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Structured Illumination for Super-Resolution
Terahertz Imaging

James P. Gill-Fleming

Abstract

In this thesis, advanced imaging techniques from the field of microscopy are
adopted to perform structured illumination super-resolution imaging at the
terahertz (THz) frequency band (0.1-10 THz). Through the use of a struc-
tured sinusoidal illumination, higher spatial frequency information that is in-
accessible via diffraction-limited widefield imaging is encoded into our images.
A Fourier-based reconstruction algorithm produces an image with a resolution

better than that allowed by the diffraction-limit.

For this work, a recently demonstrated, novel 0.55 THz imaging system that
performs efficient THz-to-optical conversion using a room-temperature vapour
of excited caesium atoms is used. Such a system offers kilohertz framerate
speeds, enabling the exploration of these advanced imaging techniques that

have, until now, been overlooked at the THz band.

This work will explore the concepts, theory and experimental implementa-
tions of two super-resolution imaging techniques and demonstrate an image
resolution improvement of x1.74 4+ 0.03 when compared to diffraction-limited

widefield imaging.

Supervisors: John M. Girkin and Kevin J. Weatherill
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CHAPTER ].

Introduction

The work presented in this thesis is the union of three seemingly separate, but
equally fascinating fields. That of terahertz imaging, Rydberg atomic physics and
Super-resolution microscopy. Each field, in its own right, is the culmination of

decades of research, innovation and development.

Recent work has coupled the use of Rydberg atomic physics and terahertz (THz)
imaging to produce a highly effective atom-based THz imaging sensor [1]. This
thesis endeavours to leverage this new technology to adapt advanced optical ima-
ging techniques developed in the field of microscopy, and implement them at the

THz domain.

1.1 The THz Band

Commonly defined between 0.1-10 THz [2] the THz band is the narrow frequency
range positioned between the microwave and far infrared bands, as shown in Fig-
ure 1.1. From the first practical demonstration of THz imaging in 1995 [3], the THz
field has garnered interest due to the many promising properties associated with
THz waves. Notably, THz radiation readily penetrates common optically opaque
materials such as plastics, cloth and paper, making it a promising technology for
use in non-destructive testing with uses in pharmaceutical quality control [4], food

inspection [5, 6] and analysis of historical objects [7].




1.1. The THz Band

Frequency ——

1 GHz 0.1 THz 10 THz 1 PHz
| l l | l l l l
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Figure 1.1: A portion of the electromagnetic spectrum, displaying the position of
the THz band (0.1 - 10 THz) between the lower frequency microwave and higher
frequency infrared bands. The corresponding frequency and wavelengths of each
band is shown.

Furthermore, the low energy photons of THz waves (0.4-40 meV) means THz ra-
diation is non-ionising, making it a safe alternative to x-ray imaging in security
applications [8, 9] and a promising diagnostic tool for biological and medical ap-

plications [10, 11].

Terahertz radiation is strongly attenuated by polar liquids, including water and
therefore can be used for hydration monitoring. This has applications from building
material inspection [12] to medical applications such as monitoring the healing
process of skin burns [13, 14] and identifying the boundaries between healthy and

malignant (cancerous) tissue [15].

Historically, detection of THz radiation has been difficult. Semiconductor-based
detectors fail in the THz band because the low photon energy of THz radiation
is insufficient to overcome the band gap of most semiconductors. While electronic
methods common to RF and microwave detection aren’t suitable for the faster,
higher frequency THz waves. This led to the coined term ‘THz gap’, highlighting

the challenges associated with this frequency range [16].




1.2. THz Imaging

1.2 THz Imaging

THz imaging approaches can be broadly characterized into two categories, single
pixel imaging and focal plane arrays. Either approach comes with its own ad-
vantages and limitations that influence its use in practical applications. With no

current THz technology being the clear option for all THz imaging use cases.

1.2.1 Single Pixel Imaging

The single-pixel imaging approach uses a single ‘bucket’ detector that is unable to
discern any spatial information. Therefore images must be constructed, typically
through raster scanning an object to build up an image pixel-by-pixel [17]. Through
this approach, high-resolution images can be produced at the expense of long ac-
quisition times. This trade-off between better spatial resolution at the expense of
temporal resolution ultimately hinders the imaging frame-rate, which has yet to
demonstrate video-rate capability. Broadband THz point detectors, such as Golay
cells [18], can operate at room-temperature but are highly susceptible to noise [19]

and therefore require exposure times than can exceed 1 second per pixel.

As a result, a large focus on single-pixel imaging research has been to improve
the acquisition speed. Either through improved detector sensitivity, allowing for
reduced exposure times per pixel [20-22] or advanced beam-scanning systems that
allows for faster raster scanning [23]. One recent innovative approach employs the
use of THz spatial light modulators (SLMs) to perform single-pixel compressive

sensing by using a series of patterned illuminations.

Such an approach is innovative on two counts. First, it eliminates the need for raster
scanning the sample, so the acquisition speed is no longer constrained by mechanical
motion but instead by the rate at which spatial patterns can be projected onto the
sample. While this enables faster imaging, it still falls short of achieving true video-

rate speeds [24, 25]. Second, by leveraging optical excitation to encode spatial




1.2.2. Focal Plane Arrays

information, single-pixel terahertz imaging decouples spatial resolution from the
longer THz wavelengths. This allows the achievable image resolution to be governed
by the much shorter wavelength of the optical beam used for excitation, enabling

super-resolution imaging well beyond the conventional THz diffraction limit [26].

A key advantage of single-pixel imaging occurs when paired with spectroscopic
THz detectors, which enables the production of images with rich spectral inform-
ation [27]. THz time-domain spectroscopy (THz-TDS) systems which work by
emitting ultrafast terahertz pulses and measuring their time-resolved electric field
after interaction with a sample, allows for the measurement of both amplitude and
phase information. Fourier transformation of the terahertz pulses, provides high
resolution spectral information about the sample. THz-TDS systems are there-
fore widely used for non-destructive material characterization, particularly useful

in applications that want to perform material discrimination [28, 29].

1.2.2 Focal Plane Arrays

Focal plane arrays encompass THz detectors that can produce full-field images in a
single-shot, and without the need for scanning individual pixels can achieve much
faster imaging speeds. Such detectors consist of pixel arrays that form the overall

imaging sensor.

Examples include field-effect transistors [30] and microbolometer arrays [31]. These
sensors can operate at room-temperatures while achieving video-rates of up to
90 Hz, but suffer from high read-out noise, poor sensitivity and limited spatial
resolution [32, 33]. Despite this, these technologies are now commonly found in

commercial uncooled THz cameras [34].

Detectors based on super-conducting materials can provide improved sensitivity,
but at the cost of expensive cryogenic cooling while suffering from similar scaling

issues [35, 36]. As a result, they have found limited use in THz applications.

THz focal plane arrays are not without their drawbacks. They are currently limited




1.5. An Atom-based Approach

to broadband detection, and are unable to capture spectral information that would
be useful for many diagnostic applications. Additionally for arrays with a sufficient
number of pixels, the image spatial resolution is still limited by diffraction, and
is therefore produced images can only resolve spatial details on the order of the

imaging wavelength (30 pm - 3 mm).

1.3 An Atom-based Approach

Recently, a new approach to THz widefield imaging has been presented based on
THz-to-optical conversion, facilitated by a thermal vapour of alkali metal Rydberg
atoms [1, 37, 38]. This highly efficient process enables the conversion of THz
photons to optical photons that can then be readily detected through the use of
an optical camera. In doing so, this approach enables full-frame THz imaging with

unprecedented sensitivity and speed.

1.3.1 Alkali metals

The alkali metals have quickly become the atomic species of choice for many atomic
experiments. These atoms have a single valence electron and therefore can be mod-
elled approximately as simple hydrogen-like systems; with a single outer valence
electron and an single effective core. This makes it possible to calculate their
atomic properties to high accuracy, enabling practical experimental applications

and precise control in a wide range of atomic experiments [1].

Alkali metals also exhibit high vapour pressures at room temperature, which en-
ables many atom-light experiments with an ensemble of atoms in the form of a
contained thermal vapour. Doing away with the need for complex laser cooling
and trapping arrangements that would be required for equivalent cold-atom exper-

iments.




1.3.2. Rydberg atoms

1.3.2 Rydberg atoms

Rydberg atoms, named so after Johannes Rydberg, are atoms that are in highly
excited states of high principle quantum number, n [39]. Such atoms have their
valence electron far from the atomic nucleus, making them highly sensitive to ex-
ternal electric fields and exhibit unusually long lifetimes. Such properties of Ry-
dberg atoms make them attractive for a wide range of sensing applications across
the radio, microwave, terahertz ranges [40, 41]. The properties of Rydberg atoms
scale non-linearly with n, and therefore quickly become ‘exaggerated’ with increas-

ing n. A few of these property scalings are shown in Table 1.1.

Table 1.1: Scaling of various Rydberg properties with respect to n, the principle
quantum number [39].

Property n scaling
Binding energy

Energy required to remove the electron from the atom. n—2
Energy level spacing

The difference in energy between adjacent quantum states. n=3
Orbital radius

The average distance of the electron from the nucleus. n?
Dipole moment

Interaction between the electric dipole moment and external fields. n?
Polarisability

The ability of the atom to become polarized in an electric field. n’
Radiative lifetime

Average lifetime before decaying to a lower energy state. n3

When coupled with the simple structure of alkali metal atoms, the properties of
Rydberg states can be readily calculated using software packages such as ARC (Al-
kali Rydberg Calculator) [42]. This enables precise modelling of their interactions
with external fields, allowing for the design and optimization of Rydberg-based

sensing applications.




1.3.2. Rydberg atoms

For the application of THz sensing and imaging, there are two main Rydberg
properties of interest. One, the energy level spacing, where for relatively modest
values of n, the neighbouring Rydberg states are separated by an energy spacing
corresponding to THz frequencies [39]. And therefore these Rydberg states are
sensitive to resonant THz fields. Second, is the very large dipole moments of
Rydberg states, which results in a high probability of interaction [1], and therefore

high sensitivity to an incident THz field.

Through the use of ARC [42], we can model and calculate the possible THz trans-
itions that we can feasibly detect with a Rydberg alkali metal atom sensor. A
portion of this spectrum is shown in Figure 1.2 for three alkali metals with appre-

ciable vapour pressure at room temperature.
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Figure 1.2: The THz transition spectrum of potassium, rubidium and caesium
calculated using ARC. The general trend of decreasing sensitivity to external THz
fields with increasing transition frequency is indicated by the black dashed line.
Using code adapted from Dr Lucy A. Downes (with permission).

Each atomic species offers a rich spectrum of THz separated transitions, that could
feasibly be used as part of a THz detection scheme. Only a small frequency portion
is shown, with the possible spectrum for each atomic species extends much further

both into the microwave and higher THz band.




1.8.3. THz Detection Scheme
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Figure 1.3: General excitation scheme for THz detection in caesium. By preparing
the caesium to a THz-sensitive state enables efficient THz-to-optical conversion.

Knowing that alkali metal atoms have a rich spectrum of possible THz transitions,
we can devise an atomic excitation scheme to perform THz-to-optical conversion.
A general scheme for caesium is outlined Figure 1.3. In this scheme we first excite
caesium from its ground-state 6 Sy, to n1Pj - a THz sensitive state of choice. In
this ‘prepared’ state, the caesium atom can be further excited to a higher energy
state, noL;, , by a resonant THz field. The frequency of this THz field corresponds
to the energy gap between the these two states. At this final excited state, the
caesium atom will spontaneously decay back to the ground-state through known
probabilistic decay pathways, emitting optical photon(s) in the process. It is this
optical fluorescence that constitutes as the detection of the incident THz field. The
continual conversion of THz photons to optical photons is therefore facilitated by

the continual excitation and spontaneous decay of caesium atoms.

The choice of transition niPj;, — ngLj, is a complex decision based on numerous
factors which have been well discussed [37, 38]. Briefly, this includes the spectral
contrast between the signal fluorescence and background fluorescence, the trans-
ition coupling strength to the external resonant THz field and the available power

from both the THz illumination source and excitation lasers.




1.4. Structured Light

This thesis uses a previously built THz imaging system based on a 0.55 THz Ry-
dberg transition in caesium which achieves a conversion efficiency of 52.4% [37].
That is, approximately every two incident THz photons leads to the emission of one
optical ‘signal’ photon. This results in a THz imaging detector with exceptional
sensitivity, which enables imaging at very high framerates, with the most recent

results demonstrating a framerate of up to 12,000 frames-per-second [38].

The many design choices, including the choice of the 0.55 THz transition, is covered
in great detail in [1] and further in [43]. A more operational-centric description of

the THz imaging system is also provided in Chapter 2.

1.4 Structured Light

Structured light refers to electromagnetic fields with deliberately shaped spatial or
temporal profiles, engineered in amplitude, phase, or polarization. Spatially struc-
tured beams—such as Airy, Bessel, and vortex beams—can exhibit non-diffracting,
self-healing, properties [44], while temporally structured pulses enable control over

spectral content and interaction dynamics [45].

These engineered light fields have driven advances across diverse domains, from
super-resolution microscopy [46] and optical trapping [47] to high-capacity com-

munication [48] and precision metrology [49].

Importantly, recent work has extended the frontier of structured light into the tera-
hertz (THz) domain [50], using spatially structured non-paraxial Airy beams for
THz imaging, achieving enhanced resolution and contrast when imaging obstruc-
ted samples. This work not only showcases the practical viability of structured
illumination in the THz band but also reinforces its potential for transformative

impact in non-destructive imaging and material inspection.
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1.5 Super-resolution Imaging

Super-resolution imaging has been almost exclusively championed by the field of
microscopy, where its motivation is clear. Through conventional microscopy, the
continual drive to resolve ever-smaller features of biological cells quickly encounters
the seemingly insurmountable limit of diffraction, which sets a hard limit on the
resolution of an imaging system. Super-resolution imaging changes this narrative,
by producing images with a spatial resolution beyond what would be allowed by
diffraction. With over 30 years of research, super-resolution microscopy has become
a vast and diverse field, featuring many different techniques for sub-diffraction

imaging [51-53].

The question is therefore, what is the motivation behind super-resolution imaging
at the THz band? As shown in Figure 1.2 there is a multitude of THz transitions to
chose from, many at higher THz frequencies than our chosen 0.55 THz transition.
Opting for one of these higher frequencies would produce widefield images with

better diffraction-limited resolution.

However, we must compete with additional constraints when imaging at such higher
THz frequencies. For our atom-based imaging approach specifically, this includes a
diminishing sensitivity with increasing THz frequency, as shown in Figure 1.2. More
generally, THz imaging is further constrained by diminishing power of THz sources
at higher frequencies, as source efficiencies are typically lower [54, 55]. Funda-
mentally, higher THz frequencies suffer from higher attenuation through common
materials [56, 57], reducing their promise of high penetrating power. Combined
with the other compounded constraints, opting to image at a higher THz frequency

could become less attractive or even infeasible.

Super-resolution imaging in the THz band offers a potential solution, enabling
higher spatial resolution while preserving the advantageous properties of lower-

frequency THz radiation - offering a best of both worlds solution.
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1.6 Structured Illumination Super-resolution Imaging

For this thesis, we shall focus on one class of super-resolution imaging, known
in microscopy as Structured Illumination Microscopy (SIM) [46]. This Fourier-
based method takes advantage of a spatially structured sinusoidal illumination to
encode higher spatial resolution information into widefield images. More broadly,
SIM falls under the umbrella of structured light techniques, which take advantage
of engineered spatial illuminations. In the context of THz imaging, structured
light offers an exciting opportunity to bypass diffraction limits while preserving
the penetration and material contrast advantages of lower THz frequencies. As
recent work has shown [50], applying structured illumination at THz frequencies
can improve resolution and contrast, highlighting the strong potential of structured

light as a tool for next-generation THz imaging.

1.7 Thesis Structure

This thesis presents and demonstrates my work on super-resolution THz imaging,
achieving enhanced image resolution while maintaining the benefits of imaging at

0.55 THz. The thesis is structured accordingly.

Chapter 2 provides a broad technical overview on the atom-based THz imaging
system. This chapter provides operational details of each sub-system that drives
the system, including details on optical readout and imaging processing. As this
system was developed and implemented prior to my arrival by Dr Lucy A. Downes,

a more detailed description of the system can be found in their PhD thesis [1].

Chapter 3 introduces the concept and definitions of an imaging system’s spatial res-
olution that I adopt and use in later chapters. I present experimental evaluations
of various common resolution measurement methods, and consider the most ap-
propriate approach for our THz system. Overall, Chapter 3 provides an important

resolution benchmark for later super-resolution work.
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1.8. Publications

Chapter 4 introduces the structured illumination super-resolution technique, known
as Structured Ilumination Microscopy (SIM). The chapter explores the concept
and theory of SIM, before considering its use in the THz band. I then present
results from simulation that validates the SIM method for use at the THz band.
The validation from the simulation results then lead to discussion on the used

experimental implementation, and then the subsequent experimental results.

Chapter 5 covers a second super-resolution technique, known as Virtually Struc-
tured Detection (VSD). This imaging scanning approach builds on the concept and
theory of Chapter 4. As with Chapter 4, I validate the VSD method through simu-
lation before implementing the method experimentally. The chapter then considers

the advantages and drawbacks of the VSD approach when compared with SIM.

1.8 Publications

The following publications are a result of work presented in this thesis, in particular

Chapter 5.

e J. P. Fleming, L. A. Downes, J. M Girkin, K. J Weatherill, "Structured
illumination for super resolution terahertz imaging." Presented at Terahertz,
RF, Millimeter, and Submillimeter- Wave Technology and Applications X VII,

San Francisco, United States (2024, January)

e J. P. Fleming, L. A. Downes, J. M Girkin, K. J Weatherill, "Virtually struc-
tured illumination for terahertz super-resolution imaging", In submission with

Optics Express
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CHAPTER 2

Experimental Setup

This chapter outlines the practical implementation and experimental layout of the
THz imaging system, that operates by utilising THz separated transitions in cae-
sium to perform efficient THz-to-optical conversion and therefore imaging. While
the THz imaging system facilitates the work presented in this thesis, development
of the THz imager is the result of prior work by Dr Lucy A. Downes. For greater
detail into the design and operation of the THz imager system, I direct the reader

to their excellent and thorough works on the THz system [1, 37, 38].

2.1 Atomic System

As discussed in Chapter 1, the atom-based THz sensor approach can be used to
detect a broad range of THz frequencies by choosing the appropriate THz separated
atomic transition. For this thesis, we will use the 14P3/, — 13Dj5/5 transition
in caesium which corresponds to an THz imaging frequency of 545 GHz (0.55
THz) and an optical signal fluorescence of 535 nm. The relevant energy levels of
caesium for this process are shown in Figure 2.1. This particular transition was
identified in previous work [1], due to favourable properties of the transition which
include the transition interaction strength, contrast between signal and background

fluorescence and available THz illumination power.
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2.1. Atomic System
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Figure 2.1: The energy level diagram of caesium, showing the excitation scheme
used to achieve 0.55 THz imaging through THz-to-optical conversion. For each
laser excitation, the hyperfine levels are shown.

In order to drive the 14P3/5 — 13Dy /5 transition by an external 0.55 THz field,
the caesium atoms must first be excited to the 14P3/, state. This is achieved by

a three-step excitation scheme using three resonant infrared lasers, of wavelengths

852 nm, 1470 nm and 843 nm.

Only when the caesium atoms are ‘prepared’ in the 14P3 /9 state, are they sensitive
to an incident resonant 0.55 THz field, which further excites the caesium atoms to
the 13Dy /5 state. This opens up a dominant decay pathway from 13D5/, — 6P3/2,
leading to the emission of green 535 nm photons, which produces a fluorescence

signal, indicating the detection of THz photons.

