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Abstract

The goal of this research was to further improve existing ultrafast laser surgery techniques. To do so,
different beam shapes (Bessel-Gauss and Gaussian) were compared for performing ultrashort picosecond

pulsed surgery on various soft biological tissues, with the goal of minimising collateral thermal damage.

Initially, theoretical modelling was performed using OpticStudio to test axicons of various conical angles.
A 20° axicon was selected, but unfortunately early tests on murine intestinal tissue indicated a lack of
sufficient intensity to achieve plasma-mediated ablation of the tissue with the 6ps input pulses of 85 uJ
energy. Subsequently, a reimaged setup was designed in OpticStudio to demagnify the beam by a factor of
1.4x. The ability of this demagnified Bessel-Gauss beam to perform plasma-mediated ablation of murine
intestinal tissue was confirmed through histological analysis. Another setup was also designed to produce
a Gaussian beam of equivalent spot size.

These beams were then tested on porcine intestinal tissue using lower pulse repetition rates of 1, 2 and 3
kHz, with optimal ablation and thermal damage margins of less than 20 um (confirmed through histological
analysis) being achieved with the Bessel-Gauss beam for spatial pulse overlaps of 70%, while for the
Gaussian beam the prominence of cavitation bubble formation at both 2 and 3 kHz inhibited the respective
ablation processes at this same spatial pulse overlap. As the numbers of passes were increased, the Bessel-
Gauss beam also showed a trend of increased ablation depths. This was attributed to its large depth of focus

of over 1 mm, compared to the theoretical 48 um depth of focus for the Gaussian beam.

After characterisation of fixated, non-ablated porcine intestine sample surfaces to quantify the
inhomogeneity, another set of ablation trials was performed at higher pulse repetition rates (5, 10 and 20
kHz) to test more clinically viable processes. For the Bessel-Gauss beam, spatial pulse overlaps of up to
around 50% at 5, 10 and 20 kHz offered excellent thermal confinement (with damage margins of <30 um,
< 50 um and < 25 um respectively) and shape control, but at 70% and greater pulse overlaps the ablated
feature became hard to control despite good thermal confinement (< 40 um).

The Gaussian beam, while having the advantage of achieving plasma formation at lower input pulse
energies, was again found to be more prone to undesirable cavitation effects. Cavitation bubbles were
observed in the histology images for spatial pulse overlaps as low as 15% for 5 kHz and 30% for both 10
and 20 kHz. From the histology images it is clear to see that these effects became more pronounced as the
pulse repetition rate was increased. Conversely, the more consistent spot size of the Bessel-Gauss beam
across its longer focal depth resulted in a higher tolerance to cavitation bubble formation. This was also
demonstrated by high-speed videos of the beams being scanned across porcine skin samples. This could be
significant as it may allow for higher ablation rates. In addition, it could ease the design constraint of the

maximum speed at which the beam can be scanned at the distal end of an endoscopic device.

Despite this, both beams were able to achieve distinct ablation with high thermal confinement for certain
parameters. This work further highlights fibre-delivered ultrashort laser pulses as a promising alternative

to existing endoscopic tumour resection techniques, which carry a higher risk of bowel perforation.
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Chapter 1

Introduction

1.1 Overview of minimally invasive laser surgery

Research into minimally invasive laser surgery is becoming increasingly important as cancer rates
(including bowel cancer) within the UK continue to increase [1.1]. Globally, cancer is one of the leading
causes of death worldwide [1.2]. With these trends in mind, it is easy to see why diagnosing various types

of cancer as early as possible is such a prominent field of research within the global scientific community.

The particular research field of surgical applications of pulsed lasers dates back to 1960, with the invention
of the pulsed Ruby laser by Theodore H. Maiman at Hughes Research Laboratories [1.3]. Soon after, it was
accurately predicted that lasers would prove to be an invaluable tool within clinical environments [1.4].

This was even experimentally trialled in the same year [1.5].

The science behind this field is interdisciplinary, incorporating topics from physics, chemistry and biology.
Aspects of physics include the consideration of laser systems, the various optical elements to be
implemented and consequently the optimal imaging modality to use. Meanwhile, the primary aspects of
chemistry and biology involved are centred around the characterisation and histology of numerous kinds of

biological tissue based on their chemical and physical properties [1.6].
1.2 Brief history of the medical applications of lasers

The first recorded application of a laser within a medical context occurred in 1962, when a dermatologist
named Leon Goldman used the pulsed ruby laser to remove unwanted tattoos [1.7]. Prior to this he had
also showcased how the ruby laser could be used to remove melanomas and certain birthmarks from the

skin. He also went on to carry out the first objective study of the effect of laser light on human skin [1.8].

Regarding ocular surgery, in 1961 it was observed that photocoagulation of retinal tissue was possible via
the use of a laser, with experiments undertaken on rabbits [1.9]. Shortly after, ruby lasers were used to
repair human retinal tissue and for ablating malignant melanomas and adenocarcinoma of human origin
that were implanted in Syrian hamsters, as highlighted in figure 1.1 [1.10],[1.11]. Photocoagulation of the
retina had been carried out previously using a xenon arc source, but this required exposure times of one
second and consequently was painful for patients [1.12]. The ruby laser, despite having around a quarter of
the power of the xenon arc source, was still able to achieve photocoagulation of the retina thanks to the
temporal confinement provided by the one millisecond pulse length. However, the 694 nm wavelength of
the ruby laser was suboptimal for absorption by the blood vessels and biological tissue in general (aside
from melanin) [1.13].



Figure 1.1 — Photomicrograph of excised Syrian hamster cheek pouch, with no tumour cells being observed after ruby laser
treatment [1.11].

In the same year as the construction of the ruby laser by Maiman, the helium-neon (HeNe) laser was being
developed by Javan et al. [1.14]. Following this, the neodymium doped yttrium—aluminium—garnet laser
(Nd:YAG) was created by Johnson in 1961, the argon ion laser (Ar+) was designed by Bennett et al. in
1962, and the carbon dioxide (CO>) laser was invented by Patel in 1964 [1.15],[1.16],[1.17]. This was later
followed by the development of the erbium-doped yttrium aluminium garnet (Er:YAG) laser in 1975 [1.18].
The distinct emission wavelengths of each of these laser systems would be the subject of significant
research interest. Staying within a medical context, the HeNe laser has been used to kill bacteria and for
carrying out both blood analysis and intravenous therapy [1.19],[1.20]. The Nd:YAG laser is one of the
most widely used in medicine, as despite water having a low absorption coefficient at its primary emission
wavelength of 1064 nm (resulting in minimal damage for cell isolation studies), it is highly absorbed by
various chromophores and haemoglobin, resulting in applications ranging from hair removal to oral surgery
and the treatment of skin cancer [1.21],[1.22],[1.23]. Notably, it was also adopted by larger hospitals in the
1980s for the new field of laparoscopic surgery (also referred to as minimally invasive surgery), although
being a continuous wave (CW) system these procedures suffered from heat accumulation, causing the tissue
around the target sites to incur damage [1.24]. The argon laser, despite being inefficient due to losses from
heat production, was found to be highly absorbed by haemoglobin, resulting in it being used for retina
treatments as well as treating lesions found in both the skin and endometrium [1.25]. The CO. laser is of
particular significance, as it is still one of the most commonly used in medical sciences to this day [1.26].
It owes this success to its infrared emission wavelength (10.6 um) being highly absorbed by water, which
is abundant in biological samples. This led to intense medical research interest across various fields, ranging
from dermatology to gynaecology and general surgery [1.27]. The Er:YAG laser (wavelength of 2.94 um)
has similarly been subject to incorporation in various medical procedures for this same reason, including
both soft-tissue cutting and bone surgery applications (such as laser dentistry), where the additional strong
absorption of this wavelength by hydroxyapatite is beneficial [1.28].

Considerations of cancer tissue removal via laser surgery in both animals and humans were published in
1966 by Dr. Goldman [1.29]. While tests were initially done on mice, he supervised the first human cancer
tissue laser resection surgery when Dr. Thomas Brown removed a tumour from a patient's thigh using a
laser [1.30]. Following on from these considerations, in 1968 Dr. Endre Mester was the first to publish
research showing low-power lasers stimulating tissues on a cellular level [1.31]. Again this involved a
mouse model, albeit looking specifically at hair cells. He observed that those mice which underwent
treatment with a low-powered ruby laser grew back the hair shaved off their backs faster than those that did
not. Dr. Mester reviewed 20 years’ worth of his experimental and clinical work involving lasers in his 1985
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publication [1.32]. In this paper he coined the term “biostimulation”, originating from an overwhelming
amount of data across 15 different biological systems showcasing stimulatory properties. He also noted,
however, that high-energy radiation had an “inhibiting effect”. This propelled a significant amount of
research interest into “photobioactivation” — a term which was later deemed more appropriate for the
observed effects of low-level laser therapy (LLLT) [1.33]. A qualitative representation of this low-level
and high-level laser therapy spectrum can be observed in figure 1.2. Inhibitory effects were observed in
collagen synthesis depending on the dosage of incident light, due to the biphasic nature of laser light
interacting with tissue (low doses causing stimulation of cells and high doses, as in high-level laser therapy,
or HLLT, leading to bioinhibition). The encapsulating term “photobiomodulation” has also been coined

within the scientific literature and used interchangeably with LLLT [1.34],[1.35].
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Figure 1.2 — Graphical illustration of Gaussian beam incident upon tissue, with the observed effects labelled respective to the
gradually dropping intensity as it propagates through the medium [1.33].
For photobioactivation to occur, the incident light needs to be delivered to target tissue in the appropriate
dose [1.36]. This is also true for applications that seek bioinhibition (or even cell death) such as
photodynamic therapy (PDT) [1.37]. In PDT (which can be considered a type of LLLT), generally a
photosensitiser (nontoxic chromophore) is injected. It localises in the target tissue and then a light source
(conventionally a laser, although currently there is a range of both coherent and non-coherent compatible
sources) is used to prompt photochemical reactions which incur cell death at the target site. This allows for
selective eradication of malignant cells while leaving normal cells intact. As a result, it has primarily found
applications in various disease and cancer treatments. In the case of cancerous tissue treatments, its ease of
implementation allows for synergistic and/or intraoperative treatments to prevent recurrence within the
original tumour margins [1.38]. This is significant, for example using glioblastoma as an example,

recurrence rates around the peripheral local tumour volume can be as high as 70% [1.39].

The optical properties of light depend on the tissue it is propagating into (or through) and the wavelength
of the incident light used. These are important factors as they determine the degree to which light can
penetrate. For example, the absorption coefficient of human tissue is independent to the amplitude of the
incident light. Although increasing the incident energy can lead to more energy being delivered to deeper
parts of the body, it may also cause bioinhibitory effects in the superficial layer. Consequently, significant

amounts of research has been carried out examining the optical window for various biological tissues [1.40].

Research into this topic continues to the present day, as the inhomogeneous, diverse, highly scattering and

absorptive nature of biological tissue is still the primary challenge in medical imaging, with these properties
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leading to scrambling of the spatial information, thus prohibiting direct imaging. With this in mind, there
has been a surge of research interest in imaging modalities that can provide deep-tissue imaging such as
surface-enhanced Raman scattering (SERS), optical coherence tomography (OCT), two- and three-photon
microscopy and photoacoustic microscopy (PAM). SERS allows for high sensitivity, label-free imaging of
cells and molecules but work is still ongoing to improve the reproducibility of label-free SERS [1.41]. OCT
offers cellular resolution but suffers from image distortion upon stacking scans for widefield imaging which
requires computational correction (as showcased in figure 1.3), making it difficult to achieve real-time
imaging [1.42]. Two- and three-photon microscopy provides three dimensional optical sectioning
capabilities and single neuron resolution (sub-micron spatial resolution) along with high temporal
resolution, allowing it to keep up with neuronal activity but, similar to the other imaging modalities listed
here, it still suffers from a small FOV [1.43]. PAM is able to comprehensively characterise microvascular
function in vivo thanks to the high spatial resolution and contrast it offers, but still suffers from a degrading
signal-to-noise ratio for greater depths via optical and acoustic attenuation, and it inherently struggles to
provide real-time widefield imaging as it relies on relaying multiple one dimensional scans [1.44].
Complementary to the ongoing research of deep tissue imaging highlighted is the fundamental need to

implement ultrafast lasers in various medical procedures.

Figure 1.3 — OCT image of multilayer glass captured through a Micro-Electro-Mechanical System (MEMS) endoscopic probe a)
before and b) after distortion correction [1.42].
In the existing literature, ultrafast lasers are typically considered to be lasers with pulse durations shorter
than or in the order of picoseconds [1.45]. These lasers have led to improvements in all of the above imaging
modalities, whether it is improving acquisition rates and depth-ranging (due to the broadband nature of
ultrashort pulses) for OCT and PAM, increasing excitation efficiency in two- and three-photon microscopy,
or  improving  nanostructure  and/or  substrate  fabrication  efficiency  for  SERS
[1.46],[1.47],[1.48],[1.49],[1.50],[1.51]. Other imaging advancements enabled by these ultrafast lasers for
medical and biological applications include time-resolved fluorescence spectroscopy (which has been used
to localise skin tumours, shown in figure 1.4), optical mammography via time-resolved detection of
transmitted light (which has been applied to human breast cancer screening) and white light propagation
studies (which have been used for in vivo absorption spectroscopy of tumour seeking agents using mouse
models) [1.52],[1.53],[1.54]. In addition to revolutionising the field of biomedical imaging, the continued
development of ultrafast lasers has resulted in numerous advancements in resection-based surgical

procedures.



Figure 1.4 — a) Photograph of basal cell carcinoma (BCC, left side) in the skin and b) the corresponding fluorescence lifetime image
of the BCC [1.52].

1.3 Bowel cancer

Bowel cancer is the third most common and second most fatal cancer globally [1.55]. However, with recent
advances in medical screening it is now possible to detect these cancerous tumours earlier on in their
development cycle [1.56],[1.57]. This cancer most commonly starts in the large bowel, which is primarily

made up of colon tissue [1.58].

Early diagnosis and treatment (resection) of adenomatous polyps (tissue growth sites from which cancer
can arise) is essential for reducing the high fatality rates associated with this type of cancer. The various
stages of development for such polyps is illustrated in figure 1.5. The objective when treating early-stage
bowel cancer cases is to resect such colonic polyps located within the mucosal (innermost lining) and

submucosal layers.

» Spread to other organs

Figure 1.5 — Graphical depiction of the stages of colorectal cancer. The stages of colon cancer are categorised by the extent of
spread through the layers of the bowel wall and whether the localized tumour has spread to lymph nodes or distant organs [1.59]. At
stage O the cancer is still in the mucosa and at stage 1 it spreads through the mucosa to the submucosal and muscle layers. The
cancer grows further into the muscle layers at stage 2, but it does not yet reach the lymph nodes. The cancer reaches these lymph
nodes at stage 3 where all layers of the intestinal wall are invaded. Finally, at stage 4 it spreads to other organs from the lymph

nodes and blood systems.

A more-detailed look at the anatomical structure of porcine colon tissue is shown in figure 1.6. While this
is not human tissue, porcine models have been widely used in the existing literature for gastrointestinal

systems courtesy of its remarkably similar physiological properties to human tissue [1.60].
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Figure 1.6 — Histology images showing a) the anatomical layers of porcine colon tissue and b) the typical thicknesses of these layers
under various levels of axial stress applied by a bespoke grasper system [1.61]. From the applied stress chart it can be observed that
the circular and longitudinal muscle layers of the muscularis propria were most prone to undergoing compression. These were
followed by the submucosa and muscularis mucosae which only underwent significant compression at the higher applied stress
levels. The mucosa did not appear to undergo any significant compression over the whole range of applied stresses. It is important to
note however that the outer muscle layers were closest to the teeth of the grasp plates (used to simulate laparoscopic graspers),
hence were the most impacted.

A comparison between human colon tissue and that of both porcine and murine (the two animal models
used throughout this work) can be observed in figure 1.7. While porcine and human colonic tissues are
similar in size and structure, murine colon is considerably smaller and more fragile. The murine samples

were used as a cancerous tissue model as colorectal cancer is not observed within the porcine species.



Figure 1.7 — Histology images of a) human b) porcine and c) murine intestinal tissue sample [1.62],[1.63]. The numbers 1,2 and 3 in
each image represent the mucosal, submucosal and muscularis propria layers respectively.
The mucosa is the innermost layer of the colon. It consists of epithelial cells arranged into crypts, connective
tissues and an underlying thin muscle layer, known as the muscularis mucosae. The mucosa has a thickness
in the order of hundreds of microns in both fully grown humans and porcine [1.64]. The submucosa consists
of loose connective tissue which contains nerves as well as both blood and lymphatic vessels. The
muscularis propria is the primary layer of muscle within the bowel and is made up of both inner circular
and outer longitudinal muscle layers. The outermost serosa layer is composed of a layer of mesothelium
cells on a thin connective tissue membrane containing larger blood and lymphatic vessels, with the latter

connecting to lymph nodes.

The overall mechanical strength of the colon wall is determined foremost by the submucosa and muscular
layers. This is due to the smooth muscle layers containing colloid liquid, allowing them to tolerate
significant stress (albeit only for a short duration), while the submucosa is primarily made up of collagen
fibres that form a lattice structure, allowing it to undergo greater deformations than the muscularis can. The
serosa and mucosa meanwhile do not contribute significantly to the total mechanical strength of the
mechanical wall as the serosa does not usually exceed 50 pum in thickness and the cell mass of the mucosa
is much greater than that of the stroma.

Consequently, the primary unmet clinical need seeking to be addressed within this project is the
minimisation of thermal damage to the surrounding healthy tissue during resection of early-stage tumours
within the gastrointestinal tract. It is worth noting however that the findings could be transferred to
numerous other procedures as well due to the minimally invasive modality to be implemented. Current
methods of performing these surgical procedures entail the use of electrocautery tools which lack the
potential precision offered by ultrafast lasers, as indicated by the thermal damage margins being in the

range of hundreds of microns [1.65]. A graphical depiction of such a procedure is shown in figure 1.8. This



limited precision can lead to recurrence due to incomplete resection of the cancerous tissue and/or bowel

perforation, which leads to increased patient morbidity and possibly even mortality [1.66].

Polyp Endoscope

Snare \\

Colon wall

Figure 1.8 — Illustration of the removal of a polyp in the colon using an electrocautery snare implemented into an endoscope [1.67].

With regards to clinical specifications, intuitively the less thermal damage there is to the surrounding health
tissue then the better the patient outcomes are likely to be. While sub-cellular precision would be ideal, and
has been shown to be possible on neuronal and vascular systems with femtosecond laser pulses, this would
be prone to suffering from increased operation times due to the reduced removal rates involved [1.68].
Upon considering this in conjunction with the previously discussed colon layer thicknesses, thermal damage
zones on the order of tens of microns would enable improved patient recovery times and significantly
reduced risk of bowel perforation by limiting the collateral damage to a few neighbouring cells while not

increasing procedure times to the point of being both practically and economically infeasible.

Ultrafast lasers are ideally suited to tackle this problem due to the high precision they offer. This high level
of precision is courtesy of the high energy intensities they can produce, leading to nonlinear plasma-
mediated ablation as opposed to linear thermal-based processes. Additionally, early-stage tumours do not
tend to significantly protrude from the colon wall, thus in the electrocautery technique depicted above an
injection of saline is often necessary to ensnare and subsequently remove such polyps [1.69]. This in turn
places further limitations on the maximum achievable precision, which ultrafast lasers are again well suited
to mitigate through their non-contact surgical modality.

1.4 Motivation behind ultrafast laser-based resection processes

Lasers have been used for ablating biological tissue ever since their first medical applications in the fields
of ophthalmology and dermatology, as mentioned previously. During the 1980s, in the field of endoscopic
surgery, lasers were used for removing gastrointestinal malignant tumours, as well as neoplasm which
showcased a high risk of developing malignancy [1.70],[1.71]. These procedures used a mixture of CW
and long-pulsed (0.7s and 1s respectively) laser systems. The incorporation of lasers into endoscopic
procedures occurred for treatment of tumours in other areas as well, such as the oesophagus [1.72].
However, older research comparing long-pulsed CO, and Nd:YAG (contact and non-contact) lasers to
electrocautery tools on various murine tissues (stomach, small bowel, colon, liver and pancreas) showed
similar levels of thermal damage (with the exception of non-contact Nd:YAG which caused noticeably
more damage), to the point where an independent reviewer could not differentiate between the modality
used in most of the tissue samples [1.73]. Further studies comparing these lasers to electrocautery and steel
scalpel incisions on murine tongue tissue were also carried out shortly after [1.74]. While postoperative

bleeding was observed with the steel scalpel and electrocautery (highlighting the better coagulation
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properties of the lasers), there were no significant differences observed in the damage inflicted upon the
tissue, with the exception of the contact Nd:YAG modality, which 7 days after the procedures showed
slower healing than the scalpel. Any differences observed had subsided after 14 days post-surgery. With
these studies both presenting incredibly similar wound healing characteristics between electrocautery
devices and lasers, it becomes easy to see why the more conventional electrocautery method has remained

the standard approach for tumour resection treatments in the gastrointestinal tract [1.75].

Again, the aim of this thesis is to further advance minimally invasive ultrafast laser-based resection
procedures to reduce residual thermal damage to the healthy tissue that surrounds malignant and early-stage
cancers. This is key for carrying out endoluminal gastrointestinal tract surgery, as this consequently
minimises the risk of bowel perforation occurring, especially compared to electrocautery and CO; laser
techniques which can both cause substantial damage, as indicated by figure 1.9 [1.76]. This is significant
because perforation has high mortality rates and typically requires emergency surgery, as alluded to
previously. Consequently, the best case outcome for the affected patients is a substantially increased

recovery time, which in turn increases costs incurred by hospitals [1.77].
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Figure 1.9 — Histopathological images of guinea pig oral mucosa 7 days after (a) bipolar electrosurgical treatment, showing
incomplete epithelialisation, with epithelium covering just over half of the wound and (b) CO, laser treatment, showing epithelium
present only at the edge of the wound. For both images there is no epithelium between the two arrows [1.76].
Regarding electrosurgical techniques, there are numerous potential sources that can cause excess tissue
damage aside from the direct application of the electrical currents. In the context of bowel surgery, most of
these injury sources (around 75%) go unnoticed at the instant they occur, with symptoms of bowel
perforation only arising between 4 and 10 days post-surgery, while more severe cases can still take 12 to
36 hours [1.78],[1.79],[1.80]. These include direct coupling, where an electrode is activated whilst near
another metal instrument (such as a laparoscope), causing the current to damage tissue structures in close
proximity to these other instruments that are outwith the visual operating field [1.81]. This risk is illustrated

in figure 1.10.



Active electrode

Figure 1.10 — Graphical depiction of direct coupling, where an active electrode is accidentally placed in close contact to another
electrode or conductive instrument — in this case a laparoscope [1.81].
Other potential causes of damage from electrosurgical procedures include capacitive coupling, where
electrical currents form in tissues and other conductive instruments running parallel to the active electrode
through intact insulation, as well as insulation failure, where the coating around the active electrode element
suffers from wear through repeated use (and therefore repeated sterilisations), causing defects to form in
this layer [1.82]. This potential fault is shown in figure 1.11. Again, this can occur at the distal end, beyond
the protective cannula and outside the field of view of the surgeon, meaning that catastrophic collateral

damage can occur unknowingly to even the most experienced surgeons.
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Figure 1.11 — Graphical representation of insulation failure, where a break in the insulation causes an additional path for the current
to flow, which in turn damages healthy tissue outside of the target area of interest [1.81].
Despite the fact that lasers with picosecond pulse durations were developed shortly after the first laser was
created, these have only recently been translated to clinical trials, primarily due to the instrumentation costs
involved and the general availability of such systems [1.83]. Studies carried out by the group previously
have shown the viability of ultrafast lasers in ablating ovine lung tissue and porcine intestinal and colon
tissues [1.84],[1.85],[1.86]. These unanimously showed precise depth control in resection and minimal
thermal damage margins around the ablated region. However, to translate these treatments to a clinical
environment, incorporating an appropriate delivery mechanism is necessary. As a result, all the laser
ablation trials performed on animal tissue models within this thesis were compatible with pulse delivery

via hollow core negative curvature fibres (HC-NCFs).

These fibres enable delivery of pulse energies sufficient for ablation of biological tissues, which is an

integral step towards realising these ultrafast laser-based endoscopic surgeries [1.87]. Prior to the
10



experimental realisation of these fibres, alternative delivery solutions such as conventional solid-core silica
fibres or hollow core photonic crystal fibres suffered from low damage thresholds, fibre dispersion and/or
non-linear losses such as self-phase modulation and weak Raman scattering, both of which lead to spectral
broadening and thus transmission losses from exceeding the transmission band of the fibre [1.88],[1.89].
The light guidance mechanism in HC-NCFs is realised by the Antiresonant Reflecting Optical Waveguiding
(ARROW) effect [1.90]. This means that the fibre core can guide light at wavelengths which are
antiresonant to the core wall, as these rays destructively interfere and reflect back into the core. The
antiresonant wavelength range is mainly dependent on the thickness of the core wall, with the resonant
wavelengths outside of this range transmitting from the core to the cladding, resulting in attenuation. As a
result, these fibres benefit from high damage thresholds, low attenuation (0.183 + 0.050 dB/m), low

nonlinearity, broad transmission and robustness to bending.

Due to this capacity for robust high power delivery, these fibres have been used in both micromachining
and medical applications [1.91],[1.92]. Demonstrations in micromachining include laser cutting of
aluminium sheets, marking titanium sheets and milling of fused silica - all commonly used materials in
industry. Regarding medical applications, these fibres have been used for flexible delivery of ultrafast

Er:-YAG laser pulses to ablate porcine bone and muscle tissue [1.93].

More recently, these fibres have been used for ablating porcine colon tissue [1.94]. In this study the
achieved ablated volumes were roughly equivalent to those of early-stage lesions which are found in the
inner lining of the colon in early-stage bowel cancer patients, as highlighted in figure 1.12. While this study
showcased a promising minimally invasive process using ultrafast lasers for carrying out precise colon
tissue resection for early-stage cancer treatments with minimal damage, there is still further work required
prior to adoption in clinical trials. Porcine tissue is also used for the work carried out in this thesis, as it has
been previously established as an effective analogue to human tissue within the existing literature due to
many similarities (anatomy, physiology, size, metabolic profile and significantly longer lifespans than
species such as mice), while also being significantly easier to procure [1.95]. Murine tissue trials were also
carried out, although these samples were significantly harder to handle and have less similarities with

human tissue.
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Figure 1.12 — Three-dimensional surface profiles of areas of porcine colon tissue samples ablated via HC-NCF-delivered 6 ps
infrared laser pulses, captured using an Alicona Infinite Focus profilometer, alongside corresponding H&E stained histology images
(albeit in separate tissue samples) of areas that were ablated using the same laser parameters. The laser fluence values are: (A) and
(D) 21Jcm?, (B) and (E) 14 J cm? and (C) and (F) 7 J cm™. The dark lines present in the images are artefacts created during the
histology preparation process. Magnified views showing the maximum thermal damage in each case are also presented [1.94].

In order to further illustrate the potential viability of ultrafast laser-based procedures, some of the current
shortcomings need to be addressed. Primary among these are the comparatively low removal rates obtained
compared to electrocautery techniques, where a tumour can be rapidly removed via diathermic snare [1.96].
While this is an inherent drawback of the increased precision and accuracy offered by these ultrafast laser-
based procedures, this leads to longer operation times, which is clearly undesirable. These lower removal
rates paired with higher instrumentation costs are the key reasons why electrocautery has remained the
staple tool for tumour resection in the gastrointestinal tract, despite it being ill-suited for removing early-
stage lesions due to it causing significantly higher levels of thermal necrosis in the surrounding healthy
tissue [1.97]. Endoscopic mucosal resection via this modality has led to perforation rates in the
gastrointestinal tract of between 4 and 6% [1.98],[1.99]. This is significant as it can lead to further corrective
surgery being required. This lack of precision, paired with the flatter structure of these early-stage lesions
compared to more developed cancerous tissue (e.g. polypoid lesions), creates a clear opportunity for

ultrafast laser-based procedures to capitalise upon the increased level of control they offer the surgeon.

The comparatively low removal rates obtained from these ultrafast lasers is a consequence of the small spot
sizes they are focussed down to. Although this offers them unmatched lateral precision, they are subject to
short focal depths. Again, this offers incredible levels of depth control, but at the expense of processing
time. There are also often issues regarding the sensitivity of the focal plane relative to the surface of the
material to be ablated due to this tight focussing of the incident laser beam that is required to achieve the
necessary energy intensities to realise plasma-mediated ablation processes. Also, to achieve greater
resection depths, this would require either further manipulation of the endoscope by the surgeon or, perhaps
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more practically for the level of accuracy that would be needed, some form of complex scanning mechanism
that could vary the axial position of the focussing lens, in addition to the necessary implementation of lateral
scanning capabilities. This in turn could lead to a relatively cumbersome endoscopic device design. To

address this intrinsic issue, different beam types were tested.

Two different optical setups emitting different laser beam shapes were designed — one was a conventional
transverse Gaussian mode, generated by a Gaussian beam input to a convex lens, and the other was a Bessel-
Gauss (or quasi-Bessel) beam, created from a Gaussian beam input to an axicon. The term “quasi-Bessel”
is commonly used within the existing scientific literature as an approximation of a theoretical non-
diffracting Bessel beam can only be experimentally realised over a finite distance [1.100]. This is due to
the fact that the Bessel zone range is limited by the finite aperture of the input beam, except for ultrafast

laser sources, where the diffraction free beam diameter is instead limited by the finite pulse duration [1.101].

Despite this, Bessel-Gauss beams have shown great promise in additive manufacturing applications, where
their capacity to offer high aspect ratios compared to the beams output from the traditionally used convex
lenses (which, as previously mentioned, suffer from short focal depths for the small spot sizes needed) has
been advantageous for modifying and drilling various materials [1.102],[1.103],[1.104],[1.105],[1.106].

Some of these results are presented in figures 1.13 and 1.14.

(@) , ©)
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Figure 1.13 — (a) Geometrical ray structure of a Bessel-Gauss beam of conical angle 6 created from an axicon being illuminated by a
Gaussian beam of waist w. An experimental cross sectioned intensity profile of said beam is shown below this, with a central spot
size of 0.7um FWHM in this case. (b) and (c) SEM images of nanochannels produced by single shot illumination at 0.65 and 0.85uJ
in glass. (d) SEM image of the channel created by a single 3 uJ pulse within a 43um thick glass slide [1.103].
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(d)

Figure 1.14 — (a) — (c) Lateral views captured using an optical microscope of the laser drilling process performed close to the side of
an AF32 glass sample via a reimaged Bessel beam with a cone angle of around 12°, generated by an axicon of base angle 1°
illuminated by a Ti:sapphire laser source operating at a repetition rate of 20 Hz and producing 40 fs long pulses of 140 pJ pulse
energies at the sample surface. The first three images correspond to three progressive machining experiments: In (a) 20 circular
writing trajectories were performed, while in (b) and (c) 30 and 40 writing rounds were applied respectively. A through-hole was
generated exclusively in (c) as further highlighted in the corresponding top and bottom views depicted respectively in (d). The scale
bar is the same across all the images [1.106].

There is an emphasis on lateral precision due to the medical context under consideration for the work carried
out in this thesis, therefore the two optical setups were designed in such a way that they would provide
roughly equivalent spot sizes at their respective “focus” regions (in the case of the Bessel-Gauss beam it
does not focus down to a waist in a similar manner to the more conventional Gaussian beam). This was
verified both via theoretical modelling performed using the OpticStudio software package and
experimentally via both beam profiler measurements (BP209-VIS, Thorlabs) and damage threshold tests
on stainless steel. Currently in the literature there is no standardised method for comparing these two beam
geometries. This has been demonstrated by material processing research which drew comparisons between

the axial ranges which contained an arbitrary percentage of the relative peak intensity values [1.107].

The primary outline of the work detailed in this thesis was to evaluate whether there was any potential merit
to implementing an axicon into an endoscopic probe design as opposed to a conventional convex lens.
Considerations for evaluating the two beam geometries included the achievable ablation depths, focussing
efficiency (which is significant when considering fibre delivered surgical solutions), the level of thermal
confinement and the relative insensitivity of the focal position, which is important for achieving uniformly
sufficient energy densities for plasma-mediated ablation throughout scans across inhomogeneous surfaces.
This is especially true in biological tissue structures which possess such varied characteristics between
successive layers. The work carried out shows that the advantages observed in industrial materials
processing applications could potentially be transferred to minimally invasive surgical procedures, although

this would entail overcoming (or otherwise circumventing) a few existing experimental constraints.
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1.5 Thesis outline

This thesis is structured as follows:

Chapter 2 consists of a comprehensive literature review covering various aspects related to minimally
invasive surgery. This includes examinations of laser-tissue interactions, Bessel beams, conventional
surgical tools, the history of laser-based and minimally invasive surgical procedures, optical fibres
compatible with high-power beam delivery and current state-of-the-art endoscopic devices. Each of these
is appraised under the context of aiming to increase the adoption rate of ultrafast lasers within clinical

environments for performing minimally invasive procedures.

Chapter 3 covers the initial theoretical modelling undertaken for the range of axicons that are commercially
available from Thorlabs. This was done within the OpticStudio software provided by Zemax, using the
Physical Optics Propagation (POP) feature to plot the axial intensity profiles for each of the axicons. The
Bessel beam produced by a 20° axicon (AX2520-B, Thorlabs) from the unmodified Carbide laser input
beam and physical characterisation of the tip of the axicon are then characterised. This is followed up by
the experimental methodology used for the tissue ablation tests and some initial ablation tests using the
standalone 20° axicon on acrylic sheets and preserved porcine tissue (cooked ham). The chapter is then

concluded by discussing the initial ablation tests performed on clinically relevant murine intestinal tissue.

Chapter 4 covers the development of the methodology outlined in the previous chapter by beginning with
the optical design considerations involved for both reimaging the Bessel-Gauss beam produced by the 20°
axicon and for producing a focussed Gaussian spot of roughly equivalent size to the Bessel core. This is
followed by some characterisation of these beams, and further ablation trials on murine intestinal tissue
samples with these new setups. The chapter is then concluded by discussing the initial sets of ablation trials
performed on porcine intestinal tissue samples with lower pulse repetition rates applied, again using both

setups. Both the murine and porcine intestinal tissues have corresponding histology data that is discussed.

Chapter 5 begins with some re-characterisation of the Carbide CB1-05 laser source (Light Conversion)
following a firmware update, along with some characterisation of the surfaces of some porcine intestinal
tissue samples. More porcine intestinal tissue ablation trials are then reviewed via histological analysis and
surface profilometry, this time performed at increased pulse repetition rates for both the Bessel-Gauss and
Gaussian beams. The chapter concludes with some high-speed imaging experiments performed on
cryogenically preserved porcine skin samples to showcase the difference in the ablation characteristics

between the two beams.

Chapter 6 covers the conclusions from the work carried out in this thesis, and some potential avenues for

future work.
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Chapter 2

Background

2.1 Laser-tissue interactions

The subject of laser-tissue interactions has been well documented since the early 1980s, when lasers were
first becoming routinely used in a range of medical procedures [2.1]. Extensive reviews and texts exist on
this subject already as a result, but worthy of highlighting in the context of minimally invasive surgery are

the photochemical, photothermal, plasma-mediated ablation and photomechanical interactions [2.2].
2.1.1 Photochemical interactions

A photochemical process is one related to or caused by the chemical action of light. Perhaps the most
prominent example of this is photosynthesis, although it also underpins eyesight through processes such as
phototransduction (the capturing and conversion of incident photons to electrical signals that are

subsequently transmitted to the brain) which occurs in photoreceptors found in the retina [2.3].

When light is incident upon tissue it is absorbed by chromophores found within the molecular structure.
This leads to excitation of electrons in these molecules, promoting them to short lived, higher energy
unstable states. From these states numerous chemical reactions can rapidly take place , as when the electrons
decay back down to the lower energy states there is a chance that this excess energy generates a high-energy
species which reacts with the molecules surrounding it [2.4]. These range from the formation of covalent
bonds (which can bond protein molecules together to achieve tissue adhesion) to destroying target
molecules by incurring phototoxicity (used in cancer treatments) [2.5]. For these photochemical reactions
to take place there must be an incident light source of a specific wavelength (to provide photons at the
desired energy level) and target molecules that react to the produced high-energy species. Additionally,
there is often something that mediates these reactions (such as a photocrosslinker or photosensitiser). These
processes are graphically summarised in figure 2.1.
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Figure 2.1 — Photochemical reactions - type 1 and type 2 pathways [2.6].

Photodynamic therapy (PDT) is the most established biomedical application of photochemistry, having

been used in endoscopic cancer treatments for 60 years [2.7]. It is also the most relevant to the context of
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minimally invasive surgery, with some state-of-the-art devices (covered at the end of this chapter) using it
as a means of removing tumours [2.8]. It uses a photosensitiser (a nontoxic chromophore) to localise the
desired photochemical reaction (in this case phototoxicity through oxidative stress to begin cell apoptosis)
to the target, as illustrated in figure 2.2. It does this through both type 1 and type 2 (direct and indirect
respectively) photochemical pathways [2.9].
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Figure 2.2 — Photodynamic reaction process [2.10].

While it can be performed intraoperatively, conventional PDT suffers from relying on the penetration depth
of the light source used (which is normally in either the visible or ultraviolet range), meaning it is only
suitable for superficial/early-stage tumours. While infrared wavelengths can provide high penetration
depths in tissue, it is also highly absorbed by the water within the tissue, typically causing it to be highly
attenuated by the time it reaches the target site, particularly for the low intensity laser light sources that are
optimal for performing PDT [2.11]. Also, photosensitisers that are compatible with these wavelengths have
typically suffered from poor yields of the triplet states needed for starting the underlying photochemical
reactions responsible for PDT [2.12]. This has only started to be addressed within the relevant research
relatively recently, meaning further development is still required prior to wider adoption for cancer
treatments [2.13],[2.14]. For endo-laparoscopic PDT procedures in particular, the conventionally poor
penetration depths of the photosensitisers have been improved through the incorporation of laser irradiation,
with increased laser intensities (5 J cm™) improving cytotoxicity [2.15]. However numerous concerns
remain, including off-target toxicity (particularly if using a light source with higher penetration depths),
long treatment timelines and the heterogeneity of human disease meaning that multiple biomarkers must be
targeted [2.16],[2.17]. The expressed biomarkers vary depending on the phenotypes (the observable
properties) within the tumour, and with there being a continuum of phenotypes (that also evolve as the

cancer treatment progresses) across these tumours this is not a trivial problem.
2.1.2 Photothermal interactions

When laser absorption occurs within tissue, heat is transferred to the tissue through the process of molecular
excitation. The resultant production of heat from these excited molecules relaxing back down to lower
energy states is referred to as the photothermal effect. This can be used in photothermal therapies, where
incident light of a specified wavelength excites a photosensitiser (in a similar manner to the previously
discussed PDT), which then releases this heat to either partially or completely ablate the target cells [2.18].

This photothermal interaction is listed alongside other processes in figure 2.3.
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When biological tissue is heated there are various observable effects which can occur. These depend on the

extent to which its temperature rises and are summarised in table 2.1.

[Temperature ~ Molecular and tissue reactions

42-45°C Hyperthermia leading to protein structural changes,
hydrogen bond breaking, retraction
45-50°C More drastical conformational changes, enzyme

inactivation, changes in membrane
permeabilization, oedema

50-60°C Coagulation, protein denaturation
~80°C Collagen denaturation

80-100°C Dehydration

>100°C Boiling, steaming

100-300°C  Vaporization, tissue ablation
>300°C Carbonization

Table 2.1 — Photothermal effects in tissue [2.20].

Less severe heating effects such as hyperthermia can be used for treating tumours, although in mouse
models this has proven to be a less consistent method towards achieving complete tumour removal
compared to ablation procedures (somewhat intuitively for the inevitably lower degree of damage inflicted),
with only 50% of the mice that underwent hyperthermia treatment (via laser and gold-coated magnetic
nanocomposites) showing full tumour regression over a period of 30 days [2.21]. Similar rates (53.09%)
have since been reported in the inhibition of breast tumours transplanted into mice that were subsequently
treated via laser hyperthermia, which again was enhanced by nanoparticles (single-walled carbon nanotubes
in these trials) [2.22].

On the other end of the scale, carbonisation occurs at a temperature regime beyond that at which ablation
of tissue is observed. During this excessive build-up of heat the surrounding tissue blackens and smoke is
emitted. This is undesirable during surgical procedures as it inevitably leads to increased damage to the

surrounding healthy tissue and can even obstruct the surgeon’s view.

Most significantly, this heat deposition can also lead to coagulation and vaporisation, enabling
photocoagulation and photoablation respectively [2.23]. Photocoagulation is of interest as it has been used
to prevent excessive bleeding during a range of procedures. It achieves this by inducing protein denaturation
through increasing the tissue temperature to between 50 and 60 °C, which causes select blood cells to go
through a state change that causes a blood clot to occur that in turn seals the vessels, effectively forming a
barrier. This is highlighted in figure 2.4 along with other photothermally induced processes. In practice this
is carried out using a series of pulses with radiant exposures just below that of the ablation threshold (the

minimum pulse energy density at which material removal is achieved) of the targeted tissue. For example,
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it has been shown that pulse fluences of 0.8 — 1.4 Jcm2, with a repetition rate of either 10 or 33 Hz, were

able to achieve coagulation of collagen as deep as 300 um beneath the epidermal-dermal junction [2.24].
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Figure 2.4 — Summary of photothermal processes in endovascular laser-tissue interactions [2.24].

Photoablation on the other hand occurs when higher intensity laser sources are applied to tissue [2.20]. The
increase in incident energy upon the tissue leads to the cells within the tissue exceeding the boiling point
of water. Upon this temperature increase the cells begin to evaporate and the tissue proceeds to melt
accordingly due to the excessive heat [2.25]. For example, in excimer laser refractive surgery, the energy
density must exceed 40-50 mJ cm to achieve this desired photoablation [2.26].

This laser-based tissue ablation has the advantage of being highly localised, particularly for shorter pulse
durations, as these limit the spread of thermal energy to the surrounding tissue[2.27]. This is especially true
for pulses with durations shorter than the thermal relaxation time of the tissue (such as ultrashort pulses in
the picosecond regime or even shorter, which are discussed more in-depth later in this chapter), as the heat
does not spread throughout the entire volume of the thermal penetration depth (a summation of the optical
penetration depth and thermal diffusion length for dielectrics such as biological tissue) in these cases [2.28].
An example of this mechanism in action is the work done by Franjic et al. in 2009, where they achieved
noticeably enhanced ablation efficiencies in healthy human enamel tissue using 55 ps infrared pulses of
2.95 um wavelength (with peak intensities at least an order of magnitude below the plasma formation
threshold) compared to nanosecond or microsecond pulses from a neodymium-doped yttrium aluminium
garnet (Nd:YAG) laser [2.29]. The thermal relaxation time is a measure of the time taken for the directly
heated (in this case irradiated) tissue to cool down as it diffuses heat to the adjacent areas [2.30]. It is
important to note however that this variable has since been criticised within the literature as misleading
(under the context of laser-based skin treatments), as the important parameter for determining the
appropriate laser pulse widths is believed to actually be the time taken to induce protein denaturation at the
target site [2.31]. Regardless of the underlying variable definition, ultrashort pulses in or shorter than the

picosecond regime still offer improved localisation, as depicted in figure 2.5. Photocoagulation can even
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be performed after photoablation by simply altering the working distance between the laser and the tissue,

which reduces the irradiance by taking it out of focus.
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Figure 2.5 — Comparison between more conventional laser pulse widths and picosecond lasers for materials processing [2.32].

2.1.3 Plasma-mediated ablation

A relatively recent development in the field of laser-based surgery, plasma-mediated ablation offers a
degree of precision that is 2 - 3 fold greater than that which can currently be obtained using conventional
photoablation through continuous wave irradiation described previously [2.33]. Plasma is a state of matter
with a high concentration of free electrons and positive ions. It can be thought of as an ionized region of

gas which is highly conductive.

In order to induce photomechanical interactions (necessary for plasma formation to occur), lasers with pulse
durations in the nanosecond regime (or shorter) are essential to obtain energy fluence values that are capable
of rending molecules [2.34]. Purely plasma-induced ablation is observed for picosecond and shorter pulses.
While photomechanical effects are observed for pulses in the nanosecond regime, pure plasma-mediated
ablation is not, due to the optical breakdown threshold energy density being higher, as illustrated in figure
2.6. The electric field components of these tightly focused pulses have the power density values required
for laser induced optical breakdown to occur (10%°%-10%* W cm), as these fields are greater than those which
bind valence electrons (~10° W cm). During this laser induced optical breakdown, the atoms within the
tissue are ionized via a combination of multiphoton, impact and avalanche ionisation, resulting in plasma

being formed.

Figure 2.6 —Relationship between energy threshold density required for laser induced breakdown to occur and pulse duration. The

ionisation probability, ), depends on the type of tissue and is expressed in units of (J/cm?)™* [2.35].
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More thoroughly, multiphoton ionisation involves several photons being absorbed simultaneously by a
bound valence electron (hence the need for a high energy density input, or equivalently a large number of
incoming photons from ultrashort laser pulses, to increase the probability of this occurring), promoting it
to a higher (free) energy state in the conduction band. These high energy (seed) electrons can then absorb
further photons through the nonresonant process of Inverse Bremsstrahlung Absorption (IBA) as they
collide with other charged particles (such as atomic nuclei or ions), which causes the electron to gain further
energy as it is accelerated. Once it surpasses the bandgap energy it can produce another free electron
through further collisions with surrounding charged particles — this is impact ionisation. These two
electrons, now with lower Kinetic energies, again gain energy through further IBA and repeat the process
of impact ionisation — this is referred to as avalanche ionisation. As this cascade proceeds the number of
free electrons increases exponentially, until the free electron density exceeds 102 ¢cm? (for picosecond and
femtosecond pulses in water, the primary constituent of biological tissues) and the laser induced optical
breakdown occurs, which is signalled by the formation of intense white plasma around the laser focus

[2.36]. This process is shown in figure 2.7.
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Figure 2.7 — Schematic of Laser Induced Breakdown [2.37].

This laser induced plasma proceeds to absorb the remaining laser energy (it is highly absorptive for various
ultraviolet, visible and infrared wavelengths), coupling the light to the tissue in a precise and efficient
manner, which leads to a non-thermal resection process [2.38]. As a result, this surgical modality offers
excellent lateral precision and depth control. Figure 2.8 shows a graphical representation of this plasma
cascade process with a plot of the laser power against time, with the numbers indicating the chronological

steps in the formation of the plasma plume.
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Figure 2.8 — a) Laser power evolving with time b) Plasma formation gradient [2.39].

