minimisation

plot can also be calculated in the object plane between the nth and n + 1 iteration to

give information about the convergence of the algorithm.

ErrorObjectspace =
∑

i

|ρ(r)n|2 − |ρ(r)n+1|2 (2.64)

ER is one of the simplest algorithms to use for phase retrieval. By applying the ER

constraints the number of possible solutions is limited so improving the chance of con-

vergence.

The Hybrid Input Output (HIO) algorithm was first discussed in 1978 by Fienup [52].

The motivation behind the algorithm was to prevent stagnation in a local minimum,

that can occur using the ER algorithm, as opposed to a global minimum. This problem

is well illustrated in figure 2.14. The algorithm uses information about a previous iter-

ation to adjust the support constraint from the ER method.

ρ(r)n+1 =




ρ(r)n if r ∈ D
ρ(r)n − βρ(r)n−1 if r /∈ D

(2.65)

The parameter β determines the fraction of the previous iteration to use in the current

iteration. Typically a value of between 0.5 and 1 [53],is used, however values for β greater

than 1 can also be used. Often a value of 1 is used for the final fraction of iterations.

When β is close to 1 the algorithm behaves like the ER algorithm, because the intensity

outside the support will have a value very close to 0. Figure 2.14 shows HIO working

between two convex sets and, a convex and a non convex set to achieve convergence to

a global minimum.
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Figure 2.14: ER and HIO minimising sets: In the diagrams above, the circles show
the position of the algorithm after one full cycle of iterations. This shows only the
projected point on one set after each update of the algorithm. (a) shows ER working in
finding the solution between two convex sets. It successfully finds the solution, within
a few iterations. However in case (b) where there is one convex and one non convex
set, the ER algorithm gets stuck in a local minimum which inhibits the algorithm from
finding the correct solution. Case (c) shows HIO working to find the solution to two
convex sets. It is clear that ER in this case finds the solution quicker. In case (d) HIO
correctly finds the solution to a convex and a non convex set by moving away from the

local minimum before finding the global minimum.

It is found that for some objects that the HIO algorithm accurately converges on the

correct solution, but the algorithm can stagnate on the wrong solution because of a

twin image problem discussed below [54], [52]. It is important to define stagnation at

this point as a place in the algorithm where the reconstruction changes very little with

increasing iterations. Similarly a solution is defined as a Fourier transform pair between

the object and the measured diffraction pattern that meets the constraints applied upon

it.

The twin image problem is caused by the fact that the object reconstruction from the
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scatter pattern of a real object, ρ(r) has a Fourier modulus that is also equal to ρ∗(−r)
which is equal to the object rotated by 180 degrees [55]. When a symmetric support

constraint is used, the support will happily allow for both the image and the image

rotated by 180 degrees. Therefore a reconstructed object could be one that has a random

combination of solutions from the original image and a rotated image.

A solution to this twin image problem was proposed by Fienup which aimed to break

the symmetry in the support in order to force one of the solutions, whether it be the

rotated or the correct image. A method to implement breaking the symmetry is to use

a changing support throughout the algorithm. Fineup used a support that was half the

original support in one axis only at certain points through the algorithm to force one

solution and eliminate the other. This was called the reduced support method [55].

A method proposed by Marchesini et al called ‘shrinkwrap’ [56] involves reducing the

size of the support continually throughout the algorithm in given steps. This method is

used in some of the reconstructions in further sections. The method is implemented by

convolution of the current object solution with a Gaussian of size typically 2-5 pixels.

The current convolution of the object solution is then thresholded to make the mask for

the future iterations until updated further. The convolution of the object is important

such that the updated mask is not a thresholded current solution, but is larger than the

solution to allow the algorithm to adjust within the mask.

2.9.5 Scanning Coherent Diffractive Imaging (Ptychography)

The term ptychography originates from the Greek ‘ptych’ meaning to fold and graphy ‘to

write’. The ptychographic method was originally proposed in the electron microscopy

community [57] in the 1960s to solve the phase problem however the first successful

ptychography experiment was not performed until 2004 by Rodenburg [58]. The tech-

nique takes multiple scatter patterns, usually in the far field, where the sample is moved

relative to the illumination probe such that there is sufficient overlap between adjacent

probe sample positions [59]; for best results this is typically 60 % overlap. The redun-

dancy that results from data acquisition by this method (where each pixel in the sample

is sampled many times represented in multiple scatter patterns) allows for a phase re-

trieval reconstruction method that is extremely robust, can correct for experimental

systematic errors [60] [61] and [62], is applicable to 3D imaging [63], and can have have

an extremely large field of view.
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Figure 2.15: Schematic of a ptychography arrangement. An aperture defines the
illumination and the sample is scanned perpendicular at multiple overlapping sample
/illumination positions. The scatter pattern at each position is recorded on a detector.

2.9.5.1 Extended Ptychographic Iterative Engine (ePIE)

The first algorithm to successfully reconstruct an object by the ptychography method

was the ptychographic iterative engine PIE algorithm [58] used on a visible light dataset.

Unlike future ptychography algorithms the probe had to be exactly known during the

reconstruction process. An improvement of the PIE algorithm known as ePIE [64] was

developed by Maiden which included an update of the probes amplitude and phase. It

was therefore possible using this method to reconstruct both the object and the probe

from the same dataset.

The starting point for the ePIE algorithm assumes that the scatter pattern Ij(u) is

equal to the Fourier transform of the exit wave field (EWF) squared, |E|2 where u is

the position vector in the detector plane and j corresponds to the sample/probe relative

position index. The EWF is given by;

EWF = ψj = O(r)P (r −Rj) (2.66)

where r is the position vector for the object space and Rj is the relative shift between

the probe and object. PIE uses an initial guess for the probe which remains the same

throughout the whole reconstruction; in ePIE the probe is updated.

The update of the object is given by [64];

Oj+1(r) = Oj(r) + α
P ∗j (r −Rs(j))
|Pj(r −Rs(j))|2max

(ψ
′
j(r)− ψj(r)) (2.67)
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Figure 2.16: ePIE Algorithm: The flow diagram shows the progression of the ePIE
algorithm. Equation(2.67) in the text represents the update function 1, which is the
same as the updated guess of the object EWF. Equation(2.68) in the text represents
update function 2, which is the same as the updated guess of the probe’s wave field.Pj(r)
is the initial guess of the probe wave front and Oj(r) is the guess of the object. The

intensity Ij(u) is the measured scatter intensity. Diagram re-created from [64].

where ψj(u) =
√
Is(j)(u)

FT (ψj(r))
|FT (ψj(r))| and ψ

′
j(r) = FT−1[ψj(u)] .

The update of the probe is given by [64];

Pj+1(r) = Pj(r) + β
O∗j (r +Rs(j))

|Oj(r +Rs(j))|2max
(ψ
′
j(r)− ψj(r)) (2.68)

where α and β alter the step size of the updated solution. The probe and object are

updated in a similar fashion where a weighted correction of the electric field is added to

the previous solution.
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2.9.5.2 Difference Map Algorithm

Veit Elser [65] proposed an alternative ptychography algorithm called the difference map

algorithm (DM) that was expanded upon by his student Pierre Thibault [66]. A form of

the DM algorithm has already been seen above in the single position CDI algorithms,

which was the HIO algorithm.

DM algorithms are best described in terms of projections onto constraint sets [67]. A

projection can be defined in terms of constraint set C that contains elements A. The

projection Pc onto a set is a linear operator that takes every value of x that was also

enclosed in A and returns a point y that is enclosed in C such that the absolute value

of distance between x and y is minimised. This is shown in equation 2.69.

CεA

xεA

pC(x) = yεC (2.69)

The DM algorithm takes the update in the algorithm and projects this onto both of the

constraint sets (the real space set and the Fourier space set) at the same time. The next

iteration is based on the difference between these two solutions as shown in equation

2.70,

ψj,n+1 = ψj,n + βD (2.70)

where β in this case is a non zero valued parameter chosen to be between -1 and 1.

The two projection operators are the modulus constraint operator PF and in the case of

ptychography the overlap constraint Po (Equations 2.73 and 2.74). The diagram shown

in figure 2.17 (a) shows how a difference map is constructed between two constraint sets

using two projection operators, Po and PF .

Starting from the point xn in figure 2.17 (a) the projections from the point xn onto the

two sets are calculated, that is Po(x) and PF (x). From these projections the estimates

given in equation 2.71 and figure 2.17 (a) are calculated.

y1(x) = PF [(1− g1)Po(x)− g1x]

y2(x) = Po[(1− g1)PF (x)− g2x]
(2.71)
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Figure 2.17: (a) is showing the geometric construction of the DM algorithm. In cases
(a), (b) and (c) then red line represents a set of values that fulfill the support constraint
and the blue line represents values that fulfill the object constraint. Starting at a point
xn, the difference between estimates called y1 and y2 is calculated as a result on a
different combination of the two projection operators. (a) shows graphically what the
projection onto the object and the support is doing. In (b), the lines y1 and y2 are
constructed using the projections shown in (a). (c) shows the difference y1- y2, and
the updated value xn+1 is calculated as a fraction of the vector y1-y2 and added to the
starting value xn. (d) is a diagram showing how the DM algorithm may behave as it

searches for a solution between two sets.

Equation 2.70 is then used to give the update of the algorithm where D=y2− y2. When

the HIO algorithm was applied instead of ptychography, the support constraint would

have been used instead of the overlap constraint. The modulus constraint projection is

written as:

PF (ψ) =
√
I(u)

ψ

|ψ| (2.72)
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The overlap constraint for the ptychography reconstruction is given in terms of the probe

in equation 2.74 and the object in equation 2.73

Ô(r) =

∑
j Ô
∗(r − rj)ψ(r)

∑
j |Ô(r − rj)|2

(2.73)

P̂ (r) =

∑
j P̂
∗(r + rj)ψ(r + rj)∑
j |P̂ (r + rj)|2

(2.74)

In order to progress to the next iteration the update function is used defined in equation

2.75.

ψj,n+1 = ψj,n(r) + PF (2P̂ (r − rj)Ô(r)− ψj,n(r))− Ô(r − rj)Ô(r) (2.75)

As with the majority of phase retrieval iterative algorithms the convergence can be

observed using the error metric (the absolute difference between the measured and iter-

atively guessed intensity).

2.10 Summary

In this chapter, a brief description of image formation of a traditional microscope was

discussed with its associated limitations and a variety of super resolution techniques

and electron microscopy were addressed. The process behind imaging with X-rays is

considered, and their interaction with matter. Diffraction formula have been discussed

whose results will be applied in further sections. The effect of radiation dose at multiple

wavelengths is considered and its implications for imaging. The final sections of the

chapter discuss specifically the algorithms required for CDI specifically, single position

CDI and ptychography.
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Radiation Sources

Sources of coherent high energy radiation fall into two major categories based on the

size scale of the source. At one end of the spectrum free electron lasers (FEL) and

synchrotron sources are large scale, high cost, and have limited availability for a single

user. These sources can span a vast spectral region producing high brightness, high

coherence, and high energy photons. At the other end of the spectrum are the laboratory

sources, that are far cheaper to run and maintain, yet have limited brightness and

spectral bandwidth. The main laboratory source that is discussed below is the HHG

laser based source, however I shall briefly discuss the plasma source as an emitter of

EUV radiation.

3.1 High Harmonic Generation

Nonlinear frequency conversion in laser systems has been common place for decades.

Second harmonic generation (SHG) is a process whereby a fraction of the output laser

beam contains radiation of twice the fundamental frequency of the input radiation after

passing through media of particular properties. These materials do not possess inver-

sion symmetry and exhibit a χ2 non linearity, and are capable of nonlinear frequency

conversion. Nonlinear conversion of this type is referred to as perturbative harmonic

generation. This is because the input laser field causes a perturbation to the atoms

electronic response and a Taylor expansion can mathematically describe the process. In

the case of high harmonic generation (HHG) the input laser field is so intense that the

interaction between laser photons and the atom can no longer be treated as a pertur-

bation. HHG is an extreme nonlinear conversion process, whose spectral properties can

be predicted using a semi-classical model or quantum model.

44
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3.1.1 Semi-classical Model

Corkum [68] introduced the semi-classical model to explain the properties of the radia-

tion that is generated from an interaction between an intense laser field and the atom

of a gas. The model is known as the Three Step Model:

1. The intense laser field interacts with the atom causing ionisation.

2. The electron is treated as a free particle and only experiences forces due to the laser’s

electric field. The electron trajectory is determined by the direction of the laser electric

field and so is accelerated away from the parent ion.

3. When the oscillating electric field reverses direction the electron is accelerated back

to the parent ion. During recombination the sum of the kinetic energy of the electron

and the ionisation potential of the atom is converted into a high energy photon of equal

energy.

The semi-classical description uses classical behaviour (the electron/ E-field interac-

tion) and quantum behaviour (the electron tunnelling through a potential). Despite the

model’s simplicity in describing a complex quantum phenomenon, it does make accurate

predictions, such as the highest harmonic that can be generated from a given E-field

and gas species (the cut-off harmonic). Analysis of the electron once ionisation has
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Figure 3.1: Three Step Model: Adapted from [69]. At point (a) the electron’s po-
tential is lowered by the laser field and the electron tunnels out. At (b) the electron is
treated as a free particle with a trajectory dependent on the electric field. Finally at

(c) recombination of electron and parent ion occurs giving of an EUV photon.

occurred provides a useful insight into the behaviour of the electron and the energy of

the harmonics that can be produced for a given laser field intensity, phase, and atomic

structure. If a sinusoidal field is assumed for the fundamental laser field the trajectory

of the electron can be calculated by equating the electron acceleration to the Coulomb

force experienced by the electron and the fundamental laser field. In the model, the

magnetic component of the laser field is ignored and it is assumed that the electron

enters the region of zero potential with zero velocity. Using Newtonian mechanics it is
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possible to calculate the acceleration, velocity and position of the electron returning to

the atom between the time interval t=t0 and t=t1 where x=0 at both times.

Ee = E0sin(ωt)e = F = mẍ (3.1)

ẋ =
eE0

mω
(cos(ωt0)− cos(ωt)) (3.2)

x =
eE0

mω2
(sin(ωt0)− sin(ωt) + ω(t− t0)cos(ωt0)) (3.3)

Figure 3.1, graph (a) shows electron position against time(the plot of equation 3.3).

The trajectory of the electron is dependent on the phase of the laser electric field at the

time of ionisation. There are only certain times in the laser period at which the ionised

electron will return to the parent atom. These are between 0 and π
2 or π and 3π

2 . At

other times the electron will accelerate away from the parent ion, and no recombination

can occur. EUV is generated at every half cycle of the driving laser field and so two

spikes of intensity can be seen in the time domain per oscillation period. Because time

and frequency are Fourier transform pairs, this corresponds to a power spectrum of EUV

spikes every 2ω at odd harmonics. Only odd harmonics form because they constructively

interfere over the course of the laser cycle where as even harmonics will destructively

interfere. The kinetic energy of the returning electron is calculated from the electron

velocity at t = t1. Figure 3.2 shows the calculated kinetic energy of the electron just

before the point it recombines with its parent ion. There is only one travelling time

that corresponds to a unique return kinetic energy. At all other times a given return

energy could have come from an electron that has taken a “long” trajectory or a “short”

trajectory. Figure 3.2 shows that the long trajectories correspond to an ionisation that

occurred near the beginning of the driving laser field period, as opposed to the shorter

trajectories that occur from later ionisation times. The cut-off for the highest energy

harmonic that is produced from this process can be taken directly from figure 3.2. The

energy of this harmonic will be equal to the return kinetic energy plus the ionisation

potential of the atom. This energy is often given in terms of the pondermotive potential.

The pondermotive potential is the energy an electron experiences in the presence of an

electric field causing it to oscillate back and fourth given in equation 3.5. Corkum showed

that there is a cut off energy for the maximum energy of a photon produced by HHG

given by;

Energycut off = 3.17Up + Ip (3.4)
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Figure 3.2: Electron Trajectory and long/short trajectory:Graph (a) is showing the
trajectories of electrons entering the continuum at different times in the laser period.
Graph (b) shows the return energy of electrons as a function of when they enter into
the continuum. The return energy is dependent on whether the electron has spent a

long or short time in the continuum.

where Ip is the ionisation potential of the atom and Up is the pondermotive potential of

the electron given by;

Up =
e2E2

0

4mω2
(3.5)

where m is the electron mass, and e is the electron charge. Equation 3.4 shows that the

cut off energy of the high harmonic photon produced is dependent on the square of the

fundamental electric field amplitude and the ionisation potential of the gas atom. Alter-

ing these properties (ionisation potential and the fundamental electric field) in the simple

model will change the cut-off energy, however the simple model is an approximation and

for a more accurate description the quantum model is used.

3.1.2 The Keldysh Parameter

The Keldyish parameter determines the number of tunnelling events that can occur per

a half of a laser cycle as a result of a laser/atom interaction. The parameter is given in

equation 3.6 [70];

κ =
Ip

2Up
(3.6)

where Ip is the ionisation potential of the atom and Up is given in equation 3.5. If κ is far

greater than 1, then the majority of ionisation events are by multiphoton absorption,

whereas if κ is far less than 1 then most atoms are ionised by quantum tunnelling.
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Multiphoton ionisation is a process where more than 1 photon interacts with an electron

simultaneously transferring enough energy to the electron causing an ionisation event.

Quantum tunnelling refers to a process where a particle can tunnel through a potential

barrier. This phenomenon is entirely quantum and cannot happen in a classical model.

When using radiation generated by HHG for imaging, the conditions used are often such

that κ < 1. In this regime far higher flux comes from quantum tunnelling because the

probability of ionisation via quantum tunnelling is higher. For the experiments in the

later sections of this thesis a Keldyish parameter of 0.06 is used, which indicates the

electric field dominates the dynamics rather than the atomic potential.

3.1.3 Phase Matching

The laser field used to generate the high harmonic radiation needs to be in phase with

the generated high harmonic radiation to ensure efficient coherent emission of radiation.

This implies that the phase velocity of the high harmonic radiation must be the same

as the fundamental laser field. For radiation generated by second harmonic generation

(SHG), figure 3.3 shows successful and unsuccessful matching between the fundamental

laser field and the electric field belonging to the high harmonic photon. In figure 3.3,

case (a), the harmonic that is generated at Q is in phase with the harmonic produced

at P, so they interfere constructively and the intensity of the harmonic can build up.

However in case (b), the harmonic produced at Q is out of phase with the harmonic

produced at P so they interfere destructively and so the intensity of this harmonic is

reduced.

Phase matching is a process that conserves momentum between the k vector of the

qth and fundamental harmonic in HHG. The difference in phase, δk, for perfect phase

matching is 0 where;

δ~k = ~kq − q~kf (3.7)

kq is the wave vector for the high harmonic photon of order q and kf is the wave vector

for the fundamental wave field. For HHG, the mismatch in phase is dependent on a

combination of dispersion, geometric effects and atomic dipole phase.

δ~k = δ~kdispersion + δ~ke + δ~kgeometric + δ~katomic (3.8)

δ~kdispersion accounts for dispersion from the neutral gas atoms, δ~ke accounts for disper-

sion from free electrons, δ~kgeometric is a term to account for the Guoy phase shift, and

δ~katomic is to account for a change in atomic dipole phase. First, the atomic dipole

phase shift is considered which results from the path of the electron trajectory of the

electron before recombination and a phase shift it has acquired in the continuum [71].
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(a)

(b)

P Q

Figure 3.3: Phase Matching in SHG [69]: At (a) the harmonic initially generated
is in perfect phase with the harmonic generated at Q. Whereas in (b) the harmonic

generated at Q is out of phase with the harmonic initially generated.

Therefore the total intensity dependent phase of the newly formed harmonic is a sum

of the phase of the fundamental field plus this atomic dipole phase shift term. This is

shown in equation 3.9 where S(t0, t1) is the quasi-classical action for the electron that

entered the laser field at t0 and recombined at t1. The phase mismatch resulting from

this is given in equation 3.10;

ψat = qωt1 +
S(t0, t1)

~
(3.9)

δk = qk0 −∇ψat (3.10)

where the quasi-classical action is given as the integral below in equation 3.11. This de-

scribes the energy of the electron over all points in time that it spends in the continuum.

The majority of photon energies that result from HHG can originate from either a long

trajectory or a short trajectory, and therefore photons with the same energy can have a
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very different phase.

S(t0, t1) =

∫ t1

t0

(
mev

2

2
+ Ip)dt (3.11)

Equation 3.11 shows that the quasi-classical action has a dependency on the electrons

kinetic energy. This energy is dependent on the strength of the electric field at the point

in time that the atom was ionised. Since there is a rapidly varying intensity profile as the

laser beam passes through the focus, it follows that there will be a spatially dependent

atomic dipole phase relationship.

The contribution to phase matching from dispersion from the free electrons and neutral

gas is now considered. Phase matching using these two contributions is a very dynamic

process because of the nature of the pulsed source. Before the pulse interacts with the

gas species, 100% of the gas atoms are in a neutral state, however as the pulse starts to

interact with the gas, the intensity becomes higher and higher with time. This causes a

fall in the percentage of neutral gas species and a rise in the amount of plasma, until this

plateaus because of saturation. The phase shift from the free electrons can be derived

from calculating the refractive index of the plasma given by;

ne =

√
1−

ω2
p

ω2
0

(3.12)

where ne is the plasma refractive index due to free electrons, ωp is the plasma frequency

and ω0 is the fundamental field frequency. The plasma frequency ωp is calculated below

in equation 3.13,

ωp =

√
e2Ne

meε0
(3.13)

where the number density Ne can be calculated from the pressure of the generation

gas, the number density of atoms at 1 atmosphere for the gas species and the fraction

of the gas that is ionised. The plasma refractive index given in equation 3.12 can be

approximated using a Taylor expansion such that ne =

√
1− ω2

p

ω2
0
≈ 1− w2

p

2ω2
0
. Using this

approximation the phase that occurs because of the electron plasma term can be given

as in equation 3.14.

δk =
πqω2

p

λ0ω2
0

(3.14)

The effect of the neutral gas atoms on the phase mismatch is now considered. The

refractive index of the neutral gas for the fundamental beam and the high harmonic field

can be calculated using the Sellmeier equations. The refractive index scales linearly with

pressure. The phase change that results from the difference in phase velocity between
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the high harmonic, q and the fundamental wavelength is given by equation 3.15;

δkneutral =
2πqP

Patmλ0
(1− η)(n(

λ0

q
)− n(λ0)) (3.15)

where P is gas pressure, Patm is the pressure at atmosphere, and η is ionisation fraction.

The Guoy phase shift is a π phase shift experienced by a Gaussian wave as it passes

through a focus. It arises as a consequence of the Maxwell equations and it is written

as;

φG(z) = −arctan
z

zR
(3.16)

where zR is the Rayleigh length given as
πω2

0
λ , z is the propagation distance and z=0 is the

position of the focus. Because the Rayleigh length has dependence on the wavelength,

the Guoy phase shift of the generated EUV high harmonics is small and can be neglected

in the phase matching discussion. The phase acquired as a result of the Guoy phase

shift can be is shown below [72].

δk = q
dφG(z)

dz
≈ zRq

z2
R + z2

(3.17)

The Guoy phase shift has strong dependence on z position through the focus. In loose

focusing geometries where the absorption length may be far shorter than the Rayleigh

length of the optical system, the generation position relative to the focus can be used to

alter the phase effect caused by the Guoy phase shift.

It is rare to achieve δ~k = 0, however with a small value for δ~k, there will be a build up of

intensity over the generation distance. In order to minimise δ~k macroscopic conditions at

the point of generation can be altered such that the total contribution to phase mismatch

is minimised. The longitudinal coherence length can be written in terms of the total

phase mismatch shown in equation 3.18. This is the length over which waves will be π

out of phase.

Lcoh =
π

δ~k
(3.18)

3.1.3.1 Effects from High Intensity Light/Matter Interaction

In this section some of the effects that can result from focusing a high peak power laser

into a gas are discussed. These effects can change the geometric focusing of the laser

beam, the spatial beam profile and the spectral and temporal properties of the laser

beam.
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Self phase modulation (SPM) is a nonlinear effect that occurs when an ultrashort pulse

of light interacts with matter. The optical Kerr effect occurs when an intense electric

field interacts with matter and it causes an intensity dependent refractive index in the

material itself given in equation 3.19.

n = n0 + n2I(t) (3.19)

n is the refractive index, n0 is the linear refractive index, n2 is the second order nonlinear

refractive index of the medium and I is the intensity of the electric field. An ultrashort

pulse can be described to have a time-varying intensity given in equation 3.21,

I(t) = I0e
−t2
τ2 (3.20)

where τ is the pulse duration. At the beginning, or front edge of the pulse the intensity

is low, however as the intensity builds up in the pulse the refractive index changes in

time acting to alter the instantaneous phase of the pulse. The time varying phase shift

is written in equation 3.21;

ψ(t) = ω0t− kz = ω0t−
2π

λ0
n(I)L (3.21)

where ψ(t) is the time varying phase shift, L is the distance over which the pulse propa-

gated through the medium and k is the intensity-dependent wave vector. The frequency

shift in the spectrum associated with this effect can be derived shown below in equation

3.22.

ω(t) =
dψ(t)

dt
= ω0 −

2πL

λ0

dn(I)

dt
(3.22)

Inserting equation 3.21 into equation 3.22 above shows how the frequency of the wave

will directly change as a result of SPM given in equation 3.23. The front of the pulse

is shifted towards lower frequencies, and so longer wavelengths, where as the second

half of the pulse, where the intensity is decreasing is shifted to high frequencies and

shorter wavelengths. In the case of HHG, where the electric field is relatively weak,

ionisation will only occur at times corresponding to the maximum intensity. In this case

generation will occur either side of the pulse and so no shifting of the central wavelength

will take place, and only some weak dispersion. However in the case where the driving

laser field is very intense, generation will predominately occur only at the rising edge of

the pulse. This is because the gas medium can become completely ionised, and so the

gain is saturated by the time the falling edge would generate high harmonics. In this

case the driving laser field is shifted to longer wavelengths and all harmonics of the laser

beam are red shifted.

ω(t) = ω0 +
4πLn2I0

λ0τ2
te
−t2
τ2 (3.23)
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Whilst SPM can cause a red shift in the harmonic spectrum other ionisation effects

can cause a blue shift in the high harmonic spectrum. The effect of free electrons was

discussed above in the phase matching section, and the same equations shown there are

used to demonstrate how an increase in plasma alters the plasma refractive index. As

the laser intensity is increased the fraction of free electrons also increases. This causes

an increase in the plasma frequency which in turn reduces the plasma refractive index.

Because the plasma frequency and plasma refractive index are dynamically changing in

time the decreasing plasma refractive index causes a shift in the frequency to higher

frequencies.

A further plasma based effect is where the focus is shifted in the direction of the laser

propagation (to increase the total focal length in the system). This is known as plasma

defocussing. In a similar fashion to how the time dependence of the pulse alters the

plasma refractive index in time, the spatial Gaussian intensity distribution at the focus

means there is a varying plasma refractive index over the generation region. Because

the laser beam is most intense at the centre, and decreases moving radially away from

the centre, the refractive index at the edges increases whilst in the centre decreases and

so acts as a diverging lens.

However, in the regime where the number of free electrons are low, the optical Kerr lens

effect described above will act in the opposite fashion to the plasma defocusing. Because

the refractive index from neutral atoms is proportional to intensity, there is a spatially

varying refractive index whereby the refractive index in the centre is far greater than

the refractive index at the edges, and so this effect acts to focus the beam before the

focus. For the experiments discussed in future sections of this thesis, the theoretical

calculations imply it is most likely that we are in a regime where the number of free

electrons is high due to the high laser intensities that are generated at the gas cell (≈
3.18×1014 W/cm2).

3.2 Synchrotron Radiation

A synchrotron generates a spectrum of electromagnetic (EM) radiation by accelerating

electrons to high energy, relativistic velocities, through a curved trajectory. Electron

bunches produced from thermionic emission [34] are accelerated by a linear accelerator

before being injected into the storage ring. The storage ring at the Diamond Light Source

DLS (which is the synchrotron facility used for experiments in this thesis) is 158 m

in diameter and electrons are accelerated to 3 GeV. However there are higher energy

synchrotron sources such as the European Synchrotron Radiation Facility (ESRF) using
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electron beam energies of 6 GeV, the Advanced Photon Source (APS), with beam energy

7 GeV and Spring-8 which has beam energy 8 GeV.

The injector is responsible for the production, acceleration and injection of electrons

into the storage ring. Electrons are initially produced from thermionic emission from

a heated cathode. The electrons can be extracted using a high DC voltage, however

for a greater electron acceleration RF fields are used. The electrons undergo a small

amount of further acceleration before entering the linear accelerator (linac). The linac

accelerates the beam of electrons using a series of RF cavities. The electron beam, or

current is separated into bunches before the linac so that the bunch frequency is equal

to the accelerating RF frequency.

In high energy synchrotrons the beam from the linac is inserted into a booster syn-

chrotron. This accelerates electrons using bending magnets in the same way the main

synchrotron would do to further increase their energy before the beam enters the stor-

age ring. The storage ring holds a high current and maintains the electron energy using

bending magnets. Beam lines then tap into the circulating electron beam at certain

points around the synchrotron.

An insertion device (ID) is a periodic magnetic structure inserted into the synchrotron

ring to generate high brilliance radiation. The Lorentz force between the magnetic field

and the electronic charge causes the electron trajectory to transversely oscillate in a

defined period in order to generate synchrotron radiation. Wigglers and undulators are

common forms of ID. Both wigglers and undulators are essentially the same physical

device and structure, however wigglers use a far higher magnetic field than undulators.

The wiggler causes a significant deviation of the electron trajectory transverse to its

direction of motion, that leads to high flux at high energy however at the cost of poor

beam divergence. Undulators on the other hand, use a relatively weak magnetic field,

that causes only small oscillations from the electrons, and so lower energy photons how-

ever far better beam divergence, and as a result higher brilliance. DLS uses undulators

as its ID. For more information on both undulators and wigglers recommended reading

is found in [73–75]

3.3 Compact Plasma Based EUV radiation Sources

Hot dense plasmas can be used as a source of radiation within the EUV spectral region

[76]. These electron plasmas have temperatures between several 10eVs to hundreds of

eV and electron densities ranging from 1017−1019 cm−3. The EUV emitting plasma can

be a laser produced plasma (LPP) or a gas discharge plasma (GDP) [77]. In the case
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of LPP an IR laser is used to focus into the high Z gas target creating the hot plasma

[78]. In the case of the GDP the plasma is created using an electrode based system.

The spectral emission of the source is dependent on the element or compound used.

Xenon gas has been used to achieve flux into the water window spectral region. Photon

energy can be further tuned by selecting certain ionisation levels for specific emission

lines. In the case of both oxygen and nitrogen there are strong emission lines between

15 nm and 25 nm which would be a useful spectral region spanning the binding energies

of some orbitials for CO, Fe, and Ni, which could be useful for investigation of magnetic

materials [76]. For the purpose of conventional coherent imaging it is best to set the

conditions to optimise one emission line to ensure high monochromaticity.

These sources emit radiation isotropically with partial coherence. To achieve the coher-

ence required for many coherent imaging experiments an aperture or slit will be used to

improve coherence on the beam. Therefore these plasma based sources, when used for

experiments that require high coherence are highly inefficient.

3.4 X-ray Free Electron lasers

Free electron laser (FEL) sources work by accelerating an electron beam to relativistic

energies using a linear accelerator and passing it through an ID similar to that used

when generating synchrotron radiation. The result of this is an extremely bright coherent

emission of radiation in contrast to the incoherent emission that is seen from synchrotron

radiation.

The electrons from the linac provide the gain medium, and these electrons transfer their

energy to photons as they pass through the ID, where there is a coherent build up of

flux. As the relativistic electrons enter the ID there is a random emission of dipole

radiation similar to that from a synchrotron. However as the electrons interact with

the newly formed radiation the magnetic component of the radiation combines with the

field associated with the electron velocity, and so applying a force on the electron. This

is known as the Lorentz force. This force causes the electrons to bunch, which is known

as micro bunching. By this method the emission of radiation is completely coherent.

Using a very long ID, such as the one proposed for the Europen X-ray FEL which is

2.3km long, there can be a very bright coherent beam.
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Optimising Coherent Flux using

High Harmonic Generation for

Coherent Imaging at The

University of Southampton

In the following chapter, I discuss the work on improving the HHG beam, such that it

could be used for coherent imaging. I first discuss the laser system, and its properties,

before briefly explaining the parameters chosen for the experiment. Experimental data is

presented which demonstrated HHG phase-matching using a free space geometry. Data

is also shown quantifying the EUV beam quality, beam coherence and stability.

4.1 The Laser System

In order to achieve an electric field comparable in strength to that of the Coulomb

potential of the atom, an ultrafast, high peak power laser system is used as shown in

figure 4.1. The Ti:Sapphire (Spectra Physics Tsunami) oscillator, that is pumped by

continuous wave (CW) Nd : Y V O4 (Spectra Physics Millennia), makes up the laser seed.

The Ti:Sapphire cavity is a passive Kerr lens mode-locked cavity. However, because the

cavity will run in a continuous wave mode an acousto-optical modulator (AOM) is used

to initiate mode locking. A spectrum analyser is used to observe the spectrum of the

mode-locked laser exiting the Ti:Sapphire system and this spectrum is optimised for a

wide bandwidth (40 nm) centred around 790 nm.

56
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The pulse then enters the regenerative amplifier system (Spectra Physics, Spitfire Pro)

where it is first stretched by a grating system, as part of the chirped pulse amplification

(CPA) system. The amplification system is pumped by a frequency doubled Nd:YLF

17 W, 1 kHz repetition rate (Positive Light Evolution) 523 nm wavelength laser. The

Nd:YLF laser pumps the Ti:Sapphire gain medium in the amplification system. The

pulse is switched into the Ti:Sapphire cavity in the amplification system using Pockels

cells before making 12 round trips in the cavity. A Pockels cell acts to rotate the po-

larisation of a light beam using the linear electro optic effect, or Pockels effect which

can occur in noncentrosymmetric materials only. In this effect, birefringence is created

in a material in response to the presence of an electric field. The material’s response is

directly proportional to the electric field, as opposed to a similar effect, the Kerr effect,

whose response is proportional to the square of the strength of the electric field. In

practice a large voltage is used to create a strong electric field within the material in-

ducing the birefringence necessary to change the polarisation of light exiting the Pockels

cell. The pulse then exits the cavity again, using Pockels cells. The pulse finally passes

through a compression grating to remove the initial dispersion of the pulse to give a final

output 40-50 fs pulse length, 2.5 mJ energy per pulse (however this energy has varied

throughout my PhD), 1 kHz repetition rate laser beam.

Millennia Tsunami

Evolution

Stretcher Compressor

Regenerative
Amplifier

Figure 4.1: Schematic of the chirped pulse amplification (CPA) laser system. Mil-
lennia Nd : Y V O4 laser outputs 3.6 W 532 nm that is used to pump the Ti:Sapphire
Tsunami oscillator. The mode-locked Tsunami oscillator is used as a seed laser for the
amplifier. The evolution laser pumps the amplifier with 17 W of 523 nm wavelength
from a Nd:YLF laser. The CPA amplifier first stretches the seed pulse before sending
it into the regenerative amplifier for 12 round trips before the pulse is recompressed in

the compressor. The laser output is 2.5 W 40-50 fs at a 1 kHz repetition rate.
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4.2 Laser Diagnostics

The following section describes the two pieces of equipment required to measure the pulse

length of the beam and the mode quality of the beam. The pulse length is measured

using a Grating-eliminated No-nonsense Observation of Ultrafast Incident Laser Light

E-fields (GRENOUILLE), and the mode quality is measured using a custom built M2

meter.

4.2.1 FROG

It is essential for the work in this thesis to measure the pulse length of the beam exiting

the amplifier for multiple reasons. Firstly, because HHG is an extremely intensity de-

pendent process, changes in the pulse length have the ability to enhance and reduce the

high harmonic signal significantly. Secondly, the length of the pulse must not be ignored

when thinking about coherent diffractive imaging; as discussed in Chapter 2 (temporal

coherence). The length of the pulse can cause incoherence effects in a scatter pattern

for high scattering angles.

Frequency resolved optical grating (FROG) is the method used to measure the pulse

length of the beam exiting the amplifier. FROG uses the same principles as those in an

autocorrelator [79] with the addition of spectral resolution. To perform an autocorrela-

tion on the beam, the beam must first be split into two copies of itself (which will have

reduced intensity). These two beams must then be spatially and temporally combined

in a nonlinear medium such as a second harmonic generation (SHG) crystal e.g. Barium

Borate. A spectrometer is then used to analyse the signal and the electric field of the

pulse is reconstructed. The simplest type of FROG is that described above, however for

the work at the University of Southampton we use a GRENOUILLE.

The GRENOUILLE uses a Fresnel biprism to produce two beams that cross at an angle

making intensity fringes. The Fresnel biprism, in this case, replaces the beam splitter,

delay line and all recombination optics used in other FROG methods. The beam delay

is mapped as a spatial position on the crystal. A cylindrical lens is then used to map

the angle (that is equivalent to wavelength) in one axis and and time delay in the other

axis [80]. FROG uses a Fourier transform based iterative method in order to obtain the

electric field. For further information on these algorithms it is recommended that the

reader looks at references [81], [82],[83].
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4.2.2 M2 Parameter

Knowledge of the mode profile of a laser beam is an important parameter required to

predict the behaviour of the beam as it propagates through free space or further optical

components. Commonly the parameter used to quantify the laser beam quality is the

M2 parameter, also known as the propagation constant of the beam. The physical

interpretation of the M2 value is the factor by which the divergence of the beam is

increased as a result of degradation of the beam profile. The M2 of the beam is given

by;

M2 =
πω0θ

λ
(4.1)

where ω0 is the beam waist radius, θ is the measured far field divergence and λ is the

wavelength of the laser beam. A laser beam that has ‘perfect’ mode quality would be

described using an M2 of 1 and would propagate exactly like a Gaussian beam, whereas

with values of M2 > 1 high divergence and poor quality focusing are observed.

In order to measure the beam M2 a custom made M2 meter was used. The method uses

a CCD camera to take exposures of the beam at different points parallel to the beam’s

propagation direction as it passes through a focus. The arrangement requires a focusing

optic of a long focal length to ensure the beam is adequately sampled near the focus,

which can be problematic when measuring M2 in a compact set-up.

The device used to measure the M2 of the laser beam using one single measurement is

shown in figure 4.2. A focusing lens is used to focus the beam into an etalon, compris-

ing two plane mirrors, creating a series of beam profiles on a camera placed after the

etalon. Each beam profile represents the beam as it passes through the focus depicted

in Figure 4.3. Assuming normal CCD exposure times the system suffers no problems

with low repetition rate laser systems. The exposure time of the CCD is on the order of

milliseconds. Once the image is captured using MATLAB software, an output value for

the M2 in both axis (x and y) orthogonal to the beam propagation axis (z) is calculated.

