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1. Abstract 

 

Light sheet microscopy, with the technique developed nearly a century ago and the first 

application toward fluorescence microscopy of biological specimens occurring in the late 

twentieth century, has seen a resurgence for applications requiring rapid or 3D imaging of 

biological samples. Conventional light sheet microscopy uses Gaussian beams that are the 

standard output of laser systems, and can be turned into a light sheet utilizing a cylindrical lens. 

However, highly focused Gaussian beams used in microscopy spread out quickly, leaving only a 

small section that can be imaged, and are also vulnerable to beam propagation distortion and 

steering in a scattering medium. In order to overcome the depth-of-focus versus resolution 

tradeoff inherent to Gaussian beams, non-diffracting beams have been proposed as solutions in 

applications where cellular resolution is required over a larger field-of-view (FOV). These non-

diffracting beams, such as Bessel or Airy beams, offer significant improvements in depth-of-

focus, but come with disadvantages, such as out-of-focus excitations that degrade contrast and 

image quality in fluorescent microscopy. However, due the interest in achieving higher FOVs 

without sacrificing resolution, there is a great deal of ongoing research looking at side lobe 

suppression techniques with non-diffracting beams. 

In this thesis work we look at various methods of suppressing the side lobes of the Bessel beams 

and assess the contrast differences in comparison to a conventional Gaussian beam. Using a 

spatial light modulator and dual-axis microscope architecture, we create a test bed for beam 

shaping and comparing traits between the beam profiles. Differences in image contrast and 

signal-to-background ratio (SBR) are assessed when looking at fluorescent solutions, beads, and 

phantoms. In the final section, we look at preliminary experiments on using the sectioned Bessel 

beam with electronic confocal slit detection (eCSD) image processing and analyze the benefits, 

along with challenges faced when applying this technology to imaging cleared tissue specimens. 

Overall, the sectioned Bessel beam coupled with eCSD image processing allows us to achieve 

similar signal-to-background ratios (SBR) compared to a conventional Gaussian beam 

illumination scheme, while giving large improvements in depth-of-focus for a given resolution. 

Although we are unable to prove this in the current iteration of the microscope test bed, these 

properties are expected to be particularly useful in imaging cleared tissue samples.  
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2. Introduction 

 

In this section we lay some of the contextual background to the thesis work described in this 

report, starting with an overview of fluorescence microscopy, along with techniques and design 

architectures within fluorescent microscopy. We then discuss beam shaping, followed by a 

discussion of the clinical applications of fluorescent microscopy. This section ends with the 

motivations for the thesis work, along with project overview and roadmap. 

 

i. Fluorescence Microscopy 

Fluorescence microscopy has been a revolutionary tool in the way we are able to image 

and view specimens in biology and pathology 
1
. Fluorescence simply refers to the emission of 

light (or electromagnetic radiation) following a mechanism of energy absorption. In fluorescence 

microscopy, photoluminescence occurs as a result of absorption of electromagnetic radiation 

within the absorption spectrum. The absorbed radiation is called the excitation source, resulting 

in an eventual emission of higher wavelength light. The energy and wavelength difference of the 

fluorescent light is known as the Stokes shift 
2
. The energy lost is a non-radiative decay, taking 

the form of a phonon or lattice vibration. 

 

 

Figure 1: (a) Jablonski diagram showing energy bands among which excitation and emission 

occur (b) Fluorescence and corresponding Stokes shift due to non-radiative decays 
3
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Any molecule or atom will exhibit certain frequencies of emission and excitation 
2
. 

Referencing Figure 1(a), we can describe fluorescence using the following, where S0 represents 

the ground state and S1 represents the excited state. hv represents the energy of a photon. There is 

a Stokes shift characterized by the energy associated with a phonon generated due to vibrational 

relaxation in the excited state (also known as a non-radiative decay). 

 

                                  

 

 Fluorescence is not a perfect process, and there is a yield associated with the process. 

Likewise, the fluorescent intensity is proportional to the yield and the amount of light absorbed. 

Both are represented by the equations below. 

 

         ,    
    -         

               

                
 

                     

              

                          

 

Basic fluorescence microscopes typically consist of a fluorescent light source for 

excitation, wavelength filters, an objective, and an imaging camera 
1
. Excitation sources can be 

lamps, LEDs, or lasers. However, with major developments and advances in laser technology, 

lasers are the most common illumination sources due to their coherent and monochromatic 

nature. An objective is used to focus and collect light, and multiple objectives may be used to 

separate the illumination and collection axis to give greater customization options. In a 

fluorescent microscope, the Stokes shifted emitted light from a sample is then typically filtered 

and then collected on a CCD camera 
3
. 
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Figure 2: Basic configuration of a single-axis, fluorescent microscope 
2
 

 

ii. Comparisons of Microscope Architectures 

 When discussing fluorescent microscopes, there are numerous architectures and 

configurations that have been developed, researched, and applied since the first developments in 

1911 
1
. The most basic configuration is the widefield imaging method, which simply revolves 

around collecting the fluorescence directly after applying a spectral filter. However, this method 

will image all of the light coming onto the CCD camera, including light that is out-of-focus 
1
. 

Any out-of-focus light will create degradation in the image quality. Clear or transparent samples 

will have image degradation due to out-of-focus fluorescence, while scattering medium will also 

have scatter-based contrast degradation. One of the more common methods to reduce out-of-

focus light is to add a confocal filter, which can be applied mechanically using an aperture, 

electronically through selective pixel activation on a camera CCD, or within the image through 

post-processing. A staple in many modern imaging laboratories is the laser scanning confocal 

microscope (LSCM), which uses an aperture pinhole to perform the optical sectioning. 
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Figure 3: Diagram showing confocal microscope and optical sectioning capability 
1
 

 

 Other techniques of reducing out-of-focus light and improving resolution or contrast 

include two-photon microscopy (TPM) and stimulated emission depletion (STED) 
4
. Two-

photon microscopy uses near-infrared (NIR) light, requiring two photons per emitted photon in 

the visible region 
5
. This is unique in that the emitted light is of lower wavelength than the 

excitation light, but the use of NIR light reduces scattering from the tissue samples. The figure 

below shows an example of a two-photon system. STED is another method for achieving super-

resolution, using a second laser to force stimulated emission in the sample and suppress 

fluorescence in selective regions 
1
. Selectively suppressing the fluorescence in regions around 

the emitting section allows for a direct improvement in resolution without the need for advanced 

image post-processing techniques such as deconvolution. However, this technique requires a 

high intensity laser and can cause issues of photobleaching. 
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Figure 4: Images of (a) single, visible wavelength excitation and (b) two-photon NIR 

wavelength excitation in microscope system shows reduction of scatter artifacts 
6
 

 

 Light sheet microscopy is a technique that has seen many advances in recent decades, 

offering advantages in terms of reduced photobleaching, improved imaging speeds, and larger 

fields of view 
7
. This technique relies on illuminating across a greater depth, which has 

traditionally been accomplished using a cylindrical lens, causing one axis to focus. Other more 

advanced methods, particularly with alternate beam geometries, will implement a spatial light 

modulator and a line-scanning mechanism in order to simulate the light sheet (typically in the 

form of an acousto-optic modulator or a steering mirror) 
4
. The figure below shows a light sheet 

microscope in operation. 
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Figure 5: LSM configuration showing (a) sheet-like beam illumination and 

(b) detection of the illuminated “plane” 
8
 

 

iii. Beam Shaping in Fluorescent Microscopy 

 As described in the previous section, beam shaping is an active area of research and 

development for fluorescent microscopy. All lasers naturally emit a Gaussian beam, whether as a 

result of mode propagation with optical fibers, or due to the gain mechanics within a liquid or 

solid-state gain medium. However, Gaussian beams, exhibit diffraction-based behavior that is 

inherent to the wave nature of light 
9
. In fluorescence microscopy, changing the geometry of the 

illumination beam can give major advantages in achievable resolution, depth-of-focus, or 

contrast as opposed to traditional Gaussian beams. 

 Bessel and Airy beams are the two most commonly used beams when it comes to 

alternate beam geometries for use in fluorescence light sheet microscopy. Both of these beam 

types exhibit heavily reduced diffraction when compared to Gaussian beams. Since diffraction is 

natural to Gaussian beam propagation, there is a tradeoff between the achievable imaging 

resolution and depth-of-focus (DOF). Using Bessel and Airy beams for a given axial resolution 

allows a longer DOF to be achieved. Bessel beams are the most studied non-diffracting beam, 

first noted by Durnin, and has concentric rings surrounding the main lobe 
10

. On the other hand, 

the optical Airy beam, first generated and observed by Broky et al, has a curvilinear propagation 

path and a “V-shaped” side lobe structure 
11

. These side lobes present obstacles for fluorescent 

microscopy and should be managed appropriately in order to maintain useful image contrast. 
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Figure 6: Common beam geometries used in fluorescent microscopy 
12

 

 

Beam shaping can be performed using static phase masks or components that impart a 

phase change into the incoming wavefront. However, with the introduction of spatial light 

modulators (SLM), beam shaping for research applications has become more prevalent due to the 

ability to electronically change the phase mask. The operation of spatial light modulators will be 

explained in Section 4(i). The primary advantages of SLMs revolve around customizability and 

configurability. However, SLMs do present tradeoffs that include digitization noise, conversion 

efficiency, higher costs, and system complexity 
13

. While less practical for commercial 

microscopy usage, SLMs can be used for research and development applications, and can be 

used to determine static components that can then be used to perform the beam shaping in a 

commercialized system. Static components that can create Bessel or Airy beams without the use 

of a SLM include axicon lenses, annular apertures, or tilted lenses 
14,15

. 

 

iv. Clinical Applications 

 Pathology-based processing provides the gold-standard for diagnosis of diseases and 

cancers in terms of accuracy and precision, particularly when compared to conventional medical 

imaging technologies such as CT or MRI scans 
16

. By observing thin slices of tissue biopsies, 

accurate diagnosis and treatment paths can be determined. However, when looking at an absolute 
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scale, agreement on diagnosis between pathologists can be surprisingly low, leading to adverse 

consequences for cancer patients 
17

. In addition, current methods in a pathology lab use formalin-

fixation and paraffin-embedding, followed by thin sectioning and staining 
16

. This process is 

labor intensive, prone to sampling errors, and does not usually preserve the tissue for future 

processing. Light sheet fluorescence microscopy (referred to as LSFM or LSM) has seen many 

advances in the recent decade due to its speed and reduction in photo bleaching samples. In Dr. 

Glaser and Dr. Liu‟s open-top LSM system, 3D and non-destructive histopathology of tissues at 

relatively quick speeds is possible 
16

. These types of LSM systems potentially stand to make 

headway in histopathology by addressing the mentioned shortcoming. 

 

 

Figure 7: Image from Glaser and Liu, et al, showing (a) LSM system, (b) sample interfacing 

with illumination and collection beam paths, (c) “widefield” image collection, (d) advantages in 

depth of focus in single axis versus dual axis systems 
16

 

 

 Beam shaping and use of alternate illumination beam geometries are an active area of 

research and development for consideration on integration into clinical systems. Using non-

diffractive beams can offer great flexibility when looking at higher resolutions with similar DOF 

considerations. Groups that have been actively developing systems that utilize alternate beam 

geoemtries include Betzig et al, Dholakia et al, and Rohrbach et al. The Betzig and Rohrbach 
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groups have developed systems using Bessel beams that allow for resolution improvements with 

a similar DOF 
6,18

. The Dholakia group has developed LSM systems for utilizing Airy beams as 

well in order to image relatively thick cleared tissues 
19

. 