Point 1 indicates the initial formation of plasma at and in the immediate vicinity of the beam waist of the

laser beam, with points 2 and 3 corresponding to the times at which the free electron density is exceeded in
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the respective larger peripheral volumes due to the initial plasma zone at point 1 absorbing the increasing
incident laser energy. This plume stops extending upon the laser reaching its maximum power, indicated
by point 3. Material is ejected after the development of this vapour plume with a subsequent crater being
left in the material. In the case of soft biological tissue being ablated this plume consists of water (in the

form of vapour and droplets) and/or minute tissue particles [2.38].

Ultrashort pulses on the order of picoseconds (or shorter) are again uniquely suited towards this plasma
formation process, as multiphoton ionisation becomes the dominant mechanism by which seed electrons
are produced and the energy from these seed electrons (which are the first to absorb the incident thermal
energy) is transferred to the lattice of the target structure (tissue in this context) around the same timescale
as, or prior to, electron cooling (~10 fs) and lattice heating (~ 1 - 10 ps) [2.39],[2.40]. As the pulse ends
before the heat is diffused throughout the lattice there is negligible thermal conduction. In the case of plasma
formation, the high intensities provided by the incident ultrashort pulses lead to chemical bonds within the
lattice structure being broken as ionisation occurs, with minimal excess energy transferring to adjacent
lattices as heat. This is the underlying mechanism that lends these plasma-mediated ablation techniques
their high degree of localisation, with the increase in temperature effectively being confined to the focal
volume of the laser for these ultrashort pulses. This offers the potential to carry out ablation of tissue

surfaces in a non-thermal regime.

When examining the fundamental mechanisms that underline plasma formation in biological tissues, it is
vital to consider how it forms in water due to its abundance in these samples. Previous studies found that
reducing the pulse duration from 100 ns to 100 fs results in an increase in the irradiance threshold at which
laser induced optical breakdown, and thus plasma formation, occurs (from ~ 10*° W cm= to ~ 10* W cm
%) but a corresponding decrease in the radiant exposure threshold (from ~ 10 J cm? to ~ 1 J cm?)
[2.41],[2.42]. They have also observed that the plasma energy density for nanosecond pulses is over ten
times greater than that for femtosecond pulses and, perhaps most significantly for the experimental work
carried out in this thesis (due to implications regarding the efficiency of high power laser delivery through
novel hollow-core fibres discussed later), that the transmission efficiency of plasma in water is low for
pulses in the nanosecond regime, high for picosecond pulses (peaking at around 3 ps) and decreases again
as the pulse duration is reduced further down to the femtosecond regime [2.43]. This increased plasma
transmission efficiency for picosecond pulses is observed through decreased “shielding” (mechanisms
which limit the transfer of input energy through either reflection, absorption or scattering) [2.44]. For
example, due to picosecond pulses resulting in greater lengths of plasma being formed in distilled water
compared to nanosecond pulses, there are larger total volumes of plasma [2.45]. Due to the greater volume
of plasma being formed, there is more energy required for ionisation and subsequent vaporisation of matter
to occur, which results in less available energy for undesirable (in the context of minimally invasive surgery
in the gastrointestinal tract) photomechanical effects to occur, such as the formation of shockwaves and

cavitation bubbles — these are covered in depth in section 2.1.4.

This was observed by Alfred VVogel et al. using time resolved photography, where 30 ps pulses led to
shockwaves of approximately 3 um width, while 6 ns pulses led to shockwaves that were roughly 10 pm
wide. Additionally, the pressure of the shockwaves formed via 30 ps pulses decayed to 1 kbar over a
distance of 50 um, while the distance to drop to the same pressure value for the shockwaves formed via the

6 ns pulses was 200 um. If the focal volumes were equivalent, the energy density for the plasma induced
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by the nanosecond pulses is much greater (due to greater energy densities being required to achieve an
equivalent plasma electron density to the picosecond pulse induced plasma), which again results in this
excess energy being dissipated into the surrounding tissue in the form of shockwaves, as well as the ensuing
cavitation bubble and (potential) jet formation. This combination of a reduced optical breakdown fluence
threshold (as depicted in figure 2.9) and lower energy deposition makes picosecond pulses (up to ~ 10 ps,
with this being the upper end of the lattice heating timescale mentioned previously) optimal for ablating
biological tissues. This has been confirmed by various papers, with surgical applications ranging from

intraocular treatments, dental procedures and ear surgeries [2.46],[2.47].

Figure 2.9 — Plasma length dependence on incident pulse energy for differing pulse durations in distilled water [2.35].

Additionally, it is worthwhile noting that the critical electron density (the free electron density at which the
plasma oscillation and laser frequencies are equal, which is an important variable in determining the energy
distribution between laser source-target coupling and laser source-plasma coupling) is most easily achieved
(in an air medium, but transferrable to water as well) using infrared light compared to ultraviolet or visible
sources, due to it being inversely proportional to the squared value of the incident wavelength [2.48].
However, when considering its applications in surgical contexts, it is important to consider the secondary
effects of plasma formation in biological tissues as these correspond to additional damage mechanisms.
These include the previously mentioned shock wave generation, as well as the potential formation of both
cavitation bubbles and jets, with the latter depending on if the cavitation bubbles collapse in a fluid medium
while in the vicinity of a solid boundary. An approximate timescale of these effects can be seen in figure
2.10.
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Figure 2.10 — Approximate timescale of the stages involved in plasma formation in a biological tissue sample. The “2nd” indicates

the second incidences of the respective processes [2.35].
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2.1.4 Secondary effects of plasma-mediated ablation of tissue

Supersonic shock waves are produced as the plasma expands from absorbing the incoming radiation (i.e.
the incident laser light) immediately after it forms as previously described. These shock waves have a
typical duration of 20 — 40 ns and are caused by the quick build-up of pressure that is associated with the
rapidly increasing temperature within the focal volume of the incoming laser beam (and subsequent region
of plasma) and they lead to photodisruption (disruption of the tissue structure as molecules are ionised upon
interacting with the incident laser light) as they propagate outward from the plasma formation region across
the surrounding tissue surface, reducing to the speed of sound in water (= 1500 m/s) as they do so [2.49].
The energy densities and pulse durations at which plasma-induced ablation or photodisruption processes
occur are highlighted in figure 2.11. The mechanical process of photodisruption causes tissue separation
and is ultimately one of the limiting factors regarding the otherwise impressive precision that is possible
via plasma-mediated ablation of tissue, as while the plasma is confined around the focal region, these
shockwaves and the resultant cavitation effects spread across the areas of adjacent tissue. However, these
shockwaves are directly applied in other areas of medicine such as ophthalmology, where it enables

minimally invasive intraocular surgeries (e.g. treatment of glaucoma).
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Figure 2.11 — Plot distinguishing the differences between pure plasma-induced ablation and photodisruption in terms of the applied

energy density and pulse duration [2.35].
These photodisruption effects have been the favoured tool for performing various minimally invasive
surgeries since first being reported in the scientific literature by Krasnov in 1972, and subsequently studied
by Aron-Rosa et al. in 1980 and Fankhauser et al. in 1981, including posterior capsulotomy of lenses (most
commonly required after performing cataract surgery) and laser induced lithotripsy of urinary calculi
[2.50],[2.51],[2.52]. The relationship between photodisruption and both irradiance and exposure time is
clearly illustrated in figure 2.12.
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Figure 2.12 — Plot of irradiance versus pulse duration, highlighting the corresponding interaction mechanisms [2.53].

The rapid build-up of pressure can also cause cavitation bubbles to form within the fluid that is abundant
in the tissue. The vaporisation within the focal volume causes work to be done against the surrounding
medium, leading to the conversion of kinetic energy (from the shockwaves produced) to potential energy,
which is then stored in these bubbles. These bubbles consist primarily of water vapour and carbon dioxide
(both of which ultimately diffuse into the surrounding tissue upon the bubble collapsing) and are formed
over nanosecond timescales, with the pressures inside these bubbles reaching as high as tens of megapascals
[2.54]. The time taken to trigger these bubbles to begin forming ranges from nanoseconds to as short as
femtoseconds, depending on the pulse duration of the incident laser source. These cavitation bubbles
usually expand and collapse (in response to the outer static pressure of the surrounding fluid) several times
over typical durations in the 100’s of microseconds range (as illustrated in figure 2.10), although this
duration is directly proportional to the applied pulse energy [2.55]. If operating close to the breakdown
threshold (i.e. lower pulse energies) these bubbles typically collapse in the lower microsecond range. This
entire sequence of events is also depicted in figure 2.13. As the pressure inside these bubbles increases with
each collapse, the previously described shockwaves are emitted each time they reform. Additionally, jet
formation can also ensue with each reformation of the bubble, but as stated previously this is dependent on
the bubble collapsing while near a solid boundary.
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Figure 2.13 — Diagram depicting sequence of events that occur during laser induced optical breakdown in water (formation of a laser
induced bubble) [2.54].
These jets are directed towards the solid boundary and can cause high-impact pressures if the bubble is in

physical contact with the solid boundary as it collapses, leading to an increased potential for bubble induced
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damage. These jets only form near a solid boundary as when a bubble collapses the surrounding fluid
accelerates towards the centre of the bubble. However, when this occurs near a solid boundary, there is less
fluid available on the side facing the boundary, which results in a slower collapsing process on this side
and an asymmetric collapse. Fluid particles in the faster collapsing side proceed to gain more Kinetic energy,
as the decelerating force provided by the opposing side is consequently delayed. Counter jets may also be
formed, but only if the jet is slow to the point where its speed is exceeded by that of the central part of the

slower collapsing side.

Laser induced cavitation bubbles and jets have been studied using a variety of techniques. High-speed
photographic methods were first used by Lauterborn in 1972, where framerates of 850000 pictures per
second allowed for the bubble dynamics to be studied [2.56]. Shortly after this, in 1974 he was also the first
to report on jet formation (instigated by the formation of single cavitation bubbles via Q-switched ruby
laser), which was followed up by subsequent work with Bolle in 1975 further examining these high-speed
liquid jets [2.57],[2.58]. Again, this was made possible through high-speed imaging, with framerates as
high as 300000 frames per second being used for these examinations.

The high-speed imaging work published in 1972 led to further investigations of cavitation bubble dynamics
by various researchers, including Alfred Vogel, who was previously mentioned regarding time resolved
photography of cavitation bubble and shockwave formation. He was able to capture the formation and
collapse of cavitation bubbles using a 20000 frames per second camera in 1989, with the bubbles again
being generated by a Q-switched ruby laser, this time using pulse energies between 100 mJ and 400 mJ
[2.59]. The results are shown in figures 2.14 and 2.15. In this study the maximum jet velocity observed was
156 m/s and the maximum bubble diameter was 2.05 mm. The 8" and 13" frames in figure 2.15 show the

respective ends of the first and second collapsing processes of the cavitation bubble.
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Figure 2.14 — Cavitation bubble collapse and ensuing jet formation from close proximity to brass block seen in the bottom of each

frame, imaged at 20000 frames per second (individual frame size: 7.3 mm x 5.6 mm) [2.59].
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Figure 2.15 — Cavitation bubble formation and collapse, accompanied by corresponding jet formation, imaged via high-speed

photography (individual frame size: 7.3 mm x 5.6 mm) [2.59].

Shortly after this in 1990, Vogel et al. observed that the tissue damage incurred is directly proportional to

the cube root of the pulse energy, indicating that cavitation bubbles inflict more damage than
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photomechanical shockwaves [2.60]. This was concluded by Markolf Niemz in his 1996 book “Laser-
Tissue Interactions”, as the damage inflicted by these shockwaves scales with the square root of the pulse

energy, while the extent of bubble induced damage scales with the cube root of the pulse energy [2.35].

In this same publication, Niemz was able to capture a cavitation bubble in human corneal tissue. This is
shown in figure 2.16 and was achieved by fixating the tissue immediately after the laser exposure. It was
produced by focusing a single 30 picosecond pulse from a Nd:YLF laser below the epithelium. This was
done to preserve the cavitation bubble by preventing it from collapsing, which Niemz observed to occur
after a lifetime of a few hundred microseconds, as indicated by figure 2.10. The cross-section of the
cavitation is stretched out on an axis that is determined by the orientation of the collagen fibrils, because

shear forces from the photomechanical effects can more easily split the tissue in this direction.

Figure 2.16 — Cavitation bubble formed within a human cornea, induced by a single 30 ps long pulse of 1 mJ energy from a Nd:YLF
laser, focused just below the epithelium (scale bar: indicative of 30um) [2.53].
The secondary effects of plasma generation within tissue covered in this section (shockwave generation,
cavitation bubble and jet formation) have significant implications upon the extent of damage incurred by
tissue during ultrafast laser surgery procedures, as a gas bubble left by a previous pulse may be hit by the
resulting flow gradients that are produced by successive pulses. This can greatly impair the reliability and
localisation of the ablation of the tissue itself (and hence the safety of the overall procedure) through various
nonlinear interactions. For example, VVogel et al. reported damage dimensions of between 2 and 3.5 mm in
diameter for 4 mJ pulses in instances where gas bubbles were attached to corneal tissue [2.60]. This was
significant as the spot size of the Nd:YAG laser setup used was 20 um in fundamental mode operation and
50 um in multimode operation within the saline solution that the cornea samples were immersed in,
showecasing that the damage incurred from these secondary effects was orders of magnitude greater in size
than the spatial profile of the laser itself. Even when operating close to the optical breakdown threshold,
where the cavitation bubbles are shorter lived (low microsecond regime) than at higher input energies, this
remains an important consideration as the bubble left by the previous pulse may still oscillate (expand and
collapse) in the temporal and spatial vicinity of the subsequently focussed pulse [2.61]. This is the principle
that typically impairs performance for higher repetition rates in laser surgery applications. Also important
to note however is that if these bubbles are sufficiently small (around micron scale) then they quickly
dissipate, due to their small total volume and relatively high surface tension, resulting in certain laser
repetition rates and scanning speeds providing more consistent ablation results with less damage being
inflicted upon the surrounding tissue through providing increased temporal and spatial separation of the

applied ultrafast laser pulses. This consideration is of paramount importance within the surgical contexts
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of the work carried out in this thesis. A summary of these secondary effects that accompany plasma

generation in biological tissues is illustrated in figure 2.17.
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Figure 2.17 — Summary of the secondary effects caused by plasma generation within a biological tissue medium [2.53].

2.1.5 Surgical applications of plasma-mediated ablation

Collateral thermal damage is the primary driver for many complications in resection-based surgical
procedures. The main cause of this is heat diffusion occurring within the tissue surrounding the surgical
sites. This is a significant limiting factor in various procedures that utilise continuous-wave (CW) and/or
long-pulsed (pulses with durations within or greater than the sub-microsecond regime) laser systems,
despite such systems being ideal for general material processing applications for a multitude of reasons
(including their capacity for contactless modalities, precise targeting via micron scale beam diameters, real-
time process adjustability and a lack of tool deterioration).

While photothermal and photoablation processes fundamentally rely on linear thermal interactions
occurring within the tissue structure, the comparatively recent research endeavour of plasma-mediated
ablation shows great promise in various areas of medical practice, such as neurosurgery, due to the
previously discussed high degree of localisation it offers, especially compared to electrical ablation or more
conventional continuous wave laser photoablation, which both fundamentally function over longer
timescales, leading to increased levels of thermal diffusion. This enables selective ablation on a sub-cellular
level (e.g. micron scale) [2.62],[2.63]. This has been further realised experimentally through the
implementation of simultaneous spatial temporal focusing [2.64]. Plasma-mediated ablation can target
significantly more individual cells than what is currently possible through mechanical methods that utilize
pipetted distribution of pharmaceutical compositions, resulting in higher throughputs. Yet, it is not without
drawbacks.

In the context of neurological research, established techniques that use genetic and chemical manipulation
methods to inactivate particular neuronal subclasses benefit from a higher extent of selectivity than plasma-
mediated ablation, while also benefitting from the potential of reversibility [2.65]. Other complications
surrounding plasma-mediated ablation include the potential for internal haemorrhaging and infections
occurring in the local area of the treated region [2.66]. Also, the degree of precision it offers is offset by its
comparatively slow ablation rate in some procedures [2.67]. An example of this is the calculated ablation
rate for the Wyvern™ 1000-30 Ti:Sapphire regenerative amplifier (Kapteyn-Murnane Laboratories, Inc.,

Boulder) system, which can produce 1.6 mJ pulses at a repetition rate of 10 kHz. Although this is on the
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higher end of commercially available amplified systems in terms of power output, it is calculated to only
be able to achieve ablation rates of ~ 0.033 mm?/s, whilst a more conventional 523 nm continuous wave

(CW) laser system has only recently been shown to achieve rates of 50 mm3/s on bovine liver tissue [2.68].

Despite these limitations, plasma-mediated ablation has proven key for advancements in numerous medical
research endeavours. These include the treatment of lingual tonsil hypertrophy, which demonstrated the
user friendliness of plasma-mediated ablation in tonsillectomy, courtesy of the excellent haemostasis it
provides, albeit with a radiofrequency device [2.69]. Similarly, it has also been observed as a promising
method for treating adult laryngotracheal stenosis, with lower grade stenosis cases in particular requiring
fewer surgical interventions [2.70]. Plasma-mediated ablation has also found use in stripping thin slices
from dry dermal tissue, which similarly required negligible thermal damage (in this instance less than 10
pum laterally, even after multiline ablation) and precise ablation on the scale of tens of microns [2.71]. This
stripping of dry tissue layers has uses in the construction of skin allografts, which are used for treating burn
wounds. The fact this was carried out on dry tissue is also significant, as previously studied wet dermis

samples were prone to dehydration upon undergoing laser processing [2.72].

In dentistry it shows the potential for unmatched depth control in the production of high quality dental
implant cavities, with fidelity again on the micron scale, while also offering higher pain relief through
negligible thermal damage and not causing vibrations, which tooth nerves are very sensitive to, although
this comes at the cost of reduced throughput compared to what mechanical drills can offer [2.73]. Recent
work by Khosroshahi et al. has highlighted this, with fluences as high as 200 J cm? from 7ns Nd;YAG
pulses providing removal rates of only around 45 pum per pulse in enamel tissue in the single shot regime
[2.74].

This precision has been carried over to other hard biological tissues such as the nail, where the enhanced
depth control of poration offered by plasma-mediated ablation is advantageous in aiding drug access to the
target site [2.75]. Plasma-mediated ablation has also shown compatibility with laser induced breakdown
spectroscopy-based feedback loops in laser osteotomy applications [2.76]. This was able to distinguish
between fat, muscle and bone tissue in a porcine femur sample with 100% sensitivity and 99% specificity

through discriminant function analysis of the respective peaks in the obtained spectra.

Recent plasma-mediated ablation studies have involved the precise resection of both tumours within ovine
lung samples and of porcine intestinal tissue [2.77],[2.78],[2.79]. Both types of tissue exhibited minimal
collateral damage (less than 50 um in both cases) thanks to the utilisation of a non-thermal ablation regime
— an illustration of this idea can be seen in figure 2.5, albeit not for biological tissue samples specifically.
In addition, plasma-mediated ablation of porcine colon tissue via fibre delivered ultrafast pulses has been
demonstrated [2.80]. Porcine vocal fold tissue has also been resected using 1.5 ps laser pulses (in this case
delivered through a hollow-core Kagome lattice photonic crystal fibre, with the distal end being scanned in
a Lissajous pattern) to generate plasma for simulating microsurgical procedures, although there was no
histological analysis to review the extent of the thermal damage inflicted upon the tissue [2.81]. Due to the
advantages it offers in terms of precision and minimising residual thermal damage, the underlying
mechanisms of plasma-mediated ablation has been studied for various nanosecond pulsed laser wavelengths

on porcine skin samples [2.82].
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For ocular surgery in particular, the use of plasma formation dates back to 1977 [2.83]. Quantitative models
for plasma-mediated ablation of corneal tissue have since been developed [2.84]. Additionally, studies
examining the ablation of corneal tissue with various pulse durations have also been carried out, with the
observations that more precise excisions were possible with shorter pulse lengths, and that these also
benefitted from lower threshold energy requirements for ablation to occur [2.85]. The capacity for minimal
collateral damage has led to this being a continued research interest to the present day, with patents being
made for various devices [2.86],[2.87]. These bespoke setups combine a suitably short pulsed laser with
either an optical coherence tomography imaging system to enable non-invasive targeting of floaters or

scanning and delivery systems to treat astigmatism via repeated treatment patterns.

Yet, as it is a relatively recent research endeavour (primarily due to a previous lack of compatible delivery
mechanisms for the high power ultrafast pulses required) longer term data on plasma-mediated ablation of
soft tissues (such as organ structures) to draw comparisons with is inevitably lacking, indicating that there

is ample room for more studies to be done that examine this method.
2.1.6 Gaussian beams

In previous laser ablation studies, obtaining the required energy intensities within the focal volume of the
laser beam incident upon the tissue surface to achieve plasma formation has predominantly been done
through the implementation of conventional convex lenses within the optical setups [2.88],[2.89],[2.90].
These lenses refract the constituent light rays of the input laser beams in a manner that forms a tight focal
depth along both the transverse and propagation axes, courtesy of the Gaussian beam shape that is both
typically input to and subsequently output from them. This refraction normally changes the shape of the
wavefronts from planar (e.g. a collimated input beam) to spherical (e.g. a focussed output beam). These
Gaussian beams have the distinct advantage of being the most widely used (particularly for material
processing applications) and consequently the most well defined and established in terms of the theoretical
modelling from mathematical expressions and experimental application respectively. They can also be the
most strongly focussed of all electromagnetic beams (limited only by the diffraction limit of light), in turn
offering the highest power densities (or highest potential resolutions for imaging applications). This is the
primary reason why the majority of commercial laser systems are designed around operating via Gaussian
beam generation, which also happens to be the lowest transverse mode. Additionally, Gaussian beams
preserve their spatial intensity distribution through both propagation and focussing, further consolidating

the relative ease of modelling their behaviour.

However, while the strongly confined focal regions provided by these focussed Gaussian beams are thus
clearly well suited for reaching the aforementioned high energy densities required for plasma generation
(or for exceeding the ablation threshold of the material in lower intensity photoablation processes), they
inherently suffer from being highly divergent at either side of their respective focal regions. This is due to
the well-established fact that the more tightly a Gaussian beam is focussed, the more divergent it becomes.
This behaviour arises from the Rayleigh range characteristic of focussed Gaussian beams, which is

expressed as follows:
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Twy? (2.1)
ZR = A 5

where Zg is the Rayleigh range, wo is the beam waist radius and X is the wavelength of the laser source. The
Rayleigh range is the parameter that defines the distance over which the beam waist radius (the minimum
beam radius along the laser beams propagation) is increased by a factor of the square root of 2. For the
conventional circular beam shapes considered here, this means that the area of the spot is doubled over this
distance. It is the standard parameter for defining the distance over which the beam does not severely
diverge. An illustration of the divergent nature of a typical Gaussian beam is shown in figure 2.18. As can
be seen from equation 2.1, the smaller the beam waist radius is (i.e. the more strongly focussed the beam
is), the shorter the corresponding Rayleigh range becomes. For spot sizes around the order of 10 um the
Rayleigh range can be as small as the 100 um range, clearly indicating the potential for reduced maximum
achievable removal depths within the material being ablated where increased levels of lateral precision are

needed or desired.
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Figure 2.18 — Side profile of the waist area of a Gaussian beam [2.91].
Despite their prominence within industrial laser-based material processing applications, this divergent
behaviour leads to numerous issues regarding limited throughputs in such processes. This is related to the
finite volume over which plasma is formed (or again for lower intensity photoablation-based processes the
finite volume over which the ablation threshold of the material is reached or exceeded) for these Gaussian
beam geometries, as when the beam diverges there is a relatively drastic drop in the energy intensity
contained within the consequently increased spot diameter. This also inevitably causes issues regarding
focussing sensitivity, which is further exacerbated when the surface of the material to be ablated is
inhomogeneous and/or difficult to accurately profile, as is the case for biological tissues. This is particularly
true for procedures where high precision is desirable (which is the primary justification for the application
of plasma-mediated ablation) as this inherently places additional demands upon the regularity/morphology
of the sample surface. Additionally, while there exists an inherent tradeoff between removal/ablation rates
and the level of depth control (vital for avoiding bowel perforation within the context of bowel surgery that
is foremost among the considered applications for this thesis), there is clearly still ample room to further
optimise laser-based ablation processing times (whether plasma-mediated or facilitated by photothermal
effects) for increased cost-efficiency across various industries [2.92]. For the medical industry in particular

the resulting reduction in operation times would prove mutually beneficial to both surgeons and patients.

These confining factors of limited throughputs and focussing sensitivity can be clearly observed in both
transparent material processing (a significant industrial field, with applications including waveguide
inscription and the manufacture of photonic and electronic devices) and laser drilling of opaque materials,

as non-linear driven processes in both types of material depend not only on the cross-sectional focus area
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at specific planes but also on the total focal volume of the incident laser beam [2.93]. For material drilling
in particular this limits the achievable aspect ratios and leads to tapered crater walls for Gaussian beam
inputs [2.94]. Techniques such as temporal focussing paired with a low numerical aperture have been used
to try and address these issues in micromachining trials, including the sectioning of an excised mouse skull
sample submersed in water [2.90]. While relatively high ablation rates of 25 pm?® per 80 pJ pulse were
achieved with a high degree of axial confinement, and this was subsequently taken further to permit in vivo
imaging of mouse brain vasculature, it involved the use of femtosecond pulses to achieve the peak
intensities required for plasma formation [2.95]. Despite the lateral and axial decoupling of the ablation
process that was showcased through the consistent thickness of bone tissue removed, these shorter pulse
durations are not suited towards fibre guided modalities, as discussed in more detail later in this chapter. In

addition, the damage from the shockwaves produced during the plasma ablation process was not evaluated.

The hard-set limitations on both the productivity and robustness of the ablation process are clearly
undesirable traits under the wider context of material processing, with the Gaussian beams not proving to
be wholly ideal for various applications (particularly those involving materials with irregular/inconsistent
morphologies, as is the case for tissue ablation) despite their established nature. As a result of this, there is
an ongoing research interest in extending these ranges via various means of beam shaping to increase
efficiency. These beam shaping techniques offer the potential to modify the way the energy from the laser
source is deposited on the surface of and/or within the sample. This enables precise tailoring of the overall
material ablation/modification process. However, most currently utilised beam-shaping techniques are
limited as they only work in two dimensions at a given focal plane. This is due to the fact that they typically
involve the use of a diffractive optical element to alter the phase front of the incident laser beam to match
that of the Fourier transform of the desired output beam profile, which is subsequently formed at the focal
region [2.96]. This causes the beam to be semi-randomised elsewhere along its propagation, which in turn
inhibits the occurrence of non-linear phenomena such as plasma-mediated ablation, where the properties of

the total focal volume are a significant factor, as opposed to the beam properties at a single focal plane.
2.1.7 Bessel beams

Another promising and recent development within the field of minimally invasive surgery is the application
of Bessel beams towards tissue ablation. Bessel beams are of interest as they offer the potential for “non-
diffracting” propagation. Durnin was the first to take note of these solutions to the Helmholtz equation
[2.97]. He noticed that that they were independent of the propagation direction and that they had the
interesting property of being non-diffracting. Durnin et al. proceeded to showcase an experimentally
realised approximation of this mathematical concept, with the important distinction that it was non-
diffracting only over a finite distance [2.98]. This was a controversial idea upon its founding, with some
publications questioning the legitimacy of this definition [2.99]. This was soon addressed by Durnin et al.
by stating that what they had observed was that the “... central maxima are remarkably resistant to the
diffractive spreading commonly associated with all wave propagation” [2.100]. In drawing this comparison
between the Bessel beam and Gaussian beam geometries, they made it clear that it is the central core which
remains propagation invariant. As a result, Bessel beams are able to remain focussed over distances that
are orders of magnitude greater than the Rayleigh ranges offered by Gaussian beams [2.101]. This is

significant as due to their comparatively low focal depths, Gaussian beams have suffered from low ablation
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rates and restricted cutting depths as discussed in the previous section. Ablation with Gaussian beams has
also been hindered by heightened non-uniformity in tissue, as the rapid variation in the focal spot size
partnered with the inhomogeneous medium of tissue results in large alterations of the incident beam profile
[2.102]. Meanwhile, Bessel beams appear to be ideal for treating tissue, as their inherent resistance to
diffraction pairs well with inhomogeneous mediums. They are even able to self-heal, referring to the fact

that they can reform further along their axis of propagation, even if partially obstructed at some point.

It has been well documented that the most efficient technique to generate a Bessel beam involves
illuminating a conical lens (more commonly referred to as an axicon) with a conventional Gaussian beam,
as opposed to using an annular slit, as it is able to use the majority of, if not the entirety of the incident
Gaussian beam [2.103]. Axicons offer a potential solution to the previously discussed depth related issues
within material processing studies through effectively decoupling the spot size/attainable resolution and the
focal depth (which can be tailored via altering the physical angle of the conical side of the lens and/or the
input beam diameter). In addition to being cheaper than high diffraction efficiency SLMs of roughly
equivalent damage thresholds, they also offer the potential for miniaturisation by applying
etching/polishing techniques to create either standalone micro-optics or integrated axicons at the output
facets of optical fibres [2.104],[2.105],[2.106]. These lenses are the simplest example of three-dimensional
beam shaping via interference, with the Bessel-Gauss beams that they generate from a Gaussian input beam
providing the same order of lateral precision as a conventionally focussed (i.e. focussed via a convex lens)
Gaussian beam while benefitting from much improved throughputs, increased tolerances with regards to
focussing and the capacity for higher aspect ratio drilling. A diagram of a Bessel-Gauss beam being
generated by an axicon from a Gaussian beam input is shown in figure 2.19.
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Figure 2.19 — Generation of a Bessel-Gauss beam by an ideal axicon illuminated by a Gaussian beam with the beam waist located
on the front/plane surface of the axicon. The intensity profile along the propagation axis is illustrated along with the invariant radial
intensity profile at two arbitrary axial positions, labelled Z1 and Z2. Zmax is the maximum propagation distance up to which the
Bessel-Gauss beam is maintained and t is the apex angle of the axicon [2.107].

The more consistent intensity profile along the propagation of the beam has led to Bessel-Gauss beams
earning some traction with researchers interested in materials processing [2.108],[2.109]. Following on
from these recent nanofabrication trials, there have also been recent studies that have considered their
potential applications in medical environments, as the numerous distinct advantages observed with Bessel-
Gauss beams were of shared interest between the two industries. These have ranged from cosmetic surgery

to the ablation of bone tissue, as well as targeted cell ablation [2.110],[2.111],[2.112].

Regarding the targeted cell ablation, the implementation of a Bessel-Gauss beam partnered with a selective
plane illumination microscope enabled more precise and rapid targeting and subsequent ablation of

cancerous cells found within zebrafish (signalled through the use of binding fluorescent proteins) compared
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to more a conventional setup using a fluorescent microscope and Gaussian beam profile, which led to
increased rates of fish survival [2.113]. These improvements in cell subset targeting at anatomical depths
in live, developing zebrafish kidneys were primarily due to the low diffraction of the Bessel-Gauss beam
and the incorporation of a compatible high numerical aperture (NA) lens. Other cell targeting studies have
looked at cellular transfection using Bessel-Gauss beams, both through free space propagation and fibre
delivery (generated via an axicon tip on the end of the fibre in the latter instance) [2.114],[2.115]. These
studies benefitted from the reduction in the required precision of axial alignment that the Bessel-Gauss
beam offers, due to the longer axial range it provides. This offered the potential for cellular transfection
across axial ranges that were twenty times larger than the equivalently sized (1.8 pm spot diameter)
Gaussian beam [2.116].

In the context of cosmetic surgery upon the skin (treatment of skin lesions in ex vivo human samples
specifically), Bessel-Gauss beams benefitted from being able to penetrate deeper into the tissue, due to
longer propagation distances, while also exhibiting a lesser extent of radial damage [2.110]. This again
showcases their potential to provide improved depth-to-diameter ratios compared to Gaussian beams.
Meanwhile, when considering tissue ablation as opposed to photothermolysis, Ashforth et al. were able to
achieve a six to seven times lower ablation threshold in bovine and ovine cortical bone tissue using a zero-
order Bessel-Gauss beam opposed to a Gaussian one, similar to the trends previously observed in both
silicon and quartz [2.111],[2.117]. Some of the ablated features obtained with both beams are shown in
figure 2.20. These ablation thresholds were found to be independent of the species, suggesting that ultrafast
laser scalpels, whether utilising Gaussian or Bessel-Gauss beam shapes, would require minimal parameter
modification between patients.

Both beam geometries also benefit from a lack of incubation effects while ablating bone, which was
attributed to the inhomogeneity of the material. While these incubation effects can lead to more efficient
ablation of materials such as metals and polymers when large numbers of pulses are applied, they hinder
the consistency of the ablation rate, which would potentially be disadvantageous within surgical contexts
where a high degree of precision is desirable. They also quoted ablation depths that were three times greater
for the same number of pulses and pulse fluence, as well as ablation rates that were fourteen times greater,
closing the sizable gap between the ablation rates that are possible with lasers and those achieved through
mechanical tools, which in turn illustrates the potential for reduced laser-based surgical procedure
durations. These greater ablation depths and rates can again be attributed to the lack of distortion
experienced with a Bessel-Gauss beam profile when compared to a Gaussian, courtesy of its previously
mentioned “self-healing” properties, which the authors theorise compensates for plasma shielding to some
degree. This works synergistically with its previously mentioned ability to effectively remain focussed (thus
possessing an intensity value above the ablation threshold) over distances that can be orders of magnitude
greater than the Rayleigh ranges of Gaussian beams. A lack of heat-affected zones around the ablation sites
within the bone tissue was confirmed via optical and single electron microscopy for both beams, but this
lacks the more thorough insight that could be provided by histological evaluation. These studies are yet to
be expanded to other forms of tissue, but it is thought that the more consistent intensity profile provided by
Bessel-Gauss beams will be of significance in medical applications, as this could be invaluable when
dealing with the various kinds of highly scattering tissue found within various animal species, including

humans. In addition, the self-healing characteristics exhibited by Bessel-Gauss beams could prove to be
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even more beneficial in cases where the tissue has a much higher degree of water within its composition,
as this in turn places greater demands upon the robustness of the ablation process from the increased surface
inhomogeneity and the fluid dynamics (such as the cavitation bubble formation covered previously)

involved, whereas bone is a brittle and dry material by comparison [2.118].

Figure 2.20 — SEM cross-sectional images of ablation features produced in bone after irradiation by 1000 pulses, each with a pulse
fluence of 25.0 J cm? and pulse duration of 100 fs, operated at a pulse repetition rate of 1 kHz, with A) a zero-order Bessel-Gauss
beam and B) a conventional Gaussian beam shape [2.111].

Also of note is that lasers have previously had their routine surgical applications limited to the treatment of
soft tissues [2.119]. Still, these initial studies carried out by Ashforth et al. show promise, specifically with
the markedly improved efficiency in ablation combined with both optical and scanning electron microscopy
analysis indicating no thermal damage (specifically no charring, thermal induced cracking or molten
debris). This would not only consolidate upon the currently established soft tissue procedures but also
potentially open up routine hard tissue (e.g. bone) laser treatments. The authors even conclude this paper
by stating that these axicons could be combined with Kagome type hollow-core photonic crystal fibres to
deliver femtosecond laser sources with high peak powers. From these findings it becomes clear that there
is further investigation to be carried out with these beams before any clinical applications can be realised.
Validation of the lack of thermal damage while obtaining improved ablation properties is sought after,
alongside evaluation of performance at pulse durations which are not inhibited by nonlinear effects while

propagating through optical fibres.

The central lobes of Bessel-Gauss beams (albeit formed via a ring-shaped lens, as opposed to an axicon)
have experimentally been shown to be very resistant to distortion upon propagation through water, with
peak positional fluctuations of about 10% the FWHM of the central core in both the x- and y-axis [2.120].
This ability to penetrate deep within highly scattering media (such as biological tissues) has also been
demonstrated in various imaging applications, including multiphoton microscopy of human gastric cancer
and liver cancer samples performed through an axicon (AX255-C from Thorlabs), which showcased greater
image acquisition rates without sacrificing lateral resolution [2.121]. This was achieved due to the greater
depth of focus saving time in both capturing axial information across multiple tissue layers and the sample

alignment process itself. Some of these microscope images can be observed in figure 2.21.
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Figure 2.21 — Demonstration of rapid, high-resolution pathological imaging of a 3 um thick human gastric tissue section via a
reimaged 5° axicon, with a cancerous tumour region (T) being observed [2.121]. (a) Label-free image of the gastric tissue slice, with
the yellow dashed line indicating the boundary between normal/healthy tissue (N) and the cancerous tumour tissue. The magenta
and green areas represent second harmonic generation and two-photon auto-fluorescence signals respectively. The scale bar for (a)
is 1 mm. (b) Magnified view of the area highlighted by the blue box in (a). The scale bar here is 50 pm. (c) Wide-field image of the
corresponding area of (b) in the adjacent H&E stained slice. The scale bar here is again 50 um. (d) Magnified view of the area
highlighted by the yellow box in (a). The scale bar here is 100 um. (e) Wide-field image of corresponding area of (d) in the adjacent
H&E stained slice. Again, the scale bar here is 100 pm.

This potential for improved throughputs, increased tolerances to focal plane positioning and higher aspect
ratio drilling from the increased focal depths Bessel-Gauss beams offer compared to more conventionally
focussed Gaussian beams has also been experimentally demonstrated to greatly increase processing
efficiency in the modification of glass, with this capability of highly precise and efficient dicing proving to
be incredibly valuable towards endoscopic optics, as well as both the manufacturing of through-silicon-vias
and cutting of quartz, both of which are vital to the semiconductor and consumer electronic industries
[2.122],[2.123],[2.124],[2.125],[2.126],[2.127]. Figure 2.22 shows examples of high aspect ratio material

modification in sapphire and glass obtained using a Bessel-Gauss beam.

Intensity Nanochannels in
distribution  sapphire glass

Figure 2.22 — Intensity distribution of Bessel-Gauss beam and the corresponding nanochannels produced in sapphire and glass
samples via single shot ultrashort laser pulse illumination, with these images being captured using a Scanning Electron Microscope
(SEM) [2.122].
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These proof-of-concept material processing studies have been predominantly carried out on transparent
materials, with limited publications on drilling more opaque materials like silicon carbide (SiC)
[2.128],[2.129]. In this SiC processing research it was observed that the carbon-rich layers formed during
ablation created a shielding effect which inhibited the propagation of the side lobes into the fabricated holes
through strong absorption processes. This in turn limited the achievable ablation depths for the Bessel-
Gauss beam, with the Gaussian drilling deeper. It is important to note however that a FWHM beam
definition was used to define the beams, with the Gaussian spot (32 um wide) being significantly larger
than the Bessel-Gauss (1.5 um wide), thus forming a wider lateral extent of plasma over a longer axial
distance than if these spot sizes were more closely equated. Despite this, implications regarding the side
lobes of the Bessel-Gauss profile leading to surface modifications upon the silicon carbide highlight the
potential need for filtering out the surrounding concentric rings. Some publications have examined methods
of suppressing these side lobes, but this comes at the expense of the axial extent over which propagation
invariant behaviour is exhibited [2.130],[2.131].

Other limitations of the Bessel-Gauss beams produced by axicons include them not providing as high peak
intensity values across their axial distributions compared to those produced by conventionally focussed
Gaussian beams, as instead of propagating to a focus they rely on the occurrence of circularly symmetric
interference mechanisms to form the central core and the equally spaced surrounding concentric rings.
While this effectively provides them with a significantly greater depth of focus (while not being
synonymous to a conventional focus) for equivalent lateral spot sizes, it comes at the expense of the
irradiance contained within these quasi-focal regions. These Bessel-Gauss beam geometries also suffer
from the potential drawback of having asymmetric energy distributions along their beam axis, as shown for
both the ideal and oblate tip cases illustrated in figures 2.19 and 2.23 respectively. Compensation of this
effect, similar to the experimental realisation of a beam with uniform axial intensity, would require bespoke,
precise and technically demanding modulation of the field properties (i.e. phase), ideally paired with an
aberration-free optical pathway [2.132]. These axicons also cost more to manufacture than typical convex

lenses due to the geometrical demands that originate from the specifications of the conical surface.

Furthermore, while these axicons do offer the potential for miniaturisation, they will still potentially be the
limiting factor for minimising the size of an endoscopic probe design. On-axis alignment of the incident
beam could also be an area of concern for these axicons, particularly for the output facet of a fibre where a
range of angles are produced by the guided light. However, the on-axis intensity for Bessel-Gauss beams
has been shown to have a high tolerance to the relative tilt angle between the axicon and the input beam,
with tilt angles of up to 10° leading to minimised ellipticity of the central core and increased intensities, as
the added aberrations compensate for the distortions caused by the oblate tip while using a commercially
available axicon (AX255-C from Thorlabs) [2.133].

This oblate (rounded) tip that arises during the manufacturing process is another practical limitation of these
axicons. This rounding of the tip creates a refracted beam that interferes with the Bessel-Gauss beam
generated by the axicon, causing noticeable modulation of the on-axis intensity distribution. This
modification of the axial intensity distribution is depicted in figure 2.23. While this can be accounted for
via the implementation of spatial filtering to remove the low frequency spatial frequency spectrum
components generated by the oblate tip, this invariably reduces the efficiency/peak intensity of the output

beam [2.107]. However, this effect can also potentially be accounted for to some degree via incorporating
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a 4F optical setup comprising of two lenses of positive focal lengths. This acts as a reimaging telescope and
reduces the central core diameter by a factor equal to the ratio of the focal lengths of the two lenses (which
can also be helpful as the Bessel-Gauss beam formed from an axicon is often too wide for performing
experiments with micro-level precision), while also compressing the Bessel zone length (zmax in figures
2.19 and 2.23) by the squared product of this demagnification factor [2.134],[2.124]. This leads to a
significant increase in the intensity across this region, while still offering much greater focal depths (which
can also be tailored via alteration of the input beam diameter and/or the demagnification factor) than a
focussed Gaussian beam of an equivalent spot size. While this will consequently exacerbate these intensity
fluctuations, for the application of plasma-mediated tissue ablation the primary interest is simply the portion
of the total Bessel zone length that equals or exceeds the intensity regime necessary to maintain plasma

formation.

wavefront

Figure 2.23 — Generation of a Bessel-Gauss beam by an oblate (rounded) tip axicon illuminated by a Gaussian beam with the beam
waist located on the front/plane surface of the axicon [2.107]. Similar to figure 2.19, the intensity profile along the propagation axis
is illustrated along with the radial intensity profile at two arbitrary axial positions, labelled Z1 and Z2. Again, Zmax is the maximum
propagation distance up to which the Bessel-Gauss beam is maintained and  is the apex angle of the axicon. The intensity
modulating effect of the imperfect/rounded axicon tip is showcased here. This is caused by the wave that is refracted by the round
tip propagating behind the axicon and subsequently interfering with the Bessel-Gauss beam. This interference also means that the
radial intensity profile is no longer invariant (see examples at Z1 and Z2). The inset image shows an approximation of the round tip

of the axicon via a two-sheet hyperboloid of revolution.

Even upon considering some of these practical limitations, it becomes conceptually clear that the ablation
of tissue could benefit from reducing the need for specific focal plane positioning through the increased
depth of focus offered by these Bessel-Gauss beams. This alone could significantly reduce the duration of
various procedures, thus making the implementation of these more bespoke beam geometries economically
beneficial, despite their less established nature.

The nonlinear ultrafast laser-based tissue ablation processes under consideration in this thesis could also
potentially benefit from deeper removal of cancerous tissue, without being compromised via a linked
increase in laterally induced thermal damage (as would be the case when using a Gaussian beam), as these
Bessel-Gauss beams offer a more consistent cross-sectional intensity profile across these extended focal
regions, as illustrated in figure 2.24. For this same reason, there is also the potential for reducing the number
of passes required to achieve a specified depth of ablation compared to the relatively slow scanning
techniques currently required by Gaussian beams. Both of these outcomes address a key issue regarding

ultrafast laser ablation processes — improving throughput while maintaining the degree of localisation of
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thermal damage around the surgical site which again is among the primary justifications for applying this

specific surgical modality.

] M | .

1 i

w,/tan0

Figure 2.24 — A Gaussian beam focused by a convex lens generates a localised plasma in the focal region which is inherently of
limited volume, while a Bessel-Gauss beam, obtained by focusing a Gaussian beam of width Wo with an axicon, can generate a
plasma channel over the Bessel zone, which by comparison can possess a significantly greater length [2.135].
Additionally, these laser-based tissue ablation processes could benefit from restrictions in the total
achievable ablation depth that arise from the self-limiting behaviour of these Bessel-Gauss beams. This
occurs due to the interference mechanisms that are responsible for their formation, as these create relatively
sharp drop offs in the axial intensity distribution either side of the Bessel zone. However, as these Bessel-
Gauss beams rely on these interference mechanisms for generation, various conventional assumptions in
laser material interaction processes do not apply, hence experimental trials on clinically relevant tissue

samples will need to be performed to observe the absorption and subsequent ablation characteristics.
While the comparative lack of focal depth from focussed Gaussian beams can be compensated via axial
scanning, this introduces numerous endoscopic design implications. For changing the distance between the
endoscope fibre and the objective lens, this entails the incorporation of moving components along the length
of the endoscope, invariably adding to the total size of the device [2.92]. Alternatively, multiple fibres could
be incorporated with slightly shifted axial positions, but this similarly increases the diameter of the
endoscope for increased axial scan ranges. Lastly, a lens of varying refractive power, such as a tuneable
acoustic gradient (TAG) index lens could be used, although the mismatch between the laser pulse repetition
rate and the axial scanning leads to noticeable variation in both the depth and achievable resolution of
material modification [2.136]. This method also presents challenges regarding miniaturisation.