The reflectivity of the first mirror of the etalon is 99 % and the =second mirror 95 %.

These values for reflection and transmission were chosen to ensure sufficient signal was

transmitted onto the camera for each sampling position. Lens selection is an important

factor that dictates the number of points sampled on the CCD. Too short a focal length,

and the beam will be poorly sampled at the focus and there may not be a sufficient

number of sampled spots measured on the detector within the Rayleigh range. Too

large a focal length causes limitations on the number of spots that can be sampled on

the CCD, and there may not be enough spots sampled outside the Rayleigh range. It

should be noted that the mirror separation can be adjusted to compensate for too few
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Lens

Back Reflection Flat Mirrors CCD

X

(a)

(b)

Figure 4.2: Diagram showing the custom made M2 meter that is used to measure
the mode quality exiting the amplifier. (a) shows a simplified diagram of the beam
path. For each double reflection inside the cavity the beam propagates an extra 2 X in

distance. (b) is a CAD diagram of our M2 meter.

spots sampled in or out of the Rayleigh range. A 0.75m focal length lens was used in

our set up.

Aligning the M2 meter is relatively simple. First, the two mirrors should be positioned

such that they sample the beam through the Rayleigh range. This can be estimated

by looking at where the focus would be expected behind the two mirrors. When the

M2 meter is perfectly perpendicular to the beam a single spot should be observed on

the CCD. As the angle of the M2 is adjusted further spots are seen. This should be

adjusted to optimise the number of spots on the CCD, ensuring they do not merge into
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Figure 4.3: Data showing the the beam spot as it passes through the focus, measured
using the M2 meter.

one another. The lateral position of the spots can be adjusted by altering the orientation

of the mirror feeding into the etalon. To ensure the etalon mirrors are parallel an even

spot separation and horizontal spot alignment can be used as visual indicators. In order

to calibrate the spot spacing to the beam propagation distance between spots a back

reflection is measured. With knowledge of the spot separation and the back reflection

angle trigonometry can be applied to calculate the distance between the two mirrors.

The distance between each spot is then given by x
cos(θ) , where x is the mirror separation

and θ is the back reflection angle.

The data is collected by a CCD camera and each spot is fitted to a Gaussian. The beam

waist of each spot is then plotted against its position in the z axis parallel to the beam

propagation through the focus. The value for M2 is selected using a least squares fitting

routine to fit the correct M2 to the data as shown in equation 4.2.

ω(z) = ω0

√
1 + (M2)2(

λz

πω2
0

)2 (4.2)

ω is the spot size at a point in the beam, ω0 is the spot size at the focus measured

experimentally, λ is the wavelength of the illuminating radiation and z is the propagation

distance parallel to the beam.

4.3 Optimised Phase Matching

In the following section, the parameters used to optimise coherent flux of the 29th

harmonic are presented. Simple calculations and models are used to provide the ap-

proximate macroscopic conditions required for optimal generation based on the laser
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parameters discussed above. Further to this, experimental data is presented to demon-

strate successful phase matching.

4.3.1 Focusing Optic

The focal length of the focusing optic chosen to focus the IR laser beam into the gas

cell must be such that the intensity at the beam focus is high enough for ionisation of

the given gas, however not so short, that the generation volume becomes a limitation

on the output flux.

Below in figure 4.4, a simple model is used to show the predicted optimal focal length

for a laser of wavelength 790 nm, pulse length 50 fs, and M2=2 to generate harmonics

of 42 eV (29th harmonic).
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Figure 4.4: Simulation of the useful generation volume as a function of lens focal
length based on the laser parameters available at the University of Southampton.

For each focal length the region which has an intensity greater than that required to

generate the cut-off energy for 42 eV is calculated as a volume. In the simple model, the

generation volume is proportional to the maximum possible flux that the given exper-

imental geometry can possibly support. The figure shows that a focal length of 0.9m

will provide the largest generation volume for which the 29th harmonic can originate.

The discussion above does not account for any phase matching effects. For example,

the focusing optic will directly affect the Rayleigh length of the laser beam as it passes

through the focus, which determines the gradient of the Guoy phase shift. In some

regimes this Guoy phase shift can be phase matched against the atomic dipole phase
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shift that acts in the opposing direction after the focus. This was simulated early on in

HHG development in [84].

Because of the limitations in the simple generation volume model discussed above a

simulation based on the work by Balcou [71] was performed. The original code for the

simulation was written by Bill Brocklesby and I modified the code to alter the focal length

of the focusing optic. The simulation uses the phase matching calculations discussed in

Chapter 3. The model assumes Gaussian propagation and no nonlinear effects. The

model uses the Guoy phase shift, atomic phase shift, and a time independent dispersion.

The refractive indices for argon were calculated using the Sellmeier equations. Laser

parameters of λ = 790 nm, energy per pulse of 1 mJ , M2 of 2, and a pulse length of

50 fs were used. The cut-off energy was based on the 29th harmonic in argon gas and

pressure was equal to 80 mbar. As the focusing power of the focusing optic was changed

the coherence length, given in equation 3.18, is calculated over the focal region. The

colour bar is set at a maximum of 3 mm because a build up in coherent flux over a

distance greater than 3 mm is counteracted by absorption in argon gas. The results are

shown in figure 4.5.
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Figure 4.5: Plot of a simulation of coherence length for spatial positions through the
focus. Each graph shows a different simulated input focal length.

At each plot through the focus in figure 4.5 there are contributions from short trajectories

and long trajectories, as marked on the upper central plot. At shorter focal lengths the

majority of coherent signal comes from the short trajectory electrons, however at longer

focal lengths the proportion of signal from long trajectories increases relative the short

trajectory signal. Figure 4.5 shows that there will be more positions through the focus

where a coherent build up of flux can be found close to axis for focal lengths between 60

and 70 cm. At focal lengths shorter than these coherent build up of flux could occur at
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larger distances from the focus with large contributions from off axis signal. For focal

lengths longer than this the phase matching conditions are such that coherent build up

of signal is poor for all positions through the focus. This model demonstrates the short

comings in figure 4.4 where an optimal focal length of 90 cm was predicted.

4.3.2 Gas Selection
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Figure 4.6: Bar chart to show the ionisation potentials of common inert gases used
in HHG. Gas selection is critical to optimise flux over a given spectral region.

In order to obtain high flux over a given spectral region, the chosen gas must have

the electronic structure that will yield the photon energy that is desired. Figure 4.6

shows the ionisation levels of the inert gases that are commonly used for high harmonic

generation. At the University of Southampton laser system the pulse energy is limited at

2.5 mJ per pulse at wavelength of 790 nm. Therefore the gas selection is crucial to ensure

that the imaging high harmonic is not too close to cut off and that flux is optimised.

Absorption of EUV photons in neutral gas is an important consideration. The absorption

length of the EUV photons in the specific gas is a limiting factor for the length of the

generating region. This will limit the focal length of the focusing optic that can be used

and ultimately the generating volume. When using argon gas at a pressure of 100 mbar

the absorption length of 29 nm radiation is approximately 3 mm. This value was the

main reason the gas cell thickness used at Southampton was 3 mm.

Final considerations for the gas medium are the availability and price. I have included

Neon gas in this discussion because it has been used to generate high energy EUV
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photons in HHG experiments [85], [86]. However, because of the recent rise in Neon gas

price, it no longer becomes cost effective to use Neon as a generating medium.

4.3.3 Gas Cell Structure

A gas cell structure was used to contain the gas in the HHG imaging experiments. Other

commonly used structures for HHG generation are a gas jet [87], or a capillary [88].

There have been no comprehensive studies to say which would be better for an imaging

experiment, however it it universally expected that higher flux would be available from

a capillary because of an increased phase matched region. However, previous work at

the University of Southampton found EUV generated from the capillary structure is

unstable and and the arrangement can be challenging to align.

The gas cell is a hollow copper or aluminium cylinder pinched to approximately 3 mm

thick. A 500µm hole is machine milled through the tube. Copper tape was used over

the gas cell aperture and the IR laser was used to laser mill a smaller aperture through

the tape. This aperture is significantly smaller than the machine milled aperture and is

the smallest size of aperture that could be used (defined by the laser spot size). There

are a number of improvements that result from reducing this aperture size. For a given

backing pressure, the pressure in the center of the gas cell can be increased. More

importantly, the flow rate of the gas into the backing vacuum is reduced significantly.

The flow rate can be described by the Hagen Poiseuille equation, Q = ∆Pπr4

8µL where Q

is the flow rate, L is the pipe length, r is the pipe radius, ∆P is the pressure reduction

and µ is the dynamic viscosity [89]. It is observed that the flow rate is proportional

to the fourth power of the aperture diameter. Reducing the backing pressure reduces

absorption of EUV radiation by residual gas in the vacuum system and so an increase

in usable flux. Further to this, reducing the background chamber pressure reduces the

formation of Mach discs as shown in figure 4.7. A Mach disk forms when gas is forced

out of an aperture into an environment whose pressure is substantially lower than that

behind the aperture creating a shock wave. This rapid expansion of gas creates a defined

structure comprised of very dense regions of gas (the Mach disc) and less dense regions

(the zone of silence). Further information on Mach disc formation can be found in the

thesis by James Grant-Jacob [90].

4.3.4 Experimental Data Optimising Coherent Flux

This section presents the experimental data that was used to determine optimal phase

matching conditions which would provide the highest coherent flux centred around 29 nm

(peak reflectivity for the multilayer mirrors in the experiment). In all of the data shown
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Figure 4.7: (a) and (b) are a microscope image of the copper tape that is used to
cover the gas cell aperture over a long period of time (front and back respectively). (c)
and (d) are the copper tape after only a single imaging experiment. (e) is showing the
the fluorescence of the plasma measured using a USB microscope viewed perpendicular
to the laser beam. This can be used to see differential density in the gas outside of the

gas cell.

below, a cooled CCD was used to measure the photon flux and the experimental ar-

rangement is shown in figure 4.8. Figure 4.8 (a) and (b) shows two experimental designs

commonly used throughout this thesis and discussed further in later sections. In the

arrangement in figure 4.8 (a), the monochromatic cavity, a single harmonic is selected

using a double bounce off two MoSi multilayer mirrors (one flat and one curved with

a radius of curvature (ROC) of 50 cm) whose reflectivity spectrum is offset. In 4.8 (b)

a single reflection of a curved MoSi mirror of ROC 40 cm is used. Common to both

experimental designs is a focusing lens, a gas cell of thickness 3 mm, 200 nm aluminium

filters and an EUV sensitive Andor DX434 CCD. For the work in this section the sample

stages were positioned such that any samples or apertures are not in the path of the

beam unless it is stated otherwise.

The parameters that could be altered for this experiment were the backing pressure

behind the gas cell, the input laser power and pulse length, the focal length of the lens

or mirror used to focus the IR into the gas cell, the focal position within the gas cell

and the degree to which the beam was apertured before focusing.

4.3.4.1 Input Power and Gas Pressure Effects on High Harmonic Flux

Gas pressure was initially optimised for maximum integrated counts on the CCD. All

other parameters were fixed (1.5 mJ input laser power, 50 fs pulse length 0.75 m focusing

lens) and the backing pressure was altered between 50 mbar and 250 mbar in 10 mbar

steps. The results are shown in figure 4.9 (b). The results support those observed by

Lohbreier et al [87] and Chen et al [91] which are a low harmonic flux at low pressures,

but a quadratic increase in flux as pressure is increased up until a maximum point. In

our experiment this point is at approximately 120 mbar. The increase results from a
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(a)

(b)

Figure 4.8: (a) is the experimental design for the monochromatic set-up and (b) is
the design for the polychromatic set-up. M is a motorised mirror, L is a motorised
lens, C1 and C2 are stabilisation CMOS cameras, G is the gas cell, F are the Al filters,
XM is the flat multi-layer optic, CXM is the curved multi-layer optic, P is the pinhole
aperture and S is the sample. The beam propagates approximately 6 m from the exit of
the laser to the vacuum system where the beam height of the optical bench is 15.5 cm

for 3 m and 21.5 cm for 3 m.

higher number density of generating argon atoms. Quadratic increase is an indication

of a coherent build up of coherent HHG signal whereas as a linear increase in flux is an

indication of an incoherent build up of flux [91]. Under these conditions a peak photon

flux of 5 × 108 photons per second is measured. In contrast to Lohbreier et al [87], we

continue to see a reduction in the uniformity of the EUV beam profile as gas pressure

is increased above 120 mbar. A number of effects can occur as a result of increasing the

gas pressure. The absorption length decreases as the pressure is further increased and

even in the presence of good phase matching this would limit the generation volume.

The increase in gas pressure can alter the dispersion and cause self focusing effectively

changing the focal position, which can also effect the phase matching conditions.

Figure 4.9 (a) is a plot showing the variation in integrated flux as a function of input laser

power and pressure inside the gas cell. A linear fit has been used to fit the data points

because the gradient indicates the conversion efficiency ( EUV photons/fundamental IR

photons) as a function of pressure. It can be seen for the pressures where optimal CCD

counts are observed the linear fit becomes less suitable, since the gradient flattens off

at higher powers. This is an indication that the gain is becoming saturated at these

powers.
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Figure 4.9: (a) shows a plot of IR laser power entering the gas cell against integrated
CCD counts over a range of pressures using argon gas. (b) shows a plot of integrated

counts for 1.8 W of input power.

4.3.4.2 Beam Aperture Effect on High Harmonic Flux

The data presented in figures 4.10 and 4.11 was used to show efficient phase matching

for our given maximum laser power (at the time of the experiment) and shortest pulse

length. There has been numerous studies demonstrating the effect of placing an aperture

around the input laser beam on the output of the high harmonic radiation [85], [92]. To

test the effect of beam aperturing on high harmonic flux centred at the 29 nm (12 %

bandwidth ≈ ∆λ
λ ) wavelength, an iris was placed before the focusing optic and a fraction

of the laser beam intensity was measured after this iris. Fast exposures (100ms) using

the EUV sensitive camera were taken measuring the 29 nm high harmonic flux, whilst

the iris was manually opened and closed, to provide a dataset of power after the beam

aperture against HHG 29 nm flux.

The work by Kazamias et al [92] describes at length how an increase in flux between

20-70 eV can be achieved by aperturing the beam before the focusing optic. In a similar

experimental geometry, to that used in this experiment, an increase in high harmonic

flux of 10 times was measured from aperturing the beam to half its input beam waist

before the focusing optic. The effect of significant beam aperturing will rapidly cause a

decrease in the beam intensity, as the focal spot size increases and the rate of change of

the Guoy phase shift is decreased. The increase in flux was thought to be caused by a

longer coherence length from a shallower Guoy phase shift.

The data shown in figure 4.10 (a) and (b) is a plot of the integrated, background sub-

tracted EUV flux as a function of absolute power (percentage power for (b)) transmitted

through the iris for different input powers. A 0.5 m focusing lens was used as the focus-

ing optic and 100 mbar of argon gas was the pressure behind the gas cell. Figure 4.10

(a) shows that for each input laser power there is an optimum level of beam aperturing,
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and that for higher input laser powers the integrated flux is greater. Figure 4.10 (b)

shows the same data plotted as a function of transmitted power, where it is evident that

the optimal level of beam aperturing is approximately equal for each power. The data

implies that for the experimental conditions in this experimental arrangement, inten-

sity dependent phase matching is redundant. This is because as the iris is closed, the

gradient of the Guoy phase shift is altered, and at the same time the plasma dispersion

term and the atomic dipole phase. The fact that the optimal peak does not change,

independent of input laser power suggests that the Guoy phase is the dominant term in

phase matching in this loose focusing geometry.
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Figure 4.10: (a) is a plot of integrated CCD counts at an argon gas pressure of
120 mbar against power after aperturing the beam. The different plots show differ-
ent input laser powers which are incident upon the iris. When the iris is fully open
we assume 100% of the beam passes through the aperture. As the iris is closed the
transmitted power after the iris is measured and this is plotted against integrated EUV
counts. (b) is a plot of the integrated counts for the same conditions as (a), but it is
plotted against the percentage of apertured power. For example if a power of 0.96 W
was measured after the iris and the power incident on the iris was 1.92 W then the
transmitted power would equal 50%. Both (a) and (b) combined show that optimum
phase matching in this regime is not dependent on laser intensity because the size of

aperture for optimum phase matching is independent of laser power.

Figure 4.11 (b) adds a further level of complexity to the phase matching discussion.

Using the identical arrangement to that used to generate the data in figure 4.10, the

gas pressure in the gas cell was changed and the EUV flux was measured as a function

of beam aperturing. It is clear that there is a correlated shift in the optimal beam

aperture diameter as a function of gas pressure inside the gas cell. [93] observed that
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the dispersion caused from the neutral gas acts in the positive direction. This argument

can be used to explain the phase matching condition observed in the data. Where there

is no beam aperturing, the gradient of the Guoy phase shift is large and this is phase

matched against neutral dispersion caused by a relatively high gas pressure. When

the beam is apertured down, the gradient of the Guoy phase shift is reduced and so

follows less dispersion from neutral atoms is required to phase match effectively and so

an optimum is observed at lower gas pressures.
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Figure 4.11: (a) and (b) show the integrated counts collected after beam aperturing
using 1.92 W of input laser power. The lens focal length in (a) is 0.5 m whereas the lens

focal length in (b) is 0.75 m.

The data from the 0.5m focusing optic implied that the Guoy phase shift associated

with this level of focusing had to be compensated for using very high gas pressures.

The problem with these high gas pressures is they significantly reduce the absorption

length of EUV radiation, and thus useful generating volume. Higher pressures can also

lead to nonlinear self focusing that can alter generating conditions. Experimentally a

degradation in the mode quality is also observed for higher gas pressures. In order

to phase match at lower pressures, however still using high laser powers, a longer focal

length lens can be used. Figure 4.11 (a) shows the data acquired from using an apertured

beam with the longer focusing lens. In this case the optimum is approximately when

the aperture was fully open allow 100% of the beam to pass through. The results are

consistent with the hypothesis above. Using the looser focus shifted the optimum regime

to the right and moved the optimal phase matching pressure to between 100 mbar and

130 mbar as opposed to 200 mbar using the 0.5 m focusing lens.

4.4 Filtering

Filtering is a critical issue to be considered when imaging using a HHG source. Because

the conversion efficiency of the high harmonic process is low (approximately equal to

1 × 10−6 [94], [95]), the number of IR photons is an order of magnitude higher than
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the number of photons at the desired imaging wavelength. The multilayer mirror that

is used to reduce the EUV bandwidth (and focus the beam) can provide some level

of filtering, however further filtering is required to improve SNR of EUV to IR. The

challenge of the filter is to reject 790 nm radiation whilst providing high transmission

for the spectral region used for imaging. Figure 4.12 shows the transmission of EUV

through 200 nm of aluminium, molybdenum and niobium which are commonly used to

filter out IR radiation.
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Figure 4.12: Plot to show the transmission of EUV though common filtering materials
over the wavelength range achievable from a HHG source. The data was obtained
from the CXRO database [26]. Aluminium is a commonly used filter for filtering out
wavelengths down to 17 nm however, at shorter wavelengths materials such as Zr and
Mo are used. A plot of aluminium oxide transmission is shown for 10 nm because an
oxide layer will form either side of the filter, reducing the EUV transmission of the

filter.

For the imaging experiments at The University of Southampton using radiation centred

at approximately 29 nm, a single 200 nm free standing aluminium foil is used. In order

to reduce IR intensity on the filter, apertures are placed between the point of generation

and the filter position. This is a method of spatially filtering the IR radiation from the

EUV. This works because the divergence of the IR radiation is far greater than the EUV

radiation because beam divergence is linearly proportional to wavelength. Further to

that, the distance between the generation point and the filter mount is optimised such

that the entire EUV beam can pass through the filter mount, but the intensity of the

IR is reduced.

Experiments on the Southampton beam line have shown that when using light between

wavelengths of 27-30 nm, each 200 nm aluminium filter transmits only 40% of the incident

EUV radiation. The reduction in transmission of the EUV through the single aluminium

filter is likely to be have caused by an oxide layer that will have built up the filter surface.
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Using Figure 4.12 and the CXRO database [26] it is possible to approximate the depth

of aluminium oxide present on our filter. To get the measured 40% transmission that is

observed, a depth of 7.5 nm of aluminium oxide was present on each side of the foil.

For experiments using 13 nm EUV radiation aluminium is no longer a suitable material.

Zirconium and molybdenum are materials that have a reasonable transmission of 13 nm

light, however reflect less 790 nm light than aluminium so the thermal load incident

on the filter is increased. In order to increase the ratio of EUV transmission to IR

attenuation certain materials can be placed at Brewster angle to increase IR attenuation.

Seaberg et al [36] have used silicon coated in ZrO placed at Brewster angle to the

fundamental laser beam to reduce the intensity of the laser beam. Whilst reducing the

intensity of the beam the transmission of the EUV radiation can still be high. Nagata

et al [96] have demonstrated a reflectivity of over 70% for 13.4 nm whilst attenuating

the 790 nm beam at Brewster angle.

4.5 Source Stability

The main microscopy method presented in this thesis, ptychography, requires a high level

of source stability. This is because one of the fundamental concepts of ptychography is

that the source illumination remains constant whilst the object function changes between

scanning positions. It has been found during the duration of the project that the level

of stability required for ptychography far exceeds the majority of applications requiring

femtosecond laser systems. The following section describes the measures implemented to

improve the laser system to such a level that ptychographic imaging could be successful

from a high harmonic laser source.

4.5.1 Passive Stabilisation

The path the laser beam takes between the laser amplifier and the vacuum system is

shown in figure 4.8. This distance is approximately 6m outside the vacuum system.

Figure 4.13 (a) highlights the effect caused by airflow across the laser on the centroid of

the HHG beam measured on the EUV CCD. Figure 4.13 (a) shows the improvements

made when the beam path is sealed (passively stabilised) as shown in figure 4.13 (c

and d). The fast fluctuations are predominately caused by air flow and are reduced

significantly once the beam path is sealed.

It is clear that there is long term drift on the laser beam, and this is not caused by

air flow, but instead temperature fluctuation in the laboratory. The laboratory was re-

designed to remove all non essential heat sources to mitigate the thermal heating effects.
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Figure 4.13: (a) show the improvements to the stability of the EUV beam centroid
with and without passive stability. (b) is an example of the passive stabilisation methods
on the Southampton beam line and (c) is passive stabilisation methods on the Artemis

beam line.

When the time scale of a ptychography scan can be as long as 10 hours the long term

drift must be corrected by active stabilisation methods.

4.5.2 Active Stabilisation

The hardware required for the active stabilisation system was two CMOS cameras

DCC1545M, two sets of Newport picomotors, a set of lens and mirror mounts shown in

figure 4.16 and two Raspberry Pi computers. The software for the custom made stabili-

sation system was developed by Michal Odstrcil. The system uses a simple proportional-

integral-derivative [97] algorithm (PID).

The PID algorithms have been successfully implemented in control systems for many

decades, and it based upon three modes, the proportional, integral and derivative mode.
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The proportional mode adjusts its output signal so that it is directly proportional to the

error signal. In a basic model of a motor driving a mirror mount and a CCD measuring

the beam centroid, the proportional mode implies, if the beam centroid moves an amount

causing an error between the desired beam position and the actual centroid position then

the motor movement will be equal to the error between these two values multiplied by

a gain coefficient Kp, shown mathematically in equation 4.5.

Pout = Kp × e(t) (4.3)

e(t) is the error between current beam position and set point beam position. This has

been simply modelled in figure 4.14 (a). For a small value of the proportional gain, the

system responds slowly however never overshoots, whereas for a large proportional gain

the system is driven into oscillations.

The integral term is given as,

Iout = Ki

∫ t

0
e(t)dt (4.4)

where Iout is equal to the integral term, and t is time. The integral term contains the sum

of all the error over time which is then multiplied by its coefficient Ki. This is simulated

in figure 4.14(b), where it is demonstrated that the integral term can accelerate the

movement towards the set point however it can cause large overshoot. The derivative

term is designed to mitigate the oscillations that can occur from the overshooting. The

derivative term is given in equation 4.5

Dout = Kd
de(t)

dt
(4.5)

where Dout is the derivative term and de(t)
dt is the rate of change of the error. Kd is the

derivative gain.
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Figure 4.14: (a) is a plot of the proportional term in reaction to a response. Integral
and derivative terms are held constant. (b) is a plot of the integral term, where the

proportional and derivative terms are held constant.
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The stabilisation speed of the system is 10-20 Hz depending on the settings. The system

is limited by the speed of the picomotors and the readout time of the CMOS cameras.

The exposure time of the cameras is adjusted such that beating between the repetition

rate of the laser and the camera exposure is avoided. This is done by averaging over many

pulses. Alternatively the cameras could be triggered from the trigger signal controlling

the Pockels cells in the amplifier, however these cameras do not support this function

and were chosen due to a limited budget.
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Figure 4.15: Figure demonstrating the effect of stabilising the beam using the com-
bination of active and passive methods. The fast fluctuations are reduced mostly by
preventing airflow along the beam line. The slow fluctuations inherent to the laser
system and caused by laboratory temperature fluctuations. The STD is the standard

deviation of the beam centroid measured in µm at the focus of the IR laser beam.

Figure 4.15 shows the measured stability of the IR laser beam as a result of the imple-

mented active and passive stabilisation. The precision achieved from the stabilisation

system measured on the camera C1, which should directly reflect stability in the gas cell

is 0.2 µ radians.
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14cm

14cm

Figure 4.16: Left is an image of the actively stabilised lens mount. Newport picomo-
tors used to control focal spot position to within 0.2 µrad. Right is the custom made
lens mount. Lever arm distance was increased to 14cm to decrease the effective step

size of the motion acting on the mirror itself.

4.6 EUV Mode quality and spot size

For the far field coherent diffraction imaging experiments the sample is commonly placed

at the focus of the beam. This ensures the smallest possible spot size for the given

geometry, and so the highest intensity. In the following section the methods used at the

University of Southampton to characterise the focus are shown for the two experimental

geometries. The first geometry is referred to as the folded monochromatic geometry

that uses a combination of a EUV flat MoSi multilayer and curved EUV focusing MoSi

multilayer, shown in figure 4.8. The second geometry is referred to as the polychromatic

geometry and this uses a single curved MoSi multilayer mirror.

4.6.1 Camera Focus Scan

The beam spot size is measured using a CCD, however due to the detector size this

measurement can only be used in the folded geometry. The CCD is scanned through

the focus using Newport LTA series DC stepper motors and a Gaussian fit is applied to

the detected beam spot at each point parallel to the beam. Both the M2 and the focal

spot size can be identified in each axis. Data using this method is presented in Figure

4.17 (a). Here, a poor quality EUV optic is degrading the beam quality and a large M2

of 24 and 32 is extracted from the data in the x and y axis respectively.
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There are drawbacks to measuring focus position using this method. First, the resolution

of the measurement is limited by the detector pixel size. The CCD (Andor DX 434)

detector used for all EUV measurements in this thesis has a 13 µm pixel size. When

measuring small beam spot sizes (similar to that shown in figure 4.17 (b)) the pixel size

limits the usefulness of the method. Secondly, it is often technically difficult to get the

detector and sample stages at the focus when using the same stage alignments. For most

imaging experiments in this thesis it is desirable to place the sample at the focus and

the CCD back from the focus.
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Figure 4.17: (a) is an example of calculating spot size by scanning an EUV sensitive
CCD through the focus. In this particular example M2 was equal to 24 in y axis and
32 in x axis, where a very poor quality optic was used. (b) is a plot of EUV spot
size through the focus using the integrated intensity from scanning a small aperture
through the focus. M2 was equal to 4 for this dataset. The error bars represent the
95% confidence intervals extracted from fitting a Gaussian curve to the data at each

position parallel to the beam.

4.6.2 2D aperture Scanning Transmission Measurements

To measure the position of the focus using this method a 2 µm diameter aperture is

scanned through the beam focus, and the integrated intensity is measured using the

CCD placed behind the aperture. The aperture was produced by coating a 50 nm SiN

membrane in 200 nm Au and milling the aperture using focussed ion beam (FIB). Along-

side the 2 µm aperture are larger apertures that were often used in imaging experiments,

adding flexibility to the experiment. From the measurement of the integrated intensity

a Gaussian can be fitted to this data, and a beam spot size extracted at each position

through the focus. The disadvantage of this method is that it is slow compared to the

scanning CCD method. A slow method combined with an unstable beam can introduce

error in the measurement.
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The advantage of this method is that the resolution is limited by the aperture size,

which can be manufactured extremely small if required. However, there will always be

a trade off between scanning time and resolution. The other practical advantage is that

the aperture used for the focus measurements is in the same plane as the aperture used

for imaging.

4.6.3 Knife Edge Measurements

The knife edge measurement is a commonly used method to measure the beam profile

in the visible spectral regime. The knife edge is scanned perpendicular to the beam

and an integrated intensity is measured using a detector [98]. A knife-edge experiment

was conducted at the focus of the EUV radiation in the monochromatic geometry. The

Andor CCD was used to detect the transmitted EUV.

The plot of the measured intensity against razor blade position is shown in figure 4.18.

The data points show an integration of the Gaussian laser beam over the displacement

of the razor blade. Therefore the data can be fitted using an error function erf that

correctly describes the power passing the knife edge.

PT (x) = P0r

√
π

8
erf [

√
2x

r
] (4.6)

PT is equal to the power passing the knife edge, P0 is equal to the maximum power, x is

the displacement of the razor blade, and r is the 1
e2

of the beam radius. A least squares

fitting routine was used in order to extract the beam radius.
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Figure 4.18: (a) is a plot of EUV spot size through the focus and M2 fit using a
knife edge scanning method. M2 was equal to 5. (b) is showing the data fitted to the
error function erf , used to extract the beam spot size. The error bars show the 95%

confidence bounds from the fitting the data.

The razor blade can be translated parallel to the beam and the same measurements

repeated at different positions through the beam focus. It is then possible to plot the
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spot size against position through the focus as shown in figure 4.18. An M2 parameter

can be extracted by fitting equation 4.2 to the spot size as it changes through the focus.

4.6.4 Beam Characterisation using Photoresist

In the previous sections all intensity measurements were recorded using a CCD. However,

in this section we investigate using a photoresist to measure the intensity distribution of

EUV radiation. There are a number advantages and disadvantages of using photoresist

over a CCD discussed below. All the photoresist manufacture and development was

conducted by Hyun-su Kim, and the experiments in the EUV were performed together.

4.6.4.1 Photoresist

EUV imaging using photoresist is a relatively new technology pioneered in the 1980s

[99]. The mechanism and development of photoresist is extensively covered in [100] and

only a simple description is given below. Upon interaction with an EUV photon both

photoelectrons and secondary electrons are generated in the photoresist via ionisation.

These secondary electrons can travel tens of nanometres within the material before

they initiate a chemical reaction within the material. This chemical reaction is known

as the electron attachment reaction, and it is this reaction that causes a change in

the photoresist material. The absorption cross section for this reaction is inversely

proportional to its energy, which is a limiting factor for the resolution of the photoresist.

After exposure, the photoresist is washed removing any material that undertook the

electron attachment reaction.

4.6.4.2 Exposure Tests and Focus Scan

In the experiment discussed below the details on the photoresist production and devel-

opment can be found in [101]. To our knowledge, the simple experiment below is the

first of its kind, exposing photoresist with femtosecond 29 nm radiation from a HHG

source. Because of the unknown sensitivity of the photoresist to femtosecond radiation,

an exposure test was conducted first. The photoresist was placed near the focus of the

EUV radiation and exposed for a known period of time. The photoresist was then moved

out of the way of the EUV beam where an Andor DX 434 EUV CCD detected the beam

for the same exposure time. The CCD counts to photons conversion is discussed further

in Chapter 6, and is based on the data sheet provided with the CCD. No diode or syn-

chrotron calibration has been used to confirm this conversion. These 2 measurements

can be used to calculate the sensitivity of the photoresist to the ultrafast EUV pulses.
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The results after analysis, using an atomic force microscope, are shown in figure 4.19 (a).

The second experiment, that can be used to characterise the beam focus, was to scan

the photoresist through the focus. At each position through the focus, the photoresist

was exposed between 0.5 and 15s, in order to improve the dynamic range of the results.

After the exposures, the wafer was removed from the chamber and developed.
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Figure 4.19: (b) shows the sensitivity of the photoresist. (a) shows the depth of
material removed by EUV exposure at a given position through the focus.

Figure 4.20 is an optical microscope image of the developed photoresist. The beam

quality and strong astigmatism can be easily observed using the low resolution optical

microscope. The red line shows the approximate circle of least confusion (CLC) position.

There were large regions of over saturation of the photoresist for longer exposure times,

however at shorter exposure times where the flux density was reduced the effect of the

EUV flux on the photoresist could not be seen when using the optical microscope.

Figure 4.19 (b) shows analysis of the photoresist for each position through the focus.

The maximum depth caused by the EUV radiation in the photoresist, is plotted against

the position through the focus. Due to the over saturation at smaller spot sizes there

is a limit to the amount of information that can be extracted from this technique. It

highlights the poor dynamic range properties of the photoresist which is a limitation for

this experiment. However, out of all the methods presented in this discussion, it could

give the highest lateral resolution measurement (≈ 20 nm) of the mode intensity at each

position through the focus.
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Figure 4.20: The image above shows an optical microscope image of a photoresist
after it had been exposed at different points across the photoresist through the EUV
beam focus. The red vertical stripe shows the focus. Moving vertically the exposure
times ranged from 0.5 to 15 seconds. Each beam position represents 500µm movement

through the focus.

4.7 Coherence

Coherence theory was addressed in Chapter 2. The following section examines the spa-

tial, and temporal coherence properties of the high harmonic source at the University of

Southampton using a Young’s slit style experiment. In theory, the coherent properties

of the fundamental laser beam are conserved in the high harmonic process. However,

because the high harmonic process is an extremely nonlinear interaction, with multiple

electron trajectories possible, it is likely that some coherence will have been lost [102].

Similar experiments to those presented below have already been conducted in the liter-

ature on other EUV/ soft X-ray sources [103, 104], [105],[106] however, it is an essential

pre-requisite experiment to any coherent imaging experiment.

4.7.1 Young’s Slit Coherence Measurments

The diagram in Chapter 2 figure 2.12 shows the design for a Young’s slit experiment. If a

focusing optic is used in the experiment (as it is in our experiment), in order to simplify
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analysis it is important that the sample is placed at beam focus, such that the wave

front is flat across the sample. Further to this, it is important that the experimental

geometry meets the requirement for the far field diffraction ( a
2

Lλ � 1). It is useful to

measure the beam size, such that the coherence can be characterised as a function of

spot size, which can be done using one of the methods discussed in the previous section.

Equation 4.7 describes the measured intensity as a function of angle from the diffracting

slits of separation d, width a, for a single wavelength. The first part of the equation

(the interference factor) is describing the intensity as a result of double slit interference

whilst the second part (the diffraction factor) is describing the intensity caused by a

single slit diffraction.

I = I0|γ12| cos2(
πdsin(θ)

λ
)[

sin(πa sin(θ)/λ

πa sin(θ)/λ
]2 (4.7)

The degree of spatial coherence |γ12|, is used as the free parameter to fit to the data to

extract the coherence.

For the majority of work in this project, when using HHG radiation, a polychromatic

spectrum is used. To investigate the diffraction from two slits a sample was produced

by Staurt Boden from the University of Southampton. The slits were part of a sample

comprised of a 50 nm Si3N4 membrane coated in 200µm of Au. Slits of dimensions

5µm by 1µm were FIB milled into the sample. Slits of separations 2, 4,7, 10, 13, and 16

µm were milled in the sample. Figure 4.21 shows the far field diffraction pattern from

a pair of slits of the sample whose separation was 7 µm. In this case, because the input

spectrum is polychromatic, the measured intensity can be expressed as an incoherent

sum of different wavelengths given in equation 4.8.

I(x) =
∑

q=1

F (q)I(x, λq) (4.8)

F (q) is the weighting factor for each harmonic order and I(x, λq) is the far field intensity

distribution for the given harmonic order q. The consequence of the polychromatic

illumination is evident in figure 4.21, where a beating effect is observed, highlighted

in the line profile. At points A, the visibility in the diffraction pattern is significantly

reduced however at point B, the visibility improves despite this is at a higher scattering

angles. This effect is investigated more in [107].

In contrast, figure 4.22 is showing the diffraction pattern generated when using the

monochromatic geometry where the flat multilayer is a 40cm ROC curved multilayer

reflective for 17 nm only. To generate flux at this wavelength helium gas was used as

opposed to argon gas. Because the flux was of order 106 photons per second which is two
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Figure 4.21: Diffraction pattern from slits of separation 7 µm measured in the far
field. Line profile shown in logarithmic scale from the horizontal axis of the diffraction

pattern.

orders of magnitude less than when imaging using 29 nm from argon gas, the integration

time was long (100 s) as opposed to 2 s when using argon. Therefore instabilities are

likely to have reduced the visibility throughout the entire diffraction pattern. However,

unlike in the polychromatic case the visibility remains relatively constant as a function

of diffraction angle indicating a monochromatic illumination.
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Figure 4.22: Diffraction pattern from slits of separation 10µm measured in the far
field. Line profile shown in logarithmic scale of the horizontal axis of the diffraction

pattern.

In order to characterise the visibility of the polychromatic radiation, that was used as

the illumination in coherent imaging experiments, diffraction patterns were recorded

from illuminating slits of varying separation. 2,4,10 and 13 µm slit separations were

illuminated. The beam spot size was measured to be approximately 7µm before this

experiment, and so for separations greater than 13µm the flux on the detector was

too low for useful measurement. Equation 4.7 was fitted to the line profiles of the

diffraction pattern intensities to extract a visibility for each slit separation. The fit was
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weighted such that the square of the difference between fit and data was minimised

for low diffraction orders as shown in figure 4.23. The plot of coherence against slit

separation shows that the source was coherent up to 5µm (where the visibility falls

below 0.88) which is ≈ the spot size of the beam. Beyond this separation the beam can

only be considered partially coherent.

2 um

0

0.2

0.4

0.6

0.8

1

400 500 600

N
o
rm

a
lis

e
d

 I
n
te

n
si

ty

Pixels

4 um

0

0.2

0.4

0.6

0.8

1

400 500 600

N
o
rm

a
lis

e
d

 I
n
te

n
si

ty

Pixels

10 um

0

0.2

0.4

0.6

0.8

1

400 500 600

N
o
rm

a
lis

e
d

 I
n
te

n
si

ty

Pixels

14 um

0

0.2

0.4

0.6

0.8

1

400 500 600

N
o
rm

a
lis

e
d

 I
n
te

n
si

ty

Pixels

0.6

0.7

0.8

0.9

0 5 10 15

Visibility

Example Data

V
is

ib
ili

ty

Slit Separation [um]

Figure 4.23: Plots showing the visibility of the polychromatic EUV radiation. The
line profiles have been fitted to the first peaks and two troughs only to extract the
visibility. Top right is an example far field diffraction pattern and bottom left shows
the visibility of the beam plotted as a function of slit separation at the CLC of the

beam.