 

 

Figure 8: (a-c) Comparison of Gaussian and Bessel beams in Rohrbach two-photon system 

when imaging tumor multicellular spheroids, (d) average intensity shown for single photon 

Gaussian and Bessel beam, along with two photon Bessel beam, showing the extended DOF of 

Bessel beams as the Gaussian intensity falls off 
6
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Figure 9: Image from Dholakia group showing fluorescent neurons in a 

section of cleared brain tissue from a mouse for (a) Gaussian and (b) Airy beams 
19
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v. Thesis Goals 

 The goal of this thesis work is to assess methods of improving depth-of-focus for light 

sheet microscope systems via beam shaping for application in imaging cleared tissue samples. 

Could usage of Bessel beams with side lobe suppression techniques be useful in light sheet 

microscopy for pathology applications requiring higher DOF? The goals can be broken down 

into the items below. This thesis report will detail the design, analysis, setup, and results of these 

listed items. 

1. Design and build SLM microscope experimental test bed 

o Learn how to manipulate spatial light modulator (SLM) for beam shaping 

o Meet initial performance criteria and allows for enough degrees of freedom for 

experimentation of various beam geometries 

2. Assess parameters of Gaussian and Bessel beams via beam shaping (beam profiles 

analysis) 

o Compare Gaussian, Bessel, and sectioned Bessel 

3. Apply illumination beams onto phantoms and cleared tissue samples to assess SBR and 

contrast under the different illumination beams (imaging results) 

o Apply sectioned Bessel beams to suppress on-axis sidelobes (Rohrbach, 2013) 

o Apply electronic confocal slit detection scheme to filter vertical sidelobes via 

post-processing (Medeiros, 2015) 

 

 

Figure 10: Roadmap for Thesis Work 
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Timeline Milestone 

April 2016 Literature review and preliminary research 

May – July 2016 

Begin part-time status at UW, ZEMAX modeling for illumination 

arm, FRED modeling for bessel beams and amplitude masking, 

learn usage of spatial light modulator 

August – Sept 2016 
Learn usage of spatial light modulator, assemble testbed system, 

characterize illumination beams 

October 2016 

Configure software and controls for stage movement and image 

collection, tradeoff studies of Gaussian, Bessel, Airy, and associated 

filtered forms 

November 2016 
Tradeoff studies of Gaussian, Bessel, Airy, and associated filtered 

forms with fluorescent dyes and beads 

December 2016 Characterization of scattering or tissue samples 

January – May 2017 
Return to full-time status, finish experimental execution (if 

unfinished), compile results 

June – Sept 2017 Write thesis report, prepare defense presentation 

Oct – Nov 2017 Present and defend thesis, edit thesis report 

Dec 2017 Submit final copy of thesis report 

  



23 
 

3. Theory 

 

In this section we describe the theory behind beam shaping, along with looking at the different 

types of beams to be used in the thesis work for assessing tradeoffs between beam geometries. 

The spatial light modulator is a central component to this process, we have dedicated a section to 

how it shapes an incoming wavefront. 

 

i. Spatial Light Modulators 

 Spatial light modulators (SLMs) are opto-electronic, diffraction-based devices that alter 

the phase / amplitude of an incoming wavefront. Most modern types of SLMs are based on a 

liquid crystal on silicon architecture (LCOS). Electricity applied across the liquid crystal layer 

alters the refractive index, allowing for the SLM to create phase shifts from 0 to 2π. Amplitude 

modulation occurs by twisting the nematic crystals, acting as polarizers on an incoming polarized 

beam. SLMs are electronically-programmable devices that take a phase map as an input. This 

phase map is often called a bitmap, and ultimately shapes the beam through phase modulation. 

 

 

Figure 11: Spatial Light Modulator Layout 
20

 

 

 One of first important metrics for spatial light modulators is the diffraction efficiency. 

The diffraction efficiency is defined as the light reflected from or transmitted through the SLM, 

and is affected by the square pixel fill factor, the anti-reflective coating, along with the 
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techniques typically used for removing the zero-order, unmodulated spot 
21

. The phase pattern 

displayed by the SLM is given by the convolution of the expected phase pattern with the 

crosstalk due to the square pixels and associated fill factor of the SLM. An input beam‟s electric 

field follows the relationship below when affected by the SLM phase map 
15

. Note that h(x,y) 

dictates the SLM amplitude and phase modulation. In a phase-only SLM, t(x,y) will be uniform, 

so the only way to create amplitude modulation is to blaze certain parts of the SLM‟s phase 

bitmap. The blazed phase map, represented as a horizontal, linear phase with a certain 

periodicity, splits the incoming wavefront into many orders of diffraction. Using a blazed grating 

on SLM bitmaps is particularly important, since a SLM will always have an un-modulated, 0
th

 

order component that is undesirable due to the fill factor acting as a rectangular grating. 

 

 (   )     (   )   (   )        (   )   (   )   
   (   ) 

 

 

Figure 12: (Left) Picture of Thorlabs mascot and (Right) hologram generated by SLM, 

showing the 0
th

 order spot that is un-modulated 
22

 

 

 As shown above, the fill factor and polarized nature of the SLM prevents the devices 

from modulating 100% of the beam. As a result, the input field incident on the SLM is affected 

by an additional factor, labeled tpix(x,y), giving the following equation for the intensity output 

from the SLM 
15

. Note that the intensity in the far-field is the squared Fourier transform of the 

electric field. 
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ii. Gaussian Beams 

 Gaussian beams are the primary beam profiles used in modern fluorescence microscopy 

due to lasers naturally emitting them. Gaussian beams have inherently higher diffraction 

compared to Bessel beams, meaning that the tighter the beam is focused, the shorter the Rayleigh 

range will be. The Rayleigh range is a metric defining the position or propagation length where 

the area of the beam is doubled relative to the beam waist. This is given by the following 

equation 
23

. 

 

   
   

 

 
 
   

 
       

 
 

  

    
 

 

 The axial resolution is effectively determined by the beam waist of the propagating beam 

since that determines the localized areas where excitation due to the illumination beam occurs. 

As the beam propagates away from the waist, it naturally expands due to diffraction 
24

. The 

following equations show the beam size as a function of propagation length, along with the beam 

waist (w0 and zR designate the beam waist radius and Rayleigh length, respectively) 
23

. 

 

 ( )     √  (
 

  
*
 

          √
   
 

 

 

 As mentioned previously, Gaussian beams used in fluorescence microscopy exhibit a 

tradeoff between axial resolution and depth of focus. As the focus or beam waist becomes 

smaller, the depth of focus (twice the Rayleigh range) becomes narrower as well. The figure 

below demonstrates the axial resolution versus depth of focus tradeoff for three different 

Gaussian laser beams. 
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Figure 13: Graph of (Left) standard Gaussian beam profile and (Right) various Gaussian beam 

propagation paths demonstrating the axial resolution versus depth of focus tradeoff 
25

 

 

iii. Bessel Beams 

Bessel beams were first studied and generated optically by J. Durnin in 1987 
10

. They 

have become particularly interesting in optics due to their diffraction-free propagation 

characteristics. The general shape of a Bessel beam consists of a primary lobe with many 

sidelobes, approximated by the following equation 
26

. This equation is an approximation due to 

the sidelobes being, realistically, finite in nature. 
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 The most often cited benefit of Bessel beams is the reduced diffraction seen in its 

propagation. This is attractive to fluorescence microscopy due to the ability to achieve a higher 

axial resolution while maintaining the required depth of focus for certain applications. However, 

due to the sidelobes present in the Bessel beam, the energy is not particularly localized, which 

puts power transport efficiency as a weakness of Bessel beams. Each sidelobe carries a similar 

energy to the central spot, so a Bessel beam with 20 sidelobes will only carry ~5% of overall 

energy within the main lobe 
10

. The sidelobes also present issues for image quality and contrast 

when used in microscopy by causing background fluorescence that is outside of the plane of 
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focus for the collection arm. The figure below shows a plot of various Bessel beams compared to 

a standard Gaussian beam. 

 

 

Figure 14: (a) Comparison of Gaussian and Bessel beams with equal depth of focus of 100µm, 

(b) Bessel beams carry more energy in the Airy disc of a standard beam 
27

 

 

Another advantage to using Bessel beams in fluorescence microscopy is the propagation 

stability as it travels through a scattering medium. This is due to its “self-healing” properties 

where the intensity of the main lobe can be reconstructed by the side lobes 
28

. This is a 

particularly useful property when looking at propagation through tissues or lightly scattering 

cleared tissues. The figure below shows a computer simulation generated by the Rohrbach group. 

 

 

Figure 15: Computer simulation showing propagation stability of Bessel beam 
15
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iv. Sectioned Bessel Beams 

 Sectioned Bessel beams (SBBs) were first used in fluorescence microscopy by the 

Rohrbach group in 2013. A sectioned Bessel beam uses a phase mask that only has certain parts 

display the annular aperture phase mask for a Bessel beam, making the beam Gaussian-like in 

one axis while Bessel-like in the other axis 
29

. The sectioned Bessel beam has the form below, 

derived by the Rohrbach group 
29

. Key parameters are the numerical aperture, NA, the sectioned 

angular spectrum and annulus dictated by the dkx, dky, and dkz, and the section angle,  . 
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Figure 16: (a) Phase map for generating a sectioned bessel beam and (b) resulting beam profile 

from sectioned annulus phase mask 
29

 

 

The sidelobes are suppressed in the y-axis due to the convolution with the sinc function, 

which comes with a tradeoff of having a wider main lobe and slightly reduced depth of focus. 

However, this can be used advantageously in microscopy by having the suppressed sidelobes 
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along the collection axis but allowing the Bessel structure along the orthogonal axis, where the 

axis with stronger sidelobes can be filtered through confocal methods. This allows us to have the 

improved depth of focus while avoiding contrast degradation associated with the Bessel beam 

sidelobes. These relationships are investigated in the experimental section as well. 

 

 

Figure 17: Theoretical analysis by Rohrbach group showing (a) beam width as function of 

section angles, (b) dependence of beam width dx and dy, along with depth of field dz, as function 

of ring thickness ε, and (c) depth of field versus beam width for various beam configurations 
29

 

 

Sectioned Bessel beams are formed from a phase mask split into 90 degree quadrants, 

where two opposing quadrants are of unity phase, and the other two opposing quadrants use an 

aperture phase 
29

. No axicon phase pattern is used for SBBs due to noise and digital artifacts 

being introduced, and there is a tradeoff for power throughput similar to only using an annular 

aperture for the Bessel beam. The figure below shows various sectioned Bessel beams generated 

by the Rohrbach group. 

 

 

Figure 18: (a-c) Sectioned Bessel beams as function of section angle 
29
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4. Design and Simulation 

 

In this section, we show the design considerations and simulations performed in ZEMAX and 

FRED. Design considerations were more significant for the illumination arm due to the nature of 

the thesis work. The simulation data shown here will be more of an overview, with comparison 

data shown in the beam profiles experimental results. 

