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Abstract 

In this thesis, the propagation of Bessel beam in tissue and its potential advantages were 

explored numerically and experimentally. In the numerical simulations, the Monte Carlo 

method is used to simulate the propagation of Gaussian and Bessel beams in tissue. By 

convolving the impulse profile generated by a pencil beam’s propagation with either 

beam intensity profile, the response of the propagation of the said beam can be 

approximated. This process was done by modifying and using MCML and CONV 

software which are available from the literature. Experimentally, the Bessel beams were 

generated by a laser and axicons, and made to propagate through optical phantoms 

formed with variable density intralipid solutions. The intensity distribution of the 

transmitted Bessel beam at the exit of the scattering media was measured and compared 

with transmittance results from simulation. At last, a separate experiment was designed to 

investigate the reconstruction of a Bessel beam after it passes the optical phantom.  
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Chapter 1  Introduction  

 1.1 Background  

Light tissue interaction studies have a variety of clinical applications such as skin 

treatment, phototherapy and laser surgery. Laser was invented during 1950’s and there 

have been many studies about laser propagating in bio-tissue-like media [1] [2]. Most 

lasers produce an intensity profile with Gaussian distribution. In recent years, there has 

been significant interest in other intensity distributions such as Bessel and Airy beam 

distributions which have unique properties. Near-Bessel beams can be produced by an 

axicon, which is simply a conical lens [3]. 

Bessel beams, compared to Gaussian beams, have many advantages such as self 

reconstruction [4], long depth of field and non-diffraction. In the last 30 years, many 

studies have been published comparing different aspects of Gaussian and Bessel beams, 

such as their propagation after passing through an aperture [5], and their efficiencies of 

generation of optical harmonic [6]. 

One of the most interesting properties of Bessel beams is the self- reconstruction 

property which means that when a part of these beams is blocked, they reconstruct to the 

original profile as they propagate [4] [7] [8]. This property is also known as self-healing 

property of beams. Another beam having the self-healing property is the Airy beam [9]. 

The other important property of Bessel beams is non-diffraction [10]. Bessel beams are 

the most common known diffraction- free light beams. Another type of non-diffraction 

light beams is the Airy beams [9] [11]. According to this property, the light beam 
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intensity profile does not change over time or travel space, which is beneficial in terms of 

energy delivery. Many experiments [8] were conducted to prove the near non-diffraction 

property of Bessel beams.  

The last important property of Bessel beams is that they have a long depth of field 

which is advantageous in different applications such as imaging [12].  As mentioned 

previously, Bessel beams are frequently generated by axicons. An axicon is a special type 

of optical lens which has a focal line instead of a focal point and the Bessel profile will be 

within the focal region. There are numbers of ways to modify the focal region, for 

example changing the base angel α of the axicon [13] [14]. The three mentioned 

properties of Bessel beams can result in a much better energy delivery to the tissue [8].  

According to the Monte Carlo method by Wang [15] [16], the software Monte Carlo 

modeling of light transport in multi-layered tissues (MCML) simulates the propagation of 

a pencil beam in tissue to create an impulse profile and the software convolution (CONV) 

convolves the impulse profile generated by MCML with certain types of beam intensity 

profile to approximate the propagation of beam in tissue.          

Turbid media such as fat emulsions or Intralipid solutions are often used as phantoms 

for studying light propagation in bio-tissue. Many methods have been developed to 

measure the optical properties in these turbid media as well as other types of solutions 

[17] [18].  

1.2 Objective  

The purpose of this research is to investigate the propagation of Bessel beams in tissue 

and to compare it to that of Gaussian beams in terms of penetration. The Monte Carlo 
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method will be used to simulate this propagation. Experiments will also be conducted by 

generating a Bessel beam and allowing it to propagate in Intralipid solutions and 

measuring the resulting intensity profiles. Experiments will be used to access the validity 

and applicability of MCML. This is important since this software is widely used in spite 

that it does not take into account the wave behavior of the light.   

1.3 Scope 

The research project described in this thesis can be divided into three stages. In the first 

stage, we modified the CONV program into Matlab software and implemented the Bessel 

beam convolution about a pencil beam profile generated from the MCML. Then, we used 

the MCML [15] and CONV [16] programs to numerically simulate the propagation of 

Bessel and Gaussian beams in tissue. After the first stage, we used a blue laser and an 

axicon to generate a Bessel beam, which is allowed to propagate though several tissue-

like phantoms (Intralipid solutions) with different concentrations. We used a CMOS 

camera to capture cross section images of the beam and develop Matlab programs to 

measure the intensity distributions from those images. At last, we compared the results 

from the experiments and simulations. Besides, we also conducted experiments 

investigating the self reconstructive properties of Bessel beam by observing the 

difference on the image while moving the intralipid sample between the camera and 

axicon.  

The remainder of the thesis is organized as follows. Chapter 2 reviews the relevant 

literature to the subjects. The optical properties of tissue and their determinations are 

covered in chapter 3. The simulation methods and results are presented in chapter 4 and 
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chapter 5. In chapter 6, we describe the experimental technique and results. Finally, in 

chapter 7 we discuss the results and summarize the conclusions of this work.  
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Chapter 2  Literature review 

This chapter contains a review of the relevant investigations related to Bessel beam 

propagation in tissue-like phantoms. This review is divided into five sections, which 

respectively focus on tissue-like phantoms, optical properties, Bessel beams, numerical 

simulations and experimental investigations related to Bessel beam propagation in tissue-

like phantoms. 

2.1 Tissue-like phantoms 

For most light-tissue interaction studies, the ideal material for media would be a living 

organism or at least a fresh tissue sample. However, such samples are not always 

available for research purposes. Instead of real life tissue sample, tissue equivalent 

phantoms or tissue-like phantoms are frequently used for these studies. The advantages of 

using tissue-like phantoms over real tissue phantoms include the fact that compared to 

real tissue, tissue equivalent phantoms are easier to preserve, less expensive,  and it is 

easier to manipulate its optical properties and its state of matter (ideally semisolid) [19]. 