In the absence of a THz field, the caesium atoms will probabilistically decay through
alternative pathways to reach the ground state, 6S;/,. During this process, they
emit a background fluorescence. Ultimately, this leads to a closed atomic system,
allowing for the continual preparation, excitation and decay of the caesium atom
population. This enables continuous THz-to-optical conversion, and therefore con-

tinuous THz detection and imaging.
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2.2 Optical Bench Layout
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Figure 2.2: Optical bench layout for the entire THz imager system. For this
thesis we run the entire imager as a unified 'camera’, with only the THz optics
being changed and modified.

The THz imaging system consists of four primary components on the optical bench,

as illustrated in Figure 2.2.

1. Excitation Lasers — This subsystem includes the laser sources, frequency
stabilization optics, and beam shaping elements necessary to drive the chosen

excitation scheme.

2. Caesium Vapour Cell — At the core of the system lies the caesium vapour
cell, in which THz-sensitive caesium atoms serve as the THz sensor. This

component represents the THz part of the THz-to-optical conversion process.
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2.8. FExcitation Lasers

3. — The optical readout captures fluorescence from the va-
pour cell using a dedicated imaging camera. This component represents the

optical part of the THz-to-optical conversion process.

4. THz Optics — This section encompasses the THz section of the optical
bench, including the THz illumination source, THz beamshaping optics, THz
object targets, and THz imaging elements. A THz objective lens focuses the
incident THz field into the vapour cell for detection. This is the section of

primary interest in the next section.

Each section operates in unison to form a unified THz imaging system. The fol-

lowing section will examine these components and describe how they operate.

2.3 Excitation Lasers

The three-step excitation scheme, required to prepare the caesium atoms in the
THz-sensitive state, comprises of one laser per excitation step. The wavelength of
each laser is frequency stabilised, such that it remains resonant with its respective

transition that it is driving.

e The first-step 852 nm laser is a Toptica DL100, and is frequency stabilised
to the caesium 655 F =4 — 6P3/y F’ = 5 hyperfine transition by the use

of ground-state polarisation spectroscopy [58].

e The second-step 1470 nm laser is a Toptica DLPro, and is frequency stabilised
to the caesium 6P/ F' =5 — 7Sy /5 F” = 4 hyperfine transition by the use

of excited-state polarisation spectroscopy [59].

e The third-step 843 nm laser is a fibre-coupled MOGLabs laser system, that
is frequency stabilised to a cavity reference through the Pound-Drever-Hall

locking technique [60].
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2.8.1. Laser Frequency Stabilisation: Basic Principles

The THz imager relies on the excitation lasers being resonant with their respect-
ive transitions. Maintaining this resonance ensures optimal excitation of caesium
atoms with the available optical power. Ultimately, this maximises the output

fluorescence and therefore the signal-to-noise of our THz images.

For a laser without active frequency stabilisation, known as ‘free-running, the fre-
quency of the laser will naturally drift due to fluctuations in environmental condi-
tions, such as temperature, air pressure, humidity and electrical supply. Over the
short-term, this results in unwanted laser frequency noise. Such noise broadens the
spectral lineshape of the laser, which reduces the amount of available optical power

at the resonant frequency.

Over the long term, a free-running laser will undergo large frequency drifts, causing
the laser to become far from resonant with the transition. Therefore the laser no
longer drives the transition which interrupts the excitation scheme, leading to a
loss of fluorescence and therefore THz imaging. It is therefore necessary to ensure
the frequency of our laser remains ‘locked’ to the resonant frequency of our atomic

transition, through the use of active laser frequency stabilisation.

2.3.1 Laser Frequency Stabilisation: Basic Principles

Frequency stabilisation of a laser is an active closed-loop system and is comprised
of three main components; a frequency reference, a loop controller and a servo

controller.

The servo controller acts to adjust the frequency of the laser by adjusting the
operating parameters of the laser. Depending on the type of laser, this may be by
adjusting the laser’s temperature or injection current. Or it might be by adjusting
the laser’s cavity length using piezoelectric actuators or by tuning an external cavity

element.

The frequency reference provides a stable reference to compare the frequency of

our laser, in order to determine how much the laser frequency has drifted. Such
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2.8.1. Laser Frequency Stabilisation: Basic Principles

frequency reference could be from an atomic transition, an optical cavity or an-
other frequency stabilised laser. The frequency reference should produce a response
that is proportional to the frequency drift of the laser, ideally with a sharp linear
response about resonance. This is known as the frequency error signal and is used

as feedback to the loop and servo controllers.

The loop controller is the intermediary between the frequency reference and servo
controller, it takes and processes the error signal and provides feedback to the
servo controller. Typically the loop controller is a PID loop (Proportional-Integral-
Derivative) that optimizes the correction applied to the servo controller by balan-
cing three components. The proportional term provides an immediate response
by applying a correction proportional to the error signal, while the integral term
accumulates past errors to eliminate long-term drifts. The derivative term predicts
future errors based on the rate of change, damping oscillations and preventing fre-
quency overshoot. Together, these components ensure smooth and stable frequency

locking by preventing excessive corrections while minimizing drift and oscillations.

All three of our excitation lasers achieve frequency stabilisation in this manner, the
only difference being in the choice of frequency reference and approach of generating

the error signal from that reference.
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2.3.2 Laser 1: Ground-state Polarisation Spectroscopy
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Figure 2.3: Schematic diagram of ground state polarisation spectroscopy. From a
single linear polarised beam, the circularly polarised strong pump beam and linearly
polarised weak probe beam are generated. The propagating direction of each beam
is highlighted by the arrowheads, and shows how the two beam counter-propagate
and overlap each other within the caesium vapour reference cell. The probe beam
exits with a elliptical polarisation that is analysed by a polarising beamsplitter
(PBS) and a pair of photodiodes.

The 852 nm first-step laser is frequency stabilised through polarisation spectroscopy
[61, 62]. A technique that generates an error signal from a polarisation-dependent
interaction between our laser and the 65y F =4 — 6P3/, F’ = 5 transition of

caesium atoms contained within a separate reference vapour cell. This produces a

laser with a frequency that is resonant with the transition it is locked on to.

The laser input is split into two beams of differing intensity, a strong pump beam
and a weak probe beam. The strong pump beam (as shown in Figure 2.3) is circu-
larly polarized, and induces an anisotropy in the caesium vapour. This anisotropy
is then measured by interrogating the caesium vapour by a counter-propagating

linearly polarized weak probe beam.

The linearly polarized probe beam can be described as a combination of two beams
of equal amplitude and opposite circular polarisation (o4 and o_). Because of the
anisotropy, each circularly polarised component of the probe beam undergoes a
difference in absorption as it passed through the caesium vapour. As a result,
the probe beam exits the caesium vapour with an elliptical polarisation, with the
ellipticity and angle of the polarisation proportional the difference in absorption

coefficients Ao = ay — a— [63], and therefore the degree of anisotropy.
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2.8.2. Laser 1: Ground-state Polarisation Spectroscopy

The probe beam is analysed by a polarising beam splitter (PBS) and a pair of pho-
todiodes. This produces a differential signal that is proportional to the anisotropy
of the vapour medium. For a closed atomic transition such as this one, where the
excited state exclusively decays back down to the non-excited state, the anisotropy
of the caesium vapour shows a dispersive or derivative lineshape about resonance,

that is ideal as an error signal [58].

Typical experimental signals from both photodiodes, and their difference is shown

in Figure 2.4. The transmission of the probe beam differs between the p-polarisation
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Figure 2.4: (Top) Experimentally detected power of the two linear polarisations
of the rotated weak probe beam. (Bottom) The resulting differential signal, which
is proportional to the degree of anisotropy induced in the caesium vapour by the
counter-propagating pump beam. The differential signal is used as the laser locking
error signal and is used to keep the laser’s frequency resonant with the 6S;/, F =
4 — 6P3)9 F’ = 5 transition; this point is highlighted by the red dot.
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2.8.3. Laser 2: Fxcited-state Polarisation Spectroscopy

and s-polarisation states, due to the induced difference in absorption coefficients.
The frequency detuning scale is relative to the resonant point of the 6S; 5 F =4 —
6P3/2 F’ = 5 transition, which is indicated by the green dashed line. By careful
adjustment of the linear polarisation of the probe beam, the zero-point of the error
signal can be tuned to occur at resonance, this is indicated by the red point on the
error signal curve. Around the resonant point, the error signal exhibits the ideal
dispersive lineshape, that remains linearly proportional to any frequency drifting
about resonance. By feeding this error signal into the control loop of the laser, we
are able to stabilize the laser frequency to remain on resonance with the atomic

transition.

2.3.3 Laser 2: Excited-state Polarisation Spectroscopy
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Figure 2.5: Schematic diagram of excited-state polarisation spectroscopy. The
circularly polarised 852 nm pump beam (red dashed line) and the linearly polar-
ised 1470 nm probe beam (blue solid line) counterpropagate each other within the
caesium vapour reference cell. The subsequent elliptical polarised 1470 nm probe
beam is then analysed by a polarising beamsplitter and photodiode pair.

The second-step 1470 nm locking uses excited-state polarisation spectroscopy [59]
which is similar to ground-state polarisation spectroscopy, except the pump and
probe beams are different frequencies. A strong pump beam of 852 nm drives the
6S12 F =4 — 6Py F’ = 5 ground-state transition. The weak probe of 1470 nm
laser then drives the 65/, F = 4 — 6P3), F’ = 5 excited state transition. The

advantage of this approach is the existing frequency stabilised 852 nm laser is

utilised for the pump beam.
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2.8.3. Laser 2: Fxcited-state Polarisation Spectroscopy

Excited-state polarisation spectroscopy operates in the same fashion as ground-
state polarisation spectroscopy. The circularly polarized pump beam induces an
anisotropy in the caesium vapour, which causes a difference in absorption for the o+
and o components of the linearly polarized probe beam. The probe beam therefore
exits the vapour with an elliptical polarisation, which is analysed by its own PBS
and photodiode pair. For excited polarisation spectroscopy, the differential signal
produced is a single dispersive signal that is ideal to frequency stabilise the 1470 nm

probe laser. The ideal, theoretical signal is shown in Figure 2.6.
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Figure 2.6: Ideal excited state polarisation spectroscopy photodiode signals and
resultant dispersive error signal from their difference. Simulated case based on [59].
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2.3.4 Laser 3: Pound-Drever-Hall Cavity Frequency Locking

843 nm Phase PBS Fabry-Perot
Laser Modulator Cavity

-]
T
P
I
D
|
|

Y

——————————— @4 ——————————— ﬁ Photodiode

Low-pass
Filter

Figure 2.7: Schematic diagram of the experimental layout for Pound-Drever-Hall
laser locking technique. A phase modulator adds phase sidebands to the laser beam
before it entering the Fabry-Pérot cavity. The reflected power from the cavity is
then detected on a photodiode. The resulting electrical signal (black dashed line)
is processed to produce the error signal for the laser’s PID loop.

The 843 nm third-step laser is locked to a stable reference cavity through the
Pound-Drever-Hall (PDH) technique, which is used to lock a laser to one of the

resonances of a reference cavity. A basic schematic of the optical setup for the

PDH technique is shown in Figure 2.7.

The PDH technique locks a laser by measuring a cavity’s phase response, which
exhibits a dispersive feature in the reflected signal near resonance—ideal for gener-
ating a sensitive error signal. In contrast, the transmitted signal follows the cavity’s

intensity response and lacks the phase sensitivity needed for effective locking.

However the photodiode can not directly measure the phase response of the cavity,
and instead detects in reflected power. The reflected power response is shown
in Figure 2.8, and follows a symmetric inverted Lorentzian profile. This makes
for a poor error signal as we can not determine the sign (direction) of the laser’s

frequency detuning.
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Figure 2.8: The reflected power from the cavity for a laser without phase mod-
ulation. The response is a well defined peak at the cavity resonant frequency, w.
but the symmetric nature of the response about the cavity resonance makes for a
poor error signal.

The PDH technique solves this problem by applying a varying phase modulation
to the laser beam, this effectively splits the laser into three frequency components,
the central carrier frequency w. and two sideband frequencies w. £, where € is the
modulation frequency of the phase modulator. The electric field of the modulated

laser beam can be written as:

, 1 . 1 .
E(t) = Epe™< |1 + iemt — 56—““ . (2.1)

Before the reference cavity, the two sidebands differ by 7w phase and are of equal
amplitude, and therefore would not be detected by the photodiode as they cancel
each other out. However, by passing the phase modulated laser through the ref-
erence cavity introduces a frequency-dependent phase delay, that affects the two
sidebands differently. The effect of the cavity can be modelled by the transfer

function of a Fabray-Pérot cavity [43].

(2.2)
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2.8.4. Laser 3: Pound-Drever-Hall Cavity Frequency Locking

Where r is the reflection coefficient of the mirrors and a(w) = wL/c is the phase
picked up the laser travelling the length of the cavity. The electric field of the

reflected laser beam is therefore given as

) 1 . 1 )
E,(t) = Eo | R(w.)e™< + 5 Rlwe + Q)ellwet Dt _ 5 Rwe = Q)ellwe= Dt (2.3)

Here we note that the sidebands pick up a factor of R(w. & €2), which introduces
a phase term to each sideband that differs in sign, therefore the symmetry of the

sidebands is broken and no longer cancel out. If we consider the power at the

photodiode P, = |E,|? we find:

P, = Py|R(w)|? (2.4)
+ % {IR@+ Q)P+ |Rw - )}

+ Py {Re[x(w)] cos Qt + Im[x(w)] sin Qt} + (terms in 29Q)

Where x(w) is given by

X(w) = R(w)R*(w+ Q) — R*(w)R(w — Q) (2.5)

Figure 2.9 shows the detected reflected power P, as a function of the detuning about
the cavity resonance. The phase added by the cavity prevents the modulation
sidebands from cancelling, leading to amplitude sidebands in our reflected laser
beam. More importantly, the response is dispersive about the cavity resonance,
which is a result of the contribution from x(w). Ultimately x(w) is the quantity of
interest for the PDH technique, as it is an antisymmetric dispersive function about

the cavity resonant frequency, and therefore an ideal error function.

To derive this error signal, the photodiode signal is processed through a phase-
sensitive lock-in detection scheme. The photodiode voltage signal, V, o« P, is
frequency mixed with a version of the original modulation voltage that has been

delayed by a phase of ¢.
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Figure 2.9: Reflected power detected by the photodiode as a function of the
laser detuning about a cavity resonance, showing the central cavity resonance and
induced amplitude sidebands. As reflected power is detected, the power decreases
at resonance as the cavity reaches maximum transmission.

The mixed signal is therefore

Vinixed(w) = V- cos(Qt + ¢)

x P, cos(Qt + ¢) (2.6)

This mixed voltage signal is then low-pass filtered to remove the sinusodial terms

of w. This results in the error signal [64]
Verror(w) o¢ Re[x(w)] cos ¢ + Im(x(w)] sin ¢ (2.7)
For a typical modulation frequency of € = 27 (20 MHz), which is large compared

to the linewidth of the cavity, x(w) is almost purely imaginary [43]. Therefore

through appropriate choice of ¢ = 7/2 our final error signal is

‘/error (w) X Im [X (W)]

~ x(w) (2.8)

The resultant error signal is shown in Figure 2.10. The signal features a sharp

dispersive shape at resonance, making it an ideal error signal for laser locking.

26



2.3.5. Laser Beam Shaping
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Figure 2.10: The final PDH error signal derived by demodulation of the photodi-
ode signal. Being proportional to y(w), the signal is dispersive about the resonance,
making it the ideal error signal for laser locking.

2.3.5 Laser Beam Shaping

The overlapping region of the laser beams inside the vapour cell produces the
excited caesium atoms that can be used to readily detect incident THz radiation.
We shape all three excitation beams into overlapping lightsheets through the use
of cylindrical lenses to generate a 2D sheet of excited caesium atoms, measuring
approximately 10 mm x 10 mm x 100um [1]. This 2D sheet of THz-sensitive caesium

atoms acts as our imaging sensor for any incident resonant THz field.

The cylindrical lenses expand each laser beam in the vertical direction, and are
positioned to overlap within the vapour cell through the use of steering mirrors.
The cylindrical lenses used each have a large focal length, such that the Rayleigh
range of the lighsheets are longer than the propagation distance through the vapour
cell. This ensures the laser intensity remains relatively constant across the vapour

cell, so that the fluorescence and resultant THz image are uniform [1].
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2.4. Caesium Vapour Cell

2.4 Caesium Vapour Cell
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Figure 2.11: Top down view of the vapour cell, showing the use of the four sides
of optical access. Left inset shows how the three excitation lasers and incident
THz field enter the vapour cell and interact. The right inset shows a true-colour
composite image of the vapour cell during normal operation of the THz imaging
system.

The vapour cell is at the heart of the THz imaging system, it is the convergence
point of the three exciation lasers, incident THz field and the focus of the optical
readout system. An in-house manufactured cuboidal glass vapour cell, which meas-
ures approximately 10 x 10 x 60 mm, hosts the caesium atoms and is held on the

optical bench by a custom Teflon mount.

The vapour cell provides optical access to the caesium atoms from four sides, as
shown in Figure 2.11. Two opposing sides of the cell provide access for the three
excitation laser lightsheets, that overlap within the vapour cell, setting the position
of the THz detector plane. A third side allows entry of the incident THz field, which
is focused by a THz objective lens to form an image at the formed THz detector
plane. The fourth, opposing side provides optical readout access, where a camera

captures fluorescence emitted by the caesium atoms.

To increase the density of the caesium vapour, and therefore increase the intensity
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2.5. THz Objective Lens

of the fluorescence, the base of the vapour cell is heated to 45°C by two metal

ceramic heaters (Thorlabs HT24S).

The temperature of the vapour cell is not actively controlled, instead the vapour
cell is left to reach thermal equilibrium with the cell heater power being adjusted
accordingly. The target temperature of 45 °C is a trade-off between a high number
density of caesium atoms to produce a bright fluorescence, but not too high a
number density that the vapour becomes optically thick. In doing so, the excitation
lasers become significantly absorbed by the vapour as they propagate through the

vapour cell. This leads to non-uniform fluorescence across the vapour cell.

2.5 THz Objective Lens

To be able to form THz images, a THz objective lens is required to focus the THz
field from an imaging plane onto the detector plane within the vapour cell. We
use a commercial two-element silicon objective lens (i2S,d = 60 mm, f = 70 mm)
to image onto the THz-sensitive atomic vapour. The objective is designed with a
1x magnification, and therefore performs a 1:1 correspondence from the imaging
plane to the detector plane. The position of the THz objective therefore remains

in a fixed position, and represents the ‘front’ of the THz imaging system.
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2.6. Optical Readout

2.6 Optical Readout

A key part of the THz detection scheme, is detecting the optical fluorescence signal
produced by the caesium atoms in the vapour cell. For optical readout, we use an
Andor iXon 887 Monochromatic EMCCD camera that is actively cooled to —20°C
using the on-board air-cooled Peltier element. A 1:1 Steinheil achromatic triplet
lens is used to image to the fluorescing vapour. The camera is positioned such
that the imaging plane of the camera corresponds to the detector plane within the
vapour cell. To suppress unwanted background fluorescence and scattered infrared
laser light, a bandpass filter (Semrock BrightLine 535/6nm) is added to the lens

assembly.

The iXon camera is controlled by the MicroManager software package [65], an
open source project used for coordination of microscope hardware. While not used
strictly for microscopy in this use case, the MicroManager software allows for basic
control over the camera’s functionality, as well as coordinating image acquisition
with other hardware, such as the translation stages that are later used in Chapter 4

and Chapter 5.