 

i. Illumination Arm Overview 

 The illumination arm is the first segment of any fluorescent microscope system. For this 

thesis, it is particularly important due to the beam shaping that is performed in the system. The 

illumination arm is effectively split into two parts, centered on the SLM. The fiber-coupled laser 

diode input is 660nm, mainly due to the usage of this wavelength for looking at prostate tissue 

dyed with DRAQ5. The laser beam is then transferred through expanding and collimating optics 

to bring the beam diameter to ~6mm of 1/e
2
 width. 

Following the expanding and collimating optics we put a half-wave plate and a folding 

mirror. The half-wave plate is used to rotate the polarization of the polarization-maintained laser 

diode used. This is important for maximizing the efficiency of the SLM, which acts as a 

diffraction grating and is therefore a polarization-sensitive device. Not having a polarized laser 

along a fixed polarization axis will cause the intensity of the reflected wavefront from the SLM 

to fluctuate. After the SLM, we have to design a beam demagnifier with a simple Keplerian 

telescope. This is necessary to filter out the other orders of diffraction and let through only the 

+1
st
 order. An aperture stop is placed to remove these alternate orders of diffraction. Doing this 

causes optical power loss, but allows us to remove the 0
th

 order unconverted frequency, along 

with create amplitude modulation through a selective blazed phase pattern on the SLM. 

 

Illumination Arm Requirements 

Beam Waist on SLM (Diameter) ~6mm 

Gaussian Beam Waist ~7-8µm 

Gaussian Depth of Field 500µm 

Laser Power Delivery to Sample >1mW 

Figure 19: Table of Design Requirements for Illumination Arm 
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ii. ZEMAX System Design for Illumination Arm 

 ZEMAX is one of the industry standards for optical ray trace programs, allowing for 

optical designers to place lenses and components in order to simulate light propagating through 

their system, analyze beam properties, and design their system before purchasing system 

components. For our illumination arm, we need to expand the initial beam out to ~6mm in 1/e
2
 

beam diameter. This gives us the uniform illumination needed for relatively higher power 

throughput. A simple Galilean telescope design of a positive and negative lens is used here to 

keep the path length small. In general, aspheric and achromatic lenses are used to reduce 

aberration content and system alignment sensitivity. While the system is not multi-wavelength, 

the use of achromatic lenses reduces sensitivity to optical alignment and also lowers the presence 

of spherical aberration. 

 The SLM is modeled as a mirror in ZEMAX due to only simulating Gaussian beam 

propagation. The angle of the fold is kept around 15-20 degrees to match the physical 

experimental scenario. Demagnifying lenses are used in a Keplerian configuration to create a 

point beam spot size for each of the orders of diffraction, making it easier to filter out and use the 

+1
st
 order. In this scenario, we also use a 30mm achromat lens for focusing into the cuvette 

medium. This is to match the 5X objective in terms of optical power (there is no ZEMAX 

prescription provided by the vendor on the objective‟s internal lenses). For the cuvette, the 

sample will be immersed in either oil or phosphate-buffered saline (PBS). We simulate this using 

water instead as the index matches closely to PBS. 

 Figure 18 shows the lens prescription. All of the parts are imported through Thorlabs‟ 

ZEMAX files, and are all commercial off-the-shelf (COTS) components.  Part numbers are 

recorded within the prescription and all transmissive optical components have a COTS 

broadband anti-reflection coating applied to maximize light throughput for 660nm. Each lens is 

oriented in order to minimize spherical aberration. Below the lens prescription, the optical layout 

is shown. 
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Figure 20: ZEMAX Lens Prescription and Optical Layout 

 

 Using the spot diagram and Gaussian beam propagator features within ZEMAX, we can 

see the spot size at the SLM and at the sample. W040 represents the spherical aberration present, 

and has been minimized through techniques mentioned above. These are shown in Figure 19. In 

Figure 20, we show the paraxial Gaussian propagation simulation results. We can see that at the 

sample focus we have an approximate beam waist of 6.7µm with a Rayleigh range of ~240µm or 

~480µm for the DOF. 
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Figure 21: Spot Diagram Results for (Left) SLM Surface and (Right) Sample Surface 

 

 

Focusing Lens Beam Waist (µm) Depth of Field (µm) 

+10mm Asphere ~2.7 ~60 

+19mm Achromat ~4.6 ~200 

+30mm Achromat ~7 ~480 

+35mm Achromat ~8 ~650 

Figure 22: (Top) Gaussian Propagation Simulator and 

(Bottom) Beam Waist versus DOF for Various Sample Focusing Lenses 
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iii. FRED Bessel Beam Simulations 

 ZEMAX has limitations as a paraxial raytrace program when it comes to simulating 

diffractive behavior and effects. FRED allows the modeling of diffractive effects such as 

interference and diffraction from hard aperture edges. These are the concepts upon which Bessel 

beams are formed. The figure below shows the simplified model with the source being modeled 

as a collimated laser beam with an amplitude mask applied. The ZEMAX model was imported 

into FRED, and then simplified by removing all optical components before the SLM. The SLM 

was modeled as a collimated Gaussian beam source with an applied amplitude mask. The 

amplitude mask images were generated through scripts written in MATLAB. Being an imported 

ZEMAX model, the lenses used are the same, with a focusing lens used in place of a microscope 

objective (as mentioned earlier, prescriptions for microscope objectives are generally not 

provided by the manufacturer). 

 

 

Figure 23: FRED Simplified Model (Post-SLM) 

 

 Figure 22 shows a sample of a Bessel beam and a sectioned Bessel beam formed in 

FRED. The masks applied are shown in the upper right, which consist of an annular aperture for 

the Bessel beam and a crossed annular aperture for the sectioned Bessel beam. The crossed 

annular aperture creates a Bessel beam with reduced sidelobes along the non-annular axis. The 

magnitude of the side lobes, along with the FWHM of the main lobe, will be compared to the 

experimental results. The Bessel beam shows the characteristic side lobes along both axes, while 

the sectioned phase mask will suppress the side lobes, but the main lobe width increases. The 

asymmetry between the axes on the sectioned annular phase mask is expected, and while the 

amplitude mask tries to maintain the Gaussian profile along the x-axis, side lobes are still present 

as described in the Theory 4iv section. 
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Figure 24: Sample Simulations of Bessel Beam Using (Top) Annular Phase Mask and 

(Bottom) Sectioned Annular Phase Mask 

 

iv. Collection Arm Overview 

 For the collection arm we need to have a wide enough field of view to capture the ~1mm 

thickness of a typical core needle biopsy. The most important design consideration here is the 

collection objective to be used in conjunction with the camera. We choose a 10X objective in 

order to match with the camera and provide a ~1mm horizontal FOV. The camera chosen has a 

resolution of 1920x1440 pixels, with a diagonal sensor size of 2/3” and pixel size of 4.54µm. 

Combined with a 10X objective, we have the following for the horizontal and vertical fields of 

view. 
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 Other components to be included in the collection arm are a tube lens to couple with the 

microscope objective and a long pass filter. For our scenario, the long pass filter was chosen to 

be a 664nm filter in order to adequately filter out any laser light scattering from the 660±2nm 

fiber-coupled laser diode to be used in the setup, but leave enough fluorescent signal. The 

diagram below shows the anticipated system layout, along with a table reference for the 

abbreviated components. 

 

Label Component 

L1 Newport 11mm Collimating Aspheric Lens 

L2 Thorlabs -100mm Meniscus Lens 

L3 Thorlabs +300mm Spherical Lens 

HWP Half Waveplate 

SLM Spatial Light Modulator 

L4 +150mm Lens Achromat 

AS Aperture Stop 

L5 +75mm Lens Achromat 

Mirror Silver Folding Mirror 

TL Thorlabs Tube Lens, +200mm Achromat 

LPF Semrock 664nm Longpass Filter 

CCD 
2/3” CCD Camera 

PointGrey GS3-U3-28S5M-C 
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Figure 25: Diagram of System Layout for (Top) Axial Beam Profile Measurement Setup and 

(Bottom) Microscope Fluorescent Imaging System 
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5. Experimental Methods 

 

In this section we discuss the experimental setup, procedures, and processes involved in the 

system. This includes operation of the SLM, system setup procedures, data acquisition, and 

image processing. Process or procedure details are abbreviated here, and further details for 

certain processes or experimental procedures are provided in the Appendix. 

 

i. Experimental System Setup 

 In this section we give a general overview of the experimental system. The system starts 

with a Coherent fiber-coupled laser diode (660nm, 75mW, Coherent 1193845). The laser beam 

travels through a set of three lenses, with the first being an asphere to get the beam to a roughly 

collimated state (Newport KGA220-B-MT). Following the aspheric lens, there is a Galilean 

telescope to magnify the beam by a factor of 3, getting the beam diameter to ~6mm and 

collimating the beam. A folding mirror then directs the beam to the SLM (HoloEye LETO phase-

only). Following the SLM, we demagnify the beam by a factor of 2, and also use a spatial 

aperture to filter out the +1 order of diffraction. Following the re-collimated illumination beam, 

there is a 5X microscope objective (EC Epiplan 5X/0, 13) to focus the beam on the sample 

cuvette (Thorlabs CV10Q3500FS). 

The sample cuvette is mounted on a three axis stage, with an actuator that moves 

perpendicular to the table‟s plane (defined as the Y-axis). The path of propagation is defined as 

the Z-axis, with the X and Y-axis formed by the 2D coordinates of the illumination beam. The 

cuvette is mounted on a three-axis stage with rotational capabilities, but the cuvette is effectively 

a planar geometry. In this microscope testbed system, the illumination and collection arms are 

aligned to be static relative to each other, while the sample is moved up and down through the 

scan area. The sample is typically scanned for an ~0.5mm height segment, while the field of 

view along the illumination beam propagation axis (Z-axis) is ~1mm. 

 For the collection arm, we collect the fluorescent signal with a 10X objective (Nikon Plan 

Fluor, 10X/0.3 NA), giving us an approximate field of view of ~0.65mm vertical and ~1mm 

horizontal. This objective is infinity-corrected, which means that there is an intermediate 

collimated space. This allows us to apply an optical filter for the excitation light (Semrock 

664nm longpass filter) and collect only the fluorescent signal within a collimated space that will 
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not affect the beam propagation. The fluorescent signal is then focused with a 200mm tube lens 

onto a 2/3” CCD camera (PointGrey GS3-U3-28S5M-C). The camera and stage movement are 

synchronized using LabVIEW to step through each sample and collect a stack of images. The 

microscope system scans only the y-axis by moving the mounted cuvette using a mechanical 

actuator. Following the data acquisition, image processing is performed to arrive at the final 

stitched image for a given sample. 

 

 

Figure 26: Experimental Setup for Microscope Configuration 

 

ii. Operation of Spatial Light Modulator 

The spatial light modulator (SLM) is an opto-electronic device we use for beam shaping. 