4.7.2 Coherence as a Function of Generation Position

As discussed in the previous sections and chapters, the HHG process yields high energy

photons from both the recombination of long and short trajectory electrons [108]. For

high harmonic photons, generated as a result of a long trajectory, their phase is far more

sensitive to the intensity of the localised electric field. Since the long trajectories are so

dependent on the fundamental laser intensity they have a highly curved phase, and are

strongly divergent [93].

The majority of flux is generated from the short trajectories, as opposed to the long

trajectories that suffer from the rapidly changing phase. In regions where only short

trajectories are produced and in regions where only long trajectories are produced the
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flux is expected to be coherent however when there are regions where there is a combi-

nation of long and short trajectories the coherence is expected to decrease.

The graph in figure 4.24 is a plot of coherence against generation position through the

focus and a plot of the integrated flux at each position. The position of the focusing optic

was adjusted parallel to the beam, and flux was optimised by adjusting the pointing of

the focusing optic. The gas pressure was kept at 80 mbar and power at 1.9 mJ using a

50 fs pulse. At evenly distributed positions through the focus a pair of slits were inserted

into the EUV beam and a Young’s slit diffraction pattern was collected in the far field. A

line section was plotted through the data and the visibility of the data plotted. There is

an optimum where the visibility begins to approach 0.9. It is thought that at this position

we have minimised the contribution from the long trajectory components, however there

is also ≈ a 50% reduction in flux.

The position through the focus that was used for imaging was at an absolute lens position

40. At this position visibility was close to a maximum, and was at a position where flux

was still at a reasonable level.
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Figure 4.24: Plot of integrated counts and visibility as a function of position through
the focus. The point of generation can affect the proportion of long and short electron

trajectories that can affect the coherent properties of the beam.

4.7.3 Youngs Slits Spectrometer

In figures 4.22 and 4.21 it is evident that there are differences in the speckle visibility in

the far field diffraction pattern produced from illumination with a polychromatic source
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as opposed to a monochromatic source. The sensitivity in this measurement is used to

measure the spectrum of the illuminating radiation from its diffraction pattern alone.

This method is used in contrast to simpler more established methods such as using a

standard grating based spectrometer. It has advantages, that no expensive, difficult to

manufacture grating is required in the set-up, as is often the case in a compact vacuum

chamber. The slits can be manufactured on the same sample plate as the imaging sample

and so a spectrum can be obtained after the multi-layer optic. A measurement of the

spectrum can be acquired immediately before or after an imaging experiment, with no

change required in the vacuum chamber.

It is reported in the literature on several occasions that authors have taken a measured

diffraction pattern and used it to reconstruct the input HHG spectrum [106, 109]. Bartels

et al [106] uses a Fourier Transform method to extract the spectral information from

the data where as Dilianian et al [109] uses a maximum entropy method that is claimed

to be more robust.

The code used to reconstruct our spectrum was developed and written by Michal Odstri-

cil [110]. Whilst spectral reconstruction from a Young’s slit diffraction pattern is not

novel, the approach we used for the reconstruction of the spectrum is different to those

previously described in the literature. The intensity distribution is written as a series

of linear equations based on equation 4.8 and then Tikhonov regularisation [111] is used

to solve the problem. The resulting reconstructed fit from the superposition of multiple

wavelengths is shown in figure 4.25 and the reconstructed spectrum is shown in 4.26.
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Figure 4.25: Line profile of far field diffraction pattern from illumination of Young’s
slit mask with polychromatic illumination compared with the reconstructed fit from

Michal Odstricil’s spectral reconstruction code.

The reconstructed spectrum from figure 4.26 can be used to determine the bandwidth

of the illuminating radiation using 2 methods. The first is taking the standard deviation
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Figure 4.26: Reconstructed polychromatic spectrum from Young’s slit diffraction
data, reconstructed using Michal Odstrcil’s spectral reconstruction code

of the spectrum centred at wavelength λ̂.

δλ

λ̂
=

1

λ̂

√∑
i S(λi − λ̂2)∑

i Si
(4.9)

The second method is to fit a spectral envelope to the spectrum as shown in 4.27 (a)

and the bandwidth can be extracted from the envelope. Both of these methods verify

a bandwidth of 12%. This is a measure of the wavelength spread relative to the mean

wavelength.
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Figure 4.27: (a) is the reconstructed polychromatic spectrum fitted with a Gaussian
envelope. The fractional 1

e value of spectral maximum is used to determine a spectral
bandwidth of 12%.

The resolution of the Young’s slit spectrometer is diffraction limited and so is dependent

on the maximum collected scattering angle. In Chapter 2 the incoherence length was
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given in equation 2.45. The path difference between light travelling between the two slits

must be at least equal to the coherence length for the spectrometer to detect multiple

frequencies in the diffraction pattern. This is mathematically written below,

Wsin(θ) =
λ2

∆λ
(4.10)

where W is the separation between the two slits, λ is the mean illumination wavelength,

θ is the maximum angle between the edge of the detector and the sample and ∆λ

is the smallest resolvable wavelength (the resolution). Rearranging equation 4.10 the

spectrometer resolution is given by equation 4.11.

∆λ =
λ2

Wsin(θ)
(4.11)

Using real values from our experiment, λ=29 nm, sin(θ) =0.26, W= 7µm, the resolution

of the spectrometer is 0.46 nm.

In this section, experimental data demonstrating the effect of using a polychromatic illu-

mination and a monochromatic illumination is shown on the far field diffraction pattern

of two identical slits. Beating between the multiple frequencies within the polychromatic

illumination is shown, which is not seen in the monochromatic illumination. The visibil-

ity of illumination is plotted to characterise the transverse coherence length at the CLC

of the beam. Changing the position of the focusing optic relative the gas cell shows a

change in the beam coherence which could be because of a change in the mixtures of

long and short trajectories contributions. The far field measurement of the diffraction

from two slits is used to obtain a spectrum of the illumination.

4.8 Summary

In this chapter the equipment and techniques used to produce stable coherent EUV radi-

ation generated by HHG are discussed. The laser system is described and the diagnostic

tools for measuring the IR beam properties are discussed. The parameters used in our

experiment are extensively discussed and validated with simple models. Experimentally,

it is demonstrated that in our HHG arrangement EUV is generated in a regime where

there is a coherent phase matched build up of EUV photons. The problems associated

with beam stability are addressed and our methods to stabilise the beam are recorded.

The focus of the EUV is extensively characterised, which is crucial for far field diffraction

imaging. Finally the coherence of the beam is examined using both polychromatic and

monochromatic illumination. It is suspected that the degradation of coherence results
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from of a combination of both long and short trajectories. The mixture of these can

be altered using varying degrees of gas pressures, pulse lengths, laser powers, focusing

optics, generation positions relative to the focus and cropping of the input laser beam

size.



Chapter 5

Ptychography using a

Synchrotron Source

The work in the following section was performed using hard X-ray radiation from the

coherent beam line I13 at the Diamond Light Source (DLS)[112], a third generation

synchrotron. Coherent imaging experiments, specifically ptychography, have yielded

successful results on this beam line [113, 114]. In this section it is shown that using hard

coherent X-rays and the ptychography imaging technique it is possible to reconstruct the

exit wave field of biological samples, whilst simultaneously extracting spatially resolved

elemental information.

5.1 Imaging Hippocampal Neurons using Ptychography

Neurodegenerative diseases such as Alzheimer’s disease affect almost 50 million people

worldwide and this number is expected to increase exponentially until 2050 [115], caused

by an ageing global population. Morphological analysis of fine neuronal structures, such

as synapses, will facilitate greater understanding of degenerative disease progression and

the molecular mechanisms which control it.

Hippocampal neurons have been extensively studied on a variety of microscopes. For

example, Parpura et al [116] used an atomic force microscope to image 3D surface

structure of a culture of hippocampal neurons, however it was concluded that neuron

cell membranes experienced damage from the microscope. Shim et al [117] used the

super resolution microscopy method STORM to resolve 85 nm structures in hippocampal

neuron cells stained with a fluorescent marker. Krenkel et al [118], used hard X-rays

(13.8keV) to image hydrated neurons using a near field imaging technique, however

90
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struggled to image high resolution and contrast. Duvic [119] spatially resolved elemental

composition of iron and manganese in a cryo-cooled hippocampal neuron sample using

7 keV X-rays using a scanning X-ray fluorescence method.

In this experiment, the aim is to image mouse hippocampal neurons in such a way,

that high resolution features are resolved, as well as a spatial elemental map from the

fluorescence signal. This is a similar approach to that used in the experiment by Deng

et al [120] where the sample was green algae. Because ptychography reconstructs the

probe illumination as well as the object function, it is hypothesised that the spatial

resolution of the elemental composition could be improved using the exact knowledge

of the structure of the illumination. Looking at the predicted absorption of the sample

to hard X-rays the predicted dose was expected to be low and so no special sample

preparation to reduce radiation damage was considered.

5.1.1 Sample Preparation

The sample that is investigated in this section is a tissue culture of neurons extracted

from the mouse hippocampus. Naturally occurring mineral composition within the sam-

ple can be identified using X-ray fluorescence. Some of the samples were prepared in a

solution rich in Fe2+, and so regions can be identified where neuron cells take up Fe2+.

Other cells were cultured in a solution not rich in Fe2+ and comparison between the two

datasets would aid understanding of spatial distribution of Fe2+ in hippocampal neuron

cells. Biologists are interested in the location of iron because of its role in intracellu-

lar signalling and metabolism. Iron is an essential enzymatic co-factor for many redox

reactions in neuronal cells. Mitochondria can accumulate iron, utilising it in oxidative

phosphorylation. The ability to localise iron to high resolution (<100 nm) in neurons

during development and degeneration would provide insight into how cell function and

signalling may be altered during these processes.

I initially worked on simple sample preparation of hippocampal cell cultures onto glass

microscope slides, so that I was aware of the protocol. However, all samples imaged in

this thesis were prepared by Jo Bailey from The University of Southampton. The sample

preparation discussed below was identical for neurons imaged using the synchrotron

hard X-ray source and the HHG EUV source. All the neuron samples presented in the

thesis were cultured onto a Si3N4 substrate of 500µm × 500µm window size and 50 nm

thickness. This provides an extremely thin, uniform surface to support the sample. The

membrane thickness must be minimised for samples prepared for use in the EUV beam

line because photon absorption at 42 eV is high in the Si3N4 material. Penetration of

hard X-ray photons through Si3N4 is far better than in the EUV however, so that the
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same samples can be imaged on both beam lines Si3N4 was used as a substrate for all

samples.

A summary of the sample preparation of the mouse hippocampal neurons is explained

below.

1. Prepare the Si3N4 substrate. The Si3N4 membrane is exposed to UV light for

15 minutes for sterilisation. The substrate is submerged in Poly-D-Lysine (PDL)

and incubated. The PDL solution was aspirated off and sterile phosphate buffered

saline PBS is added. PBS was used to wash away any unbound PDL to leave a

layer of ligands on the substrate surface. Shortly before the cells are placed onto

the substrate the PBS solution is removed.

2. Extract hippocamal neuron cells. Female mice were mated and plug checked be-

fore culling at 17 days, post gestation (embryonic day E17).E17 embryos were

culled and brains dissected in ice cold PBS. Hippocampal and cortical regions of

the mouse brain were treated with a solution of 0.05 % Trypsin (enzyme) for 7

minutes at 37 degrees centigrade. The typsin enzyme is deactivated using 10 %

fetal bovine solution (FBS). The solution was then removed and the hippocampi

and cortices re suspended in a Neuronal Growth Media (NGM) comprised of Neu-

robasal Glutamax and 2% B27. The solution of NGM, hippocampi and coricies

are dissociated by titration to a single cell suspension in NGM before cells are

counted. A centrifuge set at 2000rpm for 3 minute was used for concentrating.

The hippocampal neurons were re suspended at a concentration of 3,500 cells/ µL

and 2µL of this was added to each S3iN4 membrane to give approximately 7000

cells per membrane.

3. Cortical cells (approximately 300,000 cells per 500 µL) were used as feeder cells to

provide growth factor support for the hippocampal neurons growth and develop-

ment on the Si3N4. This was done by pipetting a small ring of cortical neurons

around the edge of the wells in the 6 well plate, shown in figure 5.1, to allow for

continuous flow of nutrients between the cortical and hippocampal cells.

4. Fe2+ treatment, cell fixation and drying. After 14 days (old samples) or 7 days

(young samples) in culture (days in vitro, DIV) the neurons to be treated with

Fe2+ were incubated with 50 µM ferrous chloride for 30 minutes at 37 degrees

centigrade. After treatment, any free Fe2+ was washed away using PBS before

cell fixation in 4 % paraformaldehyde fixing solution (PFS) and 20 % sucrose in

PBS. After fixation for 20 minutes the PFA solution was washed away and cells

were fixed in 100% methanol for 20 minutes. After fixation in methanol the Si3N4

membranes were removed from the 6 well plate and placed on tissue to dry.
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Figure 5.1: Left is a schematic to show the membrane in the 6 well plate. Each well
has a volume of 17.7 ml and a surface area of 9.61 cm2 and a total of 6 wells. The right

shows how the cortical cells are distributed around the hippocampal neurons

The resultant cell culture was imaged using a light microscope and is shown in figure

5.2. The black border around the cell membrane shows the opaque regions of the silicon

frame which surrounds the Si3N4 membrane. The zoomed in region of figure 5.2 (c)

shows more detail in the light microscope image. There are defects that can be seen in

the image around the cell bodies. This is because where the cells have been fixed, their

membranes have exploded and now appear out of the in focus plane of the image. These

are highlighted using blue circles in figure 5.2 (b).

The time that the neuron cells are left before fixation dictates the structures present in

the culture. At DIV 0 the cell culture appears only as a collection of cell somas. However,

as DIV increases extensions from the cell somas can be identified. At DIV 3 only a few

synapses neurites can be resolved. At DIV 7, young immature neurons and small spines

can be identified on dendrites and possibly variscosities or presynaptic boutons on the

axon. These are regions of the dendrite/ axon that are developing potentially to form

a synapse. By DIV 14 the neurons have developed mature spines, and many synaptic

connections have formed.

5.1.1.1 Synchrotron Beamline

The I13 beam line is devoted to coherent imaging. The experimental hutch for imaging

is located 250m downstream from the source to improve the coherence of the radiation.

The energy range that I13 can span is between 6 and 30 keV [112]. A schematic of the

I13 beamline is shown below in figure 5.3

All experiments at I13 were performed using the coherence beam line. The harmonic

radiation is generated at the undulator which can be reduced to a 5 mm width over

2 m which increases brilliance at higher photon energies [122]. 13m downstream of the

undulator, horizontal slits are used to define the source size. The beam propagates 210m
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Figure 5.2: (a) is a simple diagram of a pyramidal neuron. (b) a light microscope
image of a neuron sample on a substrate after fixation and (c) is a zoomed in (NA=0.6,
40 × magnification) region of (b). The blue circles in (b) are examples of an out of
focus region of the image caused by neuron cell somas, which have exploded due to the

fixation process.

from these slits into the experimental hutch. The monochromator is used to select the

energy, and this works by using a pair of Si(1,1,1) crystals. An ion chamber is positioned

after the monochromator to measure the flux at the selected wavelength. A set of slits

are placed after the monochromator to spatially shape the beam.

5.1.1.2 Experimental Method

The experiment was designed so that the neuron sample could be spatially resolved using

≈ 7 keV hard X-rays using the ptychography method. Further to this, the fluorescence

at each ptychography scanning position can be measured and thus a lower resolution
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Figure 5.3: (a) is the schematic of the experiment. FZP is Fresnel Zone Plate, CS is
central stop and, OSA is order sorting aperture. (b) is a schematic of both the imaging

and coherence beam line on I13 taken from [121].

(compared to the spatial ptychographic image) elemental image can be obtained of the

sample.

A fresnel zone plate (FZP) was used as the focusing optic, which was 400µm in diameter,

with a 150 nm diameter outer ring. This focuses 7.3 keV photons 34.6 cm from the FZP.

The zone plate was constructed from 2µm of Au with a blazed profile [123] in order to

improve zone plate efficiency. A 75µm diameter, 60µm thick Au, central stop, mounted

on a single Si3N4 membrane, is positioned after the FZP to remove the DC component,

and after this an order sorting aperture (OSA). The OSA is used to remove higher

diffraction orders from the FZP.

The sample was placed on a Smaract 3D, long travel piezoelectric (SLC-1740) positioner

which was further placed on 3 coarse stages and a rotation stage. The 3D Smaract stage

was used for the precise small movements required for ptychography, whereas the coarse

stage was used to find the correct sample position and to translate the sample parallel to

the beam to alter beam size. The rotation stage was used to check for obvious radiation

damage on the sample using an optical microscope placed perpendicular to the hard

X-ray beam.

The scatter from the hard X-ray beam was measured using a MERLIN MEDIPIX3

detector. The silicon based photon counting detector has a photosensitive area of 28

×28 mm, with each pixel of size 55× 55µm. The detector contains a large, 24 bit well

depth and a zero time readout, enabling exposure speeds of up to 100Hz.



Chapter 5. Ptychography using a Synchrotron Source 96

5.1.2 Ptychography Test Sample

In order the characterise the probe, a highly scattering test sample was placed into

the beam of 7.3 keV photons. The test sample was a highly attenuating Siemens Star

pattern provided by the I13 beam line. The sample was placed in two positions after

the focus such that the spot size was approximately 2µm diameter in one position

and 10 um diameter in the other. This spot size was approximated by observing the

near field diffraction features on the detector and using prior information about the

sample structure. In both of these positions the wave front is curved. The position

where the spot size was 2µm in diameter was chosen such that a reasonable field of

view could be achieved in a manageable time frame using the ptychography method,

whilst also providing a suitable resolution from the spectroscopic fluorescence mapping.

The position where the spot size would be 10µm in diameter was used to image only

spatial amplitude and phase over a wide field of view. Both positions meet the sampling

requirements for CDI, and in the case of the smaller spot size, data could be instantly

binned due to excessive oversampling.
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Figure 5.4: (a) is the phase component from the reconstruction of the test sample
using approximately 2µm diameter probe. (b) is the hue saturation value (HSV) (de-
scribed in the text) reconstruction of the test sample. (c) is the phase component from

the reconstruction of the test sample.

The reconstruction, shown in figure 5.4, of the Siemens Star test sample was recon-

structed by myself using the ePIE algorithm written by Michal Odstrcil. For further
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ptychography reconstructions from data acquired using the synchrotron source, Michal

Odstrcil performed the reconstructions using versions of his modified ePIE algorithm.

Figure 5.4 is shown in amplitude only (a), phase only (b), and hue saturation value

(HSV), (c). HSV is an intuitive method of displaying colour, which works well for pre-

senting images that contain phase and amplitude values. The hue takes values between

0 and 360 degrees which represent the phase, and the intensity is given in the brightness

of the image. The brightness is adjusted by proportion of grey that is present in the

colour. The images shown in figure 5.4 was reconstructed using 400 diffraction patterns

using and probe illumination size of 2µm diameter. The overlap between each scanning

position was chosen to be 500 nm to meet the ptychography overlap constraint require-

ments [113]. The test sample was highly scattering compared to biological samples so

large variation can be seen in the diffraction pattern, as seen in figure 5.6. This large

variation makes it easier for the ptychography algorithm to find convergence (separating

out the probe from the object) as opposed to diffraction patterns from weakly scattering

samples. As discussed in previous chapters the ePIE algorithm also updates the guess of

the probe wave field illuminating the sample whereas its predecessor PIE does not. An

initial guess of the illumination probe can be used from prior knowledge of the optical

path. The reconstruction of the sample is shown in figure 5.4 and the reconstruction

of the probe is shown in figure 5.5. The low intensity central region in the probe is

caused by the central stop placed after the FZP. The wave front curvature can easily be

identified from the rapidly changing phase in the phase only reconstruction of the probe

as shown in 5.5 (b).
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Figure 5.5: (a) (b) and (c) are the HSV, phase only and amplitude only reconstruc-
tions of the probe used in the reconstruction of the test sample shown in figure 5.4.

400 iterations were used in the reconstruction algorithm using an update parameter for

both the probe and object equal to 0.9. The update parameter was chosen to prevent

divergence, and was not optimised for convergence speed. The error function in Fourier

space is shown in figure 5.6 in natural logarithmic scale. The error is the difference

between the reconstructed intensity and the measured intensity in the Fourier plane.
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The algorithm quickly approaches the solution and then the error begins to stagnate.

The probe was fixed (PIE algorithm) for the first 50 iterations to prevent divergence. For

the remaining iterations, the algorithm is allowed to update the illumination wave field

(ePIE) and at this point the Fourier space error further reduces and the reconstructions

moves closer to the solution.
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Figure 5.6: (a) shows the Fourier space error using a combination of the PIE and
ePIE algorithm whilst reconstructing the test sample whose image reconstruction is
shown in figure 5.4 (b) is an example of a single diffraction pattern collected in the
ptychography dataset used to reconstruct the test sample. The scale bar represents the

counts on the detector.

5.1.3 Fluorescence Imaging

As discussed briefly in Chapter 2, for energies near the binding energy of electron shell

energy levels, the absorption coefficient for the material/ photon interaction drastically

increases. When describing absorption using X-ray photons, the K,L and M shells are

used to denote the electron orbital. When a X-ray photon interacts with an atom, it

results in a photo electron ejection which leaves the atom in an excited state. The atom

can relax, and in the process emit a fluorescence photon. The most common relaxation

for X-ray energies would be via Auger electron emission and X-ray fluorescence. In the

case of high energy X-rays, such as those used in this experiment the photon interacts

with the inner shell K electron energy level. The energy of the fluorescent photon is

characteristic of the chemical structure. In the following experiment, the fluorescence

emission from the K-edge energy level is used to spatially identify elements within the

sample.

To test our experimental method, which is to measure the fluorescence photon signal

from the hippocampal neurons at each ptychography scanning position, a fluorescence

test sample was produced from Fe2+ powder deposited onto a 50 nm Si3N4 membrane.

The sample was illuminated with 7.3 keV X-rays and both diffraction patterns and fluo-

rescence photons from the sample were collected at each scanning position. As discussed
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previously, the diffraction pattern was measured using a MERLIN MEDIPIX3 detector

where as the fluorescent photons were measured on a separate detector placed close at

10cm from the sample. The sample and the fluorescence detector should be placed as

close to one another as possible, because the fluorescence signal scatters isotropically,

however not so close that the detector interacts with the X-ray illumination or the sample

stages.
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Figure 5.7: Example of spectra collected at two different spatial positions over the
test sample.

An example of two spectra measured from a ptychography fluorescence dataset is shown

in figure 5.7. The exposure time for each position was 2 seconds. The exposure time

was selected to optimise the fluorescent photon signal, but not so high that the time

taken to collect the data became excessively long (>1 hour, for a test sample scan). The

peak on the far right of the spectrum is a combination of fluorescence from the Fe K

edge and background signal from the synchrotron radiation. This can be seen from the

comparison between an Fe rich region of the sample and an Fe poor region, that there

is only a minor difference in counts between the two spectra. However spikes seen at

6.4 keV are characteristic of emission of the Fe Kα edge. Significant count difference can

be detected between the Fe rich and Fe poor regions. The peaks present on the left that

are approximately equal in both Fe rich and Fe poor cases. These peaks correspond to

a fluorescence emission from argon, which would have resulted from X-ray interaction

in regions of the beam path exposed to atmospheric pressures.

Previously, similar experiments in the literature have fitted emission curves for expected

elements in their spectrum and have modelled the density of each element at a given scan-

ning position by fitting these curves to their data [119]. However, in those experiments

the total fluorescence signal was 4 orders of magnitude larger than in our experiment,

despite very similar experimental conditions. Due to the low total signal, a window was
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Figure 5.8: (a) is reconstruction of the Fe2+ sample, showing phase only, after phase
unwrap. The phase unwrap was performed using the Goldstein phase unwrap algorithm
[124]. (b) is an image of Fe2+ fluorescence where the crosses represent the scanning

positions over the sample.

fitted around the spectral regions where fluorescence photons were expected due to the

known elements present in the test sample and the counts were integrated across this

window for each element. This method was performed for each scanning position and

the counts are plotted as a function of spatial position. This is shown in figure 5.8 (b),

where the crosses indicate the scanning position and the brightness indicates the signal

counts at the given position. Cubic interpolation was used between scanning positions.

The ptychographic reconstruction of the phase of the Fe2+ test sample is shown in fig-

ure 5.8 (a) which was used to confirm that spatially mapping the fluorescence remained

consistent with spatial imaging using ptychography. Regions can be identified where the

Fe2+ test sample has been deposited such that multiple layers have formed over one

another. These regions are thicker, and so the X-ray photons experience a greater phase

shift, which is indicated as bright white, as opposed to where there are single layers

of Fe2+ the phase shift is less. The fluorescence signal from these regions where the

Fe2+ particles overlap to create multiple layers is higher because the X-ray photon has

interacted with a larger volume of Fe2+. The trajectory of the stages used in all fluores-

cence and ptychography scans are shown in figure 5.8 (b), where the crosses represent

the scanning positions. A concentric circle trajectory is used as in [125]. This scanning

method is advantageous over others because the scan begins in the centre of the region

of interest, so if the beam unexpectedly stops, data collected up until this point can

still be processed. This also means that any cumulative error that builds up in the scan

is minimised over the centre of the scan where often the most interesting region of the

sample is found. Further to this, the pattern based on concentric circles does not show

any translational symmetry which can reduce artefacts in the reconstruction.



Chapter 5. Ptychography using a Synchrotron Source 101

In this section we have shown that both spatial and elemental reconstruction from

fluorescent photon emission and ptychography reconstructions can be obtained from a

scan using the ptychography scanning method. The resolution of the fluorescent image is

limited by the probe illumination size (2µm) whereas the resolution of the ptychography

reconstruction is diffraction limited to 90 nm in regions of high contrast.

5.1.4 Hard X-ray Ptychography of Neuron Sample and Spectral Imag-

ing

This section presents results from ptychography and fluorescence imaging of the mouse

hippocampal neurons sample. Figure 5.9 shows how the scatter pattern changes between

the test sample and the neuron sample. The neuron sample possess a far lower electron

density than the test sample, and there is negligible attenuation. Therefore, there is

far less scattering of the photons from the neurons sample into higher NA detector

regions and the majority of the scatter pattern is the probe itself. The exposure time

in this example was set to be 2s, and the maximum count per pixel was approximately

5000 photons per second. Longer exposure times could have been used to increase the

dynamic range, however the scan time would have had to be significantly longer for only

a small amount of extra scattering information in the higher NA regions of the detector.

(a)                                                    (b)
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Figure 5.9: (a) Intensity counts of a scatter pattern from the test sample and (b), a
scatter pattern from the neuron sample, both shown in logarithmic scale.

Figure 5.10 shows the phase only part of the image reconstruction from a dataset of

3600 scatter patterns, where the sample was illuminated with the large 10µm diameter

probe. Only the phase is displayed because there was negligible contrast observed in

the amplitude of the reconstruction, which is what would be expected when the sample

density, thickness and photon energy are considered. Multiple cell soma can be identified

in the reconstruction. These cell soma will be significantly thicker than other features
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Figure 5.10: Reconstruction of the phase of the hippocampal neuron sample from
hard X-ray ptychography and light microscope image using 40× magnification. The
dotted box in the ptychography reconstruction represents the region that overlaps with

the light microscope image.

of the cell and therefore relatively large phase variation is seen. However, in the fixation

process it can be seen, using the optical microscope, that the cell soma appears to

explode, and so structure within the cell soma cannot be trusted to be an accurate
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representation of a cell soma. Smaller structures which have been identified in figure

5.10 have remained intact because their water content was far less than in their in vivo

state. A cell neurite can be resolved that is extending through the center of the image

from one cell soma to another other. Smaller structures are detected extending from

the neurite which are thought to be filopodia. Larger extensions from the cell soma are

identified to be neuron dendrites.

To optimise resolution and signal from the fluorescence emission of Fe2+ within the

neuron sample, the sample was placed in the position where the spot size would be

equal to 2µm (to increase photon density), and exposure time was set at 10s per scanning

position. A region of the neuron sample was selected, that showed the best fluorescence

signal from the wider field of view, longer exposure scan. The region included two

neurites, and part of the cell soma shown in figure 5.11.
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Figure 5.11: (a) is the ptychographic phase reconstruction displayed in a non linear
colour scale. (b), (c) and (d) are integrated fluorescence counts after 10s exposure for

Potassium Iron and Calcium respectively.

Strong fluorescence signal was observed at spectral energies different to that seen in

the Fe2+ test sample. These energies corresponded to the K edge of both potassium

(Kα=3.3 keV) and calcium (Kα=3.69 keV). Using the method of integrating over a nar-

row window the integrated counts for each element could be plotted as a function of

sample position, as shown in figure 5.11. Both potassium and calcium emission become
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Figure 5.12: Object and spectral reconstruction from Michal Odstrcil. The colour in
the inset in a shows the distribution of iron and calcium. The brightness indicates the
density of the element. Only a small localised circular region of iron can be identified

where as calcium is seen throughout the sample.

weaker as the neurite extends away from the cell soma. It is possible that the neurite

is an axon and where localised calcium and potassium build up has occurred; this is

known as the axon hillock. The axon hillock is the region where the axon connects to

the cell soma and is a localised region of action potential generation. In these regions

it is likely to see an increase in the density of voltage gated ion channels. Both calcium

and potassium are involved in driving these channels.

Despite preparing the neuron samples in an environment rich in Fe2+ only weak fluores-

cence signal from the Fe2+ was observed. It is thought that the neurons did not uptake

the Fe2+ readily, and that the localised high density region Fe2+ could be a distribution

of Fe2+ left on the cell soma surface.

Figure 5.12 was reconstructed by Michal Odstrcil. The reconstruction took multiple

datasets where there was an overlap in the datasets and reconstructed a large FOV exit

wave field of the sample. The image only shows the phase and a nonlinear colour scale

has been used to enhance contrast. The inset of the image shows the fluorescence signal.

The high density region of Fe2+ is almost certainly a region where the washing process

in sample preparation was ineffective.
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5.2 Summary

In this section, ptychographic imaging has been demonstrated, collecting scatter patterns

in the far field on highly scattering test samples, and weakly scattering neuron samples.

If the experiment is designed such that a fluorescence detector is placed close to the

sample, sample fluorescence can be collected during a ptychograhy scan in order to

measure spatial elemental composition, without the need for an increase in sample dose.

The X-ray contrast for the sample of neurons was low, because the sample was thin

the the X-ray photons were high energy. Despite the hard X-rays passed through the

thicker regions of the sample revealing internal structure, due to the method of sample

preparation these regions of the sample are damaged. Therefore a future experiment of

this nature focusing on spatial resolution, using the same method of sample preparation

should be conducted at a lower photon energy to enhance contrast. Further discussion

on this is presented in Chapter 7.



Chapter 6

Imaging on a High Harmonic

Source

In this section experimental work is presented on CDI and ptychography using a HHG

source. The majority of the work used the CPA laser source at the University of

Southampton, described in Chapter 4, however at the very end, a small amount of work

is presented from experiments at the Artemis laser facility at the Rutherford Appleton

Laboratories.

6.1 Experimental Information

In the following section the design of the experiment and equipment used in the exper-

iment are discussed. Two experimental designs are used throughout this thesis. The

CCD, and the sample stages are a key components to this experiment and so are de-

scribed in more detail.

6.1.1 Experimental Geometry

For ptychography and single position CDI experiments the experimental set-up is shown

in figure 6.1. A comprehensive description of many of the features (IR laser specific)

of the experiment is given in Chapter 4. Once the EUV has passed into the imaging

vacuum chamber (at a pressure of 10−5mb) it is either directed onto the pinhole aperture,

or sample using (a) a combination of a flat MoSi multilayer mirror and a curved MoSi

50 cm radius of curvature (ROC) focusing multilayer mirror or (b) a single curved 40 cm

ROC MoSi multilayer mirror. The position of the pinhole is controlled by three Newport

106
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linear actuators (LTA - series) with 1µm precision. The sample plate is mounted onto

a Smaract (SLC-1740) 3D piezoelectric actuator with specified nanometre precision.

(a) Monochromatic geometry

(b) Polychromatic geometry

Figure 6.1: (a) is the experimental design for the monochromatic set-up and (b) is
the design for the polychromatic set-up. (a) isolates a single harmonic whereas (b)
has a 12% bandwidth but an increase in flux by approximately four fold. XM is X-
ray multilayer mirror, CXM is the curved multilayer X-ray mirror, P is the pinhole

aperture, S is the sample and F is the free standing aluminium the filter.

The detector is placed in one of two positions depending on whether the recorded diffrac-

tion pattern is measured in the near or far field. Typically, for far field diffraction ex-

periments, where the sample is placed at the circle of least confusion (CLC) the camera

is placed ≈2.5 cm behind the sample. For scattering into the entire CCD, this gives a

NA of 0.26. For measuring the scatter pattern in the near field, the sample is typically

placed at least 3 cm beyond the EUV CLC and the scatter pattern is measured a further

10 cm behind this.

6.1.2 Image Acquisition

Image acquisition has been briefly addressed in previous chapters. In the EUV spectral

region common methods of detection are limited to microchannel plates (MCP), photo-

resist and charge coupled devices (CCD). As discussed in Chapter 4 photoresist has the

potential for a very high spatial resolution, however the dynamic range can be poor and

this is a limiting factor. Further to this, when using photoresist as a detector there
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is no real time feedback, and there is significant time taken in the preparation and

development of the photoresist.

Whilst it is uncommon for a multi channel plate (MCP) to be used in a CDI experiment,

in theory they could be used as a detector however, during the duration of this project

one was never used. The pore size of an MCP can be smaller than the pixel size of

a CCD (5µm compared to 13µm) so can provide high spatial resolution for detecting

photons. MCPs can also be manufactured over a large area ( 70 mm) and so the NA can

be extended significantly compared to an EUV CCD. The dynamic range of a correctly

designed MCP can be comparable to that of a CCD [126], where the signal remains

linear to 5×104 photons and saturates at 105 photons. Further to this the requirements

on filtering are relaxed because the MCP is not sensitive to single shot IR photons.

However the dynamic range is extremely sensitive to how the voltage is applied to the

plate. In addition to this the resolution decreases as extra plates are inserted.

6.1.2.1 Charge Coupled Device CCD Performance

For all EUV imaging experiments the Andor DX434 CCD detector was used. CCD

detectors convert the energy deposited by photons on a doped silicon layer of the CCD

surface, into electrical charge. These electrons are created as a result of the photoelectric

effect, and a region of positive charge is left behind (a hole). If no other forces are

introduced to the system the electron and hole will recombine releasing heat in the

process. A CCD uses a gate behind each pixel that is held at a positive charge, and so

attracts the electrons away from recombining with their respective holes. An insulating

layer between the photo-active region and the gate itself prevents any electrons making

it into contact with the gate. To read the signal off the CCD, the charge is shifted down

the CCD in rows where the voltage created by each electron packet can be measured

and quantified.

The sensitivity of the CCD is described by the quantum efficiency (QE) of the detector.

The QE is the number of signal electrons produced per photon. For a given detector

the QE is dependent on the wavelength of the incident radiation and the readout speed.

For a given image of exposure time t, pixel counts C, counts per photon cpp, and QE

the photon number is given as

Photon Flux =
C

t.QE.cpp
(6.1)

The electron counts per photon is very much dependent on the camera settings, which

is dependent on the readout speed, and the camera’s internal gain setting.
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CCDs, like the majority of detectors, do not only record the desired signal; a number

of counts are not caused by the signal that is being measured at all. These counts

are referred to as noise. The largest contributions to this noise come from dark noise,

readout noise and shot noise.

Dark noise occurs because of the non zero temperature of the detector. Even in the

absence of photons, a certain number of electrons will have enough thermal energy

that an electron hole pair will form and they will be collected by the voltage gate.

These temperature dependent electrons are referred to as the dark current. At a given

temperature the amount of dark current generated will follow a Poisson distribution

which adds a degree of uncertainty into predicting the dark noise [127]. Dark noise

grows linearly with exposure time because it is only dependent on temperature, so the

longer the CCD is left collecting electrons the more thermal electrons will build up at

the voltage gate. Further to this, the dark current is not uniform across all the pixels in

the CCD [127]. Because of how CCDs read out their signal, not all pixels are read out at

the same time, and so there exists a linear time delay across the CCD, which correlates

to a linear gradient in the dark noise. Finally there will be a variation in dark noise

from pixel to pixel that could arise from a slight impurity affecting the semiconductor

band gap.

Readout noise is the noise that results from converting the charge carriers on the CCD

into a voltage that can be read off as a quantitative value. The quality of the analogue

to digital converter (ADC) in this process is a major component that will contribute to

the overall readout noise. The readout noise is not dependent on exposure time, so for

long exposure times readout noise is less of a contribution to the total noise, however

for short exposure times readout noise becomes the major source of noise.

Shot noise, also known as photon noise, is the statistical variation in the arrival of

photons for a given position in space. For example if a signal S of 10,000 photons is

detected by a detector, there will be a statistical uncertainty of
√
S in the measurement

and so the ratio of signal to noise cannot be better than 100.

Experiments were conducted on the Andor DX434 CCD in a vacuum using a light tight

chamber to test the noise characteristics of the CCD. To separate out the readout noise

from the dark noise 10 exposures, set to 0s exposure time, were acquired and an average

signal for each readout speed calculated. The large counts in the readout noise signal

are mostly due to an offset that the manufacture adds to the CCD counts. This offset

can be calculated from simply looking at a histogram of the readout noise as shown in

figure 6.2 (a).
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Figure 6.2: The figure shows experimental data collected using the Andor DX434
EUV CCD.(a) shows a histogram of the readout noise. The inset in the top left of
(a) shows how the readout noise is changing slightly as the CCD temperature changes
indicated by a small constant negative gradient. (b) is a log plot of the dark current.

The inset to the right shows the same plot in a linear scale.

The offsets are set by the manufacturer and should not affect CCD performance in

any way. A decrease in the readout noise can be seen as the CCD temperature is

reduced, however this is an indication that our measure of readout noise is actually

slightly contaminated by some dark noise. Despite short exposure times, it is impossible

to completely decouple the two for a finite exposure. Figure 6.2 (b) is showing both a

linear and natural logarithm plot of the dark current. The dark current is calculated from

an average of many exposures of different exposure times. The dark current increases

linearly with exposure times, so its simple to extract from the linear increase in noise.

There is an exponential reduction in the dark noise as a function of temperature. For

imaging experiments, the CCD is set at a temperature of -50 degrees Celsius because

there is negligible reduction in the noise at temperatures below this point.