2.1.8 Alternative beam shaping techniques

It is important to acknowledge that alternative beam shaping methods do exist. Simulations on Fundamental
Beam Mode Shaper (FBS) techniques (a beam shaping method that uses binary phase information which
is then converted into an optical component that acts as a phase plate via ion-beam-etching and reactive-
ion-etching) offer some potential through showcasing a more uniform peak intensity around the focal plane
compared to a conventional Gaussian beam [2.137]. These are yet to be experimentally showcased however
and the Rayleigh length was only increased up to a maximum of 40% (from 327 um to 470 pm for a given

beam waist radius of 7.44 um) by superimposing two FBS phase distributions.
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Spatial light modulators (SLMs) offer another means of beam shaping [2.138]. While being a powerful
research tool due to the flexibility that these devices provide through the ability to dynamically modify the
amplitude and/or phase of the laser beam input to them (as opposed to being a fixed optical element), they
are inherently not suited for incorporation into endoscopic applications due to requiring a well-defined laser
beam input at a specific angle of incidence to the SLM surface, whereas a fibre guided laser would produce
an array of incident angles if the SLM were to be placed at the output facet (increasing the already
significant computational demands for high resolution outputs) [2.139]. Alternatively, if placed prior to the
input facet of the fibre, the beam shape would not be preserved upon guidance through said fibre.
Additionally, while recently developed SLMs exhibit higher damage thresholds and are therefore
compatible with high power laser sources which are capable of material processing, they are intrinsically
ill-suited towards the level of miniaturisation required for endoscopic applications, particularly with issues
of shaping inefficiencies arising from speckle noise and discrepancies between the sizes of the geometric
mask displayed on the SLM and the input beam itself [2.140],[2.141],[2.142].

2.2 Surgical devices
2.2.1 Non-laser-based surgical devices

2.2.1.1 Scalpel

The most rudimentary and widely used medical tool that could be viewed as competition against the laser
in a range of procedures is the scalpel. Flint knives (which can be considered the predecessor to the scalpel)
were the first surgical tool to be developed, with evidence of them being used in medical applications
(cutting through the skull) dating as far back as the Mesolithic period during the Middle Stone Age [2.143].
The first incarnation of the surgical knife (or scalpel) was described by Hippocrates, with it maintaining the
same general shape to this day (a sharp, curved blade that comes to a straight point) [2.144]. The modern
concept of the scalpel was conceived by Morgan Parker, who received a patent for his two-piece design
(blade and handle, held together by overlapping metal sections) in 1915 [2.145].

Scalpels are used to make incisions in various tissues where precision is important, with the width of the
cut being determined by the type of blade used. Bleeding is highlighted as being the primary concern with
scalpel-based procedures among medical staff, as unlike the other tools highlighted here it lacks
haemostatic capabilities [2.146]. Bleeding can obstruct points of interest, consequently increasing surgery
time, which is clearly undesirable. Other significant factors in surgical procedures that utilize the scalpel
include low-initial setup costs and more consistently documented wound recovery compared to alternative
methods like electrosurgery, although there is also potentially significant scarring of the tissue post-surgery
[2.147]. Other drawbacks compared to electrosurgical and harmonic scalpel-based procedures include
longer incision times (particularly with both meticulous planning and an experienced user being necessary
for maximising the potential precision), more severe post-operative pain and a higher demand for pain-
killers as a result [2.148],[2.149]. The typical damage zones formed by scalpel incisions are illustrated in

figure 2.25 alongside those generated by conventional and picosecond infrared lasers.
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Figure 2.25 — Comparison between a) scalpel, b) conventional surgical laser and c) picosecond infrared laser (PIRL) [2.150].

2.2.1.2 Electrosurgery

The first record of electricity being applied to medicine was a treatment carried out on a patient by physician
Johann Gottlob Kriger in 1743 [2.151]. The modern electrosurgical unit (a cutting loop) was initially
designed by William T. Bovie and this design was implemented into clinical practice for the first time by
Dr. Harvey Cushing on October 1% 1926 at the Peter Bent Brigham Hospital in Boston [2.152]. This

operation involved the removal of a vascular myeloma from the head of a patient [2.153].

Electrosurgery is based on applying high frequency electrical currents (typically 100 kHz to 5 MHz)
through tissue in various forms of clinical procedures [2.154]. These high frequencies are used as nerve and
muscle stimulation are hindered at around 100 kHz, ensuring these electrosurgical procedures are as safe
as possible [2.155]. Undesirable tissue is heated through these high frequency electrical currents, as energy
is dissipated when these currents encounter resistance imposed by the biological structures within the
human body (with typical tissue resistances lying between 100 and 1000 ohms) [2.156]. This elevation in
temperature (potentially heating the water molecules within the tissue to such an extent that they can exceed
boiling point) is what causes the desired ablation and/or sealing of blood cells. Figure 2.26 is a photograph

of an electrosurgical device in use during an operative procedure.
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Figure 2.26 — Use of a monopolar electrosurgical instrument to coagulate tissue during the excision of a lipoma [2.157].

There is a distinction made between electrosurgery and electrocautery. The latter uses a direct current which
does not enter the body of the patient (only the heated wire end occasionally makes physical contact with

the tissue), while the former uses an alternating radio frequency (RF) current which does.
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The electrosurgical generators which produce the high frequencies required for these procedures can
produce a variety of waveforms. The effects observed on the tissue change upon altering these waveforms
through modulation, with the primary applications being the cutting or coagulation of tissue. Various
waveforms are showcased in figure 2.27.
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Figure 2.27 — Various electrosurgical waveforms [2.158].

Cutting current uses a constant, unmodulated sinusoidal waveform to ablate tissue in a non-contact manner
[2.158]. The cutting of tissue is achieved as this waveform attains a higher average power than any other
(assuming equivalent peak voltages). This can be attributed to the fact that the duty cycle with this
waveform is 100% (i.e. the current is on with no lapses for the complete duration of the procedure,
producing the greatest amount of heat out of all the waveforms), allowing sparks to form between the active

electrode and the tissue.

Coagulating current uses a modulated waveform which reduces the duty cycle (typically to around 6%).
This waveform consists of numerous intermittent damped sinusoidal waves, which use high peak voltages
to achieve a lower transmission of heat to the tissue than the cutting current. As less heat is produced this
makes it the ideal waveform to produce a coagulum within blood vessels. There are two types of coagulation
that can be performed — desiccation and fulguration [2.159]. Desiccation uses an active electrode which
makes physical contact with the skin (either the surface of the skin or inserted into the skin), while
fulguration is a non-contact method. In desiccation a coagulum is formed when the electrode touches the
skin. While it allows deeper coagulation, it comes at the expense of increased thermal damage. Fulguration
coagulates the tissue by spraying electric sparks over the tissue, allowing treatment over a wide area.
However, it suffers from requiring higher voltages than the cutting current (to overcome the high impedance
of the air between the electrode and the tissue), which is a potential source of numerous complications in

minimally invasive contexts.

A blending current enables both cutting and coagulating of tissue. However, it is important to note that this
is not simply a combination of the two waveforms, but instead relies on an altered duty cycle, or “blends”.
Switching progressively from a 50% to 25% duty cycle causes less efficient tissue ablation but more
efficient haemostasis, which causes this apparent switch of operating modalities. Examples of the thermal

damage caused by cutting, blending and coagulating currents are highlighted in figure 2.28.
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Figure 2.28 — Thermal spread in tissue from various electrosurgical procedures using different waveforms [2.160].

The current density is the other (and perhaps more significant) electrical property that determines the
application of the applied currents, with higher current densities leading to the necessary energy levels for
water molecules within the cells to vaporise (causing the tissue to separate), which effectively cuts the
tissue [2.161]. Meanwhile, lower current densities lead to coagulation as the generated heat is spread over
a larger area, preventing the cells from reaching their vaporisation temperatures but still heating them to

the point where protein denaturation occurs. This starts the forming of a coagulum that inhibits blood flow.

It is important to note that, regardless of the intended application, the power required to reach the necessary
temperatures depends on both the thermal and electrical conductivity properties of the tissue. The bioheat
equation has been used previously for calculating the temperature of tissue subjected to electrosurgical
procedures, through the pairing of thermodynamic variables such as specific heat capacity with electrical
properties such as electrical conductivity and current density [2.162],[2.163]. While earlier theoretical
models (such as the ETherm3 simulation software) were able to take changes in the radiofrequency field
solution into consideration (originating from changes in the tissue properties from ongoing thermal effects)
and various transition temperatures, they lacked comprehensive characterisation of the various physical
processes which occur at these high temperature induced phase transitions during electrosurgical dissection
[2.164],[2.165].

These include the evaporation of water and the transport of water vapor within the tissue. These are of
significance as they prevent continued linear trends in the calculated temperatures as they exceed the boiling
point —something which is not observed experimentally. While these have been factored into a recent model
developed at the Rensselaer Polytechnic Institute, and have even been experimentally validated through
electrosurgical ablation trials carried out on ex vivo porcine liver samples, this model still lacks
consideration of some potentially important factors regarding tissue damage [2.166]. These include the
rapid transport of fluids within the tissue, mechanical deformation and/or dissection of the tissue and

friction arising from physical contact between the electrode and the tissue surface.

Electrosurgery relies on dipole circuit setups, with the two respective electrodes being in contact with the
human tissue (a dielectric substance) [2.167]. This constitutes the complete circuit necessary for an
electrical current to flow. The two types of dipole circuit are monopolar and bipolar. Monopolar utilises
one active electrode (the surgical instrument end) and one return electrode (a dispersive electrode pad,
attached to the patient). It typically requires much greater power input than bipolar, as the increased distance
between the two electrodes means there are many more possible paths for the applied currents to travel

through the tissue. This does lead to improved haemostatic performance however, due to the deeper heating
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of the tissue that occurs which leads to more blood vessels being coagulated. Bipolar has both the active
and return electrode functionalities being carried out at the site of surgery (i.e. electrical forceps), which
results in higher current densities and improved localisation of tissue damage compared to monopolar
modes. Diagrams of monopolar and bipolar electrosurgery are shown in figure 2.29.

Basic Principles of Electrosurgery
BIPOLAR

monopolar electrosurgery bipolar electrosurgery

Neutral
electrode

Figure 2.29 — Monopolar vs bipolar electrosurgical circuits [2.168].

Advantages of electrosurgery compared to conventional scalpel procedures include improved
haemostasis/reduced blood loss and even the potential for simultaneous cutting and coagulation via
blending current operation as described previously [2.169]. However, postoperative pain for both
techniques has been reported in numerous papers to be roughly equivalent and there was no clinically

significant difference in the time taken to make major abdominal incisions [2.170],[2.171].

However, conflicting studies comparing electrosurgery with laser surgery have emerged with regards to
collateral thermally induced damage and overall suitability for a range of procedures. Some older papers
have stated that both methods result in fairly even magnitudes of thermal damage in the context of infertility
surgery, while more recent publications state that postoperative wound infection rates were found to not
have improved from scalpel procedures after carrying out electrosurgery, indicating that laser-based
procedures would potentially be preferable [2.172],[2.173],[2.174]. Additionally, in orthodontic tissue
surgery, electrosurgical and conventional scalpel techniques require anaesthesia, whereas this is not
mandatory for diode laser treatments, due to reduced intraoperative and postoperative discomfort
[2.175],[2.176]. Electrosurgery currently benefits from lower equipment costs, and higher ablation rates,
while also showing a similar capacity for haemostasis as a CO; laser, but it suffers from a greater degree of
surgical smoke and tissue debris being produced (as it causes significantly more carbonisation, whereas
this is more easily avoided with laser-based surgical modalities), offering lower precision from the
endoscope being obscured, making it less suitable for minimally invasive procedures [2.177],[2.178]. This
is particularly true for cases where thin structures are being operated on, which intrinsically carry a high

risk of perforation (e.g. vocal folds and bowel lining).
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2.2.1.3 Harmonic scalpel

The harmonic scalpel functions via ultrasonic vibrations [2.179]. These vibrations drive the primary
component of the scalpel - the active blade. Other components include a generator, a hand-piece which
contains piezoelectric transducers (these convert the electrical energy supplied by the generator to the
ultrasonic vibrations), and a foot pedal for tailoring the power supplied to the instrument in real-time. A
harmonic scalpel hand-piece is illustrated in figure 2.30.
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Figure 2.30 — Harmonic scalpel hand-piece (with the active blade component magnified) [2.180].

Like both laser and electrosurgical devices, it allows for simultaneous cutting and cauterising of tissue
through mechanical friction between the tissue and the active blade. This friction transfers between the cells
within the tissue, causing protein denaturisation by disrupting the hydrogen bonding, leading to coagulation
and/or dissection of the tissue. Advantages of the harmonic scalpel over electrosurgery include less smoke
generation (thus less visual obstruction), increased precision in tissue dissection and improved
haemostasis/less blood loss [2.181]. Additionally, it also benefits from reduced lateral thermal damage,
with clinical trials on the human peritoneum showing average damage zones on the order of 100 um [2.182].
In some earlier work it even outperformed both COzand Nd:YAG lasers in this regard, achieving lateral
thermal injury spread of less than 1.5 mm in porcine small bowel mesentery samples, compared to 4 mm

and 4.2 mm respectively [2.183].

In randomised controlled studies of haemorrhoidectomy techniques the harmonic scalpel again showcased
maximum lateral thermal damage zones of less than 1.5 mm, leading to reduced levels of postoperative
pain, higher levels of patient satisfaction and reduced hospital stay periods, whereas bipolar and monopolar
electrocautery exhibited thermal damage zones as large as 9 mm and 15 mm respectively in resection of
small bowel mesentery tissue in a porcine model [2.184],[2.185]. Older laparoscopic trials comparing
bipolar electrocautery to the harmonic scalpel reaffirm these results, with the harmonic scalpel causing
lateral thermal injuries varying from 1 to 3 mm, which was reported as being around half of the mucosal
damage that is observed using bipolar electrocautery [2.186],[2.187]. Similar findings were also published
in previous randomised controlled studies of haemorrhoidectomy techniques that compared monopolar
electrocautery to the harmonic scalpel (which displayed peak thermal spread measurements of less than 2
mm in this instance), as would be expected from the increased thermal damage zone that is created using a
monopolar device as opposed to a dipolar one [2.188]. These significant reductions of the thermal damage
zones originate from the harmonic scalpel using ultrasonic mechanisms to drive dissection and/or

coagulation, as opposed to relying primarily on thermal diffusion as is the case for electrocautery. As a
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result of these advantages, harmonic scalpels have even made cost efficient laparoscopic appendectomies

in children a reality, with an example of this procedure being shown in figure 2.31 [2.189].

Figure 2.31 — Harmonic scalpel hand-piece coagulating and dividing the mesoappendix in laparoscopic appendectomy [2.189].

However, there are conflicting studies on operative time, with older studies indicating that harmonic
scalpel-based procedures were shorter in duration than electrosurgical ones and more recent ones claiming
the contrary [2.190],[2.191]. There are also relatively recent patient reports pointing towards more intense
post-operative pain being experienced after the use of a harmonic scalpel compared to an electric scalpel
[2.192]. This in turn creates demand for researching alternative methods (with laser-based procedures

having precedence).

The harmonic scalpel has only recently been reported to be capable of sealing blood vessels up to 7 mm in
diameter (through the formation of coagulum from the protein denaturisation process described previously),
whereas laser-based instruments have been able to achieve this for quite some time while also causing a
lower extent of thermal damage in relatively recent trials [2.193],[2.194]. These studies reinforce the initial
trials which showed that a CO; fibre laser led to less than half of the thermal damage compared to that
caused by a harmonic scalpel (mean depths of thermal damages of 0.30 mm and 0.69 mm respectively,
despite the harmonic scalpel operating at 5 W and the CO- laser operating between 13 and 18 W) in human
cadaver heads [2.195].

2.2.2 Early laser-based surgical devices

Lasers have been established as an alternative surgical tool to the previously covered electrosurgical
devices, as well as both the conventional and harmonic scalpels. They offer minimal bleeding, reduced
swelling, improved haemostasis, higher precision and improved process control in both tissue ablation and
coagulation procedures [2.196],[2.197],[2.198]. This section focuses on long-pulsed (pulse duration equal

to or greater than the sub-microsecond regime) and CW lasers and their applications in surgical contexts.

As discussed in the photothermal interactions section, these types of lasers rely on linear photon absorption
processes within the cells that cause molecular excitation. Upon the relaxation of electrons from these
excited states, heat is produced within the tissue. Depending on the extent of heat that is generated various
effects are observed, including ablation, coagulation and carbonisation [2.199]. While this offers a high
degree of localisation, coagulated damage zones are still present as this damage occurs prior to the tissue

reaching the vaporisation point (i.e. prior to ablation being observed).

The laser that was used for initial surgical trials was the carbon dioxide-nitrogen-helium laser, commonly
referred to as the CO- gas laser. This laser system was the most powerful CW laser available during the

1960s, when these initial trials were being carried out [2.200]. Despite the primary drive for the
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development of this laser system being based around advances in communication, it was soon being used
for surgical applications. This was primarily attributed to it having a wavelength that was highly absorbed
by water [2.201]. The other laser system developed around the same period that propelled the use of infrared
radiation in surgical applications was the erbium-doped yttrium aluminium garnet laser, also referred to as
the erbium YAG laser (typically abbreviated to Er:YAG) [2.202]. The water absorption spectrum is shown
in figure 2.32, highlighting both of these laser systems and 808 — 980 nm diode lasers.

Water absorption spectrum

0.0001 I I
Er:YAG laser wavelength: very short
absorption depth in water-rich soft tissue
0.001 pF—o T - Insufficient hemostasis in soft tissue
| ot
0.01 . -

CO, laser wavelength: short absorption

01 pF
depth in water-rich soft tissue
Precise cutting / ablation of soft tissue
1 F Sufficient hemostasis

808-980 nm diode laser wavelengths: extended
absorption depth in water-rich soft tissue

-
o
>
[ nd

Absorption depth, mm

ablation of soft tissue

2
B T, %, T, T, W, B, %, b, %, G,

Wavelength, nanometers

g

Figure 2.32 — Plot showcasing wavelength dependence of laser light interaction with water [2.203].

The first human tissue reconstruction laser surgery trials were carried out by Yahr and Strully in 1964 using
a neodymium laser [2.204]. They later noted that using a CO; laser allowed them to make incisions on dry
skin that healed as well as, if not better than those made with scalpels. They also noted that various kinds
of tissue could be neatly divided, including bone, liver, kidney and lung tissues. They predicted that flexible
bundles could be used to deliver laser beams to destroy various obstructions (e.g. kidney stones) that could
clog up vital biological duct systems within the human body. They also went on to predict that the CO»
laser would end up being used in medicine to make rapid incisions in the skin and ablate numerous kinds
of organ without blood loss, once again showing foresight that was impressively accurate. Soon after these
predictions were published, Yako used a CO laser to surgically treat lesions located in the vocal cords of
canines, the setup for which is shown in figure 2.33 [2.205]. This method of ablation proved to be fast,

accurate and almost bloodless.
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Figure 2.33 — Schematic of CO, continuous wave laser system used for targeted ablation of canine vocal cord tissue [2.205].

This vocal cord treatment was translated to human treatments only a few years later, as Yako, along with
Strong, went on to elaborate how the CO; laser could be used for microscopic laryngoscopy [2.206]. Since
then, other lasers have been incorporated into laryngeal surgical procedures, including pulsed dye lasers
(PDLs), for which some results can be observed in figure 2.34 [2.207]. These offered better haemostatic

effects than CO; lasers, but they could not be focused down as well.

Figure 2.34 — a) Microlaryngoscopic image of vocal fold capillary ectasia pre-operation b) Image captured post ablation with pulsed
dye laser (PDL), showcasing the obliteration of vascular lesions while preserving overlying epithelium [2.207].

Only a year after being implemented in microscopic laryngoscopy, a CO; laser was used to treat a
reproductive organ. Erosions of the uterine cervix were irradiated with a CO; laser, which was delivered
through an endoscope [2.208]. Erosions within this region of the body were previously treated using either
electrocautery or cryosurgery, but both methods led to potential haemorrhaging and resultant discomfort.
Meanwhile, carrying out this treatment with a CO, laser was reported to be totally painless. This
gynecological work was followed up by Stafl, who used the CO; laser to treat cervical intraepithelial
neoplasia, as shown in figure 2.35 [2.209]. Comprehensive discussions on this topic were later formed by
Bellina [2.210].



Figure 2.35 — Comparison between a) 1 s exposure CO, laser treatment of ectocervix at 3 watts and b) treatment of the cervix by
electrocautery. The CO; laser enabled intraepithelial vaporisation (the separation between epithelium and stroma is apparent), useful
for treating vaginal lesions with minimal or no collateral scarring. The electrocautery method of ablation showed a relatively large
extent of leftover eschar and necrotic tissue in the treated area [2.210].

As previously mentioned, the Er:YAG laser has also been widely used in medicine due to the high
absorption coefficient of water (approximately 12000 cm™) at the 2.94 um wavelength that it emits [2.211].
A 1989 comparative study by Walsh Jr. et al. examined the thermal damage caused by 200 ps long normal-
spiking-mode pulses and 90 ns Q-switched pulses from an Er;YAG laser on guinea pig skin and bone, as
well as bovine cornea and aorta models [2.212]. The results for the bovine cornea model are shown in figure
2.36. The normal-spiking pulses were found to leave damaged zones of 10 — 50 pum to the collagen present
around the incisions made, although the higher fluence values of around 80 J cm that were tested led to
occasional tears being observed in the cornea and aorta samples, leading to collagen damage zones as large
as 100 um around the incision edges. The Q-switched pulses benefitted from higher localisation and more

consistent ablation, leaving only 5 — 10 um across the various types of tissue.

Figure 2.36 — Photomicrographs showing bovine cornea ablated by the normal-spiking-mode Er:YAG laser at A) high and B) low
fluences respectively. At high fluences the tissue appears torn at the ablation crater edge. The damage zone around the crater is 20 -
60 um wide, with sections of corneal epithelium dipping into the ablated crater being a common observation. Ablation parameters
for a) were: 80 J cm, 3 pulses, 2 Hz. Scale. bar = 200 um. Contrary to high-fluence irradiations, at lower fluences the damage zone
is somewhat intuitively much thinner, in this case 15 - 25 um wide, and tears are not observed. Ablation parameters for b) were 22 J
cm?, 3 pulses, 2 Hz. Scale bar = 50 um. C) and D) are photomicrographs of bovine cornea ablated by the Q-switched Er:YAG laser;
the damage zone is less than 10 um wide. Ablation parameters used here were 1 J cm2, 60 pulses, 1Hz. Scale bars = 200 pm and 50

um for ) and d) respectively [2.212].
This work was followed up by Hohenleutner et al., who published work in 1997 examining the efficacy of

Er:YAG laser ablation of both in vivo and in vitro human skin samples using 250 s pulses with high pulse
energies (up to 500 mJ) and repetition rates of between 7 and 10 Hz [2.213]. The extent of thermal damage
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was also evaluated microscopically. They intuitively observed a linear trend between the applied fluence
and ablation rate, as well as diminishing returns for the volume removed per pulse upon increasing the
number of pulses applied to a single spot on the skin samples. Thermal damage zones in the region of 25
pm were observed when less than 10 pulses had been used to irradiate the tissue, with maximums of
approximately 100 um for 40 applied pulses, indicating that the thermal damage inflicted upon the samples
increased directly with an increasing number of applied pulses, with this effect being exacerbated further
by the limited precision that was possible for the 3 mm spot size. Higher fluences meanwhile were found
to only cause slight increases on the order of a few microns in the dimensions of the thermal damage zones.
While they found that overlapping pulses with fluences of around 4 J cm2 applied in a sweeping scanning
pattern could provide effective skin ablation, achieving smooth surface finishes and thermal damage zone
dimensions below 50 pum, they also found that ablation was limited strictly to the superficial dermis layer
due to haemostasis not being observed through a lack of coagulation, offering self-limiting depth control
but only achieving maximum ablation depths equivalent to superficial exfoliation techniques like
dermabrasion or a moderate depth chemical peel.

Despite some mixed findings from these older studies, advantages offered by lasers include tuneable
coagulation and cutting efficiencies that are defined by the wavelength and the type of tissue (both defining
traits in determining the penetration depth), as well as the ability to reduce bacteria (particularly in the
context of oral soft tissue treatments) [2.214],[2.215],[2.216]. Figure 2.37 showcases the ablation of rat
brain tissue captured using optical coherence tomography (OCT). There is still ongoing research towards

investigating various feedback imaging modalities compatible with laser surgery due to these perks [2.217].

Figure 2.37 — Ablation of rat brain tissue carried out over 20 seconds using a CW argon laser. Brain tissue has a lower absorption
coefficient compared to hemoglobin-rich tissue (e.g. liver and kidney), resulting in longer exposure times being necessary to achieve

equivalent tissue ablation. The scale bar denotes 1 mm [2.215].

The Er;YAG laser has also been applied to urology, similar to the CO; laser, with a 2005 study by
Varkarakis et al. examining wound healing characteristics of 1 cm long incisions made by Er;YAG (70 us
pulse duration, 20 mJ pulse energy, 10 Hz repetition rate) and holmium yttrium-aluminum-garnet
(Ho:YAG, 300 ps pulse duration, 500 mJ pulse energy, 3 Hz repetition rate) lasers on in vivo porcine urethra
and bladder neck samples, with 9 pigs used for each laser being tested [2.218]. The seemingly large
discrepancy between the pulse energies was specifically chosen as the Er:YAG laser is absorbed
approximately twenty five times more strongly by the tissue than the Ho:YAG. The collateral thermal
damage was evaluated through histologic analysis performed by a trained pathologist, with quantitative
measurements of both this and the incision depth being made by a transmission light microscope. Some of

the captured histology images can be observed in figure 2.38. The Er:YAG laser was focussed by a 20 mm
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focal length calcium fluoride lens into a 250 um core sapphire optical fibre of 2 m length, while the Ho: YAG

laser was focused by a 20 mm focal length quartz lens into a 300-um-core silica optical fibre of 3 m length.
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Figure 2.38 — Hematoxylin-eosin-stained histologic cross-sections of incisions made with a) Er:YAG and b) Ho:YAG laser (with
the arrows indicating the border between native and thermally coagulated tissue) on postoperative day 0. No discernible thermal

damage zone is observed in the tissue ablated via the Er:YAG laser [2.218].

The observable collateral thermal damage on postoperative days 0, 6, and 14 induced by the Er:YAG laser
was 20 £ 5, 900 + 100, and 430 + 100 um respectively, while for the Ho:YAG laser it was 660 + 110, 2280
+ 700, and 1580 + 250 um, with the Er:YAG also benefitting from significantly lower widths of granulation
tissue at the base of the laser incisions throughout the 14 day postoperative observation period, as indicated
by figure 2.39. The incision depths followed a similar trend, with the Er:YAG and Ho:YAG lasers
showecasing incised depths of 1100 + 200 um and 1500 + 300 um on postoperative day 6, while on day 14
these reduced down to 670 = 140 um versus 1240 + 140 pum respectively, indicating that the Er:YAG

profited from faster healing of the wound created.

s

Figure 2.39 — Microscopic images of incisions approximately 1 cm long made with a) Er:YAG and b) Ho:YAG lasers on

postoperative day 14, with the former clearly displaying much faster wound healing capabilities [2.218].
Historical context of particular significance in relation to the work detailed in this thesis is the previous use
of longer pulsed lasers for gastric tumour treatments. In 1986, Kiefhaber et al. used an Nd:YAG laser to
treat obstructive colon cancers, with preoperative recanalisation treatments relieving symptoms of intestinal
build-up and allowing for further preoperative treatment in the form of washing out the bowels [2.219].
This led to a reduced mortality rate of 8.8%, compared to the 24% for patients that underwent staged
operations (which involved temporary colostomies) who did not undergo any laser treatments. The
following year they also published work confirming that this laser treatment could also be applied to
ulcerated bleeding cancerous tissues [2.220]. That same year, Sugoru et al. published a six-year study (1980
to 1986) on using Nd:YAG laser therapy through a gastroscope to treat gastric tumours in 123 patients,
with particularly promising results in those who had gastric mucosa and polyps with unusual epithelial
structures, as well as adenocarcinoma which did not exceed 2 cm and was limited to the mucosal volume,
although it proved less effective in treating more depressed types of gastric cancer tissue (where argon-dye
laser therapy proved more effective) [2.221]. As mentioned in chapter 1, Schroder et al. also published

work looking at colon tissue ablation (albeit in mouse models as opposed to human patient trials) via
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Nd;YAG laser in 1987, with their work comparing 2 s Nd:YAG pulses (contact and non-contact modalities)
to CO; lasers and electrocautery techniques [2.222]. They observed similar thermal damage effects between
these methods, aside from non-contact Nd:YAG which exhibited considerably more thermal damage. Low
et al. followed this up with a 1989 publication, presenting a four-year study looking at 115 patients that
underwent Nd:YAG laser treatments in either the rectum or the colon (the two sides of the peritoneal
reflection) [2.223]. In line with the previous studies they found that the Nd:YAG laser proved to be a safe
and effective tool in treating various lesions, including malignant tumours, large villous adenomas and
carcinoid tumours, as well as treating inflammation and abnormal tangles of blood vessels. A further two-
year study was published in 1991 by Daneker et al., where they also reaffirmed the stance that endoscopic
laser therapy provides a safe and effective method of removing obstructive distal cancers [2.224]. However,
despite this trend of favourable findings, later work by Gevers et al. published in 2000 looked at long-term
outcomes of palliative endoscopic laser therapy across 219 patients with colorectal adenocarcinoma
[2.225]. They found that while long-term effective palliation was achieved across 75% of the patients, there
were numerous potential complications, including local spreading of the tumour in cases of obstruction and
possible perforation, further highlighting the need for enhanced depth control in these laser treatments.
Additionally, while they achieved an improved quality of life for most of the patients in these trials, they
also highlighted survival rates of only 44.4% at 1 year and 20.4% at 2 years, stressing the clinical need for
further advancements in these cancerous tissue resection procedures, particularly the ability to remove
larger tumour volumes safely.

As per Yahr and Strully’s earlier predictions, delivery systems consisting of fibre-optic bundles were
developed for CO; lasers, which enabled a wider range of surgical procedures to be carried out. This led to
the CO; laser being used regularly in medical practices to carry out a wide range of procedures
[2.226],[2.227],[2.228]. This increased capacity for minimally invasive procedures is perhaps the most
significant advantage that lasers have over the previously covered surgical methods, although smaller fibre
diameters that allow for smaller mechanical bend radii also tend to suffer from reduced damage thresholds
[2.229].

Contrarily, the lack of suitably flexible optical fibres that are compatible with Er:YAG laser systems has
previously inhibited their clinical indications. While there had been some previous work examining their
incorporation into various medical procedures, such as work by Neubaur et al. published in 1999 looking
at cataract removal via Er;YAG laser delivered through both zirconium-fluoride-based and sapphire fibres,
they concluded that an optimal delivery system for this wavelength had yet to be found, with posterior
capsule rupture occurring for 3 of the 32 patients [2.230]. Fried et al. noted the potential of Er:YAG lasers
for cutting urethral and ureteral tissues for endourology applications in a 2001 publication, as it benefitted
from significantly more precision compared to Ho:YAG lasers, with thermal damage zones of 30 + 10 um
compared to 290 + 30 um [2.231]. The group then followed this up with a 2003 publication which was able
to reduce the thermal damage zones obtained from Er;YAG laser incision of ex vivo porcine ureteral and
canine urethral tissues from as low as 30 um down to between 10 and 20 um by reducing the pulse duration
from 220 ps to 8 ps, with these pulses being delivered through 250 um and 425 pum core germanium oxide
optical fibres placed in direct physical contact with the tissue samples [2.232]. This work was followed up
by Raif et al. who published research in 2006 looking at delivering an Er:YAG laser for lithotripsy of
salivary stones through metal hollow waveguides sealed with polished sapphire rods [2.233]. While 15 of

the 18 glands treated in these trials returned to normal function without any adverse symptoms, showing
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some clinical viability and even cost-effectiveness to these waveguides, they lacked the flexibility for
incorporation into fully fledged endoscopes. Work from Scott et al. published in 2007 showcased
germanium oxide fibres with sapphire tips which were able to deliver Er:YAG laser light with pulse
energies as high as 850 mJ before damage to the germanium oxide - sapphire interface was observed
[2.234]. This was a marked improvement over previous studies showing that germanium oxide fibres
without these sapphire end tips were damaged with pulse energies as low as 9 mJ when tested in previous
contact tissue ablation trials [2.235].

However, as commented on in later review papers, the incompatibility of these Er:YAG with silica fibres
hindered their clinical adoption as the alternative materials required for guidance were noticeably more
expensive [2.236]. There is a current research drive to further reduce the invasiveness and cost of these
laser setups, as this will allow for their implementation into increasingly delicate procedures, with recent
work by Bernal et al. even comparing various types of optical fibre for Er;YAG laser delivery, including
hollow-core, fluoride, sapphire and germanium oxide fibres with core sizes of 500, 450, 425 and 450 um
respectively [2.237]. High coupling efficiencies (between 70 and 81%) were obtained for each of these,
indicating that they each show potential towards the intended aim of performing minimally invasive laser
surgery upon bone tissue through an endoscopic device. Additionally, while laser transmission at
wavelengths beyond 3.5 um is inhibited for silica fibres due to material absorption, silver-coated capillaries

have been shown to be capable of delivering wavelengths beyond this limit, as indicated by figure 2.40

[2.238].
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Figure 2.40 — Propagation losses for silver coated capillaries of varying diameters and the calculated losses for 40 um
diameter silica Kagome fibre. In addition, corresponding pump and lasing wavelengths for CO and CO; active media are displayed
[2.238].

2.3 Minimally invasive laser surgery

2.3.1 Brief history of minimally invasive procedures

Laser-based surgical procedures can be divided into two main categories: invasive and non-invasive.
Invasive procedures entail breaching of the skin - most commonly via some form of incision being made
[2.239]. Non-invasive procedures contrarily do not involve the skin being breached in order to enter the
body. The most common non-invasive procedures are those used in diagnosis, such as x-rays, computerised
tomography (CT) scans, magnetic resonance imaging (MRI) scans and ultrasound scans [2.240],[2.241].
Radiotherapy meanwhile is an example of a non-invasive procedure that is used in treatment, as it can be
used to target tumours without breaking the skin [2.242]. A sub-category of invasive procedures, referred
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to as minimally invasive (or laparoscopic surgery), has risen to prominence over the past couple of decades,

even establishing itself as the exemplary method in numerous fields on a global scale [2.243],[2.244].

These types of procedure have previously been defined loosely in the literature as one that benefits from a
greatly reduced morbidity rate in patients post-surgery. They typically involve numerous incisions being
made, all of which are much smaller (usually on the order of a few millimetres in length) than the opening
required for more conventional open surgery [2.245]. An endoscope is then inserted into the patient through
one of these small incisions, allowing for the surgeon(s) to view the problematic areas within the body and
deliver laser light to the targets of interest. Optical fibres were first used in such devices in 1954 by Harold
Hopkins and Narinder Kapany (who is accredited for first coining the term “fibre optics”, highlighting it as
its own research field), with the flexibility that the glass fibre bundle offered (particularly compared to
previous rigid endoscope designs which relied on trains of copying positive lenses, including cytoscopes,
bronchoscopes and gastroscopes) proving ideal for such applications [2.246]. These procedures benefit
from reduced recovery times, less scarring, shorter stay periods for patients and less pain-inhibiting
medication being required post-surgery, all courtesy of the smaller operation sites, resulting in a significant
decrease in the cost of postoperative care [2.247],[2.248],[2.249]. The advantages listed here are
responsible for these minimally invasive procedures being adopted in some form within practically every

surgical field, from obesity surgery to orthodontics, as well as various kinds of cancer treatment [2.250].

With regards to delivering lasers through these endoscopic devices, similar to the previously covered CO;
gas laser, these optical fibres were initially applied to communications-based research before gaining
significant interest in the medical field. While conventional silica fibres (both single and multimode) allow
flexible delivery of wavelengths below 2 um (which includes the visible region, making them suitable for
medical imaging) via total internal reflection from the core and cladding having different refractive indexes
and are chemically inert (which is ideal for processes where they may come into contact with biological
tissues), the previously covered Er:YAG and CO; lasers were initially adopted in medical practices courtesy
of their wavelengths being highly absorbed by water, leading to efficient photoablation and/or
photocoagulation. Unfortunately, these wavelengths are highly absorbed by silica, rendering it an
unsuitable medium for the delivery of these medical lasers. This generated research interest in developing
solid core fibres made from different materials (such as sapphire), with the primary aim being efficient
transmission of these longer infrared wavelengths, to further capitalise on the promise they had already
established across medical literature [2.251]. As a result, the CO, and Er:YAG lasers examined earlier are
still widely used due to the range of compatible and cost-effective delivery systems available, as opposed
to being solely justified from the inherent properties of the lasers themselves [2.252],[2.237]. While many
of these fibre materials (such as fluoride glass and polycrystalline silver halide) are not as convenient to
work with as silica, they offer much more efficient delivery of these specific wavelengths [2.253]. The
development of hollow-core silica fibres (both negative curvature and photonic bandgap designs) by Urich
et al. was a relatively recent innovation which benefits from both the convenience offered by silica and
compatibility with these infrared wavelengths [2.254]. These are covered in more detail in a later section

on optical fibres specifically tailored for minimally invasive surgery applications.

Over time these minimally invasive procedures have been proven to provide equal, if not better results than
previous conventional methods, while also inflicting less surgical trauma and consequently being of lower

risk to the patient. Recently, they have been demonstrated as being an ideal technique for treating hepatic
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tumours, where the precision offered by endoscopic ultrasonography (EUS) guided laser ablation allowed
for tumour removal to be carried out, even in cases where these hepatic tumours were in close proximity to
relatively delicate gastrointestinal structures [2.255]. The alternative method of percutaneous
ultrasonography guided laser ablation, while still benefitting from low surgical complication rates, was not
able to distinguish the tumour margins as clearly [2.256],[2.257]. These minimally invasive procedures
have even enabled surgeries which aim to simply improve quality of life, such as in the treatment of benign
prostatic hyperplasia (which can lead to erectile dysfunction) through endoscopic enucleation of the
prostate via fibre lasers [2.258].

However, since their general conception in 1931, these minimally invasive procedures had suffered from
two primary flaws when compared to the conventional procedures they were replacing — a steeper learning
curve for surgeons and increased costs from sourcing the more sophisticated instrumentation required
[2.239],[2.259],[2.260]. Yet, in the numerous years since these particular publications, the ongoing research
within this field has addressed these factors, whether it is through the implementation of imaging techniques
that allow for clearer visualisation of the areas of interest, or through continuous improvements upon the
ablation rates of tissue that can be achieved [2.261],[2.262],[2.111].

Despite these ongoing advances, the ablation rates attainable with Gaussian laser beams (54 mm min™ in
ovine and bovine skull and cortical samples using a Ti:Sapphire femtosecond laser with 3.5 W maximum
average power at a repetition rate of 1 kHz) are still vastly lower than practical values from conventional
mechanical cutting tools such as saws and drills (6.53 m min-tin porcine cortical bone using a standard
surgical drill), although these ultrashort pulses do benefit from much lower levels of thermally and
mechanically induced damage [2.111],[2.263]. This was illustrated in work carried out by McCaughey et
al., where using 700 fs long pulses of 10 uJ energy at 1053 nm they were able to ablate both porcine otic
capsule and human stapes bones while observing no damage to the surrounding bone structure, with the
latter being highlighted in figure 2.41 [2.264]. This lack of residual damage was confirmed via light
microscopy, optical coherence tomography (OCT) and a scanning electron microscope. More recent work
by Zhang et al. has achieved removal rates of 0.99 mm?%/s in sheepshank bone with 230 fs pulses from a 20
W neodymium doped potassium-gadolinium tungstate (Yb:KGW) laser — twenty times higher than the 0.05
mm? obtained from previous work by Kerse et al. for drilling millimetre sized holes in human dentine via
800 fs pulses of 3 J energy, while also exhibiting thermal damage depths of only 200 um through
histological evaluation [2.265],[2.266]. This is significant as this is much lower than the damage induced
by mechanical drilling (with the latter being primarily driven by brittle fracture, while femtosecond laser
ablation relies on thermal vaporisation) and the thermal conductivity of human bone is relatively low, with
the thermal effect caused by conventional CW laser drilling altering the properties of alkaline phosphatase
in said bone, causing thermal necrosis and the resultant death of bone cells. Combining this localisation
potential with the possibility for minimally invasive procedures to be carried out with ultrafast lasers, it is
easy to see that there is still significant clinical interest in implementing optical fibres capable of delivering
higher pulse energies to regions within the body that exhibit characteristics indicative of early-stage cancer

development.
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Figure 2.41 — Human stapes bone after femtosecond laser ablation, where (a) is a light microscope image of the whole stapes and (b)
is an SEMx500 image of the perforation wall [2.264].

2.3.2 Ultrashort laser pulses in minimally invasive surgery

As discussed earlier under the consideration of the various kinds of laser-tissue interactions that have been
studied, the generation of ultrashort laser pulses has been of utmost importance in advancing the field of
laser surgery. Laser surgery using mid-infrared ultrafast picosecond and femtosecond lasers can greatly
enhance both the precision and effectiveness of treatment for a wide range of diseases [2.267]. Laser
ablation carried out with CW or longer pulsed lasers relies on thermal build up from local thermolysis and
the subsequent formation of vapor bubbles, both of which are staggered single-photon absorption processes
which therefore highly depend on the absorption characteristics of the biological samples. However, tissue
ablation performed using high peak power picosecond (or shorter) lasers is achieved by the sequential

effects of multiphoton ionisation and plasma-mediated absorption, which are nonlinear processes.

These pulses have proved invaluable in this field due to the higher energy density outputs that they have
made possible, particularly when partnered with the smaller areas of collateral damage observed in the
surrounding tissue courtesy of the smaller spot sizes that have been attained with these shorter pulse
durations [2.268],[2.269],[2.95]. Recent studies have even demonstrated excellent compatibility with well-
established in vivo tissue imaging techniques for carrying out microsurgery [2.270]. These inherent

characteristics are clearly advantageous when considering ablation of tissue.

As a result, the application of ultrashort pulses has created new forms of widely adopted procedures.
Foremost among these is femtosecond laser-assisted in situ keratomileusis (femto-LASIK), where the
cornea is reshaped [2.271]. This is typically labelled as laser eye surgery or laser vision correction. The
steps involved in this procedure are shown in figure 2.42. The first published clinical test results date back
to 2003 [2.272]. Since then it has risen to prominence to the point where the incorporation of femtosecond
lasers is now widely considered the most important recent advancement in the field of ophthalmology
[2.273].
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Figure 2.42 — Steps of femtosecond laser-assisted in situ keratomileusis (femto-LASIK). Step 1 shows the laser being scanned in a

spiral pattern to perform a lamellar intrastromal cut. Step 2 shows a lenticule being prepared via another cut being made, which is

dependent on the specific refractive error of the eye. Step 3 depicts the front corneal flap being opened for extracting the prepared

lenticule. Step 4 illustrates the repositioning of the flap. This fits to the removed volume of the lenticule, causing a change in the

refractive power of the eye [2.273].

As touched upon in section 2.1.4, the photodisruptive effects that suitably intense ultrashort pulses can
create are directly applied in various eye-based surgeries, establishing them as the optimal means of treating
conditions such as presbyopia and cataracts [2.274] . The use of femtosecond lasers for these treatments is
significant as it allows for lower pulse energies to be used to achieve photodisruption, which lowers residual
thermal damage to the surrounding tissue. The higher peak intensities that are possible with femtosecond
pulses can also lead to smaller cavitation bubbles. This was showcased in a comparison to a CW Nd:YAG
laser in corneal ablation trials published in 1989, where the collateral damage from using a femtosecond
laser was over one hundred times smaller [2.85]. They also enable greater degrees of control over the depth

of ablation, further increasing the precision, safety and reliability of these procedures.

This potential is still being showcased in current research as well. Recently published trials by Gros-Otero
et al. showed impressive root-mean-square (RMS) and standard deviation values in the nanometre range
for the surface roughness of corneal stromal beds after LASIK flap creation procedures in porcine models
using two different femtosecond laser platforms [2.275]. Using atomic force microscopy, they found RMS
values of 430 + 150 nm for the corneal femtosecond laser platform (IntraLase iFS 150 kHz, the results from
which are highlighted in figure 2.43) and 370 + 100 nm for the dual femtosecond laser platform (LenSx).
The former platform had a spot size of less than 3 um with a spot separation of 6 um and a pulse energy of
0.8 WJ, while the latter had a spot size of 5 um with a spot separation of 7 um and a pulse energy of 0.9 uJ.
Both illustrate the incredible precision made possible by the application of femtosecond lasers, while also

benefitting from short ablation times (18 and 19 seconds respectively).
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Figure 2.43 —Three-dimensional image of corneal surface treated with iFS 150 kHz captured using atomic force microscopy

topography [2.275].
The implementation of femtosecond lasers has enabled other advancements upon LASIK too, such as the
induction of femtosecond lenticule extraction (FLEX) procedures, where a thin lenticule is effectively
cleaved from the stroma to then be manually extracted before the flap is created, contrary to LASIK where
it is done afterwards [2.276]. The results from the first trials of this new procedure were published in 2008.
Subsequent studies with larger patient samples have reaffirmed advantages of this method over LASIK
performed with pulsed excimer lasers by addressing issues encountered with the latter [2.277]. These
include increased stability in environmental conditions such as corneal hydration levels, temperature and
humidity, although it did suffer from slower visual recovery times [2.278],[2.279]. Femtosecond lasers have
also improved corneal astigmatism and transplantation treatments through the increased precision they offer
[2.280].

As mentioned in section 2.1.5, plasma-mediated ablation has shown great promise in the field of
neurosurgery. Ultrafast lasers are ideal for performing these procedures, particularly with increased
research interest in the flexible delivery systems that are necessary to realise their full potential. An earlier
study carried out by Goetz et al. that was published in 1999 focussed on the design of a probe attached to
a stereotactic frame shown in figures 2.44 and 2.45 [2.281]. While this was able to ablate deep-seated
sections of porcine brain tissue (forming a model for deep-seated brain tumours in human patients) with 30
ps pulses, it did so in an invasive manner, with the invasive part of the probe consisting of three coaxial
tubes. The system also used focussing lenses of between 35 mm and 45 mm focal lengths. As a result of
this design it lacked the overall flexibility and miniaturisation necessary for performing minimally invasive
procedures. This has since been addressed in more recent research, with smaller probes having since been

developed for various clinical procedures, including neurosurgery [2.282].
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Figure 2.44 — Invasive laser probe with integrated laser scanning microscope mounted to stereostatic frame [2.281].
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Figure 2.45 — a) Optical design of invasive laser probe b) Cross-section highlighting the optical, irrigation and suction channels
(respectively when moving outward from central axis) c) Scanning pattern for tumour ablation d) Schematic overview of laser probe
in operation [2.281].

Similarly, vocal fold plasma-mediated ablation surgery was also briefly covered in section 2.1.5. Ultrafast
lasers are again ideal for performing minimally invasive procedures in this field. Wisweh et al. were the
first to showcase femtosecond laser ablation on porcine vocal fold tissue (and the potential for these
ultrashort pulses to perform sub-epithelial ablation with negligible residual damage to the surrounding
tissue) in work that was published in 2007 [2.283]. In this work they highlighted a new computer-guided
laser probe design which achieved maximum resected depths of approximately 185 um, with lateral thermal
damage of roughly 1 um, from square scanning patterns that were performed using a galvoscanner over a
400x400 pm area. The dimension measurements of the ablated area were taken using optical coherence
tomography and the thermal damage was evaluated from histological images. They obtained these ablation
results using a 5 um Gaussian spot with a 10% spatial overlap in both the laser line separation and scanning

axes, operating at a pulse repetition rate of 5 kHz.