2.7 THz Illumination Source

To image with our THz system, we require a resonant THz illumination source.
Just as with the infrared lasers, the incident THz field must precisely match the
target transition frequency for effective excitation of the THz separated transition.
To provide continuous-wave (CW) resonant THz illumination, we use a commer-
cial Amplifier/Multiplier Chain (AMC) from Virgina Diodes. These devices are
a chain of non-linear electronics that perform frequency upconversion and power

amplification of a seed microwave signal to generate a high-power, narrow band

CW THz field.
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2.7. THz Illumination Source

For this work, we will use the Virginia Diodes AMC 702 which can provide THz
illumination across a short frequency range between 540-560 GHz. The output
power the source can produce is frequency dependent over the tunable range with
the power spectrum of the THz source shown in Figure 2.12. For the 0.55 THz
imaging transition, the AMC can deliver a maximum power output of 4.53 mW.
At such high powers, the strong THz field perturbs the atomic system, resulting
in reduced fluorescence and consequently lower detection sensitivity. To mitigate
this ‘saturation effect’, the AMC is operated at a reduced power level, with the
optimal illumination power determined empirically by monitoring the fluorescence

response.
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Figure 2.12: Power output of the AMC 702 across its tunable frequency range,
as reported by the AMC 702 datasheet.
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2.7.1. Microwave Seed Signal

2.7.1 Microwave Seed Signal

The AMC 702 has a fixed upconversion factor of 36, therefore to generate the re-
quired 545 GHz (0.55 THz) field to drive the THz imaging transition, the AMC
must be powered by a 15.239 GHz microwave seed signal. We use a Windfreak
Synth HD Pro, a compact dual-channel USB microwave signal generator, which
produces the 15.239 GHz seed signal at a power output of 13 dBm; the recommen-
ded power input for the AMC. The frequency and power settings of the Windfreak

are controlled in software on the lab PC.

2.7.2 THz Power Control

To control the power output of the THz source, the AMC can attenuate its power
through the User Controlled Attenuation (UCA) port, which accepts an analogue
voltage between 0 V and 5 V. The input voltage corresponds to the attenuation

level as shown in Figure 2.13.
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Figure 2.13: Power output of the AMC 702 as a function of the UCA voltage,
as reported by the AMC 702 datasheet. The attenuation level is dependent on the
operating frequency of the AMC.
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2.7.8. THz Emission and Beam Shaping

The response of the UAC is highly non-linear and dependent on the operating
output frequency, therefore knowledge of the power output relies on the manufac-
turers calibration. For this work, quantitative knowledge of the power output is
not strictly required. The important aspect is control over the power output to

ensure high signal-to-noise in our images without saturation of the imaging system.

The UCA port is connected and controlled by a National Instruments USB-6001
Multifunction I/O device, which produces the 0-5 V analogue control voltage and

is operated via software on the lab PC.

2.7.3 THz Emission and Beam Shaping

The emitted THz field is coupled to free-space through the use of a diagonal feed-
horn, which produces a diverging beam with an initial Gaussian 1/e? waist radius
of wg = 1.3 mm. The output beam has a half-angle divergence of the beam is 8.45°,
with 84% of the output beam being the fundamental Gaussian mode (TEMg). To
collimate the beam, a 50 mm diameter, 75 mm focal length aspheric PTFE (Teflon)
lens is mounted in-front of the feed-horn. PTFE is an ideal lens material for the
THz band, due to its modest refractive index n = 1.466 and low absorption [38].
This produces a collimated beam with a Gaussian beam waist of w = 11.1 mm.

Which is more than sufficient to illuminate the entire vapour cell.
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2.8. Image Processing

2.8 Image Processing

THz g THz ,p THz ., — THz o

Figure 2.14: Demonstration of the image differencing process to extract the signal
fluorescence only. The edge of the vapour cell is highlighted in the final THz image,
as the difference image is cropped down to this region. A false colourmap is used
for visual clarity of the vapour cell edges.

Generated THz images are composed of two raw images. One THz.g image where
there is no incident THz illumination, and therefore only consists of the background
fluorescence. And one THz,, image, which includes incident THz illumination and
is the combination of the background and signal fluorescence. The THz image
is therefore the difference between the two frames, THzy, — THzqg, as shown in
Figure 2.14. Typically, a single background image can be used for a large number
of sequential THz,,, as fluctuations in the fluorescence varies slowly over large

timescales. This allows for fast acquisition of many THz images.

The vapour cell does not take up the entire field of view (FOV) of the camera,
therefore the processed THz image is cropped down to the width of the vapour cell.
The height of the THz image is also cropped down, so that the final THz image
is square. The final cropped THz image therefore encompasses a 10 mm x 10 mm
portion of the vapour cell. Which leads to the THz imaging system having a

10 mm x 10 mm active THz sensing region.
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2.9. Conclusion

2.9 Conclusion

In this chapter we have described and discussed the components that must be un-
derstood and operated in order to perform atom-based THz imaging. We explained
the role of the different optical components required to produce a THz-sensitive
vapour of caesium that allows for efficient THz-to-optical conversion, and there-
fore highly sensitive THz detection and imaging. This leads to the capture of raw
fluorescence images that are processed to generate complete THz frames. For the
remainder of this thesis work, we shall consider the imaging system to work as
presented and use it to implement advanced super-resolution imaging techniques

taken from the optical domain.
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CHAPTER 3

Image Resolution

This chapter explores the definitions of image resolution and how it can be quan-
tified. I present various methods considered for determining the spatial resolution
of an imaging system and demonstrate these methods experimentally to outline
their effectiveness at the THz band. This chapter is used to guide and informed
the choice of resolution metric which will be used to assess the success of super-

resolution imaging techniques in later chapters.

3.1 Defining Resolution

One of the larger contributing factors to the resolution of an optical system, is
how one defines resolution. In many instances, the measure of resolution is better
served as a comparative metric rather an absolute one, with the use of a resolution

metric ultimately depending on subjective choice.

Development of microscopy and astronomy instrumentation has led to a large range
of definitions for resolutions, which are all variations on a theme; how well two

neighbouring point sources can be resolved.
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3.1.1. Abbe’s Limit
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Figure 3.1: Comparison on three definition of resolution dervied from considering
the overlap of diffraction limited point sources, ordered by decreasing limit mag-
nitude.

3.1.1 Abbe’s Limit

Ernst Abbe’s Limit, expressed as an equation in 1882 [66], is the earliest wholly

theoretical treatment on resolution.

A
dapbe = 0.5 — 1
Abb 05NA (3.1)

By applying geometric optics, Abbe’s limit considers the numerical aperture of a

lens, which defines the light collecting power of the lens

NA =nsin6 . (3.2)

Where n is the refractive index of the medium the lens is in (n ~ 1 for air) and
6, the half-angle of the maximum cone of light that can enter the lens. This angle
determines the resolution limit as it directly influences the numerical aperture, with

larger angles yielding higher resolution.
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3.1.2. Rayleigh Criterion

J

Figure 3.2: Abbe’s limit based on simple lens geometry.

Considering the lens geometry shown in Figure 3.2, we can further define numerical

aperture by the properties of the lens

D
NA=n o7 (3.3)

With f being the focal length, and D the clear diameter of the lens. Using numerical
aperture provides insight into how to design an imaging system with high resolving

power.

3.1.2 Rayleigh Criterion

Developed by Lord Rayleigh in the 19th century, the Rayleigh criterion defines
resolution as the minimum angular separation at which two point sources of light
can be distinctly resolved [67]. Rooted in diffraction theory, the criterion describes
the condition where the central maximum of one diffraction pattern overlaps with

the first minimum of the other, providing a practical limit for optical resolution.

A typical imaging system will employ circular apertures, leading to the Airy disc

diffraction pattern. Therefore the resulting Rayleigh criterion is given

A
0=122 — 4
5, (34)
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3.1.3. Sparrow Limit

where X is the wavelength of light, and D is the aperture diameter. The factor 1.22
arises from the first zero of the Bessel function Ji(x), which describes the intensity

distribution of the Airy pattern formed by a circular aperture [68].

Using the small angle approzimation, a lens of focal length f will provide the spatial

resolution

fA A
dRayleigh =~ 122 6 — 061m (35)

Incorporating the definition of the numerical aperture from Equation 3.3, we find

A
dRayleigh = OGlm (36)

Of the three definitions of resolution, the Rayleigh criterion is the most employed,
especially in applications such as microscopy where the imaging system is diffraction-

limited.

3.1.3 Sparrow Limit

The Sparrow Limit develops the Rayleigh criterion to provide a more stringent
measure of resolution, and was developed for the characterisation of spectral resolv-
ing power of spectroscopes/spectrometers [69]. Resolution is defined as the separ-
ation of two point-sources, such that there is no reduction in intensity between the

two point-sources, leading to a flat intensity profile at the peak.

Assuming circular aperture geometry, and therefore an Airy disc diffraction pattern,

the Sparrow Limit is given as

A
dSparrOW - 047 ﬂ (37)

The Sparrow Limit provides the smallest value for resolution for a given system,

out of the three definitions, and is % smaller than the Rayleigh criterion.
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3.1.4. Outlook

3.1.4 Outlook

Going forward in this thesis, the Rayleigh criterion will be used as the chosen
resolution metric. While it provides the most conservative estimate of an imaging
system’s resolution, it serves as a physically meaningful metric that is rooted in

wave optics and diffraction theory.

The Rayleigh criterion offers a rigorous standard for comparison, particularly in
imaging systems where optical quality approaches the diffraction limit. It estab-
lishes a resolution limit — beyond which any further improvement must come from

advanced super-resolution imaging techniques.
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3.2. System Response Functions

3.2 System Response Functions

Fourier transform F

PSF(z,y) =< MTF (u,v)
Integrate /T/ dx’ dy Integrate/dy MTF(U, v = O)
F || F
Derivate i
ESF(z) = >~ LSF()

T

Integrate / da’

Figure 3.3: Mathematical relationship between various system response functions,
including; the point-spread function (PSF), edge-spread function (ESF), line-spread
function (LSF) and the modulation transfer function (MTF).

System response functions characterise the behaviour and performance of imaging
systems. These functions describe how an imaging system reacts to an given input,
such as a point or line, and helps quantify the system’s ability to capture, process,

and reproduce images. They can be used to provide insights into the resolution,

contrast, and overall quality of the system’s output.

3.2.1 Point Spread Function

The Point Spread Function (PSF) characterizes the response of an imaging system
to a point source. The response represents how such a point of light becomes dis-
tributed or "spread" due to the limits of the imaging system such as diffraction,
aberrations and detector imperfections. Mathematically, the PSF acts as a convo-
lution kernel in the imaging process, where the observed image is a convolution of

the object with the PSF.
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3.2.1. Point Spread Function

The resultant image I(z,y) is therefore

I(z,y) = PSF(z,y) ® O(x,y) , (3.8)

with O(z,y) the object being imaged, PSF(z,y) the point spread function of the

imaging system. We use ® to denote the convolution operator.

For a well-performing imaging system, the dominating contribution to the PSF
will be diffraction. Such an imaging system is referred to as diffraction-limited. In
this case, the ideal PSF is characterized by the Airy function, which describes the

diffraction of light through a circular aperture. This is given as,

2.7, (K'r)71?
PSF airy (r) = I [W} -

_2eNA

T (3.9)

where r is the radial coordinate, Iy a normalization constant, J; the Bessel function
of the first kind, and %’ the effective wavevector of the imaging system, accounting
for the illumination wavelength A, lens numerical aperture NA and refractive index
n of the system (typically n ~ 1 for air). Figure 3.4 shows how a point-source,

under the PSF response of an imaging system generates an Airy disc pattern.
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Figure 3.4: Simulation of a THz widefield image of a point-source, leading to
an Airy disc pattern. This response is the PSF(z,y). A 1D profile of the PSF is
also shown, demonstrating the characteristic Airy profile; a central peak with two
smaller side peaks.
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3.2.1. Point Spread Function

For practical analysis of the system and its resolution, the PSF can be approximated

by a Gaussian function with variance o?.

PSF gquss(r) = exp ( ) , (3.10)

202

Figure 3.5 compares the two PSF models, showing that the Gaussian approxim-
ation remain valid for the central portion of the Airy disc. The power of the
Gaussian PSF model lies in the fact that under differentiation, integration, or the
Fourier transform, a Gaussian remains as a Gaussian with appropriately modified
parameters. This property enables straightforward derivation of related system

response functions, such as the Modulation Transfer Function (MTF).
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Figure 3.5: Comparison of the ideal Airy PSF and Gaussian PSF approximation.
Both profiles are plotting against the normalised radial coordinates for comparison.
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3.2.2 Edge Spread Function

The Edge Spread Function (ESF) represents the imaging systems response to an
idealised sharp edge; an immediate transition from complete white to complete
black, an edge with infinite contrast. It describes how the intensity transitions from
one side of the edge to the other, revealing the effects of system limitations from
diffraction and aberrations. Mathematically, the ESF is the cumulative integral of

the Point Spread Function (PSF) along the direction perpendicular to the edge

ESF(z) = [  PSF(a,y) dy . (3.11)

The primary advantage of using the ESF lies in the practicality and simplicity of
acquiring data from a sharp edge. Capturing an edge profile of a well-defined,

high-contrast edge is easy to produce, image and process accurately.

However, the ESF is inherently one-dimensional, with a single evaluation providing
information only about the dimension normal to the edge. This approach is valid for
isotropic systems. But for anisotropic systems where the resolution may vary across
different directions, such as those with high aberrations, additional measurements

are necessary to fully characterize the system’s performance.
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Figure 3.6: Simulation of a THz widefield image when imaging a high-contrast
edge. The system’s response is to spread and blur edge’s transition. The measured
perpendicular profile is shown demonstrating the loss of edge contrast.
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8.2.3. Line Spread Function

3.2.3 Line Spread Function

The Line Spread Function (LSF) represents an imaging system’s response to an
idealised line object, an infinitely narrow, high-contrast line. It describes how the
system spreads or blurs this line, revealing the effects of diffraction, aberrations,
and other system limitations on spatial resolution along the direction perpendicular

to the line.

Mathematically, the LSF is the integral of the Point Spread Function (PSF) over

one spatial dimension

LSF(z) = /_ ~ PSF(x,y) dy (3.12)

where the integration is along the dimension to the line. Therefore the 2D PSF
is collapsed into a 1D function, along a direction normal to the line. Here, Equa-

tion 3.12 assumes a horizontal line, and therefore integration along the vertical.

A key advantage of using the LSF is ease of measurement. It can be measured
by imaging a slit with a width narrower than the diffraction-limit of the system
and analysing the intensity profile perpendicular to the line. However, likewise with
ESF, the LSF can only describe the system’s response along one axis, and therefore
cannot provide an isotropic measurement without repeat measurement at various
orientations of the slit. Figure 3.7 shows a simulation of imaging a sub-diffraction
wide slit with the resulting perpendicular intensity profile, which is a measurement

of the LSF.
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3.2.4. Modulation Transfer Function
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Figure 3.7: Simulation of a THz widefield image when imaging a sub-diffraction
slit object. The system’s response is to spread and blur the line. The measured
perpendicular profile is also shown.

3.2.4 Modulation Transfer Function

The Modulation Transfer Function (MTF) characterizes the spatial frequency re-
sponse of an imaging system. It describes how effectively various spatial frequencies
in an object are transferred to the observed image. The MTF at a given spatial
frequency represents the observed contrast associated with that spatial frequency.
It provides insight into the system’s ability to preserve image detail, including the
maximum resolvable spatial frequency, allowing the resolution of a system to be

quantified.

Mathematically, the MTF is the magnitude of the Fourier transform of the PSF.

MTF (k) = | F{PSF(r)}| , (3.13)

where F denotes the Fourier transform and & is the spatial frequency and r is the
radial respectively. It is assumed in this case, the response of the system is the

same in all directions, hence the radially averaged 1D PSF is used.

To determine the resolution from the MTF, we would ideally determine the cut-off
frequency of the system, where the MTF of the system reaches zero. Practically,

accurately determining the cut-off frequency is difficult as the MTF will have an
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3.2.4. Modulation Transfer Function

associated noise-floor that will dominate before the MTF reaches zero. This makes

determination of the true cut-off spatial frequency difficult and unreliable.

Alternatively, we can define a threshold for the MTF. MTF50 is one common
metric used, which is the spatial frequency at which the MTF has reached the 50%
value. It is widely used in television and digital photography as it provides a good
subjective perceptual metric for overall image sharpness [70], yet does not provide

a good metric for resolution, in the sense of the absolute cut-off limit.

To consider resolution at its maximal limit, we can consider the MTF10 metric.
MTF10 is considered the vanishing resolution limit that correlates with the condi-
tions defined by the Rayleigh criterion [71]. This limit is therefore compatible with
other definitions of resolution and can be determined easily as it should remain
above the noise-floor of a well made MTF measurement. Both of these metrics are

shown on Figure 3.8.
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Figure 3.8: MTF curve of the Gaussian model. The common MTF50 and MTF10
resolution metrics are shown.
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3.2.5 Outlook

System response functions provide crucial insight into the response of an imaging
system, and can be used to draw quantitative measurements on the absolute res-

olution of the system.

The next section considers various experimental approach to directly measure the
Edge Spread Function, Point Spread Function and Modulation Transfer Function
of the THz imaging system. These three system response functions were chosen as
an example of measurement of a 1D, 2D and Fourier based response function. In
this case, measurement of the LSF has not be explored, as it is also a 1D system

response function, but could easily be measured as described in Subsection 3.2.3.
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3.83.  Quantitative Resolution Measurements

3.3 Quantitative Resolution Measurements

Here we will explore a series of approaches to measuring and determining the res-
olution of our THz imaging system, and then compare and evaluate each method.
Each resolution measurement method attempts to provide a quantitative measure-
ment on the resolution limit of the system by directly measuring one of the system
response functions. This allows the determination of the system’s spatial cut-off
frequency, which defines the finest detail the system can resolve. The cut-off spa-
tial frequency, kcutoff, and the system resolution, ry are inversely proportional, such

that:

1
k;cutoff = % (3.14)

Understanding the diffraction-limited performance of our THz imaging system is

an essential baseline to support later super-resolution work.

3.3.1 1951 USAF target

The 1951 United States Air Force (USAF) resolution target (Figure 3.9) is one of
many standardised resolution targets used as a basis for determining an imaging
systems resolution. For microscopy and super-resolution imaging, the USAF res-
olution target has become the de facto standard. Out of all the methods we shall
consider, it is the easiest and quickest method, as it requires no analysis of the
taken image. However, in doing so, the USAF target can only provide upper and
lower bounds for the resolution of the system. Nevertheless, this makes it a good

starting point for quantifying the performance of any imaging system.
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3.8.1. 1951 USAF target
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Figure 3.9: 1951 USAF Resolution Target. Attribution Leonhard Wimmer, CC
BY-SA 3.0, via Wikimedia Commons
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The target contains groups of six elements. Each group has a corresponding group
number and each element within a group a corresponding element number from 1-6,
with 6 denoting the smallest element in a group. The labelling defines the spatial

frequency of the vertical and horizontal bars in a element, with a line spacing in

lines per millimetre (Ip/mm) via

spatial frequency (Ip/mm) = 2 group-+(element—1)/6 (3.15)

The use of the target aims to determine an bounds on the cut-off spatial frequency of
a system, and therefore bounds on the system’s resolution. By finding the smallest
element that can still be resolved, we can determine a lower-bound for the cut-off
spatial frequency of our imaging system. The upper-bound is then therefore the
spatial frequency of the next smaller element, which cannot be resolved. Therefore
the cut-off spatial frequency of the system must reside between the spatial frequency
of the two elements. This can be done through simple observation, and therefore

requires no analysis of the taken image, which is a key advantage to this method.

USAF resolution targets are typically made from a glass substrate, patterned with
a thin-film metal layer. This produces a high contrast target for use in optical

imaing. For use in the THz band however, a more suitable choice is copper-clad
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3.8.1. 1951 USAF target

FR4 board, a material that is commonly used in making electronic circuit boards.
FR4 is a fibreglass composite dielectric substrate that is more transparent than
glass at THz frequencies [72]. The 35 pum thin film copper-layer on the other-hand
is opaque and highly reflective. Copper-clad FR4 board can be readily machined
using a CNC milling machine, allowing for micron sized features to be achieved

easily. The produced USAF target for use in the THz is shown in Figure 3.10.