For light tissue interaction studies, the most important properties of the propagating 

medium samples are their scattering and absorption properties [20]. The recipe 

ingredients for preparing any tissue equivalent sample include the scatterer, the absorber 

and the solvent [19]. Many ingredients have been used for tissue equivalent phantoms 

such as Al2O3 particles, silicon dioxide, intralipid, ink, blood, azide, penicillin, bovine 

serum, and fluorochromes [21] [22]. Three great examples of ingredients of tissue-like 

samples that represent scatterer, absorber and solvent respectively are intralipid solution 

[18], India ink [23] and polyvinyl alcohol (PVA) slime [24].  
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Intralipid is an emulsion of water and phospholipid micelles [18], which is often used 

as a tissue equivalent phantom in optical experiments because it has no strong absorption 

bands in the visible region of the electromagnetic spectrum and has easy adjustable 

scattering properties [17] [25]. India ink is composed of a variety of fine soot known as 

lampblack, which has been widely used for writing and printing. In the studies of tissue 

equivalent phantom, India ink is best known for its absorption property [23]. As a result, 

India ink, which is good for visualization, is often used as a pure absorber mixed with 

other solutions like the intralipid mentioned above. Another phantom used for light-tissue 

study is a soft deformable tissue based on polyvinyl alcohol (PVA) slime [24]. This type 

of phantom can have an arbitrary size and shape by containing the slime within a thin 

latex shell. The phantom can remain stable within three months. Similar to the Intalipid 

and India ink, other ingredients can be added to the PVA slime in order to control its 

optical performance like scattering and absorption.  

With the three components mentioned above, namely intralipid, India ink and PVA, it 

is possible to fabricate phantoms that are capable of mimicking desired optical properties 

[19]. However, for recent tissue light interaction studies, intralipid solutions are mostly 

use [8] [26]-[27][28] . Therefore, in order to replicate and compare with other people’s 

work, we use intralipid solutions in the present thesis.   

2.2 Techniques to determine the optical properties of tissue-like samples 

In numerical studies, propagating medium is represented by its optical properties [29]. 

The most important optical properties are absorption and scattering [30] [31]. However, 

for light propagations, refractive index and other physical parameters such as specific 
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weight or average particle size are also important factors [18] [25]. Many numerical and 

experimental methods were developed to determine these optical properties of tissue or 

tissue equivalent samples [18] [32] . As mentioned in the last section, in this research, the 

type of tissue sample we focus on is intralipid solution.  

In general, the optical properties of any sample, such as the refractive index [33], the 

average scatterer size [25] and the attenuation coefficient μt [17] can be obtained by 

experimental measurements. Even though it is very difficult to directly measure the value 

of the absorption coefficient μa and the scattering coefficient μs [18], one of them can be 

easily calculated by the other combined with μt [20]. Since μs can be determined by many 

well developed methods such as the Mie theory and the Rayleigh theory, a typical 

template for μa determination involves experimentally measuring an optical term that can 

derive μt via numerical models such as radiative transport equation (RTE) or diffusion 

theory [18] [25] [34], calculating μs via Mie or Rayleigh theories which make use of the  

average scatterer size and the wavelength of the light source, and the coefficient μa is then 

calculated based on μt and μs. For intralipid solutions, the particle size varies from the 

smallest particle which has about 25nm diameter to the larger particles having a diameter 

of few hundreds of nanometers [18]. Therefore, for studies requiring more precision, 

instead of using average particle size [25] and computing all scatterers as equal, each 

scattering event is calculated individually based on its particle size [18].      

The whole determination process for one set of optical properties could take significant 

time and resources. So mostly, when the optical properties values are needed in studies, 

using existing data would be most efficient. However, like many other physical properties, 

optical properties are usually affected by many factors such as wavelength and particle 
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size. For tissue samples, many of measurements were generated from the bio-medical 

field [35]. On the other hand, for intralipid samples, existing data is not sufficient. As a 

solution, the results of optical properties under similar conditions are described by fitting 

functions [18].      

2.3 Bessel beams and axicons 

An axicon [36] is a lens that has a conical shape. Axicons are different from spherical 

lenses, they generates Bessel beams instead Gaussian beams. The Bessel beam is named 

by its beam intensity profile. If a collimated laser beam passes through the axicon center, 

the intensity profile would be approximated by the square of a zero-order Bessel function 

of the first kind [10]. There are other ways to generate a Bessel beam, for example, a 

collimated light beam passing through an annular aperture followed by a converging lens 

[3]. Compared to Gaussian beams, Bessel beams have three characteristics which are 

non-diffractiveness [3] [5], long focal range and self-reconstruction, also called self-

healing [4] [8]. All these properties suggest that a Bessel beam has a better performance 

in biomedical imaging. The long DOF can be practical for capturing clear image over a 

longer range. The non-diffractive and self-reconstructive properties imply that Bessel 

beams deliver better penetrations in tissues. There are other solutions, for example airy 

beams  [9] [11], which also show non-diffractive and self-reconstructive properties. Also 

multi-beam laser have been used for better penetrations [2]. 

2.4 Simulation of light propagation in tissue  

The purpose of a light-tissue interaction simulation is to estimate how the photon and 

tissue would affect each other during the propagation. A statistical method, the Monte 
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Carlo simulation, is frequently used for these simulations [20] [30] [31].  The final state 

of each photon after the propagation is presented by a probability distribution function.  

Monte Carlo methods generally involve aggregating results by repeating the computation 

of the same numerical solution with inputs randomly generated response from a 

probability distribution over a defined domain. The most famous application using the 

Monte Carlo methods involves the determination of the value of π [37]. In tissue 

interaction studies, this process can be described as repeatedly launching individual 

photons into tissue and computing their trajectories based on absorption and scattering 

events they would encounter during the propagation then record the final status of all the 

photons spatial distrubutions over the tissue.    

