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ABSTRACT 

 
Ultrashort pulsed lasers are being increasingly used for high precision micromachining across many industries. To 

further optimise these processes, consideration of the spatial profile of the laser beam is essential, as the shape of the 

processed area often closely resembles the intensity distribution used. Within surgical contexts, ultrashort infrared pulsed 

lasers offer significantly improved localisation in the ablation of biological tissues over current electrocautery methods 

through their non-contact, plasma-mediated interaction mechanisms.  

 

This localisation can reduce the risk of severe complications such as bowel perforation. However, for incorporation into 

an endoscopic device, the limited focal depths inherent to tightly focused Gaussian beams can greatly hinder the ablation 

of inhomogeneous tissue surfaces. However, alternative beam shapes, such as Bessel-Gauss beams, enable a decoupling 

of the focal volume from the focal depth.  

 

Various beam profiles and laser scanning parameters have been investigated, capitalising upon the distinct advantages 

offered from applying ultrashort pulsed lasers to microsurgery of tissue. Assessment of the corresponding ablation 

profiles in porcine intestinal tissue was performed through both three-dimensional optical surface profilometry and 

histological analysis. Using a Bessel-Gauss beam, ablated depths close to a millimetre were achieved while showcasing 

peak thermal damage margins of around 30 µm. 

 

If adopted in operating theatres, surgeons could benefit from increased precision when resecting neoplasia in the mucosal 

and submucosal layers of the colon, providing them with greater levels of control both in terms of lateral accuracy and in 

moderating the depth of tissue removed, especially when compared to current electrocautery methods.  

 

Keywords: Ultrafast, laser surgery, plasma-mediated ablation, tissue, laser, infrared, cancer, Bessel beam. 

 

1. INTRODUCTION 

Diagnosing and treatment of cancer as early as possible is critical. However, numerous surgical procedures still entail the 

use of continuous wave (CW) lasers, long pulsed lasers and/or electrocautery devices, all of which have been shown to 

cause considerable thermal damage to the surrounding healthy tissue [1]. Contrarily, ultrashort pulsed lasers continue to 

be implemented across various medical procedures, courtesy of their capacity to offer high levels of thermal 

confinement, leading to minimal damage to the surrounding healthy tissue [2]. 

 

Laser ablation performed using CW or long pulsed lasers relies on linear thermal processes which highly depend on the 

absorption characteristics of the biological samples [3]. Subsequently, thermal accumulation occurs during the ablation 

process, causing necrosis to occur within the tissue surrounding (and underlying) the ablated site. This makes this 

surgical technique ill-suited for resecting tissues in delicate regions of the body. Similarly, current electrocautery 

techniques lead to significant collateral thermal damage, meaning these procedures are also prone to longer patient 

recovery times and even potential bowel perforation when used for performing tumour resection within the 

gastrointestinal tract [4]. 

 

Surgical procedures upon various thin structures within the human body require high precision, both laterally and in 

terms of depth control. This can help avoid complications such as the aforementioned bowel perforation, that otherwise 
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causes significant morbidity in the best-case scenario and potentially patient mortality at worst [5]. Consequently, 

ultrashort pulsed lasers are ideal in these situations. 

 

The application of Bessel beams towards tissue ablation has shown some initial promise, albeit in hard biological tissues 

(ovine and bovine bone) [6]. It has been well documented that the most efficient method of practically generating a 

Bessel beam involves illumination of a conical lens (axicon) with a Gaussian input beam. This forms a “quasi-Bessel” 

beam or “Bessel-Gauss” beam, as the experimental actualisation of a propagation invariant Bessel beam would 

necessitate an infinite amount of input energy.  