6.1.2.2 High Dynamic Range

The dynamic range of a CCD is simply put, the well depth of each pixel. This is the

number of photo electrons that each pixel can hold before the accumulation of photo

electrons becomes nonlinear with respect to photon number, or the photo electrons be-

gin to leak to adjacent pixels. For highly scattering samples, their associated diffraction

patterns distribute a high proportion of flux into high scattering angles. In order to

record these high scattering angles on the detector, the detector does not require espe-

cially high dynamic range because the proportion of highly scattered signal to DC signal

is still relatively high. This is also the case for near field imaging where the dynamic

range of the scatter pattern is not particularly high. In these situations the dynamic
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range of a single exposure of the CCD can be enough to collect all the signal information

required for the high resolution reconstruction. However, when measuring the far field

diffraction pattern from poorly scattering real biological samples, in order to collect sig-

nificant signal at high NA scattering angles the dynamic range of the detector needs to

be extended.

There are multiple methods in place to extend the dynamic range of the CCD detector.

A simple method to extend the dynamic range is to take multiple images of the same

diffraction pattern and sum them together as done by Seaberg [36]. This method pro-

vides a linear increase in dynamic range for every extra exposure. It also accumulates

the noise in each acquired image. The method has a couple of problems in regard to

EUV CDI. Firstly the readout time of the EUV CCD is long (≈1-2 minutes for slow

readout time settings of the full CCD). Because the method involves reading out the

entire CCD multiple times, the length of time required to reach the necessary dynamic

range becomes impractical. This is especially true for ptychography where hundreds of

diffraction patterns may be recorded. Further to this, as discussed in Chapter 4, HHG

sources lack long and short term pointing stability. Therefore if a long time passes dur-

ing the acquisition of a diffraction pattern of high dynamic range, a significant amount

of blurring will be seen in the diffraction pattern and so there is a loss of information.

A second method to increase dynamic range in the image is to use either an opaque

or partially transmitting beam stop in front of the detector, as commonly used in syn-

chrotron and FEL experiments. In the case of the translucent beam stop the attenuation

through the stop is calibrated before the measurement, and this factor can then be added

back in to the scatter pattern to provide the dynamic range. When an opaque beam

stop is used the stop can be removed and a short exposure can be taken to record the

diffraction pattern that was masked by the beam stop. For the shorter exposure times

only a fraction of the CCD needs to recorded and so significantly reducing the readout

time. Examples of diffraction patterns collected by this method are shown in figure 6.3

(a), (b), (c) and (d).

An attempt at an implementation of a motorised beam stop to increase dynamic range

at the university of Southampton is shown in figure 6.3 (e). Low quality DC motors (for

financial reasons) were used to rotate a series of variable size beam stops through the

beam. The beam stops were mounted on 30µm wire 5 mm from the surface of the chip.

This allowed for long exposure times of 30 s (CCD oversaturation was in 100 ms) and so

an increased SNR for higher angle scattering signal as shown in figure 6.3. However due

to the poor precision and repeatability of the motors the method was not used.

The method implemented to improve the dynamic range on this experiment was similar

to that used in [64]. The method exposes the same region of the sample using different



Chapter 6. Imaging on a High Harmonic Source 112

(a)

(c) (d)

(e)(b)

2 mm

0

0.5

1

1.5

2

2.5

3

3.5

4

Lo
g
 S

ca
le

 C
C

D
 C

o
u

n
ts

 

Figure 6.3: (a) diffraction pattern from [128], (b) [129], (c) [130] and (d) Experi-
ment SC-2219 ESRF report [131]. (e) is initial efforts using the large beam stop at

Southampton

exposure times. The first exposure is a long exposure such that the CCD is allowed

to oversaturate and signal can leak out to adjacent pixels rendering their information

useless. Further exposures of shorter exposure time are taken, and to reduce readout

time only the central regions of the CCD are read out. The image is stitched according

to the following equation

I(k) =

∑N
i Wi(k)Ii(k)∑
iWi(k)ti

tN (6.2)

where Ii(k) denotes background subtracted diffraction intensity at the position k, ti is

the i-th exposure time, tN is the maximal exposure time and Wi(k) are weighting factors.

Weighting factor Wi is zero for over-saturated regions and inversely proportional to the

expected noise level elsewhere. The method extends dynamic range by three orders of

magnitude, without the loss of any low frequency spatial information.

6.1.3 Sample Stages

Two types of stages are used in the imaging experimental arrangement. The stages used

for coarse sample alignment are Newport XPS (LTA) series linear actuators. The stages

chosen to move the (heavy) camera assembly are a mixture of DC servo motors and

stepper motors whereas the actuators used on the sample are all DC servo motors. The

precision specification of the motors is ≈ 1µm, however because the stages are old and

are moving heavy weights their repeatability is 2µm.
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For fine movements of the sample, the piezoelectric Smaract 3D stage (SLC-1740) is

used. The accuracy of the feedback of the motor is given as 1 nm, with a repeatability of

40 nm. Traditional single position CDI does not require exact known positions, whereas

ptychography requires the stage position to be known to a high level of precision. An

experiment conducted by Michal Odstrcil investigated the accuracy of the stages whilst

they were inside the imaging chamber. A diffuse microscope slide was placed on the

sample holder and a microscope was placed horizontally to image the microscope slide

as shown in figure 6.4. The stage was sent to a position in the x axis only and the

position in the x and y axis was measured using the microscope. The relative movement

of the stage can be measured to sub-nm precision using a normalised cross-correlation

method.

(a) (b)

50 μm

Figure 6.4: (a) is an image of the microscope objective focused in the diffuse micro-
scope slide, attached to the sample stage. (b) is the microscope image of the diffuse

microscope slide.

Figure 6.5 is showing the error between the measured stage position and the position

where the stage is reporting its position in space. In this experiment the stage was

requested to move in the x-axis, however as it can be seen vertical error begins to

accumulate also. The large saw tooth pattern that is seen in the error of the x-axis is

characteristic of the design of the stage. In order to increase the travel range of the

piezoelectric stage, a stick slip principle has been used. This allows for one piezoelectric

stage to have a travel far greater than the travel range of the piezoelectric element. The

saw tooth pattern results from the time where the stage reaches its maximum voltage,

and it is allowed to slip back. The error then accumulates during the stick regime.
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Figure 6.5: (a) is showing the difference between the reported Smaract stage positions
and the measured positions, when the stage is requested to move a given distance in
the horizontal x axis only. (b) is showing the same as (a) however over a longer travel

distance

6.2 Reconstruction and Resolution Analysis Methods

In the following section the methods that are used to quantify the performance of the

CDI microscope are discussed. These methods look at the optimum resolution of the

image reconstruction and the reliability of the reconstruction.

6.2.0.1 Phase Retrieval Transfer Function

In both ptychography and single position CDI, the algorithms search between both

real and Fourier space, subject to constraints in order to find a phase distribution in

Fourier space that is a solution to the problem. However there are many experimental

factors that cause phase variations in the reconstruction. For example, in single position

CDI, if a loose support constraint is used then the reconstructed object can shift a few

pixels within the support causing a linear phase ramp in the Fourier domain [132]. The

phase retrieval transfer function (PRTF) tests the repeatability of the phase retrieval

reconstruction algorithm as a function of spatial frequency [133]. To collect the data

necessary to perform the PRTF the reconstruction process is run multiple times starting

from a different distribution of random phases. The PRTF function is given in equation

6.3 for an image g(x) and its Fourier transform G = A(~q) exp[iψ(~q)]

PRTF (~q) =
〈A(~q) exp[iψ(~q)]〉√

I(~q)
= |〈 G(~q)

|G(~q)| 〉| (6.3)

where q is the spatial frequency, A(~q) is the amplitude of the wave, ψ(~q) is the phase

and 〈G〉 is the average value over many values of the complex electric field. In the case

where there is no correlation between the reconstructed phases the PRTF is equal to

zero whereas for a perfectly repeatable reconstructed phase the PRTF is equal to 1. For
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the work in this thesis we define the resolution, when using the PRTF, as when the

PRTF drops below 0.5 as defined by Chapman [133], however others define it as when

the PRTF starts to differ from 1 [34].

6.2.0.2 Knife Edge Resolution Measurements

Knife edge analysis can be used as a local measure of the resolution of the image re-

construction [134]. A line profile is taken across the edge of a feature, and usually an

error function fitted to the data points. Interpolation between the points is sometimes

used as opposed to an error function, however this method can lead to confusing results.

Usually this analysis will be conducted on a binary feature because it will scatter radi-

ation strongly into high NA detector regions, so the resolution is likely to be highest at

this point. In order to extract the resolution from the fit, the distance between the 10

% and 90% points are taken, and this is used as the half pitch value for the resolution

of the image at this point [28].

6.2.0.3 Modulation Transfer Function

The modulation transfer function (MTF) originates from the optical transfer function

(OTF) and can be used to measure the quality of an imaging system. The OTF is

related to the point spread function (PSF) using the Fourier transform. The Fourier

transform of the PSF (a property of object space )is equal to the OTF. The PSF will

ultimately characterise the imaging resolution of a microscope. The MTF is the real

component of the OTF, and describes the contrast seen in an image. The MTF can be

calculated in an identical procedure as that used to calculate fringe visibility in Fourier

space, however the process is performed in the object space.

6.2.0.4 Fourier Ring Correlation

Fourier Ring Correlation (FRC) is an analytical tool to measure how correlated two in-

dependent images are as a function of spatial frequency originally developed by Saxton

and Baumeister [135].The approach is to correlate the frequency spectrum of each image

(obtained from the Fourier transform of the images) at each spatial position. The cor-

relation at each spatial frequency is then plotted. Mathematically the FRC is described

in equation 6.4

FRC(R) =

∑
iεR I1(ri)I2(ri)

∗
√

(
∑

iεR |I1(ri)|2)(
∑

iεR |I2(ri)|2)
(6.4)
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where I1 and I2 are the Fourier transform of the first and second image respectively. R is

the maximum radius in the Fourier plane, corresponding to the highest spatial frequency

and ri is the spatial position in the Fourier plane. Using two images of the model Lena,

figure 6.6 shows an example calculation of the FRC. One image has been left sharp

whereas the other has been blurred to suppress the similarity in their respective Fourier

transforms over higher spatial frequencies. It is shown that the FRC begins close to a

value of 1 for low frequencies which is an indication that there is a strong correlation at

these frequencies. The curve begins to fall for higher spatial frequencies which indicates

that the correlation between the spatial frequencies from the two images is poor.
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Figure 6.6: Simulation FRC. (a) is a section of an image of the mode Lena shown in
a normalised scale taking values between 0 and 1, and (b) is the intensity of the Fourier
transform of (a) shown in a logarithmic scale. (c) is a blurred version of the image
in (a) shown in a normalised scale taking values between 0 and 1. (d) is the intensity
of the Fourier transform of (c) shown in a logarithmic scale. (e) shows the calculated
FRC between the two images using two resolution criteria (2 sigma threshold and 1 bit

threshold) described in detail in reference [136].

In order to extract the resolution of a plot of FRC against spatial frequency multiple

criterion have been discussed [136] [137] [138]. In figure 6.6 the 2σ criteria threshold

[139] and the one bit threshold have been plotted. The crossing point between these

curves at the FRC can be given as the image resolution. The 2σ criteria is defined as

F2σ(R) = 2√
Np(R)/2

where R is the ring index and Np is the number of pixels enclosed

in the ring of index R. The resolution is then extracted from the point where the 2σ

function crosses the FRC. The criterion is based on the standard deviation of the FRC

for pure noise, and the number of standard deviations varies as to how the author defines

their resolution. All of the σ based resolution criteria are based upon the reconstruction

achieving reliability in the signal that is sufficiently above the noise level. Previously

the FRC has been used in analysis of ptychography reconstructions [140] and the one

bit threshold curve is used as the criterion to define resolution [136].
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6.2.0.5 χ2 Distribution

The χ2 squared distribution, which is a test of the goodness of fit, examines the sum of

the squares between two independent sets of data normalised by the degrees of freedom.

During the reconstruction process a simulated diffraction pattern is obtained, from the

reconstructed object. This can be used to examine how well the intensity data fits to

the reconstruction of the intensity in the Fourier domain and so provides information

on the reliability of the reconstruction.

6.2.0.6 Resolution and Reconstruction Methods Summary

Discussed above are five methods that can be used to extract information on either the

smallest resolvable feature in the object or the reconstruction reliability. The PRTF

measures the reliability of the reconstruction over many initial random phases as a

function of spatial frequency. The FRC takes multiple independent reconstructions,

Fourier transforms these images, and uses cross correlation to compare these Fourier

transforms as a function of spatial frequency. The technique is a measure of the reliability

in which frequencies are represented in the image, and from this an estimate of the

resolution is obtained. The MTF can only be applied to specific samples, where a varying

spatial frequency is clearly evident in the sample. The MTF is a measurement of the

strength of these frequencies in the object plane of the image. The knife edge resolution

measurement is a simple measurement extracted from the image reconstruction directly.

However, the resolution extracted from this can be an over estimate where the spatial

frequency corresponding to the resolution can be close to the noise. Further to this,

this is a very local measurement and does not describe the quality or resolution of the

image as a whole. The χ2 distribution is a measurement of the goodness of fit. The

measurement looks at where the errors in the model and the measured data are greatest

as a function of spatial frequency. It can be a useful measurement to identify if the

reconstruction algorithm has over fitted the diffraction data where there is too much

emphasis on the modulus constraint.

6.3 CDI with Support Constraint

In this section, experimental data and reconstructions are presented from imaging using

single position CDI. The diffraction pattern from two different test samples is collected

and the object phase and amplitude are reconstructed using the HIO and Shrinkwrap

algorithms. The first test sample is small, ‘ The Two Micron Cross Sample’, and the

second sample is larger, ‘ The Siemens Star Test Sample’.
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6.3.1 Sample Alignment

Aligning µm sized samples with the EUV beam focus whose focal spot size is also on

the order of µm inside a vacuum chamber can be challenging. Two methods were used

throughout this project to align the sample to the EUV beam.

Figure 6.7 shows the arrangement inside the vacuum chamber which was used to align

the sample. A long working distance microscope (Questar Q1) is used to image the

sample from outside of the vacuum chamber. Low IR laser power (� mW ) is used

to locate the position of the laser beam in the field of view of the microscope and the

position of the beam is recorded. The CCD is translated out of the way of the beam

in case of any damage that could be caused by the IR beam. This also moves a light

source (B-I) behind the sample to illuminate the sample from the rear. The sample is

illuminated from the front also using a secondary light source. The sample can now be

moved such that it is in a position where it overlaps with the laser beam.

S

XC

B-I

M1

M2

M3

Q1

LS

Figure 6.7: Diagram showing the beam paths for sample alignment. Yellow beam
indicates white light and red beam indicates EUV or IR laser beam (their propagation is
co-linear). Long working distance Questar microscope Q1 is focused through a vacuum
window onto the sample S, where mirror M1 is a flat Al coated mirror. M2 is EUV
multilayer. Front sample illumination is provided from light source LS, through a
vacuum window onto curved Al mirror M3, which focuses light onto the sample. Back
illumination is given by light source B-I, that moves on the same translation stage as

EUV CCD, XC.

The second method is usually used to identify the sample position once a good estimate

has already been made. The sample is raster scanned relative to the EUV beam, and

the signal is recorded on the CCD. The total counts from the CCD are integrated, and
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recorded for each scanning position. This gives a low resolution scanning transmission

map of the sample. This method is further discussed in Section 6.4.1.

6.3.2 Two Micron Cross Test Sample

The monochromatic geometry was used to image a small test sample using the single

exposure coherent diffraction imaging method. The test sample was produced using

focused ion beam (FIB) to mill into a 50 nm silicon nitride membrane coated in 100 nm

Au. The SEM of the sample is shown in figure 6.8 (b). The sample was placed at the

CLC, and the camera was positioned in the far field. The test sample was exposed for

2s and a full CCD scatter pattern was collected.

Significant signal to noise was collected at the edge of the CCD, which corresponds to a

spatial frequency of ≈ 60 nm. High signal was observed in these high NA detector regions

without the need for extremely high dynamic range, because the sample was binary

(transmission was either 1 or 0). In this geometry the coherence length is approximately

4µm (measured from Young’s slit experiment), and because the maximum sample width

is only 2µm it can be assumed, the sample was illuminated with fully coherent radiation.

The image reconstruction, shown in figure 6.8, was reconstructed using a combination

of the HIO algorithm, ER algorithm and Shrinkwrap algorithm discussed in Chapter

2. In total, 10000 iterations were used for the reconstruction. The HIO algorithm was

used for the first 50 % of iterations and a value for β was set at 0.9. HIO is useful

algorithm to initially iterate between the two constraint sets where the algorithm may

be far from a correct solution. This is because it does not get stuck in local minima as

discussed in Chapter 2. For the later 50 % of the iterations β was equal to 1 and so

the algorithm behaves in a similar fashion to ER and this speeds up convergence on the

correct solution. The Shrinkwrap algorithm is used to update the support in the plane

of the object every 50 iterations, which acts as a variable low pass filter based on the

current iterate of the scattering intensities. The Shrinkwap algorithm reduces the area

of the non zero support that is used as the real space constraint.

Figure 6.8 (d) shows the PRTF of the reconstruction of the Two Micron Test Sample.

Data required for the PRTF was generated from 50 independent random phase distribu-

tions input into the algorithm using the same algorithm parameters. It shows that for

low spatial frequencies the algorithm consistently reconstructs the same phases, however

for higher spatial frequencies the repeatability of the reconstruction is reduced. The res-

olution at which the reconstruction is not repeatable (at a value where PRTF=0.5) is

100 nm. This is less than the pixel size (63 nm), which is an indication that the recon-

struction method is not making good use of the high scattering signal supported by the
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Figure 6.8: (a) is HSV reconstruction using HIO algorithm of a small test sample.
Pixel size in the image is 63 nm. (b)is an SEM image of the sample. (c) is a line edge
profile taken of the region shown in (a). (d) is the phase retrieval transfer function

(PRTF).

geometry of the imaging system. Figure 6.8 (c) shows the knife edge analysis on the

Two Micron Test Sample which gives the half period resolution of the feature shown in

figure 6.8 (a) to 210 nm, which is almost 4 times the pixel size of the image.

6.3.3 Siemens Star Test Sample

The Siemens Star Test Sample was used as a larger test sample compared to the previous

Two Micron Test Sample. The sample can be used to extract the microscopes resolution

using the same methods commonly used for characterising optical microscopes using

resolution test targets. The polychromatic geometry was used for the illumination of

the test sample. This was in part chosen to increase flux for use on future samples, the

optical quality of the flat mirror was poor, and the larger fold angle required using the

polychromatic geometry causes a larger CLC. The camera was positioned 5 mm further
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back from the sample, compared to the ‘Two Micron Test Sample’, to ensure sufficient

sampling, however this only increased the object pixel size from 63 nm to 71 nm.

When examining the reconstruction of figure 6.9 it is clear to see a linear phase ramp

present in the reconstruction. This is a consequence of incorrect centring of the diffrac-

tion pattern before the reconstruction process. Using Fourier shift theorem it is stated

that a spatial shift in the detector plane (diffraction space) will correspond to a phase

shift in the plane of the sample. Because the sample was binary and contained no phase

information, and to show an example of the effect of poor diffraction pattern centring,

the linear phase ramp was left.
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Figure 6.9: (a) is the HSV reconstruction using the HIO algorithm of the large
Siemens Star test sample. (b) is the PRTF function for the reconstruction. (c) is an
amplitude only image from the reconstruction. (d) is a plot of visibility against feature

size as a line profile is scanned inwards along two of the spokes of the sample.

The PRTF was applied to the reconstruction of The Siemens Star Test Sample in an

identical fashion to that applied to the Two Micron Test Sample. The PRTF falls

sharply at lower spatial resolutions compared to the previous test sample. The point at

which the PRTF crosses 0.5 is 280 nm. It is likely that the polychromatic illumination

was responsible for the degradation in resolution [107]. Spence [141] stated that there
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is a limit placed on the energy spread E
δE of the illumination that can be used in a CDI

experiment in order to correctly sample the diffraction pattern.

E

δE
=
W

d
(6.5)

In this case, W represents the maximum width of the sample and d represents the best

resolution that can be reliably imaged. In the case of the Siemens Star Test Sample, W

is equal to 7 microns and the polychromatic illumination is centred around 29 nm with

a bandwidth of 12% as shown in Chapter 4. Applying equation 6.5 we find that the

the resolution cannot be greater than 1µm. It is thought that because our spectrum

is polychromatic as opposed to broadband equation 6.5 is not valid for polychromatic

illumination. Further to this, it is thought that the beam pointing instability will have an

enhanced negative effect for the large sample which may cause more artefacts than when

imaging a smaller sample. A combination of these effect is thought to have attributed

to the decreased reconstruction quality of this sample.

The visibility between two features can be used to define the contrast between two

features. By design, the Siemens Star spokes provide many features of decreasing sepa-

ration, so a plot of visibility can be calculated as a function of spatial separation. This

data is shown in figure 6.9 (c). In this case the visibility is equal to the MTF. The point

at which the MTF falls below 0.5 can be used to define the full period resolution. In

this reconstruction this can be seen to be approximately 1µm. This remains consistent

with the prediction by Spence discussed above.

6.4 Ptychography

In this section the ptychography imaging method is used as the phase retrieval technique.

Results are presented from using a double reflection monochromatic illumination to il-

luminate a sample using the ptychography method and measuring its scatter patterns

in the far field. Using the same monochromatic illumination, near field ptychography

results are presented, and the problems associated with the experimental design dis-

cussed. The experimental design changes to a polychromatic arrangement using a single

reflection from a multilayer mirror. Polychromatic illumination is focused onto a sample,

scatter patterns collected in the far field and high resolution wide field of view recon-

structions are presented on a highly scattering test sample. A sample of Chromosomes

was imaged, by the same method, and then a selection of hippocampal neurons are

imaged where chemical composition and thickness information is extracted.
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6.4.1 Ptychography Sample Alignment

Sample alignment for ptychography uses a similar method to that used for single position

CDI. In the majority of ptychography datasets used in this thesis a pinhole is placed

before the sample. The pinhole is located using identical methods to those used for

single position CDI discussed in section 6.3.1. Once the pinhole is located, the EUV

beam is left illuminating the pinhole whilst the sample is scanned behind the pinhole.

At each scanning position the integrated counts are recorded and over many positions

a scanning transmission map is obtained.
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Figure 6.10: (a) is a scanning transmission map of the sample of apertures. The
aperture sizes range from 2µm to 20µm. The circles represent the coordinates where
the intensity was collected on the CCD. The image in (b) is a scanning transmission
map of a sample of neurons behind a pinhole. The map can be used as a guide to

regions of sample interest, by comparing to an optical microscope image.

The ptychographic algorithm often achieves fast convergence, when a top hat illumina-

tion is used over the sample as opposed to an illumination with weak intensity spreading

over a large area. It is therefore advantageous to place the pinhole as close to the sam-

ple as possible. This is measured using a USB microscope inside the vacuum chamber

perpendicular to the direction of the beam.

6.4.2 Monochromatic Ptychography

The Youngs slit spectrometer discussed in Chapter 4 was used to characterise the input

spectrum of the monochromatic geometry arrangement. For a similar experimental

design the spectrum is also given in [107] using a method looking at diffraction from a

regular array of beads.

It can be seen in figure 6.11 that there is still a non zero intensity outside the main

peak. This knowledge can be used during the reconstruction process. It is assumed that
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Figure 6.11: (a) is the monochromatic spectrum reconstructed from a far field Young’s
slit diffraction experiment discussed in Chapter 4. (b) is showing the fit against a line

profile of the data.

each harmonic peak is narrow and so the intensity at the plane of the detector can be

described as I =
∑

λ(Iλ) where Iλ is the intensity pattern for a single wavelength. The

effect is to cause a blurring in the total intensity. Whilst for this spectrum the blurring

is minimal, where we have a spectrum with a larger bandwidth, allowing for multiple

harmonics in the reconstruction process reduces artefacts in the reconstruction.

6.4.2.1 Far Field Transmission Ptychography

The test sample for the monochromatic ptychography experiment was a periodic array of

apertures of 2µm diameter on a 4µm pitch constructed of 50 nm Si3N4 coated by sputter

deposition with 100 nm Au. The spot size of the EUV beam using the monochromatic

geometry is estimated to be approximately 5µm using an EUV knife edge measurement.

A 10µm diameter pinhole was used as the ptychography aperture after a variety of

different aperture sizes had been tested. The aperture was placed as close to the sample

as possible. 400 diffraction patterns were collected at a distance of 2.5 cm from the

sample. The HSV reconstruction of the dataset is shown in figure 6.12(a) and the

reconstruction of the probe incident on the sample in (b).

There were numerous problems with the reconstruction as a result of the experimental

conditions. Due to the design of the grid, a 200µm silicon frame separates the pinhole

aperture from the grid. Alternatively, if the grid is flipped the 200µm silicon frame acts

to clip the diffraction pattern causing a shadow over high scattering angles. Using the

grid as originally described, once the beam has diffracted from the pinhole aperture it

undergoes at least 200µm of near field propagation that can be simulated using ASM.

The spot size after this propagation is large, as can be seen in figure 6.12 (b), and the

illumination is significantly larger than the size of 1 period of the grid. Therefore each

diffraction pattern appears almost identical, and this lack of variation causes problems

for the ptychography algorithm. In the plane of the sample the illumination covers

numerous periods of the grid. This effect was minimised by using an aperture larger

than the spot size, however as it can be seen in figure 6.12 the probe spot size was still
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Figure 6.12: (a) is an HSV image of the reconstruction of a periodic array of apertures.
(b) is the reconstruction of the probe beam on the sample surface. Both images are

shown to scale. The probe size is large compared to periodicity of the grid.

equal to many aperture periods. It is thought this caused problems when reconstructing

higher frequencies in this dataset.

6.4.2.2 Near Field Transmission Ptychography

Near field transmission ptychography is a useful tool in our experimental set-up to

provide a large field of view, relatively low resolution reconstruction of the sample.

Further to this, the reconstruction of the un apertured probe provides a valuable insight

into the quality of the EUV optics in the system.

Near field ptychography differs from far field ptychography in that a highly curved wave

front is used for the sample illumination and thus the Fresnel numbers are far higher

than for far field ptychography experiments. The method is advantageous for a variety

of reasons. Firstly, because the illumination is typically larger than that used in a far

field ptychography experiment, far fewer diffraction patterns are needed to reconstruct

the same size field of view. The requirements on the dynamic range of the detector are

far less in this regime. This is because the diffraction pattern is collected in the near

field where the Fourier components of the beam have not spatially separated. Therefore

the higher flux, lower frequency components are spread evenly over the detector and

so reduce the dynamic range. Further to this the requirements on both temporal and

spatial coherence of the beam are significantly reduced.

In this experiment the sample is placed approximately 1.5 cm out from the beam focus,

where the spot size is estimated to be 200µm. The detector is placed a further 6.1 cm
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away from the sample. A step size of 40 µm (sample spot size was approximated

to be 200µm) is used and the sample is exposed for 2 s using a fast CCD readout

speed. Because of the large illumination size, far fewer scanning positions, fast readout

CCD settings, there was no dynamic range method implemented. Therefore the entire

ptychography scan can be completed in approximately 10 minutes, which is far shorter

than that far field ptychography that will typically be 120 minutes.

To reconstruct the near field diffraction patterns only slight modifications of the recon-

struction algorithms used for far field ptychography are required. To reconstruct scatter

patterns in the far field regime, the fast Fourier transform FFT can be used to propagate

between real and reciprocal space as discussed in Chapter 2. However, in the near field

case, to propagate between the plane of the sample and the plane of the scatter pattern

ASM model is used as discussed in Chapter 2. This will typically increase reconstruction

time by 20-50 %.
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Figure 6.13: Near field reconstruction of TEM grid. (a) is showing the electric field
of the probe incident on the sample. The strong ellipticity is caused as a result of the
sample position relative to the beam focus of an astigmatic beam. The degradation in
the beam quality, identified by the highly structured beam is caused by a rough surface
on the EUV optic. The inset of (a), the 3D plot, is showing the surface roughness
caused by the focusing optic extracted from the phase of the reconstruction. (b) is
showing the HSV reconstruction of the sample. The sample was a TEM grid with a

damaged formvar coating.

Figure 6.13 (b) shows the HSV reconstruction of the test sample, which was a copper

TEM grid coated in formvar that has been partially removed through laser ablation in

a previous experiment. The data was reconstructed by Michal Odsrtcil. Figure 6.13 (a)

shows the reconstruction of the illumination incident on the TEM grid.

The 3D plot in figure 6.13 is an approximation of the surface roughness of the flat

multilayer mirror used in the experiment. A small region of the probe was collected (≈
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0.15ω) and the jumps in phase are used to calculate the surface roughness of the flat

multilayer mirror. Here the surface roughness is larger than λ
10 . This has caused the

speckle that is seen in the probe.

Thibulats paper on nearfield resolutions

resolution analyses

6.4.3 Polychromatic Ptychography

Simulations from Michal Odstricil show that using the polychromatic geometry could

provide an improvement on the experiment through an increase in flux and therefore

reduced exposure times. This is despite the incoherent effects that arise from a polychro-

matic illumination. For all future work in this thesis the same polychromatic geometry

is used with the same reflectivity spectrum shown below.

6.4.3.1 Input Spectrum
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Figure 6.14: This figure is a repeat of that shown in Chapter 3, however it is shown
again to remind the reader of the input polychromatic spectrum.(a) is the line profile

from a Young’s slit experiment, and (b) is the reconstructed spectrum.

6.4.3.2 Near field Polychromatic Ptychography

Near field ptychography was used previously to characterise the quality of the EUV

optic using the monochromatic experimental arrangement. In the following section the

advantages of adding structure to the illumination are discussed and this methodology

is applied to a real sample.
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Stockmar et al [142] discusses the improvements in using an illumination that strongly

differs from a uniform wave front. The distorted wave front ensures that there is sig-

nificant diversity in the measured near field diffraction pattern. This diversity has been

shown to make the algorithm more robust when using real data where experiential noise

and systematic errors exist [143].

Using an adjustment of Michal Odstrcil’s ptychography code I ran a simulation to verify

the potential improvements in using a structured illumination probe. The adjustments

to the code were to use ASM propagation as opposed to the Fast Fourier Transform, and

to alter the probe illumination as discussed below. A Gaussian beam was used as the

probe illumination in the first incidence. The sample was made up of an amplitude mask

of the model Lena and the phase was a Siemens star pattern. 64 scanning points were

generated, made up from an 8 by 8 grid with small random offset to ensure symmetry

is broken. The probe size ω was 30 pixels and the step size was 20 pixels. The ePIE

algorithm was used for reconstruction. Both update parameters were set to be 0.9 and

the iteration number was set at 1000. The results are shown in figure 6.15(b). The same

parameters were used for a simulation where a period binary grid was placed over the

probe, and propagated a small distance using ASM, to prevent any zeros in the probe.

The results from this simulation are shown in 6.15(a).

(a) (b)100 Pixels

Figure 6.15: (a) and (b) are reconstructions of the object in HSV with and without
a structured illumination. The inset of (a) is the amplitude of the structured illumi-
nation. The inset of (b) is the amplitude of the smooth Gaussian illumination. The

reconstruction quality is far better using structured illumination.

Figure 6.15 (a) and (b) are showing the HSV reconstruction of the test sample with

and without a structured illumination. Using structured illumination the image remains

sharp, and the phase image and amplitude image can easily be separated. When using
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the Guassian illumination artefacts of the amplitude appear in the phase and artefacts

of the phase appear in the amplitude reducing reconstruction quality.

Previously the poor quality EUV optic acted to distort the wave front providing a

structured illumination, however only good quality optics are used in the polychromatic

geometry. To distort the near field wave front in the following experiment, a periodic

grid was placed at the position of the filter mount. This did not reduce EUV flux

significantly however, it was sufficient to distort the beam wave front. The next section

presents experimental results using ePIE on near field ptychography data with and

without structured illumination.

As in the previous near field ptychography experiment, the sample was placed after

the focus where the spot was estimated to be between 150-200µm. The sample was

a TEM grid coated with an irregular distribution of formvar. 144 diffraction patterns

were recorded, using a step size of 40µm, a CCD exposure time of 100 ms, and 500 MHz

CCD readout speed. Diffraction patterns from the grid with and without structured

illumination are shown in 6.16 (a) and (b). The structured illumination recorded on the

CCD without any diffracting object in the beam path is shown in (c).
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Figure 6.16: (a) is an experimental near field diffraction pattern shown in natural
log scale from a structured probe illumination. Fine detail can be seen in the pattern
as well as the lower frequency components. (b) is the recorded diffraction pattern
from a smooth illumination and (c) is an image shown in detector counts, where the
structured beam propagates undeviated from the mirror onto the CCD in the imaging

plane without a sample in the way.

The reconstructions of the probe illumination and sample with and without structured

illumination are shown below in figure 6.17. Michal Odstrcil processed the data using

his modified near field ePIE algorithm. Figure 6.17 (a) and (b) show how the grid placed

at the filter position has distorted the wave front that was reconstructed on the probe.

When the reconstructions of the sample are compared, figure 6.17 (c) and (d) show

that the reconstruction from the dataset collected with structured illumination is both

sharper and does not exhibit the artefacts that are seen from the reconstruction without

structured illumination.
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Figure 6.17: (a) and (b) are the HSV probe illumination without and with struc-
tured illumination. (e) and (f) are the HSV reconstructions of the grid without and
with structured illumination. (c) and (d) are zoomed in regions of their respective

reconstructions.

6.4.3.3 High Scattering Test Sample

The following section presents results using far field ptychography, where the sample is

placed at the EUV beam focus and the camera is positioned in the far field. The results

from the experiment immediately below are published in [144]. The highly scattering

test sample was produced by Huyn Su Kim. The structure, which happened to be a

collapsed transmission grating, was produced by FIB milling into 50 nm Si3N4. In order

to ensure the sample was highly scattering a 100 nm Au layer was later deposited by

sputter deposition.

A 7µm diameter pinhole aperture was placed at the focus of the EUV radiation beam,

which was used to spatially define the illumination. The 7µm aperture (and in future

work 10µm aperture) was produced by FIB milling a 50 nm Si3N4 membrane coated in

200 nm Au. The FIB milling process was completed by Dr Stuart Boden.

In an ideal situation ptychography is most robust when the illumination has hard edges

however in theory a Guassian beam can be used as the illumination if the data is of a

very high quality. To ensure the illumination has hard edges the sample was brought as

close to the aperture as possible. This distance was estimated using a USB microscope
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focusing up from beneath the sample and aperture mounts. Because both the sample

and aperture are produced from flat Si3N4 membranes, the main limitation to the

sample aperture distance is angular deviations of the sample or aperture relative to each

other. A more accurate estimation of this distance is obtained in the reconstruction

process. Prior knowledge of the structure of the aperture can be used to propagate the

reconstructed wave field back to the plane of the aperture. The distance at which the

aperture comes into focus during this back propagation is an accurate measurement of

the sample to aperture separation. Typically this distance ranged from 50µm to 100µm

for these far field ptychography experiments.

The sample was scanned laterally to the aperture in a spiral pattern using a 1.5µm step

size to ensure the correct overlap condition is met [59]. Using a total of 198 positions

a field of view of 45 by 65µm of the sample was illuminated. The detector was placed

2.54 cm behind the sample which corresponds to an NA of 0.26. High dynamic range

imaging methods were used, where the longest exposure was 0.5s and the shortest 10ms.

The total exposure time per position was ≈ 0.6s. Under these conditions the microscope

can image 5 um2 per second of exposure time.

Despite short exposure times, the majority of the scanning time was taken waiting for

the CCD to readout. Whilst the CCD was cooled to -50 degrees to reduce the dark noise

the camera was set on to a 31MHz readout speed to optimise the sensitivity required to

detect the high scattering angle photons.

Figure 6.18 shows the results from the ptychography reconstructions of the sample.

Figure 6.18 (a) shows the HSV reconstruction of the full field of view of the sample.

The inset on the bottom right is a to scale reconstruction of the illumination incident on

the sample. Figure 6.18 (c) is the reconstructed complex probe in more detail, and (d)

is the probe wave field at the plane of the pinhole aperture where a saddle shape wave

front cropped by a circular aperture is visible. Figure 6.18 (b) is the sample imaged

using an SEM, that can be used to verify the sample reconstruction compared against a

trusted alternative high resolution imaging technique. Figure 6.18 (e) is an example of

one of the full CCD diffraction patterns that make up the entire ptychography dataset.

The phase variations that are seen in the reconstruction are not a result of any phase

variation within the sample itself, but however insufficient flatness of the sample.

The knife edge resolution analysis has already been used for reconstructions obtained

using single position CDI. In figure 6.19 a sharp edge of the test sample has been isolated

and a line cross section of the amplitude measured (stars). The circles on the same graph

show the amplitude after numerical refocusing using ASM. In order to extract the most

accurate resolution analysis using a knife edge method it is important to obtain an in

focus region of the image, where the intensity clearly flattens off without the presence
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Figure 6.18: (a) shows amplitude and phase image of the test sample images. The
inset of (a) shows the complex reconstructed probe on the same scale as the sample.
(b) shows the SEM image of the sample. (c) and (d) show the complex electric field
distribution of the probe incident on the sample and after back propagation to the plane

of the pinhole aperture. (e) is an example of a single collected scatter pattern.

of a peak. A 90-10% analysis can be used the extract the half pitch resolution from

the data which shows a 58 nm +- 5 nm. This is approximately equal to the pixel size of

the image at 54 nm, which is an indication that our resolution is limited mainly be the

experimental geometry rather than the reconstruction process or insufficient signal.

The repeatability of our experimental reconstructions was evaluated from two indepen-

dent data sets using FRC, as shown in 6.20 (a). The 1-bit threshold criterion was used to

define the resolution from the FRC. Because the samples fine structures are anisotropic

there is a high degree of asymmetry in the distribution of the scattered intensity on the

detector. Therefore the FRC in the vertical direction is significantly reduced at higher

spatial frequencies compared to the horizontal direction. The resolution in the vertical

direction was estimated using the FRC to be 100 nm and in the horizontal direction it

is limited by the experimental geometry to 56 nm. This result remains consistent with

that measured using the knife edge analysis.

The χ2 squared distribution can be calculated as a function of radial position of the
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and one example of the intensity values around a sharp edge and an error function
fit to a numerically refocused sharp edge profile. The white line indicates the region
of the reconstruction where the shown line profile was obtained. The circles represent
reconstructed data points and the stars denote data points after numerical refocusing

of the image. (b) is showing the PRTF of the test sample.
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Figure 6.20: (a) is the FRC of the sample reconstruction shown in figure 6.18. The
resolution can be calculated using where the 1-bit threshold intercepts the FRC. The
difference in the FRC between the horizontal and vertical axis is due to the anisotropic
scattering intensity from the sample. (b) is showing the χ2 distribution normalised by
degrees of freedom (DoF) of the reconstructed and measured intensity in the diffraction

plane.

diffraction pattern and so the goodness of fit can be plotted as a function of spatial

frequency. Using the reconstruction of the test sample shown in figure 6.18 a χ2 dis-

tribution was calculated from the reconstructed diffraction intensity and the measured

diffraction intensity. This is shown in figure 6.20. At low spatial frequencies it is clear

that ( χ2 � 1), which is an indication that systematic errors are present over these

frequencies. This can occur because of the nature of the real space constraint in pty-

chograpy. This is a local constraint between adjacent sample positions, so any long

length scale fluctuations will not fit well in the reconstruction, and instead an average

will be obtained. At the opposite end of the spectrum it is seen that the χ2 squared
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distribution remains above 1, ≈ 2. This is indication of a good fit for high spatial fre-

quencies where random noise is present. For CDI techniques if the χ2

DoF distribution fell

below 1, it could be an indication that the algorithm is trying to fit the reconstruction

to the noise, and so artefacts would be present in the reconstruction of the image.