In this thesis work, we focus on three beam types, the Gaussian beam, the Bessel beam, and the 

sectioned Bessel beam. The default SLM software did not supply the adequate customization for 

generating the proper phase bitmaps, so MATLAB scripts were written in-house to generate the 

appropriate phase mask bitmaps to place on the SLM. The image below shows the physical 

spatial light modulator. The SLM comes with a software program that takes in the custom image 

files to use as the phase mask display, and applying the phase mask allows us to transform the 

beam. 
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Figure 27: Picture of Spatial Light Modulator (SLM) 

 

 The Bessel and sectioned Bessel beams required unique phase masks not creatable within 

the built-in program. MATLAB scripts were written for generating the phase masks to be used 

with the SLM, with various parameters configurable. For the Bessel beam, we created an annulus 

of custom widths and radial positioning with a blazed grating for the annular region. For the 

sectioned Bessel beam, we added a quadrant nullifier to ultimately create the Gaussian sectioning 

along the x-axis and Bessel sectioning for the y-axis. 

 

(a)  (b)  

(c)  

Figure 28: Phase Masks for (a) Gaussian, (b) Bessel, and (c) Sectioned Bessel Beams 
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Note that each phase mask has a blazed grating / phase pattern applied. This splits the 

beam into orders of diffraction, and the +1 order is extracted due to the inherent higher light 

efficiency compared to other higher orders of diffraction. Splitting the beam into diffraction 

orders through the blaze pattern gives us two benefits: it allows us to create binary amplitude 

modulation by only blazing certain parts of the phase pattern, and it allows us to avoid the zero-

order diffraction spot created by the fill factor of the SLM pixels (the zero-order diffraction spot 

essentially contains a significant amount of “unconverted” light, and thus introduces an 

undesirable Gaussian beam overlay). 

 

 

Figure 29: Effect of Blaze Phase Pattern 

 

iii. Data Collection and Acquisition 

 Following beam delivery from the illumination arm onto the sample, the fluorescent 

signal is detected through the collection arm. The sample is mounted on a stage with a motorized 

actuator on the y-axis that moves the sample. In our scenario, we typically move the sample 

slowly in steps of ~0.5-1µm for a total scan range of ~0.5mm. The speed is not optimized or set 

higher due to the testbed and experimental nature, and having a higher scan rate or speed is more 

desirable in a prototype system rather than a proof of concept system. 



42 
 

 Each scan generates an image stack, with the number of images dependent on the scan 

range. The figure below shows the LabVIEW graphical user interface (GUI) developed for this 

thesis work. This program synchronizes the movement of the sample with the collection of 

images. Following image collection, the resulting image stack is sent through image processing 

in order to create a final, stitched image. 

 

 

 

Figure 30: (Top) LabVIEW GUI for Data Acquisition and 

(Bottom) Sample of Single Collected Image 

Z 

Y 
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iv. Image Stitching and Processing 

 Following the data collection of an image stack from the system, a MATLAB script was 

written to stitch the y-axis scanned image stack. For widefield imaging, we take about half of an 

image centered around the illumination beam and sum it together (the larger image section taken 

represents collecting a wider area), while for confocal imaging, we only take a ~15-20µm area 

corresponding to the approximately full width of the main lobe. This method is called electronic 

confocal slit detection (eCSD), which allows us to effectively have confocal detection in the y-

axis without implementing a physical slit or requiring a camera with selective pixel detection 
30

. 

For a typical ~0.5mm scan range, we have an image stack of ~1500-2000 images based on the 

step size taken. After summing and normalizing the stitched image, a compression ratio is 

applied at the end in order to compensate for gradual pixel offsets introduced by the summation 

of each image. The figure below shows a Bessel beam image in widefield, with the confocal 

section highlighted, along with a stitched image sample. 

 

 

 

Figure 31: (Top) Single Collected Image with Red Box Showing Confocal Detection and 

(Bottom) Sample of Final Stitched Image 

Z 

Y 
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6. Experimental Results 

 

The experimental results are split into two primary sections, which are the characterizations of 

the illumination beams, and the imaging results of various experimental scenarios. For the 

imaging results, fluorescent dyes and beads, along with a cleared prostate tissue sample, were 

scanned in the microscope system. These scans were done three times for the three different 

beam profiles (Gaussian, Bessel, and sectioned Bessel). 

 

i. Illumination Beam Axial Profiles 

 The first experimental characterizations focused on measuring the axial beam profiles 

(represented by the top setup diagram in Figure 23) for various phase masks that produced 

Gaussian, Bessel, or sectioned Bessel beams. The illumination arm was constructed per the setup 

diagram shown in the experimental setup section, and a 100X microscope objective was used to 

view the focused axial beam profiles on a CCD camera. This objective is not infinity corrected, 

and thus did not need a tube lens to image onto the camera. The 100X objective was necessary to 

produce enough sampling of the beam for measuring the FWHM and 1/e
2
 beam diameters. 

 The first beam to characterize was the Gaussian beam that is inherent to the laser output. 

A blazed grating of 5 pixel periodicity was set on the SLM for the Gaussian beam, making it 

easier in the future to switch between the different beam geometries. The figure below shows the 

Gaussian beam axial profile having a FWHM of 5.31µm (x) and 5.95µm (y), along with a 1/e
2
 

width of 9.46µm (x) and 10.45µm (y). There is some astigmatism inherent to diode laser output. 

 

 

X 

Y 



45 
 

 

Figure 32: (Top) Gaussian Beam Profile and (Bottom) Axial Cuts 

 

 After performing the initial characterization for the Gaussian beam, the annular phase 

masks were generated in MATLAB and applied to create Bessel beams. In order to get a better 

understanding of the annular phase mask properties and how it correlated to the resulting Bessel 

beam that gets shaped by the SLM, two sets of phase masks were generated. The first set consists 

of an annulus that is varied in width (with a fixed outer ring limit), while the second set consists 

of an annulus that is varied in position (with a fixed width). The two figures below show the 

trends for varying the annulus position and the annulus width. The annulus position is measured 

as the distance from the center of the annulus to the center of the bitmap image, while the 

annulus width is measured as the difference in distance between the inner and outer rings of the 

annulus. Two properties are plotted in each graph, the FWHM (averaged across orthogonal axes) 

and the first lobe peak amplitude (normalized against the main peak amplitude). 
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Figure 33: Bessel Beam Properties as Functions of 

(Top) Annulus Distance from Center and (Bottom) Annulus Width 

 

 As can be seen in Figure 31, we see the effects of two degrees of freedom when creating 

the Bessel beam using an annular amplitude mask. Overall, narrowing the annulus radius will 

increase the theoretical resolution of the microscope system by making the main lobe diameter 

smaller. The same phenomenon occurs when we position the annulus further away from the 

center of the phase mask bitmap. However, while positioning the annulus further from the center 

or narrowing it gives a higher theoretical resolution, the optical power transmitted through the 
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annulus heavily drops due to the decreased cross-sectional area for which the beam can pass 

through. Another issue is the increase in the side lobe intensity, which can be ignored in the 

vertical direction through confocal filtering, but in the collection axis there will be degradation in 

contrast as the side lobes excite fluorophores in out of focus planes. 

 As mentioned above the Bessel beam has side lobes that will degrade image quality and 

contrast due to out of focus fluorescence. In order to mitigate this, we apply the sectioned Bessel 

technique described by Rohrbach et al., allowing us to heavily suppress the side lobes. In order 

to generate sectioned Bessel beams, phase masks of various section angles were applied. The 

phase masks are shown in the Appendix section of this thesis report. Note that the x-axis 

represents the axis along which the collection arm propagates. Figure 32 below shows the x-axis 

profiles for various sectioned Bessel beams as a function of the section angle applied in the phase 

mask process. We see that as the section angle increases (correlating to a wider annular phase 

mask), the width of the main lobe decreases, and the side lobes increase. In the 180° case, we 

have a Bessel beam, while in the 90° or 120° cases, we have a slightly increased main lobe 

width, but the side lobe have become significantly reduced. As the section angle decreases, we 

have a beam that eventually has no side lobes with a section angle of 0° (effectively Gaussian). 

 

 

Figure 34: Table Showing Various Sectioned Bessel Beams as Function of Section Angle 
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 Figure 33 below shows the full-width half-maximum (FWHM) and the normalized 

amplitude of the first side lobe as a function of the section angle in 15° increments. For the x-

axis (collection axis), we see that the as the section angle increases, the main lobe FWHM 

decreases, and the amplitude of the side lobes increase. At 90°, or half-sectioning, we have a 

FWHM that is ~60% wider, while the side lobes are suppressed by a factor of three compare to a 

full Bessel beam. For the y-axis, the main lobe starts narrow and gets ~50% wider from 60° to 

180° of section angle, while the first lobe amplitude decreases heavily (the side lobes along this 

axis are highly pronounced due to the lack of interference from the other axis). While these 

highly pronounced side lobes would be a major concern in widefield microscope systems, the 

application of the eCSD method allows us to mitigate the side lobes associated with this axis. 

 

 

Figure 35: Plot Showing Main Lobe FWHM and 

First Side Lobe Amplitude versus Section Angle 

 

 Based on these experimental studies performed on the Bessel beam and sectioned Bessel 

beam parameters and their associated tradeoffs, we selected the parameters of the three different 

beam geometries, with one of each beam type. For the Gaussian beam, the properties are inherent 

to the optical system setup. For the Bessel beam, we chose an annulus position of 1.92mm to 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0

2

4

6

8

10

12

14

16

0 50 100 150 200

N
o

rm
al

iz
e

d
 F

ir
st

 L
o

b
e

 A
m

p
lit

u
d

e
 

FW
H

M
 (
µ
m
) 

Bessel Section Angle (Degrees) 

Sectioned Bessel Beam Properties versus Section Angle 

FWHM (x)

FWHM (y)

First Lobe (x)

First Lobe (y)



49 
 

2.56mm (giving an effectively annulus width of 0.64mm). This gave us a similar main lobe 

FWHM similar to the FWHM of the Gaussian beam. For the sectioned Bessel beam, narrowing 

the annulus or placing it further from the center would have sacrificed more output power. The 

sectioning was put at 90°. This offered a side lobe suppression factor of ~3, although it increased 

the FWHM of the main lobe from ~6µm to ~10µm. Figure 34 shows the three chosen 

illumination beams to use for experimental imaging, while Figure 35 shows the FWHM and first 

lobe parameters of the three beams. We can see that the Gaussian and Bessel beam main lobe 

FWHM are the same, while it is ~60% larger for the sectioned beam. Bessel side beam lobes are 

~16% of main lobe intensity, versus ~6% for the sectioned Bessel beam. 

 

 Axial Beam Profile Center Axial Cuts 

Gaussian 

 
 

Bessel 
(1.92mm to 2.56mm, 

0.64mm Width) 

 
 

Sectioned Bessel 
(1.92mm to 2.56mm, 

0.64mm Width, 90° 

Section Angle) 

 
 

Figure 36: Axial Profiles of Chosen Experimental Imaging Beams 
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Profile 

FWHM 

(x) 

(µm) 

FWHM 

(y) 

(µm) 

First Lobe 

Amp. (x) 

First Lobe 

Amp. (y) 

FWHM 

(FRED) 

(µm) 

First Lobe 

Amp. 