The use of Monte Carlo for light tissue interaction was first developed by B.C. Wilson 

in 1983 [30]. Since then, many studies of visible and near-infrared interaction with bio-

tissue interaction were performed using this method [20] [31] [38] - [40]. The software 

Monte Carlo modeling of light transport in multi-layered tissues (MCML) developed by 

Wang in 1995 [15], is still widely used until today because it can be combined with 

convolution methods [16] to simulate the propagations of light with different intensity 

profiles. However, the traditional Monte Carlo simulations do not address the wave 

behaviors of light. Therefore, unscattered light simulations will not form the diffraction 

limited spot size correctly [41]. To address this issue, many studies were conducted over 

the last two decades [42] - [49]. In the most recent study, Hokr proposed to modify the 

initial distribution of the pulse and the behavior of the unscattered photons of MCML so 

it will describe propagating ballistic photons along trajectories predicted by Gaussian 

optics until they undergo an initial scattering event [41]. 
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Besides Monte Carlo methods, radiative transfer equation (RET) can also be used to 

analyze light or other types of wave transportation in a certain medium [50] [51]. 

However, RTE is difficult to solve without approximations. The most common 

approximation that is catered to this need is the diffusion approximation [52]. Different 

from Monte Carlo simulations, this method is based on differential equation solving and 

does not require the large amount of simulations to get a statistical result. Therefore, the 

computational time for diffusion theory would be much smaller than Monte Carlo theory 

but the results can be less accurate due to approximations [20].    

2.5 Experimental investigations of laser beams propagating in tissue-like medium 

Compared to simulations, experimental investigations would represent the results more 

realistically. A general setup for light tissue interaction study usually involve a light 

source (laser), a set of optical elements to modify the beam diameter (telescope), a second 

set of optical elements to generate desire beam profile, a tissue-like phantom sample 

(intralipid solution) and a sensor to measure the intensities (CCD camera) for further 

analysis [8]. The purpose of this type of research is usually to compare the response of 

propagation between the target type of beams and a well known type of beams to prove 

the superior of the new found beam in specific terms such as penetration or energy 

distribution [8] [27]. During the last few decades, the most popular beams studied were 

the non-diffraction beams such as Bessel beams and Airy beams and the reference beam 

type is usually Gaussian beams [53] [54]. Non-diffraction beams also have unique self-

reconstruction or self-healing property. In1998, Bouchal and co-workers introduced their 

experiments that use a single obstacle to block the center of a Bessel beam and after a 
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reconstruction region, the intensity profile of the beam would reconstruct to Bessel 

distribution [4].   
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Chapter 3 Optical and light scattering properties of tissue 

This chapter includes theory and numerical calculations of the optical properties of 

tissue-like phantoms used in this thesis. It mostly focuses on the determination of 

scattering properties for the target phantom: intralipid solutions, which have low 

absorption properties.  

3.1 Optical properties 

The tissue optical properties required for the Monte Carlo simulation of light propagation 

in tissue are: the absorption coefficient μa, the scattering coefficient μs, the scattering 

anisotropy g and the index of refraction n. The thickness is also used to characterize the 

propagating media sample. In this section, we review the definitions of these properties 

and explain the methods used to determine these properties in our simulations as well as 

in the experiments. 

3.1.1 Optical properties’ definitions 

A propagating media is quantified by its optical properties. Each one of these properties 

effects the photon propagation in a different way, for example, the index of refraction n is 

the ratio of the speed of light in a certain medium to the speed of light in vacuum.  This 

parameter is used in Snell’s law to determine whether or not the photon bounce back 

when hitting a boundary. Other optical properties were used in this work include 

scattering properties and absorption properties.  

Scattering events can be described as a phenomenon by which when any form of 

radiation or moving particles encounters an obstacle, it will be forced to change direction 

from its original trajectory. Scattering properties are quantified in terms of the scattering 
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coefficient μs and the scattering anisotropy g. They represent the probability of a certain 

change of direction of a photon after a scattering event. Scattering of light by a spherical 

particle can be modeled by the Mie theory or the Rayleigh theory. The condition of using 

Rayleigh theory is that the particle size is much smaller than the wavelength. Since the 

particle size of intralipid solutions (average 444 nm [25]) is very close to the wavelength 

of the light source used in this research (473 nm), we will use Mie theory to calculate 

scattering properties in section 3.4.   

The scattering anisotropy g is a measure of the amount forward direction retained after 

a single scattering event. It can be calculated by [20] 

𝑔 = < 𝑐𝑜𝑠Ɵ >                            (3.1) 

where Ɵ is the angle between original light trajectory and the light trajectory after the 

scattering event and the symbol <  > refers to averaging. 

For a single scatterer, the scattering cross-section σs' is given by 

   𝜍 𝑠′ =  𝑄𝑠 𝜍𝑠                           (3.2) 

where Qs is the scattering efficiency and σs is the geometry cross-sectional area of the 

scattering particle.  

By considering all the scatterers in a unit volume, we have the scattering coefficient μs.   

𝜇 𝑠 =   𝑄𝑠 𝜍𝑠    
𝑁𝑠
𝑛=1                   (3.3) 

where Ns is the total number of scatterers in a unit volume. 

Other than scattering of light, we also track its energy transfer.  Absorption property is 

used for simulating the energy drop resulting from beam propagation. Similar to the 

scattering coefficient, the absorption coefficient is calculated by 
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𝜇𝑎  =   𝑄𝑎  𝜍𝑎    𝑁𝑎
𝑛=1                  (3.4) 

where Na is the total number of absorbers in a unit volume, Qa is the absorption 

efficiency and σa is the geometry cross-section area of the absorbing particle.  

Combining μa and μs, we have another coefficient that indicates the probability of photon 

drop after passing through a unit volume which is called the extinction coefficient or the 

total interaction coefficient μt  

𝜇𝑡 =  𝜇𝑠 +  𝜇𝑎                           (3.5) 

3.1.2 Optical properties determination methods 

For simulation, the values of the optical properties of different tissues are mostly taken 

from the literature. We are only calculating the optical properties of the intralipid samples 

that are used in our experiments.  

From the work of Michels and co-authors [18], the determination of the optical 

properties of 10% intralipid is described by a set of fitting functions. Based on 

ingredients and concentration of the sample we are able to determine the scattering 

properties of the sample by using the Mie scattering theory. An example of this 

calculation will be presented in the next section. It should be mentioned that for diluted 

samples, i.e. for concentrations less than 10%, the fitting functions are no longer valid.  