Figure 3.10: Photo of the USAF target manufactured for this work, the top
35 pum layer of copper is removed to produce a positive mask. At 0.55 THz the
copper layer reflects the THz illumination whilst the underlying FR4 substrate is
transparent, making it an ideal transmissive mask. The Group 0 Elements 1 and
2 which are imaged later are highlighted by the red dashed box.

Previous work [37] has demonstrated that the THz imaging system has a cut-off

spatial frequency on the order of 1.00 mm™!.

This corresponds to Element 1 in
Group 0 on the USAF target, therefore to verify this previous measurement and
determine a better bounds of the cut-off spatial frequency, we image Element 1 and

Element 2 from Group 0. These elements are highlighted in Figure 3.10 and the

resulting widefield image is shown in Figure 3.11.

As can be seen from the widefield image, only Element 1 can be resolved, with clear
vertical and horizontal bars. Element 2 is poorly resolved, with the vertical and
horizontal bars being undistinguished. Just through this observation alone we can

apply the bounds onto the spatial cut-off frequency of the THz imaging system.
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3.8.1. 1951 USAF target

—
1 mm

Figure 3.11: Widefield THz image of a portion of the USAF target, corresponding
to Group 0, Elements 1 and 2. A 1 mm scale bar is included.

1.00 mm ™' < keytof < 1.12 mm™*

Where the lower-bound is derived from the spatial frequency of the resolved bars
of Element 1, and the upper-bound is derived from the spatial frequency of the
unresolved bars of Element 2. Using Rayleigh’s criteria, we can further derive
bounds for the system’s effective numerical aperture which will prove useful for

later simulations and design.

0.332 < NA.g < 0.352
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3.3.2. Single pinhole

3.3.2 Single pinhole

A pinhole can be used to approximate, to good order, a point source when the
diameter of the pinhole is smaller than the diffraction limit of the imaging system.
Imaging such pinhole, can allow for a measurement of the system’s point-spread
function. For a non-aberrated imaging system, the resulting image will be the Airy

disc profile (Equation 3.9) [68].

We can anticipate the size of the pinhole required by considering Rayleigh’s criteria
(Equation 3.6). Using our earlier estimate of the effective numerical aperture es-
timate of NA.g = 0.35 and the illumination wavelength of A = 545 pum, our pinhole
must be sized on the order of dpinhole < drayleigh ~ 950 pm. Therefore we opted to

use a 250 pm pinhole, which was illuminated by the collimated THz illumination.
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Figure 3.12: Measurement of the PSF through imaging a single pinhole. (Left)
The widefield image of the resulting diffraction pattern through the pinhole, the
center of the pinhole is marked by the red dot and the first Airy minima by the
white dashed circle. (Right) The mean radial profile of the pinhole with a fitted
Airy function, which is used to determine the resolution of the system.

The resultant widefield image of the pinhole, and the mean radial profile of the
pinhole’s diffraction pattern is shown in Figure 3.12. The widefield image shows
the characteristic Airy disc pattern, demonstrating the pinhole is sufficiently small

to behave as a point-source.
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3.8.3. Slanted Edge Method

To characterize the resolution, the Airy diffraction profile (Equation 3.9) is fitted
to the mean radial profile, allowing extraction of rg, the position of the first Airy
minimum. By definition of the Rayleigh criteria, the first Airy minium corresponds
to the resolution of the system. Here, g = 0.96 £+ 0.03 mm, where the uncertainty
is derived from the uncertainty in the fit parameters of the Airy diffraction profile.
This corresponds to a cut-off spatial frequency of keytog = 1.04+0.03 mm~", which

is within the bounds determined by the USAF resolution target.

3.3.3 Slanted Edge Method

Figure 3.13: THz widefield image of a slanted edge. The red line denotes the
leading edge and the centre position for sampling. The adjacent dashed lines in-
dicate the sampling region of interest.

The slanted edge method aims to measure the Edge Spread Function (ESF) and
subsequently derive the Modulation Transfer Function (MTF) of the system, and
is a standardised method under ISO 12233 [73]. It involves capturing a widefield
image of a slanted knife-edge, and measuring the gradient on the transition from
black to white. The angled position ensures the knife edge does not align to the
imaging sensors pixel grid so that the knife-edge transition can be over-sampled by
the imaging sensor. This prevents aliasing artifacts in the image that arises from
poor sampling [74]. By sampling perpendicular to the knife edge, the transition in

contrast can be measured. This profile, by definition, is the ESF of the system.

Through the relationship between system response functions (Figure 3.3) we can

o4



3.8.3. Slanted Edge Method

derive the Line Spread Function (LSF) by differentiation of the ESF, and then the
MTF can be derived through the Fourier transform of the LSF. With the MTF, the
system’s spatial cut-off frequency and therefore resolution limit can be determined.
This method provides a practical and reliable assessment of spatial resolution, as
the imaging target is simple and easy to construct. The method is applicable
for almost any imaging system and has been used in infrared [75], x-ray [76] and

neutron imaging [77].

For THz imaging, a simple metal knife edge provides excellent contrast and fits
easily into the camera’s field of view. Figure 3.13 shows a widefield image of a
knife edge in our THz imaging system. The transition line is highlighted in red,

and the sampling region of interest is bound by the two dashed lines.

The intensity value of each pixel within the sampling region is plotted as a function
of perpendicular distance from the transition line, as show in Figure 3.14. The mean
profile could then be calculated before the Gaussian error function is fitted. We
chose the error function to model the ESF, as we can analytically derive the MTF

through the described relation,

MTF (k) = I{CZCESF(;U)}

=F {jx erf(z, 0)}
= F { gaussian(z,0) }

= TR (3.16)

Where F denotes the Fourier transform, and o is the standard deviation of the
Gaussian function, and therefore the ‘sharpness’ parameter of the ESF. We can
therefore determine an analytical Gaussian model of the MTF directly from the fit
parameters of the error function. This allows the spatial cut-off frequency of the
system to be analytically determined by calculating the MTF10 value, correspond-

ing to the Rayleigh resolution (as show in Figure 3.14).
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3.8.3. Slanted Edge Method
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Figure 3.14: (Left) Experimental data taken from the slanted edge, many perpen-
dicular samples are taken to generate a mean profile of the Edge Spread Function,
ESF(z). A Gaussian error function model is fitted to the mean profile. (Right)
The resultant Modulation Transfer Function, MTF(k). The MTF is a Gaussian
as it is the derivative of the fitted ESF model. Using this Gaussian model of the
MTF, the MTF10 value is determined to be keytog = 1.05 £ 0.01 mm™!.

Using Equation 3.16 and our ESF fit parameters, we can determine the cut-off
spatial frequency keutoft, such that MTF (kcytor) = 0.10. This results in a spatial
cut-off frequency of keytor = 1.05 + 0.01 mm ™! which corresponds to a resolution

limit of rg = 0.95 & 0.01 mm.
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3.8.4. Siemen Star

3.3.4 Siemen Star

(a) 16 spokes (b) 64 spokes
Figure 3.15: Two Siemen stars with differing number of spokes, offering a different
range of spatial frequencies that can be resolved and analysed.
The Siemen star (Figure 3.15) is an image target used to directly reconstruct the
MTF of an imaging system. Made from alternating black and white spokes eman-
ating from a central point, the Siemen star hosts a range of spatial frequencies that
can be sampled by concentric sampling circles of radius, r. The sampled spatial

frequency, k, is given by

k(r) = - (3.17)

2mr’

where N is the number of (black) spokes the target has. The MTF will affect the
contrast of the spokes fringes at different sampling radii, as the spatial frequency
differs. By measuring the average fringe contrast for a given sampling circle, the
MTF wvalue at the corresponding spatial frequency can be determined. Sampling
circles with smaller radii probe higher spatial frequencies which will exhibit lower
fringe contrast as they are attenuated more by the system’s MTF. At the spatial
cut-off frequency of the system, the fringe contrast is zero as we reach the system’s
limit to resolve finer detail. Sampling across multiple radii, and therefore spatial

frequencies, allows the reconstruction of the MTF.

57



3.8.4. Siemen Star

For the Siemens Star target, the modulation contrast, also known as the Michelson

contrast [78] or wvisibility is used, which is given as:

Imax - Imin
C=—""——. 3.18
Imax + Imin ( )

Where I, is the peak intensity value of a white spoke, and I,;, the minimum
intensity value of a black spoke. For N spokes, a total of 2N contrast values can
be calculated, allowing for determination of the mean average and uncertainty in

the contrast.

Selecting the number of spokes N is an important choice to ensure the measured
MTF is well sampled across the relevant spatial frequency range. Too few spokes
results in poor sampling at high spatial frequencies, whereas too many spokes
will quickly sample spatial frequencies beyond the cut-off frequency of the MTF,
resulting in a large portion of the target with zero fringe-contrast. Figure 3.16
shows an ideal case where only the smallest sampling radii have near-zero fringe

contrast.

Cy =0.08

Figure 3.16: Sampling demonstration for a 16 spoke Siemen star that has been
attenuated by an ideal MTF. Concentric circles sample increasing spatial frequen-
cies with decreasing radii. For each sampling the fringe profile is shown with its
calculated fringe contrast value.
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3.8.4. Siemen Star

Figure 3.17: THz Siemen Star target with 8 spokes, manufactured from copper-
clad FR4 board for this thesis. The number of spokes is optimized to sample across
the expected MTF spatial frequency range.

For our THz imaging system, a N = 8 Siemens star target was produced by CNC
milling FR4 copper-clad board, as shown in Figure 3.17. This produces a large
range of spatial frequencies that can be sampled within the THz imagers field of

view, which has a maximum sampling radius of r = 5 mm.

The target is placed at the imaging plane of the THz imaging lens with the THz
illumination centred onto the centre of the Siemens star. The produced widefield
image is shown in Figure 3.18, with annotations for the estimated centre-point of
the star and the smallest (r = 1.75 mm) and largest (r = 4.85 mm) radii sampling
circles used during analysis. The lower radii bound was chosen as the fringe contrast
at lower radii quickly dropped to zero. The range of radii means a sampling spatial

frequency range 0.26 mm™' < k& < 0.73 mm™".

Fifteen sampling circles, of equally spaced radii, were used to cover between the
upper and lower radii limits. For each of the sampling circles, the mean average
contrast and standard error was calculated. The number of sampling circles was
chosen to minimise the standard error in each measurement. The resulting contrast

values are shown in the right-hand plot of Figure 3.18.
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3.8.4. Siemen Star

Gaussian MTF
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Figure 3.18: (Left) Widefield THz image of the N=8 Siemen star target, an-
notated with the center point, the smallest (blue) and largest (red) radii sampling
circles. (Right) The measured MTF contrast values from each subsequent sampling
radii, the two contrast values from the two shown radii extremes are colour coded
accordingly. A Gaussian MTF model is fitted to the data and is used to evaluate
the MTF10 value.

Like the slanted edge method, we fit the Gaussian MTF model to the data. From
there, we can deduce the cut-off spatial frequency from the MTF10 level, this is
indicated on the plot and resulting in a value of keytof = 1.01 & 0.23 mm~! which

corresponds to a resolution of rg = 0.99 & 0.24 mm.

This follows the previous resolution measurements, but with significantly higher
uncertainty as a result of the poorer fitting of the Gaussian MTF model, which
is a result of the high uncertainty in each measured contrast value. This due to
several factors. Firstly, the target needs to be uniformly illuminated, such that
the contrast between of all spokes are equal. In our widefield image, this is clearly
not the case, with some spokes being brighter than others. This effect is partially
negated through the use of Michelson contrast, which accounts for the relative
contrast between spokes, but this is still not ideal to ensure a tightly distributed

set of contrast values per sampling circle.

Second, there is clear unwanted structured in the widefield image, especially in the

form of dark bands along the illuminated spokes. This is a result of interference of
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3.3.5. Comparison

the coherent illumination. The interference is exacerbated by the THz illumination
readily diffracting at the centre of the target, which is due to the spacing between
the spokes approaching the scale of the illumination wavelength. As a result, the
centre portion of the target acts as a diffraction grating. This could be negated
by blocking the centre portion of the target with an annulus, which would reduce
diffraction effects and potentially allow for smaller sampling circles to probe higher

spatial frequencies.

Overall, the Siemens star target provides insight into the MTF of the THz imaging
system with, in this instance, providing a spatial cut-off frequency measurement
that broadly aligns with the other measurement methods. In order to provide
a reliable measurement of the spatial cut-off frequency, a better design of such
target for use in THz imaging is required. With a design to reduce diffraction and
interference from coherent illumination, while still probing the appropriate spatial

frequencies needed to reconstruct the MTF.

3.3.5 Comparison

Table 3.1: Comparison of the quantitative resolution measurements used to de-
termine the widefield imaging performance of the THz imaging system.

Method Keut-off (mm~1) Resolution ro (mm)
USAF Target 1.00 <k < 1.12 0.89 < r < 1.00
Single Pinhole 1.04 £0.03 0.96 £+ 0.03
Slanted Edge 1.05 + 0.01 0.95 4+ 0.01
Siemens Star 1.01 +0.23 0.99 4+ 0.24

Table 3.1 summaries the measured cut-off spatial frequency and resolution for each
explored method. All methods show consistent resolution values within their stand-
ard errors, except for the Siemens target, and therefore demonstrates good agree-
ment to high precision. This provides confidence in the determined resolution

values.

Since all measurements show good agreement, the slanted edge method results will

be used to characterize the THz imaging system due to their lowest uncertainty.
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3.4. Conclusion

Therefore the spatial cut-off frequency and spatial resolution of the THz imaging
system will be taken as keyof = 1.05 + 0.01 mm~' and ro = 0.95 4+ 0.01 mm
respectively. The effective numerical aperture can also be calculated to be NA g =

0.35 £ 0.01.

3.4 Conclusion

To conclude, this chapter discussed how the resolution of an imaging system ul-
timately depends on the definition used, with the Rayleigh criterion being chosen

due to its foundation in diffraction theory.

The chapter explored the concept of System Response Functions, which define how
an imaging system responds or transforms an input. These definitions were tied
to Rayleigh’s definitions of resolution. This allowed the exploration of different
methods for measuring the various system response functions directly, and make
a determination of the spatial cut-off frequency of the THz imaging system and

therefore a determination on the spatial resolution.

These methods were compared on their effectiveness, noting that all methods with
the exception of the Siemen Star approach allowed for reliable measurement of
resolution. This will provide a good baseline for the next chapters where were

explore super-resolution imaging.
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CHAPTER 4

Structured Hlumination

Super-Resolution Imaging

This chapter explores the concept of structured illumination super-resolution ima-
ging and the Fourier-based mathematics behind how a structured illumination
enables an imaging resolution that exceeds the diffraction limit. I then present
simulation work that shows the technique remains feasible at the THz band, before

demonstrating how to implement the technique experimentally.

4.1 The Structured Illumination Concept

Super-resolution imaging through structured illumination was first conceived by
Gustafsson in 2000 [46] for use in microscopy, demonstrating a two-fold resolution
improvement over conventional wide-field imaging and therefore beating the dif-
fraction limit. Now known as Structured Illumination Microscopy, SIM has had a
profound impact on fluorescence microscopy, enabling high-resolution imaging of
live cells with low phototoxicity and fast acquisition speeds, making it a crucial tool
for studying dynamic biological processes at the subcellular level [79, 80]. While
SIM becomes a misnomer when used outside the context of microscopy, we shall

refer to the technique as such for clarity.

SIM is easy to understand conceptually, as it is the application of the moiré effect.
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4.2. Theory

Figure 4.1: Moiré fringes from two similar patterns at differing angles. The
change in angle shows different generated spatial frequency fringes through spatial
frequency beating.

When two fine pattern are superimposed on top of each other, their (multiplicative)
overlap results in a spatial frequency beat pattern, known as moiré fringes. For
the case in Figure 4.1, moiré fringes can be generated from two identical patterns
overlapping with an orientation offset. A larger offset angle resulting in finer moiré
fringes. Overall, the moiré fringes that are produced have much coarser detail than
either of the two overlapping input patterns. For an imaging system where the
detail of either (or both) input patterns are too fine to be resolved, the much coarser
moiré fringes may be. Therefore the moiré fringes encode the finer unresolvable
detail of the input patterns, which are made accessible through resolvable coarser
fringes. To recover this fine, high resolution information about our sample object,

the structure of our patterned illumination must be precisely known.

4.2 Theory

For any widefield imaging system, the formed image at our detector plane, D(r) is

D(r) = [S(r)- I(r)] ® H(x) + N(r) . (4.1)

Where r = (x,y) is the spatial position vector, and ® is the 2D convolution oper-
ator. S(r) is the sample object being imaged, and I(r) is the incident illumination
on the sample. S(r) - I(r) therefore represents the optical response of the illumin-

ated sample, which may occur through transmission, reflection, or fluorescence.
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4.2. Theory

H(r) is the Point Spread Function (PSF) of the imaging system, defining how the
optical response information is transformed as it passes through the system. N(r)
is the cumulative additive Gaussian noise, associated with stochastic processes in
the imaging process, primarily arising from detector read-out noise. We can un-

derstand the imaging equation schematically in Figure 4.2.

Figure 4.2: Pictorial representation of the imaging equation as define by Equa-
tion 4.1 when applied with a sinusoidal structured illumination and convolved with
an example point spread function.

This imaging equation (Equation 4.1) serves as the starting point to understand
the SIM concept. Ultimately the power of the SIM technique lies in the structured
illumination incident on the sample. Traditionally, SIM uses a sinusoidal patterned

illumination:

1
Igo(r) =1Ip |1 — 5 C08 2mpg-r+ )| . (4.2)

Here pyp = (p-cos 6, p-sin ) is the spatial frequency vector of the sinusoidal illumin-
ation and I is the peak intensity of the illumination. The illumination is defined
by two angles: 6, which sets the orientation of the illumination pattern, and ¢, the

phase of the illumination. To avoid the need for 'negative-light’, the illumination
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4.2. Theory

includes a DC offset, ensuring that the intensity remains strictly positive across

the field of view.

In order to recover the higher resolution information encoded within the generated
moiré patterns, we must move from the real space domain to the spatial frequency
domain by taking the Fourier transform. This is essential, as it allows for the
separation of the various spatial frequency components which are needed to re-
construct our super-resolution image. For our Fourier transformed quantities, we
denote them with a tilde ~ and note the change of variable r — k from the spatial

coordinate to the spatial frequency coordinate.

The Fourier transform of our imaging equation is given as:

Dyg(k) = [S(k) ® Ip (k)] - H(k) + N(k) , (4.3)
where S(k) is the Fourier spectrum of the object, jg@(k) is the Fourier spectrum
of the illumination , H (k) is the Optical Transfer Function (OTF) of the system

and N (k) is the noise.

We note that under a Fourier transform, multiplication in real space corresponds
to convolution in Fourier space, and vice versa. Therefore in the Fourier domain,
the object S(k) and illumination Iy 4(k) undergo a convolution with each other

leading to moiré-like spatial frequency mixing.

In the Fourier domain, our structured illumination is given as,

= 1 1 : 1 .
Iyo(k) = 5 |0(k) + 50(k + po)e™” + Sd(k —pg)e ™|, (4.4)

where (k) arises from the DC component of the illumination, and 6(k & pg)e™?,

from the cosine component.
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4.2.1. Fourier Band Separation

Pairing the structured illumination with our imaging equation (combining Equa-

tion 4.3 with Equation 4.4) we find,

D _d S(k + pg)e” + %S”(k —po)e | -H(k)+N(k), (45)

Dy,o(k) = 5 §(k)+%

Here, our detected image is the result of a linear combination of spatial frequency
content bands; a central unshifted band S(k)H (k) and two shifted bands S(k =+
po)H (k). This is a consequence of the convolution shifting property of the o-
function (see Appendix A). We therefore have encoded higher spatial frequency
information, from the shifted Fourier bands, into our detected widefield image.
Subsequent steps will explain how we can recover this encoded information to

reconstruct a super-resolution image.