(FRED) 

Gaussian 5.31 5.95 0 0 5.04 0 

Bessel 6.12 5.85 0.16 0.16 4.6 0.16 

Sectioned 

Bessel 
9.76 4.27 0.05 0.71 7.4 0.056 

Figure 37: Table of Chosen Experimental Imaging Beams, 

FWHM and First Lobe Peak Amplitudes 

 

 After choosing the three beams to use in all of our imaging experiments, some basic 

characterizations were performed on the illumination arm. The laser power at near maximum 

operation was measured to characterize the power loss due to the phase masking process 

associated with the operation of the spatial light modulator (Thorlabs power meter, S130C). With 

an input of 56mW into the SLM, and a blazed grating applied of 32µm in order to give enough 

space between each of the orders of diffraction for the spatial filtering aperture, we are able to 

convert 34.28% of the input power for the Gaussian beam, which gives an output of 19.2mW. 

This is generally regarded as providing the >1mW required for illuminating a stained piece of 

tissue to produce enough fluorescent signal. 

For the Bessel beam, using the annular phase pattern that gives a similar FWHM to the 

Gaussian beam, we are only able to convert 4.28% of the input power. At the time before the 

tissue experiments, we believed that this was enough power to illuminate a cleared tissue sample 

and get enough signal output. For the sectioned Bessel beam, the conversion is even worse at 

2.32% of power converted into the first order. For the two Bessel beams, the loss of power 

comes primarily from the annular phase mask applied that is necessary to form the Bessel beam 

while allowing us to easily switch between the beam configurations for experimental purposes. 

We held a general requirement of >1mW, so the annular properties for the sectioned Bessel beam 

were not adjusted to try and match the main lobe FWHM to the Gaussian and Bessel FWHM. 

 For the spatial filtering of the higher order modes, as mentioned before, a blazed grating 

is applied to the phase mask (this also avoids the zero-order unconverted portions of the beam 

that would degrade contrast and add a noise background). We looked at various blazed grating 
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periodicities, and found that a 32µm or 5 pixel repeat interval was necessary for spatial filtering 

of the higher orders of diffraction easily from the setup. Having a blazed grating periodicity 

above 32µm or 5 pixels simply did not distance the orders of diffraction enough to spatially filter 

easily given the need to keep the optical beam propagation lengths short (ie having a short 

propagation length narrows the space between the diffraction orders seen by the spatial aperture). 

 

Location Optical Power (mW) 
Conversion 

Efficiency (%) 

Input to SLM 56 N/A 

First Order Gaussian 19.2 34.3 

First Order Bessel 2.4 4.3 

First Order Sectioned Bessel 1.3 2.3 

Figure 38: Power Efficiency for Each Beam 

 

Property 
Measured 

Specification 

Expected 

Specification 

SLM Reflectivity 71.9% 75% 

Diffraction Efficiency to 1
st
 Order 

(Blazed Grating, 5 pix or 32µm) 
40.8% N/A 

Diffraction Efficiency to 1
st
 Order 

(Blazed Grating, 10 pix or 64µm) 
55.3% N/A 

Figure 39: Diffraction Efficiency Due to Blazed Grating 

 

ii. Fluorescent Dye Lateral Profiles 

 After performing characterizations on the illumination arm, the sample stage and the 

collection arm were setup. The sample stage mounted a cuvette and had an actuator in the y-axis 

(vertically along the collection arm plane). The collection arm contained a collection objective, 

663nm cutoff long pass filter, and a tube lens to relay onto the PointGrey CCD camera used for 

imaging the fluorescent signal. The first imaging experiments were performed with a mixture of 

phosphate-buffered saline (PBS) and methylene blue (also known as methylthioninium chloride). 

Methylene blue has a high absorption and emission band in the red wavelength regime of the 
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visible light spectrum, with the peak absorption being ~665nm and the peak emission 

wavelength at ~683nm, shown below in Figure 38. 

 

 

Figure 40: Absorption and Emission Spectrum of Methylene Blue 

 

 Using a methylene blue and PBS mixture solution, we can obtain an image of the lateral 

beam profiles, and see how the beam appears from the perspective of the collection arm. The 

first beam imaged was the Gaussian beam, shown below. Here we can see that the Gaussian 

beam has a visibly noticeable depth of focus, with the measurement shown at 494µm (following 

the Rayleigh criteria of the distance propagated for being √   , or twice the beam cross-

sectional area). This depth of focus will effectively cause degraded image contrast at the edges of 

the FOV of the collection arm due to the beam spreading and causing out of focus fluorescence 

along the collection axis. Since this is along the collection beam axis (system‟s x-axis), and the 

collection arm collects with a NA of 0.3, image blurriness is anticipated at those image edges. 
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Figure 41: Gaussian Beam (Top) Lateral Profile and (Bottom) Center Lateral Cut 

 

 The second imaged beam with the methylene blue dye was the Bessel beam. The figure 

below shows the lateral beam profile. We can see that the depth of field goes beyond the ~1mm 

FOV, as opposed to the ~0.5mm DOF associated with the Gaussian beam (Bessel beam 

microscopy literature generally puts the DOF improvement at five to fifteen times) 
12,29

. 

However, the side lobe structure is evident in the Bessel beam. In the center lateral cut, we see 

that troughs between side lobes do not decrease much. This is due to the radial symmetry of the 

Bessel beam that causes out of focus blurring in the direction of the collection axis, which is 

integrated from the perspective of the CCD camera. This effect also makes the side lobe intensity 

appear much higher than the axial beam profiles shows. 

Z 

Y 
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Figure 42: Bessel Beam (Top) Lateral Profile and (Bottom) Center Lateral Cut 

 

 Lastly, we performed a lateral beam profile measurement on the sectioned Bessel beam, 

shown in the figure below. We see deeper troughs between the side lobes of the beam. This is 

due to the side lobe amplitude suppression along the collection axis, which theoretically gives us 

higher contrast through more precise optical sectioning of a sample. However, there is still some 

side lobe energy, evidenced by the fact that the troughs do not decrease below even 40% of the 

peak amplitude. The depth of focus is still beyond that of the Gaussian, also extending beyond 

the FOV of the objective. 

 

Z 
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Figure 43: Sectioned Bessel Beam (Top) Lateral Profile and (Bottom) Center Lateral Cut 

 

iii. Fluorescent Beads with Dye 

After characterizing each of the beams as they propagated through a fluorescent dye 

solution, we proceeded to characterize the beam behavior as they propagated through fluorescent 

phantoms filled with fluorescent beads. The beads used were 7.3µm in diameter that absorb 

within the 660nm regime efficiently and emit red-shifted at 680nm. Three sets of phantoms were 

created in an agarose solution, with methylene blue as the fluorescent dye mixed in, along with 

the fluorescent beads. The agarose powder is used to create gel-like phantoms for experimental 

imaging and testing with the various beam geometries. The mixed solution of agarose, distilled 

water, and PBS was heated to ~100C, with the beads and dye added in during the cooling 

Z 

Y 
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process. The phantom mold was then cut into a shape that fit the cuvette volume and form. 

Figure 42 shows the table of the three different phantoms created, along with some physical 

pictures of the phantoms. Note that the three different phantoms differ in the concentration of 

methylene blue added. The differential concentrations of fluorescent dye allowed us to 

experiment with three different bead-to-background fluorescent signals. 

 

Ingredient 
Solution 1 

(1%) 

Solution 2 

(2%) 

Solution 3 

(5%) 

Methylene Blue 0.2 mL 0.4 mL 1 mL 

PBS (Phosphate-Buffered Solution) 10 mL 10 mL 10 mL 

Distilled Water 10 mL 10 mL 10 mL 

Agarose Powder 0.25 g 0.25 g 0.25 g 

Fluorescent Beads (7.3um) 200 uL 200 uL 200 uL 

 

 

Figure 44: (Top) Table of Fluorescent Phantoms with Beads and 

(Bottom) Creation of Fluorescent Phantoms 
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 Following the creation of the combined beads and dye phantoms, we then proceeded to 

image the 1%, 2%, and 5% volume of fluorescent dye phantoms under the three different beam 

geometries each. For each of the phantoms, we performed three different scans representing each 

of the three different beam geometries. Scans were done for an ~0.5mm scan range with steps of 

~0.5µm, taking about 1000 images for each image stack. The figure below shows the overall 

summary, and the results of stitched images will be shown primarily for 5% volume methylene 

blue (MeB). There are also two different image processing techniques to mimic widefield and 

confocal slit detection during the image stitching process. Two image quality metrics were 

evaluated, the signal-to-background ratio and the contrast, represented by the equations below. 

Imax is taken as the normalized peak amplitude of a fluorescent bead, while Imin is taken as the 

normalized intensity right before the bead. 

 

    
    
    

 

         
         
         

 

 

System Configuration 
SBR 

1% 

SBR 

2% 

SBR 

5% 

Contrast 

1% 

Contrast 

2% 

Contrast 

5% 

Gaussian (Widefield) 11.62 9.17 5.41 
   

Bessel (Widefield) 7.69 7.09 4.33 
   

Sectioned Bessel 

(Widefield) 
13.33 10.2 5.68 

   

Gaussian (Confocal) 14.49 9.17 5.95 0.871 0.803 0.71 

Bessel (Confocal) 15.62 9.61 5.41 0.880 0.811 0.69 

Sectioned Bessel 

(Confocal) 
20.41 12.19 7.63 0.906 0.848 0.77 

Figure 45: Summary Table of Results for Fluorescent Bead + Dye Phantoms 
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We can see the general trends in the following plots of the confocal detection scheme for 

the various illumination beams in the figure below. In general, we can see that the SBR and 

contrast decrease as the volume percentage of the fluorescent dye is increased, showing that 

there is increased absorption and corresponding fluorescence by the dye with a higher dye 

concentration although the effect is nonlinear. The nonlinearity of the SBR trends is unknown, 

although some hypotheses include greater reabsorptions and non-radiative decays with higher 

dye concentrations (effectively causing lost photons), and lack of consistent positioning when 

switching out the various samples. This causes the background signal to increase (Imin), and 

thereby decrease the SBR and contrast seen in the axial bead measurements. 

Between the different beam types, we see the general trend that the sectioned Bessel 

beam actually has the largest SBR, with Bessel beam the worst and Gaussian beam SBR in 

between. Theoretically, we would expect the Gaussian beam to actually have the best SBR and 

contrast due to the complete lack of side lobes, and the Bessel beam to be the worst. This 

difference is likely coming from two experimental inconsistencies, which is lack of matching the 

FWHM of the sectioned Bessel beam to the Gaussian beam FWHM, and the lack of comparing 

the exact same fluorescent bead due to hysteresis issues in the setup caused by mechanical 

instabilities. Ideally, we would want to be able to compare the same beads at the center of the 

FOV over a scan range, which would then show the SBR tier in the order of Gaussian, sectioned 

Bessel, and Bessel. However, while Gaussian beam would be estimated to have the best SBR and 

contrast, it does not have the depth-of-focus and self-reconstruction properties seen in the 

sectioned Bessel beam. These experimental shortcomings and factors are explained further in the 

Conclusions and Discussion, along with the Future Work sections. In the end, however, we are 

able to see a significant improvement in the SBR and contrast of the sectioned Bessel beam, an 

increase of ~18%, owing the suppressed side lobes that enable increased optical sectioning. 
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Figure 46: Plots of (Left) SBR and (Right) Contrast for 

Fluorescent Bead and Dye Phantoms 

 

 The figure below shows the three different beams and their corresponding stitched 

images for the fluorescent bead and dye phantom scans for 5% MeB and eCSD image processing 

applied. Note that the y-axis is ~0.5mm (corresponding to the scan range), while the z-axis is 

~1mm (corresponding to the FOV of the microscope). In these scans, the beam is focused in the 

center of the FOV. In the Gaussian scan, we observe more fluorescent beads as a whole, likely 

due to the spreading of the beam away from the center. In the Bessel scan, we see many artifacts 
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of larger and blurrier beads, likely caused by the side lobe structure of the Bessel beam along the 

collection axis. In the sectioned Bessel beam, these larger, blurry beads are clearly suppressed or 

missing altogether due to the side lobe reduction in the x-axis. 