3.2 Optical properties determination for 10% intralipid  

This section presents an example of calculating the optical properties of 10% intralipid 

for a wavelength of 473 nm using the fitting functions from [18]. The details of the 

calculation are included in Appendix A. 
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3.2.1 Index of refraction 

The formulation for index of refraction n is provided by the IAPWS (International 

Association for the Properties of Water and Steam). However, for room temperature and 

wavelengths over 400 nm, one can use Cauchy equation (3.6), to calculate the refractive 

index  

𝑛 𝜆 = 𝐼 +
𝐽

𝜆2 +
𝐾

𝜆4      (3.6) 

I, J and K are constants specified in Appendix A, where we find the indices of refraction 

nwater and nsoy for a wavelength λ = 473 nm corresponding to the two main components of 

the solution. It is assumed that the solutions are thoroughly mixed and that the mixture is 

of constant composition. Therefore, the refractive index is assumed to be proportionally 

related to the volumes of the compositions of the mixture      

𝑛 =
𝑛1𝑣1+𝑛2𝑣2

𝑣1+𝑣2
                (3.7) 

where v1, v2 and n1, n2 are the volumes and indices of refraction respectively of the two 

components and n is the index of refraction of the mixture. We assume that the refractive 

indices of other components than water are all identical to those of soybean oil. Then we 

can divide the mixture into two compositions which are Soybean oil, glycerol and 

eggphosoholipid as the first composition and water as the second composition.  The 

volume for first composition is calculated by  

𝑣1  =  𝑚𝑠𝑜𝑦  /𝜌𝑠𝑜𝑦  +𝑚𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 /𝜌𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙  +𝑚𝑒𝑔𝑔  /𝜌𝑒𝑔𝑔                   (3.8) 

where m refers to the mass and ρ to the specific weight. The water, as the second 

composition, has a volume of v2 = vtotal – v1.  
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3.2.2 Absorption coefficient 

The fitting function for µa is 

 µ𝑎 =
𝑎

1+𝑒
− 
𝜆−𝑥0
𝑏

                      (3.9) 

where λ is given in nm and μa is obtained in mm
-1

. The parameters are shown in Table 3.1. 

Table 3.1 Coefficients for calculation of the absorption coefficient 

 a b x0 

water 3.066 ×10
5
 54.13  1.77×10

3 

soy bean oil 1.171 ×10
5
 -36.59 -3.21 ×10

2
 

 

The total absorption coefficient is calculated by the sum of the single absorbers 

multiplied by their volume concentrations 

µ𝑎(𝑡𝑜𝑡 )  =  µ𝑎 𝑖 𝜍𝑎(𝑖)𝑛
𝑖=1                       (3.10) 

The volume concentration of intralipid 10% is given by 

   𝐶𝑣  =
𝑐𝑤𝜌𝑏

𝑐𝑤𝜌𝑏+(1−𝑐𝑤 )𝜌𝑠
                                (3.11)  

where ρw and ρs are specific weights of water and soybean oil respectively, Cw is the 

weight concentration of the sample which is 10%. Cv is determined to be 10.8%. The 

total coefficient of intralipid 10% is then given by 

µ𝑎(𝑡𝑜𝑡 ) =  (1− 𝐶𝑣  ) µ𝑎(𝑤𝑎𝑡𝑒𝑟 ) + 𝐶𝑣   µ𝑎(𝑠𝑜𝑦 )         (3.12) 

3.2.3 Scattering anisotropy  

The fitting function for g is 

𝑔(𝜆) = 𝑦0 + 𝑎 𝜆                                            (3.13) 

The parameters are shown in Table 3.2.  
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Table 3.2 Coefficients for calculation of the Scattering anisotropy 

 Lipovenoes 

10% 

Lipovenoes 

20% 

ClinOleic 

20% 

Intralipid 

10% 

Intralipid 

20% 

Intralipid 

30% 

y0 1.075 1.085 1.070 1.018 1.090 1.066 

a -6.079×10
-4

 -6.029×10
-4

 -6.369×10
-4

 -8.82×10
-4

 -6.812×10
-4

 -4.408×10
-4

 

 

3.2.4 Scattering coefficient 

With the parameters shown in Table 3.3, the fitting function for µs is  

µ𝑠 = 𝑎 · 𝜆𝑏                                             (3.14) 

where λ is given in nm and μs is obtained in mm
-1

. 

Table 3.3 Coefficients for calculation of the Scattering coefficient 

 Lipovenoes 

10% 

Lipovenoes 

20% 

ClinOleic 

20% 

Intralipid 

10% 

Intralipid 

20% 

Intralipid 

30% 

a 1.576×10
8
 3.116×10

8
 3.468×10

8
 4.857×10

8
 3.873×10

8
 2.645×10

8
 

b -2.350 -2.337 -2.381 -2.644 -2.397 -2.199 

 

All the above parameters are calculated in Appendix A, and the resulting optical 

properties of 10% intralipid are shown in Table 3.4. 

Table 3.4 Optical properties of 10% intralipid under wavelength of 473nm 

n µa  (/cm) g µs ( /cm) 

1.36 4.3×10
-4

 0.6 410 

 

3.3 Optical properties of intralipid samples  

This section describes the procedures for the optical properties calculations for our 

experimental samples. Because the concentration of the samples and the wavelength of 
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light source can both be different from existing literature, it is difficult to apply the 

published fitting functions to solve this problem. Therefore, a method that is suitable of 

calculating the optical properties under any wavelength and any ingredient is necessary. 

For known ingredients, it is not difficult to obtain the different parameters, such as, 

specific weight or index of refraction of the individual ingredient. On the other hand, Mie 

theory requires only those parameters and the particle size to calculate the scattering 

properties. In this case, we assume the particles in the samples are made of homogeneous 

and isotropic materials so that particle size will be equal to the average size which is 444 

nm [25]. As for absorption coefficients, the fitting function from [18] can still be used. 

