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ABSTRACT

A COMPARISON OF PTYCHOGRAPHY PROGRAMS FOR LENS-LESS
IMAGING WITH A HIGH HARMONIC GENERATION SOURCE

Aaron Redd
Department of Physics and Astronomy

Bachelor of Science

High Harmonic Generation provides a coherent source of extreme ultraviolet photons.
Tuned to the correct energies, these photons can probe electronic transitions associated with
the magnetic moment of many magnetic materials. This thesis provides an investigation into
performing ptychographic imaging with a high harmonic source as a step towards performing
high resolution imaging of magnetic domains. Three ptychography codes (Ptychodactyl,
PyNX, and Tike), are compared for image reconstruction quality and ease of use. Tike and
Ptychodactyl prove more successful than PyNX. These first two programs reconstruct data
from a simple helium-neon laser setup with great success, and Tike demonstrates promise

with data gathered from the high harmonic generation setup.
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Chapter 1

Introduction

1.1 Lens and Lensless imaging

Lenses recreate images of distant objects by performing spatial Fourier transforms. This is
possible due to both the fact that the lens material has a different index of refraction than
the medium surrounding it (often air), and because the lens material, while refracting the
light, still allows most of it through without being absorbed. There are numerous types
of lenses available for different wavelengths, but they all depend on the material having
these two properties. When it comes to photons spanning from the ultraviolet to the soft
X-ray regimes, the materials conventionally used in lenses become highly absorbing to these
photons, making such optics useless for imaging at these wavelengths. As shown in the
Rayleigh Criterion, shorter wavelengths, such extreme ultraviolet (EUV) and soft x-ray,
allow for the imaging of smaller features. This relation is shown in the following equation

_ 061

r= “NA (1.2)

wherer is the transverse or spatial resolutidnjs the wavelength of light usedA is

the numerical aperture, and the 0.61 is the constant de ned by Rayleigh as the minimum
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2 Chapter 1 Introduction

possible value that enables us to distinguish one object from another. This value is somewhat
arbitrary, but the relation is irrefutable—the smallest feature a light source can image is
directly proportional to the wavelength used, or the shorter the wavelength, the sharper the

image [1]. The numerical apertufdA, is described by the equation
NA= nsinq (1.2)

wheren is the index of refraction of the material agds the half angle of the light collected.
Due to the simple physics of this equation, scientists use a special methods and equipment
in order to image with EUV and x-ray photons.

Scientists working in the x-ray regime often makes use of diffractive (instead of re-
fractive) optics to produce an image. One of the most common examples of this is the
Fresnel zone plate, which uses rings of different thicknesses to focus the incident light onto a
detector. Other optics for high energy wavelengths consist of grazing incidence mirrors, and
multilayer mirrors. Grazing incidence mirrors maximize re ection by keeping the angles
between the optic and the mirror surface close to grazing, and are thus best used when
the divergence of the incoming light is minimal. multilayer mirrors, however, are usually
manufactured to correctly re ect photons that are near normal incidence. While each of
these has its place in imaging with high energy photons, they have a number of drawbacks
as well, for example, Fresnel zone plates are notoriously dif cult to manufacture for shorter
wavelengths and even well-made ones produce multiple foci. While the zone plates do focus
the beam down, due in part to these multiple foci, they do not act like traditional convex
lenses in the visible regime. Because of this, they are most often used upstream from the
object to be imaged, providing a more focused beam for probing the sample, instead of
being used after the sample to produce an image on the detector.

As hinted to above, grazing incidence optics also suffer from limitations that make them

dif cult to use after a sample to form an image. As a beam diffracts off a sample its photons
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diverge, making all but the most specially engineered of grazing incidence optical setups
inef cient at redirecting photons onto a detector to form an image. And nally, for the
multilayer mirrors, the issues are two fold: rst, the best re ectance for these optics is around
70% [2], with most mirrors performing signi cantly worse, and second, these mirrors, like
the other two types of optics described, are especially sensitive to small variations in the
surface of the substrate, and to the variations in the thin Ims deposited thereupon. Because
of these dif culties, scientists often forego the post-sample optics and instead make lensless
imaging techniques when using these wavelengths.

Lensless imaging, or more speci cally Coherent Diffractive Imaging (CDI), makes use
of computer algorithms, along with the sample’s diffraction pattern incident on a detector,
to reproduce an image of the sample without the use of any optics. As conventional imaging
lenses would absorb EUV photons before they had the opportunity to form an image on
the detector, these CDI algorithms must in mimic the lens computationally to reproduce
the object being imaged. Computers can easily perform the Fourier transform from the a
diffraction pattern detected on the Charge-Coupled Device (CCD) to follow the scattered
light back to the sample, but in order to do so, it must have both the phase and the intensity of
the light incident on the detector. Without the use of interferometry, that phase information
is lost, but CDI uses a number of tricks to retrieve that information and reconstruct an image
of the sample (sekig. 1.1).