Another key point of interest is that, in all images, the intensity is higher at the left than 

the right due to the intensity fall off of the beam as it propagates through the absorbing dye. This 

is especially apparent in the Bessel and sectioned Bessel images. For the Gaussian, this relation 

does not correlate as readily due to the beam being larger at the beginning of the FOV, thereby 

carrying lower intensity than in the center of the image. There are also shadow streaks in many 

parts of the image, generally starting on the left and getting darker going further down the z-axis. 

These are caused by the obstruction of the beam from fluorescent beads, which is investigated in 

the future section. 
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Gaussian 

 

Bessel 

 

Sectioned 

Bessel 

 
Figure 47: Stitched Images of Fluorescent Phantoms for Each Beam Geometry 

Using 5% MeB Volume and Confocal Detection 

 

 The figure below shows an axial cut of each of the stitched images along the same axis in 

an attempt to compare the SBR and contrast directly. These axial cuts were used for the 

summary calculations and plots shown at the section‟s beginning in Figure 43 and 44. In these 

Z 

Y 
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axial cuts, we are able to capture the same bead for the Bessel and sectioned Bessel, but for the 

Gaussian the intensity of the bead is small compared to a previous bead that had a higher signal. 

We see that the sectioned Bessel beam has a higher SBR compared to the regular Bessel beam 

based on the level of the background fluorescence. The Gaussian illumination beam appears to 

be steered from the bead in front, or diffracted in size and therefore did not cause the same bead 

to fluorescence as strongly. Note that this done with a single scan of a stitched image stack. 

 

 

Figure 48: Axial Cut of Three Beams at Same Image Point 

 

 For this section, the last part that investigated was the improvement in SBR seen when 

applying the confocal slit detection method through image processing. The confocal slit allows 

us to filter any scattering and fluorescence coming from the y-axis. The figure below compares 

the widefield and confocal image processing methods for the sectioned Bessel beams (for the 

other beams, these are shown in the Appendix section). We can see that by applying the confocal 

slit detection method, we increase the signal-to-background ratio through the filter of out of 

focus fluorescence in the y-axis. In the widefield image, we can see some beads that are larger 

and blurrier. The confocal stitched image has reduced blurriness on the beads by filtering the 

lower signal beads likely excited by the y-axis side lobe structure. The axial cut shows the direct 

suppression of background through confocal slit detection. This is particularly useful for 

scattering media as well, where scatter is likely to be out of the focal plane and thereby cause 

blurriness and degraded contrast in the final image. 
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Figure 49: Sectioned Bessel Beam (Top) Widefield versus (Center) Confocal Scan 

Along with (Bottom) Axial Cut 
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 The figure below shows the percentage improvement in SBR when the confocal slit 

detection processing scheme is applied. Overall, we see that the Gaussian beam benefits the least 

from confocal slit detection, while the Bessel and sectioned Bessel beams see similar 

improvements to the SBR. It is unknown why the percentage improvement changes with the dye 

concentration, but the Gaussian beam was expected to see the least improvement due to the lack 

of side lobes to create out of focus excitations (which are filtered out in the y-axis by eCSD). 

 

 

Figure 50: Improvement in SBR from Electronic Confocal Slit Detection (eCSD) 

 

iv. 2D PSF and Bead Obstructions 

 Following the fluorescent dye and bead phantom testing, we proceeded to use 0.2µm 

fluorescent beads instead of 7.3µm beads as these beads are far smaller below than the beam 

width. With a 10X microscope objective (actual magnification ~9.45), we find the 2D PSF of our 

collection system for the Gaussian beam is approximately 2-3 pixels, corresponding to ~0.9 to 

~1.35µm (each pixel corresponds to ~0.45µm per camera specifications and system 

magnification). While we are far from this resolution limit due to the width of our illumination 

beam, this demonstrates the maximum resolution achieved by our ~1mm FOV microscope 

system. Overall, we find that the PSF for each of the three beams the PSF is fairly similar. The 

Bessel beam PSF is potentially 1-2 pixels or ~0.45-0.9µm higher, but this could be attributed to 

system measurement error as opposed to side lobe contrast degradation. 
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Gaussian Bessel Sectioned Bessel 

   
Figure 51: 2D Point Spread Function for Different Beam Geometries 

 

 After looking at the PSF, we next perform some experiments to look at the self-

reconstruction properties of Bessel beams in a qualitative fashion. For this, we create a phantom 

with some dye but only a small amount of the 0.73µm bead solution. The following images show 

a “partial” obstruction of the beam as it propagates through the medium. We can see that for the 

Gaussian beam, the bead is hit and the beam gets distorted following the bead, seen in the streaks 

going in diagonal direction. However, for the two Bessel beams, we can see that across the full 

FOV, there is reconstruction of the main lobe despite a partial obstruction of the beam. This 

phenomenon is more evident in the sectioned Bessel beam due the optically sectioned nature of 

that beam and the lack of radial symmetry. The radial symmetry of the Bessel beam causes 

blurring in the surrounding regions, while the sectioned Bessel beam has more apparent troughs 

between the various side lobes. These general qualitative measurements are consistent with 

literature from Rohrbach et al and Chen et al, showing the Gaussian beam exhibit stronger beam 

distortion and steering compared to the Bessel beam, making it more useful in lightly scattering 

media such as cleared tissue samples 
6
. 
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Gaussian 

 

Bessel 

 

Sectioned Bessel 

 

Figure 52: Table of Partially Obstructed Beam and 

Self-Reconstruction Properties of Bessel and Sectioned Bessel Beams 

 

v. Cleared Tissues 

 For the final part of this thesis work, we attempted to experimentally image a sample of 

cleared prostate tissue. This sample was obtained from the UW Department of Pathology as a 

core needle biopsy performed on a patient diagnosed with prostate cancer, and this piece was 

already known to contain cancerous growths. The core needle biopsy sample was ~1mm thick 

and ~10mm in length. The sample was placed in the cuvette with an index matching oil, and the 
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sample was cleared using CLARITY by an University of Washington campus pathologist 

(clearing removes a large percentage of fats and lipids in the tissue samples). The tissue sample 

was also stained with DRAQ5 as a fluorescent probe, which is optimized for absorption and 

corresponding fluorescence in the red wavelength regime. DRAQ5 acts as a nuclear stain in 

prostate tissue. 

 The first beam applied was the Gaussian beam, and the image stack was processed with 

widefield and confocal detection. The figure below shows the two stitched images. We can see a 

vast improvement in the signal and contrast on the confocal slit detection image compared to the 

widefield detection image. This effect is evident for the tissue sample due to the lightly scattering 

nature of the biopsy sample, in which scattering of the beam as it propagates through the sample 

will cause a high degree of out of focus fluorescence. 

 In the confocal image, we can see features more clearly. An interesting point to note is 

that the left side of the image is sharper than the right side of the image. This is being caused by 

a combination of scattering and spreading of the Gaussian beam (again, the Gaussian beam has a 

far more limited DOF compared to the Bessel beams). In the Bessel and sectioned Bessel beam 

scans, we expect this effect to be less pronounced due to the increased DOF and self-

reconstruction properties of Bessel beams. 

 In terms of general pathological features in the Gaussian beam confocal image of the 

cleared prostate sample, we can see some of the general features necessary for suspicion of 

cancerous growth. Cancerous growths are suspected if there is a collection of cells without 

structure. In prostate tissue, there is stroma (elongated cells), along with glands (collections of 

cells that form a hollow tube-like structure). Dark areas of collagen indicate connective tissue, 

which should traverse between glands 
31

. Glands are expected to be surrounded by stroma and 

have a thin layer of connective tissue in between, and indications to the contrary would be 

suspect for cancerous growths. The stroma is generally evident in the Gaussian beam image, 

particularly the stroma surrounding the glands. In the image experimentally taken below, we 

have a difficult time seeing some of the glands, but can make them out as the darker circles. 

System improvements will be discussed in the next section. 
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Figure 53: Cleared Tissue Sample with Gaussian Beam Illumination Processed with 

(Top) Widefield and (Bottom) Confocal Detection Schemes 
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 For reference, we have an image of a conventionally processed (haematoxylin and eosin 

staining, or H&E) prostate tissue sample from a pathology lab shown in the figure below 
16

. 

Compared to the conventionally processed image, there are contrast and resolution issues in the 

images stitched by the experimental test bed. Some of this is associated with the image 

processing and the test bed being designed for higher FOV due to the lack of 2D scanning, 

flowing down from the proof-of-concept nature of the thesis work. However, the image below 

shows the image quality expected from “gold-standard” clinical instrumentation. This is a 

normal prostate tissue sample, where glands are well-defined, separated from each other by 

stroma and a layer of connective tissue. In the cancerous image, there is penetration of stroma 

into the glandular structure, along with a lack of uniformity in the stroma. 

 

 

 

Figure 54: (Top) H&E Conventionally Processed Prostate Tissue Sample and 

(Bottom) Cancer Suspected Areas, showing stroma infiltration 
31

 
32
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 The Bessel and sectioned Bessel beam scans of the cleared tissue sample are shown 

below. Unfortunately, there is a poor signal-to-background ratio that makes it impossible to 

decipher any features of the cleared prostate tissue sample. This poor SBR is associated with the 

lack of excitation and illumination laser power making it through onto the sample, despite being 

at the maximum operable power of the fiber-coupled laser diode. System improvements will be 

discussed in the last sections, but had the illumination power been higher for the system, we 

would have expected to see a more uniform image contrast that was slightly blurrier, and a lack 

of streaks in the image (due to the higher DOF and self-reconstruction properties, with side lobes 

creating contrast degradation). 

 

 

 

Figure 55: Cleared Tissue Sample with (Top) Bessel Beam and 

(Bottom) Sectioned Bessel Beam Illumination 

  



71 
 

7. Conclusions and Discussion 

 

 Overall, we have concluded the thesis work with the initial experimental tests of the 

cleared prostate tissue sample. Starting out, we simulated, designed, and constructed a 

microscope test bed from the ground-up utilizing a spatial light modulator for shaping 

illumination beams, allowing us to readily compare various beam geometries and their tradeoffs 

for fluorescent microscopy. Following the illumination arm setup, a simple microscope system 

was built for single axis scanning and collecting image stacks that are stitched together in post-

processing to form images of a section of phantom or tissue. 