PRTF, FRC, knife edge, and χ2 analysis have been applied to the reconstruction of

the test sample. Both FRC and PRTF confirm that spatial frequencies are reliably

reconstructed to a resolution of approximately 54 nm in the horizontal axis where there

was sufficient signal. Knife edge resolution analysis also confirms a 54 nm resolution.

The χ2 distribution shows that only the spatial frequencies generated from diffraction

from the sample are reconstructed as opposed to frequencies belonging to the noise.

6.4.3.4 Large Field of View Test Sample

The test sample was designed to be a transition sample, to divert away from highly

scattering test samples commonly used in the literature, towards a sample with similar

features to those seen in biological samples. The sample was produced by taking a

50 nm Si3N4 membrane and depositing 400 nm PMMA spheres in a solution of 50 %

isopropanol and 50% distilled water. A suitable concentration of PMMA spheres was

chosen by trial and error starting with a weak concentration, observing under a light

microscope, and adding more until the sample seemed appropriate as a test sample.

Given that this is the first extended sample to be imaged on the EUV microscope, after

initial reconstructions of the sample, a scan was designed to test the potential field of

view of our microscope. 967 diffraction patterns from the sample were acquired over

a time of 6 hours. A step size of 3µm was used between adjacent positions and the

10µm diameter aperture was used as the illumination. As before a USB microscope

illuminated the region between the aperture and sample to ensure their separation was

minimised and the distance between aperture and sample was estimated to be 55µm

using ASM.

6.4.4 Orthogonal Probe Relaxation Ptychography

In all the ptychographic reconstructions from this point in the thesis onwards, the object

and probe have been reconstructed using the orthogonal probe relaxation ptychography

(OPRP) method [145]. The method was developed to combat the negative effect of

temporal instabilities throughout a ptychography scan on the reconstructed probe and

object using existing algorithms.
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Figure 6.21: An image reconstruction in phase and amplitude of an extended sample
of PMMA spheres placed on 50 nm thick Si3N4 support. Pixel size is 54 nm and the
field of view is 105µm. The illumination probe is presented on the same scale as the

reconstructed image.

The ePIE ptychography algorithm searches for separate solutions to the probe wave field

and the object wave field. When there is a variable illumination, which could be caused

by spatial beam movements, the assumption that the exit wave field can be decomposed

into a probe that remains temporally constant and a changing object is no longer valid.

In the OPRP method we relax the overlap constraint in real space, to enable a slight

variation in the probe illumination for each scanning position.

The probe function, in normal ptychography, must be separated from the function of

the object. If a completely independent probe is selected for each scanning position then

the probe and object function can no longer be separated. However in the case where

the beam movements are small then the probe illumination at each scanning position

can be approximated as a coherent sum of multiple orthogonal modes. Because the

modes coherently sum, there is no violation of the modulus constraint that is seen when

multiple incoherent modes are approximated in the reconstruction as used by Thibault

[146]. However, using multiple coherent modes is violating the real space constraint

in the normal ptychography algorithm and OPRP is a method to find the optimal

decomposition of the probe to satisfy the real space overlap constraint once more.

Normal ptychographic methods use a value for the probe that is an average probe over

many variations of the probe caused by fluctuations throughout the scan. OPRP method

reconstructs an individual probe for each scanning position, however links each probe
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at each scanning position by projecting the probe into n dimensional space where n is

the number of orthogonal eigen probes. The probe is updated with OPRP after each

iteration when it has decomposed the n diffraction patterns from the previous iteration.
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Figure 6.22: Figure showing the results of using OPRP in a ptychography recon-
struction. The top row is showing the electric field distribution of each eigen probe
after back propagation onto the plane of the aperture. The middle row is showing the
complex eigen probe illumination at the plane of the sample, and the bottom row is
showing the normalised intensity evolution of each orthogonal probe throughout the

spiral scan.

Figure 6.22 is showing the results of the eigen probes produced from using OPRP on a

HHG dataset. The first row is showing the decomposition of the multiple eigen probes

back propagated to the aperture plane. The second row shows the eigen probes at the

plane of the sample, and the bottom row is the normalised complex evolution of each

probe over the course of the spiral scan. Observing the structure of the eigen probes

gives an interesting insight into the source of the temporal instability. For the lower

order probes (left) the intensity is distributed evenly throughout the probe, however for

higher order probes (right) it can be seen that the intensity is concentrated around the

edge of the probe when it is back propagated onto the aperture. The lower order probes

are correcting for changes in the illumination over the aperture whereas the higher order

probes are correcting for imprecision in the sample stages.

In using OPRP, the effect of beam and stage instabilities in the reconstruction is only

seen in the probe illumination. This leaves the reconstruction of the object sharp and

without artefacts caused by a violation of the strictly enforced real space constraint

in ptychography. In all future reconstructions presented in this thesis Michal Odstrcil

reconstructed the data using OPRP.
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6.4.5 Ptychography of Human Chromosomes

Chromosomes contain all the genetic information about an organism and their discovery

dates back to the late 1800s. A chromosome is a well defined structured package of

coiled DNA. In the normal existence of a cell the DNA is not so compactly wrapped,

however during the process of mitosis or miosis the strands of chromatin condense and

form individual chromosomes that can be identified. The basic structure of a standard

4 arm chromosome is a pair of 2 chromatids attached at the centre by a centromere as

shown in figure 6.23. Usually two of the extensions or arms are longer, known as q arms

and the two shorter arms are known as p arms.

Figure 6.23: Image taken from [147]. The structure of chromosomes during
metaphase. The centromere joins the two chromatids (the half of the chromosome).
The arms that make up the chromatid can be either short or long. The distribution
of these long and short arms make up four defined structures. (A) metacentric, (B)

sub-metacentric, (C) acrocentric, (D) telocentric.

There is interest in imaging chromosomes using a high harmonic source because the

wavelengths contained within the EUV spectrum can be used to access a region of

spatial resolution (20 nm-50 nm) that has been relatively poorly explored, and as a result

structures between 10 nm and 200 nm are poorly characterised. This gap appears to be

due to the limitations of the electron microscope and the optical microscope [148].

Karyotyping is the process of numbering and identifying chromosomes. A complete set

of chromosomes in a given species is described as a karyotype, where each chromosome

can be uniquely identified. Traditionally karyotyping used chemical staining methods

to identify chromosomes. As discussed previously lensless imaging has the advantage

in that a quantitative phase and amplitude coefficient can be obtained for each pixel of

the image. It is hoped that, with enough flux, that EUV ptychographic imaging can be

used to identify chromosomes.

The chromosome sample was prepared by Yusuf Mohammed from University College

London (UCL). The sample was prepared in an identical fashion to that described by

Shemilt [149] under the sample preparation section.
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As is the case with any high resolution microscopy, methods must be in place in order to

find the correct region of interest of the sample. Near field EUV ptychography was used

to identify the regions of interest on the sample, in combination with previously pre-

pared optical and fluorescence microscope sample maps provided from Yusif Mohamed.

The near field ptychography was conducted using the same methods described in the

previous near field section and the image was reconstructed by Michal Odstrcil using his

modified version of the ePIE algorithm. Structured illumination was essential, because

the sample was weakly scattering. Structured illumination was achieved by placing a

mesh grid over the aluminium filters. The results are shown in figure 6.24. The near

field reconstruction provided valuable information on the contrast of the sample to EUV

wavelengths. No phase information could be extracted because the sample appeared to

be highly attenuating. Using a combination of the microscopy methods shown in figure

6.24 (a) (b) and (c), a region of interest could be selected that was suspected to contain

a chromosome.

The region of interest shown in figure 6.24 was imaged using far field ptychography and

reconstructed by Michal Odstrcil. An exposure time of 2 s per scanning position was used

with a pixel binning parameter of 2 (2×2 pixels binned into 1 pixel) and 324 scanning

positions. The 10 µm diameter pinhole aperture was used with a step size of 3µm. The

pixel size in the image is equal to 103µm. Within the FOV, a large cell nucleus can

be identified in the image centre and to the right a chromosome. Identification of the

chromosome was performed by size structure and the correlated fluorescence from this

region. Unfortunately the sample is too attenuating to gain any quantitative information

of the chromosome’s internal structure.

A further dataset was acquired of a different region of the sample. The imaging pa-

rameters were adjusted to maximise the resolving power of the microscope. 257 sample

positions were exposed, for a maximum exposure time of 10 s, using a 3µm step size,

10µm pinhole diameter aperture, and a 90µm sample to pinhole separation distance

(measured using ASM after reconstruction). The central body of the chromosome is

highly attenuating to the 29 nm photons because typically they are ≈ 1.4µm thick, how-

ever around the edges of the sample a rapidly changing phase ramp can be observed.

This begins to provide limited information of the thickness function at the edge of the

chromosome, indicating a gradual taper, assuming uniform composition. Phase values

shown within the centre of the chromosome are not real, but instead it is noise generated

by the reconstruction algorithm. The amplitude of the sample shown in figure 6.25 was

used to accurately find the narrowest region of the structure. The line cross section in

red shows this. We believe that the resolved chromosome is similar to that presented in

[34], whose samples were prepared also by UCL.
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Figure 6.24: (a) is a low resolution fluorescence image of the chromosome sample.
The image was provided by Yusuf Mohammed. (b) is a low resolution microscope
image, (c) is a near field transmission ptychography image using EUV radiation and

(d) is a high resolution ptychography image of human chromosome sample.

In sections above, it has been discussed that the chromosome, on the whole, acted as a

binary object, apart from very near the sample edges. However the quantitative ampli-

tude and phase of the entire reconstructed sample can be used to extract information

regarding the sample preparation. On the surface of the Si3N4 membrane, where there

appears to be no biological sample present, both a phase and amplitude shift can be

seen over certain regions. The line in figure 6.26 crosses a region where there is ampli-

tude and phase shifts. It is believed that the phase shift is induced by a thin layer of

poly-D-lysine that is used to prepare the Si3N4 membrane surface before chromosome

deposition. From analysis of the phase shift and attenuation of this layer the thickness

can be calculated.

To calculate the thickness of the poly-D-lysine from the phase, the difference between the

average minimum value (assumption that there is no poly-D-lysine) of phase shift was

subtracted from the average phase shift caused by the poly-D-lysine region. Equation
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Figure 6.25: Inset top left is a phase only image of the edge of the chromosome.
Main is an amplitude only image of the chromosome with the narrowest region of the

chromosome measured using a cross section of the image amplitude.

6.6 shows how to obtain the thickness, x, from phase shift ∆ψ using the known refractive

index from poly-D-lysine [150].

x =
∆ψλ

n2π
(6.6)

The resulting thickness calculated from this phase measurements was 17 nm. The thick-

ness can also be calculated from the attenuation of the poly-D-lysine using the Beer

Lambert law. By taking the square of the reconstructed amplitude (the intensity) at

each point the thickness can be calculated using the following equation,

x = −
log( II0 )

µ
(6.7)

where I is the intensity measured through the region of poly-D-lysine and Si3N4, I0

is the intensity through only the Si3N4, and µ is the attenuation coefficient. Using

these values the thickness was calculated to be 17 nm ±1 nm from both the amplitude

measurement and the phase measurement. The 17 nm layer of poly-D-lysine reduced

the intensity in the diffraction pattern by approximately 50%.

6.4.6 Ptychography of Hippocampal Neurons

All Neuron samples in this section were prepared by Jo Bailey using the same methods

described in Chapter 5. Two different sample types were prepared. The first sample was

identical to the sample that was imaged on Diamond I13 using 7 keV radiation. This
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Figure 6.26: Left is the HSV region of the chromosome sample (also shown in figure
6.24). Right is the zoomed in region where we think poly-D-lysine has been removed
from the Si3N4 substrate. The white box shows the region where we suspect poly-D-
lysine has been removed. This region can be identified as the light green bright region,
and the poly-D-lysine region can be identified the region surrounding this that is a
different hue and duller. The line shows the region where the line profile was extracted

from shown in the zoomed in region.

sample was left to culture for 14 days in vitro (DIV). The second sample contains a

slightly younger selection of neuron cells that had only had 7 DIV.

The samples were imaged using an identical method to that described for previous

samples in this chapter. Maximum exposure times were relatively long (5-15s) when

collecting a full CCD scatter pattern. For preliminary scans, where the CCD was cropped

by 2 times and only 2s exposure time was required.

Figure 6.27 show the results from the DIV 14 neuron cell sample. Full CCD scatter

patters were collected and a FOV of 55µm of the sample was reconstructed by Michal

Odstrcil using ePIE, and OPRP [145]. The sample has a large variety of structure sizes

and thickness, and for the thin structures there is enough transmitted flux through these

regions that reliable phase information is extracted. Figure 6.27 (a) is the full FOV HSV

reconstruction and (b) and (c) show the average reconstruction of the probe at the plane

of the sample and aperture respectively. Figure 6.27 (d) shows an amplitude only region

of the reconstruction. This is an example of the high sensitivity in amplitude that is

characteristic of our spectral region. This is difficult to achieve with other microscopes.

Higher energy keV sources struggle to obtain the high absorption coefficients, whereas

lower energy (EUV) sources can achieve label free high resolution on the thin structures.

Figure 6.27 (e) is showing the phase only component of the reconstruction. The phase
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Figure 6.27: (a) is the HSV reconstruction of DIV 14 neurons. (b) is the reconstruc-
tion of the probe electric field on the sample. (c) is the electric field of the sample after
the field has been back propagated using ASM to the plane of the pinhole. (d) is a
zoomed region from (a) shown in amplitude only and (e) is the zoomed region from (a)

shown in phase only. Scale bars are 5µm.

variation is a sensitive measure of either a chemical composition change or variation in

structure thickness.

Within the image reconstruction shown in figure 6.27 several features of hippocampal

neurons can be identified. Figure 6.28 (a) is a region of the sample where a growth cone

and filopodia can be identified. Growth cones can form on the end of either neurons

or dendrites. The filopodia are the finger like extensions that extend out of the growth

cone. The structure forms so that the neurite can respond to its own environment, by

changing direction and branching out in order to finally form a connection with other



Chapter 6. Imaging on a High Harmonic Source 143

Figure 6.28: Zoomed regions from 6.27. 1 is a cell soma, 2-3 shows some dendrite
spines, 4-6 shows neuron variscosities, 7 a growth cone and 8 filopodia.

neurites.

In figure 6.28 (4-6) neuron varicosities can be identified on an axon. These are bulb like

structures that can develop into a presynaptic sites if the conditions are correct. The

dendrites form complementary regions to the pre synapse on the axon, which are called

dendrite spines. These can be identified in figure 6.28 (2-3). Finally one of the 3 large

cell somas are isolated in figure 6.28 (1).

Using the approximation, that is discussed in more detail in the next section, that the

chemical composition of the neuron is constant, the thickness of parts of the sample can

be calculated. The approximation, in this case is that, the neuron is composed entirely of

protein. Using the complex refractive index for protein [33], a thickness can be extracted

using equation 6.6 and 6.7. The line profile of the region for this analysis is shown in

figure 6.29. Two narrow neurites cross the line section as well as two thicker structures.

The thin features show a thickness of ≈ 15 nm ±5 nm and the phase and amplitude agree
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Figure 6.29: (a) is a line profile from the region shown in (b) and a thickness function
is calculated from the reconstructed phase and the reconstructed amplitude. (b) shows

the intensity over region on the image where the line profile was taken.

with one another with only small error. However when the larger features are examined

this error is increased. This would be an indication that the approximation of constant

material is no longer valid, and the refractive index over this region is different to that

of the smaller neurite region.

6.4.6.1 δ/β Analysis

The plot in figure 6.29 indicated that the composition of the sample was not uniform.

Because ptychography is a method that extracts both phase and amplitude from the

sample it is possible to determine a value that is equal to the ratio of the value δ to β

that is independent on sample thickness. Below is a simple proof of how the ratio of

the real and imaginary refractive index is independent of sample thickness. The EWF,

given as U(x, y, z, λ), can be expressed in terms of the complex refractive index and the

sample thickness.

U(x, y, z, λ) = e
i2π
λ

(1−δ(λ)+iβ(λ))T (6.8)

Equation 6.8 can be split up into its real and imaginary components, such that the real

component is equal to e
−2π
λ
β(λ)T and the imaginary term e

2πi
λ

(1−δ(λ)T ). Equation 6.9

shows the ratio of the imaginary and real parts of the EWF.

arg(U(x, y, z, λ))

−log(Re(U(x, y, z, λ)))
=

2π
λ (1− δ(λ))

2π
λ β(λ)

=
1− δ(λ)

β(λ)
(6.9)

The equation that remains, is independent of sample thickness and only contains infor-

mation about the ratio of the phase delay and the attenuation of the sample. Because

only relative phase is measured, and not absolute phase, equation 6.9, can be simplified

to equal δ(λ)
β(λ) .
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This ratio can be used to identify compounds of known refractive index from the ex-

tracted amplitude and phase in CDI reconstructions [151]. This method is more com-

monly seen in the hard X-ray community and less often at lower photon energies. Figure

6.30 shows the ratio of δ to β for an example selection of biologically interesting com-

pounds as a function of energy. It shows at the energies that have been used for HHG

ptychographic imaging the difference in the ratio of δ to β is very small between bio-

logically interesting compounds whereas for higher energies this difference becomes far

larger.
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Figure 6.30: The δ
β ratio is shown for common compounds found in biological ma-

terial. For high photon energies the δ
β ratio is significantly different whereas at lower

photon energies similar to those used in this section the compound dependent δ
β ratio

is very similar to one another.

In figure 6.31 a simulation of the ratio of δ to β is plotted for a simulated sample of

whose thickness was varied in a linear fashion. Figure 6.31 (a) is a polar diagram to

show the evolution of the phase and attenuation depending on the refractive index of

the compound in the sample. Plot (b) is plotting the same data, where the phase jump

can clearly be observed. The same plotting format has been used in figure 6.31 over a

small sample region shown in figure 6.32 (b).

The data is clearly far more noisy than the simulation. The reasons for this are two fold.

Firstly if there is a variety of different compounds present in the sample the discontinuity

in the simulated plot would not show in the real data. Secondly the reliability of the

reconstruction is a source of error. For sample regions of low absorption the phase shift

may be very tiny so any error in the phase reconstruction will lead to a large relative

error. For sample regions of high photon absorption, and large phase shift the diffraction

pattern would be far lower in signal, and so the SNR is significantly reduced.

Figure 6.33 (a) shows the ratio of δ to β for the region of the image shown in Figure 6.33

(b). It is expected that material with refractive index similar to a protein structure will
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Figure 6.31: (a) is a simulation plotting the real and imaginary components of differ-
ent compounds as the thickness of the material is varied. (b) is plotting the same data
for two compounds. The large phase jumps are where the phase has propagated a full

π phase shift.
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Figure 6.32: (a) and (b) show the real and imaginary parts of the electric field that
was reconstructed from the region shown in figure 6.33.

have a ratio of ≈ 1.95 whereas lipids have a ratio of ≈ 2.4. It is possible to differentiate

between lipid and protein at the region that is likely to be a growth cone where the ratio

shows that this region is mostly lipid. The neurite feature that runs vertically down the

image has some protein composition. Figure 6.33(b) shows the same data presented in

an alternative fashion. Over the thinner structures of the neurite this spectral analysis

is an interesting result from the quantitative measurement of phase and amplitude.

6.4.6.2 ‘Young’ Neuron Reconstructions

During sample preparation of mouse hippocampal neurons, the neurons can be fixed at

any point during their development. By imaging the culture at different points in time,

more can be understood on how these neurons develop from individual cells to very



Chapter 6. Imaging on a High Harmonic Source 147

0.5

1

1.5

2

2.5

3

3.5

D
e
lt

a
/B

e
ta

1  μm π 0

Figure 6.33: (a) shows the δ
β ratio from the region in (b).

complex interconnected networks. In this section preliminary results are shown from

younger neuron cell cultures, where at a later point it is hoped a time resolved selection

of neurons can be imaged.

10 μm
π 0 π 0-2

10 μm

Figure 6.34: Both images are HSV reconstructions from DIV 7 neuron cell cultures.
Pixel size is 90 nm for both reconstructions. Phase scale has been altered in (b) to

improve phase contrast displayed in the image for thin neurites.

Figure 6.34 shows two image reconstructions from two independent datasets on a ‘young’

sample of neurons that have spent only 7 days in culture. The pixel size from both

images is 90 nm and the readout on the CCD was cropped to only half the CCD area,

and a maximum of 2s exposure times were used. In these reconstructions the density of

connections between the cells is far less compared to those from 14 DIV.
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6.4.7 Imaging Hippocampal Neurons at the Artemis Laser Facility

In this section I present a brief summary of the work performed at the Artemis laser

facility at the Rutherford Appleton Laboratories. The aim of the experiments at Artemis

was to use their higher power laser source to generate 13 nm harmonics in Neon gas and

image using the ptychography method. However, due to filtering problems, imaging

was only successful using light centred around 29 nm. Significant progress was made

in alterations to the application of the ptychography method and we demonstrated the

first ptychography imaging result using the Artemis laser facility.

6.4.7.1 Experimental Details

The experiment used a chirped pulse amplification system similar to that used at the

University of Southampton, however the system at Artemis can achieve far higher pow-

ers. The laser used for the experiment was a 30 fs 1 kHz Ti:Sapphire CPA multi-pass

cavity system operating at a wavelength of 780 nm, with a maximum power output of

12 W. The light is directed off a flat piezoelectric driven dielectric mirror before it is

focused using a 1 m focal length dielectric mirror. The beam is focused down into a

gas cell filled with 80 mbar Argon gas inside a vacuum of 10−4 mbar and then the beam

propagates into the chamber which contains the flat field spectrometer. Mirrors at graz-

ing incidence are inserted into the beam path and the beam is directed onto an MCP

and phosphor screen where the spectrum can be resolved. Without the grazing inci-

dence mirrors inserted into the beam path, the HHG beam and IR propagate through

a motorised vacuum iris on an xyz manipulator onto a 200 nm free standing aluminium

filter. The filter highly attenuates the IR beam. The HHG beam is reflected off the

Si/Mo multilayer curved mirror of ROC 40 cm. The focused beam propagates onto a

pinhole aperture (at the beam focus) that is positioned using Newport linear actuators

and then onto the sample positioned using Smaract SLC 1740 3D manipulators. The

scatter pattern is recorded using a cooled Andor DX 434 detector.

To date, no form of coherent diffraction imaging experiment has ever been successful

using the Artemis laser facility. The first imaging experiment using 29 nm radiation was

identical to the experiment performed at The University of Southampton. The sample,

to be imaged, was DIV 7 neuron sample. Because HHG flux was less (by approxi-

mately 5 ×) compared to that at the University of Southampton, cropping and binning

were used during image acquisition. The sample reconstruction and probe illumination

reconstruction are shown in figure 6.36.

The 10µm diameter aperture was used to spatially crop the beam before the sample, and

was positioned 64µm from the sample (measured afterwards in post processing). 1794
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Figure 6.35: Up to 12W of light centred at 780 nm light at 30fs pulse duration exits
the KM Labs Red Dragon laser. A Thorlabs piezoelectric mirror mount M is used as
part of the stabilisation system to direct light down to the focusing mirror FM. The
IR is focused into an aluminium gas cell and both high harmonics and IR propagate
to the flat field spectrometer. Mirrors can be used to direct the high harmonics onto
the grating which spectrally resolves the high harmonics which are directed onto the
MCP. Alternatively the beam can propagate down through a motorised iris which is
fixed onto an xyz manipulator and then the IR beam is filtered out from EUV radiation
using 200 nm aluminium filters. As in the University of Southampton experiment, the
EUV is focused with an EUV multilayer mirror with reflectivity centred at 29 nm. The
light is focused onto an aperture P, and sample S and the scattered light is collected

with EUV sensitive CCD XC.

diffraction patterns were collected and a maximum exposure at each position was 5s.

The resulting pixel size in the image reconstruction figure 6.36 was 134µm, reconstructed

by Michal Odstrcil using ePIE with OPRP. The zoomed in region of figure 6.36 shows a

region of the neuron that is between 20-30 nm in thickness when the Beer-Lambert law

is applied to the intensity. The phospholipid bilayer is approximated to be 10 nm thick

so this could be a series of overlapping folds in the membrane.

The image reconstruction shown in figure 6.37 was reconstructed from a dataset where

the experimental conditions were altered slightly. In previous experiments the illumina-

tion aperture is placed as close to the sample as possible, however this method can cause

experimental challenges, placing the pinhole and sample very close, plus, this method is

limited to transmission geometry only. The alternative method uses a motorised iris 1m

back from the sample to crop the beam slightly. The beam then propagates onto the

focusing mirror and onto the sample where the electric field distribution on the sample

is shown in figure 6.37 (b), obtained from the ptychography reconstruction of the probe.

A line profile of the beam in the y axis shows the beam waist to be approximately 11µm

in the vertical axis and 13µm in the horizontal axis, so the sampling is similar to the

previous method. The ripples that extend beyond the spot size, that deviate from the

Gaussian distribution are an effect caused by cropping the beam with the iris. The

dataset was comprised from 454 scanning positions to give an area of 40µm × 40µm

and a pixel size of 134µm. [152]
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Figure 6.36: Image reconstruction of DIV 7 neuron sample in HSV scale. Pixel size is
134 nm, and image FOV is 80µm. Zoomed in region shows possible folded membrane

of thickness 20-30 nm, which is indicated by the arrow.

The reconstruction using the cropped iris a large distance from the sample, shown in

figure 6.37, is not as sharp as the previous method and contains a larger number of

artefacts. The effect on the reconstruction using the two methods, when illuminating

the sample with synchrotron radiation, is studied by [152]. A similar observation to

ours was seen, that when using a focused beam in combination with a pinhole before

the sample the convergence of the reconstruction is improved, as opposed to when no

aperture before the sample is used.
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Figure 6.37: (a) is an HSV image reconstruction of a region of the DIV 7 neuron
sample. (b) is the HSV reconstruction of the probe illumination on the sample. (c) is
a line profile of the y axis of the probe, to get an idea of spot size and shape on the

sample.

6.5 Summary

In this section I have shown coherent diffractive imaging using a high harmonic source

on 2 different laser sources. The older, single position CDI technique was used to image

binary samples, however ptychography imaging provided a far more robust imaging

method. Ptychography imaging was used in the near and far field on both test samples,

chromosomes, and hippocampal neurons. The resolution at which our method can image

samples is comparable to super resolution techniques such as STED [153] and SIM [154].

However, the sensitivity of our microscope, and axial resolution appears to be almost an

order of magnitude better than these techniques.



Chapter 7

Comparison of Synchrotron and

HHG Imaging

7.1 Experimental Comparison

Both synchrotron and laser radiation were developed in the 1960s, however radiation

from the high order harmonic process was not discovered until the late 1980s. Despite

the fact that HHG sources are still in their relative infancy compared to the larger

scale synchrotron sources, they are now far more common than synchrotron sources and

starting to compete in their usable flux and photon energy. This is mostly down to their

reduced start-up cost, running cost and practical size. A synchrotron beam line typically

costs in excess of 50 million pounds to build, and to run the experiment costs thousands

of pounds per hour. This is in contrast to the expense of a femtosecond CPA high power

laser source costing as little as 150 thousand pounds, and there is minimal cost to run

and maintain these laser systems. Further to this, typical synchrotron facilities require

an area of at least 250 metres squared where as a high harmonic source can fit in the

size of a standard laser laboratory.

There is a wide variation in the experiments performed on each source. Synchrotron

sources often have a variety of beam lines whose energies span a huge wavelength range

from the far infra-red to hard X-rays of 100s of keVs. However, whilst high harmonic

sources cannot boast such a wide spectral emission, they do benefit from an unrivalled

ultra short pulse duration on the attosecond time scale. The rest of this chapter will

focus on the important source differences for ptychography imaging experiments only.

152
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7.1.1 Flux

Using data acquired from both imaging experiments, a comparison on the flux incident

on the sample can be made. The source brilliance of the I13 beamline is quoted in

[112], as ≈ 1× 1010Ph/0.1%BW at 8 keV, however after the beam passes through slits

(used to force beam coherence and shaping), Fresnel zone plate (FZP), central stop and

order sorting aperture the number of photons is significantly reduced. Analysis of the

reconstruction obtained from the ptychography scan of the hippocampal neurons sample,

using 7.3 keV, showed that there was negligible absorption contrast in the sample itself

and negligible absorption from the sample substrate. Allowing for absorption in the

atmosphere around the focusing optic and the sample, the number of photons incident

per second in our experiment is ≈ 1.4× 108.

To measure the flux on the sample, in the case of the HHG beam, the sample is moved

out of the beam path and the signal is background subtracted and then integrated.

After the correct counts to photons conversion, the flux on the sample is estimated to be

5× 108 photons per second. However, because the wavelength of illumination is highly

absorbing in both the substrate and sample the counts hitting the CCD will be much

less and using the same sample, the photon counts on the detector are ≈ 1 − 2 × 107

photons per second.

These results show that for the two experiments there was greater flux hitting the sample

from the laboratory HHG source, however this is at the cost of reduced coherence and a

larger spectral bandwidth in order to increase flux incident on the sample. This conclu-

sion is based on the counts to photons conversion provided from the CCD manufacturer,

and it should be noted that no CCD calibration was used. The reduction in coherence

can be accounted for in the data analysis and experimental design, and techniques now

exist for imaging that relax the constraints of a fully coherent beam [155].

7.1.2 Stability

Both intensity and pointing stability influence the quality of the reconstruction when

imaging using ptychography. It is simple to extract the intensity stability from the hard

X-ray synchrotron ptychography dataset. At each scanning position the counts collected

on the detector are integrated and are plotted as a function of scanning position as shown

in figure 7.1 (a). The periodic rings show how the intensity fluctuated periodically

throughout the duration of the scan. Figure 7.1 (b) shows the intensity fluctuations

plotted against time, which reveal periodic fluctuations of up to ±3% with a period of

5000s.
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The cause of these periodic fluctuations can be explained when examining the particle

current in the synchrotron source itself. The particle current is directly proportional to

the intensity of the synchrotron radiation [156] given in equation 7.1 [157].

Ib = eNefrev (7.1)

Ib is the intensity of synchrotron radiation, e is the electron charge, Ne is the number of

electron charges, and frev is the frequency of oscillation. The particle current will decay

if further charges are not injected into the system. To compensate for the reduction

in current, electrons are injected from the booster synchrotron. This process is the

cause behind the large, slow periodic oscillations in the beam intensity [158]. The faster

fluctuations are thought to arise due to mechanical instabilities in the beam line, and

electromagnetic field perturbations.

Beam intensity is measured on the HHG source by removing the sample and using short

high frequency exposures directly onto the CCD, and integrating the signal against time.

Fluctuations in intensity on the University of Southampton source can strongly deviate

on a daily bases depending on laser performance, however typical intensity fluctuation

will be equal to ±10%. Despite this, Michal Odstrcil has shown that his algorithms are

robust enough to reconstruct data showing up to 50% fluctuations in the intensity of the

illumination using the OPRP method [145]. Most of the large, slow period oscillations

from the HHG beam can be attributed to intensity stability in the laser system itself. The

Spitfire Pro amplifier is specified to have intensity stability of ±3%. However, because

HHG is a nonlinear process it is thought that these small fluctuations in the driving

fundamental laser beam drive larger fluctuations in the HHG beam. For example, a

small decrease in the intensity of the laser beam, will cause a reduction in the number

of ionised electrons and an increase in the number of neutral atoms. This will affect

the phase matching terms caused by wave propagation through plasma and neutral gas,

and the atomic phase term will also vary with the intensity. Further nonlinear effects

arise with an alteration in proportion of plasma and neutral gas density such as self

focusing, that can alter the point of generation. These problems can be accounted for

using alternative generation designs and have been addressed on other HHG sources.

KMLabs advertise an EUV HHG system capable of producing intensity stability within

2.5 %rms [159].

In conclusion it is seen, from the data that was taken on the I13 beam line compared to

the data that was taken at the University of Southampton, the intensity stability from

the synchrotron source was far better than than the HHG source. However, both of these

cases do not represent the gold standard in these sources. Third generation synchrotron
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sources such as E158 SLAC claim intensity stability of < 0.02% [160] compared to that

from the best HHG source at 2.5% rms [159].
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Figure 7.1: Synchrotron intensity stability. (a) shows the photon number plotted
against spatial position during a ptychography scan and (b) shows the fluctuation in

photon number against time.

In order to extract pointing stability from the synchrotron ptychography dataset, more

care must be taken than when calculating the intensity stability. A combination of

analysis of the centroid of the scatter pattern and OPRP probe movements can be

used to monitor beam pointing fluctuations. The centroid of the scatter pattern can be

calculated as shown in figure 7.2 (a) (b) and (c). Before plotting this data a median filter

was applied to the raw centroid data in an attempt to remove spatial movements caused

by phase shifts at the plane of the sample. Figure 7.2 (a) and (b) show centroid movement

on the detector measured in camera pixels. One can extract motion that is caused by

the sample (larger peaks) and the faster smaller fluctuations are likely to be caused by

synchrotron beam movements. When the centroid data is plotted as a function of its

spatial position, in figure 7.2 (c) it is far clearer to separate out synchrotron movement

compared to sample-phase shift movement. Looking at the differences in phase in this

figure, an approximate value of 0.1 pixels of centroid fluctuation is measured which is ≈
equal to 5.5µm. Comparing both figure 7.2 (c) and (d) the larger shifts can be correlated

to the regions of high neuron density on the sample.

The fast fluctuations thought to come from the synchrotron beam are angular movements

and so the movements measured at the detector are far larger than those at the beam

focus. The detector was positioned ≈ 7.1m from the sample and so the angular stability

of the beam is equal to 0.79µ radians. An alternative method to confirm this, is using the

centroid of the probe extracted using OPRP at the two different positions near the focus

where the beam size was 2µm and 10µm. The standard deviation of the beam motion

was measured as 14 nm and 7 nm respectively. The distance between the separation at

these two points was 10mm. This corresponds to an angular stability of 0.7µ radians.
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Figure 7.2: (a) and (b) are the centroid positions of the scatter patterns used to
reconstruct the image in (d). The insets in (a) and (b) are zoomed in regions where large
shifts can be attributed to sample phase shift and fast small variations are synchrotron

movements. (c) is the centroid positions plotted as a function of scanning position.

In Chapter 4 the IR beam stability is examined, and the measures put in place to

improve this stability are discussed. At the focus of the IR beam, measured using the

stabilisation cameras, there is approximately 150 nm standard deviation of beam motion,

which corresponds to 0.2µ radians. In a simple model of HHG, where the harmonic beam

inherits all the properties of the fundamental laser beam, beam motion at the EUV focus

would be expected to be equal to the motion at the IR beam focus multiplied by the

correct magnification factors according to the focal length of the multi-layer mirror and

the propagation distances. However, because HHG is an extremely nonlinear process,

experimentally we find that the pointing stability of the HHG is far worse than the IR

radiation.

To measure the beam motion at the focus of the EUV is non trivial. The CCD can be

placed at the focus and the centre of mass can be calculated, however because the pixel

size is larger than the spot size at the CLC, the beam is poorly sampled. This method

would yield no useful results. The beam stability out of the focus is measured using 2

methods. The first method is to remove the sample and measure the centre of mass of
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the beam over many short exposures, each 0.01 s long. The stability is measured to a

standard deviation of 3µm at a distance of 6 cm behind the focus using this method.

The other method uses the OPRP method to measure the the stability of the beam

from the near field ptychography measurements presented earlier in this thesis. Because

the OPRP method reconstructs a probe for each scanning position the centroid can be

calculated from the reconstructed intensity. This is shown in figure 7.3 (a). The standard

deviation of the centre of mass measurement is given as 2.2µm at 3 cm from the focus

and the diffraction pattern is exposed for 0.2 s. Combining these two measurements the

beam has an angular stability of ≈ 25µ radians which would equal a standard deviation

of≈ 1.4µm motion in the focus.
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Figure 7.3: (a) is a centre of mass measurement of the intensity of the beam measured
using the OPRP method. In (b) small variations in the probe can be seen by eye if

points A and B are examined closely.

In conclusion, when comparing the pointing stability of the two sources the stability of

the synchrotron is far more stable than the high harmonic source. Using the synchrotron

source for ptychography imaging reduces the necessity for methods such as OPRP during

the reconstruction process and so synchrotron data can be reconstructed faster than data

collected from the HHG source.
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7.2 Resolution Comparisons for Test Samples

To investigate the resolution differences between the experiments on the two sources,

first the data from the test samples are examined. The test sample provides a relatively

large number of highly scattering photons so the highest spatial frequencies can be

reconstructed for each dataset. The EUV test sample has already undergone rigorous

resolution analysis in the previous chapter, where it was found that in the axial direction

where the sample scatters highly, resolution was limited by the experimental geometry.

Because the synchrotron test sample was a Siemens Star shape, the smallest spatial

separations were examined with a line profile shown in figure 7.4. The intensity of the

cross section of the line in figure 7.4 (b) is shown in figure 7.4 (c) and from this it is

clear to see that the geometry is limiting the resolution in this case. Whilst the EUV

microscope actually achieves a far higher geometry limited resolution of 54 nm compared

to the resolution of the synchrotron experiment (90 nm), it is important to remember

the synchrotron experiment was not designed to solely optimise resolution.
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Figure 7.4: Reconstruction of a Siemens star test sample by Michal Odstrcil. (a) is
the HSV reconstruction, (b) is the zoomed in amplitude and (c) is the line profile. It is
seen here that the resolution is becoming limited by the pixel size and so the geometry

is a limitation.

7.3 Imaging Hippocampal Neurons

The following text looks to compare the results of imaging hippocampal neuron sam-

ples using 42 eV from the HHG source and 7.3 keV from the synchrotron source. Figure
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7.5 examines the ptychographic reconstructions of the same sample using 42 eV and

7.3 keV. Figure 7.5 (a) is the amplitude reconstruction from the 42 eV. The amplitude

20 um
-0.04

-0.01

0

0.01

0.04

0.09

0.16

0.25

0.36

0.49
-3

3

2

1

0

-1

-2

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

(a) (b)

(c) (d)

π 0 10 μm

Figure 7.5: Reconstructions of hippocampal neuron sample. (a) and (b) show the
amplitude and phase from the reconstruction using a 42 eV illumination. The colour
bar of (a) is the amplitude and the colour bar of (b) is the phase. High contrast can be
seen in both amplitude and phase, however there is zero transmission through thicker
regions of the sample.(c) is show the full field of view sample reconstruction in HSV scale
for 42 eV illumination (d) is the phase only reconstruction using 7.3 keV illumination.