4.2.1 Fourier Band Separation

‘ S0+ po) 10
Pt | N L

—h— O

\ ‘ S(k — o) H(k) /1/)

\
Figure 4.3: SIM reconstruction schematic. The detected image f)g,d,(k) is a linear
combination of three shifted Fourier bands, that once separated can be combined
to produce a Fourier spectrum of increased extent.

S(k)H (k)

-
~——

The aim of the reconstruction process is to successfully separate the three, currently
overlapping, Fourier bands S(k), S(k + pg) and S(k — pg) from our recorded
image D9’¢(k). These separated Fourier bands can then be accurately shifted to
their correct locations and combined to reconstruct a larger Fourier spectrum of
our sample, including higher spatial-frequency content and therefore producing an

image with enhanced resolution.
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4.2.1. Fourier Band Separation

To solve for the three distinct Fourier bands, we can use Equation 4.3 with its free
parameter ¢, the phase of the illumination, to form a set of three linear equations.

Using matrix notation,

Do 4, (k) 1 e le—in S(k)H (k) N (k)
5 I . , N N N
Do, (k)| = 5 |1 3e® e8| |S(k+pg)H (k)| + | Na(k) (4.6)
Dy 4, (k) 1 Les lemi92| |S(k—po)H(k)| |N3(k)
M

To recover the three distinct bands requires three images of the sample, under
structured illumination with differing phases. Typically the chosen phases are

equidistant with ¢; = 0, ¢ = 2 and ¢35 = 4.

Solving the system of equations, under the matrix notation, requires the inverse

matrix M L.

S(k)H (k) Dg g, (k)
Sk + p)H(K)| =M | Dy 4, (k) (4.7)
S(k — pg)H (k) Dy g, (k)

For now, we have ignored the noise terms, which can be accounted for with later

processing. It has been shown that M~! has the analytical solution [81]

etAda3 _ o—ildaz  Lilgs1 _ e—iA¢31) etAd2a1 _ o—iAgn
1 ) ) ) ) )
M ! = x 2(e's — ewﬁz) 2(e!®r — ¢i93) 2(61052 — i) (4.8)
2<e*i¢>3 _ e*i¢2) 2(671'@51 _ e*i¢3) 2(€*i¢>2 _ e*i¢1)

where

A = tAb21 _ —iAd2 _ JiAd3 + e 1Adn + RIS + e~ 1Ad32

Az = ¢2 — ¢3
A¢31 = ¢3 — ¢1
Agpo1 = g2 — P1
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4.2.2.  Deconvolution

4.2.2 Deconvolution

Through the inverse, M~!, we can solve the system of equations and separate the
three distinct Fourier bands. Each band, while separated, is attenuated by the
OTF of system, which reduces the amplitudes of the higher spatial frequencies
in the band. This leads to suppression of finer details and therefore limits the
resolution. Therefore, in order to achieve a two-fold improvement in resolution,
a deconvolution step is employed to recover the attenuated spatial frequencies in

each Fourier band.

However, the convolution operator in non-invertible, that is, it has no direct inverse.

As a result, deconvolution is instead approximated through algorithmic techniques.

S(k) = deconvolve{ S(k)H (k) } ) (4.9)
S(k + py) = deconvolve { S(k+ py) (k) } . (4.10)

These algorithms attempt to estimate the non-attenuated signal when provided
with an estimate of the Optical Transfer Function. Many deconvolution algorithms
have been adapted and demonstrated for the use in SIM [82-86] including Wiener
filtering [87] and the Richardson-Lucy algorithm [88]. These algorithms also provide
a denoising effect, which helps suppress noise present in the Fourier bands that we

ignored during the band separation step.

4.2.3 Band Shifting

Before each Fourier band can be combined to form a super-resolution image, each
band must be properly shifted to its true positions. For S (k+pg) the true position
of the bands are centred at +py. The bands are shifted by using the Fourier shift

theorem [68], which states:
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4.2.4. Reconstruction

Si(k+pg) =7 | F " {S(k £ py} - eF2Por)] (4.11)
Where .# and .Z ~! represents the Fourier transform and the inverse Fourier trans-
form respectively. Shifting the bands mathematically allows for sub-pixel position-

ing, which is crucial for avoiding reconstruction artefacts to the final image.

4.2.4 Reconstruction

Lastly, the different Fourier bands can be combined to produce an extended Fourier
spectra. We achieve maximum shifting of the Fourier bands when the illumination
spatial frequency equals the cut-off spatial frequency of the system |pg| = Keutoft-
Under this condition, the extent of the Fourier spectra is increased two-fold along
one axis, leading to a two-fold improvement in resolution. To improve the extent
in all directions, such that there is an isotropic resolution improvement, we must
change the illumination orientation, 6, to acquire additional distinct Fourier bands
along additional axes. Three angular orientations are often used, 6 = 0°,120°, 240°,
which enables the construction of complete Fourier spectra with up-to twice the
extent than would be possible from widefield imaging alone. Through the use of
three orientations, each with three phases means a standard SIM reconstruction
requires nine raw input images. These nine raw images results in seven distinct
Fourier bands, as the central Fourier band is recovered once per orientation. Ad-
ditional orientations can be used, however with diminishing returns, as the gains

in new spatial information is marginal [89].

Figure 4.4 shows the seven distinct recovered Fourier bands and how they combine
to reconstruct a Fourier spectrum of increased extent. Theoretically, SIM can
produce a two-fold improvement in image resolution as the extent of the image’s
Fourier spectra is doubled. This requires the illumination spatial frequency to be
equal to the system’s cut-off spatial frequency to produce a maximal shifting of

the additional Fourier bands. In practice, this is challenging as the illumination
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4.2.4. Reconstruction

Figure 4.4: The seven recovered Fourier bands - each band contains a shifted
zero-frequency peak that helps position each band correctly to produce a complete
super-resolution Fourier spectrum.

pattern becomes poorly resolved due to strong attenuation of the higher spatial
frequencies passing through the imaging system. This leads to low signal-to-noise
and poor recovery of the encoded high spatial frequency information. Therefore,
the optimal illumination frequency will be lower than the theoretical maximum,

leading to a reduction in resolution improvement.

Under low-noise conditions, the distinct Fourier bands can be combined through

simple addition,

03
Dena(k) = 3 555(0) + 8.k + p) + 5s(k — py) (4.12)
0=061

Finally, the inverse Fourier transform of the extent Fourier spectra can be taken,

producing the super-resolution result.

Dsna(r) = 7 [ D (k) (4.13)
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4.2.5 Additional Comments

The outlined theory and reconstruction provides an initial and functional overview
of the SIM process, highlighting the key concepts to understanding how super-
resolution is attained. While, as a concept, SIM appears straightforward, in prac-
tice successful SIM reconstruction from experimental data is a highly nuanced and
sensitive process. The most common problem faced with SIM, is the formation of
reconstruction artefacts in the final super-resolution image. These include ghosting,
where faint duplicates of an image structure are imposed on top of each other, and
ringing where oscillatory patterns occur around sharp, high contrast edges. This
is due to inaccuracies in determined parameters, such as the spatial frequency and

phase of the illumination.

Throughout the history of SIM, there has been an on going effort for develop-
ing reconstruction techniques that are more robust under a variety of real-world
conditions. This includes better algorithms that can determine the illumination
spatial frequency and phase to accuracies as high as A\/500 [90], parameter-free de-
convolution algorithms [88] and additional post-reconstruction filtering to suppress

remaining image artefacts [91].

This has led to a highly subjective reconstruction process, dependent on the user’s
imaging requirements. For this chapter, a more fundamental implementation will
be followed to demonstrate THz super-resolution imaging with minimal reliance
on post-reconstruction processing. Allowing for a better evaluation of the SIM

technique.
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4.3 Simulation

A key aspect of structured illumination microscopy (SIM) that remains unexplored
is the range of spatial scales over which the technique remains valid. While extens-
ively demonstrated in the optical domain across various imaging modalities, SIM

theory does not inherently define constraints on its applicability to the THz band.

With wavelengths spanning 10—100 pm, the THz wavelength range is three orders
of magnitude larger than optical wavelengths. Therefore despite the larger FOV
when compared to a typical optical microscope, when compared in units of the
illumination wavelength, the THz imaging system operates on a much small relative
FOV, as shown in Table 4.1. This raises the fundamental question: is there a
spatial scale beyond which the SIM concept breaks down, potentially restricting

its feasibility for our THz imager?

As seen in Table 4.1, the relative FOV of the THz imaging system is ~ 2.28 small
in the linear dimension when compared to optical SIM, and therefore samples a
relative area that is ~ 5.2 smaller. The numerical aperture of the THz imaging lens
is also much smaller than those used in SIM. With a NA of 0.35 results in a much
larger widefield resolution of 1.74 A. In comparison, optical SIM takes advantage
of commercial high-performance microscope objectives which can operate with a

NA as high 1.2 leading to a widefield resolution limit of 0.51 A.

This difference not only affects the THz system’s ability to resolve finer details in
widefield images, it also restricts the highest possible resolved spatial frequency
of the structured illumination. While this alone should not impact the x2 gain
Table 4.1: Comparison of properties and scales for typical widefield SIM and

our THz imaging system. Including the Field of View (FOV), Numerical Aperture
(NA) and the Rayleigh Limit for resolution.

A FOV FOV (A\) NA Rayleigh Limit

Optical SIM [92] 488 nm 20 x 20 um ~41 x41 1.2 0.51 A
THz Imaging [37] 545 yum 10 x 10 mm ~ 18 x 18 0.35 1.74\
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in resolution through SIM, it may introduce sampling errors, due to the limited
number of resolved fringes within the FOV, such that the SIM technique breaks

down.

We can calculate the maximum number of fringes across the FOV by considering
each system resolution limit. For optical SIM, with a fringe spacing of 0.51\ a
maximum total of ~ 80 bright and dark sinusoidal stripes can fit within the FOV.

For the THz imager, this is limited to approximately ~ 10.

This significantly reduces the spatial frequency content available for super-resolution
reconstruction. While this is to be expected, as we are inherently sampling lower
spatial frequencies in the THz regime, the reduced density of illumination fringes
could impact the reconstruction process, particularly in terms of Fourier sampling.
The extreme limit to this would be a sample illuminated by a single sinusoidal
fringe, in which case, the three phase shifts would only modulate the overall image
intensity rather than provide meaningful spatial frequency information, rendering

SIM ineffective.

Therefore, through simulation, we need to validate whether our THz imaging sys-
tem can support a sufficient fringe density to ensure adequate Fourier sampling

and enable accurate super-resolution reconstruction.

4.3.1 Implementation Details

A simulation, based on the physical properties of the THz imaging system (shown
in Table 4.1) was produced to demonstrate the effectiveness of the SIM technique at
0.55 THz. For this simulation, noise is ignored, as the primary focus is to validate
the SIM method at THz frequencies. To model the properties of the THz imaging
system, we use an ideal Optical Transfer Function (OTF) model that accounts for

spatial cut-off frequency of the system.
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The ideal OTF [93, 94] is given as,

OTF(v) =

3w

(arccos(\y\ — |v|V1- 1/2) (4.14)

where v is the normalized spatial frequency v = k / keytof, With keytor being the

maximum spatial frequency the OTF supports.

The sample object is the simulations input image, and is defined on a 500 x 500
pixel grid and represents the 10 x 10mm field of view. This therefore corresponds
to a pixel size of 20pum. This similar to the pixel scale of the optical camera used

in the THz imaging system.

For this simulation, we opted to use a binary mask as the sample object, repres-
enting a simple transmission mask. However, the simulation is not restricted to
binary inputs and can represent more complex sample objects through greyscale
input images. The input image illuminated by a perfect structured illumination,
as described in Equation 4.2. The spatial frequency of the illumination was chosen
to be p = 1 mm™" which corresponds to a fringe spacing of d = 1 mm for a total

of ten fringes across the FOV.

For given illumination orientation, three illumination phases of ¢ = 0°,120°,240°
were used to generate three raw SIM images. The Fourier bands for the given
orientation are then recovered using the inverse of the matrix that describes the
system of equations laid out by Equation 4.6. Rather than computing the inverse
matrix using the analytical form given by Equation 4.8, it is numerically computed

for convenience.

As the simulation is noise-free, and the OTF is known exactly, the deconvolution
step can be approximated through simple division of the Fourier band by the OTF.

A small value € = 1079 is added to the OTF to avoid divide-by-zero errors.

The two shifted Fourier bands corresponding to g(k + py) are then shifted to

their true positions in Fourier space via the Fourier shift theorem (Equation 4.11).
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Applying sub-pixel shifts to the Fourier bands, which are necessary for precise re-
construction, introduces interpolation artifacts. This occurs because the Fourier
bands are represented on a discrete pixel grid and therefore applied Fourier trans-
form discrete also. When a sub-pixel shift is applied, it corresponds to a fractional
displacement that does not align with the sampling grid. Consequently, interpola-
tion is required to estimate values between grid points. The existing discontinuity
at the boundary edge of the Fourier band, is one such interpolation artefact, caus-
ing spectral information to "bleed" beyond the extent of the OTF, as shown in

Figure 4.5.

Without masking With masking

Figure 4.5: "Bleed-through" effect in the Fourier band due to sub-pixel shifting
and how it can be cleaned through appropriate masking. The chosen masking is
shown by the dashed white line. Note how the masking is centred around the
position shifted OTF not the centre of the Fourier spectrum.

Reducing the discontinuity through apodization [81] can alleviate interpolation
artifacts. However, since the bleed-through of spectral information occurs outside
the OTF, it can be effectively removed by applying a circular mask with a radius

equal to the OTF’s extent.

The process is then repeated for a total of three orientations 8 = 0°,60°,120°,
producing seven distinct Fourier bands (one central band and six additional bands).
These bands can be combined to produce the near-isotropic super-resolution Fourier
spectrum. A weighted mean is used to merge the bands, properly accounting for

the overlapping regions of the Fourier bands.

Finally, the super-resolution image is acquired by taking the inverse Fourier trans-
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form of the extended Fourier spectrum. The increased extent of the spectrum

corresponding to higher spatial frequency detail and therefore improved resolution.

4.3.2 Results

Widefield SIM Deconvolved SIM

Real space

— — —
1 mm 1 mm 1 mm

Fourier space

Figure 4.6: Simulation results for a test target of the Greek letter ¥ at 0.55 THz.
Widefield, super-resolved, and deconvolved super-resolved images are presented,
each accompanied by their corresponding Fourier spectra. The super-resolved im-
ages exhibit an extended Fourier spectrum, indicating enhanced spatial frequency
content and, consequently, improved spatial resolution when compared to the wide-
field image.

The results of the simulation are presented in Figure 4.6, where a binary mask of

the Greek letter W is used as the sample object.

A total of nine raw SIM images—captured at three orientation angles, each with
three phase shifts—are simulated and subsequently used to reconstruct a super-

resolution image.

Three simulated images are shown: a widefield image, a reconstructed SIM image,
and a deconvolved SIM image. Each is accompanied by its respective Fourier

spectrum to illustrate the spatial frequency content.
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4.3.2. Results

The widefield image represents the expected appearance of the mask under uni-
form illumination, formed by the product of the mask and the system’s OTF. At
0.55 THz, sharp edges are poorly resolved as the high spatial frequency informa-
tion of the object is cut off by the low-pass filtering of the OTF. This is reflected
by the Fourier spectrum’s limited circular extent, which cuts off the higher spatial

frequency information.

The SIM image exhibits sharper edges around the ¥ mask, demonstrating the resol-
ution enhancement achieved through structured illumination. Some artifacts, such
as added texture within the W, arise due to errors introduced by Fourier interpol-
ation during band shifting. However, the overall reconstruction remains accurate.
The completed SIM reconstruction integrates seven Fourier bands, resulting in a
spectral extent almost x2 larger than that of the widefield image. The two-fold

increase in spatial extend allows for a theoretical two-fold improvment in resolution.

Despite the increased spectral extent, the finest details in the image suffer contrast
loss due to attenuation of the Fourier bands. This is corrected in the deconvolved
SIM image, which features the sharpest edges but introduces additional artifacts,
such as a dark shadow line along the mask’s center. While the spectral extent
remains unchanged from the standard SIM image, deconvolution compensates for
the OTF’s attenuation of high spatial frequencies, enhancing contrast in fine details.

The result is sharper, better resolved mask edges.

The simulation results demonstrate that SIM is effective at THz wavelengths. Des-
pite initial skepticism, the technique achieves nearly a twofold increase in spectral
extent compared to widefield imaging, successfully recovering high spatial frequen-
cies and enhancing image resolution. While minor artifacts are introduced through
Fourier interpolation and deconvolution, these do not compromise the overall ac-
curacy and contrast of the reconstructed images. Thus, SIM presents a viable
approach to overcoming the resolution limitations inherent in conventional THz

imaging systems.
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4.4 Generating Structured THz Illumination

Arguably, the most important requirement for Structured Illumination Microscopy

is the precise generation of structured illumination itself.

The development of SIM has seen a multitude of techniques developed for gen-
erating high quality sinusoidal illumination [95-98]. Gustafsson’s original imple-
mentation [46], now known as two-beam SIM, relied on two-beam interference to
produce a sinusoidal fringe pattern. This is achieved using a diffraction grating to
split an incident laser beam into multiple diffraction orders. Only the 1 orders are
retained, while all others are blocked. The resulting beams are then focused onto
the sample, where they interfere to form the structured pattern. Control over the
illumination’s phase and orientation was achieved by translating and rotating the
diffraction grating. Through this approach, Gustafsson could produce fine, high

quality fringes with a contrast > 70%.

A key challenge in generating structured THz illumination is the precise align-
ment of optical components, essential for achieving well-controlled, high-quality
structured patterns. Unlike optical and infrared imaging, THz imaging lacks dir-
ect visual alignment methods, as conventional aids like beam cards and viewing
screens are ineffective. Without such tools, alignment must be inferred entirely

from observations at the detector plane.

As a result, Gustafsson’s approach becomes impractical at the THz band, as it
requires precise polarisation control, diffraction grating alignment, diffraction or-
der masking, and two-beam focusing on the sample plane to ensure high-quality
structured illumination. A crucial design objective for THz structured illumination
generation, therefore, is to ensure that precise alignment can be easily attained and

reliably inferred from measured images.
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4.4.1 Imaged Grating
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Figure 4.7: Structured illumination generated from a re-imaged grating. The
phase of the illumination can be adjusted by laterally shifting the grating mask,
where the orientation of the illumination can be adjusted by rotating the grating
mask.

One simple method to generate a sinusoidal illumination pattern is to mask the
illumination using a grating and employ a lens relay to map the structured pattern
onto the object plane. At the grating plane, the illumination is structured as a
perfect square wave. For a transmissive mask, if perfect absorbing or reflecting
material is used, the illumination exhibits perfect contrast. Through the relay
lens, the grating pattern is not only mapped onto the object plane but also low-
pass filtered, converting the illumination into a sinusoidal pattern. This method

approach several advantages.

The first is the effective alignment procedure. We project the structured illumin-
ation onto the object plane, which in turn is also the imaging plane of the THz
system. Therefore if we image high-quality fringes on our THz system, we can
infer correct alignment of the relay lens and grating. Further, if the relay lens is
composed of two plano-convex lenses (as shown in Figure 4.7), we gain independ-
ent alignment control of each plane on either side of the relay. This enables the

optimization of the positions of the relay lens elements and the grating mask.
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Second, both the orientation and phase of the structured illumination can be easily
controlled. The orientation can be adjusted by rotating the mask, while the phase
is controlled through the lateral linear translation of the mask. For sub-millimetre
grating spacing, achieving high phase precision (> A/100) is easily attainable with

the precision from inexpensive motorized translation stages.