In the first experiments evaluating the axial beam profiles, we were able to investigate 

some of the tradeoffs and adjustable parameters for forming Bessel beams using a spatial light 

modulator. The Bessel beam is generally formed by an annular amplitude mask or axicon phase 

mask, and for the thesis work we chose the annular mask for experimentally consistency and 

reduced alignment sensitivity. Adjusting the position of the annulus further from the center or 

reducing the width of the annulus will reduce the width of the lobes, thereby increasing the 

maximum achievable axial resolution. However, this comes at the tradeoff of reduced power 

throughput and stronger amplitudes of the side lobes. Introducing the sectioned Bessel beam 

geometry, pioneered by Rohrbach et al, allowed us to suppress the side lobes along the 

collection axis by a factor of three, while the vertical axis side lobes were filtered using eCSD 

image processing techniques. Adjustment of the section angle in the phase mask affects the 

width of the main lobes in addition to the side lobe suppression factor. Combining these 

techniques allows us to reap the DOF benefits of Bessel beams while suppressing contrast 

degradation caused by side lobe fluorescence. 

 In the lateral beam profiles and bead obstruction experiments, we were able to 

qualitatively observe some of the properties of Bessel beams beneficial to fluorescent 

microscopy and imaging. The lateral beam profiles showed the Bessel beam covering the FOV 

without the beam spreading due to the improved DOF. The bead obstruction experiments 

appeared to show lower deflection and reconstruction of the main lobe following partial 

obstruction from a bead for the Bessel beams. These properties are considered helpful in imaging 

cleared tissue samples, considered a lightly scattering medium. The PSF, as anticipated, was not 

seen to be different between the three beam geometries. 
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 Next, we analyzed the tradeoffs in SBR and contrast between the beam geometries using 

fluorescent bead and dye phantoms. Theoretically, we expect the SBR and contrast ranking from 

best to worst to be Gaussian, sectioned Bessel, and Bessel beams. However, experimentally, we 

found that the sectioned Bessel performed the best, Gaussian was in the middle, and the Bessel 

beam was the worst. This can likely be attributed to experimental errors caused by hysteresis of 

the cuvette holding stage, lack of consistent FWHM between sectioned Bessel versus the other 

beam geometries, and alignment of the Gaussian beam to be focused on the specific bead to be 

compared. We believe that these factors contributed to the data being skewed in favor of the 

sectioned Bessel beam. While the sectioned Bessel was supposed to be behind the Gaussian 

beam in SBR and contrast, it would have the advantages of improved DOF, reduced sensitivity 

to beam steering and distortion, and self-reconstruction properties under partial obscuration when 

compared to traditional Gaussian beams. At a qualitative level, reduced beam steering 

sensitivity, reduced side lobe excitation, and lack of beam spreading, can be seen within the 

fluorescent bead and dye phantom images as positive qualities for the sectioned Bessel beam 

compared to the traditional Gaussian and Bessel beams. We also assessed the benefits of eCSD 

compared to widefield detection, which allows us to mimic confocal detection through image 

processing. In this scenario, the Bessel and sectioned Bessel beams saw greater improvement 

when eCSD is applied due to side lobe fluorescence, indicating the effectiveness of eCSD in 

suppressing side lobe in the vertical axis of the collection plane. 

 Finally, we performed experimental measurements on a core needle biopsy of a cleared 

prostate tissue sample. Tissue clearing techniques are a more recent innovation, creating demand 

for microscopy techniques that will image thicker cuts of tissue. Confocal detection shows 

significant improvement over widefield in this scenario due to the introduction of optical 

scattering inherent to the tissue sample (even cleared tissues have some scattering behavior). Due 

to the limited DOF of the Gaussian beam, the back section imaging results are blurrier compared 

to the front. The Bessel and sectioned Bessel beam experimental results showed a high 

background and complete lack of contrast between parts of the tissue. This is due to a host of 

factors, including issues with power illuminating the sample caused by resolution matching the 

Gaussian and Bessel beams, inefficient power conversion from the beam shaping process, and 

lack of compensation parameters from the collection end. 
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In summary, we draw the following conclusions from this thesis work: 

 Improved depth of field, self-reconstruction, and reduced beam steering sensitivities from 

Bessel beams allows for imaging across larger sample thicknesses. This is particularly 

useful in lightly scattering media, and could see usage in pathology labs when looking at 

cleared tissues. 

 Sectioned Bessel beams provide significant side lobe suppression over Bessel beam and 

would be useful for reducing scan times when imaging cleared tissue samples >0.5mm 

thickness, without significant degradation of contrast from the Gaussian beam (the 

microscope test bed system needs refinement and fine tuning for more accurate 

comparisons in the future). 

 Electronic confocal slit detection (eCSD) proves to be an adequate substitute for the lack 

of rolling shutter / aperture, rejecting vertical side lobes effectively and acting as a cost-

effective alternative to newer camera models with built-in rolling shutter features. 

 The combination of these techniques, along with recent innovations in tissue clearing 

techniques, shows clinical translation and application for imaging cleared tissue samples, 

where increased resolution combined with improved DOF could be achieved for imaging 

relatively thick, lightly scattering tissue samples. 

 This work lays the framework on assessing the properties and tradeoffs of non-Gaussian 

beams, with future work seeking to improve the test bed for better assessing usage in 

studying cleared tissue imaging samples, followed by implementation of these non-

diffracting beam types within a light sheet microscope system for thick, volumetric 

imaging and pathology. 
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8. Future Work 

 

In this thesis work, we studied and analyzed some of the tradeoffs in using Bessel beams 

and sectioned Bessel beams compared to the conventional Gaussian beams used in fluorescent 

microscopy. There are a number of system improvements that can be made to the microscope 

test bed setup in order to bring quantitative validity to the tradeoff studies being done on the 

benefits and downsides to Bessel beams. The most immediate improvements would be for the 

system hysteresis, mechanical stability, and purchase of a higher power laser. Fixing the system 

hysteresis and mechanical stability would allow us to compare similar beads, allowing us to 

make more accurate and quantitative comparisons between Gaussian and Bessel beams. This can 

be done by re-assessing some of the actuators and micrometers for lower backlash and higher 

repeatability variants, along with having a more robust mounting method for the cuvette (which 

was held in place through double-sided tape). This would also fix the system repeatability for the 

scanning range, where repeated scans do not produce the same image. Having access to a higher 

power laser, similar to the >500mW lasers used in other Bessel beam microscopy groups, would 

allow us to overcome the SBR and contrast issues seen with the cleared tissue experiments. 

Implementation of certain image processing techniques like deconvolution would help to clear 

the image further and therefore provide better contrast in sample features. 

 

Other system features revolving around imaging speeds toward clinical application rely 

on changing core components, which would change the fundamental design. However, for 

clinical translation, scan speeds becomes a critical parameter to optimize for. In order to improve 

the scanning speeds and create a device more practical for clinical translation, it would be 

recommended to swap to an inverted microscope setup similar to the current generations of 

LSMs used in the Molecular Biophotonics Lab. This would also improve the usability of the 

system as mounting of the sample was difficult with the current test bed iteration. The eCSD 

technique acted as a substitute for having a physical or electronic aperture to filter scatter or out 

of focus fluorescence, but this heavily reduces the scan speed as well. Lastly, scan speeds would 

drastically improve with the implementation of an acousto-optic deflector or scanning mirror, 

similar to the non-diffracting beam type microscope systems used by Rohrbach et al or Dholakia 

et al 
4,15

. 
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Overall, sectioned Bessel beams combined with eCSD offers improved image quality 

over normal Bessel beams. Beyond test bed improvements and further studies on tradeoffs and 

clinical application in imaging cleared tissue samples, future work would take a couple of 

different paths. Alternate beam geometries are still an active area of research, and may be even 

better than Bessel and sectioned Bessel beams when it comes to critical parameter tradeoffs. Airy 

and consequently, super Airy, beams are another common non-diffracting beam geometry, used 

particularly by the Dholaki et al group 
33

. Super Airy beams exhibit a narrower main lobe by 

~30% 
11

. Further methods of side lobe suppression would further improve the applicability of 

Bessel beam geometries, such as two photon Bessel beam microscopy used by the Peng et al 

group or structured illumination used by Betzig et al 
5,18

. 

 

Image processing techniques such as deconvolution, maximum intensity projection, or 

processing techniques involved in structured illumination would help to clean up the images and 

improve image quality. Deconvolution has been widely used in fluorescent microscopy  by the 

Dholakia et al group, and will improve imaging contrast 
19

. There are also alternate methods for 

illumination, including structured illumination, that would further increase resolution 
18

. Multi-

wavelength imaging would further increase the clinical applications by allowing for further 

differentiation of features through using multiple fluorescent probes. Lastly, polarization studies 

have shown improvements in contrast differentiation on protein markers indicative of cancerous 

growth, and could be potentially applied for clinical application as well 
34,35

. Overall, the 

research being performed on non-diffracting beams in fluorescent microscopy is an exciting and 

constantly evolving field, and innovations in this area are opening potential avenues for future 

usage in clinical settings. 
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10. Appendix 

 

Stitched Images for 1% Methylene Blue and Fluorescent Bead Phantoms – Widefield 
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Stitched Images for 1% Methylene Blue and Fluorescent Bead Phantoms – Confocal 
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Stitched Images for 2% Methylene Blue and Fluorescent Bead Phantoms – Widefield 
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Stitched Images for 2% Methylene Blue and Fluorescent Bead Phantoms – Confocal 
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Stitched Images for 5% Methylene Blue and Fluorescent Bead Phantoms – Widefield 
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Stitched Images for 5% Methylene Blue and Fluorescent Bead Phantoms – Confocal 
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MATLAB Script for Spatial Light Modulator Bitmaps – Gaussian 

%% SLM Bitmap Generator for Gaussian Beams 
% Written by J. Chia 
% Updated: 10/6/2016 

  
% Initial script stuff 
clear all; 
close all; 

  
% Constants and variables 
pix_size = 6.4; % um 
gap = 0.2; % um 
lambda = 0.66; % um 

  
x_length = 1920; % pixels 
y_length = 1080; % pixels 

  
spherical_f = 100; % approximate focal length of spherical phase in mm 
spherical_interval = 35; 
spherical_max = 1; 
negative_f = 0; % set to 1 if you want to have negative focal length 

  
bg_interval = 20; % reset in pixels 
bg_max = 1; 
bg_reset = 0; 

  
% Generate bitmap vectors 
x = linspace(0,x_length,x_length+1); 
x = x(1:x_length); 
x_center = x_length/2; 
t_x = linspace(0,2*pi,1920); 

  
y = linspace(0,y_length,y_length+1); 
y = y(1:y_length); 
y_center = y_length/2; 
t_y = linspace(0,2*pi,1080); 

  
% Generate meshgrid 
[X,Y] = meshgrid(x,y); 
R = sqrt((X-x_center).^2+(Y-y_center).^2); 