3.3.1 Mie theory  

The procedure of using Mie theory to calculate scattering properties of samples can be 

found in the literature, for example in [20]. In order to determine the scattering 

coefficient μs, we need to start with calculating the scattering efficiency Qs and scattering 

anisotropy g (g = <cosθ>). The formulas are given bellow. 

 𝑄𝑠 =  
2

𝑥2
  2𝑙 + 1 ( 𝑎𝑙 

2 +  𝑏𝑙 
2)∞

𝑙=1                                                     (3.15) 

 𝑔 =
4

𝑄𝑠 𝑥2
 

𝑙 𝑙+2 

𝑙+1
𝑅𝑒 𝑎𝑙𝑎𝑙+1

∗ + 𝑏𝑙𝑏𝑙+1
∗  +

2𝑙+1

𝑙 𝑙+1 
∞
𝑙=1 𝑅𝑒(𝑎𝑙𝑏𝑙

∗)                (3.16) 

where the size parameters x and y are given by 

 
𝑥 = 𝑘𝑟
𝑦 = 𝑛𝑟𝑒𝑙 𝑥

                                             (3.17) 

where k = 2π nb / λ, nrel = ns / nb and r is the radius of the particle. 

In equation 3.15 and 3.16, l is the order of the Bessel functions and the coefficients al 

and bl are given by 
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𝑎𝑙  =  

𝜓 𝑙
′  𝑦 𝜓 𝑙 𝑥 −𝑛𝑟𝑒𝑙 𝜓 𝑙 𝑦 𝜓 𝑙

′ (𝑥)

𝜓 𝑙
′  𝑦 𝜁𝑙 𝑥 −𝑛𝑟𝑒𝑙 𝜓 𝑙 𝑦 𝜁𝑙

′ (𝑥)

𝑏𝑙 =
𝑛𝑟𝑒𝑙 𝜓 𝑙

′  𝑦 𝜓 𝑙 𝑥 −𝜓 𝑙 𝑦 𝜓 𝑙
′ (𝑥)

𝑛𝑟𝑒𝑙 𝜓 𝑙
′  𝑦 𝜁𝑙 𝑥 −𝜓 𝑙 𝑦 𝜁𝑙

′ (𝑥)
 

            (3.18) 

where the Riccati-Bessel functions are defined for a parameter z by  

            𝜓𝑙  (𝑧)  =  𝑧 𝑗𝑙  (𝑧)  =   
𝜋𝑧

2
 

1

2
  𝐽
𝑙+

1

2

 (𝑧)                       (3.19) 

            𝜁𝑙  (𝑧)  =  𝜓𝑙  (𝑧)  +  𝑖 𝜒𝑙  (𝑧)                            (3.20) 

𝜒𝑙  (𝑧)  =  − 𝑧 𝑦𝑙  (𝑧)  =   
𝜋𝑧

2
 

1

2
  𝑌

𝑙+
1

2

    (𝑧)         (3.21) 

where the denotations for Riccati-Bessel function are, 

l        order 

jl        Spherical Bessel function  first kind 

yl        Spherical Bessel function second kind 

Jl        Bessel function first kind 

Yl       Bessel function second kind 

h
(2)

       Spherical Hankel function second kind
 

H
(2) 

      Hankel function second kind 

note that 

ℎ𝑙  
 2 (𝑧)  =  𝑗𝑙  (𝑧)  −  𝑖 𝑦𝑙  (𝑧)         (3.22) 

𝐻𝑙 
 2 (𝑧)  =  𝐽𝑙  (𝑧)  −  𝑖 𝑌𝑙  (𝑧)         (3.23) 

then we have  

𝜉𝑙  (𝑧)  =  𝑧 ℎ𝑙
 2  (𝑧)  =   

𝜋𝑧

2
 

1

2
 𝐽𝐻𝑙+1/2 

(2)
 (𝑧)              (3.24) 

The scattering coefficient is given by 
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𝜇𝑠  =  𝑄𝑠  𝜍𝑠   
𝑁𝑠
𝑛=1                                  (3.25) 

where σs is cross section area of the particle, and Ns is the particle number density. 

Because Mie theory assumes spherical particle shape, the cross section area can be 

calculated by σs = π r
2
. The particle number N can be calculated by the weight of the 

composition over the weight of the particle N= Mc / Ms = CwVtot ρb / Vsρs, where Cw is the 

weight concentration of the composition. For spherical particles, particle volume Vs = 

4

3
πr

3
. At last, the particle number density is given by Ns = N / Vtot. Therefore, we can 

write the formula of scattering coefficient as 

𝜇𝑠  =
𝐶𝑤𝜌𝑏

4

3
𝜋𝑟3𝜌𝑠

𝑄𝑠  𝜋 𝑟2          (3.26) 

3.3.2 Application of Mie theory 

The necessary input arguments for equation 3.26 are wavelength λ, particle size, weight 

concentration Cw, specific weights ρs and ρb, and indices of refraction ns and nb of particle 

and back ground solvent. In other words, we can determine scattering properties based on 

these parameters by using the Mie theory.  

For our experimental samples, the solvent is water and the scattering particle is soy 

bean oil. We can easily look up their specific weights and refractive indices. We set the 

particle size to 444 nm and wavelength to 473 nm. In summary, Table 3.5 shows the 

parameters of the experimental samples that are not related with their concentration. 

Table 3.5 Parameters of the experimental samples 

λ (nm) d (nm) ρs (g/cm
3
) ρb (g/cm

3
) ns nb 

473 444 0.92 1 1.48 1.34 
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Five different concentrations of intralipid sample were used in our experiment (0.1%, 

0.125%, 0.15%, 0.175% and 0.2%). To apply Mie theory, we are using Matlab software 

from [55]. This software uses Cv (volume concentration) instead of Cw. So we convert Cw 

into Cv by equation 3.11. Then, using the software, we can easily obtain the values of 

scattering coefficients μs and scattering anisotropy g. 

3.3.3 Absorption coefficients  

The absorption coefficients of the experimental samples can be calculated by the method 

from [18]. Substitute µa (water) =1.2037×10
-4

/cm, µa (soy) = 4.4096×10
-4

/cm and the volume 

concentration Cv into equation 3.12, we can obtain the values of absorption coefficients 

μa.   