Figure 4.8: 3D printed, silver metallized structured grating masks, with periods of
d = 1.0 mm (left) and d = 2.0 mm (right). This corresponds to a spatial frequency
of k=1.0 mm~"! and k = 0.5 mm™~" respectively.

Manufacture of the transmissive grating is straightforward. Through FDM (Fused
Deposition Modeling) 3D printing. The lateral resolution of modern FDM 3D
printers, which is on the micron scale, makes them ideal for producing sub-mm
structures. Two 3 mm thick transmission masks (shown in Figure 4.8), with grat-
ing periods d = 1.0 mm and d = 2.0 mm were produced in PLA plastic, a commonly
used material in 3D printing. While PLA is convenient for 3D printing, the trans-
mission of 0.55 THz [99] through 3 mm of PLA is still high and would therefore
lead to poor fringe contrast. To address this limitation, the printed gratings were
spray coated with a layer of silver metallized paint, to enhance their ability to block

and reflect the incident THz radiation.
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Figure 4.9: Observed structured illumination from the two 3D printed PLA masks
of spatial frequencies k = 1.0 mm ™' which has an average fringe visibility of 13%
and k = 0.5 mm™! with an average fringe visibility of 16%. While the fringe
visibility is slightly greater for the finer 0.5 mm™! grating, only some of the fringes
are resolved as the spatial frequency is greater than the imaging system’s cut off
spatial frequency.

To evaluate the optimal performance of the gratings, the gratings were illuminated
by a collimated THz beam and place directly at the object plane of the imaging
system, forgoing the need for the relay lens which would reduce fringe contrast.
Figure 4.9 shows both the imaged fringes and cross-section profiles for both grat-
ings.

Both masks show a periodic illumination profile, however the coarser 0.5 mm™" is

far from an ideal sinusoidal profile, with additional feature in the troughs of the
illumination. This is a result of the spatial frequency of the grating being much
lower than the spatial cut-off of the imaging system, therefore the square-wave

nature of the grating is better resolved. This leads to additional higher-frequency
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sinusoidal contributions to the profile. In comparison, the finer 1.0 mm~! grating
has a more fundamental sinusoidal profile, as the spatial frequency is closer to the
cut-off frequency of the system. With an average contrast of the fringes is 10%,
the illumination contrast is relatively high as the spatial frequency of the grating is
close to the cut-off spatial frequency of the imaging system, and therefore is close
to being unresolved. Therefore the grating is performing close to the theoretical

maximuimn.

However, despite this, there are notable caveats to consider. For one, the fixed spa-
tial frequency of the generated sinusoidal illumination requires prior knowledge of
the system’s cut-off frequency. This constraint limits the flexibility of the approach,
as the spatial frequency cannot be easily adjusted for different imaging conditions.
Additionally, while the alignment is made easier due to observable fringes at the
detector plane, the system remains sensitive to misalignment. Precise positioning
of the all elements, the grating, mask, and relay lens, is critical to ensure formu-
lation of high quality fringes. Minor misalignments can distort and defocus the

illumination and negatively impact the overall performance of the technique.
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4.4.2 Fresnel Biprism
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Region

A
Y

Figure 4.10: Diagram demonstrating how a Fresnel biprism generates two coher-
ent beams, that overlap to produce a region of interference. A larger biprism angle
« leads to a smaller overlap angle v and therefore leads to finer fringes.

A more ideal approach would be to retain the two-beam interference setup to gener-
ate fringes with high contrast between the bright and dark regions (typically >80%
in SIM [100]), but reduce the number of elements to reduce alignment complex-
ity. This can be achieved through a Fresnel biprism [97], as shown in Figure 4.10.
Through refraction of an incident collimated beam a Fresnel biprism generates two

coherent beams that converge to produce a region of sinusoidal interference fringes.

This method offers one key advantage over the imaged grating: the structured
illumination is produced by a single element, making it significantly easier to align
the interference pattern onto the object plan and subsequently the imaging plane.
As the biprism is illuminated by a collimated beam, the distance from the THz

source and the biprism is not critical, which vastly simplifies the alignment.
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4.4.2.1 Biprism Design

The fringe spacing, d, produced by the two interfering beams is dependent on the

wavelength of the illumination, A\, and the intersection half-angle ~:

d=-2
2sin~y

(4.15)

~ can be determined from the biprism’s refractive index, n and apex angle « [101].

y=B8-a

= arcsin(nsina) — « (4.16)

Where f is the angle between the refracted beam and the normal to the inclined
surface of the biprism, as shown in Figure 4.10. Care must be taken to ensure that
the angle a remains less than the critical angle, a@ < arcsin (%), to prevent total
internal reflection and ensure refraction of the incident beam through the biprism.
Figure 4.11 shows the expected fringe separation for varying pitch angles for com-
mon THz optic materials. With the use of high refractive index materials, or

high prism angles, it is possible to generate the millimetre scale fringes required to

approach the cut-off spatial frequency limit of our imaging system.

8
g PTFE (n = 1.47)
8 HDPE (n — 1.54)
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Biprism angle, «

Figure 4.11: Fringe separation as a function of biprism pitch angle. Four common
THz optics materials are considered for an illumination frequency of 0.55 THz.
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4.4.2.2 Biprism Manufacture

Figure 4.12: Three 50 x 50 mm PTFE Fresnel biprisms with varying pitch angles
(left-to-right) o = 20°,30°,40°. The fixed angle biprism mount is shown at the
top.

PTFE, with a refractive index of n = 1.47 [38], was chosen as the material to
fabricate several Fresnel biprism. This is due to its excellent transmittance at
0.55 THz [38], availability and machinability. Using conventional machining, three
Fresnel biprisms was fabricated with a square base measuring 50 x 50 mm to match
the diameter of the optics used in the THz imager. Each biprism was produced was
a different biprism angle of a = 20°, 30°, 40° in order to evaluate varying fringe
separations. The angles of the biprisms were chosen for ease of manufacturing,
rather than targetting any specific fringe spacing. However, using Equation 4.15, we

can calculate the expected fringe spacing to be d = 1560, 927, 540 pm respectively.

To hold and orientate the biprisms, a simple push-fit mount was 3D printed. The
mount allowed the biprism to be orientated at the three required illumination angles

0 =0°, 60°, 120°. The biprisms and mount are shown in Figure 4.12.
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4.4.2.3 Characterising Biprism Performance

a = 40°

1 mm 1 mm 1 mm

Figure 4.13: Comparison of interference fringes generated by Fresnel biprisms of
varying pitch angles, leading to variable fringe size and spacing.

To characterize the performance of the produced biprisms, each biprism was placed
within the THz imaging system as shown in Figure 4.10 and illuminated by a
collimated THz input. The position along the optical axis was optimized such that
the largest interference region produced by the biprism occurred at the imaging
plane of the THz imaging lens. Each biprism was orientated at § = 60° to check
the produced fringes extend across the full 10 x 10mm FOV. These images are

shown in Figure 4.13.

Both the @ = 20° and o = 30° biprism show uniform fringes with visible contrast,
that extend across the entire FOV which demonstrates the extent of the fringes is
sufficient for full-field imaging. With the o = 30° biprism producing finer fringes,
with a total of 12 complete fringes across the field of view compared to the shallower

angled o = 20° biprism which produces 7 complete fringes across the field of view.

For o = 40° biprism, no visible fringe pattern could be observed. With the steepest
biprism angle, the 40° biprism should produce the finest fringes with a separation
of d = 0.540 mm and therefore spatial frequency of p = 1.85 mm~'. Which falls
beyond the cut-off frequency of the imaging lens, therefore the produced fringes

cannot be resolved.
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Figure 4.14: Fringe profile of horizontal fringes produced by the o« = 30° biprism.
(Left) Widefield THz image of the fringes generated by the biprism. (Right) The
resulting horizontal cross-section profile, showing the sinusoidal structure imposed
on a Gaussian envelope.

Further analysis of the vertical fringes produced by the ae = 30° biprism is shown
in Figure 4.14. A mean horizontal cross-section shows the profile of the structured
illumination. The sinusoidal fringes of the illumination is ultimately enveloped by
a Gaussian profile. This Gaussian envelope arises from the collimated Gaussian
illumination of the THz source, suggesting that a larger diameter collimated beam
would produce more uniform fringes. Accounting for the Gaussian profile, a fitted
cosine function yields a fringe spacing of d = 974 £ 3 um and an average fringe
contrast of 21%. This fringe contrast is greater than the contrast of the imaged
grating. The fringes are more uniform and don’t feature any higher harmonic

features.

The observed fringe spacing is larger than the estimate of 927 um. This difference
may be attributed to a convergence of the input THz beam, which reduces the
convergence angle v, leading to the formation of coarser fringes. This is not a
significant issue for use in SIM, as long as the spatial frequency of the illumination

is properly calibrated and known at the time of imaging.
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4.4.3 Choice of Structured Illumination

In summary, both the re-imaged grating approach and the Fresnel biprism method
generate structured illumination with a fringe contrast of approximately 20%. How-
ever, the Fresnel biprism offers a clear advantage in alignment. Unlike the grating,
which requires multiple optical elements to form the structured illumination, the
Fresnel biprism only requires a collimated beam and provides a region of maximum
interference that can be easily positioned onto the imaging plane by alignment of
the biprism. This simplifies the alignment process, as only a single optical element
needs to be positioned. Given the comparable fringe contrast, the Fresnel biprism

is the preferable choice for its ease of alignment and consistent fringe quality.
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4.5 Experimental Implementation

THz Sensitive Optical
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Figure 4.15: Experimental layout for THz SIM using a Fresnel birprism. The
birprism, illuminated by an incoming collimated THz beam, generates the sinus-
oidal fringes at the object plane. The structured illuminated object is then imaged
by the silicon imaging lens, which focuses the THz image onto the THz sensitive
thermal vapour.

The experimental layout is shown in Figure 4.15, laying out the THz optics used.

For clarity the THz source, laser systems and optical readout parts of the experi-

ment are omitted, however they remain as described in Chapter 2.

A collimated Gaussian THz beam, with a beam diameter of ~ 22mm, is used to
illuminate the 50 x 50 mm base side of the Fresnel biprism. Informed by the biprism
characterization, the o = 30° was used. Prior to imaging, the biprisms alignment
was optimized to produce the highest contrast fringes. To aid positioning along
the optical axis, the biprism and the biprism mount were affixed to a manual

translation stage.

Unlike optical SIM, where the illumination optics undergo some translation in order
to produce the required illumination phase shifts, we opt to instead translate the
object through the illumination. This is to ensure the illumination remains stable
and well aligned. This reduces the FOV by % the fringe spacing, which leaves

sufficient FOV to image the whole target mask.
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The target mask was mounted to two Thorlabs electronic translation stages (also
omitted from Figure 4.15) providing control over the masks positioning. For each il-
lumination orientation 6, three equidistant illumination phases (¢ = 0,27 /3, 47/3)
were used, resulting in an object translation of % along the direction of the illumin-

ation orientation for each phase.

The power of the THz source was set to ensure maximum intensity without sat-
urating the fluorescence from the atomic vapour, and the exposure of the optical
readout camera was set to 500 ms to maximise signal-to-noise without saturation

of the sensor.

To first demonstrate super-resolution from structured illumination, a single orient-
ation # = 0° was used. Therefore the mask was only translated along the horizontal
direction. This resulted in 3 raw SIM images ready for reconstruction. To evaluate
the effectiveness of the super-resolution technique, we omit the described deconvo-

lution step.

4.5.1 Target Mask

A simple binary mask was used as the target, fabricated by machining the desired
shape into a brass sheet. The brass reflects incident THz illumination, resulting in

a high-contrast transmission image of the machined shape.

For this experiment, we opted to image a mask of the Durham University shield,
which features a central cross as shown in Figure 4.16. While the cross can be
resolved by widefield THz imaging, the low contrast of the cross is a result of it
being close to the widefield resolution limit of the system. The Durham shield

measures 8 X 9.1 mm and therefore fills the imaging system’s FOV.
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Figure 4.16: Photo of the brass binary transmission mask with the chosen
Durham University shield target at the masks centre.

4.5.2 Calibration

Prior to imaging, the system must be calibrated to ensure that the object is trans-
lated by the correct distance to achieve the intended phase shift. First, the effective
pixel size and therefore spatial scaling of the imaging system must be determined.
This is achieved by translating a pinhole across the field of view by a known dis-
tance, allowing calibration of the effective pixel size and a check for linearity while
translating across the FOV. For this experiment, a pinhole mask is mounted on
the translation stages and moved in 1 mm intervals. This process is done for both
horizontal and vertical axes. This is performed without biprism illumination, using
only the collimated THz beam. Second, the fringe separation (or spatial frequency)
of the illumination must be determined. This follows the same procedure used to
characterize the biprism fringe profile, as shown in Figure 4.14, and is performed
before introducing the target mask. Since this step relies on accurate spatial scal-

ing, it depends on the first calibration.
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4.5.3 Additional Image Processing

As we are translating the object, rather than phase shifting our illumination, the
captured images must be ‘shifted’ digitally such that the object’s positions remains
fixed across the three images. In doing so, this leads to an illumination that

effectively varies in phase.

This can be achieved using the applying the same Fourier shift theorem that is used
during the SIM reconstruction process (as defined in Equation 4.11). The required

lateral shift along the illumination axis, Az, for a given image is given by:

Aw—a? (4.17)

2

where d is the fringe spacing and ¢ is the phase shift in radians.

4.6 Results

The resulting SIM reconstruction and comparative widefield are show in Figure 4.17

with their respective Fourier spectra.

The comparative widefield show the expected image of the Durham University
shield, as the cross of the shield is on the scale of ~ 1 mm, it is just resolved
by the THz imager. The Fourier spectra of the widefield image is masked by
the theoretical OTF of the imaging system. This offers noise rejection while not

affecting the spatial resolution of the widefield image.

The SIM image has two significant features. Firstly, both the vertical edges of the
shield and internal cross are visibly sharper, demonstrating at improved contrast
and therefore resolution from the reconstruction. In comparison the horizontal
section of the cross remains poorly resolved when compared to the widefield, as the

Fourier extent in the vertical direction is the same for both images.
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Widefield SIM

1 mm 1 mm

Figure 4.17: Images of the shield mask from widefield imaging and through super-
resolution reconstruction. For both images, their respective Fourier spectra are
shown, by comparing the Fourier spectra we can see the super-resolution image has
an extended domain which provides access to higher spatial frequency information.
While the super-resolution image shows promising improvement on edge contrast,
significant fringing artefacts from a poor reconstruction exists. The possible causes
of this are discussed further later.

Real space

Fourier space

The second significant feature of the SIM image is the significant image artefacts,
which limits the success of the reconstruction. These artefacts take the form of
high frequency fringes, and suggests some issue with the input raw SIM images.
These issues are explored the the following sections, where the raw SIM images are

validated in order to deduce the source of the strong fringe artefacting.

As a result, while qualitiative comments can be made with regards to the im-
provement in contrast and resolution in the super-resolution image. The strong
artefacting makes it impractical to draw quantitative resolution measurements.
This hinders the ability to conclusively declare this SIM approach as an effective

super-resolution result, however this is a known risk in the reconstruction process
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of SIM images.

4.6.1 Incorrect Phase

I+ I + I3

Figure 4.18: Validation of the phases being equidistant, as the summation of the
three phases I + 15+ I3 leads to a reconstructed widefield image. As the summation
image contains no residual sinusoidal structure, we can be confident that the three
phase angles are equidistant.

One possible issue with the reconstruction is calculated phases of the illumination,
¢ are incorrect. This is a particular possibility for our approach of shifting the

object, as either the physical translation of the object or digital translation back

could induce such errors.

As our phases are chosen to be equidistant, we can validate the phases are correct
through a simple summation of the three SIM images. The sum of the three
sinusoidal illuminations results in a uniform illumination [102]. Therefore, the
sum of the three SIM images should generate an effective widefield image. Any
deviation from equidistant phases, however, should introduce residual sinusoidal
structure into the summed image. As a result, the summation of the three phase
I; + Is + I3 shown in Figure 4.18 validates the assumption that the three phases are

equidistant as the summed image does not contain any residual sinusoidal structure.
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4.6.2. Incorrect Spatial Frequency

While the phases are equidistant, there may be a phase offset present. We can show
this does not affect the final image reconstruction by considering Equation 4.6. If

all three phases are shifted by A¢, the phase offset factorizes out as a global phase.

¢idd Lei(61406)  Lo=i(é1+A9)
¢idd Leil6atdd) Lo—i(da+ae) | = A9 M (4.18)
¢ids Le(@atDd)  Lo=iloatAo)

Therefore we can be confident that the phases of the three SIM images are correct.

4.6.2 Incorrect Spatial Frequency

Another possibility, is the measured spatial frequency of the illumination is incor-
rect. However the same argument with the correct phases holds, as the correct
phases require the lateral translation of the object to be correct. This in turn re-
quires the spatial frequency of the illumination must be known and correct. See

Equation 4.17.

4.6.3 Additional spatial frequencies

The primary source of image artifacts in SIM reconstructions is high-frequency
fringes. These fringes exhibit spatial frequencies comparable to or exceeding the
fundamental illumination frequency. The source of the unwanted fringes remains

unknown.

One possible cause could be from an illumination with additional unwanted spa-
tial frequencies. If the illumination was not just of one spatial frequency k, but
a summation of spatial frequencies k + dk then the additional spatial frequencies
would constitute as unwanted noise that would propagate through the reconstruc-

tion process and lead to unwanted high-frequency fringes in the final image.

Ultimately, the image artefacts highlight the importance of high quality illumina-

tion and the sensitivity of the SIM reconstruction algorithm.
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4.7 Conclusion

This chapter outlined the concept and theory of Structured Illumination Micro-
scopy that leads to a theoretical two-fold increase in spatial resolution. It con-
sidered how the differing spatial scales between optical microscopy and widefield
THz imaging may impact the effectiveness of the technique when applied to the
THz band. Through simulation, it was shown that there is no discernable limit to

SIM that would prevent implementation at THz frequencies.

Methods to generate THz structured illumination were explored, with the Fresnel
biprism approach chosen for its low complexity and ease of alignment. Applying
structured illumination to a binary mask target produced a SIM reconstruction that
demonstrated super-resolution potential but was ultimately too corrupted by image
artefacts. Possible causes of these artefacts were briefly discussed, highlighting the

sensitive nature of the SIM reconstruction process.
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CHAPTER 5

Virtually Structured Detection

This chapter introduces the Virtually Structured Detection (VSD) concept, a vari-
ation on SIM. It explores the differences with VSD and demonstrates how this
approach removes the need for a perfect widefield structured illumination. Using
SIM as the foundation, the theory associated with VSD is presented. I validate
the use of the technique at the THz band through simulation, before evaluating
the best experimental approach. Experimental results are then presented, showing

quantitive super-resolution at 0.55 THz.

5.1 Concept

Virtually Structured Detection (VSD) was initially developed as an ophthalmo-
scopy technique to image the retina with high detail [103-105]. Unlike SIM, which
requires widefield structured illumination, VSD is a spot or line scanned approach.
This avoids the potential distortion of a structured illumination as it passes through
the thick and/or complex media, such as the eye. Therefore enabling robust super-
resolution imaging under challenging clinical conditions. As a result, VSD provides
a method of super-resolution under conditions where generating reliable widefield

structure illumination is challenging.

The VSD concept arises from the idea that structured illuminated images can
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5.1. Concept

be computationally synthesized from a series of widefield images captured while
the sample is scanned with a point or line illumination. These computationally
generated structured images are then processed and reconstructed like regular SIM

images to produce a super-resolution result.