Following on from this, 750 fs pulses from a 500 kHz fibre laser were used to ablate sub-epithelial voids
in ex vivo porcine focal folds by Hoy et al. in 2012, with the aim being to illustrate the validity of the
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ablation parameters used to then incorporate them into a minimally invasive probe [2.284]. The tested pulse
energies included 50, 100, 500 and 750 nJ, corresponding to fluences of 3, 6, 30 and 45 Jcm? respectively
with the focused laser spot size of 1.47 um (measured inside an agar phantom at equivalent depths to those
used in the experimental trials on the porcine tissue). No tissue modification was observed for 50 nJ pulses
but the 100 nJ pulses were able to ablate very thin planes and create some small near-threshold voids. This
was verified using the multiphoton imaging capabilities of the laser. The 500 nJ and 750 nJ pulses were
able to create voids that extended both above and below the ablation plane across the entire scan. These
were theorised to originate from bubbles with relatively long lifetimes (from more molecules being
vaporised at higher pulse energies, leading to longer diffusion times) that form at the ablation plane. These
then expand beyond the focal volume and combine, leading to tissue displacement both above and below
the ablation plane. This aligns with the mechanisms of femtosecond laser ablation of tissue that is carried
out at power densities much higher than those of the optical breakdown threshold. A peak depth of 116 pm
was reported for these voids with negligible thermal damage being confirmed through histological
evaluation (from which some of the captured images are showcased in figure 2.46), although the authors

conclude that further examinations into the maximum possible ablation depths are required.

Figure 2.46 — Histology images of voids in porcine vocal fold tissue made using 500 nJ pulses at a) 100 um beneath the tissue
surface, with the void indicated by the red arrow and b) slightly closer to the tissue surface, with the blue arrow highlighting a
section of epithelial nuclei that was displaced from the epithelium during the ultrafast laser ablation process. Both scale bars are 50
um [2.284].

In these trials a raster scan over an area of approximately 235 x 235 um was performed, with a 75% spatial
overlap of the laser pulses in both the laser line separation (achieved by translating the sample stage) and
scanning (via a pair of galvanometric scanning mirrors) axes. This high overlap was chosen to increase
pulse-to-pulse accumulation effects, which allowed for the desired extent of tissue ablation to occur for the
low pulse energies required to cause ablation while operating in the femtosecond pulse duration regime.
Correspondingly, these low energy femtosecond pulses are also promising for parallel nonlinear imaging,
particularly second harmonic generation (SHG) and multi-photon-excited fluorescence modalities, due to
the lower energies required for signal generation and the non-linear interaction of high intensity light with
tissue leading to focal volume confinement. This high level of confinement enables submicron resolution
and the potential for depth sectioning, which allowed for accurate visualisation of the microsurgical zone
with the same resolution and field-of-view as the laser itself. This group has followed up this work with
publications detailing a new microsurgical probe design based on pulse delivery through hollow-core
Kagome lattice photonic crystal fibres — this was briefly touched upon in section 2.1.5 and is covered in

more detail in section 2.5 [2.81].

More applicable to the work carried out in this thesis is the research carried out by Lanvin et al. which used

1.5 ps laser pulses to achieve subsurface ablation of atherosclerotic plaque beneath the endothelium of
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excised mouse aortas [2.285]. 1.5 ps was chosen for the pulse duration to avoid non-linear self-focusing
effects encountered with shorter pulses in the femtosecond regime when the peak power exceeds a critical
threshold (which limits the precision and maximum obtainable ablation depths as the pulse proceeds to
collapse, causing it to focus prior to the expected spot along its propagation axis) while also benefitting
from similarly low ablation thresholds. Additionally, while femtosecond pulses benefit from higher peak
intensities for equivalent pulse energies compared to those in the picosecond regime due to there being a
greater degree of temporal confinement placed upon each pulse, they suffer from self-phase modulation
and pulse broadening when delivered through multicore fibres. This was shown by Conkey et al. (with this
research also being very applicable to the work carried out in this thesis due to the use of a 1030 nm Satsuma
laser, produced by Amplitude), resulting in lower focussing efficiencies when comparing 500 fs pulses to
2 ps pulses, particularly for pulse energies above 0.3 pJ in a 4400 core system and pulse energies above 2
WJ in a 10000 core system, as shown in figure 2.47 [2.286]. Evaluation of the plaque ablation was performed
through OCT imaging and histological analysis, confirming axial thermal damage on the order of roughly
10 um. A focussed Gaussian spot of approximately 1 um diameter was used to ablate the tissue samples
which were translated in a serpentine pattern via a 3-axis piezo mechanical stage to provide scanning of the
laser beam.
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Figure 2.47 — Focusing efficiencies against input pulse energy plots obtained when focusing ultrashort pulses of various durations
through multicore fibres of a) 4400 cores (with “I”, “II” and “III” indicating the three different behavioural regimes observed for
500 fs pulses) b) 10000 cores [2.286].

The primary finding of this research was that these picosecond pulses were able to ablate plaque that was
just beneath the artery surface without inflicting damage to the surface itself, highlighting their promise in
microsurgical applications. Additionally, they were able to confirm that the percentage of ablated craters
showing signs of surface damage at various depths within the tissue typically increased for increasing pulse
energy, with optimal results in terms of localised ablation volumes being observed at depths of greater than
15 um within the tissue while operating with pulse energies of less than 4 puJ. These results are depicted in

figure 2.48.
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Figure 2.48 —Percentage of ablated craters exhibiting surface damage for various applied pulse energies at several depth ranges
[2.286].
Another important takeaway, particularly for the research carried out in this thesis, is that while
femtosecond pulses are able to achieve optical breakdown at lower input powers, they are also more prone
to various non-linear interactions when transmitted by fibres. Consequently, it is worthwhile considering
how equivalent peak intensities can be achieved using picosecond pulses. This can be done by either
increasing the input power and thus the pulse energy or by reducing the spot size. While the former is
simpler in terms of optical design, the requirement of remote delivery via optical fibre to carry out these
minimally invasive procedures prohibits indefinite increases in the input power. Incorporating the latter
into the optical design considerations avoids damage to the fibres and further limits the possible thermal
damage to the surrounding tissue — both desirable outcomes. The reduction in the required power also has
the benefit of further avoiding the previously touched upon self-focusing phenomena, albeit at the inevitable
expense of some efficiency in the ablation process due to having a smaller interaction volume and thus
slower scanning speeds for equivalent spatial pulse overlaps upon the tissue surface. This can be
compensated for however by optimising the other ablation parameters, including the scanning pattern used,

the pulse repetition rate, pulse duration and applied pulse energy.

More recent research in the field of minimally invasive surgery has shown the potential for imaging
methods to provide visual feedback for ultrafast laser ablation procedures. Schliiter et al. have showcased
optical coherence tomography (OCT) as a guidance mechanism in picosecond infrared laser ablation trials
on porcine tissue (consisting of both muscle and fat) [2.287]. In this work 400 ps pulses of 1064 nm
wavelength from a HP3 1064 OPA 3000 Nd:YAG laser system (made by Attodyne Inc.) were guided down
a multimode sapphire fibre (produced by MicroMaterials Inc.) of 1 metre length and 200 um core diameter
at a repetition rate of 1 kHz. This gave averaged output powers between 107 and 130 wJ. Using the
commercially available Telesto | spectral-domain OCT system from Thorlabs they obtained morphological
(for scanning trajectory planning) and sub-surface (for target identification) information to a micron scale
for the tissue samples. This data was obtained both before and after ablation, as shown in figure 2.49.
Additionally, the ablation process was automated by calibrating the coordinates of the OCT images (in
which targets were identified) to those of the hexapod robot that the sapphire fibre was mounted to (enabling

fibre scanning).
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Figure 2.49 — OCT images of porcine sample surface a) before and b) after picosecond laser ablation, with the numbers simply
indicating the sequencing of the 3 x 3 mm ablated areas [2.287].
Kakkava et al. achieved femtosecond laser ablation of the organ of Corti in extracted murine cochlea
samples with their dual-modality endoscopic probe, capable of both high energy femtosecond pulse
delivery and two-photon fluorescence (TPF) imaging [2.288]. Gradient-index (GRIN) multimode fibres of
200 pm and 400 pm core diameters were used to deliver femtosecond pulses from a Satsuma laser system
(the same one that was used in the previously mentioned atherosclerotic plaque ablation studies), with the
former suffering from spectral and temporal broadening from nonlinearities, causing the maximum
deliverable intensity to saturate within the range of 2.5 — 3 x 10%* W c¢m2, while the latter achieved peak
intensities of 1.5 x 10* W cmat the 2.3 um full width half maximum focal spot. Both of these achieved
peak focusing efficiencies of roughly 28% (with sources of loss including polarisation selectivity and
coherence gating of the fibre output), which is still significantly higher than the approximate 18% obtained
for multicore fibres in the previously highlighted femtosecond pulse delivery efficiency examination
[2.286]. Like that prior work, this paper is again highly applicable to the research carried out in this thesis
due to the same 1030 nm laser source being used. Both show promise for tissue ablation applications, as
both reached the necessary tissue ablation threshold of around 102 W/cm? (close to that of water), with
potential for increased deliverable intensities through prechirping of the pulses to account for pulse

broadening through both group velocity dispersion and nonlinearities.

The 200 um core diameter GRIN fibre suffered from decreased focusing efficiencies for pulse energies of
around 1 pJ and higher for all the tested pulse widths (500 fs, 700 fs and 1 ps), while the 400 um core
diameter GRIN fibre exhibited noticeable drops in the focusing efficiency for 500 and 700 fs pulses at pulse
energies beyond approximately 5 puJ, while 1 ps pulses showed relatively linear behavior up to 10 pJ. These
trends are highlighted in figure 2.50.
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Figure 2.50 — a) + b) Focusing efficiency and peak intensity as functions of the input pulse energy for the 200 um core diameter
GRIN fibre c) + d) Focusing efficiency and peak intensity as functions of the input pulse energy for the 400 um core diameter GRIN
fibre [2.288].

The authors comment that these fibres show comparable performance to Kagome hollow-core photonic
crystal fibres, which have delivered peak intensities of 4 x 103 W/cm?. However, in micromachining trials
carried out on silicon, glass and aluminum using the fundamental mode of these Kagome fibres (with no
distal component), the feature size depended on the mode diameter (50 um for 19-cell design) [2.289].
Despite the lower peak intensities obtained, the GRIN fibre probes benefitted from improved spatial
resolution over previous Kagome fibre probe designs (which are discussed in section 2.5), while also having
a smaller final probe diameter of less than 1 mm due to the lack of distal components and piezo-based
scanning mechanism, instead relying on wavefront shaping, although this suffers from potential distortion
of the calculated transmission matrix from bending and/or misalignment. They also managed to maintain
its spatial resolution over a depth of 300 um, with the 400 um core diameter design having a 200 um field

of view.

The capacity of TPF imaging also enabled high depth imaging of the scattering tissue courtesy of the
infrared photons from the 1030 nm laser used for excitation. This allowed for visual confirmation of the
selective ablation of cochlea hair cells, although further work is required to evaluate the residual damage.
It also allowed for imaging of a cavitation bubble during the ablation of a hair cell within an organ of Corti
sample, as shown in figure 2.51. As these samples were placed in a water-based solution the produced
bubbles were trapped, resulting in unpredictable bubble lifetimes, varying from a few seconds to a few
minutes in the same samples. This inhibited immediate TPF imaging after ablation in some cases, as the
bubbles prevent the light from the distal end of the fibre from focusing on the sample surface, meaning this

will need to be addressed in future work.
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Figure 2.51 — Bright-field images of cavitation bubble generated from femtosecond laser ablation of a hair cell within an organ of
Corti sample. Scale bar indicates 10 pm and 0 s timestamp indicates moment after ablation is finished [2.288].
Ultrashort pulses have also been applied to dentistry. Work carried out by Konorov et al. in 2004 presented
40 ps pulse delivery from an Nd:YAG laser through a hydrogen gas filled hollow-core photonic crystal
fibre of 14 um core diameter [2.290]. While they were able to ablate enamel material from dental tissue
with high precision by focusing the fibre delivered laser light down to a 15um spot via a 0.2 NA lens
(achieving a calculated fluence of 60 GW cm), filling the fibre with hydrogen gas to increase the optical
breakdown threshold within the fibre itself and reduce optical nonlinearities presents numerous challenges
that currently prevent this technique being implemented into minimally invasive surgeries targeting regions

within the body that are harder to access.

Current research in this area carried out by Petrov et al. has shown that 310 fs pulses at a repetition rate of
100 kHz from a 1030 nm wavelength laser were able to ablate dentin and enamel at rates of 3.33 mm?3 s
and 2.85 mm? st respectively by performing a hatch scan with no overlap of the lines, giving square cavities
of 1 mm? area [2.291]. These cavities are shown in figure 2.52. While this is on the same order of magnitude
as the dental drilling times achievable with conventional tools, it does not yet exceed them. In addition, the
fluences used were in the photoablation regime, as opposed to it being a plasma-mediated process.
However, it did lead to increased surface roughness (advantageous for bonding dental fillings to the tooth

cavity) and removal of contaminants.

Figure 2.52 — Microscopy images of ablated a) dentin and b) enamel surfaces via femtosecond pulses showing minimal collateral
damage and no crack formation [2.291].
Other recent work done by Friedrich et al. has examined using picosecond infrared lasers for ablating the
roots of extracted human teeth, as amputating an inflamed tooth root is a well-established procedure in this
field, with the aim being to preserve both the function and appearance of an unnecessary tooth [2.292].
Histological evaluation showed that they were able to achieve a high level of localisation, with average
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thermal damage zones in the dentin between 10.87 and 15.18 um. A histology image of one of these highly
localised ablated features is shown in figure 2.53. The laser setup used in this work was not fibre delivered
however, which is stated by the authors to be the next step towards clinical translation. Previously, a lack
of compatible, low-loss delivery systems has inhibited the inclusion of these ultrashort pulses to a range of
procedures [2.293].

Figure 2.53 — Histology image of incision made via picosecond infrared laser in root of tooth sample [2.292].

2.4 Optical fibres for minimally invasive laser surgery

2.4.1 Negative curvature and photonic bandgap fibres

Until recently, fibres capable of guiding appropriate pulse energies and wavelengths of light for tissue
ablation have suffered from large mechanical bend radii (primarily due to the large core diameters required
for multimode fibres), clearly making them unsuitable for navigating the various complex structures within
the human body, where bend diameters as low as 10’s of mm may be required. Similarly, sapphire fibres
have been demonstrated to be capable of delivering high power laser beams, and have been used to deliver
Er:YAG laser beams at 2.94 pum in dental and cosmetic skin treatments, but to overcome the laser induced
damage threshold they have required relatively large total diameters of 200 — 500 um, meaning they are
not currently flexible enough to be suited towards minimally invasive procedures [2.294]. While some
research groups are developing alternative guidance tools such as hollow arm-based devices, there are also
various types of hollow core fibre which can overcome these limitations, with intelligent structural design
mitigating the various limitations of conventional optical fibres [2.96]. The hollow cores benefit from low
modal overlaps with the surrounding cladding structures (typically made from silica), resulting in
comparatively low loss delivery of light in wavelength ranges that otherwise suffer high levels of

attenuation in bulk materials through various absorption mechanisms taking place.

This has been shown for some time within the literature, such as the work published by Temelkuran et al.
in 2002 highlighting a hollow core fibre design that used an omnidirectional dielectric mirror to line the
interior of the fibre, with confinement being achieved through large photonic bandgaps being created via
multiple alternating submicrometre thick layers of a low refractive index polymer (polyether sulphone or
PES, n = 1.55) and a chalcogenide glass of higher refractive index (arsenic triselenide, n = 2.8) [2.295]. A
cross-sectional image of this fibre is shown in figure 2.54. This fibre was able to achieve transmission losses
of around 1 dB m™* for CO; laser light, which is considerably lower than that for the fibre material itself,
showing the significance of implementing these structural design considerations. Additionally, it was able
to transmit power densities of 300 W cm without any damage being caused to the fibre. As a result of
these traits a polymeric photonic bandgap fibre based on this design was later used by Koufman et al. to

perform upper aerodigestive tract un-sedated office-based laser surgery across 443 laryngotracheal cases
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[2.296]. However, while this design was impressive, it was still clearly limited in its capability to handle

sufficient powers for performing plasma-mediated ablation.

Figure 2.54 — SEM image of hollow core cylindrical multilayer fibre mounted in epoxy, with the hollow core appearing black, the
polyether sulphone (PES) cladding layers appearing grey, and the arsenic triselenide layers appearing white [2.295].
One of the potential solutions for this is the highly flexible anti-resonant microstructured fibres (also
referred to as negative curvature fibres, or NCFs). These guide light through the principle of being an anti-
resonant reflecting optical waveguide (ARROW), where wavelengths that are resonant with the core wall
are unable to be confined within the core, resulting in them being highly attenuated [2.297]. Conversely,
wavelengths that are anti-resonant to the core wall are highly confined within the core itself, experiencing
only low levels of leakage into the wall structure (from a small degree of coupling of the core modes
occurring, causing formation of modes that are able to propagate within the walls) and thus lower overall
attenuation [2.298]. The wavelengths that are confined within this core can be tailored by varying the

thickness of the surrounding wall.

Another potential solution to high energy laser pulse delivery is offered by photonic bandgap fibres (PBFs),
also referred to as hollow-core photonic crystal fibres (HC-PCFs). More widely, PCFs is a term within the
literature that covers a class of optical fibre, including holey, Bragg and photonic bandgap fibres. These
designs all guide light in a similar manner to conventional fibres, with the silica core and the differing
surrounding microstructures having different refractive indexes, albeit with the variations in these
microstructures offering certain advantages over the standard fibre in each case. The PBF design will be
discussed here, as it benefits from higher transmission efficiencies and damage thresholds compared to the
other PCFs. With the PBF design the transmission-limiting factors of material absorption and low damage
thresholds that are observed with more conventional fibres are quelled through the implementation of a
photonic bandgap structure [2.299],[2.300]. This restricts the radiation to lower order modes, which are
then delivered through a small diameter air core, which increases the damage threshold [2.301],[2.302].
With this design the wavelength that is guided through the core is determined by the separation of the air
holes of the surrounding structure (referred to as the pitch). Cross-sectional images of both NCFs and

photonic bandgap fibres can be observed in figure 2.55.
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Figure 2.55 — SEM cross-sectional images of a) negative curvature fibre and b) photonic bandgap fibre [2.254].

The guidance mechanisms for both designs are significant as they allow for the delivery of higher pulse
energies without severe degradation of the fibre occurring. Both structures also have the desirable effect of
making the overall fibre diameter smaller as well, as they possess only one cladding layer, which in turn
helps to address the issue with previously large bend radii.

Yet, these fibres both have limitations of their own, including the hollow-cores present in both designs
leading to potential contamination issues, which would inhibit their implementation into clinical
environments [2.303]. This contamination could also lead to reductions in the damage thresholds of the
fibres. A bespoke end cap will therefore be required to prevent contamination occurring. However, these

end caps also offer an immense opportunity for advancement through the implementation of various optical
components.

Both fibres have shown great promise in initial experimental trials. Urich et al. used them to carry out
ablation on hard and soft porcine tissue (bone and muscle respectively, as captured in figures 2.56 and
2.57), proving that both designs had the capacity to deliver sufficient fluences for surgical applications
[2.303],[2.254]. This highlighted these fibres as being a noteworthy solution in relatively efficient and
flexible delivery of these higher wavelength laser sources.

Figure 2.56 — Tissue ablation results from using Er:YAG laser light delivered by NCF a) Microscope image of ablated porcine bone
b) Cross-section of ablated porcine bone, showing ablated depth of 265 um obtained from a single shot c) Microscope image of

ablated porcine muscle d) Porcine muscle ablated with varying number of shots applied over its surface [2.211].
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Figure 2.57 — Microscope images of single shot porcine bone ablation in a) air and b) water [2.254].

They found that the output for both types of fibre were akin to that of single-mode fibres, which is
particularly advantageous for the intended surgical applications, courtesy of the increased precision the
smaller spot sizes offer compared to the multimodal outputs of the larger diameter fibres previously
required for efficient delivery of laser light within this 3 pum range. This was noteworthy, as while single-
mode fibres are not hindered by modal interference upon bending of the fibres, they do limit the NA of the
system. This increase in precision is significant as these Er:YAG lasers emitting wavelengths of 2.94 um
are widely used in medicine courtesy of their high absorption rate in water, which as discussed previously
is vital in achieving efficient ablation [2.304]. These lasers are currently delivered in operating theatres
through the implementation of articulated arms, which although it intuitively contains focusing optics
within the handpiece, it also requires specialist knowledge and is inherently restrictive with regards to
minimally invasive procedures due to its size and inflexibility. They also addressed the contamination issue
highlighted earlier through the successful incorporation of a sapphire end-tip. This was particularly
impressive, as they were able to exceed the required energy density values for ablating various types of
tissue (> 500 J cm2) , even with a maximum coupling efficiency of only around 35% (originating from a
mismatch between the laser mode and the fibre mode field profile upon focussing the Er:YAG laser into
the core of the negative curvature fibre using a 100 mm focal length lens), while also maintaining the
structural integrity of this end-tip. However, further work is required regarding both the robustness of the
end tips (particularly at the interfaces between them and the fibres) and the coupling of Er:YAG laser light

to the cores of these negative curvature fibres prior to wider clinical adoption.

Jaworski et al. have also since shown the ability of NCFs to deliver 0.57 mJ nanosecond and 30 pJ
picosecond pulses for micromachining fused-silica glass and metals (aluminium and titanium), albeit with
1030 nm picosecond pulses in particular being limited by the non-optimised structure of the fibre, leading
to instability in the form of multimode behaviour for delivery of such pulses [2.305]. This is significant as
modal interference occurs upon bending of the fibre but without the same extent of statistical averaging
observed in highly multimode fibres, which otherwise helps to mitigate this modal noise. This inhibited the
spatial profile of the delivered pulses and thus both the potential precision and efficiency of the ablation
process. More recent work from the group within Heriot-Watt University has shown that these fibres are
capable of delivering 6 ps pulses for removing volumes from a porcine colon tissue model corresponding
to those of early stage lesions found in cancer patients [2.80]. This was achieved after obtaining coupling

efficiencies of around 70%.

The fabrication of the NCFs is carried out using a fairly standard stack and draw technique upon fused
silica, similar to that carried out for the more conventional PBFs [2.306]. The use of silica is worth noting

as it is both biologically inert and is capable of withstanding very high temperatures, making it ideal for
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medical applications [2.307]. Also, low bend radii were tested for both fibres. As low as 5 cm was tested
for the NCFs, with only slight additional losses occurring, as shown by the ability to still observe ablation
of porcine bone tissue. For the PBFs bend diameters as low as 5 mm were shown to have no effect on the
output power. The sufficient output energy densities achieved with both designs makes these fibres worthy
of consideration in a great number of medical applications (with typical bend diameters for endoscopy
applications being in the range of 15 cm). However, the potential for further improvements in the coupling
efficiency and the current lack of suitable (i.e. minimally invasive) beam scanning and steering mechanisms
mean that there is more work needed in examining these fibres prior to them being adopted in various

operating theatres [2.308].
2.4.2 Kagome fibres

The Kagome fibre is another promising potential solution to the ongoing challenge of obtaining truly
flexible delivery of ultrashort laser pulses. These fibres guide light through inhibited coupling between the
respective modes in the cladding and the core, owing their name to the Kagome lattice structure that
surrounds the hollow core [2.309]. This in turn leads to a reduction in the spatial overlap between the core
mode and the silica walls, enabling much greater pulse energies to be delivered, albeit with higher

attenuation occurring.

Kagome fibres share numerous similarities with the NCFs and PBFs described previously, including
comparable core sizes (10’s of um), low transmission losses (~ 180 dB km™), broadband transmission, high
damage thresholds and primarily single-mode guidance (when kept straight) [2.310],[2.311]. Energies as
high as 100 pJ have been delivered with Kagome fibres, albeit filled with helium to avoid nonlinear effects
[2.312],[2.313]. The geometry of the core wall has been studied in these Kagome fibres by Wang et al.,
with hypocycloid shaped cores providing lower attenuation (150 dB km* from 1050 nm to 1400 nm) than
circular shaped cores, although this low attenuation did increase for a widening transmission bandwidth via
decreasing both the glass thickness and the pitch within the fibre structure (average of 300 dB km- for 900

nm to 1200 nm) [2.314]. Cross-sections of differing Kagome fibre geometries are shown in figure 2.58.

a) “ ’(b)
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Figure 2.58 — SEM images of seven-cell core and three-ring Kagome cladding HC-PCF with (a) circular core and (b) hypocycloid
core [2.310].

Kagome fibres have also been used to achieve much smaller spot sizes compared to the NCFs (4.5 um
diameter as opposed to 67 um) and they have been successfully incorporated into an ultrafast laser scalpel
[2.81]. The fibres used in this case (hypocycloid core Kagome fibre, 0.018 NA, PMC-PL-780-UP,
GLOphotonics) had a mode field diameter of 31 pm, which is also smaller than that of the NCFs, allowing

for more localised ablation.

While this initially sounds promising, the Kagome hollow-core fibres still possess large core sizes
compared to other hollow-core fibres. This leads to them being comparatively inflexible, with bend losses

only being improved upon after the implementation of more cladding layers, which is not ideal for
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minimally invasive applications [2.315]. A bend radius of 5 cm was tested for these Kagome fibres, and
the previously significant bend losses measured with 3 cladding layers were only improved upon by adding
another cladding layer. This led to a relatively large outer diameter of around 300 um, and based on the
prediction that bend diameters on the order of 10 mm are required for truly novel minimally invasive
procedures, it becomes clear that these fibres also require further investigation prior to adoption in clinical
environments. The increased complexity in the structure of these fibres also translates to a more difficult
(and thus more expensive) fabrication process compared to the NCFs described earlier, which incorporate
only a single row of capillaries. Figure 2.59 shows a cross-section of a nodeless hollow core anti-resonant

fibre design which was able to somewhat address this bending loss issue.

Figure 2.59 — Optical microscope image of free boundary anti-resonant hollow-core fibre [2.315].

Additionally, with recent studies carried out on NCFs exhibiting low loss, broad bandwidth single-mode
guidance in a bent state (upon varying the pressure within the capillaries, altering their size to form a free
boundary core surround), it would appear that these fibre geometries hold more immediate promise,
although they too have previously suffered from significant bending losses. Further examination of these
NCFs has been able to decrease the minimum bend diameter from >160 mm to ~15 mm [2.316]. This
improvement in bend diameter was achieved through reducing the ratio of the cladding capillary diameter:
core diameter from 0.70 to 0.43, further highlighting the problem with simply incorporating more cladding
layers to reduce measured bend loss, as was carried out with the Kagome fibres discussed previously. A
comparative study by Kolyadin et al. from 2015 also concluded that compared to all the other HC-PCFs,

NCFs benefitted from stronger light localisation within their cores and thus lower dispersion [2.317].
2.5 Bespoke endoscopic devices

Due to all the advances made possible in minimally invasive surgery through the application of ultrashort
laser pulses that have been previously highlighted, numerous research groups are currently developing

bespoke endoscopic devices towards practical implementation in the operating theatre.

One of particular interest is the raster scanning two-photon multimodal endomicroscope that was developed
at the Korea Advanced Institute of Science and Technology [2.318]. A schematic of this device can be
observed in figure 2.60. The raster scanning was carried out using a quarter-tubular piezoelectric (PZT)
actuator, which reduces the overall volume of the endoscopic probe when compared to more traditional
microelectromechanical system (MEMS) mirrors [2.319]. In this instance, the probe diameter achieved was
3.5 mm, whereas previous endoscopic probes utilising MEMS mirrors or trimorph PZT actuators had a
diameter of ~5 mm, while still benefitting from the scanning mechanism being incorporated into the probe
itself [2.320]. The probe has a rigid distal length of 30 mm, which includes the high NA GRIN lens. This

was incorporated into the probe to increase the efficiency of the two-photon effect at the focal spot.
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Figure 2.60 — System Configuration of the Raster Scanning Two-Photon Endomicroscope [2.318].

A raster scanning method was chosen as the previously commonplace spiral and Lissajous scanning patterns
with tubular PZT actuators have noticeable non-uniformity between the inner and outer scan regions
[2.321],[2.322]. Meanwhile, the raster scanning method with MEMS mirrors requires high voltage for slow
axis actuation, but the raster scanning via bimorph PZT actuators is not without any drawbacks of its own,

as it leads to an increase in rigid length of the endoscopic probe [2.323].

Using this design, they were able to carry out two-photon imaging of a mouse kidney. While a flexible field
of view was successfully obtained, there were some issues with displacement of the fibre tip in the fast axis,
image distortion occurring around the boundaries of the obtained images and overall light collection
efficiency, suggesting that there is still room for improvement before this is incorporated into commercial
devices for in vivo imaging. Additionally, as this was purely an imaging probe, it lacks the power handling

capability for carrying out laser-based resection procedures.

Another device of interest is the Varifocal Micro-Opto-Electro-Mechanical-System (MOEMS) fibre
scanner developed at the University of Freiburg [2.324]. A diagram of this device is shown in figure 2.61.
The Microsystems Engineering Department there were able to form an endoscope probe capable of confocal
imaging (thus greater depth discrimination and noise filtering while also benefitting from a simpler design
and lower minimum bend radius due to a combined illumination and collection pathway), which is
particularly impressive considering that it had an outer diameter of only 2.5 mm. This was achieved through
the integration of a varifocal membrane lens into a piezo-driven fibre scanner setup, based on a silicon
micro-bench. This enabled three-dimensional scanning, while also forgoing the need for any movable
components, allowing this design to benefit from a reduced rigid tip length compared to the multimodal
two-photon endomicroscope (which incorporated a lever mechanism at the epoxy-filled hinge joint
highlighted in figure 2.60) covered previously.

tunable membrane lens  GRIN objective
electrical connections

plezo tube
single-mode fiber =
pressure f‘f
flexdble fluid port fluid channel

Figure 2.61 —Concept of the Varifocal MOEMS Fibre Scanner [2.324].
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Although the lateral and axial resolutions achieved were impressive (1.7 um and 19 pum respectively) and
a multitude of possible scanning modes were possible courtesy of the pairing of the single-mode fibre and
piezo tube, issues with image distortion were once again encountered (despite the higher pixel density
offered by the single-mode fibre compared to coherent fibre bundles of approximately the same size), along
with a relatively limited field-of-view (320 um at a working distance of 0.5 mm) as the NA of the system
is limited by the single-mode fibre (creating a trade-off between resolution and field-of-view). The confocal
imaging technique used also suffers from reduced collection efficiency compared to implementing an
independent illumination channel. This shows that further work remains to be carried out to fine-tune this
instrument for clinical applications. The image distortion issue appears in a number of earlier publications
as well, with feedback control being highlighted as a potential solution [2.325],[2.326]. Again, as this
device is purely intended for imaging, it does not have the damage thresholds necessary for ultrafast high

power laser pulse delivery.

A bespoke endoscopic probe capable of nonlinear spectroscopic imaging was developed at the Leibniz
Institute of Photonic Technology [2.327]. A diagram of this probe design is shown in figure 2.62. This is
the first fibre probe capable of carrying out various nonlinear imaging modalities simultaneously, in this
case through a multimodal imaging fibre of 500 um. These include coherent anti-stokes Raman scattering
(CARS) (which involves 2 laser pulses of differing excitation wavelengths being collinearly guided into
the laser scanning microscope, hence requires more than one fibre), second harmonic generation (SHG)
and two-photon excited auto-fluorescence (TPEF) [2.328],[2.329].
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Figure 2.62 — Imaging fibre probe design [2.327].

The design of this probe is based around GRIN lenses, which allows for flexible lens parameters without
the high research and development costs typically associated with such versatility. While the lack of
electricity and moving parts makes the design philosophies behind this endoscope safe to apply to in vivo
tissue applications, the collecting efficiency was comparatively low for the SHG and TPEF imaging
modalities. This was due to a filter and various diffractive optical elements that had been incorporated into
the probe to compensate for chromatic and spherical aberrations. While solutions were proposed to solve

these issues, these all affected the inherent properties of the GRIN lenses.

Furthermore, while an overall diameter of 8 mm makes this device potentially suitable for use within the
colon, there is still an opportunity for further miniaturisation. Image distortion was also once again
encountered (originating from the fibre structure, particularly from under sampling caused by the inter-core
spacing of the coherent fibre bundles), yet again suggesting that further investigation is mandatory before
any further clinical considerations can be conclusively drawn. There are however ongoing research

endeavours examining and correcting for such artefacts [2.330]. This probe, like the other devices
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previously highlighted here, is purely intended for imaging. As a result, it too lacks the capability of

delivering laser pulses of sufficient energy for ablating cancerous tissue sites.

Magnetic scanning mechanisms have also been proposed for implementation into the distal end of an
endoscope [2.331],[2.332]. At the Department of Advanced Robotics in the Center for Convergent
Technologies based in Italy they designed a novel miniaturised magnetic laser scanner device with transoral
laser microsurgery in mind. In this context the use of lasers delivered via endoscopes is advantageous as
this avoids the complications involved in conventional open neck surgeries using cold steel instruments and
it removes the requirement of direct line of site to the target area [2.333]. The use of magnetic fields enables
the high frequencies required for the scanning processes involved and bypasses the issue of hand
stability/fatigue in existing fibre-based systems that rely on manual control of the fibre [2.334]. The
incorporation of focusing lenses mitigates the issue of the fibre end requiring extremely close proximity to
the tissue for incisions due to a high degree of light divergence. This prevents tissue residue sticking to and
resultingly damaging the fibre tip, which otherwise significantly degrades the quality of any incisions made.
Figure 2.63 shows both a photograph and schematic of this device.
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Figure 2.63 — Endoscopic magnetic laser scanner a) Experimental setup b) Schematic of scanning mechanisms and the focussing
and collimation of the beam via two plano-convex lenses [2.332].
This magnetic scanning endoscope tip was also paired with a CO; laser, where it showed lower levels of
thermally induced damage around the ablation sites compared to the same CO- laser (with the same laser
parameters) delivered via bare flexible waveguide [2.335]. This is as expected, as without any focusing
optics the laser diverged from the fibre end, creating a spot diameter of > 750 um, as opposed to the 400
pm wide spot focused by the zinc selenide coated 20 mm focal length plano-convex lens (LA7733-F from
Thorlabs) that was incorporated into the magnetic laser scanner, along with another zinc selenide coated
plano-convex lens of 15 mm focal length (LA7477-G from Thorlabs) which collimates the beam prior to

this focusing lens. Further improvements in the lateral confinement of ablation were observed upon
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switching on the actuation and comparing it to the non-actuated process, showing a reduction in tissue

carbonisation when the high-speed laser scanning (scanning frequency of 15 Hz) was enabled.

A repeatability assessment on the high-speed scanning controlled by a computer showcased high
repeatability with a precision of 21 = 10 um. A questionnaire further solidified this, with the surgeons
stating that they found it easy to use, accurate and precise. However, it is noted that although the workspace
of the prototype magnetic scanner (4x4 mm?2) is comparable to the 5 mm lines obtained via mirror-based
scanning state of the art systems, and that this could be increased further by using either longer focal length
focusing optics or coupling it with a robotic endoscope, the maximum attainable volumes of resection
would remain a concern [2.336]. Additional challenges limiting the efficiency of the ablation process that
are highlighted include keeping the laser in focus across the whole scan (which is exacerbated further by
the inhomogeneous nature of the tissue to be ablated) and maintaining the perpendicularity of the magnetic
scanner to the tissue, which reduces potential reflections from the tissue surface. A suggested solution from
the researchers for these two latter issues involves incorporating a continuum robot or flexible robot arm to
increase the level of control over the working distance and orientation of the magnetic scanner, but this is
yet to be fully realised and could further inhibit the potential compatibility with more spatially restricted
regions of the body, such as the gastrointestinal tract. Finally, with an outer diameter of approximately 15
mm (from the two zinc selenide coated plano-convex lenses incorporated into the magnetic laser scanner)
there is room for further miniaturisation to be implemented (especially once compared to the imaging
endoscope tips covered previously), particularly if it is to be used for procedures carried out in the

gastrointestinal tract.

More recently published work from this group has involved transoral laser microsurgery trials on ex vivo
pig larynxes using a motorised laser micromanipulator controlled in real-time via a tablet instead, which
includes a spherical orienting mechanism that uses anti-backlash gears and operates via high-resolution
encoders [2.337]. Figure 2.64 is a photograph of the experimental setup used for these trials. While the
subjective assessments of the system from the 57 surgeons in the trial were again generally favourable in
terms of intuitiveness and safety, it lacks the flexibility and degree of miniaturisation required for
endoscopic resection procedures in hard-to-reach surgical sites like the gastrointestinal tract.
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Figure 2.64 — Computer assisted transoral laser microsurgery setup for ex vivo pig larynx trials [2.337].
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More appropriate for this task is the ultrafast laser scalpel developed for carrying out microsurgery between
the Departments of Mechanical and Biomedical Engineering at the University of Texas at Austin and the
Biomedical Engineering Department at Rice University based in Houston [2.81]. A schematic of this device
is shown in figure 2.65. This probe has a cross-sectional outer diameter of 5.15 mm, reduced down from
9.6 mm and 18 mm in prior work, in large part due to the replacement of bulky MEMS mirrors with a piezo-
scanning mechanism [2.338],[2.339]. This device achieved delivery of pulse energies on the order of
microjoules through the implementation of Kagome lattice hollow-core photonic crystal fibres. These fibres
did not suffer from as large a spatial overlap between the core mode and the silica walls as the small hollow-
core photonic bandgap fibres used in previous probe designs, allowing for higher pulse energies to be
delivered through the guidance mechanism of inhibited coupling, although this does lead to increased
attenuation (> 0.5 dB/m). The Kagome fibres also benefitted from a higher tolerance to cladding damage
at the input face of the fibre compared to the small hollow-core photonic bandgap fibres previously used.
Additionally, it achieved peak intensities of 5 x 1012 W/cm?.
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Figure 2.65 — Cross-sectional view of the optical design of hypocycloid Kagome fibre-based endoscopic ultrafast laser scalpel,
developed using Solidworks with ray tracing inserted imported from Zemax, with 1) miniaturised objective piece made from 2) a
coverslip and 3) + 4) two zinc sulphide lenses 5) Tip of optical fibre was modelled in Zemax to observe the ray paths as they
propagate from the focal plane to the objective piece 6) Polymethyl methacrylate insert holds the fibre in the inner cavity of 7) PZT
actuator, which is centred in 8) a hypodermic tube, which forms the outer casing, of 6X gauge size made of type 304 stainless steel
using 9) an accurately turned plug made from epoxy glue, which electrically isolates the PZT connections [2.81].
However, the probe is only capable of scanning over a 75 x 75 um? area with a focused spot 1/e2 diameter
of 4.52 £ 0.17 um. While such a small focal spot offers excellent precision, the maximum scan area is
limited, and this would lead to increases in the duration of surgical procedures for polyps with larger lateral
dimensions. Also, while the probe was able to transmit laser energies capable of ablating tissue and
achieved surgery speeds of 5 mm/s, with a measured transmission efficiency of 62% and an inherently
limited focal depth from using a tightly focused Gaussian beam, it was only able to ablate as deep as
approximately 40 um in porcine vocal fold tissue with a single pass at the maximum operating fluence of
7.8 J cm. Additionally, while the larger core diameters enabled by the Kagome lattice structure allowed
for higher pulse energies to be delivered, this will ultimately lead to larger mechanical bend radii,
potentially limiting its use in navigating the gastrointestinal tract. Finally, while the probe design was able
to deliver pulse energies of 1.2 J, and the use of zinc sulfide (ZnS) crystal for the focusing optics allowed
the low NA fibre output to be converted to a high NA focal spot due to its high refractive index, the high
non-linear susceptibility of this ZnS crystal led to three-photon absorption processes taking over when
operating at pulse energies > 1.4 uJ. In the conclusion the authors mention that using calcium fluoride
instead may help mitigate this in future designs, albeit at the expense of the higher refractive index and

greater degree of aberration correction offered by ZnS crystals.

An additional example of a laser endoscope device is the one designed at the Automatic Control and Micro-

Mechatronic Systems Department based at the Franche-Comté Electronics Mechanics Thermal Science and
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Optics—Sciences and Technologies Institute, with some added clinical insight provided by an ear, nose and
throat surgeon based at the University Hospital of Besancon [2.340]. A cross-sectional photograph of this
device is highlighted in figure 2.66. This microrobotic device consists of two linear piezoelectrical motors
(enabling two degrees-of-freedom), combined with a microfabricated deformable silicon mirror. It uses a
stylus and tablet to create a Surgeon-Robot Interface, which controls the scanning pattern of the laser spot
upon the vocal fold tissue at a user defined speed. Although the primary application under consideration
for this device is microphonosurgery (vocal fold microsurgery, targeting cysts and cancerous tissues), it is
stated that this device could be used in other types of surgeries such as laparoscopy and gastroesophageal
procedures (particularly with the device being compatible with endoscopes that have outer diameters just
below 18 mm). This endoluminal endoscopy device benefits from not requiring a direct line of sight from
the laser source to the target site, contrary to current vocal fold surgical instruments which typically consist
of a stereomicroscope and a laser device. As a result, these more conventional setups require the patient to
be positioned with an extreme extension of the neck throughout the surgery, which inhibits patient recovery
more than the vocal fold laser surgery itself [2.341]. Also, with the laser source inherently suffering from
positional inaccuracies due to having a long working distance from being positioned outside the larynx,
these laser vocal fold surgical procedures require significant expertise from the surgeons performing it,

especially upon considering the delicate nature of the tissue being resected [2.342].

Figure 2.66 —Endoscopic tip of microrobotic laser endoscope device with 1) endoscopic tube 2) silicon on insulator mirror 3) 20°
inclined millimetric right angle prism 4) laser fibre 5) GRIN lens that connects the two fibre bundles 6) two 25 fps RGB MISUMI
cameras 7) lighting guide 8) two fibre bundles 9) 10000 fps Mikrotron EoSens camera [2.340].

This device was able to achieve a smaller form factor (9x11x42 mm?) compared to previous device designs
which used bulky galvanometric mirrors, as well as suitable scanning areas (20x20 mm?) for the intended
vocal fold laser microsurgery applications. The piezoelectric actuators used to effectively scan the laser
(Squiggle motors, New Scale Technologies, Inc.) offer a high positional resolution of 0.5 um, which
translated to a Root Mean Square (RMS) value for positional error of the laser spot of 80.50 um in path-
following validation trials. These were carried out using a testbench setup consisting of two fibre bundles
(FUJIKURA FIGH-50-1100N), connected at their distal ends to a GRIN lens (GRINTECH GT-IFRL-180-
inf-50-C1). The device is also easily made bio-compatible, as the only part to come into contact with human
tissue is the outer shell made of thermoplastic elastomer. This was useful for the preclinical human cadaver
trials that were carried out over four days by the surgeon from the University Hospital of Besancon, which
were able to achieve an RMS value in the laser spot positional error of 88.35 um. Figure 2.67 consists of a

pair of photographs taken from these trials.
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Figure 2.67 — a) Image captured during cadaver trial as part of the uURALP project b) Zoomed view of endoscopic tip [2.340].

However, there are further preclinical trials required for this device. While the testbench trials were carried
out at 40 Hz, the cadaver trials were only carried out at 17 Hz due to a framerate limitation of the RGB
camera used in the setup. Also, while the RMS value of the laser spot positional error in both cases lay
within the predetermined specifications for vocal fold laser microsurgery (< 100 um), in the case of the
testbench trials 30% of the thirty trials carried out were above this range, with an average maximum
deviance value (between the position of the laser spot and the scanning path defined by the surgeon via the
tablet) of 335.07 um. The working distance of 20 mm between the endoscope tip and the vocal folds could
also be improved, as this causes the laser spot to undergo significant divergence (particularly with it being
on the order of tens of microns), limiting the lateral accuracy. While the cadaver trials were thorough in
testing various aspects of the endoscopic system (ease of insertion into larynx, robustness of
micromechatronic components, extent of waterproofing and the functionality of both the laser steering and
visual feedback mechanisms), unfortunately there was no investigation into the efficacy of ablating the
vocal fold tissue (and thus the power output required for ablating said tissue) with this device.
Consequently, the transmission efficiencies and damage threshold of the device are also not discussed in
this publication, or in previous work by the group [2.343],[2.344],[2.345]. Also, once again there is
potential for further miniaturisation (which is emphasised by the imaging probes discussed previously), as
the primary constraint in the optical design continues to be the total diameter of the endoscopic device. This

is particularly important if applications to the gastrointestinal tract are to be considered.

Another device designed for removing cancerous tissue (in this case neuroendocrine tumours from the
gastrointestinal tract) in an endoscopically deployable manner is the EUSRA™ electrode designed at
Taewoong Medical Co. based in Gyeonggi-do in South Korea [2.346]. This device functions via endoscopic
ultrasound-guided radiofrequency ablation (EUS-guided RA) electrode needle of either 1.1 or 1.27 mm
diameter (depending on the product model) and has been used for the treatment of both adenocarcinoma
and tumours in the pancreas in various patient trials carried out in Asia, Europe and America (after
preclinical trials were carried out to test ablation parameters on porcine models)
[2.347],[2.348],[2.349],[2.350]. While there are other EUS-guided RA devices available, the EUSRA™
electrode is the only current product line which varies in active segment length (length of the needle) from
as small as 5 mm to as large as 20 mm [2.351]. Figure 2.68 shows an image of the probe alongside

corresponding images of EUS-guided ablation of pancreatic tissue and an operative view of this procedure.
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Figure 2.68 — a) Profile of EUSRA probe b) EUS-guided radiofrequency ablation performed with the EUSRA probe in healthy
pancreatic tissue, with a visible echogenic cloud around the electrode c) Operative view of per-laparotomy radiofrequency ablation
carried out in the pancreas using the EUSRA probe [2.346].

While these do show promise, particularly with them achieving ablation depths on the order of millimetres
in 15 seconds or less, this inevitably comes at the expense of the neighbouring healthy tissue, with damage
zones also being on the order of millimetres (despite the incorporation of an internal cooling mechanism
via chilled saline solution to prevent charring/damage of the electrode surface). This will inevitably lead to
longer patient recovery times, while also increasing the risk of further complications such as pancreatic
leakage and chronic pancreatitis (complication rates for treating both pancreatic neuroendocrine tumours
and cystic neoplasms in recent trials were around 10%). As a result, the studies referenced here unanimously
state that further work is required in larger study populations for evaluating both the safety and long-term
efficacy of these radiofrequency ablation procedures. It is also noted that tumour recurrence remains a
concern and for removing larger lesions the position of the electrode may have to be varied for repeat

procedures, as opposed to simply varying the ablation parameters used.