3.3.4 Index of refraction 

The index of refraction of samples can be calculated by the method from [18] as well 

applying equation 3.7. The values of v1 and v2 can be easily calculated using the 

calculated Cv values. And the indices of refraction are given in appendix A, where nwater = 

1.34 and nsoy = 1.48. Then we can easily calculate refractive indices of those five samples. 

In summary, the optical properties of tissue samples are found in the literature [35] and 

shown in next chapter. The optical properties of intralipid samples are calculated by using 

Mie theory and the methods from [18] and shown in Table 3.6. As we can see, because 

the concentrations of the samples are very low, the refractive indices hardly vary and are 

very close to the n value of water and the absorption coefficients are extremely low 

compared to scattering properties. 
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Table 3.6 Optical properties of intralipid samples 

Cw (%) Cv (%) μs (/cm) g μa (/cm) n 

0.1 0.109 11.7 0.8688 1.2072×10
-4 

1.3402 

0.125 0.136 14.6 0.8688 1.2081×10
-4

 1.3402 

0.15 0.163 17.5 0.8688 1.2089×10
-4

 1.3402 

0.175 0.19 20.4 0.8688 1.2098×10
-4

 1.3403 

0.2 0.217 23.3 0.8688 1.2107×10
-4

 1.3403 
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Chapter 4 Simulation techniques  

The Monte Carlo modeling technique is a numerical method to solve problems which are 

impossible or extremely hard to solve using a deterministic algorithm. This method uses a 

computational algorithm to repeatedly and randomly generate simulations that are as 

similar to real life scenarios as possible and record the results for each simulation. After a 

sufficient number of simulations, the solution of the problem is statistically estimated. 

Monte Carlo methods are especially powerful dealing with problems with random inputs 

and coupled degrees of freedom such as non-solid structure design. 

4.1 Software 

In this research, we apply Monte Carlo method by using and modifying the MCML 

software [15] to simulate the propagations of pencil beams in tissue-like samples. MCML 

is a steady-state Monte Carlo simulation program for multi-layered turbid media with an 

infinitely narrow photon beam as the light source. Another program provided with the 

software is CONV [16], which is a convolution program using the MCML output results 

to convolve for variable beam profiles. The original CONV allows us to choose only 

Gaussian or top flat beam profiles. The software MCML, CONV and the Maetzler's 

MATLAB code for the Mie theory were downloaded from the website [55].  The original 

MCML and CONV programs were written in standard ANSI C, we re-wrote them in 

Matlab to be able to use the different available libraries, and we added the possibility of 

convolving Bessel beam profiles. The results are organized in 2-D matrices containing 

the probability distributions of absorption, reflectance, and transmittance events 

calculated at different locations in the samples and resulting from an incoming pencil 
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beam. Then the software CONV is used to convolve the MCML results for the Bessel or 

Gaussian beam profiles. Convolution is defined as an integral that expresses the amount 

of overlap of one function g as it is shifted over another function f [56]. The convolution 

of MCML results and beam profile simulate the propagations of Bessel or Gaussian 

beams in tissue-like samples.  

4.2 Algorithm 

This section describes the software structure. The method of MCML is well described in 

[20]. The geometry used by MCML is shown in Figure 4.1. A cylindrical coordinate 

system is used for recording physical quantities of photons as a function of r and z. The 

step size and number of steps along r, z and a direction are denoted by dr, dz, da and nr, 

nz, na respectively. 

 

Figure 4.1 Schematic of beam tissue interaction modeled in MCML  
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The physical quantities are summarized in Table 4.1. 

Table 4.1 Physical quantities to be computed in MCML 

Symbol Definition 

A(r,z) Relative specific absorption, probability of photon absorption by unit 

volume in the medium 

F(r,z) Relative fluence, probability of photon flow per unit area, can be computed 

by A(r,z) and μa 

Rd(r,α) Relative diffuse reflectance, recording on the front surface 

Td(r,α) Relative diffuse transmittance, recording on the back surface 

 

MCML is based on an algorithm adapted from [31]  which is shown in Figure 4.2. The 

software simulates the beam propagation process by launching a number of photons and 

simulating each photon trajectory based on optical properties of the media and randomly 

generated factors such as, the spinning angle or the hopping distance of the photon after a 

scattering event, until there is a significant amount of simulations to demonstrate a 

realistic distribution of the reflectance, transmittance and absorption spatially over the 

medium area from the average events of all the photons.      

More specifically, every time the software launches a photon, it initializes a set of 

parameters for the photon, such as an initial position and a unit direction vector which are 

both described in a Cartesian coordinate system and an initial weight which represents 

the total energy of the photon. Eventually the photon starts to propagate in the medium 

according to the scattering and absorption properties of the medium. During this 

propagation, the photon keeps dropping energy due to absorption. The software records 
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every absorption event according to the location of the event. At some point, the photon 

could encounter the boundary between different layers of the medium. Following the 

Snell’s law, the software determines whether the photon passes through the boundary or 

bounce back to the current layer according to the indices of refraction of the layers. If the 

photon exits the last layer, the software records it as a transmission event. On the other 

hand, if the photon exits the first layer, the software records it as a reflection event. All 

the absorption, transmission and reflection events are recorded in a cylindrical coordinate 

system. Whenever a transmission, reflection or extinction happens, the software would 

launch another photon.   

 

Figure 4.2 MCML algorithm (Adapted from [20]) 
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The output of MCML follows the structure shown in Figure 4.3. By definition, the output 

files will be nr by nz+2 matrices. The first row and last row represent the probability 

distributions of reflectance and transmittance events, and the probability distributions of 

absorption events are shown in between as nr by nz matrices.   

 

Figure 4.3 MCML output 

 

4.3 Methods 

In this section we derive the convolution function we implemented into the CONV 

software.  Since we are modifying the existing software, it is beneficial to keep the 

function in the same format as the Gaussian convolution function that exists in the 

software. Therefore, we follow the same procedure used in the determination of the 

Gaussian convolution from reference [20]. In the beginning we derive the beam profile 

equation from its field distribution. Then we determine the initial intensity which 

represents the constant part of the convolution function by relating the total power of the 
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laser and the intensity profile. At last, we substitute the initial intensity into the general 

form of convolution function to achieve the final convolution function for Bessel beams. 