At first glance, this approach may seem fundamentally flawed — how can higher-
resolution details of the sample be extracted by simply applying post-detection
processing? As with SIM, VSD exploits spatial frequency mixing between the
illumination and sample structure. However, instead of a widefield structured
illumination creating a global Moiré pattern, a single-point or line illumination
interacts locally with the sample. Therefore the resultant image inherently contains
high-frequency spatial information of the sample, though it remains inaccessible in
its raw form. By computationally imposing structure onto the data through digital
modulation, higher-resolution details that would otherwise remain unresolved can

be decoded and reconstructed.

This process is analogous to lock-in detection, where a known reference signal is
used to extract weak signals from noise. In VSD, the computationally imposed vir-
tual structure acts as the reference, enabling selective extraction of high-frequency
information embedded within the raw image data. Through this technique, super-

resolution is achieved without the need for physically structured illumination.
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5.2. Theory

5.2 Theory

As with widefield SIM, understanding VSD starts by considering the imaging equa-

tion, with the detected image d(r) as,

d(r) = [i(r) - s(r)] @ hae(r) , (5.1)

with r = (z,y) the spatial position vector and ® being the 2D convolution operator.
s(r) is the target sample, i(r) the illumination field and hg.(r) the Point Spread
Function (PSF) of the imaging optics on the detection portion the imaging system.

For a diffraction-limited line-profile illumination, it is found that

i(r) =i(z,y)
= 0(r) @ hy(z,y)
= hy(z,y)

= hy(r) (5.2)

where hj;(z,y) is the PSF of the illumination system. The delta function é(x) local-
ises the illumination along the x-axis, and when convolved with the PSF produces
a diffraction-limited line illumination. Thus, the illumination profile is strictly

determined by the illumination PSF.

Therefore by substituting Equation 5.2 into Equation 5.1,

d(r) = [hy(r) - s(r)] ® hge(r) , (5.3)

Where d(r) is one acquired widefield image of the line-scanning process. With this,

the VSD processing can be applied to our image; this involves two important steps.
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5.2. Theory

First, the image is multiplied by a digital modulation mask m(r) before second,
being spatially integrating across the scan axis. The result is a one pixel wide

‘picture’, p;(r):

pa(r) = / / m(r) - d(r) dr
= [ m) - hatw) - s0)) @ haew) dr (5.4)

The picture is indexed by i, as it represents a single captured image during the im-
age scanning process. By integrating spatially, Equation 5.4 becomes a convolution

integral (see Appendix B), and therefore can be rewritten as

pi(r) = [{m(r) @ hq(r)} - 5(r)] © hge(r) (5.5)

Based on the inherent properties of convolution [105], the image can be equivalently

expressed as

pi(ri) = hi(r) @ {[hac(r) ® m(r)] s(r)} , (5.6)

Which is the exact expression for acquired images from widefield SIM, therefore
VSD can be used to digitally construct the required raw images by stacking suc-

cessive scans to produce one single raw SIM image p(r) = [pi(r1) - - pn(rn)].

Similar to widefield SIM, the modulation applied is sinusodial

m(r) = cos (2rpy -r + @) , (5.7)

where py = (pcosf,psinf), p is the modulation frequency, 6 is the scan angle,
and ¢ is the modulation phase. The scan direction and modulation direction are
aligned, with the modulation oriented along the scan angle. It should be noted,

that unlike widefield SIM, the modulation does not need to include a constant
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offset as the mask is applied digitally therefore negative modulation is permitted.

Therefore the Fourier transform of the modulation is,

M(k) =06 (k+pg)e® 46 (k —pg)e . (5.8)

which comprises of the expected delta functions ¢ (k 4 py), which through convo-
lution shifts the content of S(k), the Fourier spectrum of the sample by +py. This
follows the same behaviour as with SIM, therefore when applied to Eq. (5.6) the

resultant Fourier spectra is

P(k) = H(K) [$(k +po)e’® + S(k — pg)e ] . (5.9)

Where S (k £ pp) are the shifted Fourier bands of the sample object, which contain

higher spatial frequency information that would otherwise be cut-off by the optical

transfer function (OTF) of the imaging system H (k) = H; (k)Hye (k).

To separate the two shifted Fourier bands, Eq. (5.9) can be solved by changing the

phase of the digital modulation.

H(k)S(k+py) = Pk,¢p =0)+iP(k,¢ = 7/2) . (5.10)

It is also advantageous to have access to the non-shifted Fourier spectra of the
sample object, S (k), for better super-resolution reconstruction. The central band

is recovered when the modulation frequency is zero,

H(k)S(k) = P(k,pg =0) . (5.11)
With all three Fourier spectra separated, standard SIM reconstruction can now fol-
low; including deconvolution, band shifting and combining, as outlined in Chapter 4.
As with SIM, to produce an isotropic resolution improvement requires at least three

scan angles of 6§ = 0°,60°, 120°.
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Figure 5.1: Schematic diagram outlining the VSD process. Briefly, the sample
object is line scanned by the illumination with a full-frame image taken at each scan
position. These full-frame images are then multiplied by a digital modulation before
being spatially integrated and stacked. This in effect produces one of the virtually
structured images. Through the use of three scan orientations 6 = 0°,60°, 120°
and two phases per orientation ¢ = 0,7/2 an isotropic super-resolved image can
be constructed.

The outlined VSD process is shown diagrammatically in Figure 5.1. This demon-
strates how multiple image scans are individually digitally modulated before spa-
tially integrated to produce many pixel-wide pictures, p;(r) (Equation 5.6). These
are then stacked to produce one virtually structured image p(r, ¢), with a given

phase ¢ which is determined by the phase of the applied modulation.

This is repeated for both phases ¢ = 0,7/2, which allows the two shifted Four-
ier bands for this orientation to be recovered. The central Fourier band is also

recovered by applying the VSD process without modulation.

To produce an near-isotropic super-resolution image. The linescanning and pro-
cessing must be repeated for all three orientations. This produces the seven distinct

Fourier bands required to build up an super-resolution image.
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5.3 Advantages of Virtually Structured Detection

There are three key distinct advantages in using VSD rather than widefield SIM:

The first is the need for precisely determining the spatial frequency and phase of
the structured illumination is eliminated. As the modulation is applied digitally
rather than physically, the spatial frequency and phase of the modulation is pre-
cisely known. This removes any associated reconstruction artefacts that arise from

estimation errors in the illumination parameters.

Second, as the spatial frequency of the modulation mask is precisely known, it
can be made to equal the cut-off frequency of the OTF, leading to maximal band
shifting and therefore maximal resolution improvement. This is not possible in
SIM, as the structured illumination needs to be resolved by the imaging system,

and therefore must be of a spatial frequency lower than the cut-off frequency.

The last advantage is the reduction in implementation complexity. Over the 25
years of wide-field SIM development, a variety of illumination systems have been
proposed [46, 95, 106, 107], each improving the robustness of the illumination at
the expense of increasing complexity. As seen with SIM, producing the high quality
structured illumination is a non-trival task. In comparison, VSD the generation
of diffraction-limited line profile is trivial due to the simplicity of the illumination

mask approach.

These advantages come at one obvious cost, an significant increase in the number of
raw images required for reconstruction. VSD reconstruction requires many images
per scan orientation, the number of which depends on the field of view and the
widefield diffraction limit of the system. The number of scan images must be such
that the resultant reconstruction is not hindered by the Nyquist sampling limit.
For a modern microscope, this can easily be hundreds of images per orientation.
SIM in comparison, only requires 3 raw images per orientation. As a result, VSD

will always have a slower acquisition process when compared to SIM.
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5.4 Generating THz Line Illumination

Generating the line illumination that has a width no larger than the diffraction
limit of the imaging system is important for the VSD approach. This ensures the
the resolution of the system is limited by the PSF of the imaging system rather

than the PSF of the illumination.

There are two sensible approaches to generating the line-illumination required.
Either by focusing a collimated THz source along one dimension using a cylindrical
lens and focusing onto the object plane. Or by illuminating a sub-diffraction wide
slit and projecting the masked illumination onto the object plane by using a relay

lens.

Here both approaches were simulated using the diffractio Python package [108],
which simulates the wave propagation of an input Gaussian THz field through

numerical calculation of the Rayleigh-Sommerfeld diffraction integral [109].

For both simulations, a 17 mm diameter 0.55 THz (A = 545 pm) collimated THz
beam is used as the input source. Both the cylindrical lens and relay lenses have
a focal length of f = 75 mm, diameter of d = 50 mm and are assumed to be made
of PTFE (n = 1.46). This makes the numerical aperture of both the lenses equal,
and therefore the simulation comparable. The intended outcome of the simulations

is to determine which approach is most practical for our use.
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5.4.1 Cylindrical lens
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Figure 5.2: Line illumination intensity and cross-section profile when produced
from a cylindrical lens, resulting in a FWHM of 1.17 mm.

Simulation of the cylindrical lens takes the input THz Gaussian beam and passes
through the described cylindrical lens. The THz field is then propagated to a
distance f from the front surface of the cylindrical lens, where it undergoes line
focusing in the direction perpendicular to the axis of the cylinder, producing a line
illumination at the focal plane. The resulting illumination and cross-section profile

is shown in Figure 5.2

As the cylindrical lens focuses the input Gaussian beam in one dimension, the
resulting profile is also Gaussian in nature. Using a f = 75 mm lens produces a

line illumination with a FWHM of 1.17 mm.
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5.4.2 Projected sub-diffraction slit
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Figure 5.3: Line illumination intensity and cross-section profile when produced
from an imaged sub-diffraction slit, resulting in a FWHM of 0.88 mm.

To simulate the projected sub-diffraction slit approach, the input THz beam is
masked by a A/2 wide vertical slit. Two spherical plano-convex lenses, each of
focal length f = 75 mm, are placed a distance of f from the mask. The placement
position is with respect of the front surface of the first relay lens, to account for the
thickness of the lens. The simulation then propagates the input THz beam out to
f distance from the front-surface of the second relay lens. The intensity field and

cross-section profile of the projected line illumination is shown in Figure 5.3.

The output of the image relay is a line illumination, with a cross-section of the
Airy profile. This arises from the diffraction of the THz beam through the sub-
diffraction wide slit. To determine the line illumination width, a Gaussian was

fitted to its cross-section, yielding a FWHM of 0.88 mm.
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5.4.3 Comparison

In comparison, the sub-diffraction slit approach produces the line illumination with

the narrower FHWM when compared to the cylindrical lens.

More importantly, it is the approach that produces a line-illumination that is nar-
rower than the FWHM of the THz imaging system’s Point Spread Function (PSF).
Therefore, the narrow illumination does not degrade the resolution of the imaging
system which is ultimately limited by the broader PSF. This is not true for the

cylindrical lens approach, as the FWHM is larger than the imaging systems PSF.

Therefore, the sub-diffraction slit approach will therefore be used in the following

simulations and experimental implementations.

However, one caveat of the sub-diffraction slit approach, is the addition of side-
peaks from the first maxima of the Airy profile. These additional maxima leads
to off-axis illumination, which contributes as a source of noise and interference
during modulation and VSD reconstruction. To prevent this, the image scan can
be cropped to a narrow Region of Interest (ROI) that spans between the first
Airy minima, therefore rejecting the off-axis illumination. This approach has been

shown in other VSD implementations [103, 105] and shown later in Figure 5.8.
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5.5 Simulation
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Figure 5.4: USAF target mask used in the simulation, with the outputted wide-
field image. Only Element 1 remains resolvable in the widefield as the other Ele-
ments have a spatial frequency greater than the cut-off spatial frequency of the
system.

To verify the VSD approach, the line-scanning approach is simulated followed by
the VSD reconstruction to show it is feasible at the THz band. The parameters of
the simulation follows the real performance of the THz imaging system, including
a 10 x 10 mm field of view (FOV) and a spatial resolution of 1.06 mm~!. The
Optical Transfer Function (OTF) of the system was modelled by the ideal model
introduced by Equation 4.14. An effective pixel size of 40 pym is set by FOV and
input image size of 250 x 250 pixels. This pixel size is sufficiently small enough
to ensure the produced super-resolution image is sufficiently sampled by at least
the Nyquist sampling limit [110]. The illumination is modelled using the projected
sub-diffraction slit approach taken from the previous simulation, providing a line

illumination with a FWHM of 0.88 mm.

To easily verify super-resolution, a simulated USAF resolution target is used as
the object mask. By imaging USAF resolution elements that cannot be resolved in
the widefield, super-resolution can be verified by seeing those elements becoming

resolved in the super-resolution result. From the USAF target, Elements 1, 2 and
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3 from Group 0 was chosen to be imaged, as these have a corresponding spatial
frequency of 1.00 mm™', 1.12 mm~"! and 1.26 mm™' respectively, of which only

Element 1 is resolvable under widefield imaging. This is shown in Figure 5.4.

In order to demonstrate resolution improvement along the horizontal, the object
target is scanned across the horizontal by a vertical line illumination, correspond-
ing to an orientation angle of § = 0°. A total number of 250 scans images were
produced, with each scan image being multiplied by the appropriate digital modu-
lation mask before being spatially integrated to a one-pixel wide column. Stacking
of the 250 scan images results in a 250 x 250 pixel virtually structured image, as

described in Equation 5.6.

This process is repeated to produce two virtually structured images with phases
¢ =0 and ¢ = 7/2, which allows for the recovery of the two shifted Fourier bands
S(k + pp) and one virtually structured image without modulation for recovery of
the central Fourier band S(k). Here, pg denotes the spatial frequency vector of the

digital modulation.
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Figure 5.5: Virtually structured image for ¢ = 0 and respective Fourier spectra,
which contains a linear combination of the two shifted Fourier bands S(k % pg).
These two bands are identified by the two shifted zero-frequency peaks.
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Figure 5.5 shows the produced virtually structured image for ¢ = 0. It should be
noted that the resulting virtually structured image is unlike the SIM structured
images seen in Chapter 4. These phase images are instead bound between [—1, 1].
Because the modulation is applied digitally, the resultant intensity values in our
image can be negative and therefore avoid any DC component in the modulation
(the mean average of the modulation is zero). The consequence of this is shown
in the Fourier transform, P(k,¢ = 0), which lacks the central Fourier band com-
ponent S(k) which arises from the DC component of the modulation. Instead,
P(k, ¢ = 0) is just a linear combination of the two shifted Fourier bands S(k +pg).
This is observed by the two bright peaks in the Fourier spectra. The bright peaks
correspond to the zero spatial frequency component from the object’s Fourier spec-
tra S(k) that have been shifted with S(k &+ py). This is the expected result of
Equation 5.9, and ultimately allows for easier and more accurate separation of the

encoded Fourier bands.

The generated virtually structured images can be then used to recover the three
Fourier bands S(k) and S(k + pp) through the use of Equation 5.10 and Equa-
tion 5.11. From here, the outlined SIM reconstruction process from Chapter 4
can be used to construct the super-resolution image which is shown against the

comparative widefield image in Figure 5.6.

As seen, the widefield image is unable to resolve all but Element 1 from the portion
of USAF target imaged. In comparison, the VSD super-resolution image easily
resolves the vertical bars in all three Elements, demonstrating an improvement in
resolution beyond the diffraction limit of the system. In this case, only the vertical
bars become resolved, as the resolution improvement has only been attained along
the horizontal scan direction. This fact is reflected in the Fourier spectrum of the
VSD image, which shows an increased extent in the horizontal direction but not
in the vertical direction when compared with the Fourier spectrum of the widefield
image. The VSD image also shown minimal image artifact, due to precisely knowing

the spatial frequency and phases of the digital modulation exactly.
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Figure 5.6: Simulation of the VSD process under the THz imaging conditions for
the USAF resolution target, showing Elements 1, 2 and 3 from Group 0.

Unlike the simulation of SIM in Chapter 4, deconvolution is not applied to the
results. This is to keep consistent with later experimental results and, as discussed
in Chapter 4, is a well studied aspect of SIM that ultimately detracts from the

evaluation of the effectiveness of these super-resolution techniques at the THz band.

Overall, this simulation verifies, like SIM, that VSD is a feasible technique for use at
THz band. A sub-diffraction slit is used to produce narrow line illumination which,
when scanning a target object under the VSD process, enables reconstruction of

diffraction-beating super-resolution images.
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5.6 Experimental Implementation
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Figure 5.7: Experiential layout for THz VSD through the sub-diffraction slit ap-
proach. For clarity, only the THz optics are shown. A more extensive experimental
setup was described in Chapter 2.

With insight into how THz VSD can be implemented, the method was subsequently
realised experimentally. The setup is shown in Figure 5.7. For clarity, only the THz
optics are shown, with the THz source, infrared lasers and optical readout camera

that are described in Chapter 2 omitted.

The required line-illumination profile is generated through the line mask approach.
A sub-diffraction wide, 250 pm slit mask, produced from machined copper-clad FR4
board, is illuminated by the collimated THz source. To project the line-illumination
onto the object plane, an image relay consisting of two aspheric PTFE plano-convex
lenses (d = 50.8 mm, f = 75 mm) are used. Using a pair of plano-convex lenses,
rather than a single biconvex lens, provides independent focusing of each side of
the image relay, aiding with alignment and optimization of the line-illumination.
In order to orientate the line-illumination, the line mask was mounted to a manual

rotation stage, allowing the scan angle 6 to be manually set between each scan.

Transmissive binary masks were used as the target object. Like the line-illumination
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5.6.  Ezperimental Implementation

mask, the target mask was machined from copper-clad FR-4 board. The masks
were placed at the imaging plane of the THz imager, which coincides with the

output plane of the line-illumination relay.

Optical implementations of VSD [103-105] use a complex beam scanning approach,
sweeping the line-illumination across the target object. These systems must scan
the beam across the object, and then de-scan the beam such that the position
of the illumination beam remains fixed on the imaging sensor. To keep the pro-
cess simple, the object is instead swept through the line illumination. This is
similar to the approach taken in Chapter 4 for SIM. A pair of translation stages
(Thorlabs MTS50-Z8) are used to translated the target mask through the fixed
line-illumination. For a given line-illumination orientation, the mask is translated

along a path that is orthogonal to the illumination line.

The previously described i2S Silicon THz objective lens (d = 60 mm,f = 70 mm)
is used to image the line-illuminated target mask. The atom based THz imager
continues to operate as described in Chapter 2. For each scan, the optical readout
camera was set to a 200 ms exposure, this was judged to produce a sufficiently high

signal-to-noise while keeping acquisition times sensible.
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5.6.1 Calibration
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Figure 5.8: Cross-section of the line-profile illumination used for calibration. This
helps determine the orientation and center-position of the illumination and an the
optimal Region of Interest (ROI) crop region. The inset shows the illumination
calibration image, with the sampling cross-section line (blue) and the line-centre
and ROI (red).

Prior to scanning and reconstruction of the target mask, the system must be calib-
rated to determine the line centre, orientation, and width of the line illumination.
Without any target object in the imaging system, the line illumination to directly
imaged, allowing for calibration. This is done by taking a cross-section of the line

illumination to produce an illumination profile, as shown in Figure 5.8. A Gaussian

profile is then fitted to cross-section data.

To determine the orientation angle of the illumination, the angle of the cross-section
sampling line (shown by the blue line in the inset), is optimized such that the
Gaussian profile width is at a minimum. Calibration of the illumination orientation
is important to ensure the target mask is translated exactly perpendicular to the
illumination. As seen in Figure 5.8 the illumination angle can be calibrated by

hand to within at least 0.1°, which is sufficiently accurate.
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5.6.1. Calibration

Calibration also provides the line-centre position of the illumination, enabling pre-
cise alignment of the target mask before translation. This ensures that the mask is

scanned across the illumination in a way that centres it in the reconstructed image.

Finally, the calibration step allows for the Region of Interest (ROI) to be determ-
ined. This marks the region to where each individual image scan is cropped down

to, which is used to reject background noise without rejecting part of the signal.