Another alternative method for achieving tumour removal in a minimally invasive manner involves the
incorporation of photodynamic therapy (PDT) into an endoscope. Such a device was designed and tested
via in-vitro experiments on the gelatin found in porcine skin in a collaborative effort between researchers
based at the Graduate School of Information Science and Technology at the University of Tokyo and the
Institute of Advanced Biomedical Engineering and Science at Tokyo Women’s Medical University [2.8].
This is the first endoscope which can simultaneously realise PDT alongside photodynamic diagnosis
(PDD), which allows for tumours to be distinguished from the surrounding healthy tissue through variations
in fluorescent properties. This is ideal as this imaging modality is intraoperatively compatible. After these
tumour sites are located, PDT is used to destroy them without destroying the tissue. While it benefits from
a small objective lens system diameter of 3 mm, is capable of localising malignant cells and is linked to
reductions in the recurrence rates of these tumours, as discussed at the beginning of this chapter it is only
suited for dealing with those in the very early stages of their development cycle (even more so than ablation-
based procedures) due to the limited penetration depths of the appropriate light sources, as well as the
increased costs and procedure timescales involved [2.352]. Figure 2.69 highlights a schematic and
photograph of this device.
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Figure 2.69 — Flexible PDD and PDT compatible laser steering endoscope a) schematic and b) photograph [2.8].

An additional shortcoming of this endoscope is the low transmission efficiency (~ 2.44%) from the
endoscope due to the inclusion of a pinhole to obtain a parallel focus and the use of a laser beam diameter
(1.663 to 1.723 mm horizontal, 2.277 and 2.584 mm vertical at 20 mm and 50 mm from the endoscope tip
respectively) which is larger than that of one of the fibres in the fibre bundle (active diameter of the bundle
was 1.4 mm). Also, despite the significantly lower power densities required for PDT compared to laser
ablation-based procedures, damage of the fibre bundle (from Sumita Optical Glass) was still observed after
testing the highest power setting of the laser used (Wavespectrum Laser Group, WSLP-635-400m-M),
which was only 375 mW, as the light was focused down to a 64 um diameter spot into the imaging fibre
bundle using an objective lens system, to then be collected by the camera sensor after further focusing from
the eyepiece lens. Other issues include a portion of the laser spot being outside of the selected tumour area
during scanning due to only the central region of the laser spot being considered as the target, the
illumination source and blue laser (used as the excitation source for carrying out diagnosis imaging) not yet
being integrated into the laser endoscope and the use of a vector scanning pattern that was not fully
optimised. Furthermore, this endoscope currently lacks three-dimensional imaging capabilities and the
authors state that for tumours of dimensions > 10 — 15 mm the integration of a device capable of removing

tissue would be necessary.
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2.6 Review summary

The application of ultrafast laser pulses to minimally invasive surgical procedures shows much promise
through the increased precision in ablating tissue (minimising collateral damage of surrounding tissue as a
result). This had led to a wide range of surgical applications as shown in table 2.2, which summarises some

of the key research looking at ultrafast laser ablation of biological tissues highlighted in this review.

Reference number Tissue type Laser used, pulse duration Type of surgery
2.29 Human teeth Neodymium-doped Dental
yttrium lithium fluoride,
55 ps
2.71 Human skin Erbium-doped fibre laser, Tissue reconstruction
(freeze-dried) 900 fs (skin grafts)
2.77 Ovine lung Ytterbium-doped yttrium Cancer
578 aluminum garnet, 6 ps
Porcine intestine
2.80 Carbide, 6 ps
Numerous (flexible
2.81 Porcine vocal fold Erbium-doped fibre laser, delivery of beam)
1.5ps
2.85 Bovine eyes Ring dye, 8 ns — 65 fs Ocular
2111 Ovine and bovine Ti:Sapphire, 100 fs Orthopedic
bone
2.264 Porcine bone Model I Intralase, 700 fs Stapedotomy
2.265 Ovine bone Neodymium doped Orthopedic
potassium-gadolinium
tungstate, 230 fs
2.275 Porcine eyes iFS 150 and LenSx, 600 — Ocular
800 fs
2.281 Porcine brain Neodymium-doped Neurosurgery
yttrium lithium fluoride,
30 ps
2.284 Porcine vocal fold Erbium-doped fibre laser Laryngeal
2.290 Human teeth Neodymium-doped Dental
yttrium aluminum garnet,
40 ps

Table 2.2 — Summary of key ultrafast laser-tissue interaction studies

87




Furthermore, through the high aspect ratios offered by interference generated Bessel-Gauss beams via the
effective decoupling of the tightly confined lateral spots and extended focal depths, it is possible that
applying these to ultrafast laser-based procedures could improve both the aspect ratio/depth of ablation and

the focussing tolerance for generating plasma on the tissue surface.

The experimental realisation of either (or both) of these traits would be hugely advantageous when
performing these surgeries, especially upon considering the inherent inhomogeneity of biological tissue, as
this would enable more consistent, more efficient and deeper ablation/drilling of cancerous tissue, while
further minimising the extent of induced lateral damage, which otherwise impairs and/or removes the
surrounding healthy tissue. Additionally, due to the “self-healing” and propagation invariant (albeit over a
finite range experimentally) properties of these Bessel-Gauss beams, they are potentially less affected by
uneven surface morphologies compared to conventional Gaussian beam generated by traditional convex
lenses, meaning it is possible that they could offer new levels of precision to these procedures, perhaps even

down to the cellular level upon combination with some the novel technologies previously discussed.

With the fibres and bespoke devices highlighted, it is apparent that there is still room in this field for
combining the flexibility offered by new innovative fibre geometries with the precision offered by ultrafast
laser systems. This could enable full exploitation of the advantages offered by each towards medical

applications.
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Chapter 3

Bessel-Gauss beam modelling and characterisation,
experimental methodology and murine intestinal tissue

ablation trials

3.1 Theoretical modelling of Bessel-Gauss beams

The axicons used within this thesis are produced from high-quality UV Fused-Silica (which is an ideal
material for the high-powered laser applications that the underpinning surgical applications entail) by
Thorlabs via a manufacturing process that entails dicing, grinding, bevelling and polishing [3.1]. These are
coated with an anti-reflective hard refractory-oxide coating that is effective over the 650 — 1050 nm
wavelength range, listed as a “-B coating” [3.2]. This is important as this improves the transmission
efficiency for the CB1-05 Carbide laser system (from Light Conversion) used, which emits a central
wavelength of 1028 + 5 nm [3.3]. This is especially true for multiple lens systems. As an example, for
setups consisting of three consecutive lenses (relevant to the work carried out within this thesis), these
coatings reduce an otherwise 21.7% loss in transmitted power (a cumulative effect from the 4% lost at each
surface) to 3.2%, even with this calculation taking the peak values for reflectance in the example datasets
provided by Thorlabs [3.2].

To better understand their relative axial intensity distributions, some theoretical modelling of these axicons
was carried out using the OpticStudio software from Zemax. This optical design software package is
considered the gold standard among both researchers and a range of market leaders across the optics
industry, courtesy of its comprehensive and versatile nature. Computer modelling of the beam properties
was performed to save both time and money compared to experimental methods, as this would have
otherwise entailed a range of axicons being purchased and characterised for various input beam widths.
Additionally, for the small central core diameters exhibited by these Bessel-Gauss beams, alignment and
axial scanning of a suitably high-resolution camera would again be both time consuming and expensive.
However, an important practical limitation to consider prior to carrying out this theoretical modelling
include the fact that the damage threshold of the optics to be implemented into the end of an endoscopic
probe design could potentially be close to the ablation threshold of the biological tissue itself. With the end
goal being integration into a fibre delivered solution, it becomes clear that simply increasing the power of

the input beam indefinitely is not a viable solution.
3.1.1 Laser simulation methods within OpticStudio

There are numerous means of simulating lasers within the OpticStudio software. These include sequential
and non-sequential ray tracing (i.e. the rays either propagate from one object to the next in a linear manner,
or they are not traced in such a predefined manner but are instead traced through objects in a way determined
by their own direction and the physical positions and properties of said objects, allowing for them to be
reflected back to prior objects), paraxial Gaussian beams and Physical Optics Propagation (POP). While
both ray tracing techniques are computationally fast and easy to setup, they are limited in their capacity to

act as a complete model for Gaussian beams since they always travel in a straight line, meaning that
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collimated beams modelled via this technique remain the same size and diverging beams simulated in this
manner maintain the same degree of divergence throughout their propagation (as ray tracing does not allow
for dynamic changes in divergence). This means that this only provides a good approximation while within
the Rayleigh range (where the beam size changes relatively slowly, meaning it can be approximated as a
collimated ray bundle) or far beyond the Rayleigh range (where changes in the beam size become linearly
proportional to the propagation distance, thus it can be approximated as a point source). Consequently, ray
tracing is also insufficient for modelling diffraction-limited spots, due to these fundamental differences

between the constituent rays and Gaussian beam.

Paraxial Gaussian beams are also computationally fast and provide easy access to Gaussian beam traits,
including the Rayleigh range and the size of the beam waist. They are also able to incorporate beam
divergence. However, they assume an ideal Gaussian beam and are therefore unable to account for

aberrations within the optical system, thus may provide overly optimistic results.

POP meanwhile allows for more detailed study of arbitrary, non-Gaussian optical beams, as it simulates
the propagation of coherent wavefronts through the optical system via performing diffraction calculations
across discretely sampled grids. This entails calculating the amplitude, phase and intensity of the optical
beam at each point within the grids located at each of the user-defined surfaces (with key parameters
including the dimensions and sampling rates of these surfaces) across the set range of propagation. This
allows for both the aberrations present within the system of interest and the coherent interference that the
beam undergoes to be comprehensively modelled. The latter is particularly important for the Bessel-Gauss

beams of interest, as these are formed via interference mechanisms as discussed previously.

POP is normally used when geometrical ray tracing is not sufficient, such as when the beam comes to an
intermediate focus. This is especially the case near optics that shorten the beam. For example, if there was
a pinhole in the middle of a system, a ray-based calculation would show the beam coming to a perfect focus,
which is impossible due to diffraction effects — the effect the pinhole will have on the beam cannot be
simply ignored. Additionally, POP should be used when diffraction effects far from focus are of interest

and/or when the propagation length is long and the beam is nearly collimated.

POP does suffer from being computationally intensive (particularly with regards to RAM requirements, as
the entire beam must be stored in computer memory at once) and thus can also be time consuming due to
the high sampling rates that are often required to accurately model the beam across the entire axial range
of interest. Additionally, this modelling process must balance these high sampling rates to achieve an
appropriately high beam resolution with a sufficiently wide grid width so that all the spatial frequencies are
captured, meaning that the results from these simulations must be manually verified by the user every time.
Yet, it is also the only method of simulating lasers within the OpticStudio software that can be used to
determine the irradiance at each surface, as well as the phase profiles, while also allowing quantification of
the beam quality via the implementation of a specific beam divergence parameter. Dr. McCarthy oversaw

the initial use of this feature within the OpticStudio software.
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3.1.2 Physical Optics Propagation (POP) modelling of axicons — time-averaged
total power model

The appropriate surface positions for POP can be informed via ray tracing. To do so in a way that accurately
represents the experimental laser setup used, the Gaussian Apodization Type is set to Gaussian, which
imparts an amplitude variation across the illumination of the entrance pupil that takes the form of a Gaussian
distribution. The Apodization Factor was then set to 1 — this alters the rate of decrease in beam amplitude
as a function of the pupil coordinate in such a way as to place the 1/e? values relative to the peak amplitude

at the edges of the pupil.

The CB1-05 Carbide laser system was used for all the ablation experiments carried out within the scope of
this work. This laser is suitable for surgical applications, as it is capable of producing ultrashort pulses (232
fs to 10 ps) of a high beam quality, meaning non-linear absorption can be achieved within the focal volume
of various optical setups (courtesy of the laser providing pulse energies of up to around 85 pJ), although
there remains a compromise between high peak powers and high ablation rates. Additionally, the 1028 + 5
nm emission wavelength lies within the near-infrared regime, meaning it is able to penetrate deeply into
biological tissues, as said tissues have higher scattering coefficients within the near-infrared regime
compared to the more highly absorbed wavelengths within the mid and far-infrared regimes [3.4].
Furthermore, as the plasma-mediated ablation is a non-linear process, the absorption coefficient is of less
importance (i.e. optimisation of the linear absorption regime is not significant for this application, with the
lower absorption even potentially aiding the occurrence of the plasma formation process). However, it is
also important to note that this higher scattering coefficient could inhibit the propagation of Bessel-Gauss
beams through the tissue, as it may hinder the coherency of the constituent interfering rays that underpin

the formation of such beams as they translate through the tissue, particularly as the depth increases.

The properties of the laser source are very important within the context of this work, as the minimally
invasive modality intended for performing the ultrafast pulsed laser ablation processes within clinical
environments necessitates fibre delivery. From this, both the peak energy of sustainable transmission (i.e.
no damage being incurred by the fibre) and the transmission efficiency will inevitably form experimental
constraints, with simply increasing the input laser power indefinitely not being a viable solution. Previous
work by the group has shown that 6 ps is an ideal pulse duration to perform soft-tissue ablation studies
with, as it offers adequate peak pulse energies for plasma generation at the laser focus while also reducing
bend losses and avoiding nonlinear effects while propagating through hollow-core negative curvature fibres
[3.5]. As a result of this finding the majority of the laser ablation trials carried out within this thesis were

performed using this pulse duration setting.

This laser has a manufacturer quoted value of 1.53 mm for the FWHM beam diameter along the major
elliptical axis of the laser beam spot whilst operating at the 5 W 60 kHz preset, with a corresponding M?2
value of 1.09 for this major axis, at 0.6 m from the output (Light Conversion, personal communication,
April 26" 2020). This equates to a 1/e? beam diameter value of 2.6 mm, hence this was used for the initial
input beam definition for both the ray tracing and POP simulations. While the axial extent over which the
Bessel profile is maintained can be tailored by modifying the width of the input beam (with a wider input
beam leading to an extended Bessel zone, as illustrated in figures 3.1 and 3.2), to initially keep the setup as

simple as possible the unmodified Carbide laser output beam was used within this POP modelling. It is
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important to note that this meets the criteria for maximum transmission efficiency while considering a
Gaussian beam transferring through a hard-aperture, as in this case the axicon is over 1.86 times the
diameter of the input beam [3.6]. A wider input beam can cause diffraction from the axicon edges that leads
to heightened modulation of the on-axis optical intensity (which can be avoided by using an input beam
with a diameter of less than half of that of the axicon itself), and the extended focal region this offers comes
at the expense of intensity by spreading out the finite pulse energy over an even longer axial range. Input

beams that are too small are also undesirable as these lead to more compressed focal depths.
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Figure 3.1 — Graphical depiction of the effect that varying the aperture/input beam size has on the Bessel zone length, with the

dotted lines representing the Bessel beam that is produced when the illustrated aperture is removed [3.7].
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Figure 3.2 — The variation of the on-axis intensity of the central maximum of a Bessel-Gauss beam produced by an axicon with a
physical angle of 20° and a radius of 30 mm for Gaussian beams of varying beam widths (W). The power of each incident Gaussian
beam is normalised, thus as the Gaussian becomes relatively large compared to the radius of the axicon aperture, less power ends up

being coupled into the Bessel-Gauss beam. Af signifies the limited diffraction focal range, at which the central maxima of the
Bessel-Gauss beam dissipates [3.8].
A preliminary distance of 0.4 metres was inserted between the surface simulating this laser output
measurement plane (surface 1) and the various individual axicons based off the space available on the
optical bench that the Carbide laser is mounted to, with an approximated total separation of 1 metre between
the laser output facet and the various axicons proving suitable. The various axicons tested were imported

from the “Lens Catalogs™ available within the OpticStudio libraries.

A POP analysis can be performed once the Layout window indicates that the beam will be well captured
along its propagation. The constituent rays of the input beam propagate down a cone, forming the rings that
will be observed using the POP feature. Prior to doing so, on the Lens Data window it is important to change
the output pilot radius within the Physical Optics settings from “Best Fit” (default) to “plane” at the conical
lens surface. This is done as the pilot beam needs to be reset (which is done by effectively comparing the

phase to that of a plane) at the conical surface as the default “Best Fit” Gaussian beam does not propagate
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very well (Zemax, personal communication, March 28" 2018). This is due to the axicon destroying the
chief-ray-referenced nature of the wavefront (unless compensated for by another axicon), which
consequently results in it being hindered by a short phase radius, causing complications with the sampling
along its propagation range that leads to it self-interfering.

The input beam was defined using the “Gaussian Size + Angle” beam type, which uses the beam size at
some point along its propagation (as opposed to the beam waist) and the far-field divergence half-angle in
degrees. The latter was quoted by Light Conversion to equal 0.25 mrad for the 5 W 60 kHz preset (Light
Conversion, personal communication, December 14" 2017). The initial X- and Y-widths were set to 10
mm as these would provide suitable resolutions for accurately resolving the beam profile, in conjunction
with the high 8192 x 8192 sampling rate, while also providing an adequate guard band of at least three
times the size of the beam itself [3.9]. This prevents the beam from self-interfering along its propagation.

Due to the high sampling rates required, these simulations were performed on a computer equipped with
16 GB of RAM to address the computational demand, although even with this computer system the top
sampling rate of 16384 x 16384 proved to be too demanding. Sampling rates of 2048x2048 and 4096x4096
proved to be too low for adequately resolving the central cores of the various simulated Bessel-Gauss beams
while also allowing for appropriate X- and Y-widths throughout the simulation to prevent the

aforementioned self-interference problem.

As the size of the beam changes rapidly as it is transmitted through each axicon, resampling was necessary
at the surface immediately following the conical lens tip for each of these simulations, particularly as the
resolution at a surface is inversely proportional to the grid width at the prior surface. It was of vital
importance that the beam was well sampled at each surface (as is the case for the surface depicted in figure
3.3), as any pixilation is representative of fast changes in the intensity values, which causes artefacts further
along the propagation axis [3.9]. However, there is a balance between achieving an adequate resolution and
not using too small a frame for the surface, as this can lead to an “Inadequate guard band”, as touched upon

previously.
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Figure 3.3 — Irradiance profile of the Bessel-Gauss beam produced by a 5° axicon (AX255-B) sampled at a plane 2mm away from

the conical tip. The X and Y coordinate value axes are in millimetres.
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The total width for the core of each Bessel-Gauss beam was extracted using a MATLAB script. These were

compared to theoretical values, calculated using the following formula [3.10]:

| 2.4048 3.1)
B~ ksing’

where Rgis the central core radius of the Bessel-Gauss beam, k is a wavevector and B is the deflection angle

of the axicon. Table 3.1 below shows good agreement between the values obtained using these two methods.

Axicons and their Theoretical core OpticStudio POP
respective conical diameter (um) core diameter (um)
angles

AX2505-B, 0.5° 196.0 200.7
AX251-B, 1° 97.8 100.3
AX252-B, 2° 48.9 50.3
AX255-B, 5° 195 20.3
AX2510-B, 10° 9.6 9.8
AX2520-B, 20° 4.5 4.6

Table 3.1 — Bessel-Gauss beam core diameter values from theoretical calculations and POP simulations.

After investigating these core diameters, the axial peak irradiance distributions were investigated for the
time averaged input beam. As previously mentioned, variations in both the lateral and axial intensity
distributions for these axicons can be attributed to both the shape/angle of the axicon used and the properties
of the input beam profile. From the specific laser presets available, the input power was set to 5 W to
simulate that which provides the highest possible pulse energy (5 W 60 kHz output). A plot of the axial
distributions of the peak irradiance obtained from each axicon is shown in figure 3.4.
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Figure 3.4 — Peak irradiance values plotted against distance from the respective tips for the range of tested axicons, modelled using

POP analysis.
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The 10° and 20° axicons were of particular interest, as these provided the highest peak irradiance values,
courtesy of the smaller spot sizes and comparatively confined axial intensity profiles exhibited by the higher
conical angles. A zoomed in view of the axial peak irradiance distributions obtained from these two axicons
is shown in figure 3.5. These axicons possessed the highest physical angles available from Thorlabs at the
time this modelling was performed, although they do now offer a 40° axicon as well. While this offers even
higher intensities, the Bessel zone is further compressed, the standoff from the tip is reduced and the lateral
spot size is even smaller (making characterisation measurements even more challenging), hence this was
not deemed appropriate for the tissue ablation experiments that were carried out.
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Figure 3.5 — Peak irradiance values obtained from POP analysis for the 10° and 20° axicons for a time-averaged input beam.

All of these peak irradiance plots were again in good agreement with the theory regarding the axial extents
of the Bessel regions formed. The following equation was used to calculate the axial length of the Bessel
zone (Lg) for comparison purposes [3.11]:

@ 3.2)

Lg =——;
B tanp

where o is the radius of the incident beam upon the planar surface of the axicon. Comparisons between the

Bessel zone lengths modelled in OpticStudio and those calculated with equation 3.2 are shown in table 3.2.

Axicons and their Theoretical Bessel OpticStudio POP
respective conical zone length, Ls Bessel zone length
angles (mm) (mm)

AX2505-B, 0.5° 3238 320.0+20.0
AX251-B, 1° 161.6 160.0 £ 10.0
AX252-B, 2° 80.8 80.0+5.0
AX255-B, 5° 32.2 32.0+£20
AX2510-B, 10° 15.8 16.0+1.0
AX2520-B, 20° 7.3 75105

Table 3.2 — Axial extent over which Bessel beam shape realisation from theoretical calculations and POP simulations.
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These Bessel zone lengths were determined by examining the consistency of the beam profile across the
propagation axis. This was done by manually going through the surfaces for each simulation and marking
down the corresponding axial distance from the tip of the surface at which the Bessel distribution is lost.
As the intensity envelope drops off at these points, capturing the beam beyond these points was negligible
to the application of interest.

However, one of the limitations of this model is that it essentially assumes a CW laser source by using the
time averaged parameter of “Total Power” to define the input beam. The ultrashort nature of the laser pulses
to be used is paramount to achieving plasma formation on the tissue surface, through the high peak powers
these can reach, courtesy of the temporal distribution of the pulse energy. By switching to the “peak

irradiance” input beam definition, these temporal properties of the ultrafast laser source can be considered.

3.1.3 Physical Optics Propagation (POP) modelling of axicons — peak irradiance

model

To take the temporal properties of the laser source into consideration, the peak fluence must first be
calculated. The following formula for a Gaussian pulse was used [3.12]:
2 (3.3)

P _E )
F
P rwg2’

where Pr is the peak fluence of the laser pulse, E, is the pulse energy and wo is the half-width of the spatial
profile of the pulse at an intensity level equal to 1/e2 of the peak (1.3 mm). To obtain the peak irradiance of
the pulse (P)), this peak fluence must then be divided by the full width at half maximum duration of the
pulse (tp) [3.13]:

P
P, = 0.94—; (34)
Tp

with the 0.94 factor arises from the pulse having a Gaussian temporal profile. This gave a peak irradiance
value of 5.01 x 10% W/mm? for an 85 pJ pulse with a FWHM duration of 6 ps. This pulse duration was
measured by Dr. Mohan with an autocorrelator supplied by APE PulseCheck (figure 3.6) [3.5].
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Figure 3.6 — Autocorrelator measurement for the pulse duration, verifying the 6 ps this was set to via the Carbide laser software
[3.5].
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Using this peak irradiance value to define the input beam as opposed to the time averaged power gives the

axial intensity distribution plot for the various axicons presented in figure 3.7.

1.6x10'°
i
1.4x10'0 4
<& 1.2x10"° 4 Plasma Threshold
e T
= 1.0x10" 4t
§ ll Axicons
o ] —
£ 80x10 ' 0.5°
2 A 1°
£ 6.0x10° 4}
s il
) 9 {
A 4.0x10°9 |1 ~— 50
Jr'\‘. 10
2.0x10° 4] 1\
l} k. o ——20°
()() - T T T ﬁl“’i 1 T
0 50 100 150 200 250 300

Distance from tip (mm)

Figure 3.7 — Peak irradiance values obtained from POP analysis for the range of tested axicons for an input beam defined by its own
peak irradiance, thus taking its ultrashort temporal distribution into account.

As can be observed from this plot, the 20° axicon is the only one among the range of tested axicons available
from Thorlabs that is able to theoretically achieve intensity levels capable of exceeding the plasma
formation threshold in biological tissue (=10'° W/mm? for picosecond pulses of near-infrared wavelength,
similar to that observed for water) for the 85 pJ input pulse, which as previously mentioned is the maximum
pulse energy that the Carbide laser can produce [3.14],[3.15]. A zoomed in view of this particular irradiance
plot, along with that obtained for the 10° axicon, can be observed in figure 3.8. For the other axicons to
also exceed this threshold, either a laser system capable of producing higher pulse energies or appropriate
reimaging telescopes would be required, or even a combination of the two.
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Figure 3.8 — Peak irradiance values obtained from POP analysis for the 10° and 20° axicons for an input beam defined by its own

peak irradiance, thus taking its ultrashort temporal distribution into account.

Consequently, the 20° was chosen for the majority of the Bessel-Gauss beam ablation tests carried out

within this thesis, courtesy of these higher peak intensities that it offers. Based on these results, while it is
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capable of achieving plasma formation for the specified beam input, it does not exceed peak irradiances
above the 10> W/cm? regime, at which point reshaping of the Bessel beam can occur via self-focussing
and nonlinear losses [3.10],[3.16],[3.17]. However, even if this threshold were to be exceeded, there would
still be ample room for reducing the incident pulse energy. Additionally, it has been noted within the
literature that higher conical angle axicons can sustain a more consistent propagation-invariant regime at
ablation level-intensities, avoiding some the undesirable effects encountered by Gaussian beams at this

threshold, such as plasma defocusing [3.18].

These higher intensities also offer a higher tolerance to losses within both a larger scale optical bench test
setup and upon later potential integration into a fibre delivered solution (inevitably entailing some scattering
and bend losses), which based on the endoscopically deployable modality of interest for achieving precise
ultrafast beam delivery to the target pre-cancerous or cancerous tissue site is of paramount importance. It
also still provides suitable working distances (with the desired focal depth being one that exceeds the level
of tissue inhomogeneity), despite the high degree of compression exhibited by the modelled axial intensity
profile relative to the other axicons, while potentially benefitting from the sharp drop-off in the intensity
profile along its propagation axis. This stark drop-off in intensity could minimise the potential for thermal
damage at the bottom of the ablated features compared to the more gradual tapers in the axial intensity

distributions showcased by the axicons with smaller conical angles.

Additionally, within the literature the regime of axicons with smaller cone angles (< 10°) has been
characterised as having more distinct intensity fluctuations across its axis of propagation above a certain
input beam power threshold, while the regime of larger cone angles (> 10°) has been shown to exhibit
comparatively uniform lights channels across their Bessel zones at equivalent input powers, in turn leaving
uniform plasma tracks from the central Bessel core, which intuitively is the primary site of absorption of
the input laser energy [3.11]. This also leads to a more consistent ratio between the intensities of the central
core and the nearest surrounding annular ring. This helps to ensure that this ring remains below the ablation
threshold of the material being processed, across the whole axial extent of the Bessel zone, at incident
powers for which the central core area itself exceeds said threshold. However, as the 20° axicon possesses
a smaller core diameter, this unavoidably leads to complications regarding the characterisation of the beam,
as does the fact that for higher conical angles the intensity is distributed more closely to the tip along the

propagation axis of the beam.

Other limitations of this imported “Odd Asphere” surface type POP model include the fact that it assumes
perfect centring and orthogonality of the incident beam upon the planar surface of the axicon and a perfectly
sharp conical tip, hence why the characteristic intensity fluctuations witnessed from an oblate tip are not
observed here [3.19]. Additionally, as previously discussed, these Bessel-Gauss beams are formed via
interference, meaning that the conventional theoretical models for the interaction between focussed laser
beams and material (in this context biological tissue) do not apply, thus the need for experimental validation
on whether they do indeed show merit towards clinically relevant ablation trials. This will be evaluated
through both live measurements (a thermal camera to image any potential heat accumulation on the samples
and high-speed imaging) and post-processing measurement modalities, including both surface profiling and

histopathology.
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3.2 Bessel-Gauss beam characterisation

As previously discussed, the 20° axicon (AX2520-B, Thorlabs) was selected among those that were
commercially available from Thorlabs, due to the peak intensity values it provides being theoretically
validated as being sufficient for achieving plasma formation within biological tissue by combining peak
pulse energy equations with Physical Optics Propagation (POP) modelling in OpticStudio. This axicon
would require a reimaging telescope for experimental characterisation, as the CMOS camera chosen
(DCC1645C, Thorlabs) had a pixel size of 3.6 pum, so to obtain measurements at a suitable resolution of
the central Bessel-Gauss core (modelled in OpticStudio to have a diameter of approximately 4.6 um) the
output beam would have to be expanded. Additionally, the lack of standoff from the standalone axicon
setup would inhibit direct measurements with the CMOS camera as the distance between the front of the
camera mount and the active sensor was greater than the modelled axial range of the Bessel-Gauss beam
produced from the 2.6 mm diameter 1/e? Gaussian input beam.

Numerous considerations were factored into choosing appropriate lenses for creating the required beam
expander. A Keplerian beam expander was used due to the relatively short working distance from the
conical tip of the 20° axicon and the divergent nature of the annular waveform that the Bessel-Gauss beam
produces in its far-field region. While a longer focal length for the first lens would reduce potential
aberrations, the 25.4 mm diameter apertures of the lenses limited the extent to which the output beam could
be expanded for imaging with the DCC1645C camera, as it was important that clipping of the beam was
avoided (Appendix 1a). This is especially true between the axicon and the first telescope lens, as all the
power ends up being distributed throughout the outer annular rings further along the propagation axis for
the Bessel-Gauss profile. The previously described ray tracing feature within the OpticStudio software was
used to optimise the magnification factor and the resulting total length of the telescope, while also

preventing clipping of the beam.

25.4 mm and 250 mm focal length plano-convex lenses (LA1951-B and LA1461-B respectively, Thorlabs)
were chosen as the first (objective) and second (imaging) lenses in this reimaging telescope as a
magnification factor of around 10x was desired to provide an adequate resolution for the beam
characterisation images, while simultaneously ensuring that the propagation-invariant extent (or Bessel
zone) of the reimaged Bessel-Gauss beam would exist within a working range that was compatible with the
available space on the optical bench (Appendix 1b). The optimal distance between the two telescope lenses
was tested in OpticStudio by using the Local Optimisation feature within the Merit Function Editor, with
the thickness of the intermediate surface between the two lenses being selected as the variable within the
lens data window. The damped least squares algorithm was chosen as this is ideal for imaging systems. The
REAY operand was applied as this checks the real ray height at the specified surface - in this instance a
dummy surface placed after the second (250 mm focal length) lens. The RAED operand was also used as
this optimises the real ray angle normal to the surface. The target for this was set to 0 at the same dummy
surface used for the REAY operand, as the angle normal to the vertical dummy surface should be as small
as possible to achieve optimal collimation. This gave a spacing of 269.439 mm between the lenses, which
is slightly larger than simply the sum of the quoted back focal lengths (265 mm) [3.20]. This was in

accordance with the experimentally measured spacing of 268 + 1 mm.
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These mounted reimaging lenses were placed in a 30 mm cage system (Thorlabs) along with the 20° axicon
to provide robustness to the setup and aid the process of aligning the three elements along a common optical
axis, making it easier to identify any misalignments of any individual elements (figure 3.9). Optical mirrors
with suitable wavelength compatibility (NB1-K14, Thorlabs) were used to redirect the output beam to the
cage system. Collimation of the telescope was verified by using an infrared detector card (VRC4, Thorlabs)
along with an infrared viewing device (IRV2(1300)-02, Photonic Solutions). The magnification factor of
the telescope was confirmed by reimaging a pinhole placed in the beam path and imaging this with the
CMQOS camera.
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Figure 3.9 — Bessel-Gauss beam characterisation setup.

Optimisation of the standoff distance between the 20° axicon and the objective lens was informed via
OpticStudio ray tracing. The objective lens was placed at a distance slightly greater than its front focal
length away from the conical tip of the axicon (approximately 1 mm further away). This front portion of
the Bessel zone was placed at the focus of the objective lens due to the requirement to be at least the focal
length away from the imaging lens before the corresponding portion of the reimaged beam could be
resolved using the CMOS camera. This avoided any clipping from occurring between the telescope lenses,
while also providing adequate space along the propagation axis for the portion of the reimaged beam that
is formed prior to the focus of the imaging lens. Additionally, the first approximately 0.5 cm axial extent
of the reimaged beam (corresponding to the first 0.5 mm of the unmodified Bessel-Gauss beam) was unable

to be imaged, as the space between the first mirror after the cage system and the imaging lens within said
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cage system was obstructed by the end cage plate. As reported by Dudutis et al., reimaging a Bessel-Gauss
beam produced by an axicon widens the cross-sectional widths of the beam profile by the magnification
factor of the telescope used, while extending the axial range over which the Bessel profile is maintained by

an amount that is approximately equal to the squared product of the same magnification factor [3.10].

The DCC1645C camera was mounted on a translation stage (LTS150/M, Thorlabs) to enable precise
positioning of the camera across the axial distance of the Bessel zone for the reimaged Bessel-Gauss beam.
While the translation range of this stage was shorter than the axial extent of the reimaged Bessel-Gauss
beam, the housing of the second telescope lens (i.e. the final lens in the reimaging setup) and the threaded
flange of the CMOS camera were used as common reference points for measuring the varying distance
between the camera and the reimaging telescope via a steel ruler. The quoted distance of 12.5 mm between
the threaded flange and the active sensor of the camera and the calculated distance of 8.8 mm between the
lens housing and the lens surface (taken as being approximately equal to the housing thickness of 11.4 mm
minus 2.6 mm from the centre thickness of the lens) were both accounted for by adding these to the
measured distances [3.21],[3.20].

Using this setup, the central core diameter of the reimaged Bessel-Gauss beam was found to consistently
be 13 £ 1 pixels wide across the axial range over which the Bessel profile is maintained using the manual
“Measure” tool within the ThorCam software. This corresponds to a central core diameter of 46.8 + 3.6
pm, courtesy of the 3.6 um pixel size, or an unmodified central core diameter of approximately 4.68 um.

This expanded Bessel-Gauss beam profile is shown in figure 3.10.

Pixel intensity

Pixel number
Figure 3.10 — Beam profile (a) image and (b) corresponding cross-sectional intensity profile of the 10x magnified

reimaged Bessel-Gauss beam produced by the 20° axicon that is illuminated by the Carbide laser input beam (50% of the
2W 60 kHz preset, transmitted through a 3.0 OD ND filter to prevent damage to the active sensor area of the camera).
These profiles were captured 7 cm away from the reimaging telescope using the DCC1645C CMOS camera from
Thorlabs.
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A MATLAB script was written to compare the central core diameter values obtained via OpticStudio POP
modelling (covered previously) and CMOS camera measurements of the Bessel-Gauss beam produced by
the 20° axicon for the Carbide laser input beam (Gaussian beam with a 1/e? diameter of 2.6 mm at the 5W
60 kHz preset) along its propagation axis (figure 3.11). The CMOS camera measurements consisted of both
the previously mentioned manual measurements performed within the ThorCam software and applying data
fitting to the images using MATLAB. The distances measured experimentally were converted back to the
corresponding millimetre scale distances from the conical tip by simply dividing these by the square of the
magnification factor.

55 20° Axicon - Central core diameter along propagation axis

2 - ~
1/e” diameter of central core (zzm)

—Zemax OpticStudio POP Modelling
—+ThorCam Measurements
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Figure 3.11 — Plot of the central core diameter of the Bessel-Gauss beam formed by a 20° axicon with its planar surface illuminated
by a 2.6 mm 1/e? Gaussian beam across its respective axial range over which the Bessel profile is maintained. This data was plotted
for the POP model described earlier in this chapter, as well as ThorCam measurements that had a 1/e? data fit applied to the central
core of the observed Bessel-Gauss beam using MATLAB. The error bars indicate the limited pixel resolution of the ThorCam, even
after magnification of the beam. The distances from the tip for the ThorCam measurements were calculated by dividing the
measured distances between the telescope and the camera by the squared product of the magnification factor of the telescope.
As can be seen in figure 3.11, the manual measurements performed via the ThorCam “Measure” tool
highlight the relatively limited pixel resolution, despite the expansion of the beam with the reimaging
telescope. While the core diameters between the theoretical modelling and experimental measurements
were found to be in good agreement, some truncation of the beam was observed across the axial range over
which the Bessel profile is maintained experimentally. This discrepancy was attributed to a combination of
the background subtraction used within the MATLAB script to fit the data, slight positional errors between
the reimaging telescope lenses, the oblate (rounded) tip and the significantly lower power used to avoid
damage to the CMOS camera sensor (50% attenuation of the 2W 60 kHz preset through a 3.0 OD ND filter,
as opposed to the 5W specified for the POP modelling). Higher powers (i.e. reduced attenuation settings
within the Carbide User App software) were paired with ND filters for these, as the laser is comparatively

unstable at lower power settings.

To further investigate this discrepancy between the modelled and experimentally measured axial ranges of
the Bessel zone, an experiment was setup using the standalone 20° axicon and the CMOS camera. To
account for the short standoff from the conical tip the sensor within the camera was removed from its casing

to effectively remove the flange spacing which would otherwise prohibit measurements of the axial
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intensity distribution produced by the 20° axicon. The axicon was placed at the end of a 30 mm cage system

(Thorlabs) to ensure that the beam was incident normal to the planar surface of the lens.

Care was taken to avoid saturation of the camera, as obtaining a robust reference point for measuring the
axial ranges of the beam propagation involved bringing the conical tip of the axicon and the sensor into
physical contact with each other. This meant that removing the in-built protective filter within the camera
was necessary (due to its rubber housing protruding approximately 4 mm from the sensor surface).
Consequently, three ND filters (OD 1.0, 2.0 + 3.0) were placed within the laser beam path (prior to the 20°
axicon) to avoid damage to the camera. Additionally, avoiding this saturation across the measured range of
the Bessel zone allowed for normalising of the intensity scale.

The relative intensity levels measured across the three colour filters (red, green and blue) were averaged
for each reading. The use of a ball bearing stage allowed for a resolution of 0.1 mm along the translation

(2) axis through the micrometre scale found on the actuator (figure 3.12).

Mounted

20° axicon CMOS sensor

Ball bearing
stage

Figure 3.12 — DCC1645C CMOS camera sensor mounted on a on a ball bearing stage (253537, Micro-Controle).

A rounded tip axicon model was also created within the OpticStudio software by using the “Standard”
surface type within the Lens Data window in order to represent a non-ideal axicon. A conic term of -8.54
was calculated for this imperfect conical surface using the following formula, as stated within the

OpticStudio help function:

r (3.5)

—a+i

where o is the physical angle of the axicon, r is the estimated radius of curvature of the rounded tip and k

Z =rtana =

is the conic constant. The radius of curvature was approximated to be equal to 50 um based on a manual

measurement made with the Leica microscope, but as stated within the OpticStudio help function the
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precise value of this is insignificant as long as it is at least three orders of magnitude smaller than the radial

aperture of the axicon.

High axial sampling/small surface spacing of 0.05 mm was required along the simulated propagation range
to resolve the comparatively small intensity oscillations, as this model still closely resembles an almost
perfect tip geometry. This, combined with the high sampling rate of 8192 x 8192, meant that this simulation

was particularly computationally intensive.

As can be observed from figure 3.13, the rounded tip led to oscillations along the axial intensity profile as
expected (based on observations from previous studies)[3.10],[3.22],[3.23]. The larger oscillations
observed experimentally compared to the OpticStudio rounded tip model were attributed to the increased
sensitivity caused by the need to highly attenuate the beam in conjunction with the rounded tip model in
OpticStudio being closer to the ideal case. To explore the cause of the intensity oscillations in more depth,

a physical characterisation of the axicon surface itself was performed.

OpticStudio perfect tip 20° axicon model
CMOS camera measurement
OpticStudio rounded tip 20° axicon model

Normalised intensity (a.u.)
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0 1 2 3 4 5 6 7 8

Distance from tip (mm)

Figure 3.13 — Normalised intensity plots obtained for the 20° axicon via OpticStudio POP modelling and CMOS camera
measurements. The OpticStudio models consisted of an imported “Odd Asphere” surface type axicon model with an ideal (perfectly

sharp) tip and an imperfect (rounded) tip model simulated by using a “Standard” surface type with a calculated conic term.
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3.3 Physical axicon characterisation

While Thorlabs quote a minimum apex rounding diameter of 0.70 mm, there is unfortunately no
information provided regarding the curvature of the conical tip [3.24]. Consequently, the tip curvature of
the 20° axicon was examined using a stylus profiler system (Tencor P-7, KLA instruments), as shown in

figure 3.14. These measurements were carried out within the onsite nanofabrication laboratory suite.

t MicroHead

Figure 3.14 — 20° axicon placed within the Tencor P-7 stylus profiler system.

A sampling area of 1 x 1 mm was initially tested, but this caused the profiler to diverge outwith its
operational height range due to the relatively steep angle around the conical tip. Consequently, a sampling

area of 500 x 500 pm was used alongside the “Up-Edge” feature detection setting and Y spacings of 1 pm.

The maximum vertical range setting of 327 um was used in conjunction with the positive amplitude profile
type to accommodate the aforementioned relatively steep angle around the conical tip. From the surface
map obtained, line profiles that intersected the highest point (i.e. the peak of the rounded tip) could be

generated through the Apex Advanced Analysis software.

The underlying raw data from the surface was extracted into MATLAB for increased flexibility with regards
to data handling and visualisation (figure 3.15). Using this method, rigorous data fitting could be applied
to measure the discrepancy between the actual tip geometry (i.e. rounded) and the ideal case (i.e. perfectly

sharp tip).
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Figure 3.15 — Surface plot of the oblate tip of the 20° axicon generated in MATLAB.
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MATLAB was used to fit line profiles along both the x- and y-axes that intersected the peak of the conical
tip, similar to the line profiles that were fitted within the Apex Advanced Analysis software. 20° lines were
then fitted to the outermost points of these line profiles to best simulate the perfectly sharp point that is
indicative of the ideal axicon case (figures 3.16 and 3.17). The difference between the intersection point of

these 20° lines and the peak of the rounded tip in the z-axis was then taken as the perfect tip deviation

parameter.
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Figure 3.16 — Plot showing the discrepancy between the measured and ideal 20° axicon conical surface profile peaks along the x-

axis.
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Figure 3.17 — Plot showing the discrepancy between the measured and ideal 20° axicon conical surface profile peaks along the y-
axis.
The deviation parameter was found to be equal to 10.1 + 1.0 um. The deviation measurements along both
the x- and y-axis profiles were found to match. The correlation between this deviation measurement and
the oscillations observed along the axial intensity distribution (figure 3.13) agreed reasonably well with
findings cited in the literature (with calculations by Brzobohaty et al. showing a 10 um discrepancy leading
a to maximum intensity oscillation of approximately 10% within the low intensity region at the front of the
Bessel zone generated by a 5° axicon, with the oscillations along the high intensity region being
insignificant) [3.22]. The intensity oscillations observed for the 20° examined here are more significant due
to the greater magnitude and higher axial confinement of the intensity profile, although these were still

deemed acceptable for the tissue processing applications under consideration [3.23]. This was concluded
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as the uneven morphology of the tissue surfaces would have a significantly greater impact upon the final

shape of the ablated features due to the relatively finite nature of the oscillations observed.

3.4 Experimental methodology

3.4.1 Tissue ablation parameters

There are a multitude of parameters which determine the efficacy of laser ablation of tissue [3.25].
These include:

Beam shape: The primary aim of this thesis was to investigate the differences in ablation characteristics
obtained from using more conventional Gaussian shaped ultrashort laser pulses compared to those with a
Bessel-Gauss beam geometry. The shape of the beam determines the axial range over which plasma
formation can occur for a given set of (suitably intense) laser parameters. This range is typically described
as the focal depth for conventionally focussed Gaussian beams (which is double the Rayleigh range). For

Bessel-Gauss beams, this is perhaps most easily described as some portion of the Bessel zone length.

Wavelength: For thermal (i.e. linear absorption) based laser ablation processes of tissue, the wavelength is
a significant parameter as this determines the absorption and scattering characteristics of the incident light
within the tissue [3.26]. This holds true when either a continuous-wave or a long-pulsed laser source is
used. As mentioned previously, the 1028 + 5 nm wavelength produced by the Carbide CB1-05 laser system
was used for all the experimental ablation trials carried out within the scope of this thesis. However, as the
pulses produced by this laser system are ultrashort in nature (with the pulse duration varying from 232 fs
to 10 ps), the wavelength is of less importance, as the intensities that the laser pulses are focussed down to
lead to the occurrence of non-linear absorption processes. This means the ablation process is significantly

less sensitive to linear absorption [3.27].

Pulse duration: The pulse duration is of paramount importance with regards to achieving plasma formation
within tissue while performing laser ablation. It is the high temporal confinement of the laser pulses that
enable the intensity levels required for plasma-mediated ablation to occur as this, in combination with the
pulse energy, determines the peak power of each laser pulse. This peak power in turn provides the required
intensity profiles (i.e. exceeds the plasma formation threshold for biological tissues) for suitably well

focussed/small laser spots.

Pulse energy: As discussed above, the pulse energy, in conjunction with the pulse duration, determines the
peak power contained within each laser pulse. This parameter is determined by the average output power

of the pulsed laser source divided by the pulse repetition rate.

Pulse repetition rate: The pulse repetition rate defines the number of laser pulses emitted per second by the
laser source. While higher pulse repetition rates can potentially allow for faster ablation processes, the
reduced temporal separation of the applied laser pulses has the potential to lead to an onset of undesirable
effects. These include increased shockwave generation from both the generated plasma itself and the
amplified interactions between the collapsing cavitation bubbles, as well as the inhibition of energy
transferral from subsequent laser pulses into the tissue due to these pulses colliding with the aforementioned

cavitation bubbles, particularly when these pulses have higher spatial overlaps [3.15],[3.28],[3.29],[3.30].
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Spatial pulse overlap: The spatial pulse overlap is defined as the percentage area over which the subsequent
pulse intersects with the area covered by the previous one. Within the scope of the work carried out within
this thesis, the spatial pulse overlap is defined by the pulse repetition rate, scanning speed of the translation

stages and the spot size of the focussed laser pulses.