  
%% Hologram Generation 
% Generate spherical lens phase pattern 
z_spherical = zeros(y_length, x_length); 
z_spherical = mod(-(2*pi/lambda).*(R.^2)./spherical_f./1000, 

spherical_interval); 
z_spherical = z_spherical./max(max(z_spherical)); 

  
if negative_f == 1 
    z_spherical = -z_spherical; 
end 

  
% Generate blazed grating pattern 
z_bg = zeros(y_length, x_length); 
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for i = 1:length(x) 
    z_bg(:,i) = (bg_max./(bg_interval-1)).*bg_reset; 
    bg_reset = bg_reset + 1; 

     
    if mod(i,bg_interval) == 0 
        bg_reset = 0; 
    end 
end 

  
% Hologram generation 
z_hologram = z_spherical + z_bg; % add axicon and blazed grating 
z_hologram = z_hologram./max(z_hologram(:)); % normalize 

  
%% Plot bitmap results 
figure(1); 
imagesc(x,y,z_spherical); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Spherical Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(2); 
imagesc(x,y,z_bg); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Blazed Grating Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(3); 
imagesc(x,y,z_hologram); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Combined Hologram'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
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MATLAB Script for Spatial Light Modulator Bitmaps – Bessel 

%% SLM Bitmap Generator for Bessel Beams 
% Written by J. Chia 
% Updated: 12/08/2016 

  
% Initial script stuff 
clear all; 
close all; 

  
% Constants and variables 
pix_size = 6.4; % um 
gap = 0.2; % um 

  
x_length = 1920; % pixels 
y_length = 1080; % pixels 

  
axicon_rad = 25; % minimum radius for axicon 
axicon_max = 1; 

  
bg_interval = 5; % blazed grating reset in pixels 
bg_max = 1; 
bg_reset = 0; 

  
annulus_inner = 200; % inner radius of annulus 
annulus_outer = 400; % outer radius of annulus 
annulus_max = 1; 
annulus_min = 0; 

  
section_angle = 90; % angular section of bessel beam (must be <180 deg), 180 

deg = no sectioning 

  
% Generate bitmap vectors 
x = linspace(0,x_length,x_length+1); 
x = x(1:x_length); 
x_center = x_length/2; 
t_x = linspace(0,2*pi,1920); 

  
y = linspace(0,y_length,y_length+1); 
y = y(1:y_length); 
y_center = y_length/2; 
t_y = linspace(0,2*pi,1080); 

  
% Generate meshgrid 
[X,Y] = meshgrid(x,y); 
R = sqrt((X-x_center).^2+(Y-y_center).^2); 

  
%% Hologram Generation 
% Generate axicon pattern 
z_axicon = (axicon_max./(axicon_rad-1)).*rem(R, axicon_rad); 
z_axicon = z_axicon - axicon_max; 
z_axicon = abs(z_axicon); 
z_axicon = zeros(y_length, x_length) + 1; % sets axicon pattern to unity 

  



91 
 

% Generate blazed grating pattern 
z_bg = zeros(y_length, x_length); 
for i = 1:length(x) 
    z_bg(:,i) = (bg_max./(bg_interval-1)).*bg_reset; 
    bg_reset = bg_reset + 1; 

     
    if mod(i,bg_interval) == 0 
        bg_reset = 0; 
    end 
end 

  
% Generate aperture annulus 
z_aperture = zeros(y_length, x_length); 
z_aperture(R > annulus_inner) = annulus_max; 
z_aperture(R < annulus_inner) = annulus_min; 
z_aperture(R > annulus_outer) = annulus_min; 
z_aperture = abs(z_aperture-1); % invert the annulus 

  
% Filter to blur aperture 
% z_aperture = imgaussfilt(z_aperture, 25, 'FilterDomain', 'frequency'); 
z_aperture = abs(z_aperture-1); % invert the annulus 

  
% Hologram generation 
z_hologram = z_axicon + z_bg; % add axicon and blazed grating 
z_hologram = z_hologram./max(z_hologram(:)); % normalize 
z_hologram = z_hologram.*z_aperture; 
z_hologram(R < annulus_inner) = annulus_min; 
z_hologram(R > annulus_outer) = annulus_min; 

  
% Sections the bitmap based on 'section_angle' 
for xx = 1:length(x) 
    for yy = 1:length(y) 
        if abs(atan2(yy-y_center,xx-x_center)) < abs((pi/2-(180-

section_angle/2)*(pi/180))) 
            z_hologram(yy,xx) = 0; 
        elseif abs(atan2(yy-y_center,xx-x_center)) > abs((pi/2-

(180+section_angle/2)*(pi/180))) 
            z_hologram(yy,xx) = 0; 
        end 
    end 
end 

  
%% Plot bitmap results 
figure(1); 
imagesc(x,y,z_axicon); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Axicon Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(2); 
imagesc(x,y,z_bg); 
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colormap(gray); 
grid on; 
axis equal tight; 
title('Blazed Grating Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(3); 
imagesc(x,y,z_aperture); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Annulus Aperture Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(4); 
imagesc(x,y,z_hologram); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Combined Hologram'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
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MATLAB Script for Spatial Light Modulator Bitmaps – Airy 

%% SLM Bitmap Generator for Airy Beams 
% Written by J. Chia 
% Updated: 9/1/2016 

  
% Initial script stuff 
clear all; 
close all; 

  
% Constants and variables 
pix_size = 6.4; % um 
gap = 0.2; % um 

  
x_length = 1920; % pixels 
y_length = 1080; % pixels 

  
a_cubic = 1000; 
b_cubic = 0; 
c_cubic = 0; 
d_cubic = 0; 
cubic_interval = 30; % reset interval, place somewhere between 5 and 50 
theta_rotation = pi/4; % angle of rotation for cubic function 

  
bg_interval = 5; % reset in pixels 
bg_max = 1; 
bg_reset = 0; 

  
% Generate bitmap vectors 
x = linspace(-x_length/2,x_length/2,x_length+1); 
x = x(1:x_length); 
x_center = x_length/2; 

  
y = linspace(-y_length/2,y_length/2,y_length+1); 
y = y(1:y_length); 
y_center = y_length/2; 

  
% Generate meshgrid 
[X,Y] = meshgrid(x,y); 
R = sqrt(X.^2+Y.^2); 
theta = mod(atan2(Y,X)+theta_rotation,2*pi); 

  
%% Hologram Generation 
% Generate cubic phase pattern 
z_cubic = zeros(y_length, x_length); 
z_cubic = 

mod(a_cubic.*((R.*cos(theta)./y_length).^3+(R.*sin(theta)./y_length).^3), 

cubic_interval); 
% z_cubic = 

mod(abs(a_cubic.*((R.*cos(theta)./y_length).^3+(R.*sin(theta)./y_length).^3))

, cubic_interval); % smoothed due to abs() 
z_cubic = z_cubic./max(max(z_cubic)); 

  
% Generate blazed grating pattern 
z_bg = zeros(y_length, x_length); 
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for i = 1:length(x) 
    z_bg(:,i) = (bg_max./(bg_interval-1)).*bg_reset; 
    bg_reset = bg_reset + 1; 

     
    if mod(i,bg_interval) == 0 
        bg_reset = 0; 
    end 
end 

  
% Hologram generation 
z_hologram = z_cubic + z_bg; % add axicon and blazed grating 
z_hologram = z_hologram./max(z_hologram(:)); % normalize 

  
%% Plot bitmap results 
figure(1); 
imagesc(x,y,z_cubic); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Cubic Phase Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(2); 
imagesc(x,y,z_bg); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Blazed Grating Bitmap'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 

  
figure(3); 
imagesc(x,y,z_hologram); 
colormap(gray); 
grid on; 
axis equal tight; 
title('Combined Hologram'); 
xlabel('x'); 
ylabel('y'); 
zlabel('z'); 
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MATLAB Script for Image Stitching 

%% Image Stitcher Program 
% Jeffrey Chia 
% Updated: 12/01/2016 

  
% Imports image stack and performs image processing and stitching of the 
% data set to give the full image data set 

  
% Old code lines for reference 
% current_image = imread(['.\Image Data 

Sets\7.9um_beads_1umstep_T2\7.9um_beads_1umstep_T2_' num2str(i-1) '.png']); 

  
% Initial script stuff 
clear all; 
close all; 
clc; 

  
% Constants and variables 
pix_size = 4.54; % pixel size in um 
um_to_mm = 1E-3; 
mag = 9.45; % magnification of objective 
mag_theo = 10; % theoretical magnification 
pix_size_mag = pix_size./mag; 
pix_size_mag_theo = pix_size./mag_theo; 

  
x_res = 1920; % number of columns 
y_res = 1440; % number of rows 

  
y_min = 770; % dictates where to start the crop 
dy = 20; % width of the confocal filter 

  
step_size = 0.45; % step size in um 
pix_shift = round(step_size./pix_size_mag,0); % number of pixels to stitch 

  
% Import images 
folder = '.\Image Data 

Sets\bessel25ax300to400ap_11mm_0.2um2umbeads_range400um_stepsize0.45um\'; 
images = dir('.\Image Data 

Sets\bessel25ax300to400ap_11mm_0.2um2umbeads_range400um_stepsize0.45um\*.png'

); % import all image filepaths to a structure 

  
num_files = length(images); % number of images 
cropped_stack = zeros(dy, x_res, num_files, 'uint16'); 
cropped_stack = double(cropped_stack); 

  
% Process images into a z-stack 
for i = 1:num_files 
    current_filename = strcat(folder,images(i).name); 
    current_image = imread(current_filename, 'uint16'); 
    current_image = current_image(:,:,1); 

     
    for j = 1:dy 
        cropped_stack(j,:,i) = current_image(y_min+(j-1),:); 
    end 
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end 

  
% Multiplies each cropped image by a mask 
mask = zeros(dy, x_res, 'uint16') + 1; 
mask = double(mask); 

  
for i = 1:num_files 
    cropped_stack(:,:,i) = cropped_stack(:,:,i).*mask; 
end 

  
% Stitches images together 
im_stitch = zeros(dy+num_files.*pix_shift, x_res, 'uint16'); 
im_stitch = double(im_stitch); 

  
for i = 1:num_files 
    for j = 1:dy 
        index = int32(j+((i-1)*pix_shift)); 
        im_stitch(index,:) = im_stitch(index,:) + cropped_stack(j,:,i); 
    end 
end 

  
% Compresses image to match the actual magnification 
compression_ratio = pix_size_mag./pix_size_mag_theo; 
im_stitch_compressed = imresize(im_stitch, 

[floor(size(im_stitch,1)./compression_ratio) x_res], 'bicubic' ); 

  
% Display image 
figure(1); 
imagesc(im_stitch_compressed); 
colormap(gray); 
axis image; 
title('bessel25ax300to400ap__11mm__0.2um2umbeads__range400um__stepsize0.45um_

_filter400pix', 'FontSize', 20); 
xlabel('x (pixel)'); 
ylabel('y (pixel)'); 
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USAF Calibration for Collection Arm Magnification 

 

 

Calculations 

4.54um Pixel Size 

G2E2 = 111.36um 

G2E4 = 27.84um 

 

G2E2 

B1 = 234pix 

B2 = 232pix 

B3 = 228pix 

B_avg = 231pix = 1050.25um 

Actual Mag = 9.43 

 

G2E4 

B1 = 58pix 

B2 = 58pix 

B3 = 57pix 

B_avg = 58pix = 263.32um 

Actual Mag = 9.45 