4.3.1 Bessel beam profile 

The electric field of a Bessel beam profile is given by [10]   

𝐸 =  𝜉𝐵  𝐽0  𝑘𝛽𝑟                         (4.1) 

where ξB is the amplitude at r = 0, J0 is the zero-order Bessel function of the first kind. 

The wave number k and the axicon refraction angle β are given by 

𝑘 =  
2𝜋

𝜆
                                      (4.2) 

𝛽 ≈   𝑛 − 1 𝛼                          (4.3) 

We substitute equation 4.3 into the intensity function (4.4) to obtain (4.5) 

𝐼 =  
𝑐

2𝜋
 𝐸.𝐸𝑇                              (4.4) 

𝐼 =  
𝑐

2𝜋
 𝜉𝐵

2𝐽0
2   𝑘𝛽𝑟                      (4.5) 

If we set  𝐼0 =  
𝑐

2𝜋
 𝜉𝐵

2 , then equation 4.3 can be rewritten as 

𝐼 =  𝐼0  𝐽0
2  𝑘𝛽𝑟                          (4.6) 

4.3.2 Initial intensity  

By definition, the total power of the beam is equal to the integral of the beam intensity 

over the area 

𝑃 =   𝐼
∞

0
 ×  2𝜋𝑟 𝑑𝑟 = 2 𝜋 𝐼0   𝑟

∞

0
×  𝐽0 2  (𝑘𝛽𝑟)𝑑𝑟                                     (4.7) 

According to [57], the part  𝑟
∞

0
× 𝐽0

2   (𝑘𝛽𝑟) 𝑑𝑟  can be calculated by 

 𝑟
∞

0
× 𝐽0

2  (𝑘𝛽𝑟) 𝑑𝑟 =  
1

2
 𝑟2 𝐽0

2 𝑘𝛽𝑟 +  𝐽1
2   𝑘𝛽𝑟  │

∞
0

                                   (4.8) 
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And the part 𝑟2 𝐽0
2 𝑘𝛽𝑟 +  𝐽1

2   𝑘𝛽𝑟  │
∞
0

 can be calculated by 

𝑟2  𝐽0
2 𝑘𝛽𝑟 + 𝐽1

2  𝑘𝛽𝑟  │
∞
0

 =  𝑙𝑖𝑚𝑅→∞ 𝑅
2  𝐽0

2 𝑘𝛽𝑅 + 𝐽1
2 𝑘𝛽𝑅            (4.9) 

The series expansion at x = ∞ of Jm(x) is given by [58] 
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Therefore, for large x: 

𝐽𝑚 (𝑥)  ≈   
2

𝜋𝑥
 𝑐𝑜𝑠 (𝑥 −  

(2𝑚+1)𝜋

4
)                                                                 (4.10) 

Then we can get  

1

2
𝑙𝑖𝑚𝑅→∞ 𝑅

2 𝐽0
2 𝑘𝛽𝑅 +  𝐽1

2  𝑘𝛽𝑅  =  
𝑅2

𝜋𝑘𝛽𝑅
  𝑐𝑜𝑠2  𝑘𝛽𝑅 −

𝜋

4
  +  𝑐𝑜𝑠2  𝑘𝛽𝑅 −

3𝜋

4
        

                                    

                                  (4.11) 

Because  𝑐𝑜𝑠(𝑥)  =  −𝑠𝑖𝑛  𝑥 −
𝜋

2
  , we can have 

cos2  𝑘𝛽𝑅 −
𝜋

4
  + cos2   𝑘𝛽𝑅 −

3𝜋

4
    = cos2  𝑘𝛽𝑅 −

𝜋

4
 + sin2  𝑘𝛽𝑅 −

𝜋

4
 = 1 

(4.12) 

From equation 4.9 to 4.13, we can get 
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𝑃 = 2 𝜋 𝐼0  
𝑅

𝜋𝑘𝛽
 =  𝐼0  

2𝑅

𝑘𝛽
                                                                                 (4.13) 

Therefore 

𝐼0 =
𝑃𝑘𝛽

2𝑅
                                                                                                                         (4.14) 

Since we are doing finite width simulation, we set R to be ten times the beam radius. 

4.3.3 Convolution 

According to [20], the general form of a convolution in cylindrical coordinates is given 

by 

𝐶(𝑟, 𝑧)  =   𝐺 𝑟′′ , 𝑧 𝑟 ′′   𝑆   𝑟2 + 𝑟′′ 2 − 2𝑟𝑟′′ 𝑐𝑜𝑠 𝜙
′′
 𝑑

2𝜋

0
𝜙′′  

∞

0
𝑑𝑟′′                   (4.15) 

where the notation 𝑟′′ = 𝑟 − 𝑟′  and for 𝑆(𝑟′)  =  𝐼0 𝐽0
2(𝑘𝛽𝑟′), we have 

𝐶(𝑟, 𝑧)  =   𝐺 𝑟′′ , 𝑧 𝑟 ′′   𝐼0 𝐽0
2  𝑘𝛽 𝑟2 + 𝑟′′ 2 − 2𝑟𝑟′′ 𝑐𝑜𝑠 𝜙

′′
 𝑑

2𝜋

0
𝜙′′  

∞

0
𝑑𝑟′′       (4.16) 

where 𝐼0 =
𝑃𝑘𝛽

2𝑅
.  Therefore  

𝐶(𝑟, 𝑧) =
𝑃𝑘𝛽

2𝑅
 𝐺 𝑟′′ , 𝑧 𝑟′′    𝐽0

2  𝑘𝛽 𝑟2 + 𝑟′′ 2 − 2𝑟𝑟′′ 𝑐𝑜𝑠 𝜙
′′
 𝑑

2𝜋

0
𝜙′′  

∞

0
𝑑𝑟′′      (4.17) 

where equation 4.17 is the final convolution function. We implement it in to the program 