Scanning pattern: Simple line and raster scans were used for all the ablation trials undertaken within this
thesis. This allowed for increased simplicity of the synchronisation between the laser system and the
translation stages used. While spiral scans have been shown to allow for effective tissue removal via their
optimisation of applied laser energy (from not dwelling at the edges or requiring the laser to be switched
off to avoid this dwelling effect, as is the case for raster scans), these required high acceleration of the
scanned beam which was provided via the actuated mirrors within a galvanometer scanhead [3.30].
Unfortunately, the axicon was not compatible with this scanhead due to the finite aperture of this system
and the divergent nature of the annular beam produced in the far-field region of the Bessel-Gauss beams
propagation. Also, Lissajous and spiral scans can both suffer from significant non-uniformities between the
inner and outer regions of the scanning area. This is particularly noticeable for larger spiral scans, making
it potentially difficult to maintain a consistent spatial pulse overlap. The comparative simplicity of
implementing line and raster scan patterns allowed for a more straight-forward comparison between the

ablation properties observed for the Gaussian and Bessel-Gauss beams.

Number of passes: The number of passes was simply the number of times the laser spot was translated over
the same area for the various line and raster scans performed. A higher number of passes intuitively led to

greater ablated depths.

The above parameters, with the exception of the pulse duration and wavelength, were varied to study the
respective differences between the two beam shapes. Optimal conditions were sought for both lower (1, 2
and 3 kHz) and higher (5, 10 and 20 kHz) pulse repetition rates as the maximum scanning speed (and
consequently the minimum achievable spatial pulse overlap for a given pulse repetition rate) is likely to be
one of the potential limiting factors in an endoscopic device. This would enable comparison between the
two beam shapes for both low and high temporal overlapping of the laser pulses in addition to a
comprehensive range of spatial overlap values for each pulse repetition rate. While testing more
intermediate pulse repetition rates would have been of interest with regards to further potential optimisation,
limited sample availability of clinically relevant tissue hindered this from being implemented. This was
further exacerbated by each set of laser parameters being tested across at least two tissue samples - one for

histological analysis and one for surface profilometry.

3.4.2 Tissue handling process for ablation trials

All of the experimental processes regarding clinically relevant animal tissues were carried out within the
scope of the regulations set out by the NHS Health Research Authority and with ethics approval established
by the Ethics Committee on biological tissue handling based at Heriot-Watt University. To maximise the
relevance of the model provided by the various laser ablation trials on ex vivo tissue samples to operational
procedures performed in human patients, it is of paramount importance that the cellular properties within

the tissue samples are maintained as much as possible from the point of harvesting.
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The porcine intestinal and skin tissue samples were obtained from both mature pigs and piglets that were
euthanised via a schedule 1 kill across the numerous ablation trials performed throughout the work detailed
in this thesis. These tissue samples were harvested within a 1-hour window of the pigs being euthanised in
each instance, with the laser processing trials themselves being performed within a 48-hour window of this
harvesting process, as this is the period within which the tissue has been verified for not degrading too
severely (i.e. degrading to the point where the relevance of the model to in vivo human tissue is potentially

compromised) [3.30].

The cellular and morphological quality of the harvested tissue samples was preserved between the point of
harvest and the laser ablation trials by being submerged in phosphate buffer solution within sealed
containers that were subsequently placed on ice. The tissue samples were placed on DispoCut (CellPath
Inc.) board upon being taken out of this chilled solution, which provides a stable surface for dissecting the
samples down to more appropriate dimensions using a conventional scalpel. This DispoCut board was then
placed within a petri dish, ensuring any bacteria from the ex vivo tissue samples were contained. This was
important in ensuring compliance with the health and safety procedures that were in place as part of the

University’s biohazardous experimental protocols.

After the laser ablation trials were completed, half of the tissue samples were placed in 10% neutral buffered
formalin solution (CellPath Inc.) for a period of 48 — 72 hours, after which they were transferred into a 70%
ethanol solution. These samples were placed back into phosphate buffer solution for mailing to histological
research project partners based at the University of Leeds, with them being replaced into 70% ethanol upon
being received. This histological analysis allowed for any undesirable thermal or cavitation effects to be
detected, via the presence of necrotic tissue and cavitation bubbles respectively, for the various laser

processing parameters tested.

The other half of the samples were copies of those placed into the formalin solution with regards to the
laser processing parameters used for the various ablated features, but these were instead submerged in 3%
glutaraldehyde solution (25% solution, Sigma-Aldrich, diluted with deionised water) post-ablation. This
rigidly fixed the tissue, allowing the ablated features to be measured via three-dimensional surface

profilometry.

3.4.3 Histological and three-dimensional surface profilometry post-ablation
analysis of tissue samples

The histological analysis procedure carried out within the pathology laboratories at the University of Leeds
entailed the fixated tissues being processed via a tissue processor (ASP200, Leica) as part of a standard
overnight protocol. After being embedded in Cellwax Plus (CellPath Inc.), thin sections of 4 um width were
cut into the sample using a manual rotary microtome (RM2235, Leica). These sections were then placed on
glass microscope slides for haematoxylin and eosin staining. The haemotoxylin and eosin (H&E) staining
on the tissue enabled clear observation of the ablated depths and any collateral thermal damage around the

surgical zone for each laser resected area.

Thermal damage margins were measured on a worst-case basis for each set of tested laser parameters by
taking the maximum thickness of damaged/disrupted tissue surrounding the ablated site. Tissue
damage/disruption was evaluated based on denaturing of the tissue, which is observed as a loss of cellular

detail and therefore homogenisation of the tissue surrounding the ablated areas, as well as cavitation bubble
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formation which is also clearly visible in the histology images as typically large (relative to the crypt and
cellular structures) irregular white areas around the ablated regions. Reference scans are performed at high
pulse repetition rates, high powers and slow stage scanning speeds (thus high spatial pulse overlaps) to
induce such cavitation bubble formation, thermal buildup and/or carbonisation. These are implemented at
both a known distance away from the rest of the ablated regions to correlate the ablated features in the
tissue samples to the correct laser parameters and in an asymmetric manner to also act as a guide regarding
the samples orientation in the histology images. An example of one of these reference features, as well as
examples of the previously mentioned tissue denaturing and cavitation bubble formation are highlighted in
figure 3.18.

LN

Figure 3.18 — Example H&E stained histology images of ultrafast laser ablated porcine intestinal tissue where a) showcases how the
reference marks work with regards to knowing the sample orientation through asymmetrical design. Here a reference feature has
been scanned to one side of the other three ablated features but not along the other. A zoomed in view of the reference feature is

shown in b) with carbonisation and cavitation bubble formation being distinctly visible on the left edge and c) shows an example of
an ablated feature with cavitation bubble formation to the left (circled in blue) and tissue denaturing/homogenisation to the right

(circled in black).

For the three-dimensional profilometric measurements, a surface profilometer (InfiniteFocus G4, Alicona)

was used (figure 3.19). This allowed for high resolution measurements of the laser ablated features created

on the tissue surface. 5x, 10x, 20x and 50x magnification lenses were all tested, with the 10x and 20x
usually being found to provide the best balance between appropriate resolutions and overall field-of-view
for the ablated features that were examined throughout the work carried out within this thesis. The

InfiniteFocus profilometer combines the small depth of focus from the various mounted microscope

objective lenses with vertical scanning to form high resolution three-dimensional topographical profiles via
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focus variation technology. This method stitches together a series of two-dimensional images that fall
between the user defined top and bottom imaging planes (corresponding to focusing levels positioned just
above and below the highest and lowest points of the ablated features respectively). This leads to the

accurate reconstruction of three-dimensional surface profiles for the various laser ablated tissue samples.

The resolution of these three-dimensional measurements depends on the objective lens used, as this
determines both the sampling rate of the reflected rays at each focus plane and the extent of averaging
required by the algorithm that stiches these images together. The vertical resolution settings employed in
this work were 3 um, 1 um and 0.3 um for the 5x, 10x and 20x magnification objective lenses respectively
unless otherwise stated. The fidelity of the measurements taken was assured by verifying the repeatability
threshold information available within the IF-MeasureSuite software. The InfiniteFocus line of
profilometers have previously been shown to benefit from a high level of repeatability in their
measurements [3.31]. Line profile measurements taken from the captured surfaces were averaged over 50
lines.

The profilometer measurements taken in this work were used as a means of testing the repeatability of the
laser parameters by cross-referencing the surface profiles and histology images obtained. While the
measurement of biological tissues is unconventional with this type of device, the fixation processes
(formalin or glutaraldehyde) provided the tissue samples with surface finishes that were compatible with

the non-contact optical measurement modality.

Figure 3.19 — Alicona InfiniteFocus G4 surface profilometer.

Additionally, the Alicona enabled the fitting of reference planes to the captured surface profiles of the
various tissue samples. This is helpful as it greatly improves the consistency of the line and surface profile
measurements, with the zeroing of the sample coordinate system around the edges of the ablated features

allowing for the inconsistent surface morphology between samples to be accounted for.
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3.5 Initial Bessel-Gauss beam material processing trials

Initial ablation/material modification tests were performed on thermal paper and acrylic sheets (figure
3.20). This testing of the general ablation characteristics was carried out to gain familiarity with the
comparatively unconventional beam propagation and beam properties. A translation stage (LTS150/M,
Thorlabs) was setup to allow for fixed pulse overlaps in the x (horizontal) axis via tailoring the stage speed
in accordance with the corresponding spot size. A MicroBlock XYZ flexure stage (17AMBO003/MD, Melles
Griot) was mounted on this translation stage to allow for positioning of samples with micron scale accuracy
across all 3 axes. Ablation of the thermal paper was observed over the axial range of around 6 mm as
expected for the standalone 20° axicon setup with the 5W 60 kHz laser preset being predominantly used to
provide the highest possible pulse energy, although it is worthwhile noting that ablation was also possible
using the 2W 60 kHz preset.

Acrylic sheet 20° axicon

Figure 3.20 — Side profile image of material modification of acrylic sheet with the Bessel-Gauss beam produced by the 20° axicon.
This was captured using an RS PRO USB digital microscope with an OD 1.0 ND filter to reduce saturation of the captured image.
The use of acrylic sheets was particularly insightful for this as transparent material processing is the most
well-established application of Bessel beams within the existing scientific literature [3.32],[3.33]. It was
observed that material modification occurred throughout the entire depth (approximately 4 mm) of the
acrylic sheets with a single pass of the Bessel-Gauss beam, showcasing the increased focal depths that these

beams can provide.
3.6 Preserved porcine tissue ablation trials

Following on from the initial ablation experiments with acrylic and thermal paper, trials were carried out
on preserved porcine tissue (i.e. supermarket bought cooked ham). This provided a convenient way to study
the ablation characteristics of various laser parameters on a soft tissue model that was inexpensive, readily
available, easy to handle and non-biohazardous. The latter is of particular significance as this meant that
the laboratory did not have to be locked down to exclude other users who were not authorised in the
handling of freshly harvested, clinically relevant biological tissues prior to receiving the results from swab
testing performed by the University’s biological safety officer. These swab tests were required as part of
the University’s biohazardous experimental protocols to confirm the absence of any residual bacteria on
the surfaces upon which these harvested tissues made contact. Additionally, the preserved porcine tissue

samples possessed low surface waviness (highlighted in figure 3.21), with a measured S, value of 8.6 + 1.0
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pum. This made them ideal for testing the focal ranges over which ablation was achievable for the various

setups tested.

o Height
m

Figure 3.21 — Surface profile image in a) real colour and b) pseudo colour of non-ablated preserved porcine tissue obtained from the
surface profilometer using the 5x magnification objective lens to extend the field-of-view over which the measurement was taken.
This profile was captured with a lateral resolution of 5 um and a vertical resolution of 1 um.

With the standalone 20° axicon setup a white plasma plume could be observed on the surface of the
preserved porcine tissue over an approximate range of around 3 mm. However, single passes of the Bessel-
Gauss laser spot over this range produced only superficial features of less than 20 pm depth at higher pulse
energies, implying an impractically slow rate of ablation (figure 3.22). Ideally these depths would be in the
sub-millimetre range to provide a balance between precise depth control and sufficient removal rates. Only

two features were ablated on this sample due to these insufficient depths.

130



Height

zsl
20

Figure 3.22 — 20x magnification surface profilometer image in a) real colour and b) pseudo colour of preserved porcine tissue
(cooked ham) surface ablated with single passes of the Bessel-Gauss beam produced by the 20° axicon at 1 kHz and a 90% spatial
pulse overlap. The ablated lines are circled in red. This profile was captured with a lateral resolution of 1 um and a vertical
resolution of 300 nm.

The white areas on the surface profile images are from missing data points. These arise from regions on the
surface where the device is unable to receive the reflected light, typically due to said regions possessing
high incline angles or sharp height transitions [3.34]. As a result, these typically show up in deeper/more
distinct ablated cavities, although the inhomogeneous surfaces of the various tissues tested throughout the
work carried out in this thesis presented some difficulties in optimising the lateral and vertical resolution

settings for the range of objective lenses fitted to the InfiniteFocus G4 surface profilometer.
3.7 Murine intestinal tissue ablation trials

The first clinically relevant tissue trials were performed on murine intestinal tissue samples. These were
harvested from a mouse colony developed at a project partner’s site based at the University of Leeds. This
model was formed with the intent to realise colorectal polyps within the harvested samples, with Apc
(Min/+) mouse models acting as a popular animal model for abnormal cell growth within the human colon
[3.35]. This complimented the porcine model previously used within the research group, as while the
porcine model provides a more accurate analogue to human intestine with regards to both morphology and
mechanical properties as covered previously in chapter 1, the onset and subsequent development of
colorectal cancer is not observed within this species. The murine samples would therefore be able to provide
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an opportunity to study the effects that the different mechanical properties between cancerous and healthy
tissues have upon the ablation process, while also showcasing the potential for precise targeting of
cancerous tumour sites using ultrashort pulsed lasers, which would not be possible using the porcine model

alone.

The experimental setup consisted of a MicroBlock (17AMBO003/MD, Melles-Griot) mounted to a
translation stage (LTS150/M, Thorlabs) as shown in figure 3.23. The MicroBlock allowed for high
resolution manual translation of the sample in the y- and z-axes, while the stage allowed for the sample to
be moved relative to the incident Bessel-Gauss beam in the x-axis. This x-axis movement was automated
via LabVIEW code. The murine intestine samples were pinned to DispoCut board. This DispoCut board
was pinned to cork, which was glued to a petri dish. The petri dishes were stuck to a 90° angled bracket
(which would allow for coarse adjustment along the z-axis to accommodate the intrinsic variation in
thickness across the various tissue samples) via double sided adhesive tape, with this plate being mounted
on a tilt platform (APY002/M, Thorlabs) for additional degrees of freedom with regards to the orientation
of the tissue sample. This tilt platform was fitted to the top of the MicroBlock. An empty 30 mm cage plate
(CP33/M, Thorlabs) was placed at the end of the cage system to prevent the conical tip of the 20° axicon
that was protruding beyond the edge of the prior cage plate from colliding with the tissue samples. The
tissue samples were vertically mounted to test the robustness of the ultrafast laser ablation process under a

more operationally valid context (i.e. in an orientation where the lens is not directly above the tissue).

Tilt platform

Mounted

20° axicon Microblock

Murine intestinal
tissue sample

<—— Translation stage

Figure 3.23 — Experimental setup used for the murine intestinal tissue ablation trials.

For these ablation trials, the standalone 20° axicon setup was tested with laser pulse repetition rates of 1, 3
and 5 kHz being primarily used, although some features were also scanned at 10 and 20 kHz. These higher
repetition rates were implemented in an attempt to induce thermal damage/carbonisation from using the
small spot size produced by the 20° axicon with high spatial and temporal overlaps of the applied laser
pulses, allowing them to act as reference markers for the other ablated features. The number of passes was
varied between 2 and 10 for the various lines scanned with the Bessel-Gauss beam across the 8 murine
tissue samples that were tested. The spatial overlap of the laser pulses was mainly varied between 50% and
90%. The 5 W 60 kHz laser preset was used, providing a pulse energy of approximately 85 pJ.

The surfaces of the samples were viewed using an RS Pro USB microscope camera to determine if there
were any ablation lines to be examined more closely using the Alicona InfiniteFocus G4 surface

profilometer (figure 3.24). Those deemed suitable for further examination (either from visual feedback
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during the ablation process itself or from this microscopic imaging process) were placed in a 3%

glutaraldehyde fixative solution to preserve their surface properties.

-

Figure 3.24 — Murine intestinal tissue samples mounted on glass slides with underlying cork board. In a) the region
circled in red shows the ablation lines that appear to be on the murine tissue, but these were actually on the underlying
glass. These features were thus transmitted through translucent sections of the tissue. In b) the region circled in yellow

shows the reference line carried out at 10 kHz with 2 passes, showcasing some superficial thermal damage upon the

surface of the tissue. The lines circled in green showcase surface ablation of the adjacent glass.

While some material modification was observed upon the glass underlying the transparent tissue, no
ablation was observed upon the tissue surface itself except for some of the reference lines, despite the
relatively high pulse energy applied (figures 3.25 and 3.26). In these instances, the marking upon the tissue
surface can be attributed to the accumulation of thermal effects from the combination of the high pulse

repetition rate, high spatial overlap and high number of passes, as opposed to the desired plasma-mediated

ablation mechanisms.
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Figure 3.25 — 20x magnification surface profilometer image in a) real colour and b) pseudo colour of the edge transition between the
glass microscope slide and the murine tissue. While surface ablation is observed upon the glass surface in the areas circled in red,
this is not transferred across to the tissue surface. The features here were ablated with single passes of the Bessel-Gauss beam
produced by the 20° axicon at 1 kHz and an approximately 90% spatial pulse overlap. The black area to the right of the pseudo
colour image is the edge of the murine tissue which has been cut off via the colour scaling to allow clearer observation of the ablated

areas. This profile was captured with a lateral resolution of 1 pm and a vertical resolution of 300 nm.
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Figure 3.26 — 20x magnification surface profilometer image in a) real colour and b) pseudo colour of the murine tissue sample
surface. While surface ablation is observed here in the areas circled in red, it is superficial in nature and can be attributed to thermal
accumulation as opposed to originating from plasma-mediated mechanisms. The features here were ablated with six passes of the
Bessel-Gauss beam produced by the 20° axicon at 20 kHz and an approximately 85% spatial pulse overlap. This profile was

captured with a lateral resolution of 1 um and a vertical resolution of 300 nm.

A prominent issue throughout these ablation trials was the relatively short working distance between the
conical tip of the 20° axicon and the tissue. While this had not been an issue during the previous preserved
porcine tissue trials, the significantly higher level of water retention within the murine intestinal tissue
samples (which was maintained by being kept within the preservative phosphate buffer solution) led to a
substantial degree of condensation building up on the axicon surface. This appeared to obstruct the laser
pulses incident upon the tissue, despite the well-documented diffraction resistant nature of Bessel-Gauss
beams. This also meant that the lens had to be cleaned numerous times between scanning lines, likely
affecting the optical surface quality of the lens and further disrupting the time-sensitive trials. Again, while
a 40° axicon (AX2540-B, Thorlabs) would offer higher intensities than the 20° axicon, this would come at
the expense of further exacerbating this working distance issue.

To address this, a 10° axicon (AX2510-B, Thorlabs) was also tested. While this had a sufficient working
distance from the conical tip to mitigate this condensation issue, it lacked the axial intensity required to
realise plasma-mediated ablation upon the tissue surface. This also ruled out testing the rest of the axicons
provided by Thorlabs in this standalone manner due to their lower physical angles leading to lower peak

intensities, as illustrated by the POP modelling covered previously.
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The murine intestine samples that were stored in the neutral buffered 10% formalin solution were over-
fixated from being left for too long (over the University holiday period). This caused severe deformation
of the morphology of the delicate murine tissue samples, with the surfaces becoming heavily wrinkled. This
degradation effect on the histomorphology has been recorded in murine tissue samples previously, with
70% ethanol solutions stated as being preferable with regards to preserving both the quantity and quality of
biomolecules within such tissue samples over longer periods [3.36]. Combining this development with the
superficial nature of the ablated features, it was concluded that it was not worthwhile to send these samples

for histological analysis.

With only superficial surface damage being obtained across the various murine intestinal tissue samples for
the various tested axicons, an increase in the applied laser fluence was deemed necessary, due to the lack
of nonlinear absorption processes (i.e. plasma formation) observed despite using the highest pulse energy
the Carbide laser system was capable of producing (85 pJ). Combining this with the relatively limited
murine intestinal tissue sample availability, it was determined that redesigning of the optical setup would

be required prior to further laser ablation trials on clinically relevant tissue samples.

While there are numerous means of altering the Bessel-Gauss beams produced by axicons, including the
intentional interference of multiple zero order beams with different radial and longitudinal wave vectors to
reduce the central core diameter, these often come at the expense of actually causing a loss of intensity
within the beam [3.37]. In this cited example this loss of intensity (despite the reduction of the central core
diameter) occurs from the presence of destructive interference regions. A demagnifying telescope would
simultaneously increase both the working distance and the fluence, while being comparatively simpler to
experimentally implement and allowing for a greater degree of tailoring both in the lateral and axial
dimensions [3.10]. This would address the two primary limitations of the various axicon setups that were
tested for these ablation trials. The increase in intensity would be particularly significant, with 10 J cm2
being recommended repeatedly within the existing literature for performing ablation of the mucosal layer
within the gastrointestinal tract, albeit within the scope of radiofrequency ablation devices as opposed to
laser systems [3.38]. Consequently, chapter 4 covers the design of this new experimental setup and the

ablation results obtained from it.
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Chapter 4
Optical redesign for lower pulse repetition rate porcine

intestinal tissue ablation trials

4.1 Optical redesign

4.1.1 Design of reimaged Bessel-Gauss beam setup
As discussed at the end of the previous chapter, the need to redesign the optical setup was identified from
performing the murine intestinal tissue ablation trials. A demagnifying telescope was implemented, as this

would simultaneously address the two primary issues of the standalone 20° axicon setup, which were:

o the excessively short standoff from the conical tip
o the lack of sufficient fluence to achieve significant and repeatable plasma-mediated ablation of the
murine intestinal tissue across the Bessel zone of the generated Bessel-Gauss beam.

Although it remained uncertain whether these would also be issues for porcine intestinal tissue trials (i.e. if
the porcine intestinal tissue would similarly lead to excessive condensation building up on the conical
surface of the axicon despite its significantly different morphological properties compared to those of the
murine intestinal tissue, and if the different absorptive properties of the more solid, opaque porcine tissue
would lend itself to more easily attainable plasma-mediated ablation processes), it was decided that an
appropriate optical setup should ultimately remain fairly robust to both of these issues regardless,
particularly for the endoscopic applications under consideration for the work carried out within this thesis.
The merit of such reimaged Bessel-Gauss beams has been showcased in ultrashort laser welding studies,
where the large non-diffractive focal depth eased the focal plane positioning requirements over fivefold,
although it is important to note that this required increasing the pulse energy from 2 pJ to 8 pJ to achieve

similar welding performance as the Gaussian beam across this extended focal depth [4.1].

Alternatively, shorter pulse durations would have significantly increased the peak intensity of the generated
Bessel-Gauss beam, potentially allowing for plasma-mediated ablation with this standalone 20° axicon
setup. However, as previously discussed in chapters 2 and 3, these would not be well suited for delivery
through optical fibres due to the nonlinear effects that are encountered for shorter laser pulses [4.2]. It has
also been suggested that picosecond pulses are likely more efficient than femtosecond pulses with regards
to laser energy deposition, albeit with the stipulation that this was in fused silica and borosilicate glass and
that a sufficient fluence level was reached with the longer pulses [4.3].

Efficient transmission of the input pulse energy was one of the primary concerns due to the endoscopically
deployable solution sought after. As effective plasma-mediated ablation of porcine intestinal tissue has
already been showcased at lower pulse energies with the same laser system using different optical setups,
a more efficient system design was deemed to be the most appropriate course of action towards the
investigation of the impact that different beam shapes and smaller spot sizes have upon this process
[4.4],[4.5].

Consequently, the required reimaging telescope was designed within the OpticStudio software suite. This

reimaging telescope would inevitably compress the axial extent of the Bessel zone as well, thus it was
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important to carefully consider the degree to which this demagnification occurred. This concept is
showcased in figure 4.1. Here wy is the input beam radius, Zgessel zone indicates the axial extent of the
unmodified Bessel-Gauss beam generated by the axicon from the Gaussian input beam and L and L, are
lenses 1 and 2 of respective focal lengths f; and f,. As the axial range of the Bessel zone is compressed (or
extended if a magnifying telescope is used) by a factor approximately equal to the squared product of the
magnification factor, if too high a demagnification factor was used then the prospective advantages of the
Bessel-Gauss beam (i.e. increased tolerance against defocusing and higher achievable aspect ratio of the
ablated features) would potentially be lost [4.6]. However, a more subtle extent of demagnification would
allow for a notable increase of the on-axis intensity throughout the reimaged Bessel zone, as the Bessel-
Gauss beam would be both laterally and axially compressed. Also, while a reimaging telescope provides
the opportunity for spatial filtration of the Bessel-Gauss beam to remove the modulation of the axial
intensity, this would further reduce the transmission efficiency of the beam, thus this was not implemented
within the scope of this work [4.7].
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Figure 4.1 — Ray trace schematic of demagnified axicon setup using a 4F optical system. Figure adapted from reference 4.6.

A 50 mm plano-convex lens (LA1131-B, Thorlabs) was used as the objective lens in this setup (L1 in figure
4.1), as this prevented clipping of the beam while also providing some flexibility regarding the extent to
which the Bessel-Gauss beam would be demagnified. A 35 mm plano-convex lens (LA1027-B, Thorlabs)
was used for the imaging lens (L. in figure 4.1), as this gave a modest demagnification factor of
approximately 1.4x, while also providing the increased standoff that was desired courtesy of the larger
working distance. This telescope was collimated using the REAY and RAED operands within the Merit
Function Editor, as done previously for the 10x magnification beam expander designed in chapter 3. This
optical setup is shown in Appendix 2a. The POPD operand was also used to set the M? value of this beam
to 1.3, as measured previously using a scanning slit beam profiler by Dr. Mohan (BeamMap 2, Dataray),
and the 1/e? diameter of the input beam to 2.6 mm [4.8]. This demagnification factor provides a theoretical
core diameter of approximately 3.2 um, based on both the experimentally measured and theoretically

calculated values (obtained using POP simulations and equations cited within the scientific literature).

While this small spot size would present numerous challenges, including characterisation of the beam, more
computationally intensive theoretical modelling through increased sampling demands, lower ablation
depths and slower ablation processes (due to both slower scanning speeds being required for equivalent
spatial pulse overlaps and the spot itself being smaller), it would also be an important step towards the
realisation of an endoscopically deployable device. The minimally invasive nature of such procedures

necessitates shorter focal lengths, which in turn produce smaller laser spots. The previously published work
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within the group on this subject has predominantly involved the use of a galvo-scanhead setup with a 100
mm focal length f-theta lens that has a focal depth of approximately 470 um, but the clinical (endoscopic)
equivalent would likely be on the order of 10s of microns based on the shorter focal lengths required
[4.4],[4.5],[4.8]. The significance of the lateral accuracy (i.e. the degree of thermal damage confinement)
of the plasma-mediated ablation processes for the surgical applications under consideration also lends itself
well to the testing of smaller laser spot sizes. Additionally, the maximum scanning speed is typically one
of the limiting factors in endoscopic device designs, and a smaller spot size would potentially allow for
ablation processes to be performed at higher laser pulse repetition rates due to the reduced spatial overlap

for a given scanning speed compared to larger laser spots [4.9].

The smaller spot sizes would also be potentially beneficial in observing plasma formation at lower input
pulse energies due to the associated increase in intensity that more tightly focused spots provide.
Additionally, the use of smaller spots can further help in the avoidance of self-focusing as this undesirable
nonlinear effect depends only on the peak power of the pulse, although it is noted that the reduced power
requirements for achieving plasma-mediated ablation come at the expense of increased spherical
aberrations, particularly when focusing into the tissue without the use of refraction index matching
immersion fluid [4.10],[4.11]. This in turn increases the focal volume, which can reduce the precision of

ablation.

While the imperfect axicon tip model would have been interesting to test within the OpticStudio software
for the reimaged Bessel-Gauss beam setup, the high axial and lateral sampling required to observe the
intensity oscillations, combined with the comparatively long simulated propagation distance (particularly
for a high conical angle axicon where the central cores a smaller, thus requiring greater sampling),
prohibited this from being implemented. Therefore, for an appropriate comparison, an optical setup that
would produce a Gaussian spot of roughly the same size as the central core of the reimaged Bessel-Gauss

beam at its focus was designed.

4.1.2 Design of Gaussian beam setup

For the surgical applications under consideration, precision (both lateral and axial) is of paramount
importance. As a result, equating the spot sizes of the different beam shapes was found to be the most
appropriate way to facilitate comparison of the two different beam shapes within this work. This is a
consequence of there being no standardised way of comparing these two different beam shapes in material
processing contexts (due to the intrinsic way the Bessel-Gauss beam is formed, with there being no classical
“focus”). While Matsuoka et al. used “micron sized” spots and the axial ranges over which the Gaussian
and Bessel-Gauss beams maintained at least 80% of their respective peak fluences to compare the two
different beam shapes for performing micro drilling of austenitic stainless steel, this led to the use of a
Bessel-Gauss beam of 6 um 1/e? diameter and a Gaussian spots of 26 um and 11 um 1/e? diameters [4.12].
As spatial pulse overlap is one of the key variables examined within the scope of this thesis, this would lead
to noticeably different scanning speeds for equivalent spatial overlaps and pulse repetition rates.
Consequently, this was concluded to be an inappropriate way to equate the two beams for the surgical

contexts in mind.

While increased spherical aberration would be an inevitable consequence of going to such small spot sizes

with a conventional Gaussian beam shape, this trend towards smaller spot sizes is necessary for progressing
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towards an endoscopically deployable device as previously discussed. This is due to the short focal lengths
that will be required because of the constraints placed on the working distances from the probe head to be
compatible with the intended minimally invasive operational modality. While longer focal lengths could
potentially be implemented for the focusing lens at the end of the probe head, this would require the length
of the probe head to be increased to give the beam output by the fibre bundle a longer axial range over
which to diverge (effectively increasing the input beam size to the focusing lens, producing smaller spots
for set focal lengths). This is clearly undesirable as this further inhibits the achievable degree of

miniaturisation for the probe head design. Additionally, this spot size was above the diffraction limit.

To design the optical setup that would produce a focused Gaussian spot of around 3.2 um, the following

equation was used:

aafm? (4.1)
~ @b’

2w,

where w, is the beam waist radius, A is the wavelength of the laser source, f is the focal length of the
focusing lens, M? is the laser beam quality factor and D is the diameter of the input beam. From this
equation, the required diameter of the input beam to produce the desired Gaussian spot of approximately
3.2 um diameter using a 25.4 mm focal length convex focusing lens (LA1951-B, Thorlabs) was determined
to be equal to 13 mm. The 1028 nm wavelength input beam produced by the Carbide laser had a previously
measured M? value of 1.3 [4.8]. As the 5W 60 kHz preset of the Carbide had been previously measured to
output a beam of 2.6 mm 1/e? diameter, it was determined that a beam expander with a magnification factor

of around 5 would need to be placed prior to the 25.4 mm focal length convex focusing lens.

To achieve this desired level of beam magnification, a Galilean beam expander consisting of a -50mm
plano-concave lens (LC1715-B, Thorlabs) and 250 mm plano-convex lens (LA1461-B-ML, Thorlabs) was
implemented prior to the 25.4 mm plano-convex focusing lens. This beam expander is shown in Appendix
2b. While lens-based beam expanders can introduce chromatic aberrations, the use of longer pulses in this
work helps to account for propagation time delay and defocus dispersion is mitigated through the relatively
narrow emission bandwidth of the Carbide CB1-05 laser system [4.13]. This telescope was again collimated
using the REAY and RAED operands within the Merit Function Editor, with the calculated optimal distance
between the lenses equaling 198.75 mm. This was congruent with the distance obtained by subtracting the
focal length of the plano-concave lens from the back focal length of the plano-convex lens (197.4 mm)
[4.14]. The peak irradiance, divergence (from the RAED operand, which gave a divergence value that was
reduced by the magnification factor of the telescope as expected) and 1/e? diameter of the beam output by
this simulated telescope were recorded and used as the input beam definition for the 25.4 mm plano-convex
focusing lens, as this would allow higher resolution sampling of the beam around the focus region without
it being hindered by the frame widths imposed by the prior surfaces of the optical setup. This expanded
beam being input to the focusing lens is shown in Appendix 2c. The curved surface of the lens is placed

facing the incident collimated beam to reduce the spherical aberration [4.15].

To examine the extent of aberration present in the system a Seidel plot was produced, as shown in Appendix

2d. The Seidel plot is useful for analysing systems where third order aberrations are dominant, as is the
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case here. The Seidel coefficients are calculated using the vertex power of the optics along with the chief
(outermost) and marginal (innermost) rays, thus taking the whole field of view of the system into account.
Appendix 2d shows that the spherical aberration is the dominant source of aberration in this system.

Another concern would be the limited focal depth that such a tightly focused spot provides, with this being
an inherent limitation of the Gaussian beam shape. This arises from the following relationship for the

Rayleigh range:

nwg (4.2)
Zy =:XZEI;
where z; is the Rayleigh range and w is the beam waist radius. The depth of focus is often quoted as being
equal to double this range for Gaussian beams. For the tightly focused = 3 um diameter Gaussian beam

considered here, this gives a theoretical Rayleigh range of 24 um (or a depth of focus of 48 um).

However, even with the beam being highly divergent from this tight focusing, it would still be able to
achieve plasma-mediated ablation of tissue across a range of several 100 um as a result of it maintaining a

spot size on the order of 10’s of microns over said range from the equation:

(4.3)
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where w(z) is the radius of the laser spot at position z along the beam propagation axis. The spot size at
focus was tested via the POP feature within the OpticStudio software, using the REAY operand to find the
focus position and the same input beam parameters as those previously used for the axicon modelling
carried out in chapter 3 to simulate the 1028 nm Carbide laser input source that was used experimentally.

The simulated focused spot is shown in figure 4.2,
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Figure 4.2 — Irradiance profile of the Gaussian beam at focus. The X and Y coordinate value axes are in units of mm.

By examining the cross-sectional data of the irradiance profile at focus, the 1/e? central spot diameter was
confirmed to be equal to 3.2 um as expected. The surrounding rings are a consequence of some spherical
aberration but were of considerably lower intensity than the central core. While this would avoid plasma

formation across these rings, they may still contribute to some residual thermal damage.
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4.2 Spot size measurements

4.2.1 BP209-VIS/M profiler measurements

The BP209-VIS/M profiler from Thorlabs was specified as being compatible with beam diameters as small
as 2.5 um [4.16]. Additionally, the profiler can be used to measure pulsed laser beams with repetition rates
greater than 10 Hz and wavelengths between 200 and 1100 nm, making it compatible with the Carbide laser
system. The Thorlabs “Beam” analysis software that this profiler uses was also specified as being able to

perform both Gaussian and Bessel fits to the measured beam profiles.

The 25 pum slits were used in conjunction with the knife-edge mode, as this was necessary to resolve beams
with diameters under 20 um. The photodiode bias was turned on as this shortens the rise/fall time which is
important for measuring small beam diameters. The scan rate was reduced to 2.1 Hz and the bandwidths
were switched to the maximum of 1000 kHz as these settings provide the maximum spatial resolution of

0.13 um. The measurements for both the Bessel-Gauss and Gaussian beams are shown in figure 4.3.

Knife-edge beam width measurements - BP209-VIS/M Beam profiler
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Figure 4.3 — Knife-edge profile measurement of the Gaussian beam from the BP209-VIS/M scanning slit profiler.

While stable 1/e? diameter measurements within the expected range of 3 — 4 um were obtained from the
knife-edge profiles (3.5 £ 0.3 um for Bessel, 3.3 £ 0.3 pum for Gaussian), there were several limitations
encountered with these measurements. The first was regarding the mismatch between the “Measured Data”
and “Reconstructed Knife-Edge Data”. This is due to the reliance on scanning slits that are larger than the
beam diameter, leading to there being no direct display of the knife-edge measurement, with it instead

acting as an overlay.

Additionally, despite the high resolution used, the knife-edge measurements were hindered by slight
positional instability of the edges of the measured beam. This arises from both the relatively low pulse
repetition rate of the respective measured beams and long pulse duration, as the photodiode has to average
a series of input pulses to approximate a continuous wave (CW) signal. This allows for the current amplifier
to accurately approximate pulsed laser sources with high repetition rates (= 100 MHz) and short pulse
durations (< 100 fs) as CW sources, as the limited bandwidth of the current amplifier within the photodiode
is unable to resolve individual pulses for these laser parameters. Consequently, the “Hold Maximum”
function had to be applied in combination with scan rates that were not a direct integer multiple of the pulse

repetition rate (hence the 2.1 Hz scan rate applied, as opposed to the minimum of 2 Hz), as this ensures that
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each scan measures a different portion of the beam profile, which was important for trying to approximate

the lower repetition rate, longer pulse duration beam profiles as CW sources as accurately as possible.

Finally, due to the scanning slit nature of the profiler, the “Measured Data” for both the Gaussian and
Bessel-Gauss beams was stretched as a result of the scanning slit profile relying on summed row or column
plots, meaning that the minimums (spaces of destructive interference between spherical aberration rings
and annular rings respectively) do not go to zero as seen in figure 4.4. This, in combination with the need
to again apply the “Maximum Hold” function due to the laser source being pulsed, causes some stretching

of the “Measured Data” profiles from slight positional instabilities of the beam profile.

Figure 4.4 — Comparison of profile measurements of a Laguerre Gaussian beam from camera and scanning slit profilers (Dataray,
personal communication, 2" June 2019). The camera provides a profile across a line through the image, while the scanning slit

profile acts as a summed row or column plot.

4.2.2 Stainless steel damage threshold test measurements

From the limitations described above regarding the profiler measurements, further verification of the spot
sizes for the respective setups was sought. A damage threshold test was devised by taking sheets of stainless
steel (mild steel was initially used but the surface roughness proved too high to accurately discern the spot
sizes of the respective setups), mounting these at an angle of 45° relative to the incident beams and marking
these with the lowest pulse energies at which distinct features could be observed with the Alicona
InfiniteFocus G4 surface profilometer [4.17]. The measurements were made using the 100x objective lens
to maximise the resolution of these measurements and are shown in figures 4.5 and 4.6 for the Bessel-Gauss
and Gaussian beams respectively. The smallest widths along the burn marks were around 3.4 + 0.3 um for
the Bessel-Gauss beam and 3.5 + 0.3 um for the Gaussian beam, with these measurements corresponding

to the distances between the green and red crosses in the below images.
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Figure 4.5 — Surface profiler measurement of features machined into stainless steel with the Bessel-Gauss beam. The image was
taken using the 100x objective lens. The width of the smallest discernible feature was measured as 3.4 + 0.3 um. The image here
showcases the other lines marked upon the stainless steel with progressively lower powers. Note here the consistency of the
thickness of the machined features from the consistent spot size.

Figure 4.6 — Surface profiler measurement of feature machined into stainless steel with the Gaussian beam. The image was taken

using the 100x objective lens. The width of the smallest features was measured as 3.5 £ 0.3 um.

Despite measuring the damage threshold as opposed to the spot size directly, these measurements were able

to reinforce the knife-edge measurements detailed above.
4.3 Initial ablation trials with redesigned setups

4.3.1 Ablation tests on preserved porcine tissue samples

Prior to undertaking ablation trials on clinically relevant harvested tissue samples, experiments were again
performed on preserved porcine tissue samples. As part of these, thermal camera (FLIR i7, FLIR Systems)
measurements were performed to experimentally validate the extent of thermal accumulation on the
samples for various laser parameters. These images (figures 4.7 and 4.8) were captured immediately post
ablation, as the timescale for thermal diffusion is short for the relatively small heated volumes. Lines were
scanned with the laser spot between the two brass pins used to mount the preserved porcine tissue to the
underlying dispocut board. These areas are indicated on figures 4.7 and 4.8 by the yellow circled regions.
The heads of these pins (at either side of the yellow circled areas) were covered with black tape to reduce

the saturation observed from their reflective surfaces.
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Figure 4.7 — Thermal camera measurements of preserved porcine tissue a) prior and b) post ablation using the reimaged Bessel-
Gauss beam at 2 kHz with a 70% spatial overlap. Here it is evident that there is no appreciable thermal build up occurring.

No significant thermal accumulation was observed at lower repetition rates for the Bessel-Gauss beam.
This is significant as even a temperature change of only a few degrees Celsius is enough to cause destruction
of DNA.

Figure 4.8 — Thermal camera measurements of preserved porcine tissue a) prior and b) post ablation using the reimaged Bessel-
Gauss beam at 20 kHz with a 90% spatial overlap. Here it is evident that there is some significant thermal build up occurring from
the combination of the high repetition rate and high spatial overlap of the pulses, indicated by the yellow area on the tissue surface

between the two pins.

Thermal accumulation was observed however at higher repetition rates (20 kHz) with high spatial overlap
of the pulses (90 %), as would be expected. This is indicated by the yellow area on the tissue surface in
figure 4.8b.

These measurements served as an early indicator of any thermal build-up occurring for certain sets of laser
scanning parameters prior to receiving histological data from the ablation trials performed on clinically
relevant tissue. This held particularly true for the sets of laser scanning parameters shown here, with both
more conservative and liberal approaches to laser pulse delivery (using a low pulse repetition rate alongside
only a moderate spatial pulse overlap and a high pulse repetition rate combined with a high spatial pulse
overlap respectively) being highlighted.

However, while this method enables immediate post-ablation measurement, it inherently lacks the insight

provided by histological analysis when evaluating thermal accumulation as it does not allow direct
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observation of the tissue neighbouring the ablated volumes down to the cellular level. This made it
significantly less useful for intermediate laser scanning parameter regimes where this thermal accumulation
is still present to varying degrees but is not always detectable. It is important to note though that with the
histological analysis that there is the potential for some small extent of the damage to be cleared up from

the necessary handling and submersion into various solutions.

Focus tolerance tests for both the Bessel-Gauss and Gaussian beam setups were also performed on
preserved porcine tissue samples. These tests were performed by translating the preserved porcine tissue
samples through the focus/Bessel zone regions of both beams in set increments. These were able to
showcase working (ablation) ranges of over 1 mm for the Bessel-Gauss beam and around 400 um for the
Gaussian beam, shown in figure 4.9.
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50 T T T T T

-100 q
z=- 1000 pum

z=-800 -;Jlll
z=- 0600 pm

Depth (j2m)

-150

z=-400 pm

-200 z=-200 pum

z=0 pm
2300, 5200 um =85 uJ. 1 kHz, 90% OL, 2 passes]

-300 ! !
0 100 200 300 400 500 600 700 800 900 1000

Distance (p1m)

Line profile of preserved porcine tissue sample ablated with the Gaussian beam

'

=

<
1

z=-100 gm

L

"

f=J
T

Depth (1zm)

1

=

S
T

z=+100 pm

2250 Fz =+ 200 pm [=85 I, 1 kHz, 90% OL, 2 passes|

50 100 150 200 250 300 350 400 450 500
Distance (yzm)

-300
0

Figure 4.9 — Line profiles of preserved porcine tissue ablated using a) the Bessel-Gauss beam with axial translation intervals of 200
pum and b) the Gaussian beam with axial translation intervals of 100 pm. These line profiles are taken from surface profiles captured
using the 10x objective lens on the Alicona surface profilometer. The notation used here for the z-axis is positive for when the
preserved porcine tissue surface is above the focus (measured as the point of peak intensity along the beam propagation axis for both
setups) and negative for when the preserved porcine tissue surface is below the focus. Here the lines were ablated with 2 passes each
using the maximum input pulse energy of 85 pJ. These were applied at a repetition rate of 1 kHz with a 90% spatial overlap (stage

speed of 0.35 mm/s).
For both beam shapes, peak ablation depths were achieved as the focus (or comparable axial position of

peak intensity in the case of the Bessel-Gauss beam) was translated into the sample, although these also
seemed to be the point beyond which only comparatively superficial features were observed. This was
attributed to the respective drops in the intensity at the surface.
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4.3.2 Successive ablation trials on murine intestinal tissue samples

Following the initial tests of the reimaged Bessel-Gauss setup on the preserved porcine tissue, the
opportunity of performing some ablation experiments on more clinically relevant murine intestinal tissue
with the redesigned optical setup arose. Unfortunately, the murine peritoneal tumour model (discussed in
chapter 3) did not develop well, which limited the subsequent sample availability. Consequently, while
some histology data was obtained from this set of tissue samples, no accompanying surface profile

measurements were taken.

This set of experiments was able to confirm that the reimaged Bessel-Gauss beam provided sufficient levels
for nonlinear absorption to occur, as plasma was consistently observed upon the tissue surface. However,
the histology images showed that some of the parameters tested were suboptimal, with considerable
cavitation being observed across these respective sections. This cavitation effect results from bubbles
being formed in the tissue during the laser induced optical breakdown process that follows the non-linear
absorption of the applied high intensity ultrashort laser pulses (as covered in the secondary effects of
plasma-mediated ablation of tissue section in chapter 2). It was particularly noticeable for the reference
features scanned at a repetition rate of 20 kHz, as would be expected from the combination of high spatial
and temporal overlap [4.5],[4.18]. This is highlighted by red circles in figure 4.10, with the blue circles
highlighting the ablated (removed) regions of tissue. The homogeneous regions of tissue highlighted by the
red dimension bars (i.e. where tissue detail has been lost) around the ablated feature is indicative of thermal

damage/necrosis.
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Bessel-Gauss

Figure 4.10 — Histology H&E images (with zoomed-in views) of murine intestinal tissue sections. Both features a) and b) were

scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 20 kHz with a > 99% spatial overlap (stage
speed of 0.35 mm/s). Both features consisted of 10 lines of single passes each, with the scanned lines spaced out by 10 pm. There is
significant cavitation and thermal accumulation observed here, indicated by white circular sections where bubbles have formed
(highlighted by the red circles) and sections of homogenised tissue (i.e. loss of tissue structure/detail, highlighted by the red
dimension bars) accordingly. The black boxes indicate the frames of the zoomed-in images.
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Features were also scanned using a repetition rate of 10 kHz. While these looked better with regards to
collateral damage to the surrounding healthy tissue than the reference lines scanned at 20 kHz (< 20 pm
as opposed to > 150 pum), some undesirable cavitation and thermal accumulation effects were still
observed (shown in figure 4.11).