Scale bar for (d) is relative phase.

reconstruction using 7.3 keV photons is meaningless because there is negligible absorp-

tion contrast, and can be approximated to be 0 over the entire image. The detail from

the HHG source is substantially better than the 7.3 keV source because the 42 eV source

is extremely sensitive to thin structures and has high absorption contrast. However, if

information on the internal structure of the cell body was required no information can be

extracted from 42 eV illumination due to minimal signal passing through the cell soma.

In contrast, 7.3 keV photons pass through thick regions of the sample and information

on internal structure can be could possibly obtained.
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7.3.1 Elemental Mapping

In the previous chapters of this thesis spatial elemental mapping has been performed

using two different methods that were most appropriate for the source. The synchrotron

has the advantage over the HHG source in that the spectral bandwidth is far larger (be-

fore monochromating) and the energies that can be used are greater than the K-edge of

most elements. In contrast, the highest energy photons that can be produced from HHG

at the University of Southampton laboratory, are not high enough to exceed the K-edge

energy thresholds, however there is energy to ionise lower orbital electron energy levels.

Because of the limited spectral range from our HHG set-up, there are no interesting

elemental absorption edges that can be reached with our EUV spectrum. It is for this

reason that only fluorescence X-ray imaging can be used when using radiation generated

from the synchrotron source as shown previously [161] [162] and [163]. The following

discussion looks to compare the elemental mapping results from each experiment.

Using X-rays from third generation synchrotron sources, very tight focussing can be

achieved which ultimately limits the spatial resolution from a spatial spectral image by

this method. [164]. Mimura et al demonstrated using a series of deformable optics a

focal spot size in one axis of 7 nm can be achieved using 20 keV photons and sub nm

focal spot sizes can be achieved focusing hard X-rays using a FZP [27]. As discussed

previously our experiment did not fully exploit a tight focusing regime, and instead

imaged outside of the focus as a compromise to image spatially a wide field of view

and high resolution. The spatial resolution of the elemental map, in theory can be

extended using knowledge obtained using the ptychography method about the structure

of the illumination. The spectral sensitivity from X-ray fluorescence can yield high flux,

however background scatter from the synchrotron can contaminate acquired fluorescence

spectra. Further to this the majority of the fluorescence is not measured because of the

isotropic emission. For biological samples, where there may only be trace amounts

of elements in the sample, and the dose is potentially damaging to the sample, poor

efficiency in collecting the fluorescence signal limits the sensitivity of the technique.

In Chapter 6 a δ
β analysis was used to spatially map the information of elements and

compounds in the material. This is a technique that in theory can be applied to ptycho-

graphic reconstructions from synchrotron data also. However, when the sample is a thin

section of biological material the hard X-rays used in the synchrotron experiment expe-

rience only minimal attenuation and negligible phase shift. However for the lower energy

illumination, such as the 42 eV generated from the HHG source there are regions of the

sample that generate significant phase and amplitude contrast. As discussed previously,

where there is a large phase change caused by the sample, the scattered intensity signal
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is low and when there is high scattered intensity signal there is minimal phase variation.

These factors are likely to cause errors in the ratio of δ
β for some depths of the sample.

For both sources used in our experiments on imaging hippocampal neurons, the methods

for spatially mapping compounds require improvements. To improve the hard X-ray

fluorescence data a larger collecting area is required to detect the fluorescent photons.

To improve the δ
β ratio method using the HHG source higher flux is required from the

source to improve the signal through highly attenuating regions of the sample. However

for higher energy (ie ‘Water Window ’ spectral region), stable high flux sources it is

thought that the δ
β ratio is a useful tool for spatial spectral analysis. This is because

at this spectral region there is both significant phase and amplitude contrast, and for

stable fully coherent sources the errors in the reconstruction are less than our current

HHG source, and as such the δ
β ratio can be reliable.

7.3.2 Radiation Damage

Due to preliminary results, it was thought that because of the low absorption of hard

X-rays by the hippocampal neuron samples, no special radiation prevention methods

were used to minimise radiation damage in the sample. In the image reconstruction

and optical microscope image it is not obvious that there is any radiation damage to

the sample. However, after the sample was imaged using the EUV generated from the

HHG source, whose absorption sensitivity is extremely high, it was found that there

were localised regions on the sample whose small features were no longer present. This

region correlated to the same region that was chosen to image spectral composition

of the sample, where the sample was exposed for long time periods (10s per scanning

position).

Figure 7.6 (b) shows the HSV reconstruction of the hippocampal neurons sample when

using the 29 nm HHG source. Looking closely at figure 7.6 (b) it is seen that the region

of the sample enclosed by the white square appears to have far fewer high resolution

features than the rest of the sample. In order to quantify this two methods were used.

Taking the set of scatter patterns from the experiment the intensity counts are integrated

for a ring that surrounds the edge of the scatter pattern that corresponds to the higher

spatial frequencies. The inset of figure 7.6 (a) shows a plot of the natural logarithm of

the integrated flux plotted against the radial position from the CCD center. Figure 7.6

(a) shows the integrated flux of the higher spatial frequencies plotted at each scanning

position. Both (a) and (b) are images over the same field of view, and the same orien-

tation. Comparing both (a) and (b) there is an obvious region of lower high frequency

integrated flux in the bottom right quartile which is the same region that received a high
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Figure 7.6: (a) shows the integrated radial flux for high spatial frequencies plotted at
each ptychography scanning position. The colour bar indicates the number of counts
over the window of high spatial frequencies only. The inset shows how the integrated
counts decrease with increasing spatial frequency. (b) is a reconstruction of a neuron
cell that had first been illuminated with variable doses of 7.3 keV hard X-rays and then
imaged using 42eV. The bottom right quartile experienced a higher dose of hard X-rays

than other regions of the sample.

dose of hard X-rays. Figure 7.7 (b) shows the total energy in the diffraction patterns,

and so acts as a low resolution scanning transmission image.
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Figure 7.7: a) shows the gradient extracted from the log-log plot plotted against
ptychography scanning position. The colour bar shows the value of the decay constant
k, explained in the text. (b) is the integrated flux on the detector, showing a low
resolution bright field image. The colour bar is the number of integrated counts at each

scanning position. (c) shows the linear region of the log-log plot.

The second method to quantify the loss of spatial frequency information as a consequence

of radiation damage was to plot the natural logarithm of radially integrated flux at each

scanning position against the natural logarithm of the radial position. When the data

is plotted in this way and there is a linear region, the equation of this straight line is

y = ax−k where k is the gradient of the line. A first order polynomial is fitted for
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each scanning position and its decay gradient, k, is plotted for each scanning position

as shown in figure 7.7. The same colour scale is used for 7.6 (a) as it is here, however

because where high spatial frequencies are lost k is larger as opposed to integrated counts

which are smaller.

Both methods clearly show that the hard X-ray flux for long exposure times has caused

damage to the sample. The sensitivity of the measurement using the hard X-rays was

not sensitive enough to thin features to identify this damage, however for the lower

energy photons from HHG, the increased absorption sensitivity highlighted this damage.

Despite only in the thicker regions do we detect a change in the absorption, it is believed

that the few photons that were absorbed caused such energetic electrons and further

secondary electrons that sufficient damage occurred by this mechanism. Using the data

about the sample and some valid approximations the dose received by the sample can

be calculated.

To calculate the localised dose to the sample as shown in figure 7.8, the ptychographic

reconstruction results from Chapter 6 have been used. It is assumed that the neu-

ron sample is composed entirely of a generic protein compound [33], and so from the

measurement of the amplitude in the reconstruction the height of the sample is known

spatially. The sample size is known, and so taking a density for protein as 1.22 gm−3 the

mass of each part of the sample can be calculated. To calculate the photon flux illumi-

nating each pixel of the object a top hat illumination was assumed, and the known flux

was distributed evenly within the guess of the probe size, which was used as 10µm given

by the pinhole aperture. The number of photons absorbed by the sample is calculated

from the amplitude of the ptychography reconstruction. Because of the redundancy in

the ptychographic scanning technique there is a 10 times increase in flux for the major-

ity of sample positions as shown in figure 7.8 (a) and (b) as opposed to single position

CDI. Using the average photon energy of 42eV, the total energy (J) per unit mass (kg)

deposited into the sample per pixel in Gy is calculated using the equation shown below,

equation 7.2.

Dose =
PpstPTE(1− e−µx)

xρ
(7.2)

Pps is the photons incident on the sample per second per pixel, PT is the ptychography

overlap factor, E is the photon energy, µ is the linear attenuation coefficient, x is the

sample thickness, and ρ is the sample density. The increase in dose in figure 7.8 for

regions without neurites of the sample is caused from division over a very small number,

which is an artefact. Looking at the figure the dose over the neurites is approximately

6× 106 Gy which appears to be below the damage threshold for these samples.
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Figure 7.8: (a) shows spatially the regions of the probe overlap during a grid based
ptychography scan. (b) shows the accumulated dose caused by a 70% overlap between
the probes. A dose of AU 1 is given per scanning point. 10 times increase in dose is the
effect of the overlapping probes. (c) shows the localised dose from 42 eV illumination

where the colour bar is showing the dose in Gray.

To calculate the dose for the hard X-rays prior knowledge of sample thickness was

extracted from the EUV measurement. The complex refractive index was taken from

[26] for a general protein structure and the photon absorption was simulated. The

experimental details (flux, spot size and photon energy) from the synchrotron were input

in an identical method described above and the dose calculated is shown in figure 7.8

(c). Here it is seen that the dose is 4× 105 Gy. Only one quartile of the sample in figure

7.6(b) seems damaged, which was caused by long (10s) exposure to hard X-rays. The

rest of the sample seems to have maintained its fine structure which was only exposed

for 1s per scanning position. From this it can be concluded that for samples prepared

in this manner, the critical threshold when imaging using hard X-rays at 7.3 keV for

radiation damage is between 4× 104 and 4× 105 Gy.

The results above imply that radiation induced sample damage is not only dependent

on the dose of radiation the sample receives, but also the photon energy providing the

dose. For these samples, we have shown that the sample experiences more damage as

a result of receiving infrequent high energy photons as opposed to more frequent low

energy photons. Both forms of radiation are ionising radiation, however in the case of

the EUV photons, the photon has only enough energy to interact with the two outer

shells of the atom. The photoelectrons produced from the photon/matter interaction

are of low energy and it is thought that they cause only minimal radiation damage,

if any. However, in the case of hard X-rays, the photons can interact, and expel an

inner electron, which results in both a positive ion and an electron via the Auger effect.

The photoelectrons produced from the high energy photon have sufficient energy to

create multiple photoelectrons, which can cause further damage to the sample. It can

be concluded that this sample cannot be imaged using 7.3 keV without cryo-cooling to

limit the radiation induced sample damage.
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Finally, the temporal profile of the intensity of the radiation must be discussed. For the

7.3 keV illumination from a synchrotron source the intensity of radiation is pulsed with a

time period of 2 ns and a duration of 20 ps [165], however for the 42 eV illumination the

radiation was pulsed with a time period of 1 ms and a duration of ≈30 fs. It is difficult to

draw any conclusions about whether the temporal profile could alter the sample damage

from our experimental data because in these two datasets the energies were so different.

In the visible regime a material’s response to pulsed radiation can be very different to

continuous wave (CW) radiation because of the difference in the peak intensity of the

delivered radiation. For example, in the visible region a dielectric can appear almost

completely transparent to illumination with CW radiation however when illuminated

with femtosecond radiation nonlinear interactions such as multi-photon ionisation can

cause absorption of photons.

There has been little research into investigating nonlinear effects from short wavelength

sources. Research has been conducted at free electron lasers (FELs), utilising the short

pulsed nature of radiation to collect a diffraction pattern before Coulomb explosion

[166], however neither of our experiments were in intensity regimes similar to these

experiments. It is predicted that nonlinear effects using short wavelength radiation will

be far less than at optical wavelengths because of the extremely small cross sections. If

any nonlinear effects were to be observed it is expected that they would be more likely to

be observed when using 42 eV illumination as opposed to 7.3 keV, because the wavelength

is longer (absorption cross sections higher) and the pulse duration is far shorter. Given

that we do not see damage induced from our 42 eV experiment we can conclude that the

dose of EUV was below the damage threshold for the sample despite the femtosecond

pulse duration. If the dose of EUV was approaching the damage threshold for the sample

the nature of the pulsed radiation needs to be considered. In the case of the synchrotron

radiation, which was also pulsed, because absorption of photons in the sample was so

low, and the cross sections for nonlinear effects even lower, we think the pulsed nature

of the radiation did not contribute to sample damage.

7.4 Summary

In this section the important properties of a source for ptychographic imaging are com-

pared from the datasets obtained from a synchrotron beamline and a HHG source. Both

intensity stability and pointing stability are better for the synchrotron source. The inci-

dent photon flux scattered onto the detector was comparable between sources however,

the photon flux incident on the sample was higher from the HHG source but at a cost of

a large bandwidth. The resolution, when imaging test samples, is higher for the HHG
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experiment and the absorption sensitivity was far higher for the HHG source. The high

absorption and phase sensitivity from EUV radiation resulted in significantly better res-

olution for the sample of hippocampal neurons as opposed to 7.3 keV illumination. The

HHG source was used to identify radiation damage from a long exposure illumination

of hard X-ray photons and an estimate of the damage threshold for these samples using

this illumination is given between 4 × 104 and 4 × 105 Gy. The HHG source does not

appear to cause radiation damage so a threshold cannot be calculated. This result ap-

pears surprising and it is concluded that radiation damage is not purely dependent on

dose, however also on the photon energy of the illumination.



Chapter 8

Conclusions and Future Work

8.1 Conclusions

8.1.1 HHG Source for Coherent Imaging

The work that is presented in this thesis shows a significant improvement in the methods

that are required to use radiation from a high harmonic source for ptychography imaging.

Work was concentrated on improving the beam quality of EUV radiation generated

from the high harmonic source at The University of Southampton. For the given laser

properties, the flux was experimentally optimised, such that phase matching of the

harmonic beam was maximised. After spectral filtering using a broadband multilayer

mirror centred at 29 nm and further filtering using a single 200 nm aluminium foil, a

coherent flux of 5× 108 photons per second is incident on the sample.

Because of the complexity of the HHG processes, the beam coherence has dependence on

the macroscopic conditions. The coherence properties of the beam were examined using a

a traditional Young’s slit experiment. The generation conditions were altered to improve

the transverse coherence across the beam waist. For the experimental arrangement that

was used for CDI the visibility of the illumination was shown to be approximately equal

to the spot size, ω of the beam. The variation in the spectral reflectivity of the multilayer

optic that was used for focusing of the HHG beam can be clearly seen from the far field

Young’s slit diffraction measurements. The large bandwidth reflection, measured at 12%,

shows radially dependent frequency interference in the far field Young’s slit diffraction

measurement. This effect manifests itself in a periodic change in the visibility of the

fringes as a function of scattering angle. The sensitivity of the measured Young’s slit

diffraction pattern was exploited in order to reconstruct the spectrum of the illumination

of the slits.

167
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The stability of the imaging system was improved significantly to get the system stable

enough such that high dynamic range imaging techniques and pytchography imaging

could be implemented. The laboratory was re-designed to remove sources of thermal

instability and mechanical instability, which drastically improve IR beam pointing sta-

bility, over all time scales. A custom built active stabilisation system was implemented

that further improved beam pointing stability such that the beam was measured to be

stable to a standard deviation of ≈ 100 nm in the focus position.

8.1.2 Coherent Diffractive Imaging

An experiment was designed to use spectrally filtered radiation from the HHG process

to illuminate a sample and the far field scatter pattern was recorded. Firstly, only single

position CDI was used as a method to retrieve the phase at the detector, and thus

both phase and amplitude at the sample plane. The HIO algorithm was used with this

method, and a binary sample was reconstructed to a resolution of 100 nm with a pixel

size of 63 nm. Larger samples could also be reconstructed using this method however

their resolution is poor, limited by the coherence length of the beam.

The ptychography method was used for both monochromatic and polychromatic illumi-

nations measuring the scattered radiation in both the near field and the far field. Using

broad bandwidth radiation centred at 29 nm, in combination with the ptychography

method, large field of view (100µm) imaging of a test sample is demonstrated with a

resolution of 54 nm. To successfully image biological samples using EUV ptychography,

a high dynamic range method was used to extended the dynamic range of the detector

by three orders of magnitude to 107 counts. The first examples of imaging biological

samples in the EUV using ptychography are shown. Neuron cell cultures are imaged over

a 55 µm field of view, to 54 nm resolution. Using the reconstructed exit wave field and

where transmission through the sample was non zero the reconstructed amplitude and

phase of the sample can be used to reconstruct sample chemical composition or sample

thickness. The first demonstration of near field EUV ptychography is presented. Near

field ptychography is used to image a sample consisting of chromosomes. It is further

used as a method to characterise the optical properties from the reconstructed electric

field of the probe illumination.

8.1.3 Hard X-ray Imaging

Using radiation from the Diamond Light Source, at an energy of 7.3 keV, the ptychog-

raphy method was used to image a sample of hippocampal neurons. The sample was

not prepared to minimise the effect of radiation induced damage, because of the weak
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interaction between matter and high energy X-rays. When the exit wave field of the

neuron sample was reconstructed there was minimal sample information contained in

the amplitude; however the phase revealed structural information on thicker neurites.

When this sample was further imaged using the EUV HHG source using ptychography

imaging, it was discovered that longer exposures using high energy photons had caused

radiation damage that can be identified by a reduction in highly scattering photons.

The high energy photons cause X-ray fluorescence, that was measured to identify chem-

ical composition within the sample. At each ptychgraphy scanning position the X-ray

fluorescence spectrum was analysed to spatially identify chemical composition within

the sample. Naturally occurring calcium and potassium were identified on the sample

as well as localised regions of artificially inserted iron.

8.2 Future Work

8.2.1 Comparisons of Imaging Hippocampal Neurons using EUV and

optical methods

The work in this thesis has demonstrated that imaging using EUV is a robust method

of imaging high resolution without the need for fluorescent staining. However, we are

yet to directly compare a sample that can be imaged using a fluorescent microscope to

an image reconstruction using EUV light. Currently Jo Bailey has prepared on 30 nm

Si3N4 two samples that have been stained using a fluorescent molecule. The images

taken using the fluorescence are shown below in figure 8.1, and we wish to image these

samples using EUV ptychography in the near future.

8.2.2 Multi Colour Imaging

Ptychographic imaging is a diffraction imaging technique that collects datasets with a

high level of redundancy. In the visible spectral region it has been shown that using

the ptychography method multiple wavelengths can be used within the illumination and

the sample’s spectral response can be reconstructed in part of the ptychographic phase

retrieval [167] algorithm.

This technique could lend itself well to imaging using HHG EUV. Whereas in the work

by Batey [167] multiple sources were used at different wavelengths the high harmonic

spectrum naturally has discrete peaks in spectral intensity. Recovering a sample’s spec-

tral response over any form of absorption edge in the material would allow for a very



Chapter 8. Conclusions and Future Work 170

Figure 8.1: Fluorescent microscope image taken by Jo Bailey of stained DIV 7 hip-
pocampal neurons prepared on 30 nm Si3N4.

sensitive method for sample composition analysis at the resolution of the ptychographic

imaging method. This would supersede any composition analyses methods where the

illumination size defines your resolution.

8.2.3 Spatial Pump Probe Experiments

High harmonic generation is a process that generates pulses of unrivalled short pulse

length duration. The high energy photons contained in the short pulses of light can be

used in pump probe experiments. The simple principle of these experiments is that light

is split using beam splitter and a delay line introduced to one arm of the experiment.

A fraction of the beam is first used to pump, that is to cause some kind of excitation in

the sample. The other fraction of light is used to probe the change in the sample. The

state of the sample between excitation and relaxation back into its original state will

alter the interaction of the probe radiation and the sample. This can be measured in a

change the transmission or reflection of the probe radiation.

Ptychographic imaging can be used in combination with this pump probe principle.

Ptychographic pump probe is an ideal technique to be used from a high harmonic source

because of the ultra-short pulses, that cannot be produced from most other EUV sources.

The idea of ptychographic pump probe would be to image a sample either in transmission

or reflection geometry and observe the changes in the phase as the sample relaxes after
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excitation with an initial pump beam. This method would give 4D information of how

a sample responds after excitation.

8.2.4 Short Wavelength HHG

High harmonic generation has demonstrated the ability to produce photons as short

as 1 nm in wavelength. Imaging at shorter wavelengths improves the resolution of the

reconstructed image for a given NA. Dinh et al [168] have used 10 nm radiation generated

from a HHG gas cell based source to image using single position CDI. Gardner et al [169]

has used 13 nm radiation generated from a HHG wave guide source to to image a Fresnel

zone plate to 14 nm resolution using the ptychography method.

When imaging the biological samples shown in this thesis, the increase in photon en-

ergy allows for higher penetration depth, and so further information on internal sample

structure can be extracted. The shorter wavelength photons can also improve resolution

down to a point where large proteins can start to be resolved. However, as photons

are generated from higher order harmonics the discrete peaks, characteristic to the high

harmonic spectrum begin to blur creating a very large bandwidth that will pose chal-

lenges for coherent imaging especially as you generate water window harmonics using an

800 nm source. Further to this, because the attenuation length of higher energy photons

increases, the sensitivity to thin features is reduced. However, a tunable high harmonic

source where one could optimise penetration or sensitivity would be an extremely valu-

able biological tool for future experiments.

8.2.5 Computed Laminography

Tomographic imaging takes multiple projections of a sample in order to reconstruct a 3D

image. However for samples such as the neuron sample where the sample is mostly flat

(where one dimension is far smaller than the other two) this is not the best approach. A

technique known as computed laminography (CL) is designed specifically to image flat

samples [170].

The laminography principle is to focus a penetrating beam onto the flat sample, moving

both the detector and the source that are positioned at opposite sides of the object.

As the 2D projections are collected at each position, only one plane of sample is always

imaged at the same point on the detector and the planes either side move as the detector/

beam are moved. The plane that remains the same is known as the focal plane where

as all other planes contribute to background noise. By shifting the sample backwards

and forwards a tomogram can be acquired.
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To use CL with a HHG source it would be easier to rotate the sample rather than the

source. In synchrotron experiments the sample is placed up at an angle to the optical

axis and rotated which provides the information required for a lamingraphy experiment

[171].

8.3 Summary

In this section the main conclusions of the project are stated. The main conclusion is that

work in this project has made a significant contribution to EUV ptychography using a

HHG source, and that EUV ptychography is a suitable competitive imaging technology

for biological samples. Future experiments for this project have been discussed. A

primary goal is to develop high flux short wavelength radiation from a HHG source to

improve microscope resolution. The second major experiment is to use the short pulse

length from HHG for spatial pump probe imaging. Other experiments using the current

imaging system, are to develop multicolour imaging and laminography.



Appendix A

Wavefront Distortion using a

Deformable Mirror

The work in this section was conducted in collaboration with the Institute for Photonics

and Nanotechnologies, Italy. The deformable mirror (DM) was fabricated by Magdalena

Miszczsak, Stefano Bonora, Alain Jody Corso and Maria Guglielmina pelizzo. I con-

ducted all of the experiments using the HHG source and data analyses was performed

by Stefano Bonora, Alain Jody Corso and Maria Guglielmina pelizzo. The aim of the

experiment, in respect to coherent imaging, was to investigate whether DM technology

could be used to correct for any astigmatic properties of the beam, so that a tighter

focus could be achieved. It would also open up the possibility to easily manipulate the

wave front across the sample. This experiment is the first demonstration of a deformable

EUV multilayer mirror, to our knowledge.

The deformable EUV mirror had a MoSi multilayer coating that was deposited using

magnetron sputtering onto a 1cm2 silicon wafer substrate. The reflectivity of the mirror

was tested at the ELETTRA synchrotron. After this test, the piezo-electric actuator is

glued to the mirror. Further stress tests were conducted at ELETTRA to characterise

any changes in integrated reflectivity as a function of mirror bend. The DM had the

capability of flexing 40µm(both inwards and outwards)in the centre when ±150 V is

applied to the piezo-electric crystal. This corresponds to a radius of curvature of ≈ 3 m,

and this an effective focal length of ±1.5 m.

Figure A.1 (a) is an intensity image collected using the EUV CCD of the EUV beam

from a single reflection of the DM mirror when 0 V was applied whereas figure A.1 (b) is

an image of the HHG spot after one reflection from the polychromatic multilayer used

in the polychromatic geometry. It is clear that the reflection from the DM generates a

highly speckled image. This is an effect from illuminating a rough surface with coherent

173
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light. To verify that the surface roughness had not been caused from deforming the

silicon substrate, an unmounted flat substrate was tested using the same method and

it clarified that the surface roughness was a defect of the multilayer mirror production

rather than the deformation itself. Despite the mode quality looks badly damaged by

the deformable mirror, this does not necessarily affect coherent imaging. The negative

effect of the poor beam quality is that, the illuminating radiation can not be focused

as tightly as a beam with better mode quality. However in ptychography it has been

shown that a diffuse beam can help improve the phase retrieval process [172].
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Figure A.1: (a) is an image of the EUV beam of a single reflection from the multi
layer deformable mirror with 0 V applied. (b) is an image of the EUV beam of a single

reflection from a curved mirror used in the polychromatic imaging experiment.

It is common practice to characterise the performance of deformable optics in the visible

spectrum to use a Shack Hartmann wave front sensor. One design is to use an array

of micro lenses over the incident wave front. Each lens focuses the local illumination

incident on the micro lens onto a CCD. The position of this focused beam encodes the

information about the wave front incident on the corresponding lens. However, at EUV

and X-ray energies FZP lens arrays are problematic [173, 174]. Firstly FZP lenses are

highly chromatic so the system is not versatile and only suitable for a specific wavelength.

Further problems arise in the sensitivity of the system. This is because, whilst a large

mask to CCD distance increases precision of the centroid measurement, a long focal

distance FZP lens is required. By design these have large diameters to keep efficiency

high and therefore spatial sampling of the wave front is poor.

Alternatively an array of apertures, can be used instead of a lens array and the near field

diffraction pattern can be measured. The centroid position created from each aperture

can be used to extract wavefront information, however this method has limitations.

Firstly, if small apertures are used to sample the wavefront finely then the detector has
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to be placed very close to the mask in order to sample the diffraction in the near field

regime, preventing diffraction from multiple arrays interfering. This is often impractical

and at these distances the centroid is poorly sampled because of the finite detector pixel

size.

In our experiment we conduct a Shack Hartmann style [175] method using a single

20µm diameter aperture on a 3D nano precision stage. The aperture is scanned across

the beam in 450µ steps. The resulting far field diffraction pattern was measured using

a CCD placed 61 mm downstream of the aperture. A single image was acquired for each

position and a superposition of all the images was constructed in post processing as

shown in figure A.2. Whilst our method uses a large step size and small scan number,

the method allows for far finer sampling of the wave front. Further to this, a larger

CCD to pinhole distance would amplify the measurement of any shifts, and allow for

finer sampling of the diffraction pattern.
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Figure A.2: Image of the centroids of the diffracted beam spots compared to their
position, if there was 0 phase shift in the incident illumination. X and Y are positions

of the aperture.

Figure A.2 shows how the centroid of the diffraction pattern moves relative to the po-

sition of the aperture. Data was acquired for reflections from multiple DM curvatures.

The wave front was reconstructed when 0 V were applied to the DM and when 100 V

were applied to the optic as shown in figure A.3, where the wave front has been clearly

manipulated.

The work presented does indicate that the DM could be successful in correcting for

beam astigmatisms, and further actuators would only improve this. The optic quality
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Figure A.3: (a) is the reconstructed wave front with 0 V applied to the DM, and (b)
is the reconstructed wave front when 100 V was applied to the DM. The colour bar is

shown in nm.

is currently poor, and whilst this may not be a problem for ptychographic imaging it is

currently a limitation of the DM tested.
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We demonstrate interference lithography using a high-harmonic source. Extreme ultraviolet (EUV) radiation is produced by high-harmonic
generation with 800nm light from a femtosecond Ti:sapphire laser (40 fs pulses, 1 kHz, 2W average power) in argon gas. Interference patterns
created using Lloyd’s mirror setup and monochromatized radiation at the 27th harmonic (29 nm) are recorded using a ZEP-520A photoresist,
producing features with <200nm pitch. The effect of the use of femtosecond pulsed EUV radiation on the recorded pattern is investigated. The
capability of the high-harmonic source for high-resolution patterning is discussed. © 2016 The Japan Society of Applied Physics

E
xtreme ultraviolet (EUV) interference lithography
(IL) is a powerful method of fabricating high-resolu-
tion patterns over a large area without a complex

imaging system. The main requirement for EUV-IL is high-
intensity coherent plane wave illumination in order to deliver
a sufficient radiation dose to the photoresist plane. A
particular issue is the availability of appropriate optical
components such as beam splitters and reflective or spectrally
filtering mirrors for the particular optical wavelength used.
Those components can be obtained easily in the case of using
radiation in the spectral range over deep ultraviolet, ultra-
violet, and IR lasers where refractive optical elements are
available.1–3)

When using EUV or soft X-ray radiation, different
strategies to split and recombine parallel beams have been
demonstrated such as those using reflective beam splitters4–7)

or multiple diffraction gratings.8,9) These demonstrations
were performed with both a synchrotron radiation source and
a plasma-based EUV laser. In the demonstration performed
using synchrotron radiation, the monochromatized and
spatially filtered light at a wavelength of 13.5 nm from an
undulator provided the necessary temporal and spatial
coherences with sufficient intensity flux.4) The plasma-based
EUV laser is also a suitable radiation source for IL as it
was demonstrated using a compact Ne-like Ar capillary
discharge laser at a wavelength of 46.9 nm producing an
EUV radiation of around 0.2mJ with a maximum repetition
rate of 10Hz.6)

Interference lithography has also been performed in
the UV and IR spectral ranges with femtosecond pulsed
lasers.3,10,11) The second harmonic of femtosecond pulses
(380 nm, 80 fs, 82MHz) was split by a diffractive beam
splitter and overlapped with two lenses.10) A femtosecond
laser pulse (800 nm, 90 fs) was used for lithographical laser
ablation to fabricate a homogeneous metal nanograting.3,11)

The EUV-IL demonstrations using a synchrotron radiation
source and a plasma-based EUV laser have used radiation
with a pulse duration of around 1–2 ns. The effect of high-
density ionization using ultrashort EUV pulses generated by
a free electron laser (FEL) on the sensitivity of a nonchemi-

cally amplified resist was investigated.12) It was shown that
multiple reactions with ultrahigh-brightness pulses provided
by EUV-FEL radiation change the sensitivity of the resist.

High-harmonic generation (HHG) provides coherent radi-
ation in a wide EUV spectral range (10–40 nm) with emission
peaks at the odd harmonics of the driving laser field, ω. The
degree of temporal coherence of each individual peak is on the
order of Δλ=λ ∼ 10−3. The spatial coherence length depends
on the HHG phase-matching process in the gas-cell-based
high-harmonic source. The high spatial coherence and low
divergence of the HHG beam were already presented.13,14)

In this work, we demonstrate Lloyd’s mirror IL with EUV
radiation generated by a HHG source. The demonstration was
performed with a monochromatized radiation centered at a
wavelength of around 29 nm, and the small angle in Lloyd’s
mirror setup allows us to achieve fringes with sub-200 nm
pitch. We analyze the expected optical properties of the
interference fringes in the photoresist.

The interference fringes are formed owing to constructive
and destructive interferences between the split beams of the
reflected wave and the direct wave in Lloyd’s mirror
arrangement (Fig. 1). The period (pitch) of the interference
fringe, which is determined by the angle between two beams,
is given by

Fig. 1. Schematic of the Lloyd mirror IL with a focusing beam: reflected
and direct beams having different optical paths (d) and arrival times (t) are
illustrated. The angle of the mirror is θ from normal. The visibility of fringes
decreases away from the edge owing to the optical path difference between
two short pulses.

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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pitch ¼ �

2 sin �
; ð1Þ

where θ is the half-angle between two interfering waves. The
number of pitches (N ) in the interference field is limited by
the temporal coherence of the incident beam given by

N � �=��; ð2Þ
owing to the phase delay of the reflected wave interacting
with the direct wave. In this experiment, λ=Δλ ≈ 250 was
estimated.

Figure 1 illustrates the Lloyd’s mirror IL setup of the
experiment. The divergence of the EUV beam after the
gas cell is around 1–2mrad, and after the spherical mirror,
it is around 5–15mrad in Fig. 2. In the analysis, we assume
that the incidence angle of the direct beam is approximated
to a normal angle, and the angle of the reflected beam is
approximated to be twice the mirror’s angle (2θ). In Lloyd’s
mirror system, a reflective mirror splits part of the incident
beam and redirects the reflected part to generate a second
beam. During this separation, an optical path difference
(OPD) between the two beams occurs. Using fs-pulsed radia-
tion, the OPD has to be controlled in the range of only a few
micrometers. The fringe profile visibility decreases away
from the edge (the line shared by the photoresist and mirror
planes) owing to the increase in OPD.

The OPD yields time delay for the reflected beam arriving
at the target plane. It is approximately “L − h”, as illustrated
in Fig. 1, and increases with the angle (θ). In the photoresist
plane, the delay increases proportionally with the distance
(x in Fig. 1) from the edge. The field length of the fringe
along the x-direction is estimated to be OPD × [tan(2θ) −
tan θ]=[1=cos(2θ) − 1] from a geometrical approximation.
The time difference between two pulses is OPD=c (c: speed
of light in vacuum), which must not exceed the pulse
duration, “L − h = OPD < pulse duration × c”. The temporal
overlap of the two pulses, which determines the interference
term, decreases with the OPD. Also, the interference region
depends on the angle θ and pulse duration. A rapid reduction
in visibility is expected when θ > 15°.

The intensity profile of interference fringes can be
described as follows:

I ¼ I1 þ I2 þ 2ðI1I2Þ1=2 Re �12ð�Þ; ð3Þ
where I1 and I2 are the intensities of the direct and reflected
beams, respectively. γ12(τ) is the interference term, where τ

is the time difference of two optical paths, which is called
the degree of partial coherence.15,16)

The visibility of interference fringes is given by

V ¼ Imax � Imin

Imax þ Imin
¼ 2

ffiffiffiffiffiffiffiffi

I1I2
p j�12j
I1 þ I2

: ð4Þ

In the lithographic performance, fringe visibility depends on
the photoresist response. The depth of radiation that induced
grooves depends on the fluence (mJ=cm2).

In EUV radiation, the interference region (x) is also
affected by the mirror’s reflectivity. The maximum angle is
limited to around 20° with a thick Si mirror for radiation with
a wavelength of 29 nm. We use a Si mirror at θ ≈ 3–4°,
providing reflectivity of around 95% for the EUV wave-
lengths used in this demonstration.

Our experimental setup is illustrated in Fig. 2. We use a
HHG system based on a Ti:sapphire laser (800 nm, 40 fs)
amplified by a regenerative chirped pulsed amplifier (CPA).
The laser beam (1014W=cm2 at the gas cell position, 1.8
mJ=pulse, 1 kHz repetition rate) is focused into a 3-mm-long
gas cell filled with argon gas at 60mbar. The strong E-field
has a pulse duration of around 40 fs. A single Al foil (200 nm
thickness) is used to block the fundamental laser and transmit
the EUV radiation (approximately 30% transmission). Then,
in order to suppress unwanted spectral components, the
beam is spectrally filtered by a curved B4C=Si multilayer
(ML) mirror, which reflects and focuses the main wave-
length at ∼29 nm (27th harmonic, Δλ=λ ∼ 4 × 10−3) and ±1
harmonics from the main wavelength with very low intensity.
The spectrum after the ML mirror is shown in the inset image
in Fig. 2. The Gaussian-shaped illumination profile meas-
ured using an EUV-sensitive CCD camera (Andor DX-434,
1024 × 1024 pixels) is shown in the inset CCD image in
Fig. 2. The estimated photon flux is ∼1.86 × 109 photons=s
in the whole area of the spot.19)

Before performing the IL, we conducted exposure tests
for a photoresist sample. We used a positive-tone photoresist
(dilution ratio: ZEP-520A : anisole ¼ 1 : 3). The photoresist
was spin-coated (5000 rpm, 1min) on a silicon wafer for the
target thickness of ∼40–60 nm and baked for 2min at 180 °C
on a hotplate. In the setup (vacuum chamber), the photoresist-
coated wafer was mounted perpendicularly to the beam. The
exposure time was varied from 0.5 to 15 s at several positions
between ±5mm from the EUV focus in order to record the
cross-sectional profile of the beam. After the exposure, the
wafer was developed with ZED N50 for 90 s and rinsed with
2-propanol for 30 s. The obtained result was investigated with
an optical microscope (Nikon Eclipse-L200) to measure the
intensity profile of the beam. It was analyzed in terms of the
dependence of the removed resist thickness on the radiant
fluence (exposure dose), which is related to the lithographic
sensitivity of the photoresist with the EUV radiation. The
thickness dependence of the removed photoresist (depth from
the surface) on fluence is plotted in Fig. 3.

ZEP-520A is a positive-tone photoresist, which is a
modern alternative to poly(methyl methacrylate) (PMMA),
based on the copolymer compound (Zeon). The molecular
mechanisms of ZEP-520A are not entirely understood yet.17)

The photoresist processing is separated into exposure
and development. Typical positive photoresists are composed
of a photoactive compound, a base resin, and a suitable

Fig. 2. Schematic of HHG and Lloyd’s mirror IL: The laser is s-polarized.
The inset image is the spectrum of the EUV after the ML mirror. The CCD
image of the beam is stretched by the spherical mirror.
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organic solvent system. The base resin, which is soluble
with developers, is protected by the photoactive compound
(inhibitor). The radiant energy delinks the inhibitor from the
resin and results in an increased photoresist dissolution rate.
Thus, exposure wavelength (photon energy) is an important
parameter of resist sensitivity.18)

There are two issues with the use of short-pulse radia-
tion in Lloyd’s mirror IL. The first one is the arrangement
for interference, as discussed. The other issue is the interac-
tion between the resist and the short-pulse radiation. The
EUV pulse length from HHG sources is on the order of
femtosecond duration. This is very different from the plasma-
based EUV radiation, which typically yields nanosecond
pulses and is a quasi-CW (continuum wave) on the timescale
of the exposure process.

The probability of delink decreases with increasing flux
density at an identical exposure dose. The single photon
breaks the cross-link within a particular radical distance. The
spatiotemporal overlap of photons reduces the effectiveness,
while the high radical concentration enhances local delinks.
The use of short pulse (high-density flux) enhances com-
peting effects resulting in different exposure sensitivities.12) It
might be interesting to compare our result with that from
plasma-based sources or synchrotron radiations in the future.