In ordinary CDI, the beam is larger than the sample, and most of the beam passes by it
undisturbed [4]. This undisturbed beam interferes with the diffracted beam, and the detected
pattern thus preserves the phase information of the diffracted beam. In geometries where
the beam is smaller than the sample, it is much more dif cult to reconstruct the object. As
the CCD detector can only record the intensity (or amplitude squared) of the light that hits

it, without some reference beam it can provide only part of the information necessary to
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Figure 1.1 An illustration of iterative phase retrieval. A CCD records a diffraction
pattern that contains only the amplitude squared of the light incident upon it,
meaning it contains no phase information. After taking the square root of this
amplitude matrix to retirieve the intensity of the light incident upon each pixel,

it is initialized with a random phase and then back-propagated using an inverse
Fast Fourier Transform to retrieve an image of the sample. The random phase
produces signi cant error when back-propagated, some of which can be easily
detected and removed with certain constraints. If the sample is known to exist
within a speci c region, intensity from outside that region can be eliminated. Also,
negative intensities can be set to zero. The re ned image is then propagated to the
Fourier Plane using a forward Fast Fourier Transform, after which the algorithm
takes the norm square of the array of values, producing a simulated diffraction
pattern. This simulated diffraction pattern will differ from the detected one, so to
reduce the error on the next iteration, the amplitude of the simulated diffraction
pattern will be replaced with the amplitude obtained from the detected one. Now,
with the detected amplitude and the improved guess for the associated phase, the
process restarts. Taken from [3].
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reconstruct an image. Ptychography is an imaging technique that utilizes many overlapping
scans of these extended samples to reconstruct both the probe and the sample. This allows
for the reconstruction of samples of in nite size, provided a well-behaved beam and set
of translational stages. As with normal CDI, it uses constraints to retrieve the phase and
reproduce the sample, but ptychography differs in that some of the constraints are provided

by the diffraction patterns from the overlapping regions|6].

1.2 Magnetic Imaging and Extreme Ultraviolet Sources

Magnetic materials and effects are increasingly used in a variety of technologies, from
electrical motors, powering the future of human travel, to medical Magnetic Resonance
Imaging, yielding diagnoses to prolong human life. Many of these technologies, including
data storage on hard disk drives, rely on extremely small scale magnetic dynamics, and in
order to probe these microscopic dynamics, scientists must use very short wavelengths of
light. Additionally, the unpaired electron spins in the Fe atoms can be resonantly probed
with photons in the extreme ultraviolet range (52.7 eV or 23.5 nm for the Fe M-edge), and
the x-ray ranges (710-740 eV or 1.67-1.75 nm for the Fe L-edge) [5]. Thus, successful
magnetic imaging using these transitions requires wavelengths in the EUV and soft x-ray
regimes. Traditionally, these magnetic samples have been imaged using tunable light sources
such as synchrotrons, which provide highly brilliant and coherent x-ray light of the desired
wavelength.

Resonant wavelengths are not the only requirement when attempting magnetic imaging
experiments—polarization control of the resonant light is also essential. While circularly
polarized light can be generated at synchrotron x-ray sources, it requires specially designed

undulators (beamline insertion devices) which means that there are limited numbers of these
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beamlines and thus it is harder to gain access. In previous decades, this kind of polarization
control was not accessible outside of a few synchrotron light sources. However, recent
achievements in nonlinear optics has enabled polarization-controllable soft x-ray/EUV
light sources that t on a standard optical table [6]. These sources produce beams with
high spatial coherence, making them good candidates for coherent diffractive imaging, but
struggle to produce photon energies above 200 eV or wavelengths shorter than 16.12 nm [7].
Fortunately, the iron M-edge transitions exhibit magnetic circular dichroism effects at about
52.7 eV or 23.5 nm, a photon energy that is much more accessible to High Harmonic

Generation (HHG) systems.



Chapter 2

Methods

2.1 Ptychographic CDI

| will present a brief overview on ptychographic imaging, though J. Miao et al. give an apt
introduction to the subject in their review paper [4]. Ptychography is a form of coherent
diffractive imaging that uses diffraction patterns produced from several overlapping regions
to reproduce an image. Rather than reproducing an image from a single large scan where
the beam is larger than the sample and the diffracted and undiffracted portions interfere,
ptychography takes several scans and retrieves phase information by using the constraint
provided by the regions' overlap. This allows ptychography to reproduce objects much larger
than the beam, in fact, given a suf ciently stable beam, stages, and detector, ptychography
can reconstruct objects of in nite size.

Ptychographic data is collected as a sample is shifted relative to a beam. In most cases,
the sample moves on translational stages in the path of the beam, but occasionally the beam
is expanded to the size of the sample and a pinhole or zone plate is moved in front of

the beam on translational stages. The light is diffracts as it passes through (or sometimes
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Figure 2.1 A pictorial explanation of ptychography. The four sub-images are
as follows: (1) The beam illuminates a specimen is diffracted by the features
thereon, creating a pattern detected on a CCD. (2) A second diffraction pattern is
produced from a region that overlaps with the rst. (3) More overlapping regions
are illuminated, scanning the entire region of interest on the sample. (4) The
diffraction patterns and their corresponding positions on the sample are recorded
for reconstruction. Modi ed from [8].