 

Nevertheless, the significantly increased depths-of-focus offered by Bessel-Gauss beams is linked to the non-diffractive 

behaviour exhibited by the central cores. This leads to an axial intensity profile that changes more gradually along its 

propagation compared to a more conventional Gaussian beam (of equivalent focussed spot size). This has already been 

showcased in numerous material processing applications (particularly in transparent materials, as these allow for the 

increased depth-of-focus to be capitalised upon courtesy of the sidelobes being able penetrate and form a long focus 

throughout the material), where the use of a Bessel-Gauss beam as opposed to a Gaussian beam has led to improvements 

in the achievable ablation rates and aspect ratios of the ensuing ablated features) [7]. Additionally, the more consistent 

spot size offers the possibility for more consistent thermal damage margins across an extended axial range. 
 

These traits are especially attractive when considering ablation of biological tissues. The increased depth-of-focus 

offered by these Bessel-Gauss beams means that they are less hindered by the inhomogeneous surfaces that biological 

tissues inherently possess, potentially making them ideal for performing photoablation across various surgical 

procedures. 

 

To enable the necessary minimally invasive surgical modalities for the applications under consideration, hollow-core 

negative-curvature optical fibres will be implemented as they have the capacity to deliver high laser energy densities at 

infrared wavelengths. These fibres enable picosecond pulse delivery while avoiding undesirable nonlinear effects and 

maintaining low bend radii, making them well suited towards minimally invasive procedures. 

 

To further optimise picosecond laser ablation of soft biological tissues consideration of the beam shape itself is 

necessary. The effect of utilising different beam shapes for carrying out these ultrafast laser ablation processes was 

investigated by testing Bessel-Gauss and Gaussian beams of approximately equivalent spot sizes on various porcine 

tissues. 

 

2. METHODOLOGY & RESULTS 

The laser system with a central wavelength of 1028±5 nm, variable pulse repetition rate and tunable pulse widths was 

used. An average power of 5 W was predominantly used for the ablation trials carried out within the scope of this work.  

 

Two optical setups were characterised and tested. The Bessel-Gauss beam setup consisted of an axicon paired with a 

reimaging (demagnifying) telescope, while the Gaussian beam setup included a convex lens preceded by a beam 

expander. Porcine intestinal tissue samples were ablated using both setups.  

 

The axicon was selected based on simulations of the axial intensity profiles carried out within the OpticStudio software 

developed by Zemax. Histological analysis was performed by clinical project partners based at the University of Leeds 

to allow for evaluation of the thermal damage caused by various laser processing parameters for the two optical setups. 

This histological examination was supplemented by surface profilometry of samples ablated using identical laser and 

scanning parameters to those sent for histological examination, as shown in figure 1. This allows for the repeatability of 

the parameters to be investigated in terms of both the lateral dimensions and the depths of the ablated features. 
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Figure 1. Histological H&E stained images and surface profiles of porcine intestinal tissue samples ablated with the Bessel-

Gauss beam. The features were scanned with fixed spatial pulse overlaps using a) 2 kHz b) 3 kHz and c) 5 kHz. 

 

The reimaged Bessel-Gauss beam benefitted from a greater tolerance to the inhomogeneity of the porcine intestinal 

tissue samples, showcasing plasma formation across an axial range over double that of the equivalently sized Gaussian 

beam for the same input power. Additionally, it was shown to be less prone to undesirable cavitation effects through 

histological evaluation, particularly as the pulse repletion rate and spatial pulse overlap values were increased. 

 

It is important to note however that the tightly focused Gaussian beam was also able to exhibit high thermal confinement 

for the ablated features, but only for cases where the pulses were sufficiently separated both temporally and spatially. 

Additionally, the Gaussian beam had the distinct advantage of achieving plasma formation upon the tissue surface at 

lower input pulse energies due to the more confined axial intensity distribution. The findings further highlight ultrashort 

laser pulses as a promising alternative tool for performing endoscopic tumour resection.  
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3. CONCLUSION 

The reimaged Bessel-Gauss beam was able to demonstrate greater tolerances to both the inherent inhomogeneity of the 

tissue surfaces and to undesirable cavitation effects compared to a Gaussian beam of equivalent focal spot size. These 

effects were attributed to the increased focal depth and more consistent spot size throughout its focal depth respectively. 

It was also able to exhibit a trend for increased ablation depths compared to the Gaussian beam for scans where the total 

applied laser energy was equated. 
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