The Lloyd’s mirror IL was performed with the photo-
resist produced as described previously. The ZEP-520A-
coated wafer was mounted on a nanoprecision piezo stage
(SmarAct-SLC-1730) at an angle normal to the beam path.
The photoresist plane was located at the z-position around
z = +6mm (toward photoresist) from the focal plane of the
ML, which is an optimized location for sufficient exposure
conditions, given the field size of the beam (∼200 × 50 µm2)
and the exposure time of ∼9 s. After the exposure, the photo-
resist was developed with ZED N50 for 90 s and rinsed with
2-propanol for 30 s. The resulting patterns were analyzed by
atomic force microscopy (AFM; Brucker).

The resulting AFM image in Fig. 4(a) shows a pattern
with a period of 198 nm, corresponding to a mirror angle of
4.2°. Figure 4(b) is the cross section of (a). The groove depth
(Δd) along the x-axis is measured as plotted in Fig. 4(c) and
clearly drops as a function of distance from the mirror edge.
There are several reasons for the drop. Firstly, the transverse
intensity profile of the Gaussian beam drops away from the
edge, where the right half is flipped over the mirror with a
reflection of ∼95% in Lloyd’s mirror scheme. Secondly,
the time delay between the reflected beam and the direct
beam increases away from the edge. As the interfering time
decreases, the degree of mutual coherence decreases resulting
in the drop of fringe visibility.

In the photoresist, the depth (d) after the lithographic
process can be derived as d = [1 − exp(−αIt)]D, where
α is the lithographic factor related to photoresist sensitivity,
t is the exposure time, and D is the initial thickness of the
photoresist. Then, the groove depth can be given by

�d ¼ f1 � exp½��ðImax � IminÞt�gD: ð5Þ
Applying (Imax − Imin) = 2(I1 + I2)V to Eq. (5), we obtain the
following relationship between Δd and V:

�d=D ¼ 1 � exp½�2�ðI1 þ I2ÞVt�: ð6Þ
Thus, the fringe visibility V can be written as

V ¼ � lnð1 � �d=DÞ
2�ðI1 þ I2Þt : ð7Þ

In principle, the intensity distribution of interference fringes
is given by the time-averaged sum of two electric fields.
We now have to consider the time integral over the pulse
duration. For nano- or picosecond pulses, the change in time
integral is negligible along the x-axis owing to the long pulse
duration. However, for the pulses below 100 fs, the time
integration term drops quickly away from the mirror edge. In
the interference term of the fringe in Eq. (3), I2 is delayed.
Thus, I2 can be rewritten as I02 ¼ I2 � OðxÞ, where O(x) is an
overlap factor with a normalized value shown in Fig. 5(b),
which depends on the pulse duration.

A typical Gaussian shape pulse is plotted in Fig. 5(a),
where the pulse length is assumed to be the full-width at half
maximum (FWHM) of the pulse. Figure 5(a) shows direct and

(a)

(c)

(b)

Fig. 4. (a) AFM image of the patterned photoresist, (b) thickness profile
showing a half-period of 99 nm, and (c) groove depth along x-axis.

(a) (b)

Fig. 5. (a) Pulses of the direct and reflected beams with the time delay.
The pulses partially overlap depending on both the OPD and the pulse
duration. (b) Integration of the overlap as a function of the time delay for
several pulse durations.

Fig. 3. Depth of removed photoresist depending on the exposure dose.
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reflected pulses with some time delay. The partial overlap of
the pulses in time depends on both the OPD and the pulse
duration. The overlap decreases as the OPD increases or as
the pulse duration decreases, as plotted in Fig. 5(b). Pulse
durations from 10 to 50 fs are investigated. The overlapping
area drops more quickly as the pulse duration decreases.

The visibility for a short-pulse radiation interference
pattern can be written as VðI1; I02Þ. In order to eliminate the
unknown factor α, we plot the visibility as

VðxÞ=V0 ¼ � lnð1 � �dðxÞ=DÞ � I0=IðxÞ; ð8Þ
where V0 = V(x=0), I0 ¼ I1;ðx¼0Þ þ I02;ðx¼0Þ, and IðxÞ ¼ I1;ðxÞ þ
I02;ðxÞ. Figure 6 shows the results obtained using Eq. (8) with
different distances from the edge. The visibility is >0.55
over the investigated area. The visibility is not significantly
reduced in the investigated x-range.

In conclusion, we have demonstrated Lloyd’s mirror inter-
ference lithography using radiation from a HHG system. The
monochromatized EUV radiation generated by the HHG
source enables us to perform laboratory lithographic fabri-
cation for high-density periodic structures. The exposure
sensitivity of the ZEP-520A photoresist is obtained for the
radiation used. The fringe visibility over the field is measured
and corresponds well to a model that includes the effects of
the Gaussian beam profile, the optical path difference, and
the pulse duration. The reflectivity of the mirror, the degree
of mutual coherence, and the overlap of two pulses affect
the visibility. In the future, patterning with sub-60 nm
pitch (30 nm half-pitch) is expected to be possible using

Lloyd’s mirror angles up to 15° with the radiation used in
this work.
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Abstract: Ptychography is a scanning coherent diffractive imaging
(CDI) technique that relies upon a high level of stability of the illu-
mination during the course of an experiment. This is particularly an
issue for coherent short wavelength sources, where the beam inten-
sity is usually tightly focused on the sample in order to maximize the
photon flux density on the illuminated region of the sample and thus
a small change in the beam position results in a significant change
in illumination of the sample. We present an improved ptychographic
method that allows for limited stability of the illumination wavefront
and thus significantly improve the reconstruction quality without ad-
ditional prior knowledge. We have tested our reconstruction method
in a proof of concept experiment, where the beam instability of a vis-
ible light source was emulated using a piezo driven mirror, and also
in a short wavelength microscopy CDI setup using a high harmonic
generation source in the extreme ultraviolet range. Our work shows
a natural extension of the ptychography method that paves the way
to use ptychographic imaging with any limited pointing stability co-
herent source such as free electron or soft X-ray lasers and improve
reconstruction quality of long duration synchrotron experiments.
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1. Introduction

Coherent diffractive imaging (CDI) is a rapidly evolving field that enables diffraction
limited resolution microscopy and quantification of the complex transmission through
a specimen. CDI, also known as lensless imaging, is based on the retrieval of a complex
sample structure from a measurement of scattered radiation intensity from a coherently

#258186 Received 8 Feb 2016; revised 9 Mar 2016; accepted 10 Mar 2016; published 8 Apr 2016 
© 2016 OSA 18 Apr 2016 | Vol. 24, No. 8 | DOI:10.1364/OE.24.008360 | OPTICS EXPRESS 8361 



illuminated sample out of the imaging plane. Lensless imaging is mainly used in short
wavelength spectral regions such as extreme ultraviolet (EUV) and X-ray, where high
precision imaging optics are difficult to manufacture, expensive and experience high
losses. CDI using a single diffraction pattern was firstly introduced in the X-ray syn-
chrotron community [1] as a coherent diffraction based microscopy method for ape-
riodic samples using additional information about compactness of the sample. In the
last decade, a more modern and powerful CDI method for reconstruction of extended
samples known as ptychography was introduced [2–5]. The ptychography method is
based on illuminating multiple overlapping regions of a sample with a spatially limited
beam. Compared to traditional CDI, the redundant information from the overlapping
regions makes ptychography significantly more robust.

Theoretically, CDI promises diffraction-limited resolution; however in practical ap-
plications the resolution is more often limited by systematic errors than low signal to
noise ratio. Systematic errors caused by illumination can be separated into two main
groups: errors due to low coherence of the beam, and those due to low temporal sta-
bility. Several different relaxation methods have been proposed to deal with the effects
of limited coherence [6–11]. However, these methods do not consider errors due to
illumination changes over the scan duration.

2. Reconstruction method

In this letter, we present an extension of the ptychography method that enables re-
laxation of the real space overlap constraint. We call this method orthogonal probe
relaxation ptychography (OPRP). OPRP makes possible ptychographic reconstruction
using time-varying probe illumination, for example caused by low pointing and inten-
sity stability of the illumination beam or small errors in the sample position. Generally,
no additional prior knowledge except the standard overlap constraint is needed to apply
the OPRP method, however additional constraints can be beneficial.

The ptychography method [4] searches for a solution in the form of a decomposi-
tion of the exit-wave ψ into a complex illumination probe P(r) that is assumed to be
identical for whole dataset, and a complex object O(r) that is shifted by a known dis-
tance R j with respect to the probe for each measured diffraction pattern I j. In the case
of an optically thin specimen, the interaction between the probe and the object can be
described as

ψ j(r) = P(r)O(r+R j) . (1)

The exit wave ψ j(r) propagates to the detector, where the phase information is lost.
The measured intensity I j can be expressed as

I j(q) = |Ψ(q)|2 = |F(P(r)O(r+R j))|2 , (2)

where Ψ is the Fourier transform of the exit wave ψ j and q is the transverse component
of the scattered wave vector. The exact method of solving this phase retrieval problem
depends on the numerical algorithm used. Most of the currently implemented algo-
rithms are projection-based methods [4, 5, 12] that search for a solution that satisfies
two constraints. The first is called the modulus constraint, which ensures that exit wave
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propagated on the detector plane complies with modulus of the measured electric field

Ψ̂ j(q) =
√

I j(q)
|Ψ j(q)|

Ψ j(q) (3)

The second constraint enforces equality of the object in the overlapping regions and
consistency of the probe.

However, variable illumination caused, for example, by beam movements across the
illumination-forming optics effectively results in a slightly different probe for every
diffraction pattern and thus the assumption of probe constancy for all scanning posi-
tion Eq. (1) is not valid. We propose relaxation of the real-space constraint of the pty-
chography method and thus enable reconstruction with a slightly varying illumination
probe.

In ptychography, the probe function must be separable from the object function. This
is not possible if an entirely independent reconstruction of the illumination probe is al-
lowed for every scanning position. However, if the beam movements can be considered
sufficiently small, then we assume that the illumination function can be approximated
as a coherent sum of several orthogonal modes. It has already been shown that one of
the advantages of the ptychography method is its ability to recover additional infor-
mation such as multiple incoherent modes [9, 13] using redundancy that is provided
by the overlap constraint. Here, we show that it is also possible to recover coherently
added modes. Reconstruction of multiple incoherent modes is based on the fact that
each mode is propagated independently and all modes are incoherently summed at the
detector plane I ∼ ∑ |Ψi|2 and thus the single mode modulus constraint Eq. (3) is no
longer valid and the additional modes are recovered in order to satisfy the incoherent
modulus constraint. On the other hand, coherently added modes (I ∼ |∑Ψi|2) satisfy
the modulus constraint while the the real-space overlap constraint is invalid. This is the
reason why a different method must be used to find the optimal decomposition in the
real-space that will be able to satisfy the overlap constraint.

The common projection based ptychography algorithms (e.g. extended ptycho-
graphic iterative engine (ePIE) [14] and Difference Maps (DM) [5]) are designed to
find a single average probe for all positions. Instead of this, the OPRP method modifies
the projection algorithms to reconstruct a separated probe for each scanning position.
In every iteration, the reconstructed probes are linked together by a projection into a
lower n-dimensional space given by a singular value decomposition (SVD) truncated
into n orthogonal modes U (eigenprobes). We have used the fast randomized SVD
method presented in Ref. [15].

[U,S,V ] = tsvd(P,n) (4)

The lower dimensional representation P̂ of the reconstructed probes is defined by the
matrix product of the orthonormal modes U , diagonal matrix of singular values S and
complex conjugated orthonormal evolution matrix V

P̂ =USV ∗ . (5)

The low dimensional projection to P̂ provides sufficient information propagation be-
tween each probe reconstruction to constraint the reconstruction if the number of modes
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is significantly smaller than the number of the scanning positions. Despite this shared
probe constraint, the ePIE based OPRP method remains robust to trapping in local min-
imas thanks to the serial constraint application on the object function [14]. The ability
to recover higher order (low intensity) eigenprobes can be further improved if a relaxed
version of the lower dimensional space projector [Eq. (5)] is used

P( j+1) = αP( j)+(1−α)USV ∗ , (6)

where 0 ≤ α < 1 is a relaxation constant chosen here as 0.5 and j denotes iteration
number. The relaxed constraint is particularly important for the DM algorithm, where
it provides better stability and thus avoids divergence when each scanning position uses
different probe. The orthogonality and limited number of the modes U are generally
sufficient constraints to provide stable and repeatable solution for aperiodic samples,
however additional constraints can be beneficial.

The OPRP method allows us to correct only illumination changes between subse-
quent scanning positions. Variations happening during the exposure time effectively
result in decoherence effects [16] and lower the visibility of the diffraction pattern.
This can be accounted for using some of the relaxed modulus constraint presented in
Refs. [6, 9].

3. Experimental results

The OPRP method was tested in two different experiments. The first proof of concept
experiment was performed using illumination by a HeNe laser beam at 633 nm [Fig.
1(a)]. In the next step, the method was tested for a reconstruction of a dataset from
a high harmonic generation (HHG) imaging setup at 29 nm wavelength [Fig. 1(b)].
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Fig. 1. The schema a) shows our visible light ptychography setup. The HeNe laser beam
is deflected by a motorized mirror M, cropped by a pinhole P and projected on a sample
S using lens L. The scattered light is collected by a microscope lens L’ (NA=0.4) and
demagnified on to a camera C that is placed near to the Fourier plane. The schema b)
shows the HHG setup. The lens L focuses the IR beam on a gas cell G. The generated EUV
light is separated from the fundamental beam by an aluminum filter F. The EUV light is
partly spectrally filtered by multilayer mirror M, focused on a pinhole P and propagated on
the sample S. The diffracted light is collected by an EUV sensitive camera C. More details
can be found in Ref. [17].

Figure 1 shows a ptychography test setup used to benchmark our method. In order to
generate a variation of the illumination probe for each scanning position, the pointing
direction of the laser beam was slightly modified by the motorized mirror B [Fig. 2(b)].
This resulting beam displacement across the pinhole was comparable with the beam
width. In order to reliably compare the gain of the proposed method, two subsequent
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Fig. 2. a) Double spiral probe position scanning path used for the HeNe experiment show-
ing all 463 scanning positions. Figure b) shows desired angular beam deflections used to
simulate low pointing stability in the HeNe experiment simulating roughly Lorentz dis-
tribution of the beam deflections.

ptychography scans of the same area were collected. Note that the knowledge of the
mirror position was not used anywhere in the reconstruction process.

Two types of datasets were collected, one with a actively deflected beam and the sec-
ond one with stable illumination. Each ptychography scan consisted of 463 positions
with 30 µm step size with illumination probe size about 140 µm, in order to get linear
overlap of 80%. We have used carbon dust particles deposited on a glass slide as a test
object to compare the reconstruction quality.

Figure 3(a) shows the reconstruction of the object using a standard ePIE method
when the illumination probe remained stable. Figure 3(b) shows the reconstruction,
using the OPRP method, of the object illuminated with a probe that was actively dis-
turbed by moving it during the scan using a motorized mirror. Reconstructions 3(a) and
3(b) are almost identical despite the significant perturbation of the probe in the dataset
used in 3(b). Figure 3(c) shows the results of trying to reconstruct the dataset taken
using an actively disturbed probe beam using standard ePIE. Despite the high stability
and robustness of the standard ePIE method, it was unable to recover the imaged object
from the data effectively . The DM method (not shown) was not also able to converge
to any consistent image from this dataset. All reconstructions were starting from the
same initial guess, and the probe reconstruction started 10 iterations after the object
reconstruction. The reconstruction reached convergence after roughly 1000 iterations.

Reliability of the reconstruction was compared using the Fourier ring correlation
method (FRC) [18]. Figure 3(d) shows slight reduction in the FRC between Figs 3(a,b)
compares to two independent datasets with steady illumination. Slightly lower FRC
was expected because the illumination changes were intentionally chosen relatively
large in order to show the full potential of our method.

Figure 4 represents the first seven reconstructed eigenprobes with their normalized
singular values S and their normalized complex spatial evolution V . The beam position
was smoothly changed between exposures to demonstrate the reliability of the recon-
structed spatial distribution [Fig. 4)], however it is important to stress that no prior
knowledge about the evolution of the beam position is used in the reconstruction in
Fig. 4(b).

In order to show that the proposed correction method is also applicable to real
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ptychography experiments with short wavelength illumination, we have applied it to
datasets collected from a HHG-based CDI imaging setup [17, 19] [Fig. 1(b)]. Partly
monochromatized coherent illumination centered at 29 nm wavelength was produced
by a nonlinear interaction between a high peak power driving IR laser and argon gas.
The pointing stability of the HHG beam is 0.5-2µm per hour at the pinhole position and
it is mostly inherited from the properties of the driving laser beam. The produced EUV
light is focused on a 10 µm diameter pinhole by a single multilayer mirror creating a
spot size of around 15 µm FWHM on the pinhole. The ptychography scan contained
395 scatter patterns with a 3 µm step size and 10 µm scanning pinhole resulting in a
linear overlap of 70%. The scanned sample is approximately 200 nm thick biological
material containing mouse hippocampal neuron cells grown on a 50 nm thick silicon
nitride foil. The total data acquisition time was 4 hours and during that time the EUV
beam was slowly moving over the pinhole, mainly due to pulse length variations of
the driving IR laser. The reconstruction is shown in Fig. 6. The overall reconstruction
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Fig. 3. Reconstructions of graphite particles shown in hue-saturation-value (HSV) com-
plex colorscale. Image a) shows a reconstruction of the dataset with stable illumination
using the standard ePIE method. Image (b) shows a reconstruction of the same sample
illuminated with an actively disturbed probe, and reconstructed using the OPRP method.
Image (c) shows reconstruction after illumination with an actively disturbed probe per-
formed using the standard ePIE algorithm. The reconstruction quality of (b) is comparable
to reconstruction (a) even though in image (b) the probe is actively disturbed, while in
(a) the probe is stable. Reconstruction (b) shows significant improvement compared to (c),
where the standard ePIE method was used on an actively disturbed probe. The last im-
age (d) shows Fourier ring correlation (FRC) between images (a) and (b) compared to two
reconstructions of independent datasets with steady illumination (red).

#258186 Received 8 Feb 2016; revised 9 Mar 2016; accepted 10 Mar 2016; published 8 Apr 2016 
© 2016 OSA 18 Apr 2016 | Vol. 24, No. 8 | DOI:10.1364/OE.24.008360 | OPTICS EXPRESS 8366 



55.2% 20.2% 11.5% 5.1% 3.4% 2.8% 1.9%

Ei
ge

n 
pr

ob
es

 (U
)

N
or

m
al

iz
ed

 s
pa

tia
l

 e
vo

lu
tio

n 
 (V

)

Fig. 4. The first row shows the reconstructed eigenprobes U i in HSV complex colorscale 
and their relative singular values intensity |Si|/∑ |Si| in percents. The second row shows 
complex evolution Vi of each eigenmode Ui during the scan [Fig. 2(a)] in complex HSV 
scale. This representation was used to demonstrate that the modes distribution is dominated 
by the illumination modulation [Fig. 2(b)]. Diameter of the illumination probe is roughly 
140 µm. (See Fig. 8 in the Appendix).

#1 #85 #226 #397 #463

Fig. 5. Examples of the illumination probe reconstructions for several different positions.
See Visualization 1 for an animation of the reconstructed probe.

quality from the ePIE [Fig. 6(a)] and OPRP based on ePIE [Fig. 6(b)] is compara-
ble. However, the detailed image shows a number of differences. Thick and thus fully
non transparent regions of the cells (1,4,6) contain many artifacts in the standard ePIE
method. Small high contrast particles (e.g. next to numbers 2,5) are blurred or miss-
ing when standard ePIE was used. Moreover, sharp edges of glioma cells and dendrites
connecting the neurons (e.g. connection line above number 3) are sharper and more pro-
nounced when OPRP was used. The reconstruction of the corresponding eigenprobes is
shown in the Fig. 7. Because the HHG beam was relatively stable and the ePIE method
is very robust, OPRP mainly reduces artefacts near to the resolution limit.

In order to obtain high quality reconstruction, additional modulus constraint relax-
ation methods were implemented. The PolyCDI method [8,19] was used to include the
broadband HHG illumination in the reconstruction and multimodal ptychography [9]
was used to correct the lower diffraction visibility. The pixel scale in both experiments
was initially estimated from the experimental geometry, and then further refined by
a cross-correlation based method [20] during the reconstruction. Note that no prior
knowledge except the HHG spectrum was needed for any of the results presented. The
HHG spectrum was measured using a Youngs double slit based spectrometer [19, 21]
with the same setup used for ptychography prior to the experiment.

#258186 Received 8 Feb 2016; revised 9 Mar 2016; accepted 10 Mar 2016; published 8 Apr 2016 
© 2016 OSA 18 Apr 2016 | Vol. 24, No. 8 | DOI:10.1364/OE.24.008360 | OPTICS EXPRESS 8367 



a)

44

a) b)b)

1

22

10µm

44

1

22

33 33

0ππ

55

66

55

66
c)c) d)d)

Fig. 6. Ptychography reconstruction of a biological sample. (a) standard ePIE method (b)
improved OPRP based on ePIE method. Images (c) and (d) show expanded and contrast
enhanced regions of (a) and (b) with details of the neurons and its dendrites. The num-
bered areas indicate some of the regions where the OPRP method is seen to improve the
reconstruction. Details are given in the text.
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Fig. 7. The first row shows the reconstructed eigenprobes Ui of the HHG illumination and
their relative amplitudes |Si|/∑ |Si| in percents. The second row shows a complex evolu-
tion Vi of each eigenmode Ui during the spiral ptychography scan. The diameter of the
illumination probe is roughly 11 µm.

4. Conclusion

The presented technique of orthogonal probe relaxation ptychography shows that re-
laxation of the real-space overlap constraint is beneficial particularly for experiments
with limited stability of the illumination wavefront, however it can be provide superior
results in any ptychography reconstructions, where sample or illumination drifts are
present. The number of eigen-probes should be sufficiently smaller than the number
of scanning positions, however the maximal value depends on the settings of the ex-
periment and complexity of the sample. We have shown a microscopy application in
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the EUV range, however the idea is generally applicable to any wavelength and any
configuration of ptychography setup or other scanning CDI methods. Also, we have
demonstrated that additional relaxation methods can be used in combination with our
method. Variable probe ptychography has potentially even larger application, due to
reciprocity of the probe and objects, the variable probe method also naturally correct
small errors in the object position and thus automatically include subpixel object shifts
of the object, and correct for small position drifts of the piezo motors. The additional
time needed to solve the OPRP is between 10-30% of the iteration time in our GPU
based ePIE implementation.

Appendix
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Fig. 8. Reconstruction of all the modes that OPRP method was able to recover for the
steady dataset (1th and 2nd row) and the actively disturbed dataset (3rd and 4th rows). The
OPRP method was able to recover beam movements and subpixel shifts even for the steady
dataset. The beam movements were mostly caused by thermal drifts during the ptychogra-
phy experiment. If the modes are too weak (e.g. eigenprobes 6 and 7 in the first row), then
their relative intensity Si/∑S is effectivelly zero.
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Abstract: Ptychographic Coherent diffractive imaging (PCDI) is a significant advance in
imaging allowing the measurement of the full electric field at a sample without use of any imaging
optics. So far it has been confined solely to imaging of linear optical responses. In this paper we
show that because of the coherence-preserving nature of nonlinear optical interactions, PCDI
can be generalised to nonlinear optical imaging. We demonstrate second harmonic generation
PCDI, directly revealing phase information about the nonlinear coefficients, and showing the
general applicability of PCDI to nonlinear interactions.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. Introduction

Nonlinear optical processes have been the source of many novel and useful imaging modalities
over the last 30 years. Information gained using nonlinear techniques extends that obtained
through conventional linear optical microscopy, for example Coherent Anti-Stokes Raman
(CARS) microscopy allows bond-specific imaging via the Raman effect to enable identification
of chemical compounds without fluorescent tagging. Nonlinear optical microscopy is generally
performed by scanning a suitable laser across a sample, and collecting the generated signal
point-by-point [1].

The area of linear imaging is undergoing a transformation because of the development of
a range of new coherent imaging techniques, collectively known as ptychographic coherent
diffractive imaging (PCDI); in these techniques, the use of an objective lens is made unnecessary
by the use of algorithmic recovery of the phase information lost when the intensity of scattered
light incident on a detector is measured. The lost phase information is recovered using extra
information as constraints. This technique originated from X-ray diffraction, but is now used
in many wavelength regimes. PCDI provides many advantages over traditional transmission
microscopy such as greater flexibility of the imaging setup [2–4], and imaging in the X-ray region
of the spectrum is more feasible because no objective lens is necessary [5]. Most importantly,
full information about both amplitude and phase of the transmitted electric field is recovered. In
this paper we describe how nonlinear interactions, which preserve the coherence of the sources
used to generate them, can also be used for PCDI. We demonstrate nonlinear PCDI based on
second harmonic generation, which is used to image the reversal of the sign of the nonlinear
coefficients in a periodically-poled lithium niobate (PPLN) crystal and crystals of 4-nitro-4’
methylbenzylidene aniline (NMBA). However, nonlinear PCDI is applicable to all nonlinear
microscopy techniques, and the ability to recover phase and amplitude of the generated light can
significantly extend the capability of nonlinear imaging.

2. Method

The CDI experimental setup used here is relatively simple, requiring only a coherent source,
in this case a femtosecond Ti:sapphire laser, which irradiates an object. The scattered light
intensity from the object is collected by microscope lenses that optimally magnify the far field
diffraction pattern and image it on a CCD detector (as shown in Fig. 1). In this paper, we use a
scanning CDI algorithm known as ptychography [6, 7], which is particularly effective and robust
at reconstructing phase.

In a linear ptychography experiment, the coherent probe beam which illuminates the sample is
scanned over many overlapping regions of a sample, and a scattered intensity pattern recorded
at each probe position. The spatial overlap of the adjacent illuminated regions provides one
of the constraints necessary for algorithmic phase retrieval; the second is that the scattered
intensity matches the measured values. For each illumination position, the electric field just
after the sample, the exit wave field, E(r), can be represented as the product of an object
transmission function, O(r), and a probe field P(r − Rn), where the vectors Rn represent the
relative shift of probe beam in the sample coordinate system when recording the nth diffraction
pattern, E(r) = P(r − Rn)O(r). The ptychography algorithm allows these two components
to be separately determined, providing information about the electric field of the probe and
the complex transmission function of the object. The recovered information in a nonlinear
ptychography experiment is conceptually different from that obtained from linear ptychography.
In the case of nonlinear ptychography, no illumination probe at the imaging wavelength exists.
The generated light at the second harmonic of the laser is produced only by the probe beam’s
nonlinear interaction with the sample. To illustrate what is measured in a nonlinear ptychography
experiment, we consider the case of second harmonic generation in a transparent medium. For
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Fig. 1. A simplified schema of the SHG CDI setup. A high intensity beam with linear
polarization is focused on the sample. Scattered light is collected by a lens (NA=0.4) and the
required polarization is selected. An iris placed at an image plane created by the collecting
lens provides a virtual aperture to limit the illuminated region, known as the ’probe’. The
transmitted light is imaged through a narrow bandwidth filter onto a CCD. placed out of the
imaging plane.

a second order nonlinearity, the generated electric field polarized along coordinate axis j, E3 j ,
propagating along a transparent nonlinear crystal of length l may be written as [8]:

E3 j = −iω2
√
µ0

ε
d′
jik E1iE2k

exp(i∆kl) − 1
i∆k

(1)

where ω is the source frequency, d′
i jk

is the appropriate nonlinear coefficient, E1i ,k and E3 j are
the input and exit fields along the x, z, and y axis respectively and ∆k is the phase mismatch.
If the sample is also absorptive, then the ∆k term includes the effect of linear absorption. In an
SHG experiment, field E1 = E2, and i = k, and field E3 is at 2ω. In a nonlinear ptychography
measurement, the exit wave at the second harmonic can be written as the product of those
components which track the movement of the probe, and those that are fixed in the sample frame.
The integrated exit wave field after the sample, in the simple case of no depletion of the input
field, can be written as:

E3 j (r) = −2iω
√
µ0E1i (r − Rn )2



√
1
ε (r)

exp[i∆k (r)l (r)] − 1
i∆k (r)

d′
jik (r)

 (2)

where the dependence of each quantity on either probe or object coordinates has been shown
explicitly. Thus the nonlinear ptychography process separately recovers one term that depends
on the square (not the square modulus) of the input electric field, and a second that depends on
the product of the dielectric constant, nonlinear coefficient, and the phasematching factor at any
particular position in the object. The ability to measure the complex values of these two factors
separately is important in that it provides a significant amount of extra information compared to
both linear ptychography and traditional nonlinear microscopy. For example, any variation in the
phase of di jk is observable directly in the square bracketed term of Eq. (2), referred to here as
the nonlinear conversion factor.

3. Results

To demonstrate the effectiveness of the nonlinear ptychography technique, SHG images of two
samples are measured in this work. The first sample is a periodically poled lithium niobate
(PPLN) crystal on a glass substrate, provided by Covesion Ltd. PPLN is a nonlinear optical
crystal manufactured with a periodic reversal in the sign of the nonlinear coefficient; the well-
controlled nature of the poling process in PPLN allows for a detailed knowledge of the crystal
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Fig. 2. (a) shows the reconstructed complex linear transmission of the PPLN sample at
400 nm, with a phase ramp due to the sample thickness variation subtracted to show small
variation in transmission phase. The upper inset shows the data including the phase ramp,
and provides an accurate value of the thickness variation of the wedged sample. The lower
inset shows the virtual illumination probe to scale. 2(b) shows the reconstructed nonlinear
conversion factor, with significant variation due to the changes in phase-matching and di jk
across the sample. Again, the upper inset shows the reconstructed data before phase ramp
subtraction. The lower inset shows the virtual probe to scale, as before. 2(c) and 2(d) show
magnified images of the virtual illumination probe in the linear experiment (c) and the SHG
experiment (d).

orientation, making this an ideal demonstration of the nonlinear CDI technique. The second
sample is a polycrystalline sample of 4-nitro-4’-methylbenzylidene aniline (NMBA), an organic
nonlinear material.

The experimental arrangement is shown in Fig 1. Samples were illuminated by a Coherent
MIRA femtosecond Ti:sapphire laser, with an output power of 460 mW at a wavelength of
800 nm and 120 fs pulse length. The laser beam was focused onto the sample using a 25 cm focal
length lens, resulting in FWHM spot size of 90 µm and a Rayleigh range of over 8 mm. The
resulting peak intensity on the sample was 2.8·105 W/mm2. The sample was positioned in focus
of the beam in order to achieve close to flat illumination wavefront and thus avoid anisotropy
of the sample effecting the ptychography overlap constrain. The scattered light was collected
by a 0.4 NA microscope objective and imaged onto an iris. A weak diffuser was placed in the
imaging plane in order to create a sharp virtual illumination probe with random variation of
phase, to improve the reconstruction quality [9]. Imaging of either the fundamental wavelength
or the second harmonic could be performed by changing a narrow-bandwidth filter in the beam
path just before the detector. After filtering, the scattered light was imaged on to a 16-bit CCD
camera (PIXIS 1024B) placed near to the Fourier plane. The dynamic range of the camera was
extended by collecting multiple frames with different exposure times. Readout and dark noise
were measured and subtracted from the acquired images. In order to limit the acquisition time,
only the central region of 512×512 pixels was collected. The maximum exposure time for the
PPLN SHG experiments was 5 s per scanning position, and in total 1185 diffraction patterns were
collected to create the image in Fig. 2. The step size of the spiral scan was 30 µm, with 150 µm
probe diameter, resulting in an 80% linear overlap between the illuminated regions. Linear
oversampling of the diffraction pattern was approximately 3. The resolution is diffraction-limited
at 0.5 µm. The reconstruction was performed by the ePIE algorithm [10].

Figure 2 shows reconstructed images of the PPLN sample using (a) linear ptychography using
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Fig. 3. Close-up of poled region. The left hand image is a close-up of the region shown
in the white square in the upper right hand image. The lower right hand image shows a
cross-section along the white line of the phase of the nonlinear conversion factor. The dotted
lines are spaced by π, and the phase jumps can be seen to have a value of π in areas where
the poling is regular

a 400 nm radiation source, and (b) nonlinear ptychography, illuminating at 800 nm and collecting
the second harmonic of the illuminating radiation at 400 nm. In (a), the quantity imaged in the
linear ptychography measurement is the optical transmission of the PPLN sample at 400 nm. The
lower right inset is the recovered virtual illumination probe, to scale. The upper right inset shows
the transmission including the phase variation produced by the wedged sample. When the phase
ramp is removed (main image), a small variation of the optical thickness can be seen between
the broad periodically-poled stripe and the unpoled area.

Figure 2(b) shows the same sample area, but in this case the image is obtained from nonlinear
ptychography, with 800 nm light incident on the PPLN sample, and 400 nm light collected at the
detector. Again, the lower right inset is the recovered virtual illumination probe, to scale. In this
case the image intensity represents the nonlinear conversion factor described above, the product
of the refractive index, the nonlinear coefficient, and the phase-matching term. Phase shifts can
be seen between the poled and unpoled regions of the grating. Additionally, dark stripes can be
seen running from top right to bottom left of the image. Figure 2(c) shows the complex electric
field of the illumination probe, obtained from the linear ptychography measurement. Figure
2(d) shows the virtual probe proportional to the square of the complex electric field driving the
SHG. In both cases the fields passed through a diffuser and an iris before they are incident on the
detector, producing the observed complex structure on the probes.

The phase shift between adjacent poled regions of the lithium niobate is shown at higher
magnification in figure 3. The right-hand top image shows the position of the magnified region
within the SHG image (white box). In the left-hand, magnified region, the phase change between
the poled and unpoled regions of the PPLN grating are clearly visible for most of the poled
periods. Where poling has been unsuccessful, the phase shift is missing. A small phase shift
between the unpoled regions of the grating and the surrounding unpoled material is also visible.
The lower right hand figure shows a cross-section of the phase profile along the white line. The
π phase shifts are clearly visible in this cross-section. The measured period of the PPLN grating
obtained from this cross-section is 6.99 µm, which compares well with the designed period of
6.94 µm. There is also a small drift in the overall phase, which is associated with the sample
thickness variation.
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Fig. 4. Images of the (a) linear transmission and (b) nonlinear conversion factor for a
polycrystalline sample of NMBA. The insets show the virtual illumination probe, to scale.
(c) and (d) show enlarged versions of the virtual illumination probe structure.

The π phase shift in the effective nonlinear transmission measured from poled and unpoled
regions of the PPLN grating arises from the di jk term in Eq. (2). In lithium niobate, the crystal
symmetry dictates that only three independent coefficients exist for the second order nonlinearity
[11]. SHG due to propagation along the z axis accesses the d22 coefficient. Reversal of the
direction of the crystal z axis reverses the sign of the nonlinear coefficient, and hence reverses the
phase of the second harmonic generated by the sample. As the recovered image from nonlinear
ptychographic imaging is directly proportional to di jk , its sign is also reversed.

Variation of the amplitude of the nonlinear conversion factor is seen in the dark bars running
from bottom left to top right of the right-hand top image shown in figure 3. Because the sample
is wedged, the phase-matching element of the nonlinear conversion factor varies smoothly across
the sample. At any position where the sample thickness is a multiple of twice the coherence
length for SHG (given by π

∆k ), the amplitude of the second harmonic signal will be reduced to
zero. The lateral separation of the two dark bars observable in figure 3 is 597 nm. The change in
sample thickness over this distance can be measured from the phase variation seen in the linear
optical transmission, shown in the upper right inset to figure 2(b). From this phase variation the
sample thickness gradient was measured to be 3.78 nm/µm. From the Sellmeyer equation for
MgO-doped PPLN [12], the coherence length for propagation along the z axis can be calculated
to be 1.125 µm. Thus the separation of the two dark bars should be equivalent to a sample
thickness change of twice the coherence length, or 2.25 µm. The measured thickness change
equivalent to twice the coherence length is 2.255 µm, in very good agreement with the calculated
coherence length. Similar experiments using shorter duration (40 fs) laser pulses showed no
similar dark bars, because the broader frequency width of the pulses results in a distribution of
coherence lengths, averaging out the modulation in agreement with calculations. We note that in
this test sample, the observed SHG only arises from the last ≈ 2 µm of the sample.

Figure 4 shows nonlinear ptychography of a more complex sample, in this case a polycrys-
talline sample of the organic nonlinear material 4-nitro-4’methylbenzylidene aniline (NMBA).
NMBA is monoclinic and tends to crystallize in platelets with the crystallographic b axis normal
to the platelet [13]. NMBA is highly birefringent and strongly attenuating at 400 nm, and the
coherence lengths for SHG when propagating along the b axis are approximately 0.4 µm and
10 µm for the two principal dielectric axes, much closer to the thickness of the sample itself than
in the case of PPLN.

Figure 4(a) is a linear ptychographic image taken using linearly-polarized light at 800 nm;
4(b) is the nonlinear SHG ptychographic image of the same sample, taken using linear-polarized
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Fig. 5. (a) Linear transmission and (b) nonlinear conversion factor. The boxed regions show
areas where the linear transmission shows little variation, but the phase of the nonlinear
conversion factor is changed by π, indicating a reversal of the sign of the nonlinear coefficient
due to a reversal of the crystallographic b-axis).

800 nm pulsed excitation and recorded at 400 nm. The phase variation indicated by the color
variation in the linear image (a) is caused by anisotropy of the refractive index of NMBA
for different crystal platelet orientations, and small changes in sample thickness. The central
unvarying region is where the NMBA has been removed, and only the glass substrate is left.

4. Conclusion

The nonlinear ptychographic image shows clearly that for some crystallites, the nonlinear conver-
sion factor is very low, and no signal is observed. This effect is strongly polarization dependent.
The complexity of the crystallite structure makes it difficult to assign these changes to a particular
component of the nonlinear conversion factor. However, in a number of positions within the
crystal, sharp changes in phase can be seen in the SHG image that have no corresponding feature
in the linear image. Figure 5 shows the magnified linear (a) and SHG (b) images of the region
indicated by the white square in Fig. 4. The boxes labeled 1 and 2 in each picture indicate
regions of the sample where no strong spatial variation of the phase or amplitude of the linear
transmission can be seen in a particular crystallite in image (a), but a π phase change can be seen
in the spatial variation of the SHG image (b). This π phase change can only be due to a change of
one of the components of the nonlinear conversion factor that is independent of refractive index
and sample thickness; the most likely explanation is that the crystal axes in this area are inverted
due to twinning, producing a change of sign of the nonlinear coefficient similar to that seen in
PPLN. This change in the crystal structure would be invisible in a normal SHG microscope, and
in a linear transmission measurement, even with a measurement of the optical phase. It would
also be very hard to detect in an X-ray crystallographic measurement.