2.2 Two Experimental Setups 9

re ects off) the sample and a CCD detector measures the resulting diffraction pattern. As
experimentalists scan multiple adjacent and overlapping areas, the dataset collects diffraction
patterns and corresponding sample positions. This dataset contains an enormous amount of
information regarding the object being imaged, and clever algorithms are required to tease

out the image's features from its diffraction patterns.

2.2 Two Experimental Setups

While ptychography can be robust in its reconstructions, its performance can be dramatically
affected by a number of experimental and computational variations. In order to isolate
issues in our ptychographic pipeline, we used two systems—one reliable system capable of
relatively low resolution (the helium-neon laser setup) and one more complicated (the high
harmonics generation) system capable of much greater resolution. Our goal was to resolve
as many issues as possible with our ptychographic techniques on the simpler setup and then

apply the polished techniques to our more complex system.

2.2.1 Helium-Neon Laser Setup

The rst setup employs a Helium-Neon Laser (He-Ne) as its light sourceHige2.2), as it
produces a reliable beam that is visible making it useful outside of vacuum, and not prone
to signi cant thermal drift. This setup re ects a continuous wave 632.8 nm beam off two
aligning mirrors before directing it toward the sample and the detector. Then a pinhole and
iris increase the spatial coherence of the beam by rst creating an airy pattern from the initial
beam and then blocking all but the central disc of that pattern. Following the pinhole and iris,
a lens was used to make the beam smaller at the sample, thus allowing for greater photon

intensities at the point of the probe hitting the sample. In ptychography, the probe is de ned
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Figure 2.2 Tabletop Helium-Neon (He-Ne) laser setup. (A) is the He-Ne laser.
Beam re ects off mirror (B) then is attenuated by variable attenuator wheel (C).
Beam then re ects off mirror (D) and passes through pinhole (E) and order sorting
aperture (F). Then the beam passes through focusing lens (G) and passes through
beam splitter (H) (H is for other experiments). Finally, the beam, now near its
focus, diffracts off sample (I) mounted on horizontal and vertical translational
stages. The diffraction pattern passes through lens (J), which brings the far- eld
diffraction pattern close enough to detect on CCD detector (K) (Thorlabs S805MU1
CCD Camera) while still keeping (K) on the table. As the He-Ne setup is to test
ptychographic processes and not the experimental end goal, lenses are permissible.
However, on the HHG setup, there are no lenses as explained above.

as the cross section of the beam that hits the plane of the sample, and can be described by the
intensity and phase of the beam at that location. These two pieces of information describe
all that there is to know about the beam, including its converging or diverging nature and
any irregularities, so the reconstruction does not require explicit knowledge of those aspects
of the experimental geometry to be successful. The beam diffracts off a speci c region of
the sample—a region that changes with each new scan. The portion of the diffracted light
that continues onward hits another focusing optic, this time bringing the far- eld diffraction
pattern closer for convenience.

The keen reader will notice that though this setup is for "lensless imaging", it contains
two lenses, one for focusing the beam down onto the sample and another just before the
camera. The camera would otherwise pick up the near eld diffraction pattern, which, to be
clear, can be used to reconstruct the object, though with much greater dif culty. These lenses

are allowable because this setup is intended to demonstrate ptychographic techniques for use
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in imaging with much shorter wavelengths, and these shorter wavelengths produce far- eld
diffraction patterns at much shorter distances than the 632 nm He-Ne beam. Therefore, this

nal focusing optic would be unnecessary with the EUV beam.

2.2.2 Extreme Ultraviolet Setup

In describing the beam that diffracts off our sample, we must rst describe how it was
produced. Our setup begins with an ultrafast infrared pulse (duration < 50 femtoseconds)
centered at 800 nm in wavelength. This short pulse requires a large bandwidth of composite
frequencies, so the pulse, though centered at 800mm, contains wavelengths from 760 to 830
nm. This ultrashort pulse re ects off a few mirrors before it is focused by an anti-re ective
coated 1500 mm focusing lens, whose focal length is chosen to put the focus of the beam at
the center of the gas cell. The beam, now converging, passes through a fused silica window,
entering the vacuum chamber where the harmonics will be generated. This window will
cause dispersion and lengthen the pulse, but the laser is tuned to pre-compensate for this. As
the beam nears its focus, it passes through a hole in a thin molybdenum sheet that de nes
the near side of the gas cell. The hole in this sheet is created by the beam and therefore is
only as large as is necessary for the brightest part of the beam to pass through. Inside the
gas cell (measuring 15mm across and lled with argon at 20 Torr), the beam comes to its
focus, generating harmonics that range from 3 to 70 eV. Now the beam contains both the
fundamental IR wavelengths and the high harmonics. This spectrum of wavelengths exits
the far side of the gas cell through a hole in a molybdenum sheet similar to the one that
formed the entrance, and continues downstream.

At this point, the beam has a number of qualities that make it undesirable for imaging.
First, the beam is not monochromatic, as it contains both the fundamental IR pulse and the

harmonics. As our end goal is to image magnetic materials at a speci ¢ photon energy (52.7
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