Figure 4.11 — Histology H&E image (with zoomed-in views) of murine intestinal tissue section. These features were scanned with
the Bessel-Gauss beam using 85 J pulses applied at a repetition rate of 10 kHz with a 55% spatial overlap (15 mm/s stage speed).
There is still some degree of cavitation and thermal accumulation observed here, although considerably less than at the higher
repetition rate of 20 kHz with a higher spatial overlap of the pulses.

These cavitation effects were avoided at 1 kHz, even at high spatial overlaps, although some thermal
accumulation was still present, as shown by figure 4.12. Reducing the pulse energy showed that the depth
of ablation can be tailored accordingly for a given number of passes, in accordance with previously
published work [4.5]. Wider features were scanned by manually translating the sample via the y-axis

micrometre on the MicroBlock to combine scan lines.

iBessel-Gauss)

Figure 4.12 — Histology H&E image (with zoomed-in views) of murine intestinal tissue section. Here the features were scanned with
the Bessel-Gauss beam using a) 85 pJ and b) 50 pJ pulses applied at a repetition rate of 1 kHz with a 90% spatial overlap (0.35
mm/s stage speed). The scans consisted of 10 lines of 2 passes each, with raster line spacings of 20 um. There is still some thermal
accumulation here, although there are no cavitation bubbles around the ablated sites. This lack of cavitation was attributed to the

lower temporal overlap of the pulses than at the higher repetition rates of 10 and 20 kHz.

151



Reductions in the thermal accumulation observed at 1 kHz were possible either by reducing the pulse energy
or the spatial overlap of the pulses, although these both come at the expense of total ablation depth (as

shown in figure 4.13).

Bessel-Gauss

Figure 4.13 — Histology H&E image (with zoomed-in view) of murine intestinal tissue section. These features were scanned with
the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 1 kHz with an approximately 70% spatial overlap (1.05
mm/s stage speed). The features consisted of 10 lines of single passes each, with the scanned lines spaced out by 20 um. The
thermal damage present here is highly localised, extending just over 5 um away from the ablated region.

Some cavitation was observed around the edges of the ablated site at higher spatial overlaps for 2 kHz at

this high pulse energy (figure 4.14).

Bessel-Gauss

Figure 4.14 — Histology H&E image (with zoomed-in view) of murine intestinal tissue section. This feature consisted of 30 lines of
1 pass each, spaced out by 20 um. This feature was scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition
rate of 2 kHz with a 90% spatial overlap (0.7 mm/s stage speed). Again, the thermally damaged tissue present here is highly
localised, extending just over 15 um away from the ablated region. However, some minor cavitation is also observed around the

ablated site.
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This undesirable cavitation effect was reduced by reducing the spatial overlap of the pulses (figure 4.15),
as suggested by references 4.4, 4.5, 4.8, 4.18 and 4.19.

Bessel-Gauss

Figure 4.15 — Histology H&E image (with zoomed-in view) of murine intestinal tissue section. Here the feature was scanned with
the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 2 kHz with a 70% spatial overlap (2.1 mm/s stage speed).
This feature consisted of 30 lines of 1 pass each spaced out by 10 um. The thermal accumulation observed here is once again highly
localised, extending just under 15 pm away from the ablated region. No cavitation bubbles were observed for this feature.

Increasing the repetition rate to 3 kHz, the cavitation effect observed at higher spatial overlaps (90 %)

becomes more prominent, although it is still reasonably localised around the ablated region (figure 4.16).

Bessel-Gauss

Figure 4.16 — Histology H&E image (with zoomed-in view) of murine intestinal tissue section. The feature here was scanned with
the Bessel-Gauss beams using 85 pJ pulses applied at a repetition rate of 3 kHz with a 90% spatial overlap (1.05 mm/s stage speed).
This feature consisted of 30 lines of 1 pass each, spaced out by 20 pm. While some cavitation bubbles and thermal accumulation is

observed, these are both still fairly localised, extending just over 30 um from the ablated region.
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As the hyperplasia step in the colorectal cancer development process has a comparatively flat structure, the
relatively thin/flat removal volume showcased here is potentially ideal, whereas conventional
(electrocautery) tools would struggle. Consequently, it can be concluded that these follow-up murine
intestinal tissue ablation trials showed some initial promise regarding the reimaged Bessel-Gauss beam
setup, both in terms of achievable ablation depths and lateral confinement of thermal damage. A summary

of these trials can be seen in table 4.1.

Pulse Pulse Spatial Number | Raster | Approximate Peak Secondary
Repetition energy pulse of line mean depth thermal effects of
Rate (kHz) (W) overlap passes | spacing (um) damage plasma

(%) per line (um) (um) generation
1 50 70 1 20 50 6 No
85 90 2 20 100 36 No
2 85 70 1 10 90 14 No
90 1 20 80 16 Cavitation
bubbles
3 85 90 1 20 100 31 Cavitation
bubbles
10 85 55 1 10 50 18 Cavitation
bubbles
20 85 >99 1 10 120 169 Cavitation
bubbles and
heat
accumulation

Table 4.1 — Murine intestinal tissue ablation trials using the Bessel-Gauss beam.

Wavelength = 1030 nm, Pulse duration = 6 ps.

4.3.3 Initial low pulse repetition rate ablation trials on porcine intestinal tissue
samples

Further clinically relevant tissue ablation trials were performed on porcine intestinal tissue. Sample
availability allowed for both the Bessel-Gauss and Gaussian beams to be tested. Single pass lines around
the centre of the respective focal regions were compared for both beam shapes. While the Bessel-Gauss
beam showed slightly greater depths and improved repeatability, the differences in ablated depths were
marginal and both beams showed high levels of lateral confinement regarding thermal damage (< 5 um).
The lines ablated with the Bessel-Gauss and Gaussian beams are shown in figures 4.17 and 4.18

respectively.
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Figure 4.17 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
via single passes around the centre of the Bessel zone region of the Bessel-Gauss beam using 85 J pulses applied at a repetition rate
of 1 kHz with a 70% spatial overlap (1.05 mm/s stage speed). While some thermal accumulation is present, both are very localised,

spanning just under 5 um from the ablated region.

Figure 4.18 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned

with the Gaussian beam using 85 pJ pulses applied at a repetition rate of 1 kHz with a 70% spatial overlap (1.05 mm/s stage speed).
These features were created via single passes around the focus region. While some thermal accumulation is observed, it is highly

localised, extending just 5 pm or less from the ablated region.
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Larger scan patterns were also tested to observe how the ablation characteristics offered by both beam
shapes scaled up while simulating more applicable tumour resection modalities (figures 4.19 and 4.20). The
Bessel-Gauss beam exhibited a trend for increased ablation depths for equivalent scanning parameters,
courtesy of its greater depth of focus. Additionally, while both beams were able to showcase limited thermal
damage margins, the Gaussian was less consistent in this regard, with it occasionally exhibiting noticeably
higher levels of thermal accumulation (up to nearly 25 um versus < 15 um). This was attributed to its more
divergent spot leading to higher spatial overlaps, causing the beam to dwell on finite areas of the tissue

surface for longer than anticipated.
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Figure 4.19 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
with the a) Bessel-Gauss beam and b) Gaussian beam using 85 pJ pulses applied at a repetition rate of 1 kHz with a 70% spatial
overlap (1.05 mm/s stage speed). The scans consisted of 5 lines of 2 passes each, spaced out by 20 pm. While some thermal

accumulation is observed, it is highly localised, extending around 10 pm from the ablated region.
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Figure 4.20 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
with the a) Bessel-Gauss beam and b) Gaussian beam using 85 pJ pulses applied at a repetition rate of 1 kHz with a 70% spatial
overlap (1.05 mm/s stage speed). The scans consisted of 5 lines of 4 passes each, separated by 20 um. More thermal accumulation is
observed for the Gaussian beam, which was reasoned to be from the comparatively rapid changes in the spot size across the

inhomogeneous tissue surface leading to higher-than-expected spatial overlap of the pulses.

Wider features at increased pulse repetition rates were also tested (figure 4.21). The Bessel-Gauss beam

again showed greater depths, but both beams showed the potential for high confinement of thermal damage.
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Figure 4.21 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
with the a) Bessel-Gauss beam and b) Gaussian beam using 85 pJ pulses applied at a repetition rate of 2 kHz with a 70% spatial
overlap (2.1 mm/s stage speed). The scans consisted of 40 lines of 4 passes each, spaced out by 20 pm. While some thermal
accumulation is observed, it is highly localised, extending just over 10 pm from the ablated region in both cases. Unfortunately,
splitting of the tissue (highlighted by the red circles) that occurred from the microtome sectioning process affected the potential

reliability of these measurements.

158



Higher numbers of passes were also tested to examine the capacity of both beams for precise drilling of the
tissue (figure 4.22). Both beams again exhibited good confinement of thermal damage, but the Bessel-

Gauss beam showed more consistency regarding the depth of ablation along the scanned feature.
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Figure 4.22 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
with the a) Bessel-Gauss beam and b) Gaussian beam using 85 pJ pulses applied at a repetition rate of 2 kHz with a 70% spatial
overlap (2.1 mm/s stage speed) right image. The scans consisted of 10 lines of 6 passes each, spaced out by 20 pm. Thermal damage

in both features is highly localised, extending just under 15 pum for both features.

Wider features were also tested for both beams at further increased pulse repetition rates (figure 4.23). This
led to increased thermal damage margins for both beams, but this was particularly noticeable with the
Gaussian, with the combination of the higher pulse repetition rate and less consistent spot size even leading

to some cavitation bubbles being observed (circled in red in figure 4.23b).
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Figure 4.23 — Histology H&E images (with zoomed-in views) of porcine intestinal tissue sections. The features here were scanned
with the a) Bessel-Gauss and b) Gaussian beam using 85 pJ pulses applied at a repetition rate of 3 kHz with a 70% spatial overlap
(3.15 mm/s stage speed). The scans consisted of 15 lines of 2 passes each, spaced out by 20 um. More significant thermal
accumulation is observed alongside some cavitation bubbles for the Gaussian beam (highlighted in red), extending over more than
30 um from the ablated region. This was attributed to the combination of the higher pulse repetition rate and shorter depth of focus

compared to the Bessel-Gauss beam.
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A summary of these initial porcine intestinal tissue ablation trials can be seen in tables 4.2 and 4.3 for the
Bessel-Gauss and Gaussian beams respectively. While thermal damage margins for both beams are similar
(with the exception of the 3 kHz feature where cavitation effects and thermal accumulation become
pronounced for the Gaussian beam), the Bessel-Gauss beam shows a general trend of improved ablation
depths courtesy of its extended depth of focus.

Pulse Number | Raster | Approximate Peak Secondary
Repetition of line mean depth thermal effects of
Rate (kHz) | passes | spacing (um) damage plasma

per line (um) (um) generation
1 1 N/A 40 4 No
2 20 100 11 No
4 20 200 5 No
2 4 20 330 15 No
6 20 430 13 No
3 2 20 50 12 No

Table 4.2 — Initial porcine intestinal tissue ablation trials using the Bessel-Gauss beam.

Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 J, Spatial pulse overlap = 70%.

Pulse Number | Raster | Approximate Peak Secondary
Repetition of line mean depth thermal effects of
Rate (kHz) passes | spacing (um) damage plasma

per line (um) (um) generation
1 1 N/A 40 5 No
2 20 70 8 No
4 20 100 25 No
2 4 20 120 11 No
6 20 180 14 No
3 2 20 270 39 Cavitation
bubbles and
heat
accumulation

Table 4.3 — Initial porcine intestinal tissue ablation trials using the Gaussian beam.

Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 pJ, Spatial pulse overlap = 70%.

4.3.4 Optical cage system orientation redesign

Due to the time sensitive nature of the clinically relevant tissue ablation trials that were carried out,
increases in the throughput of these experiments was desirable. Consequently, a second linear motorised
translation stage (LTS150/M, Thorlabs) was incorporated into the experimental setup to allow for
automation of raster scanning via LabVIEW code with micron scale precision. Vertical mounting of the
respective 30 mm cage systems for the Gaussian and Bessel-Gauss beam setups allowed for more precise

variation of the tissue samples along the beam propagation axis across a greater range through the inclusion
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of a dial gauge and lab jack. The lab jack had an observed backlash error of approximately + 10 pm, which
was deemed acceptable upon consideration of the inherent waviness of the tissue surfaces to be ablated.
This greater range of variability along the propagation axis of both beams would also help to account for
the variability in thickness across the various tissue samples. This redesign of the optical setup is illustrated
in figure 4.24.
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Figure 4.24 — Schematic of the experimental setup with vertical orientation of the 30 mm cage systems relative to the tissue samples.
The first 2 mirrors direct the beam to the periscope formed by the third and fourth mirrors.

Additionally, automating the stage scanning along a second axis enabled a common reference point for all

the ablated lines/scans. While it would be of interest to test how tolerant the axicon was to scanning of the

beam relative to the sample, it was decided that moving the sample relative to the incident beam would be

simpler for the early stage investigations of how the shape of the beam influences the plasma-mediated

ablation process for soft biological tissues.

This vertical mounting of the cage systems also allowed for a diode laser (LCM-T-111, Laser-export) to be
incorporated as a means of finding the focus levels of both optical setups much more quickly upon the
tissue surfaces. This was done by finding the critical energy density level (i.e. the z-axis plane at which
plasma could still be observed for minimal input power) upon the surface of an aluminium sheet for the
Bessel-Gauss beam. While the 1/e points of the axial intensity plot would ideally be used to model the depth
of focus for both setups, this is much more difficult to account for experimentally. While the fluctuations
observed along the intensity profile of the Bessel-Gauss beam from the rounded tip may inhibit the use of
the peak intensity as a reference point, this would still be a potential issue for using the 1/e points. An
aluminium sheet is used for this surface finder due to its low surface roughness of approximately 3.7 + 0.4

pum, providing an even reference plane.

Once this critical energy density level was found for the Bessel-Gauss beam, the sample was translated

across to the imaging setup that would act as the reference measurement for setting the surface of each

tissue sample at this peak energy density focal plane. This technique was developed by Dr. Gora [4.19].

This imaging setup consisted of a 10x objective lens (LINOS) connected to a CMOS camera (DCC1645C,

Thorlabs) via a lens tube. The diode laser was positioned at an angle where the light reflected from the
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aluminium sheet was collected by the CMOS camera at this peak intensity focal plane. This reference plane
was found to be accurate to £ 10 um, which again was deemed acceptable since this would be outweighed
by the inherent inhomogeneity of the tissue samples. ND filters (NE10A-A and NEO5A-A, Thorlabs) were

mounted together and placed in front of the green laser diode to prevent saturation of the CMOS sensor.

The same aluminium sheet was finally translated to underneath the Gaussian beam setup. The position of
the 25.4 mm focal length convex focusing lens in the cage system for the Gaussian setup was adjusted using
the z-axis translation mount (SM1ZA, Thorlabs) it was fitted in so that the critical energy density level of
both setups matched. The position of this focusing lens could be adjusted along the cage system as it had a

well collimated (expanded) beam being input to it. The experimental setup is shown in figure 4.25.

Bessel-Gauss

setup
CMOS camera
with objective Gaussian setup
lens
Diode laser
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Dial gauge Motorised
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Lab jack

Figure 4.25 — Experimental setup with vertical orientation of the 30 mm cage systems relative to the tissue samples.

4.3.5 Successive low pulse repetition rate ablation trials on porcine intestinal tissue

samples
Further clinically relevant pig intestinal tissue laser ablation trials were performed using both the Bessel-
Gauss and Gaussian beams to allow for more comparisons between the ablation characteristics. Low pulse
repetition rates were again used initially to try and avoid any cavitation effects, as these allow for low
temporal overlap of the pulses, meaning they do not interact with each other as the collapse of the cavitation
bubble induced by the plasma formation occurs prior to the next pulse interaction taking place [4.5],[4.18].
This provides the ablated tissue region adequate time for heat to disperse prior to the arrival of the
subsequent laser pulse, although these lower repetition rate trials suffer from the drawback of reduced
scanning speeds for equivalent spatial pulse overlap values, leading to lower removal rates and therefore
lower ablation efficiency. Raster scans of 5 mm width were used, as this was the upper limit allowed by the

histology wax embedding process while also coinciding with clinical requirements.
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As there was a trend for greater depths of material removal in the preserved porcine tissue ablation trials
for increasing spatial overlaps, two of the tissue samples were ablated with the reimaged Bessel-Gauss
beam using the peak pulse energy of around 85 J at repetition rates of 1, 2 and 3 kHz at high spatial
overlaps (approximately 97%). This corresponded to 0.1, 0.2 and 0.3 mm/s stage translation speeds
accordingly. While the sample fixed in glutaraldehyde for surface profilometry showcased depths that
initially looked promising, and increased approximately linearly with the number of laser passes (with the
raster scans consisting of 5 lines, each spaced 10 um apart, with 1, 2 and 4 passes at each line for the 1, 2
and 3 kHz repetition rates respectively), the paired sample (i.e. the sample that was ablated using the same
parameters) that was sent for histology analysis showcased considerable thermal damage relative to the
ablated depths in each case (figure 4.26). This was attributed to the slow translation speeds and high pulse
energy leading to thermal accumulation and even observable cavitation bubble formation for the craters
ablated using 2 and 3 kHz repetition rates, potentially from the high spatial overlap causing the subsequent
pulses to interact with the mechanical ruptured area left by prior ones despite their temporal separation
[4.20]. This cavitation effect has been reported for reimaged Bessel-Gauss beams in bulk silica when single
pulses were applied to produce uniform voids, albeit in the femtosecond regime [4.21]. It is important to
note however that the degree of thermal damaged observed here is still significantly less than that for

electrocautery techniques, which can be on the millimetre scale [4.22].
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Figure 4.26 — Histological H&E stained images (with zoomed-in views) and surface profile (captured at 5x magnification) of pig
intestine samples ablated with the Bessel-Gauss beam using 85 pJ pulses with spatial overlaps of 97%. The scanning patterns
consisted of a) 1 kHz, 0.1 mm/s, 5 lines of 1 pass, b) 2 kHz, 0.2 mm/s, 5 lines of 2 passes and c) 3 kHz, 0.3 mm/s, 5 lines of 4

passes. The scan lines were spaced out by 10 pm. Some significant thermal accumulation (represented by the regions of
homogeneous tissue, highlighted by the red dimension bars) is observed alongside some cavitation bubbles (large irregular white
areas neighbouring the ablated zones), both of which extend over more than 50 um from the ablated region for the 2 and 3 kHz
features. This was attributed to the combination of the higher pulse repetition rates and higher spatial overlap of the pulses. The
increased smoothing of the surface profile was from using a lower vertical resolution of 4 um initially. A reference feature indicated

by d) scanned at 20 kHz with a high spatial pulse overlap is also shown which is used to ensure correct orientation of the sample

when correlating laser parameters to ablated features.
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These parameters were repeated for the Gaussian beam setup (figure 4.27). Here the ablated depths were
not as high, which was attributed to the shorter focal depth of the Gaussian beam. Additionally, the high

spatial overlap again led to thermal accumulation despite the relatively low pulse repetition rates applied.
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Figure 4.27 — Histological H&E stained images (with zoomed-in views) and surface profile (captured at 5x magnification) of pig

intestine samples ablated with the Gaussian beam using 85 pJ pulses with spatial overlaps of 97%. The scanning patterns consisted
of a) 1 kHz, 0.1 mm/s, 5 lines of 1 pass, b) 2 kHz, 0.2 mm/s, 5 lines of 2 passes and c) 3 kHz, 0.3 mm/s, 5 lines of 4 passes. The

scan lines were spaced out by 10 um. Unfortunately the feature ablated at 3 kHz closed up during the histology sectioning process,
as shown in histology image c) above. The surface profile captured here has less smoothing applied from using a higher vertical

resolution of 1.5 pm.
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As the features ablated for the Gaussian looked comparatively superficial on the tissue surface, this set of
parameters was repeated to test the level of repeatability offered by the tightly focused Gaussian spot (figure
4.28). Unfortunately, the same trend of low ablated depths and considerable thermal accumulation was
observed again. This again was attributed to the short focal depth, as previous publications from the group
have shown well-defined ablation at 1 kHz with Gaussian beams using larger spot sizes of around 20 and
30 um and (and therefore greater depths of focus) [4.4],[4.5].

o

Figure 4.28 — Histological H&E stained images (with zoomed-in views) of a pig intestine sample ablated with the Gaussian beam
using 85 pJ pulses with spatial overlaps of 97%. The scanning patterns consisted of a) 1 kHz, 0.1 mm/s, 5 lines of 1 pass, b) 2 kHz,
0.2mm/s, 5 lines of 2 passes and ¢) 3 kHz, 0.3 mm/s, 5 lines of 4 passes. The scan lines were spaced out by 10 pum.

Another pair of samples were ablated using slightly more conservative spatial overlaps of around 85% for
the Bessel-Gauss beam setup (figure 4.29). These were again performed at 1, 2 and 3 kHz, at stage speeds
of 0.5, 1 and 1.5 mm/s respectively. The 1 kHz feature was ablated using a raster scan consisting of 30 lines
of 4 passes each to see how the process scaled up laterally across the tissue surface. The 2 kHz feature
consisted of 5 lines at 2 passes each. The 3 kHz feature again consisted of 5 lines of 2 passes each. The
raster line spacing was 20 um here. While these features were able to remove appreciable sections of the
mucosal layer (or the entirety of the mucosal layer for the 1 and 3 kHz features), the 2 and 3 kHz features
showcased significant cavitation and thermal accumulation around the crater edges. The 1 kHz feature
however showcased very minimal thermal damage margins of 12.5 pm peak thickness, which was
concluded to be from a combination of the more modest spatial overlap and the higher temporal spacing

from the lower pulse repetition rate.
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Figure 4.29 — Histological H&E stained images (with zoomed-in views) and line profiles taken from surface profilometer
measurements of pig intestine samples ablated with the Bessel-Gauss beam using 85 pJ pulses and a 90% spatial pulse overlap. The
scanning patterns consisted of a) 1 kHz, 0.5 mm/s, 20 lines of 4 passes, b) 2 kHz, 1 mm/s, 5 lines of 4 passes and c) 3 kHz, 1.5
mm/s, 5 lines of 2 passes. The scan lines were spaced out by 20 um. Some relatively significant thermal accumulation is observed,
extending over more than 25 um from the ablated region for the 2 and 3 kHz features, with some cavitation bubbles (highlighted by
red circles) being observed at 3 kHz. This was again attributed to the combination of the higher pulse repetition rates and higher
spatial overlap of the pulses. The out of focus feature to the left of histology feature a) (highlighted by the blue circle) was
confirmed to be an artefact of the histology sectioning process by Nicholas West, a histologist project partner. Some lateral

shrinking of the 20 line scan was noted in the glutaraldehyde-fixated sample which was attributed to dehydration of the tissue.
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Focal plane tolerance tests (i.e. translating through the focus/Bessel zone regions of the beam in set axial
translation increments) were also performed by translating the pig intestine samples through the focus of
both setups in 100 pum steps, with single lines being scanned with the laser at each axial position at 1 kHz
with an approximate spatial overlap of 50%. Although plasma was observed on the surface of the tissue
samples at multiple positions along the beam propagation for both setups, the small spot sizes used in
conjunction with the scans consisting of only single lines led to comparatively superficial features being
observed for both setups under both the surface profiler and histology images. This was attributed to the
small volumes removed in both instances courtesy of the small cross-sectional areas of the generated plasma
in conjunction with the lower spatial overlap, number of passes and repetition rate of the pulses, along with
changes in the tissue morphology post-ablation from the samples being transferred across various solutions
for both the glutaraldehyde and formalin fixative processes (for surface profilometry and histological
analysis respectively). Despite this, it can be observed that the Bessel-Gauss beam (figure 4.30) produced
more consistent features across a longer range than the Gaussian beam (figure 4.31), courtesy of its more
consistent spot size and longer depth of focus. Some thermal accumulation is observed in the histology

image for the Gaussian setup, which was concluded to be from the increase in the spatial overlap value of

the laser pulses as the beam diverges either side of its focus.

‘-#\ Bessel-Gauss

Figure 4.30 — a) Histological H&E stained image and b) 5x magnification surface profile of pig intestine samples ablated with single
passes of the Bessel-Gauss beam at 100 pm axial translation intervals of the sample through the beam. The applied pulse rate was 1
kHz with a 50% spatial overlap.
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Figure 4.31 — a) Histological H&E stained image and b) 10x magnification surface profile of pig intestine samples ablated with
single passes of the Gaussian beam at 100 um axial translation intervals of the sample through the beam. The applied pulse rate was
1 kHz with a 50% spatial overlap.

Following these focal depth tests, the scalability of the Bessel-Gauss beam was again tested via wider
spacing between the raster scan lines (30 um) and the testing of higher pulse repetition rates (going up to 5
kHz for the raster scans in this case). This is shown in figure 4.32. A spatial overlap of around 70% was
used for ablating these samples. While the larger raster spacing led to more gradual tapers in the ablated
features, the thermal damage margins were again promising in this case. However, it was observed that for
the feature ablated using 5 kHz there was a greater extent of tapering across both tested samples, potentially
alluding to a greater difficulty in maintaining lateral control at higher repetition rates with these larger raster
spacings despite the apparent low degree of thermal damage.
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Figure 4.32 — Histological H&E stained images (with zoomed-in views) and line profiles of pig intestine sample ablated with the
Bessel-Gauss beam using 85 pJ pulses. The scanning patterns consisted of a) 2 kHz with a spatial overlap of 70% (3 mm/s), 10 lines
of 6 passes, b) 3 kHz with a spatial overlap of 70% (4.5 mm/s), 10 lines of 6 passes and c) 5 kHz with a spatial overlap of 70% (7.5

mm/s), 10 lines of 6 passes. The scan line spacing was increased to 30 um for these features.

Wider scans via larger raster scan line spacing were also tested using the Gaussian beam, but unfortunately

these features were lost during the histological sectioning process, as some tearing of the tissue caused the

features to merge (figure 4.33). Despite this, cavitation (highlighted by the red circle) was still observed

around the remnants of some of the ablated features via histology. Again, this was concluded to have likely
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been a consequence of the spatial overlap value changing (increasing) either side of the focus for the

divergent Gaussian beam.

8 2

Figure 4.33 —Histological H&E stained image (with zoomed-in view) of pig intestine sample ablated with Gaussian beam using 85
WJ pulses at various repetition rates with wider raster line spacing. Unfortunately, the features blended into one as the tissue teared
during histological sectioning. Despite this however, some cavitation was still observed (highlighted by the red circle). The feature

to the left is a reference line.

The capacity for both beams to drill to even greater depths within the tissue was further tested by increasing
the number of passes per scan line. To decrease the duration of these scans the stage speeds were increased,
decreasing the spatial overlap to 70% accordingly. The Bessel-Gauss beam showed great promise here
(figure 4.34), with peak depths of over a millimetre being achieved whilst still showcasing minimal thermal
damage (< 25 um). Increasing the number of passes to 10 per line allowed for this precise ablation at greater
depths using a 70% spatial overlap at repetition rates of 1, 2 and 3 kHz. Additionally, despite the number
of passes with the laser, penetration of the muscularis (the muscular tissue that lies beneath the fatty tissue
layer) appeared to be hindered by the inherent mechanical strength of this tissue layer. This apparent
resistance to laser ablation is highly advantageous, as damage to this layer is dangerous due to it being

directly linked to perforation risk [4.23].
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Figure 4.34 — Histological H&E stained images (with zoomed-in views) and line profiles of pig intestine sample ablated with the
Bessel-Gauss beam using 85 pJ pulses. Here the features were ablated using scanning patterns consisting of a) 10 lines of 10 passes
each at 1 kHz with a spatial overlap of 70% (1.5 mm/s stage speed) b) 20 lines of 10 passes each at 2 kHz with a spatial overlap of

70% (3 mm/s stage speed) and c) 10 lines of 10 passes each at 3 kHz with a spatial overlap of 70% (4.5 mm/s stage speed). The scan
lines were spaced out by 20 pum.

The same parameters were then tested for the Gaussian (figure 4.35). While some of these features looked
promising regarding thermal damage margins, it lacked both the consistency and depths achieved with the

Bessel-Gauss beam. Cavitation bubble formation was observed for both the 2 and 3 kHz scans.
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Figure 4.35 — Histological H&E stained images (with zoomed-in views) and line profiles of pig intestine sample ablated with the
Gaussian beam using 85 pJ pulses. The feature shown here were ablated using scanning patterns consisting of a) 10 lines of 10
passes each at 1 kHz with a spatial overlap of 70% (1.5 mm/s stage speed) b) 10 lines of 10 passes each at 2 kHz with a spatial
overlap of 70% (3 mm/s stage speed) and c) 10 lines of 10 passes each at 3 kHz with a spatial overlap of 70% (4.5 mm/s stage

speed). The scan lines were spaced out by 20 um.

A summary of these subsequent porcine intestinal ablation trials can be observed in tables 4.4 and 4.5 for

the Bessel-Gauss and Gaussian beams respectively.
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Pulse Spatial Number Raster Approximate Peak Secondary
Repetition pulse of passes line mean depth thermal effects of
Rate (kHz) overlap per line spacing (um) damage plasma

(%) (um) (um) generation
1 70 10 20 500 21 No
90 4 20 200 13 No
97 1 10 70 38 No
2 70 6 30 500 20 No
10 20 700 23
90 4 20 140 28 Cavitation
97 2 10 90 66 bubbles and
heat
accumulation
3 70 6 30 130 18 No
10 20 300 24 Cavitation
bubbles
90 2 20 70 41 Cavitation
bubbles and
97 4 10 200 55 heat
accumulation
5 70 6 30 170 10 Mechanical
damage
(splitting of
tissue)
Table 4.4 — Subsequent porcine intestinal tissue ablation trials using the Bessel-Gauss beam.
Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 pJ.

Pulse Spatial Number Raster Approximate Peak Secondary
Repetition pulse of passes line mean depth thermal effects of
Rate (kHz) overlap per line spacing (um) damage plasma

(%) (um) (um) generation
1 70 10 20 200 7 No
97 1 10 50 46 No
2 70 10 20 60 54 Cavitation
bubbles and
97 2 10 70 44 heat
3 70 10 20 200 22 accumulation
97 4 10 90 49

Table 4.5 — Subsequent porcine intestinal tissue ablation trials using the Gaussian beam.

Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 J.
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From these results there are clear early indications that the Bessel-Gauss beam can help to mitigate the
requirement for precise control of the working distance between the respective optical setup and the tissue
samples through its ability to decouple the spot size from the depth of focus, providing enhanced
reproducibility of results through its greater tolerance to focal range. This also leads to the potential for
greater depth control, which is important for the surgical applications under consideration. The consistency
of the features ablated using the Gaussian beam was hindered by its comparatively short depth of focus
paired with the inhomogeneity of the tissue surface leading to poorer depth discrimination. These factors
both exacerbate the need to further increase the pulse energy to reach the plasma formation threshold as the
focus is moved deeper into the scattering tissue structure, with attenuation occurring in accordance with the
Beer-Lambert law [4.24].

The Bessel-Gauss beam results here show the potential for increased depths and reduced thermal damage
margins compared to previously published work by the group which focused on showing the potential for
fibre delivery of picosecond pulses of the same duration (6 ps), albeit using lower pulse energies and less
passes of the laser than those used here [4.4]. This fibre delivery focused work used 33 and 46 pJ pulse
energies, scanned in spiral patterns via the incorporation of a galvanometer scanhead, as well as 29 and 42
WJ pulses delivered via hollow core negative curvature fibre. These fibre delivered pulses were again
scanned in spiral patterns using a movable arm from a multi-axis robotic device (AxiDraw V3), as opposed
to the raster scanning of the tissue samples themselves used here. The thermal damage margins were up to

84 um in this case.

Another recent laser ablation trial by Quero et al. on gastrointestinal tissue samples used Nd:YAG
continuous wave laser sources and mouse models [4.25]. While these trials showed no full-thickness
perforations across 210 samples, the laser spot dwelled on one area in each case as opposed to being scanned
and the collateral thermal damage margins to either side of the ablated features were not considered, with
only the ablated depth being used as a damage metric despite histological sections being obtained for further
analysis. An older study on laser ablation of porcine intestinal tissue by Higbee et al. was able to showcase
efficient and precise removal of the mucosal layer using a Ti:Sapphire laser, but this required femtosecond
pulses which as previously discussed are not currently suited for fibre delivery [4.26]. A study by Choi and
Yun again used a Ti:Sapphire laser, but instead examined the application of 110 fs laser pulses to mouse
intestinal tissue and was able to showcase real-time intraoperative imaging via the implementation of
multiphoton imaging through an endoscopic probe [4.27]. However, pulse energies of up to only 2.5 nJ
were used, as the regeneration of the epithelium after injury was the interest of this work. As a result, only
superficial damage to the blood vessels in the mucosal layer was observed as opposed to distinct tissue

ablation.

More recent femtosecond laser ablation studies by Li et al. on soft tissue samples have examined the
ablation of mouse tongues [4.28]. Again, these pulses are ill-suited to fibre delivery (which was not a
concern for the transoral surgery applications that were the primary consideration of this work) and air-
cooling was used in this instance to reduce carbonisation. This study also highlighted both an ideal average
power range between 3 and 8 W (with the slightly > 5 W used in this work fitting nicely in the middle of
this optimal range) and issues with the focal position sensitivity, which the implementation of a Bessel-

Gauss beam here seeks to address. The laser light on the mouse tongue tissue surfaces changed from white
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to green once the optimal distance of 4.7 mm between the laser aperture and soft tissue surface was
exceeded, which came with a significant reduction in the ablation efficiency. This indicates that a marked
drop in the on-axis intensity of the pulses led to a change from a plasma-mediated process to a linear
photothermally driven one.

A recent study by Pyo et al. used a pulsed Ho:YAG laser to ablate ex vivo porcine stomach tissue [4.29].
These pulses were around 350 ps in duration, had a pulse energy of approximately 1 J and were applied at
a rate of 10 Hz. This laser system was coupled to a silica optical fibre with a core diameter of 375 um.
While a peak ablation depth of 2.1 + 0.3 mm was achieved for 3 passes of the laser at a stage speed of 0.5
mm/s (with the sample being injected with saline and the laser being scanned in single line patterns), this
also showcased thermal damage margins of up to 1.1 mm. Similar damage margins of around 1 mm were
also observed with these same scanning parameters when no saline was injected into the tissue samples,
although in this case the ablation depth increased to 2.5 mm which ended up removing some of the muscular
propria layer. This study also showed that increasing the number of laser passes led to increased thermal
damage margins in this pulse duration regime. Consequently, the authors state that decreasing the pulse
energy and increasing the repetition rate (albeit still in the scope of the microsecond pulse regime, with
corresponding suggested ranges of 0.3 to 0.5 J and 30 — 50 Hz) would likely be beneficial in reducing
potential rupturing of the surrounding tissue for improving the drilling capability of these laser ablation
methods. This has been effectively showcased in this work but with the suggested parameter alterations

being made more severely.

The Bessel-Gauss beam was able to achieve plasma formation on the tissue surface across an axial range
of over 1 mm at the maximum pulse energy of 85 pJ, while the Gaussian beam of an equivalent focussed
spot size was only capable of plasma formation on the tissue surface across an axial range of around 400
pum for this same applied pulse energy (although this was still significant given that it has a theoretical depth
of focus of only 48 um as mentioned previously). This larger axial range also resulted in noticeably
increased ablation depths for equivalent scanning parameters, as the beam does not suffer as severely from
reductions in intensity with increasing ablation depths as the more divergent Gaussian beam does, meaning
the Bessel-Gauss beam is able to maintain intensities above the plasma formation threshold of the tissue
over greater axial ranges [4.30]. While this concept has been showcased before by Ashforth et al. in the
ablation of bovine and ovine bone tissue, with the Bessel-Gauss beam achieving approximately 3 times the
ablation depth of the Gaussian beam for a given number of applied pulses, the presence of the heat affected
zone was only evaluated through optical and single electron microscopy, which is not as insightful as the
histology results presented here. This reliance on microscopy methods for evaluation of thermal damage
limited the indicators of any heat affected zones to discoloration, cracking and/or signs of charring, all of
which lack the fidelity provided by histological analysis. Additionally, this study used 110 fs pulses and a

spatial light modulator (SLM) as opposed to an axicon.

The larger ablation depths for equivalent scanning parameters observed in the work showcased here can
also be theoretically explained by the self-healing properties of the Bessel-Gauss beam allowing it to
mitigate some of the pulse energy losses that occur from absorption into and reflection from the plasma
formed during the ablation process [4.31]. The use of a large cone angle and picosecond pulses also allows

for comparatively uniform energy deposition, as indicated by the more linear relationship between the
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number of laser passes applied and the achieved ablation depth, whereas with the Gaussian beam there

appears to be a more noticeable drop-off [4.3].

Factors potentially limiting the total ablation depths obtained with the reimaged Bessel-Gauss beam setup
include the intensity oscillations from the oblate tip which have been showcased with previous reimaged
Bessel-Gauss beam setups [4.32],[4.33]. While this can be accounted for via spatial filtering, this would
also introduce another potential source of loss into the system. The comparatively limited ablation depths
obtained with the Gaussian beam could potentially be mitigated by using longer focal lengths to provide a
greater Rayleigh range, but the resulting increase in the spot size could potentially inhibit lateral precision.
Additionally, implementing longer focal lengths may not be practical for an endoscopic probe design due
to the limited working distances available and the increased demands this could place on the imaging

modality used.

All the potential advantages provided by the Bessel-Gauss beam are not carried over to the highly scattering
biological tissue however, with multiple passes being required to fully realise ablation depth potential due
to the reliance on interference mechanisms between the divergent rays, leading to limited penetration depths
for single passes [4.12],[4.34]. The significantly improved efficacy of the ablation process for subsequent
passes can also likely be attributed to pulse-to-pulse incubation effects, allowing for optical breakdown of
the tissue to occur more effectively despite the consistent pulse energy applied [4.30]. The Bessel-Gauss
beam setup also required a reimaging telescope for sufficient fluence and stand-off, which would
necessitate more space if implemented into an endoscopic probe head design. Convex lenses also benefit
from being easier to manufacture, which could be significant for simplifying the microfabrication process.
Furthermore, it is not as easy to upscale the spot size while maintaining suitable fluences with the Bessel-
Gauss beam, as this requires either a smaller physical axicon angle or a magnifying telescope, both of which
significantly affect the fluence contained within the central core. It is important to note though that the
Gaussian beam would possibly require an additional lens (or telescope) for collimation of the beam output
from the fibre and/or adequate space for the beam to diverge from the output facet of the fibre. This would
allow the beam to adequately fill the back aperture of the convex microlens, avoiding potential issues with
regards to damage thresholds of distal end optical components and maximising efficiency of the delivery

of the incident pulse energy.

The interaction of the axially stretched out fluence and the resultant increase in the ablated volume for a
given number of passes observed with the Bessel-Gauss beam clearly showcases some promise in these
ablation trials. However, it was concluded that it would be of interest to see how the ablation process using
both beams would scale up at higher pulse repetition rates, which if translated successfully would decrease
laser processing times, thus be more operationally valid. It was surmised that the consistent spot size and
more stretched out fluence profile of the Bessel-Gauss beam may produce favourable results regarding the
inhibition of undesirable thermal cavitation and effects. This is due to both the maximum bubble diameter
and lifetime increasing with increasing laser fluence, and that this effect would potentially become more
significant at higher pulse repetition rates [4.18],[4.35]. If this were to be observed, this could help to
mitigate the time constraints on ablation trials (i.e. how fast they can be performed while avoiding
undesirable cavitation effects) being effectively determined by the maximum scanning speed of the laser
spot, as this determines the minimum obtainable spatial overlap of the pulses at a given pulse repetition

rate.
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Chapter 5

Ablation of porcine intestinal tissue at higher pulse
repetition rates

5.1 Characterisation of Carbide laser

Following on from the previous porcine ablation trials, a firmware update was installed for the Carbide
laser software. Subsequently, a slight increase in the output power was observed for the 5W 60 kHz output
setting (from 5.3 W to 5.6 W on the 5W 60 kHz preset). Characterisation of the beam was performed to
ensure the spatial properties of the beam had remained similar to prior measurements. The DataRay

BeamMap 2 beam profiler was used to do this (figure 5.1).
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Figure 5.1 — BeamMap 2 beam profiler measurement of beam output produced by Carbide laser.

The gain was set to 0 dB to maximise the signal-to-noise ratio. The “Delta” (i.e. the XY displacement from
the centre of the scanning slit at the 4 um axial position reference plane) was kept under 100 pum, as
recommended in the guide of measuring pulsed laser sources [5.1]. The M? values were ignored as the
profiler is unable to measure this parameter if the beam does not come to a focus across the 4 scanning slits.
The measured 1/e? beam width of 2.75 mm was found to be of minimal difference with regards to the
previously quoted beam width of 2.6 mm. This is particularly true when considering that this measurement
was taken approximately 1 metre away from the laser output (with this being as close as the profiler could
be placed prior to the vertically mounted optical cage setups), as opposed to the 0.6 m distance quoted for
the 2.6 mm measurement (Light Conversion, personal communication, April 26" 2020). The beam was

attenuated using two mirrors positioned at 45° relative to the input beam (figure 5.2).

Beam
b dump

1028 nm R, R,
Carbide >
Laser

Figure 5.2 — a) Photograph and b) diagram of dual mirror beam attenuator, with R; and R, representing mirrors 1 and 2 respectively.
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Additionally, the M? of the beam was measured using this same beam profiler with a 25.4 mm plano-convex
focusing lens (LA1951-B, Thorlabs) to generate an appropriately sized beam waist (around 20 pm 1/e?

diameter). The M2 value remained around 1.3 (figure 5.3).
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Figure 5.3 — BeamMap 2 beam profiler measurement of beam output produced by 25.4 mm plano-convex lens focusing the input

beam from the Carbide laser.

5.2 Surface characterisation of porcine intestinal tissue samples

The final set of tissue ablation trials performed within this thesis focussed on increasing the pulse repetition
rates used during the ablation procedures for both beams with the aim of reducing the durations of these to
make them more economically viable from a clinical perspective. These higher pulse repetition rates are
crucial for speeding up the ablation process as they enable faster scanning speeds of the laser spot for
obtaining equivalent spatial pulse overlap values when compared to lower pulse repetition rates, which in
turn can provide higher removal rates. Histology evaluation would allow for any difference between the
cavitation dynamics imposed by the different beam shapes to be observed. The more consistent spot size
and self-healing properties of the Bessel-Gauss beam were hypothesised to make it less prone to undesirable
cavitation effects (as discussed in in the secondary effects of plasma-mediated ablation of tissue section

in chapter 2).

While the focal tolerance tests carried out previously would have been interesting to repeat at these higher
pulse repetition rates (especially given that this would allow for more passes of the laser spots within a set
period), this was deemed comparatively wasteful given the tendency for producing superficial ablation as
shown in the earlier ablation trials covered in chapter 4. This was particularly true given the limited sample
availability and histology sections available. As a result, these trials were performed predominantly at the
peak critical energy density plane for both setups, with the inherent inhomogeneity of the tissue surfaces
determining the characteristics of the ablated features based on the respective axial intensity distributions
of the Gaussian and Bessel-Gauss beams.

Surface scans of non-ablated porcine intestine samples were captured using the Alicona InfiniteFocus G4
surface profilometer to quantify this surface inhomogeneity (figures 5.4 - 5.6). Additionally, this was only
done for fixated porcine intestinal tissue samples as these surface scans were time consuming (taking up to
a couple of hours to process), meaning that non-fixated tissue would be at risk of drying out during the

scanning process. The S, parameter, which represents the absolute value of the difference in height of each

182



point compared to the arithmetical mean of the surface, was used to do this [5.2]. The selected areas for
these measurements coincided with where the tissue surface looked suitable for laser processing (i.e.
avoiding edges).

Figure 5.4 —a) Normal and b) surface profile images of formalin fixated porcine intestine tissue sample with underlying DispoCut
board, captured using the 5x objective lens on the Alicona surface profilometer. The red outline represents the selected measurement

area, with black areas representing missing data points.

Figure 5.5 — a) Normal and b) surface profile images of formalin fixated porcine intestine tissue sample with underlying DispoCut
board, captured using the 5x objective lens on the Alicona surface profilometer. The red outline represents the selected measurement

area, with white areas representing missing data points.

Figure 5.6 —a) Normal and b) surface profile images of glutaraldehyde fixated porcine intestine tissue sample with underlying
DispoCut board, captured using the 5x objective lens on the Alicona surface profilometer. The red outline represents the selected
measurement area, with black areas representing missing data points.

The obtained S, measurements from these measurements were around 261 + 3 um, 356 + 3 um and 150 + 3
pum respectively. The lower Sa measured for the sample fixed in 3% glutaraldehyde solution can be
attributed to the increased shrinkage of tissue samples that has been reported for fixation in higher
concentration glutaraldehyde solutions [5.3]. Meanwhile, in porcine ocular tissues, 24 hour fixation periods

in 10% formalin solution gave average percentage differences across a range of parameters that represent
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sample shape and size as small as 1% when compared to fresh samples [5.4]. Regardless, these
measurements help to explain the higher inconsistency of the ablation observed previously with the
Gaussian beam compared to the Bessel-Gauss beam, courtesy of its significantly lower focal depth
(calculated to be approximately 50 pm).

5.3 5 kHz ablation of porcine intestinal tissue samples with Bessel-Gauss beam
Ablation trials were performed on porcine intestinal tissue using both beams at 5, 10 and 20 kHz. The
Bessel-Gauss beam showed promising damage margins (< 30 pum) across all of the stage translation
speeds/spatial pulse overlaps at 5 kHz (figures 5.7 and 5.8). A general trend of higher ablated depths was
observed for increased spatial pulse overlaps, as would be intuitively expected. However, at this higher
pulse repetition rate it was noted that it became increasingly difficult to control the general structure of the
resected volume of tissue when higher spatial overlaps were applied, with lateral splitting of the tissue being
an issue despite the high thermal confinement. This is particularly noticeable at 70% spatial pulse overlaps,
shown in figure 5.8d. This was attributed to the increased density of energy applied to the tissue at the edges
of the raster scans as the stage decelerates. The missing sections on the line profile plots are from missing
data points on the surface scans performed using the surface profilometer (InfiniteFocus G4, Alicona).
These arise from regions on the surface of the tissue sample where the device is unable to collect the
reflected light. This is typically attributed to said regions having high incline angles and/or sharp height

transitions [5.5].
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Figure 5.7 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples, scanned with the Bessel-
Gauss beam using 85 pJ pulses (measured after the optical setups for the trials detailed in this chapter) applied at a repetition rate of
5 kHz with spatial overlaps of a) 0% (285% spot separation, 50 mm/s) b) 0% (230% spot separation, 40 mm/s) c) 0% (200% spot
separation, 35 mm/s) d) 0% (170% spot separation, 30 mm/s) e) 0% (145% spot separation, 25 mm/s). The scans consisted of 20
lines of 4 passes each, spaced out by 20 pm. The observed thermal damage margins are highly localised, extending slightly more

than 20 um from the ablated region in the worst case. The black boxes again represent the frames for the zoomed-in images.
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Figure 5.8 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 5 kHz with spatial overlaps of a) 0% (115%
spot separation, 20 mm/s) b) 15% (15 mm/s) ¢) 45% (10 mm/s) d) 70% (5 mm/s). The scans consisted of 20 lines of 4 passes each,
spaced out by 20 pm. The observed thermal damage margins are highly localised, extending just under 30 um from the ablated
region in the worst case. However, the shape of the ablated feature is harder to control as the spatial overlap of the pulses is

increased at this higher pulse repetition rate.