In summary, we have demonstrated a generalization of the process of coherent diffractive
imaging into the area of nonlinear optics by performing ptychographic imaging of the second
harmonic generated from different samples. We have shown that the information available from a
nonlinear ptychography experiment is much richer than either a linear ptychography experiment
or a traditional SHG microscopy experiment, in that phase and amplitude information can be
obtained separately about both the driving fields and also the nonlinear conversion factor, which
represents the product of refractive index, nonlinearity, and phasematching effects. This allows
imaging of processes like reversal of crystal axes, which would be invisible in a traditional
nonlinear microscopy experiment. Nonlinear CDI has the potential to be applied to many areas of
nonlinear microscopy, such as third harmonic generation imaging or CARS microscopy, where
the extra information will be valuable in interpreting the image.
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High-harmonic generation (HHG) provides a laboratory-
scale source of coherent radiation ideally suited to lensless
coherent diffractive imaging (CDI) in the EUV and x-ray
spectral region. Here we demonstrate transmission extreme
ultraviolet (EUV) ptychography, a scanning variant of CDI,
using radiation at a wavelength around 29 nm from an
HHG source. Image resolution is diffraction-limited at
54 nm and fields of view up to ∼100 μm are demonstrated.
These results demonstrate the potential for wide-field,
high-resolution, laboratory-scale EUV imaging using
HHG-based sources with potential application in biological
imaging or EUV lithography pellicle inspection.
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Coherent diffraction imaging (CDI) is a rapidly evolving tech-
nique attractive for imaging at wavelengths where conventional
lenses become ineffective [1,2]. CDI methods reconstruct
the phase and amplitude of the exit wave field (EWF) from
a coherently illuminated sample using the measured scattered
radiation. Only the spatial intensity profile of the scattered
radiation is collected by the detector; all phase information
is lost. However, if the scatter pattern intensity is sufficiently
sampled and additional knowledge (i.e., real-space constraints)
are provided, the unrecorded phase information can be recov-
ered using computational methods [3,4]. Rapid development
of coherent x-ray sources worldwide has led to development
of numerous CDI methods applied to both the physical and
biological sciences. In the last decade a variation of CDI known

as ptychography [5] has advanced the field, allowing for the
reconstruction of wide-field images of extended samples. In
a ptychography experiment, multiple overlapping regions of the
sample are illuminated sequentially and the algorithm uses the
overlap between adjacent illuminated regions as the real-space
constraint for phase retrieval. The main assumptions of the
ptychography method are that the illumination probe and com-
plex transmission of the sample remain unchanged during
the scan, and that the probe positions are known precisely.
This additional knowledge, combined with sufficient overlap
between the scanning positions and appropriately sampled
scatter pattern intensities, provides enough constraints for ro-
bust reconstruction of the complex-valued probe and object
without many of the issues seen in single-diffraction-pattern
CDI with support constraint methods. [5].

CDI-based methods have found particular use in the x-ray
community because of the difficulty in producing high-quality
imaging optics in this spectral region. CDI methods generally
require a very high level of coherence that can be provided
by high-brilliance light sources such as third- and fourth-
generation synchrotron sources or free electron lasers. The
main drawback of these large facilities is that they are sparse
and the beam time is limited. As a laboratory-scale source of
coherent EUV radiation, high-harmonic generation (HHG)
can provide the required spatially coherent light. Single-
diffraction-pattern CDI with support constraint, in which a
single scatter pattern is recorded and the real-space constraint
is provided by expectation of an isolated small sample, has been
demonstrated with an HHG-based source using binary samples
whose transmission is either 1 or 0, giving up to 22 nm reso-
lution [6]. Ptychographic imaging avoids some of the draw-
backs of the single-diffraction CDI with support constraint,
but it places very high demands on the pointing and intensity
stability of the illumination source over the duration of the scan
as it requires the acquisition of multiple scatter patterns with
the same illuminating probe beam [7,8]. X-ray ptychography at
synchrotrons has been very successful and, in a typical x-ray

Letter Vol. 41, No. 7 / April 1 2016 / Optics Letters 1317

0146-9592/16/071317-04 Journal © 2016 Optical Society of America

Corrected 23 June 2016



ptychography experiment, thousands of overlapping regions of
a sample might be illuminated for a single reconstruction. Up
until now, the only demonstration of ptychography using
HHG radiation has been reflection-geometry ptychography
using an HHG source at 29 nm wavelength [9]. The claimed
lateral resolution was 40 by 80 nm, and the field of view achieved
was 45 by 65 μm using 198 overlapping illuminated regions.

In this Letter, we present ptychographic imaging, in a trans-
mission geometry, of extended objects with greater than 100 μm
field of view in a single reconstruction with high-detection
numerical aperture (NA � 0.26), resulting in diffraction-limited
resolution of 54 nm in both axes. The largest field of view was
the result of collection of 967 high-dynamic-range scatter pat-
terns, demonstrating the extreme stability of the HHG source
needed to ensure accurate reconstruction. The field of view is
only limited by experimental time taken. The cumulative expo-
sure time was less than 0.6 s per position.

The experimental setup is shown in Fig. 1. The laser gen-
erates pulses at 800 nm wavelength with 50 fs pulse length and
1 kHz repetition rate. The generated IR pulses of energy 1.8 mJ
are focused down into a 3 mm long gas cell by a 75 cm focal
length lens. The gas cell is filled with argon gas at a pressure of
80 mbar. The EUV and the fundamental IR beam are separated
by a single 200 nm thick aluminum filter. The generated EUV
is spectrally filtered and focused onto a sample by a spherical
B4C∕Si mirror with radius of curvature of 40 cm. The fold
angle of the mirror is ∼7°, resulting in a significant astigmatism
of the focused beam. The EUV beam is spatially constrained by
a pinhole placed near the beam focus. The structured illumi-
nation at the sample plane is therefore defined by near-field
propagation of the cropped EUV beam. The sample is moved
relative to the pinhole by three-dimensional nanoprecision
piezo stages (Smaract 3D SLC-1740). The scattered radiation
from the sample is collected in the far-field regime by a 1024 ×
1024 EUV-sensitive CCD camera (Andor DV434) placed
2.55 cm behind the sample. A key feature, essential to the suc-
cess of the experiments, is the careful attention to all factors that
can influence the beam stability. Beam-pointing stability was
improved using both passive and active techniques. The fast
positional fluctuations caused mainly by air fluctuations and

mechanical vibrations were reduced by sealing the beam path
between the amplifier and the vacuum system, and mechanical
oscillations were minimized. Slow positional variations with
frequency below 1 Hz, originating from the laser system, and
small air temperature variations in the laboratory during the
experiment can adversely affect the stability of the probe illu-
mination. These slower movements were compensated using
a custom-built active stabilization system based on a propor-
tional integral derivative controller and two CMOS cameras
(DCC1545M) (Fig. 1) driving picomotor actuators that can
provide angular precision better than 0.2 μrad. The measured
EUV stability is approximately five times worse than the IR
stability due to extra experimental instabilities after the gas cell
that cannot be corrected for with active stabilization.

The dynamic range of the collected scatter patterns was in-
creased by exposing the same sample region using different ex-
posure times [5]. To reduce total readout time, only the central
regions were read out in the shorter exposures. The image
stitching was done by following equation

I�k� �
PN

i W i�k�I i�k�P

i
W i�k�ti

tN ; (1)

where I i�k� denotes background subtracted diffraction
intensity at the position k, t i is the ith exposure time, tN is
the maximal exposure time, and W i�k� are weighting factors.
Weighting factor W i is zero for oversaturated regions and
inversely proportional to the expected noise level elsewhere.
Nomechanical beamblockwas used in our setup. Exposure times
t i were corrected to avoid systematic errors caused by finite shut-
ter opening and closing times. This method allows the extension
of the dynamic range by 3 orders ofmagnitudewithout losing the
low-spatial-frequency information. The total readout time was
increased by a factor of approximately 2 compared to a single ex-
posure. Thismethodwas used instead ofmore commonmethods
such as multi-image accumulation [9], which is slow, or using a
static beam stop [10], which results in largemissing regions in the
collected diffraction patterns. In the presented experiment, the
high-dynamic-range method provides a dynamic range of 106
using exposure times between 5 ms and 0.5 s. All scatter patterns
were corrected for the consequences of the curvature of the Ewald
sphere and the use of a flat detector [11].

The EUV photon flux incident on the sample is ∼6 × 108
photons/s, equivalent to a flux of 2.7 mW∕cm2 incident on the
sample. The use of a single mirror results in polychromatic
illumination of the sample [see Fig. 2(b)]. The EUV bandwidth

Fig. 1. Schematic of the experimental design. After the amplifier,
the IR laser is reflected off a first stabilization mirror (M) before pass-
ing through a stabilized focusing lens (L). The main beam is then
reflected into the gas cell while a small fraction of the beam passes
through the back of the dielectric mirror, toward two stabilization
CMOS cameras (C1 and C2). The beam path between amplifier
and gas cell is approximately 6 m. The main beam passes through
the gas cell (G) where the EUV is generated, and is attenuated by
an aluminum filter (F), which transmits the EUV beam. A multilayer
spherical mirror (XM) is used to focus the EUV onto the aperture (P)
and sample (S). The diffraction pattern is measured in the far field by a
cooled CCD (XC).

Fig. 2. Line profile of the far-field diffraction pattern of a double slit
placed at the CLC position. The profile is compared to that from a
simulated monochromatic spectrum to demonstrate the blurring effect
caused by the polychromatic source illumination. The right plot shows
the reconstructed EUV spectrum derived from the double-slit diffrac-
tion pattern [14].
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is limited by the reflectivity spectrum of the B4C∕Si mirror,
with peak reflectivity around 30 nm and by the absorption
edge of argon gas, which strongly attenuates wavelengths above
∼30 nm. The experimental geometry (Fig. 1) introduces a
significant astigmatism into the beam, and therefore the aper-
ture required for ptychography was placed at the “circle of least
confusion” (CLC) between the two foci to maximize EUV flux
through the aperture. The sample was positioned approxi-
mately 0.1 mm behind the pinhole. It is advantageous to keep
this distance in the near-field regime (i.e., Fresnel number≫1)
in order to produce sharp features in the illumination probe.
Furthermore, any increase in beam size arising from propaga-
tion would result in lower photon flux density on the sample
and lower oversampling of the scatter pattern, which would in
turn increase demands on beam stability and coherence.

For the data sets presented in this Letter, aperture diameters
of 7 and 10 μm were used. The step size of the scan was chosen
to produce 70 ∼80% linear overlap to ensure sufficient ptycho-
graphic sampling [12], resulting in either 1.5 or 3 μm steps
depending on the pinhole size.

We present results from two samples. Both samples were
prepared on a 50 nm SiN membrane. The first sample (Fig. 3)
is an aperiodic high-contrast grid pattern produced by electron
beam lithography and coated with 100 nm of gold. Figure 3(b)
shows an SEM image of the aperiodic grid sample. The second
sample consists of 400 nm diameter polymethyl methacrylate
(PMMA) spheres deposited onto a 50 nm silicon nitride
membrane to produce an extended sample with a random dis-
tribution and feature size similar to those found in biological
cells [13].

The EUV spectrum incident on the sample was measured
by a Young’s slits–based spectrometer [14] in order to obtain
the EUV spectrum under the same experimental conditions
that were used in the imaging experiments. A double slit with
4 μm separation and 1 μm width was milled by a focused ion

beam into 200 nm Au-coated silicon nitride and placed in the
CLC position. A line profile of the collected high dynamic
range far-field diffraction pattern is shown in Fig. 2. The spectral
resolution (Fig. 2) was diffraction-limited to approximately
0.5 nm FWHM. However, thanks to a relatively long driving
pulse length (50 fs), the produced HHG spectral peaks are very
narrow. Despite the use of polychromatic illumination, sharp
speckles are visible even when measured using NA>0.4 in a
previous experiment. The main advantage of using the poly-
chromatic spectrum is the increased coherent photon flux den-
sity incident on the sample [15] due to the use of a single
mirror, which is necessary because of the low reflectivity (peak
reflectivity <30%) of multilayer mirrors in this spectral region.

Reconstructions were performed using the extended ptycho-
graphic iterative engine algorithm [5] in combination with the
application of relaxation of several constraints. We have used
the PolyCDI method [16] to relax for broadband illumination
using the reconstructed EUV spectrum. PolyCDI is a valid
approximation if the sample can be assumed to be sufficiently
achromatic; otherwise, a full multicolor ptychographic method
must be implemented [17]. Reduced visibility due to finite
coherence length and fast beam fluctuations was relaxed using
a convolution-based correction method [18]. Finally, intensity
and readout noise relaxations were implemented as in Ref. [19].
The pixel size was estimated from the experimental geometry
and more precisely refined during the reconstruction process
by a cross-correlation method [8].

The complex reconstruction (i.e., amplitude and phase) of
the grid sample is presented in Fig. 3(a). The reconstruction of
the complex illumination probe field is shown in Fig. 3(c).
Figure 3(d) shows back-propagation of the illumination probe
onto the aperture plane where a saddle-shaped wave front
cropped by a circular aperture is clearly visible, as expected.
The pinhole to sample distance was estimated to be 55 μm us-
ing an angular spectrum model (ASM)-based propagation code
[20]. The highest reconstructed spatial frequency was limited
by the experimental geometry to 54 nm. There is large attenu-
ation of 29 nm light by the 100 nm thick Au layer, so no phase
variation is observed. Due to insufficient flatness of the sample,
the majority of the observed phase variation, i.e., fringes around
some of the sharp edges, are diffraction effects. The depth of
focus (DOF), given as

DOF � � 1

2

λ

�NA�2 ; (2)

is approximately 200 nm in this experimental geometry. Thus,
the sample-to-pinhole distance must vary by less than 200 nm
over the whole scanning region in order to have the whole
reconstruction in focus. This is a serious limitation, particularly
for higher-NA, short-wavelength imaging. This effect originates
from the nature of ptychography, which searches for a single
optimal illumination probe for the whole dataset. However, be-
cause features in our aperiodic grid sample are sparse and flatness
is close to the limit given by Eq. (2), it is possible to numerically
“refocus” the reconstruction by the ASM method at different
regions of the sample. An example of the numerical refocusing
effect is demonstrated in Fig. 4(a). Figure 4(a) shows an example
of a cross section of the reconstructed EWF taken at a region of
the sample containing a sharp edge. The reconstructed complex
data points (stars) were numerically refocused (circles) using the
ASM to show a very flat profile on either side of the rising edge,

(a) (b)

(c) (d)
(e)

Fig. 3. (a) Amplitude and phase image of the grid sample. Here, the
image hue represents relative phase and image intensity shows the am-
plitude of the reconstructed complex transmission function. The inset
of (a) shows the complex reconstructed probe field on the same scale as
the sample (b), which shows an SEM image of the sample. (c) and
(d) show the complex electric field distribution of the probe incident
on the sample and after back-propagation to the plane of the pinhole
aperture. (e) is an example of a single collected scatter pattern.
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as expected from the nature of the sample. This knife-edge
analysis was applied to multiple sample regions to estimate the
resolution. The example of the refocused data in Fig. 4(a) agrees
well with the error function complement fit. The knife-edge
analysis shows that the 10–90% distance, 58� 5 nm, is approx-
imately equal to the pixel size of 54 nm, indicating that the
resolution is limited mainly by the experimental geometry and
not by the reconstruction process or insufficient EUV signal.

The repeatability of our measurement was evaluated from
two independent data sets using Fourier ring correlation (FRC),
as shown in Fig. 4. We have used the 1-bit threshold criterion
[21] to estimate the resolution. Our aperiodic grid sample
possesses a high degree of asymmetry and the distribution of scat-
tered intensity is significantly anisotropic [see Fig. 3(e)]. Thus,
the FRC in the vertical direction is reduced at higher spatial
frequencies compared to the horizontal direction. The resolution
in the vertical direction was estimated from the FRC to be
100 nm and in the horizontal direction it is limited by the ex-
perimental geometry to 56 nm, in good agreement with the
knife-edge estimates.

A reconstruction of the second extended sample is presented
in Fig. 5. The field of view here is ∼105 μm, achieved by col-
lecting 976 scatter patterns with a probe aperture diameter of

10 μm moved in steps of 3 μm. The pixel size is again limited
by the geometry to 54 nm. The total dose deposited into the
sample was approximately 105 Gy.

We have presented diffraction-limited, wide-field transmis-
sion ptychography using an HHG-based tabletop source. We
have shown that broadband radiation can be acceptable and
even beneficial if it provides significantly larger flux for illumi-
nation. High resolution and large field-of-view reconstructions
of extended samples are now possible, despite the lower stability
and flux of tabletop laboratory EUV sources, by application of
a variety of appropriate CDI relaxation techniques. As HHG
research progresses toward generation of sufficient coherent
flux for imaging in the water window, the HHG-based ptycho-
graphic microscope should become a highly valuable tool for
high-contrast, high-resolution quantitative microscopy.

Funding. EXTATIC (FPA-2012-0033); Engineering and
Physical Sciences Research Council (EPSRC) (EP/K503150/1,
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Fig. 4. (a) Zoomed region of the reconstruction shown in Fig. 3
and one example of intensity values around a sharp edge and an error
function fit to a numerically refocused sharp edge profile. White line
indicates the region of the reconstruction where the shown line profile
was obtained. Stars represent reconstructed data points and circles de-
note data points after numerical refocusing of the image. (b) Fourier
ring correlation with 1-bit resolution criterion.

Fig. 5. Image reconstruction in phase and amplitude of an extended
sample of PMMA spheres placed on 50 nm thick Si3N4 support. Pixel
size is 54 nm and the field of view is 105 μm. The illumination probe
is presented on the same scale as the reconstructed image.
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Abstract
Conventional coherent diffractive imaging (CDI) techniques rely on inversion of the
two-dimensional phase problem in the fully coherent limit. Current work using synchrotrons
has shown that by introducing a flexible parameter in a technique known as polyCDI, some
reduced temporal coherence with relative bandwidth ∼3% can be tolerated for simple
non-dispersive objects. We demonstrate that using a high harmonic source with modulated
spectral characteristics, although the excellent temporal coherence properties are lost in
detection, it is possible to increase the tolerable relative bandwidth to ∼20% by using the
shrinkwrap technique and treating the data as if they were fully coherent but noisy. This
reduces the integration time by a factor of ∼5. This result is critical for the future use of
lab-based sources of extreme ultraviolet and soft x-rays for CDI of non-dispersive objects, and
we anticipate that it will improve results at synchrotron sources also.

Keywords: coherent diffractive imaging, high resolution optical imaging

(Some figures may appear in colour only in the online journal)

1. Introduction

To investigate nano-scale structures, the Abbe diffraction
limit [1] suggests that the wavelength of the probe may be
decreased to improve resolution. Typically, this requires using
either electrons or extreme ultraviolet (EUV (10–50 nm)) and
x-ray (<10 nm) radiation. Sources of photons at the higher
energy end of this range are generally large scale facilities
such as synchrotrons and x-ray free electron lasers (XFELs),
but for lower energy photons, lab-based options such as laser

plasma sources and high harmonic generation (HHG) are
rapidly becoming competitive.

Although it is possible to manufacture some imaging
optics for use in the EUV [2] the precision of nanofabrication
techniques limit the ultimate resolution of such a microscope
system. As an alternative, imaging is possible by recording
oversampled far-field scattered intensities, known as a speckle
patterns, from aperiodic samples and reconstructing the
phases algorithmically in a process known as coherent diffrac-
tive imaging (CDI) [3]. Developed by electron microscopists
as a less cumbersome alternative to holography [4], CDI was
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subsequently adopted by x-ray scientists [5] as an extension
to x-ray crystallography, allowing imaging of samples that
cannot be crystallized. However, since scattering by an
aperiodic sample results in reduced signal-to-noise compared
to by a crystal, it is essential to use as much of the probe
flux as possible, pushing the tolerance on the beam coherence
properties.

A single exposure technique termed ‘polyCDI’ [6],
allows the use of broadband polychromatic radiation,
alleviating the limitation on flux imposed by the need to
monochromatize the x-ray beam; a technique complemented
by [7] for spatial coherence. The limitation that the sample be
non-dispersive does not limit the usefulness of the technique
since the region of interest may be buried beneath a layer of
material opaque to other forms of radiation, but transmitting
and non-dispersive in the EUV or soft x-ray. However, the
above techniques generally require a good initial starting
guess at the density distribution (otherwise known as a
‘support region’) of the object in order to break the ambiguity
between spectral and spatial contributions to the scattering
angle. A support for buried samples would be hard, if not
impossible to determine. An alternative broadband technique
is available for pulsed sources [8, 9], but such techniques have
yet to be proven in the lower signal-to-noise far-field regime.

In this paper we document the ability of the shrinkwrap
addition [10] to the phase retrieval algorithms to find the
initial support region in the case of a broadband (∼20%
rel. bandwidth) modulated spectrum, thus maintaining the
a priori nature of the technique. We compare this result to
a monochromatic beam of bandwidth ∼0.7% of the same
aperiodic sample.

2. Partial temporal coherence in CDI

To fully understand and characterize the temporal coherence
of any system it is necessary to find the complex mutual
coherence function [11]. This provides a measure of how well
the wave form correlates with itself over a large distance, and
can be parameterized by a coherence length lc representing the
half width at half maximum (HWHM). This definition is good
for accelerator based sources of short-wavelength radiation
where the coherence length is defined as the relativistic length
of the insertion device used to generate the radiation. For most
laser based sources however, the mutual coherence function
can be quasi-infinite, so the effective coherence length is
instead determined by the experimental requirements. In EUV
CDI experiments, the beat frequencies between the energy
components are much faster (∼GHz) than the measurement
time (∼1 s), so an incoherent sum of the absolute magnitudes
of the wavelength scaled far-field scatter patterns is measured.
This results in a reduction of the fringe visibility V of the
scattering peaks, defined by equation (1).

V =
Imax − Imin

Imax + Imin
. (1)

Spence et al [12], propose a limit on the maximum energy
spread E/δE allowed for a CDI experiment to still Shannon
sample [13] (and hence, reliably regenerate the phase of)

the scattered far-field magnitudes from an aperiodic object
and not be affected by reduced fringe visibility. This limit
is expressed in equation (2) for an object of width W
imaged with resolution defined by a spatial half-period d and
represents the sampling of the non-zero density in sample
space.

E
δE

>
W
d
. (2)

This definition assumes the sampled spectral envelope is
smooth and does not take into account any sub-structure of the
spectrum such as that which is generated during the non-linear
optical process of HHG. The HHG process produces a train
of fully spatially and temporally coherent EUV pulses, which
in the spectral domain provides a harmonic comb down to a
cut-off. In far-field CDI imaging of non-dispersive objects, the
scattered signal from each of the harmonics will be similar,
with a wavelength scaled scattering angle.

The impact on fringe visibility of the incoherent sum
of scattered signals for a theoretical source with finite
bandwidth is illustrated in figure 1 where an incoherent sum
of analytically derived Young’s slits experiment is plotted for
two different spectra. Figure 1(a) shows simulated spectra of
the sources, one broadband, and one harmonic with similar
envelope. Figures 1(b) and (c) show the fringe patterns from
a simulated Young’s slits experiment illuminated with the two
sources shown in (a), with a slit width and separation of 1 µm.
Fringes from the harmonic source, (c) retain visibility not
apparent in the envelope case (b) at high scattering angles.
Since the scatter patterns from different spectral components
from a non-dispersive object are the same, simply scaled
by wavelength, the improvement in visibility is attributed
to overlapping but commensurate spatial frequencies, each
arising from different wavelengths. In the envelope case, the
speckle minima are filled in by the other spectral components.

Previously on synchrotron based CDI experiments it has
been shown that standard CDI reconstructions fail completely
when a bandwidth of greater than 1% is used [6, 14].

In this paper, by analysing scattering data collected from
the same sample illuminated via broadband and narrowband
illumination we reduce the required integration time for
experiments and further develop an understanding of how
partial coherence is treated through the CDI process.

3. Experiment

Laser pulses with energies up to 1.5 mJ from a 40 fs,
1 kHz Ti:Sapphire regenerative amplifier system centred at
790 nm (Spitfire Pro, Spectra Physics) were focused using
a 50 cm focal length dielectric mirror into a 3 mm long gas
cell with 80 mbar Argon gas to generate the high harmonic
radiation. The EUV imaging chamber is held at a 10−6 mbar
high vacuum to increase transmission along the optical path.
Two 200 nm double layer freestanding Al filters are used in
the beam path to separate the infrared (IR) beam from the
generated EUV. The experiments detailed in this paper can
be classified into two separate experimental configurations:
narrow-bandwidth (NB) and broad-bandwidth (BB).
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Figure 1. (a) A simulated 20% bandwidth spectral envelope (blue dots) and a modulated, harmonic, spectrum with the same bandwidth
(red line). A simulated 1 µm separated Young’s slits experiment for the envelope (b) and the harmonic (c) spectra in the same geometry as
the experiments. The plots represent an incoherent sum of an analytic Young’s slits scatter pattern.

Figure 2. The spectra incident on the sample for (a) broadband and (b) narrowband experimental configurations. The spectrum shown in
(a) was measured by recording the diffraction from a regular ordered array of 200 nm diameter polystyrene beads, while (b) shows the
resulting spectrum when the beam is further modified by the reflectivity curve of the extra flat mirror. In (a) and (b) the dots show the
measured data, the lines show a linearly interpolated trend. (c) shows a scanning electron micrograph of the amplitude mask sample.

For BB experiments, the EUV transmitted through the
filters is further spectrally filtered by a spherical Mo/Si
multilayer coated focusing mirror with 50 cm radius of
curvature, giving a spectrum with a relative envelope
bandwidth of ∼20% (figure 2(a)) incident on the sample. In
the NB experiment the EUV spectrum was filtered further
(figure 2(b)) by a flat Mo/Si multilayer mirror fabricated by
the x-ray optics group at DESY. The reflectivity curve of this
mirror overlaps with that of the focusing mirror, isolating a
single harmonic with bandwidth∼0.7%. This monochromatic
optic reduces the total flux by 80%.

The sample for these experiments was an amplitude mask
manufactured by the University of Southampton Electronics
and Computer Science Nanofabrication department. A
scanning electron micrograph of this sample is shown in
figure 2(c). A 50 nm thick low stress silicon nitride (SiN)

membrane was coated with a 95 nm thin film of Au
deposited via electron beam evaporation. A 5 nm layer
of Cr was deposited first onto the SiN to improve the
adhesion of the film. A structure, a pictorial representation
of a methanol molecule, was milled through all of these
layers using a focused beam of gallium ions (FIB). The
extremely low transmission coefficient (<10−4 at 27 nm [15])
of the combined deposited material compared to the complete
transmission of the milled hole validates the non-dispersive
scattering approximation. Some key dimensions of features
include its two-dimensional full extent of 2.5 µm × 2 µm.
The ‘arms’ of the object are 200 nm across and the circular
tips are 300 nm in diameter. The diamond shape in the centre
of the sample has a width of 400 nm.

In the CDI experiment the scattered photons were
collected on a 1024 × 1024 x-ray charge-coupled device

3



J. Opt. 15 (2013) 094009 A D Parsons et al

Figure 3. A quadrant of the pre-processed narrowband (a) and broadband (b) EUV scatter patterns. The area inside the dotted rectangle is
shown enlarged and with intensity line out. A decrease in the visibility of the interference fringes is very apparent in the broadband data set.

(CCD) of 13 µm pixels. For experiments the sample to CCD
distance is fixed at 15 mm, which, for 27 nm radiation gives
a diffraction-limited resolution [16] of 61 nm with numerical
aperture (NA) of 0.22. This means that the W/d value defined
in equation (2) can be calculated for this experiment to be 42.
For our NB experiment E/δE = 153, which easily fulfils the
limits in equation (2). It follows that the effective coherence
length for the NB experiments is 4 µm, fulfilling the standard
imaging criterion that the coherence length be larger than the
sample. For the BB experiment E/δE = 5 and the effective
coherence length is 135 nm putting the experiment firmly into
the regime where the image quality should be affected by
incoherence.

Data collected for the NB experiment was integrated
over a single 220 s exposure. Due to the overlapping and
summed DC Fourier components from the different harmonic
components, data for the BB experiment was summed over
5 × 45 s exposures to increase dynamic range giving a total
integration time of 225 s, approximately the same as for the
NB dataset.

4. Data analysis

Both data sets were centred, background subtracted and any
cosmic rays/hot pixels removed by statistical analysis of the
signal. The data were then projected to the Ewald sphere of the
central scattering wavelength by cubic spline interpolation. To
improve the accuracy of this interpolation the data was Fourier
interpolated by a factor of 5 for this process and downsampled
similarly afterwards.

The upper left quadrant of the signal on the CCD
for BB and NB data sets collected during the experiments
are presented in figure 3. It is immediately clear from
the expanded views and line plots, the impact that the
broad-bandwidth has on the reduction of the visibility of the
recorded scatter pattern. By comparing the DC peaks of both
datasets we can deduce that by using a beam block in this
experiment, to increase the dynamic range of the detector, the
integration time could be reduced by a factor of 5.

By taking the inverse Fourier transform of the scatter
patterns, the autocorrelations of the sample are obtained [13].
The logarithm of the magnitudes of the autocorrelations are

4



J. Opt. 15 (2013) 094009 A D Parsons et al

Figure 4. (a) A log10 plot of the magnitudes of the autocorrelations
for broadband (left) and narrowband (right) data sets demonstrating
an increase in density outside the main body of the autocorrelation
for the broadband data. (b) The vertically summed data for the
broadband (left) and narrowband (right) data showing a factor of 20
decrease in the visibility for a relative bandwidth of 20%.

shown in figure 4(a) left (broadband) and right (narrowband).
By summing in the vertical axis (figure 4(b)) it is clear to see
that the narrow-bandwidth data has a factor of 20 greater range
in magnitude in its autocorrelation than the broad-bandwidth
data. The main broad peak in the centre however, looks very
similar in both cases suggesting that this information is the
same between the two datasets.

In the case of data with zero noise it would be possible
to obtain a poorly resolved version of the mutual coherence
function [11] by taking the ratio of these datasets. However,
for real data this is hard to implement and does not aid
recovery of the object by a single illumination—the focus of
this work—so instead we apply techniques to remove those
areas that are different between the two results.

5. Comparison of phase retrieval
results—narrowband versus broadband
illumination

Figure 5 shows a comparison of the phase retrieval results for
the NB and BB experiments. For the NB reconstructions, a
standard recipe of 5000 iterations Hybrid input/output (HIO)
with β = 0.9, shrinkwrapping every 50 iterations followed
by 5000 iterations with no shrinkwrap and β = 1, was

implemented. The solution to the phase retrieval is determined
when the real-space error [10], a measure of the improvement
of the reconstruction, varied below a 10−7 threshold between
iterations. For the BB experiments, the routine is run for
1000 iterations of HIO with β = 0.9 and shrinkwrap every 20
iterations. The real-space projection selected for analysis and
further use is that which corresponds to the minimum Fourier
error over the 1000 iterations. This corresponds to a nearby
local minimum, which in general is that which most closely
resembles the object.

The shrinkwrap technique [10] is similar to applying a
variable low pass filter, working to optimize the result so that
it matches the scattering intensities but also reduces the area
of the non-zero support to find the best edge. This has the
effect of restricting the amount of data outside of the main
body of the autocorrelation that is present in the solution.
For quasi-monochromatic scattering data, such as that in the
NB datasets, this has the effect of increasing the resistance
of CDI to noise. In the case of broadband illumination with
a spectrum containing significant gaps, not all the speckles
will average away, allowing useful information to remain in
the pattern, as shown in figure 1. The loss of information at
points where the speckles average is similar to the effect of a
noisy speckle pattern. Rather than apply a fixed low pass filter
to restrict this noise however, it is more favourable to use a
variable low pass filter to select the parts of the signal that fit
the reconstruction best.

A reconstruction that best matches the data under a phase
retrieval routine utilizing shrinkwrap, will have the lowest
Fourier error [10] and also the smallest mask size. Once
the algorithm has reached this reconstruction, it will rapidly
diverge since it is not a solution to the phase problem.

The reconstruction algorithms were run 50 times for
each data set from a difference quasi-random starting seed.
The conjugate (i.e. inverted) object is also a solution to the
phase problem, so the solutions were then flipped to the
same orientation and registered using the algorithm described
in [17]. Figures 5(a) and (b) show the average and standard
deviation of the BB reconstructions in real-space. Figures 5(c)
and (d) show the same information but for the NB data. As
expected, the NB data shows excellent stability across the
50 iterations, but, more unexpectedly perhaps, the BB data is
surprisingly stable considering it is not a solution. The mean
normalized variance is especially low within the main density
region.

The key difference between the results to note is a
blurring around the edges of the reconstruction in figure 5(a),
much like what would be expected from an aberrated image
from a conventional light microscope. The increased variance
in the low density region is attributed here to the reduced
contrast in the autocorrelations shown in figure 4, the main
difference between the two datasets.

The area outside the main body of the average
reconstruction has higher density fluctuations than that in
the narrowband reconstruction. This is due to the side band
information visible in the autocorrelation information in
figure 4. Some parts of the density have been generated by
the algorithm to fit the data probably because deviation from

5
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Figure 5. The mean of the absolute value of the reconstructed exit wave field from 50 runs of the phase retrieval routine with the same
parameters, but different starting phases for (a) broadband and (c) narrowband data. (b) and (d) show their respective mean normalized
variances, σ 2.

a perfect fit it appears as background noise. This extra density
is typically within 0.3σ of the total reconstructed intensity,
and could be thresholded if necessary for further use.

In comparison to previous research using the polyCDI
algorithm on high harmonic sources, we have achieved
similar quality reconstructions without prior knowledge of
the spectrum being required. Since the spectral components
are not separated, the phase of the reconstruction in
figure 5(a) does not have a physical meaning and hence this
reconstruction is not a solution to the phase problem, unlike
that shown in [14]. Instead, our reconstruction should be
considered as an approximation to the solution, albeit a very
good approximation.

6. Conclusions

In conclusion we have demonstrated that it is possible to use
monochromatic phase retrieval techniques on ultra-broadband
scatter patterns to obtain a good first approximation to
the object amplitude reconstruction using CDI. Whilst such
broadband reconstructions are generally not stable, we believe
that this will increase the stability and noise tolerance of
algorithms such as those detailed in [6], and also provide new
routes to full solutions in these cases. The technique could be
applied to radiation from other sources as long as the spectrum
is filtered or scanned to increase the visibility of speckles at
the required spatial frequencies. This work provides a way to
dramatically reduce limitations on flux requirements imposed
by spectral filtering on both large scale and lab-based sources
of EUV and soft x-ray radiation by increasing the tolerated
bandwidth to 20%.
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[128] M Zürch, J Rothhardt, S Hädrich, S Demmler, M Krebs, J Limpert,
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de Jong, Wendy Timmermans, Hui Xiong, Harm Krugers, Erik MM Manders,

and Carlos P Fitzsimons. Imaging dendritic spines of rat primary hippocampal

neurons using structured illumination microscopy. JoVE (Journal of Visualized

Experiments), (87):e51276–e51276, 2014.

[155] Garth J Williams, Harry M Quiney, Andrew G Peele, and Keith A Nugent. Coher-

ent diffractive imaging and partial coherence. Physical Review B, 75(10):104102,

2007.

[156] HD Bartunik, PN Clout, and B Robrahn. Rotation data collection for protein

crystallography with time-variable incident intensity from synchrotron radiation

sources. Journal of Applied Crystallography, 14(2):134–136, 1981.

[157] Helmut Wiedemann. Synchrotron radiation. Springer, 2003.

http://medical-dictionary.thefreedictionary.com/_/viewer.aspx?path=dorland&name=centromere.jpg
http://medical-dictionary.thefreedictionary.com/_/viewer.aspx?path=dorland&name=centromere.jpg


Bibliography 228

[158] EM Syresin. Injection and stability of high-intensity ion beams in synchrotrons

with electron cooling. Physics of Particles and Nuclei, 46(6):919–939, 2015.

[159] Kmlabs, 2016. URL http://www.kmlabs.com/.

[160] James L Turner, A Brachmann, JE Clendenin, FJ Decker, DA Luh, T Maruyama,

and MB Woods. A high-intensity highly-polarized electron beam for high-energy

physics. submitted to EPAC, 2, 2002.

[161] Sylvain Bohic, Alexandre Simionovici, A Snigirev, Richard Ortega, Guillaume

Devès, D Heymann, and CG Schroer. Synchrotron hard x-ray microprobe: fluo-

rescence imaging of single cells. Applied Physics Letters, 78(22):3544–3546, 2001.

[162] Joris Dik, Koen Janssens, Geert Van Der Snickt, Luuk van der Loeff, Karen Rick-

ers, and Marine Cotte. Visualization of a lost painting by vincent van gogh us-

ing synchrotron radiation based x-ray fluorescence elemental mapping. Analytical

chemistry, 80(16):6436–6442, 2008.

[163] Donepudi Venkateswara Rao, Medasani Swapna, Roberto Cesareo, Antonio

Brunetti, Takao Akatsuka, Tetsuya Yuasa, Tohoru Takeda, and Giovanni Ettore

Gigante. Synchrotron-based x-ray fluorescence, imaging and elemental mapping

from biological samples. Pramana, 76(2):261–269, 2011.

[164] Hidekazu Mimura, Soichiro Handa, Takashi Kimura, Hirokatsu Yumoto, Daisuke

Yamakawa, Hikaru Yokoyama, Satoshi Matsuyama, Kouji Inagaki, Kazuya Yama-

mura, Yasuhisa Sano, et al. Breaking the 10 nm barrier in hard-x-ray focusing.

Nature Physics, 6(2):122–125, 2010.

[165] Diamond light source / the machine, 2016. URL http://www.diamond.ac.uk/

Science/Machine.html.

[166] Henry N Chapman, Carl Caleman, and Nicusor Timneanu. Diffraction before

destruction. Phil. Trans. R. Soc. B, 369(1647):20130313, 2014.

[167] Darren J Batey, Daniel Claus, and John M Rodenburg. Information multiplexing

in ptychography. Ultramicroscopy, 138:13–21, 2014.

[168] Khuong Ba Dinh, Hoang Vu Le, Peter Hannaford, and Lap Van Dao. Coherent

diffractive imaging microscope with a high-order harmonic source. Applied optics,

54(17):5303–5308, 2015.

[169] Dennis F Gardner, Giulia F Mancini, Michael Tanksalvala, Elisabeth Shanblatt,

Xiaoshi Zhang, Benjamin Galloway, Christina Porter, Robert Karl, Charles Bevis,

Margaret Murnane, et al. Ptychographic imaging with 17.5 nm spatial resolution

http://www.kmlabs.com/
http://www.diamond.ac.uk/Science/Machine.html
http://www.diamond.ac.uk/Science/Machine.html


Bibliography 229

employing high harmonic light at 13.5 nm. In CLEO: Applications and Technology,

pages ATu4J–5. Optical Society of America, 2016.

[170] L Helfen, T Baumbach, Petr Mikuĺık, D Kiel, P Pernot, P Cloetens, and
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