This final ROI cropping step is advantageous when working with sub-optimal line
illuminations, as seen in Figure 5.8 in where the illumination profile of the line
illumination does not appear strictly Airy, as the side peaks are much larger than
expected when compared with simulation (see Figure 5.3). For this work, the ROI
is chosen such that it coincides with the first minimum of the Airy profile. This
allows for maximum signal from the central peak of the Airy profile while rejecting
unwanted diffracted illumination from the side lobes. This is inline with the VSD

technique in [103] and [105].
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5.7 Results

To assess the performance of the VSD method, two distinct set of masks were man-
ufactured and imaged. The first set consisted of a USAF resolution target, which
was used for quantitative measurement of resolution enhancement (as discussed
in Chapter 3). The second set comprised image masks designed to demonstrate
the qualitative improvements achieved through isotropic resolution enhancement.
These two sets allowed for a comprehensive evaluation of the VSD technique, both
in terms of its ability to quantitatively improve resolution and its capacity to pro-

duce isotropic improvements across multiple axes.

5.7.1 USAF Target

Figure 5.9: Photo of USAF target manufactured for this work. This was in-
troduced in Chapter 3 as Figure 3.10 as the de facto target for super-resolution
imaging. For 0.55 THz the copper surface is reflective whilst the underlying FR4
substrate is transparent, making it an ideal tranmission mask material.

The same USAF target as manufactured in Chapter 3 was used, reminder of this
target is shown in Figure 5.9. For imaging, the highlighred Elements 1 and 2 from

Group 0 were selected. These elements correspond to line pairs per millimetre

(Ip/mm) of 1.00 lp/mm and 1.12 lp/mm, respectively and were chosen as they
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5.7.1. USAF Target

exist either side of the widefield resolution threshold. Hence, Element 1 should be

resolved but Element 2 should not be.

The imaging was performed in both widefield and VSD modalities for comparison.
For the VSD reconstruction, the target was scanned along the horizontal direction
across the 8.5 mm field of view. A total of 48 image scans were taken, to produce an
effective pixel size of 177 pm and a reconstructed image size of 48 x 48 pixels. The
effective pixel size is over four times smaller than the widefield spatial resolution.
This means the super-resolution image will be sufficiently sampled to satisfy the
Nyquist sampling limit, as the pixel size will be at least two times smaller than the
spatial resolution. The image won’t also be grossly oversampled, therefore we can
be confident no pseudo resolution enhancements occur through over-sampling our
target. A comparative widefield image was taken by removal of the line illumination
mask and cropped to ensure both super-resolution and widefield images had the
same field of view.
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Figure 5.10: Comparison of the widefield and super-resolution images of the
USAF target. Horizontal and vertical cross-sections are taken from each image for
comparison. Additionally, the respective Fourier spectra of each image is shown.
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5.7.1. USAF Target

Figure 5.10 presents a comparison of the widefield and super-resolution images,
their respective Fourier spectra and cross-sections the the horizontal and vertical

bars of Element 2.

The horizontal cross-sections (shown by the solid line plots) demonstrates that Ele-
ment 2 is unresolved in the widefield image, but well resolved in the super-resolution
image with a mean fringe contrast of 55%. This indicates an improvement in ho-
rizontal spatial resolution, and therefore successful super-resolution. The fact that
Element 2 is now resolved in the super-resolution image shows we have increased

the cut-off spatial frequency of the image beyond the diffraction limit.

As expected, the cross-section of the vertical bars of Element 2 (shown by the
dashed line plots) shows that in both the widefield and super-resolution image the
element is unresolved, with the middle bar of the element missing in both cross-
sections. While the horizontal lines in the super-resolution image demonstrate
improved contrast and uniformity, this does not conclusively show super-resolution
in the horizontal direction. Instead, this shows that through the scanning process,
the super-resolution image receives a more uniform illumination. This in contrast
with the widefield image, which receives an illumination with a 2D Gaussian profile,
leading to reduced contrast at the edges of the image. Overall, the fact that the
horizontal elements remain unresolved is consistent with the fact that the resolution
improvement is only attained in the scan direction, and therefore in this case, only

along the horizontal axis.

More evidence for super-resolution is found in the Fourier spectra of the images. For
clarity the extent of each recovered Fourier band is outlined with a contour. The
Fourier spectra of the widefield images consists of the single central Fourier band,
and the Fourier spectra of the super-resolution images consists of three bands; the
central band and two additional recovered Fourier bands, expanding the spectral
extent across the horizontal axis. The Fourier spectra of the super-resolved im-
age shows extended structure, corresponding to recovered higher spatial frequency

information which leads to the observed improvement in image resolution.
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5.7.1. USAF Target
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Figure 5.11: Measured and calculated Edge Spread Function and Point Spread
Function for the widefield and super-resolution images.

Quantitative measurement of the resolution improvement can be done by analysing
the edge profile of one of the bars, this process was discussed in Chapter 3. The edge

profile is highlighted by the purple shaded region on the horizontal cross-section.

A Gaussian error function was fitted to the edge profile of both the widefield and
super-resolution images to attain the effective Edge Spread Function (ESF) which
is then differentiated to produce the effective Point Spread Function (PSF). The
Full Width Half Maximum (FHWM) of the PSF could be then measured to provide
a measure of the image resolution. This approach produces a resolution metric that
is defined by the Rayleigh criterion. The ESF and resultant PSF of the widefield

and super-resolution images is shown in Figure 5.11.

The measured FWHM of the widefield and super-resolution image was determined
to be 0.94+0.01 mm and 0.54+0.01 mm respectively. This implies a resolution im-
provement of x1.74 + 0.03, demonstrating effective super-resolution. These values
validate the qualitative observations, as our widefield resolution limit is equivalent
to a spatial cut-off frequency of 1.06 mm™!. This explains why Element 2 cannot be
resolved, as its spatial frequency is beyond the widefield’s cut-off frequency. Con-

versely, the super-resolution image has an spatial cut-off frequency of 1.82 mm™!
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5.7.2. Image Icon Targets

which is why Element 2 becomes well resolved. As the new cut-off frequency is
much higher than the spatial frequency of Element 2, the horizontal bars can be

well resolved with high contrast.

The final improvement in resolution is less than the two-fold theoretical maximum.
The deviation from the theoretical value is attributed to the presence of image
noise and the attenuation of high spatial frequencies in the Fourier domain by the
Optical Transfer Function (OTF). Both of these factors are corrected for by the
omitted deconvolution step. Therefore the resolution of the super-resolution image

could be enhanced further through post-processing.

5.7.2 Image Icon Targets

10 mm

Figure 5.12: Photo of manufactured icon target. Of the two icons used, ¥ and
the Durham University shield, the largest variants of the icons were used. A 10 mm
scale bar is included for scale.

Two icon targets were chosen from imaging: the Durham University shield and the
Greek letter W, as shown in Figure 5.12. The largest icon of each was used as they

measured 8.5 x 9.7 mm, and therefore maximize the coverage across the field of

view of the THz imager.
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5.7.2. Image Icon Targets

The icon image targets were scanned along three equally spaced axes at angles
0 = 0°,60°,120°, in order to reconstruct an image with near-isotropic resolution
improvement. This was achieved by rotating the illumination mask to the required
orientation and translating the image mask in a direction normal to the line il-
lumination. Each scan axis consisted of 48 individual scan images, allowing for
resolution improvement along each axis. In total, 144 full-frame images were re-
quired to generate one super-resolution image with a 10 x 10 mm field-of-view.
This produced a final reconstructed image with a size of 48 x 48 pixels, with an
effective pixel size of 208 pum. Again, this is pixel size is small enough to ensure

the super-resolution image is properly sampled.

For reconstruction, each orientation could be reconstructed independently, before
being combined into final near-isotropic super-resolution image. The independent

super-resolution images for each orientation is shown in Figure 5.13.

=0 0 = 60° 0 =120°

Figure 5.13: Super-resolution images produced from scans for each given orient-
ation. Each scan produces super-resolution along the scan axis. The combinations
of the three orientations produces a near-isotropic super-resolution image.
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5.7.2. Image Icon Targets

() (b)

Figure 5.14: Comparison of comparative widefield images (A, E) with super-
resolution images (B, F) of the two icon targets: the Durham University shield and
the Greek letter W. The Fourier spectra of each image shown below the respective
image with appropriate contours for each Fourier band.

Each scan orientation demonstrates super-resolution along the scan axis, this is
is particular noticeable on the edges of the Durham shield. Different edges are
sharper in each of the orientations, with edges perpendicular to the scan direction

being sharper than those that are parallel.

The individual orientations also show the Gaussian profile of the line illumination,
resulting in differing illumination of the target mask. This ultimately averages out
once the three orientations are combined. This, alongside comparative widefield

images are shown in Figure 5.14.

Comparison of the widefield and super-resolution images for the Durham shield (A
and B) and the ¥ (E, F) show a clear notable improvement in image resolution.
The super-resolution images exhibit finer details and improved image contrast at
the masks edges. For the Durham shield, the cross is now clearly defined and
resolved for both the horizontal and vertical bars, demonstrating the resolution
improvement applies to all directions. For the W the curves of the arms are better

defined.
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5.7.2. Image Icon Targets

Unlike SIM, both super-resolution results are artefact free. This is owing to the
post-process modulation of the raw input images, which means the phase of each
modulation is known exactly, which eliminates any reconstruction artefacts that
arise from phase-errors. Additionally, the frequency of the modulation is both
known and absolute. That is, there are no additional spatial frequencies in the
modulations, unlike in Chapter 4 during the SIM reconstruction. The spatial fre-
quency of the modulation was maximised such that it is equal to the spatial cut-off
frequency of the imaging system. This allows for the maximum shifting of the

Fourier bands and therefore the largest improvement in the Fourier spectra extent.

The extent and therefore resolution improvement is apparent by looking at the
Fourier spectra for the super-resolution images (D and H) which are constructed
using seven distinct Fourier bands: two shifted bands per scan axis, along with a
central band. In this reconstruction, the central Fourier band is recovered three
times, once per orientation and therefore this is accounted for when the bands are

averaged together.

Each Fourier band is highlighted by a contour, showing the extent of the band. This
extent is determined from the cut-off spatial frequency of the imaging system. The
overlap of the contours at the centre of the spectra shows each additional Fourier
band is shifted exactly by cut-off spatial frequency, which leads to the doubling of

the Fourier extent.

Again, we omit the deconvolution step from the reconstruction process in order to
evaluate the merits of VSD without the aid of additional computational enhance-

ment.
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5.8 Conclusion

This chapter explored the concept of Virtually Structured Detection (VSD), a
line-scanning variant of Structured Illumination Microscopy (SIM). The theory of
VSD and outlined and demonstrated, showing how the VSD process leads to the
formation of the same structured image phases used in SIM. This allowed for super-
resolution reconstruction from our VSD images using the same approach as seen

with SIM in Chapter 4.

The approach was verified through simulation. One set of simulations to determine
the best approach to generate the required line illumination, and another simulation
to verify the VSD method. As with SIM, VSD appeared to be applicable at the

THz frequencies to attain a theoretical two-fold improvement in resolution.

VSD was then experimentally implemented, time was taken to consider the calib-
ration process required to ensure an accurate scanning process. Initially, quantit-
ative single axis super-resolution was achieved by horizontally scanning the USAF
target which demonstrated a x1.74 £ 0.03 improvement in resolution. Finally,
near-isotropic resolution was demonstrated by changing the orientation of the illu-

mination beam and scan direction.

The results outlined here confirm the capability of VSD to enhance the resolution of
THz imaging systems, particularly by leveraging isotropic resolution improvements
across multiple scan axes. This could be leveraged by application requiring both
the high penetrating properties of low-frequency THz illumination [111] and high-
spatial resolution. One use case includes the inspection of manufactured circuit

boards and microprocessors [3].

It was recognized that VSD is inherently slower than the widefield SIM approach
due to its scanning-based imaging nature. Therefore, VSD will continue to need
many more images per reconstruction, and therefore longer acquisition times. This

fact is especially true for our current implementation, as the acquisition speed is
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5.8. Conclusion

ultimately limited by the speed of the translation stages. This approach was chosen
for its minimal complexity, in order to easily demonstrate super-resolution at the
THz band. Optical implementations of VSD demonstrate much faster acquisition
through the use of beam-scanning and synchronized wide-field cameras [103, 105].
In theory, there is no limitation that would prevent such an approach in future

THz VSD work.
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CHAPTER 6

Conclusion and Outlook

From this work, there are several aspects that could be further explored and im-
proved. For super-resolution imaging, this includes improved experimental and
reconstruction implementations. There is also scope for additional imaging tech-
niques that arise from using a structured illumination. Such ideas are briefly ex-

plored for their potential as future works.

6.1 Image Deconvolution

For this work, the deconvolution step has been omitted from the reconstruction of
experimental data, in both the SIM and VSD approaches. This was intentional
on two counts. One, to be able to evaluate the super-resolution technique without
the inclusion of computational enhancement. And two, the use of binary masks
makes deconvolution, in many senses, trivial and meaningless. For example, with
the prior knowledge of the target being a binary mask, a simple threshold of the
image would recover a binary image. Such image would have perfect contrast and

absolute resolution, defeating the purpose of the super-resolution technique.

Overall, the deconvolution of images is a well-known concept, and has been shown
to work successfully not only in SIM, but across the wider microscopy field [112] and

beyond [113-115]. It is therefore expected that it would apply equally well to the
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6.2. Improved Widefield Structured Illumination

THz band. Within the THz domain, image deconvolution has only been explored
for images generated by raster-scanning objects in a THz Time-domain Spectro-
scopy (TDS) system [116-119]. Therefore there is scope for exploring deconvolution
on THz images from focal-plane array detector, such as our atom based system.
For the context of super-resolution imaging, this would be worthwhile when applied

to real-world applications.

6.2 Improved Widefield Structured Illumination

As seen in Chapter 4, the widefield SIM technique showed promising results, but
was ultimately hindered by unwanted additional spatial frequencies in the struc-

tured illumination generated by the Fresnel biprism.

A higher quality illumination, one that is sinusoidal at a single spatial frequency,
would be improve the widefield SIM approach. One approach would be following
the more traditional two-beam interference route. The illumination source could
be split using a 50:50 beamsplitter to generate the two beams. One beam at
on-axis incidence and the other at off-axis incidence to the target object. Better
illumination would help eliminate the artifacting seen during reconstruction, and

therefore lead to more successful SIM imaging.

6.3 Beam-scanning Virtually Structured Detection

Chapter 5 showed successful implementation of the VSD technique as a proof of
concept. In the present form, the technique is not very practical due to the long
acquisition times to generate one super-resolution image. This is because of the
object-translation approach of the imaging scanning is slow, and the longest part

of the acquisition process.

To leverage the high-speed capabilities of the imaging system, a better option

would be a beam-scanning approach, as demonstrated in [103-105]. The cost of
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this approach is increases complexity in the illumination system, however through
the use of fast galvo-steering mirrors, the THz line illumination could scan across
a stationary object, while the THz imaging system runs at high-speed. Despite the
need for 100’s of raw images per super-resolution reconstruction, the high frame-
rate capability of the THz imaging system could still allow for video-rate super-

resolution imaging.

6.4 Other Structured Illumination Technqiues

The use of structured illumination is not unique to super-resolution imaging, and
has been used in the optical successfully for a variety of other applications. These

applications could prove to be successful and useful at the THz band.

6.4.1 Optical Sectioning

Optical sectioning via structured illumination is another microscopy derived tech-
nique. Where SIM uses structured illumination to improve lateral resolution, OS
uses structured illumination to help reject out-of-focus light, and therefore im-
proved the axial (depth) resolution. Optical sectioning is used in microscopy to
image through thick specimens, which scatter the illumination. Such a technique
could be translated to widefield THz imaging, especially in non-destructive testing

applications where imaging within a target object is required.

6.4.2 THz Off-Axis Holography

THz off-axis holography works by generating structured fringes by interference of
the incoming THz field with an off-axis reference plane wave at the detector plane.
This differs to SIM, which generates structured fringes at the imaging plane, in

order to encode high-spatial frequency information. Instead, the phase information
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of the incoming THz field is encoded, and through reconstruction the complex-field

can be recovered from a single image.

This would enable high-speed widefield complex-field imaging, which would have
useful applications in that can leverage the phase-information from an object of

interest.

Recovering the complex-field can also be used to achieve lensless imaging, as the
complex-field can be back-propagated to an imaging arbitrary plane. Through
lensless imaging, the effective numerical aperture of the system is inherently higher,
as it is only bound by the illumination. As a result, the overall diffraction-limited

resolution would be higher.

6.5 Conclusion

To conclude this thesis has explored and demonstrated structured illumination
super-resolution imaging at the THz band, an application of structured light that

enables imaging beyond the diffraction limit.

This work demonstrates the promising use of structured light in the THz domain
to achieve sub-diffraction image resolution while preserving the key advantages of
THz radiation, such as material contrast and penetration depth. By leveraging
the speed and sensitivity of our atom-based widefield THz imaging system, struc-
tured illumination has been successfully implemented at 0.55 THz. Other work
has explored such concepts at the longer microwave wavelength [120], but has been
limited to just simulation. Therefore this work represents the longest wavelength

at which SIM super-resolution has been experimentally realised.

This advancement opens new opportunities in application areas where fine detail
must be resolved beneath the diffraction limit. In particular, it offers a powerful
tool for non-destructive evaluation of layered dielectric structures in semiconduct-

ors [121]. Its compatibility with widefield acquisition also makes it well-suited to
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real-time imaging scenarios such as security screening [8] and industrial inspection
[5]. In extending advanced optical techniques into the THz regime, this work con-
tributes meaningfully to both THz imaging and the broader field of structured light

research.
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APPENDIX A

Fourier Domain Shifting

The shifting of our Fourier domain of the sample object S(k) is the result of com-

bining the §-function convolution theorem and the Fourier shifting theorem.

Fourier Shift Theorem
F{f(r—1o)} = e ™. F(k) (A1)

The Fourier shift theorem shows that a lateral shift in real space rg leads to a

global phase in the Fourier domain.

0-function Convolution Theorem

/: F(r)5(r — o) dr = f(ro) (A.2)

The §-function convolution theorem shows that convolving a function with a delta

function of parameter rg evaluates the functions at rg.

Fourier Domain Shifting

We start by considering the Fourier transform of our function f(r)

F(k) = [ O:O F(r)e ™ dr (A.3)
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A. Fourier Domain Shifting

If we convolve F (k) with our d-function 6(k — kg), the phase term of the Fourier
transform is fixed at kg. By the defintion of the Fourier shift theorem, this is

therefore a translation of the Fourier spectra by kg.

F(k) @ 6(k — ko) — /_ - /_ Y Fr)e T 5(k — ko) drdk (A.4)
[T f(r)e ko dr (A.5)
— F(k — ko) (A.6)
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APPENDIX B

VSD Convolution

In VSD, we observe that by spatially integrating our scan image, we appear to in-
duce a convolution that we exploit for super-resolution imaging. Conceptually, the
convolution arises from the physical scanning process. By scanning the object with

our line illumination, we are in effect convolving the object with the illumination.

To be more specific to our use-case, we scan the object rather than the illumin-
ation. Therefore the true, actual position of the object Sactual(r) is shifted by a

displacement rg by the translation stages.

Sactual(r) = 5(1' - rO) (B.l)

If we apply this to Equation 5.4, we find

pil) = [ [ me) - (ha(e) - Sacmar () @ hae(r) d (B.2)
_ / / m(r) - [ha(r) - s(r — 10)] @ hae () dr (B.3)

By considering that translating our object is equivalent to translating our illumin-

ation across the object, we can write

pile) = [ [ m(r) - (e = vo) - 5(0)] © b (x) dr (B.4)




B. VSD Conwvolution

Where hj(r — rg) is now our ’scanning’ line illumination. As a result Equation B.4
is a convolution integral with the illumination. Under the properties of the convo-

lution integral, we can therefore write

pi(r) = [{m(r) @ ha(r)} - s(r)] @ hae(r) (B.5)

Which results in Equation 5.5.
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