A plot of line profiles measured from the surface maps captured using the surface profilometer of the

corresponding glutaraldehyde-fixated samples is shown in figure 5.9.
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Figure 5.9 — Line profiles taken from the surface maps captured using the surface profilometer of the corresponding glutaraldehyde-
fixated porcine intestinal tissue samples ablated using the same parameters for the Bessel-Gauss beam as those shown in the
previous histology images. The overall shape of the ablated feature becomes harder to control as the spatial overlap of the pulses is

increased at this higher pulse repetition rate. OL = spatial pulse overlap.
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5.4 5 kHz ablation of porcine intestinal tissue samples with Gaussian beam

The Gaussian beam exhibited promising thermal damage margins across faster stage translation
speeds/lower spatial pulse overlaps (figure 5.10). However, the lower depth of focus led to issues regarding
the consistency of ablation along the raster scans and at higher pulse overlaps excessive cavitation bubble
formation was observed, which led to further difficulties in controlling the ablation process, with this

leading to comparatively extensive damage margins of up to more than 120 um (figure 5.11c).

Figure 5.10 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Gaussian beam using 85 pJ pulses applied at a repetition rate of 5 kHz with spatial overlaps of a) 0% (285% spot
separation, 50 mm/s) b) 0% (230% spot separation, 40 mm/s) c) 0% (200% spot separation, 35 mm/s) d) 0% (145% spot separation,
25 mm/s). The scans consisted of 20 lines of 4 passes each, spaced out by 30 um. The observed thermal damage margins are highly
localised, extending just under 20 pm from the ablated region in the worst case. The individual scan lines observed in surface profile

a) are a result of the low spatial overlap, low pulse frequency and short focal depth.
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Figure 5.11 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Gaussian beam using 85 pJ pulses applied at a repetition rate of 5 kHz with spatial overlaps of a) 0% (115% spot
separation, 20 mm/s) b) 15% (15 mm/s) c) 45% (10 mm/s) d) 70% (5 mm/s). The scans consisted of 20 lines of 4 passes each,
spaced out by 20 pm. The observed thermal damage margins are again more extensive here, stretching over more than 120 pm from
the ablated region in the worst case. This occurs due to the cavitation effects that arise from the combination of the high fluence with
the high pulse repetition rate and spatial overlap of the pulses.

A plot of line profiles measured from the surface maps captured using the surface profilometer of the

corresponding glutaraldehyde-fixated samples is shown in figure 5.12.
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Figure 5.12 — Line profiles taken from the surface maps captured using the surface profilometer of the corresponding
glutaraldehyde-fixated porcine intestinal tissue samples ablated using the same parameters for the Gaussian beam as those shown in
the previous histology images. The lack of consistency in the overall shape of the ablated features while varying the spatial overlap

of the pulses is attributed to a combination of the high fluence, the lower temporal separation of the pulses at this increased pulse

repetition rate and the combination of the short depth of focus with the inherent inhomogeneity of the sample surfaces.

5.5 10 kHz ablation of porcine intestinal tissue samples with Bessel-Gauss beam

The Bessel-Gauss beam again showed promising damage margins across all the stage translation
speeds/spatial pulse overlaps tested (figures 5.13 and 5.14). However, at this further increased pulse
repetition rate it was noted that the structure of the resected volume of tissue started to become more
difficult to control at higher spatial overlaps than for the 5 kHz, with lateral splitting of the tissue being an
issue despite the high thermal confinement. This would perhaps be intuitively expected from the decreased
temporal separation of the applied laser pulses. Additionally, some considerable cavitation was observed at

the slowest stage translation speed of 5 mm/s (the histology image shown in figure 5.14d).
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Figure 5.13 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 10 kHz with spatial overlaps of a) 0% (145%
spot separation, 50 mm/s) b) 0% (115% spot separation, 40 mm/s) c¢) 0% (35 mm/s) d) 15% (30 mm/s) e) 30% (25 mm/s). The scans
consisted of 20 lines of 4 passes each, spaced out by 20 pm. The observed thermal damage margins are highly localised, extending
just under 40 um from the ablated region in the worst case. What were first surmised to be cavitation bubbles in b), c) and )
(highlighted by red circles) were confirmed to likely be goblet cells in b) and e) and a lymphatic vessel in c (all from having

surrounding cell linings intact) by Nicholas West, a histologist project partner.
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Figure 5.14 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 10 kHz with spatial overlaps of a) 45% (20
mm/s) b) 55% (15 mm/s) c) 70% (10 mm/s) d) 85% (5 mm/s). The scans consisted of 20 lines of 4 passes each, spaced out by 20
um. The observed thermal damage margins are highly localised, spanning under 50 pm with the exception of d), where noticeable

cavitation (i.e. bubble formation) is observed. However, the overall shape of the ablated feature is again harder to control as the

spatial overlap of the pulses is increased at this higher pulse repetition rate.

A plot of line profiles measured from the surface maps captured using the surface profilometer of the

corresponding glutaraldehyde-fixated samples is shown in figure 5.15.
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Figure 5.15 — Line profiles taken from the surface maps captured using the surface profilometer of the corresponding
glutaraldehyde-fixated porcine intestinal tissue samples ablated using the same parameters for the Bessel-Gauss beam as those
shown in the previous histology images. Again, the overall shape of the ablated feature becomes harder to control as the spatial

overlap of the pulses is increased at this higher pulse repetition rate.

5.6 10 kHz ablation of porcine intestinal tissue samples with Gaussian beam

The Gaussian beam exhibited promising damage margins across faster stage translation speeds/lower
spatial pulse overlaps (figure 5.16). At this further increased repetition rate the lack of consistency in the
ablation due to the lower depth of focus was less prominent but cavitation bubble formation and thermal
accumulation were more significant, with this leading to even greater damage margins than at 5 kHz due to
the decreased temporal separation of the pulses (figure 5.17). Some cavitation bubbles can be observed at
spatial pulse overlaps as low as 30% (shown in the histology image in figure 5.16¢). This becomes more

severe as the pulse overlap is increased, as shown across the histology images in figure 5.17.
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Figure 5.16 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Gaussian beam using 85 pJ pulses applied at a repetition rate of 10 kHz with spatial overlaps of a) 0% (145% spot
separation, 50 mm/s) b) 0% (115% spot separation, 40 mm/s) ¢) 0% (35 mm/s) d) 15% (30 mm/s) e) 30% (25 mm/s). The scans
consisted of 20 lines of 4 passes each, spaced out by 20 um. The observed thermal damage margins are highly localised, extending
just under 50 um from the ablated region in the worst case. However, some cavitation is observed for e).

194



Figure 5.17 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were

scanned with the Gaussian beam using 85 pJ pulses applied at a repetition rate of 10 kHz with spatial overlaps of a) 45% (20 mm/s)

b) 55% (15 mm/s) c) 70% (10 mm/s) d) 85% (5 mm/s). The scans consisted of 20 lines of 4 passes each, spaced out by 20 um. The

observed thermal damage margins are more extensive here, extending over more than 200 um from the ablated region in the worst

case. This is attributed again to the cavitation effects that arise from the combination of the high fluence with the high repetition rate
and spatial overlap of the pulses.

A plot of line profiles measured from the surface maps captured using the surface profilometer of the

corresponding glutaraldehyde-fixated samples is shown in figure 5.18.
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Figure 5.18 — Line profiles taken from the surface maps captured using the surface profilometer of the corresponding
glutaraldehyde-fixated porcine intestinal tissue samples ablated using the same parameters for the Gaussian beam as those shown in
the previous histology images. The lack of consistency in the overall shape of the ablated features while varying the spatial overlap

of the pulses is again attributed to a combination of the high fluence, the lower temporal separation of the pulses at this increased
pulse repetition rate and the combination of the short depth of focus with the inherent inhomogeneity of the sample surfaces.

5.7 20 kHz ablation of porcine intestinal tissue samples with Bessel-Gauss beam

The Bessel-Gauss beam once again showed impressive thermal damage margins across all the stage
translation speeds/spatial pulse overlaps tested (figure 5.19). However, while undesirable cavitation effects
such as bubble formation were minimal when compared to those observed at 20 kHz using the Gaussian
beam, the shape of the ablated features is still increasingly difficult to control as the spatial overlap of the
applied pulses increases. At this maximum tested pulse repetition rate of 20 kHz it was noted that the
structure of the resected volume of tissue was even more difficult to control at the higher spatial pulse
overlap values than for either the 5 or 10 kHz ablation trials, with lateral splitting of the tissue continuing
to be a prominent issue at these slower stage translation/sample scanning speeds despite the high thermal
confinement. This again would be intuitively expected from the decreased temporal separation of the
applied laser pulses.
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Figure 5.19 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples. The features here were
scanned with the Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 20 kHz with spatial overlaps of a) 30% (50
mm/s) b) 45% (40 mm/s) c) 55% (30 mm/s) d) 70% (20 mm/s) e) 85% (10 mm/s). The scans consisted of 20 lines of 4 passes each,
spaced out by 20 um. The observed thermal damage margins are highly localised, extending just under 30 um from the ablated
region in the worst case. However, the overall shape of the ablated feature is harder to control as the spatial overlap of the pulses is

increased at this higher pulse repetition rate yet again.

A plot of line profiles measured from the surface maps captured using the surface profilometer of the

corresponding glutaraldehyde-fixated samples is shown in figure 5.20.
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Figure 5.20 — Line profiles taken from the surface maps captured using the surface profilometer of the corresponding
glutaraldehyde-fixated porcine intestinal tissue samples ablated using the same parameters for the Bessel-Gauss beam as those
shown in the previous histology images. Again, the overall shape of the ablated feature becomes harder to control as the spatial

overlap of the pulses is increased at this higher pulse repetition rate.

5.8 20 kHz ablation of porcine intestinal tissue samples with Gaussian beam

The Gaussian beam exhibited extensive cavitation bubble formation and thermal accumulation across all
of the tested stage speeds for the maximum pulse repetition rate of 20 kHz used within the scope of this
work (figure 5.21). The consistency of the ablated features across both the histology images and the surface

profile measurements is again significantly impaired by this thermal accumulation and cavitation bubble
formation due to the decreased temporal separation of the pulses.
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Figure 5.21 — Histological H&E stained images (with zoomed-in views) of porcine intestinal tissue samples scanned with the

Bessel-Gauss beam using 85 pJ pulses applied at a repetition rate of 20 kHz with spatial overlaps of a) 30% (50 mm/s) b) 45% (40

mm/s) ¢) 55% (30 mm/s) d) 70% (20 mm/s) e) 85% (10 mm/s). The scans consisted of 20 lines of 4 passes each, spaced out by 20

um. The observed thermal damage margins are highest here, extending almost as much as 400 pm away from the ablated region in
the worst case. The cavitation effects leads to the least consistent ablation across all of the trials, with the shape of the ablated

features being very difficult to control across all of the tested spatial pulse overlap values.
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A plot of line profiles measured from the surface maps captured using the surface profilometer of the
corresponding glutaraldehyde-fixated samples is shown in figure 5.22.
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Figure 5.22 - Line profiles taken from the surface maps captured using the surface profilometer of the corresponding
glutaraldehyde-fixated porcine intestinal tissue samples ablated using the same parameters for the Gaussian beam as those shown in
the previous histology images. The lack of consistency in the overall shape of the ablated features while varying the spatial overlap

of the pulses is once again attributed to a combination of the high fluence, the lower temporal separation of the pulses at this
increased pulse repetition rate and the combination of the short depth of focus with the inherent inhomogeneity of the sample

surfaces.

5.9 Summary of higher pulse repetition rate ablation trials

All of the ablation trials at these higher pulse repetition rates again exhibited plasma formation on the
surfaces of the various tissue samples across axial ranges of over 1 mm for the Bessel-Gauss beam and
around 400 pum for the Gaussian beam at the maximum input pulse energy of 85 pJ. For the majority of the
trials the ablated depths resulted in the partial or complete removal of the mucosal layer despite the small
spot sizes used, which is significant as this layer is where the majority of early-stage cancerous tumours
begin to develop within the intestinal tract [5.6]. Additionally, despite the multiple passes applied, the
inherent characteristics of the muscularis layer (i.e. elasticity/rigidity) prevented any damage to it, as
discussed previously in chapter 4. For both beams no spatial overlapping of the pulses (0%) provided
optimal results to preserve lateral control of the resected volumes at these higher repetition rates, avoiding
both mechanical splitting of the tissue (likely from the increased energy density applied to the tissue as the
stage decelerates near the raster scan edges) or undesirable thermal build-up and/or cavitation bubble
formation, although these lower spatial overlaps often come at the expense of the total ablated depth for a
given number of passes (and therefore the maximum achievable ablation rate). Consequently, these higher
pulse repetition rates are less precise (particularly for equivalent spatial pulse overlaps) but significantly

faster than the lower pulse repetition rates tested in chapter 4. Operation at these higher repetition rates
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therefore allows for the lower scanning speeds required for smaller spot sizes to provide a given spatial

pulse overlap value to be capitalised upon.

From these higher pulse repetition rate trials, the Bessel-Gauss beam highlighted a trend of being less prone
to cavitation effects (i.e. bubble formation build-up) inhibiting the ablation process for a given set of
ablation parameters (including spatial overlap of the pulses, number of passes and input pulse energy) than
the Gaussian beam. This was attributed to a combination of the more stretched out nature of the intensity
profile of the pulses, the self-healing properties of the beam and the more consistent spot size, which
consequently leads to a more consistent spatial overlap of the applied pulses. The axially stretched out
intensity profile provided by the large non-diffractive focal depth is of particular note, as higher intensity
ultrashort pulses have been linked to larger cavitation bubbles with longer lifetimes [5.7],[5.8]. This
becomes prominent as the pulse repetition rate increases due to the subsequent decrease in the temporal
separation of the applied pulses, with heat dissipation outwith the focal volume being hindered by the arrival
of the subsequent pulses. It is worthwhile to note that some cavitation was still observed towards the higher
end of the tested spatial pulse overlaps with the Bessel-Gauss beam, due to the combination of high spatial
and temporal overlapping of the pulses [5.9].

These laser ablation trials are summarised for both beam shapes shown in tables 5.1 and 5.2.
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Pulse Spatial Spatial | Approximate Peak Secondary effects of plasma
Repetition pulse pulse mean depth thermal generation
Rate (kHz) | separation | overlap (um) damage
(%) (%) (um)
5 285 0 90 8 No
230 0 120 22 No
200 0 150 25 No
170 0 170 13 No
145 0 190 22 No
115 0 180 26 No
85 15 250 12 No
55 45 290 14 Mechanical damage (splitting of
tissue)
30 70 350 29
10 145 0 100 14 No
115 0 110 39 No
100 0 140 24 No
85 15 210 26 No
70 30 270 24 No
55 45 300 46 No
45 55 290 34 No
30 70 310 35 Mechanical damage (splitting of
tissue)
15 85 360 69 Mechanical damage (splitting of
tissue) + cavitation bubble formation
20 70 30 210 29 No
55 45 190 11 No
45 55 480 22 Mechanical damage (splitting of
tissue)
30 70 540 24
15 85 490 25

Table 5.1 — Higher pulse repetition rate porcine intestinal tissue ablation trials using the Bessel-Gauss beam.

Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 pJ, 20 um raster line spacing, 4 passes per line.
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Pulse Spatial Spatial Approximate Peak Secondary effects of plasma
Repetition pulse pulse mean depth thermal generation
Rate (kHz) | separation | overlap (um) damage
(%) (%) (nm)
5 285 0 40 13 No
230 0 110 14 No
200 0 120 29 No
145 0 160 23 No
115 0 520 31 No
85 15 140 82 Considerable cavitation bubble
formation and heat
55 45 160 122 )
accumulation
30 70 210 103
10 145 0 170 18 No
115 0 170 17 No
100 0 180 41 No
85 15 190 34 No
70 30 140 47 Cavitation bubble formation
and heat accumulation
55 45 160 84 Considerable cavitation bubble
formation and heat
45 55 90 87 )
accumulation
30 70 340 118
15 85 160 304
20 70 30 380 107 Considerable cavitation bubble
formation and heat
55 45 470 227 ]
accumulation
45 55 150 338
30 70 370 393
15 85 140 169

Table 5.2 — Higher pulse repetition rate porcine intestinal tissue ablation trials using the Gaussian beam.

Wavelength = 1030 nm, Pulse duration = 6 ps, Pulse energy = 85 pJ, 20 um raster line spacing, 4 passes per line.
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These results show that using a Bessel-Gauss beam for performing ultrafast laser ablation of soft biological
tissues is potentially advantageous with regards to the consistency of the ablation across the inhomogeneous
surfaces. The general trend of lower ablation depths observed with the Gaussian beam for equivalent
scanning parameters could be accounted for by performing axial translation of the sample and/or
endoscopic probe, although this would be difficult to realise within a clinical context. These results also
highlight some potential for operating at higher repetition rates at a set maximum scanning speed if using
a Bessel-Gauss beam as opposed to a more conventional Gaussian beam. This could be significant as this
may enable higher ablation rates while alleviating undesirable effects from the plasma formation such as
the aforementioned cavitation bubble build-up. Additionally, one of the inevitable design constraints for
endoscopic probe devices is the maximum speed at which scanning at the distal end can be performed
[5.10]. The ablation features produced using these higher repetition rates will require further pre-clinical
trials however to evaluate the extent of potential cell apoptosis induced by the shockwave generation from
the plasma formation. This has been reported as being a potential issue in the literature with some existing
laser systems [5.11],[5.12],[5.13]. While obvious mechanical and/or thermal damage was observed with
both beam shapes when combining higher pulse repetition rates with higher spatial pulse overlaps, cell
apoptosis caused by the shockwaves may not be immediately evident, particularly in these trials where the
samples were fixed in formalin shortly after ablation. This could be examined by varying the duration
between ablation and fixation as well as transferring this work to both cell cultures and in vivo animal
models. These experiments could prove to be particularly insightful for evaluating the clinical viability of
implementing the spatial pulse overlap ranges that do not show immediate damage (thermal necrosis,
cavitation bubble formation and/or mechanical splitting of the tissue) at these higher pulse repetition rates.

However, the Bessel-Gauss beam also shows some noticeable limitations. Foremost among these is the fact
that the 20° axicon required a reimaging (demagnifying) telescope to achieve sufficient standoff from the
optical components and enough fluence for achieving consistent plasma formation. This is a consequence
of the higher input pulse energy required for the Bessel-Gauss beam to reach the plasma formation threshold
of the biological tissue from the more axially stretched out intensity profile with the same input pulse energy
[5.14]. This increased demand on the input pulse energy is significant as transmission efficiency remains

one of the primary concerns when considering a fibre delivered solution, especially for ultrashort pulses.

Additionally, the Gaussian still works well at lower spatial overlap values for the pulses and offers more
flexibility regarding the tailoring of the spot size, with this being determined by both the focal length of the
lens and the input beam width, compared to the Bessel-Gauss beam, where the diameter of the central core
along the Bessel zone is determined by the conical angle of the axicon. Further modification of the spot
size for the Bessel-Gauss beam requires a reimaging telescope, as used here. Finally, it is more technically
demanding to fabricate an axicon than a convex lens (as covered in previous chapters when discussing the

manufacturing errors that are prominent for these conical surfaces).
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5.10 High-speed imaging of ablation process on cryogenically preserved porcine

skin tissue samples
To enable direct observation of the plasma-mediated ablation dynamics for the two different beam shapes,

a high-speed imaging camera (Fastcam Mini AX200, Photron) setup, designed by Dr. Bitharas for live
capturing of ultrafast processes, was used alongside a MATLAB script he developed for post-capture video
editing (figure 5.23) [5.15]. This capturing of the picosecond laser ablation process has been covered in a
publication by Dr. Beck et al. in more detail [5.16].

High-speed camera

Gaussian beam setup

Bessel-Gauss beam setup

Translation stage

Pig skin sample

Figure 5.23 — High-speed imaging setup for capturing ablation process of porcine skin tissue.

Cryogenically preserved porcine skin tissue was used for these tests due to a lack of sample availability for
fresh porcine intestinal tissue (figure 5.24).

Figure 5.24 — Frozen porcine skin tissue samples.
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This porcine skin tissue, generously supplied by Sara Medina-Lombardero (a PhD student based at Heriot-
Watt University), provided a good tissue model to highlight the increased tolerance offered by the Bessel-

Gauss beam due to the high surface roughness (figure 5.25).

Figure 5.25 — Porcine skin surface profile captured using the 10x objective lens on the Alicona surface profilometer. While the Sa
measurement of 40 + 1 um appears smaller than the porcine intestine scans shown previously, this was performed over a much
smaller surface area to correspond with the field of view offered by the high-speed imaging camera.

A routine protocol developed by Sara was used to prepare the cryogenically preserved porcine skin. This
protocol is implemented to prevent excessive crystallisation of the tissue from the freezing process, as this

is typically the primary source of damage during cryopreservation tissues [5.17].

While the Photron Fastcam Mini AX200 offered capturing framerates up to 10000 fps, the 6000 fps option
was used as this allowed for adequate exposure from the high intensity light source required to illuminate
the sample surface. Higher framerates allow for clearer observation of the ablation dynamics, but come at
the expense of reduced exposure times thus worse illumination, which is itself limited by the high intensity
light source drying out the tissue samples due to the heat produced. This illumination issue was further
exacerbated by the relatively short working distances from both of the optical setups. Figure 5.26 shows a

porcine skin sample being translated underneath the Bessel-Gauss beam.
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Figure 5.26 — High-speed video showcasing the focal tolerance of the reimaged Bessel-Gauss beam across porcine skin using 85 pJ
pulses applied at a repetition rate of 5 kHz and a spot separation of 100%. The scanned line is approximately 20 — 30 um in width.
The areas circled in red highlight the ablated feature left by the laser spot as the sample is scanned relative to it.

Figure 5.27 shows another porcine skin sample being scanned underneath the Gaussian beam.
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Figure 5.27 — High-speed video showcasing the less consistent ablation produced by the Gaussian beam across porcine skin, again
using 85 pJ pulses applied at a repetition rate of 5 kHz and a spot separation of 100%. The scanned line on average is approximately
20 — 30 pm in width. Some particularly distinct ablation is observed at the 320 and 960 ms timestamps (circled in yellow), but more
superficial thermal charring of the tissue surface is observed at the 160 and 800 ms timestamps (circled in blue). The areas circled in

red again highlight the ablated feature left by the laser spot as the sample is scanned relative to it.
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While the Gaussian beam was able to produce distinct ablation with satisfactory thermal confinement at 5
and 10 kHz when the applied pulses were sufficiently spaced apart on the porcine intestinal tissue, across
the porcine skin surface the shorter focal depth led to issues regarding the consistency of the ablated
features. Consequently, these high-framerate videos were able to showcase the advantage of the increased
tolerance to the focus position offered by the reimaged Bessel-Gauss beam, courtesy of the inherent surface
roughness of the porcine skin, as these samples are translated relative to the incoming beams. These samples
were sent for histological analysis but unfortunately the results were not returned in time for inclusion
within this thesis.

These increased focal tolerances provided by Bessel-Gauss beams have been capitalised upon elsewhere in
recent research by Wang et al., where 1, 1.5, 2 and 2.5° axicons were used to drill microholes in polymethyl
methacrylate [5.18]. Aspect ratios as high as 348:1 were achieved courtesy of both the long focal depths
and non-diffracting nature of the produced Bessel-Gauss beams, although this did require numerous applied
pulses, as well as both reimaging of the beams and 216 fs pulse durations to reach sufficient intensities.
Additionally, this was in a transparent material, as opposed to highly scattering tissue. Past research efforts
looking at using Bessel-Gauss beams for materials processing are primarily focused around transparent
material drilling (as highlighted previously in chapters 1, 2 and 3), as these materials allow for the sidelobes
to penetrate through and form a long focus, while the scattering tissue ablated in this work required multiple
passes to fully realise the potential depths offered by these extended focal depths [5.19],[5.20],[5.21].
Recent research efforts by Tekpar et al. have hinted at the potential of addressing this by implementing
Bessel-like beams, formed by off-axis coupling of light into a multimode fibre, to image multiple planes in
a single lateral scan (which the authors state could possibly also be applied to ablative processes), albeit at

the expense of requiring increased optical powers to do so [5.22].

In conclusion, the scattering nature of the tissue structures inhibited high aspect ratio ablation with single
passes, as discussed in chapter 4. However, the increased tolerance to the focal position could be of great
significance towards endoscopic applications, as the working distances from the distal end optics to the
target regions within the gastrointestinal tract are of paramount importance. Easing the confinements around
this parameter could aid not only the endoscopic device design process, but also the surgeons using these
developed probes, while also increasing the lifetime of the endoscopic probes themselves. Coupling this
with the exciting potential for performing tissue ablation procedures at higher repetition rates (and,
importantly, therefore faster) may well result in greatly reducing the time taken for minimally invasive
surgical procedures. This may even offer the potential for “ablation-cooled” material removal via ultrafast
bursts of pulses in the future [5.23]. In addition, the increased depth of focus offered by the reimaged
Bessel-Gauss beam favourably transferring across various types of tissue shows promise regarding its
potential translation to surgical procedures elsewhere in the body, particularly after consideration of the
various distinctive mechanical properties exhibited by cancerous tissues [5.24]. These include, but are not
limited to, the heart, the neck and the mouth, all of which could be highly beneficial to both surgeons and
patients alike[5.25],[5.26],[5.27].
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Bessel-Gauss and Gaussian beams of equivalent focal spot sizes have been compared within the context of
performing ultrafast laser ablation of various biological tissues, with their respective merits and drawbacks
being discussed in depth. A method for modelling the axial intensity profiles produced by various axicons
(0.5°, 1°, 2°, 5° 10° and 20° physical angles, Thorlabs) was established using the Physical Optics
Propagation (POP) feature within OpticStudio to simulate the Carbide CB1-05 laser input beam. From this
modelling, the 20° axicon (AX2520-B) was selected as the most appropriate option due to it being the only
conical lens of the tested range to theoretically achieve peak intensity levels sufficient for obtaining plasma
formation in soft biological tissues. The modelled axial intensity range was in good agreement with that
observed experimentally via beam characterisation that was performed with a beam expanding telescope of
approximately 10x magnification and a CMOS camera, as well as initial material processing trials using
acrylic sheets. Characterisation of the curvature of the conical tip was also performed via a Tencor P-7
surface profiler and the deviation from the ideal surface (i.e. perfectly sharp tip) was found to only be 10.48
+0.15 um. This was determined to be in line with the relatively small magnitude of the intensity fluctuations
observed using the CMOS camera to measure the non-reimaged (but appropriately attenuated) Bessel-

Gauss beam produced by the 20° axicon with the CB1-05 Carbide laser input beam.

While initial experimental trials on murine intestine samples using a standalone 20° axicon did not
demonstrate the expected ablation upon the tissue surface (indicative of a lack of sufficient peak intensities
to induce nonlinear absorption processes), a reimaged (1.4x demagnified) Bessel-Gauss beam allowed for
consistent plasma-mediated ablation to be achieved. This optical setup was designed using OpticStudio to
ensure no clipping occurred at any of the optical elements, while also not compressing the axial intensity
profile to the point where the increased depth of focus was insignificant. A Gaussian beam of equivalent

spot size was also designed to test alongside the reimaged Bessel-Gauss beam.

The spot sizes of both optical setups (diameters of approximately 3.5 um) were verified using a BP209-
VIS/M scanning slit beam profiler, and also stainless steel damage threshold tests. Successive ablation trials
on murine intestinal tissue were able to confirm sufficient intensities for performing plasma-mediated
ablation with the reimaged Bessel-Gauss beam through histological analysis. Higher repetition rates of 10
and 20 kHz led to cavitation bubble formation in the murine intestinal tissue with high spatial overlapping
(90% or greater) of the applied 85 pJ pulses from the Bessel-Gauss beam. Spatial pulse overlapping of 70%
at 1 and 2 kHz allowed for tissue removal with high thermal confinement (< 15 um), while spatial pulse
overlaps of 90% at 1, 2 and 3 kHz offered increased ablation depths at the same pulse energy, but at the
expense of increased thermal damage margins (< 40 um) and even some cavitation bubble formation at 3
kHz. Initial ablation trials on porcine intestinal tissue samples confirmed adequate intensities for plasma-
mediated ablation with both optical setups. The beams showed similar ablation characteristics for single
passes across the porcine intestinal tissue surfaces at 1 kHz with 70% spatially overlapped 85 pJ pulses.
However, with increased numbers of passes the Bessel-Gauss beam showed a trend of increased ablation
depths with 70% spatially overlapped pulses at both 1 and 2 kHz, as well as 90% spatially overlapped pulses
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at 1 kHz. Thermal damage margins were again promising across all of these cases (< 25 um). 70% spatially
overlapped 85 pJ pulses at 3 kHz in this porcine tissue led to some cavitation being observed with the

Gaussian beam, causing thermal damage margins of almost 40 pm.

After vertically mounting the two optical setups side by side to allow for increased throughputs during the
intrinsically time restricted tissue ablation tests, more ablation trials on porcine intestinal tissue samples at
lower pulse repetition rates (1, 2 and 3 kHz) using higher spatial pulse overlaps were able to showcase very
promising ablation depths, particularly for the Bessel-Gauss beam, through both surface profilometry and
histological analysis. However, it was also observed that while increasing the spatial overlap of the pulses
to 90% or 97% could achieve improved ablation depths for a given number of laser passes for both beams,
this came at the expense of increased thermal build up/cavitation effects and longer procedure times,
particularly for the latter case. Spatial pulse overlaps of 70% were able to provide distinct ablation depths
along with high thermal confinement (< 20 um) for the Bessel-Gauss beam, although for the Gaussian beam
the prominence of cavitation bubble formation at both 2 and 3 kHz inhibited the respective ablation
processes. While the 70% pulse overlap trials were encouraging for the Bessel-Gauss beam, faster and more

efficient sets of parameters were still sought for both beam shapes.

After characterising some surface properties of non-ablated porcine intestine samples to try and quantify
the inhomogeneity of the tissue surfaces, another set of ablation trials was performed at higher pulse
repetition rates (5, 10 and 20 kHz, with these being limited by the maximum speeds of the LTS150/M
translation stages used). These were again able to show promising thermal damage margins for both beams
when the applied 85 pJ pulses were sufficiently spaced out by increasing the speeds at which the samples
were translated relative to the incoming beams. It was observed that as the spatial overlap of the pulses was
increased at these higher repetition rates, it became increasingly difficult to control the overall shape of the

ablated volumes.

For the Bessel-Gauss beam, spatial pulse overlaps of up to around 50% at 5, 10 and 20 kHz offered excellent
thermal confinement (with damage margins of < 30 um, < 50 um and < 25 um respectively) and shape
control, but at 70% pulse overlaps the shape of the ablated feature became hard to control despite good
thermal confinement (< 40 um). At 10 kHz, 85% spatial pulse overlaps even led to significant observable
cavitation bubble formation via histology images, while for this same pulse overlap at 20 kHz some

cavitation bubble formation was still observed but to a much lesser degree.

The Gaussian beam was found to be more prone to cavitation effects that inhibited the overall ablation
process across all the tested pulse repetition rates in these upscaled ablation trials, with cavitation bubbles
being observed in the histology images for spatial pulse overlaps as low as 15% for 5 kHz and 30% for both
10 and 20 kHz. From the histology images it is clear to see that these effects became more pronounced as
the pulse repetition rate was increased (i.e. the temporal separation of the pulses was reduced), with peak
damage margins as high as over 100 um for 5 kHz, over 200 um for 10 kHz and over 400 um for 20 kHz.
Conversely, the more consistent spot size of the Bessel-Gauss beam across its comparatively longer focal
depth resulted in what appeared to be a higher tolerance to cavitation bubble formation for a given set of
ablation parameters, albeit at pulse energies which provided sufficient intensities for both beams to achieve
plasma formation. It is worthwhile noting however that the Gaussian beam did perform relatively well with
spatial pulse overlaps of 0% (i.e. spot separations of 100% or more).
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Across all of the ablation trials the reimaged Bessel-Gauss beam showed plasma formation on the tissue
surfaces across axial ranges of just over 1 mm at the maximum input pulse energy of 85 pJ for the CB1-05
Carbide laser system. The Gaussian beam was only able to achieve plasma formation across an axial range
of just over 400 pum for this same input pulse energy. The lower focal depth led to less consistency across
the ablated features produced by the Gaussian beam, although it had the distinct advantage of achieving

plasma formation at lower input pulse energies courtesy of the more confined axial intensity distribution.

The reimaged Bessel-Gauss beam on the other hand was able to demonstrate greater tolerances to both the
inherent inhomogeneity of the tissue surfaces and to undesirable cavitation effects, while also showcasing
a trend for improved ablation depths compared to the Gaussian beam for scans where the total applied laser
energy was equated. This increased tolerance to precise focal positioning across the tissue sample surfaces
offered by the reimaged Bessel-Gauss beam was also demonstrated via separate high-speed videos for each
beam being scanned across porcine skin samples. However, the requirement of a demagnifying telescope
and higher input powers to initially achieve consistent plasma formation across the various tested tissue
surfaces for the Bessel-Gauss beam is important to note, as efficient transmission of the input laser energy
through hollow core negative curvature fibres, while simultaneously avoiding any damage to the distal end

optics, is a key consideration for translation towards an endoscopically deployable device.

Both beams were able to exhibit distinct ablation with high thermal confinement for certain parameters.
This further highlights fibre delivered ultrashort laser pulses as a promising alternative to either endoscopic
submucosal dissection, which carries a higher risk of perforation, or endoscopic full-thickness resection,
which relies on triangle tip and insulated tip knives for dissecting the surrounding mucosal and submucosal

tissue, as well as coagulation forceps to stop the resultant bleeding.

6.2 Future work

The ultimate goal of this research is to realise an endoscopically deployable device for performing
minimally invasive surgical procedures within clinical environments, using ultrafast lasers to reduce
collateral thermal damage when removing cancerous tissues. While promise has been showcased from the
greater focal depths offered by Bessel-Gauss beams for equivalent spot sizes compared to conventional
Gaussian beam shapes, the increased transmission efficiency of the latter (i.e. the capacity to achieve
intensities that exceed the plasma-mediated ablation threshold of biological tissue at lower input pulse
energies) potentially makes it more appealing for undertaking initial investigations into various other
technical challenges prior to practical realisation of device designs. These include testing optimal beam
scanning/manipulation techniques, microfabrication methods and potential compatibility with

fluorescence-guidance for improved targeting of cancerous tissue regions.

With regards to validating an axicon-generated Bessel-Gauss beam for performing plasma-mediated
ablation via fibre delivered ultrashort pulses, further experiments would need to be performed to test the
effect that the range of angles emitted at the output facet of the fibre has upon the axial intensity distribution
subsequently produced by the Bessel-Gauss beam (as opposed to the near normal incidence of the well
collimated input beam relative to the planar surface of the axicon used in this work). In addition, further
investigations would need to be carried out to address what the optimal conical angle would be for the
micro-axicon to be fabricated at the end of this endoscopic probe design. This would need to factor in both

the smaller input beam diameter, and thus comparatively more condensed Bessel zone regions than those
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generated in this work using the unmodified CB1-05 Carbide laser input beam, as well as the pulse energies
subsequently required to achieve consistent plasma formation, while avoiding damage to the hollow core
negative curvature fibres. Recent work by Li et al. has shown a 20° axicon made from SU-8 photoresist of
100 pum diameter generating a Bessel zone length of over 160 pm (which is significantly greater than the
typical 8.512 um for a 10x conventional objective lens at 532 nm), albeit for low power light-sheet
fluorescence microscopy applications [6.1]. Other recent work by Skora et al. has tested a 5° axicon of 500
pum diameter made from fused silica using laser-assisted wet etching, which achieved a 5.3 um central core

diameter over 3.5 mm [6.2].

Testing reimaging setups for both smaller and larger conical angles would also be very interesting by
offering incredible flexibility in the range of possible spot sizes and focal depths, with smaller conical
angles providing larger standoffs from the conical tip (thus being compatible with longer focal length
reimaging setups), and larger conical angles providing higher intensities. While the higher standoff and
longer axial intensity distributions provided by smaller angle axicons would of further interest to test with
higher input pulse energies, the input pulse energy cannot be indefinitely increased due to the design
limitations of the fibre input and output facet damage thresholds, as well as those of the fibre itself and the

distal end optical components.

However, the conical angle should ideally be used in combination with the reduced input beam diameter
to allow for a single axicon to be implemented without the need for a reimaging telescope. This would be
optimal as a reimaging telescope would reduce both the overall transmission efficiency and the
compatible range of input angles for the incident fibre delivered ultrashort pulses. Regardless, this would
entail further theoretical modelling, potentially via the OpticStudio software used in this work, with
comparisons being drawn to more conventional microlenses of various focal lengths. The range of
potential acceptance angles could be tested by simulating the axicon and microlenses with relative tilt
angles as high as those emitted at the extremities of the fibre output beam by factoring in the numerical
aperture of these negative curvature fibres [6.3]. This range of acceptance angles is significant as beam
scanning would need to be carried out at the distal end of the endoscopic device. Spiral scans would be
ideal as this better matches the elliptical shape that cancerous polyps tend to have, as opposed to the
rectangular shapes ablated with the raster scans within this work. It also allows for continuous emission as

opposed to turning the laser on and off at the raster scan edges for optimal thermal confinement [6.4].

Futhermore, pre-shaping the beam could be potentially of interest, as if a doughnut-shaped input beam were
to be used this could theoretically avoid the current manufacturing error of the oblate tip that is inherent to
axicons, as may using a reflective axicon design. This would, however, require further optical beam shaping
elements placed at the distal end of the fibre (i.e. within the endoscopic probe head), further increasing the
total dimensions of the design. Alternatively, examining single diffractive optical elements for producing
flat-top beams could also be of interest, although similar to a standalone axicon (which is itself a diffractive
optical element), the axial range over which the flatness of the super-Gaussian flat-top beam remains
constant (and therefore the depth of focus) increases with longer working distances for the single-DOE-
based design [6.5]. This could inhibit implementation into an endoscopic device, where working ranges

will be innately limited.

215



In this work the Bessel-Gauss and Gaussian beams were compared by roughly equating the spot sizes they
offered. Another interesting avenue of comparison would be to equate the focal depths of the setups (i.e.
using a larger focused spot size for the Gaussian beam), although this would involve using very different
scanning speeds for the two beam shapes. An examination could then be carried out between the merits of
the faster scanning speeds courtesy of the larger spot size (and therefore increased removal rates) with the
resultant thermal damage margins obtained with both optical setups. Care would have to be taken to ensure
appropriate working distances from both setups to make them suitable for potential incorporation into
endoscopic probe designs. Additionally, as discussed in the previous chapter, the ablation features produced
using higher pulse repetition rates will require further pre-clinical trials using both beam shapes to evaluate

the extent of potential cell apoptosis induced by the shockwave generation from the plasma formation.

Recent work published by Subramanian et al. shows promise regarding the design of endoscopic probes
capable of handling higher peak powers via the implementation of calcium fluoride as the miniaturised
objective lens material [6.6]. The use of calcium fluoride prevented strong multiphoton absorption, but the
maximum removal rate of bovine cortical bone (> 0.1 mm3/min) was limited by the transmission efficiency
(53%) and the total available laser power (0.5 W for the 303 kHz fibre laser used). Beam steering was
implemented in this instance using a piezo ceramic tube, with a 14 mm diameter stainless steel casing being
incorporated to house all the optical and electrical components. While this probe was able to handle and
deliver femtosecond pulses, this study highlights a number of practical limitations still to be overcome,
including the total deliverable power and low focal position tolerances (125 um). While the work detailed
in this thesis seeks to address the latter, the former issue relating to damage thresholds requires further work
to be adequately addressed, which consequently could allow for the extended depths of focus offered by

axicons to be further capitalised upon for surgical applications.

Advances in synergistic screening technologies include the relatively recent implementation of machine
learning towards tumour diagnosis and predicting recurrence [6.7],[6.8]. This will not only help with
detecting tumours earlier in their development cycle and improve targeting of these cancerous tissue
regions, but could also result in increased demands in minimally invasive techniques for carrying out
subsequent surgical resection. In a similar vein, intraoperative fluorescence imaging using Indocyanine
green dye has shown promising early indications for reducing anastomotic leak cases post rectal cancer
surgery [6.9],[6.10],[6.11]. This could potentially be paired with the plasma-mediated ultrafast laser
ablation covered in this thesis to offer unparalleled precision in colorectal cancer resection procedures.
Similar intraoperative feedback has also been verified using **™Tc-labelled prostate-specific membrane

antigen (PSMA) ligands for radio-guided surgery in nodal metastatic prostate cancer cases [6.12].

The Piccolo research project is similarly focused on advancing early screening and diagnosis of colorectal
cancer, proposing a new multimodal photonics endoscope, combining Optical Coherence Tomography
(OCT) and Multi-Photon Tomography (MPT) with red-flag fluorescence technology and machine learning
to perform in vivo diagnosis [6.13],[6.14],[6.15],[6.16]. The use of deep learning techniques have shown
promise in improving polyp detection, localisation and classification. Upcoming research endeavours at
Heriot-Watt University also seek to combine robotic-assisted surgery with mechanical measurements on

the tissue surface to provide a quantitative means of determining optimal surgical margins [6.17].
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For resection, recent work by York et al. has showcased an electromechanical device that can be integrated
with existing endoscopes to focus and steer fibre delivered lasers at high speeds over a large range (10
degrees in two axes) with a static repeatability of 200 pm [6.18]. While the working distance of 25 mm is
still potentially too long in some instances, scanning speeds of up to 5000 mm/s have been achieved via
two piezo-actuated mirrors. Other tissue ablation work carried out by Truong et al. looked at using a fibre
laser with a diffusing applicator in both ex vivo and in vivo porcine pancreatic tissue to develop an
endoscopic ultrasound guided technique for treating pancreatic cancer [6.19]. While uniform ablation was
achieved without carbonisation, the laser used was a continuous wave source which resulted in a significant
amount of coagulated tissue. Additionally, the authors state that further miniaturisation of the diffusing
applicator would be required to reduce mechanical trauma in clinic, and that porcine pancreatic tissue is

not an accurate model for the human equivalent, particularly in the case of cancerous tissue.

Recent studies by Wang et al. looked at the use of photodynamic therapy to treat resected tumour margins,
reducing the rate of recurrence of prostate tumours in mice models, thus highlighting it as a potential
complementary treatment method [6.20]. Other potential complementary technologies include over-the-
scope clips, which help to treat gastrointestinal bleeding, and even perforations, although as these clips

reach the muscularis layer the risks associated with the removal procedure increase [6.21].

Future endeavours by the research group at Heriot-Watt overseen by Dr. Beck aim to test how laser
parameters that worked optimally for ablating porcine intestine translate to other types of tissue, including
throat and brain. In addition, characterisation and testing of endoscopic probe designs that incorporate either
conventional microlenses or micro-axicons is to be carried out. These could be used in conjunction with
the recently developed fibre-optic Raman probes [6.22]. Even with the brief coverage of recent research
presented here, it is clear that there remains significant untapped potential for further improving surgical

outcomes, reaping the benefits that this would offer both surgeons and patients in the future.

Looking even further forward, and uniting some of the research trends highlighted here, the concept of
combining artificial intelligence with robotically controlled surgical tools could enable unparalleled
accuracy and repeatability in both the detection and resection of various types of cancerous tissue.
Combining this with further developments in ultrafast laser ablation techniques could enable economically
viable resection procedures with damage margins down to the single cell scale. Additionally, the potential
for automating these robot-controlled ablation processes via the incorporation of in-vivo diagnostics using
various imaging techniques simultaneously to act as a comprehensive feedback mechanism could reduce
both patient waiting lists and current demands on surgeons, with the constant strive for further
miniaturisation of endoscopic devices enabling even less invasive procedures. Finally, implementing
machine learning techniques to the in-vivo diagnostics could allow for these automated procedures to be

tailored to each patient.
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Appendix 1

i 50 mm
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Figure 1a - Ray trace showcasing the clipping that occurs upon placing a 100 mm focal length plano-convex (LA1509-B, Thorlabs)
lens a distance equal to its specified front focal length away from the conical tip of the 20° axicon. The axicon has its planar surface

illuminated by a 2.6 mm 1/e? diameter Gaussian input beam to simulate that produced by the CB1-05 Carbide laser.
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Figure 1b - Ray trace showcasing lack of beam clipping along the approximately 10x magnification telescope. This was achieved by
placing a 25.4 mm focal length plano-convex (LA1951-B, Thorlabs) lens a distance slightly greater than its specified front focal
length away from the conical tip of the 20° axicon, followed by a 250 mm focal length lens to obtain the desired extent of beam
expansion. Again, the axicon has its planar surface illuminated by a 2.6 mm 1/e? diameter Gaussian input beam to simulate that

produced by the CB1-05 Carbide laser.
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Appendix 2
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Figure 2a - Ray trace of 1.4x demagnified 20° axicon setup, using 50 mm and 35 mm focal length plano-convex lenses (LA1131-B
and LA1027-B respectively, Thorlabs). The axicon again has its planar surface illuminated by a 2.6 mm 1/e? diameter Gaussian

input beam to simulate that produced by the CB1-05 Carbide laser.
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Figure 2b - Ray trace of 5x beam expander. The — 50 mm focal length concave lens has its curved surface illuminated by a 2.6 mm

1/e? diameter Gaussian input beam to simulate that produced by the CB1-05 Carbide laser.
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Figure 2c - Ray trace of the focussing 25.4 mm focal length convex lens. The input beam is modelled using the output beam
properties of the 5x beam expanding telescope simulated previously to closely replicate those produced by the beam expander after
being illuminated by the CB1-05 Carbide laser output. The curved surface of the lens is placed facing the incident collimated beam

to reduce the spherical aberration.
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Figure 2d - Seidel plot of the simulated 25.4 mm focusing lens setup, showing the spherical aberration induced by the relatively high
curvature of the lens. Aberration gridlines are spaced at 0.05 mm. Surface 2 corresponds to the curved surface of the lens. This plot
shows that the spherical aberration is the only source of aberration in the system (in the simulated case of perfectly orthogonal

alignment).
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