CONV parallel to the Gaussian and top flat beam convolution functions to be the Bessel 

beam convolution function.   
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Chapter 5  Simulation results 

This chapter presents the application of the software explained in last chapter to simulate 

Bessel and Gaussian beam interaction with different types of tissue. We firstly use 

MCML to simulate a pencil beam propagating in each sample, then use CONV to 

convolute the result with both Gaussian and Bessel beams. To demonstrate the capability 

of the program, we will show its performance with different types of phantoms. In section 

5.1, we show the simulation results of single layered samples for four real tissue 

examples. The significant variance of the optical properties of these different types of 

tissue shows how they affect the simulation results. Section 5.2 on the other hand 

describes the simulation of two examples of multilayered samples which are an artery 

system and an integumentary system model. Section 5.3 demonstrates the simulations of 

different concentrations of intralipid solutions which will be used for comparison with the 

experimental results.     

5.1 Single layer simulations 

Four tissue samples are selected for testing the simulation program. The values of the 

optical properties of these samples are taken from [35], which are obtained though 

experiments using a red laser (wavelength 660 nm). We set the wavelength in our 

simulations to 660 nm in order to use these optical properties. Since we focus only on the 

effect of the optical properties on the simulation results, we keep the other parameters the 

same for all of these simulations. Therefore, the propagating media phantoms are 

modeled as the tissue samples being contained within a 12.5×12.5 mm quartz cuvette 

which is later used in the experiments we conduct.  The optical properties are shown in 
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Table 5.1. For the quartz cuvettes, we assume they are optically clear, meaning zero 

scattering and absorption properties. The refractive index of quartz is taken from [59]. 

Table 5.1 Tissue samples’ optical properties (adapted from [35]) 

Tissue Aorta Blood Dermis Epidermis Quartz 

n 1.4 1.4 1.4 1.4 1.46 

μa (/cm) 0.52 15.5 2.7 35 0 

μs (/cm) 316 644.7 187.5 450 0 

g 0.87 0.982 0.8 0.8 0 

 

For every simulation, we start by presenting a table containing the input data needed. 

This constitutes a template for the MCML input profile. For example, a template for the 

simulation with Aorta is shown in Table 5.2. 

Table 5.2 MCML input file template with aorta parameters 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.4 0.52 316 0.87 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

In Table 5.2, number of photons refers to the total number of photons launched.  This 

number indicates the population of the simulation. The bigger the number is the more 

accurate the results are and the longer it takes to calculate. Through our simulations, we 

notice that once the number of photons reaches 100000, the results stop changing notably. 

Therefore, the computational time becomes priority. For sections 5.1 and 5.2, we set this 

number to 100000 so it will take approximately one minute to compute due to the large 

absorption values. For low concentrated intralipid samples, 100000 photons simulation 
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only takes seconds to compute.  However, because of these samples’ small optical 

properties, the probability of the light scattered over the whole scanning area is low, in 

fact, sometimes we don't have enough absorption events distributed over the medium area 

to make the impulse responses profile for convolution. Therefore we set the total number 

of photons to 1000000. The dz and dr parameters are the step sizes in the z and r 

directions respectively, and number of dz, number of dr and number of da are the number 

of steps in this simulation. As mentioned in the last chapter, r and z are radius and depth 

dimensions respectively. It is notable that nr is significantly larger than nz. That is 

because the most important output term transmittance doesn't include z dimension. The 

parameter a represents the angles dimension. Because of the axial symmetry of the 

system, we could set the number of da to 1 to eliminate angles dimension. This way, we 

are calculating the average values along the whole circles corresponding with every 

radius value. As a result, we will have a two dimensions result instead of a three 

dimensions results which is easier for further calculations in the CONV program. After 

the MCML simulation, the output file will be in the format that was shown in Figure 4.3. 

After MCML, a 2-D array containing absorption A(r,z), diffuse reflectance Rd(r,a), and 

transmittance Tt(r,a) is obtained. The arrays MCML produces represent the impulse 

responses to be used in the CONV program to perform the convolution. In this part, the 

inputs that are needed for the software is the impulse responses and a beam profile which 

is shown in Table 5.3. In this table, the wavelength and axicon base angle parameters are 

used for calculating the beam radius for Bessel beam. 
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Table 5.3 Beam profile for CONV 

Total energy (J) Beam radius (cm) 

( Gaussian or flat) 

Beam type Wavelength 

(nm) 

Axicon base 

angle 

1 0.0042 1, 2 or 3 660 nm 0.5° 

 

To make the results comparable, the total energy for the light source and the Gaussian 

beam radius are normalized to constants as shown above for all simulations in sections 

5.1 and 5.2. Besides, all simulation results are normalized by total energy (summation of 

all values of Rd, A and Tt). The wavelength and the axicon base angle are used to 

determine the radius of Bessel beam (calculation will be described in chapter 7). The 

beam type parameter indicates the type of beam that is convoluting with the MCML 

output file. Three beam types built in the CONV are top flat beam, Gaussian beam and 

Bessel beam, which are denoted by 1, 2 and 3 respectively.  

5.1.1 Simulation with Aorta sample 

The optical properties for the aorta sample were shown in Table 5.2. As mentioned before, 

it’s assumed that the tissue sample is placed in the cuvette. The results of Gaussian beam 

convolution are shown in figure 5.1- 5.4. 



 

 

35 
 

 

 

Figure 5.1 Diffuse reflectance for a Gaussian beam (r=0.0042cm) (Aorta) 

 

Figure 5.2 Transmittance for a Gaussian beam (r=0.0042cm) (Aorta) 
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Figure 5.3 Fluence at surface and half depth of the sample layer for a Gaussian beam  

(r=0.0042cm) (Aorta) 

 

 

Figure 5.4 Contour plot of the fluence for a Gaussian beam (r=0.0042cm) (Aorta) 
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The distributions of diffuse reflectance, transmittance and absorption are shown in Figure 

5.1, Figure 5.2 and Figure 5.3. In Figure 5.2, we can see that the transmittance is 

practically equal to zero. That is because light can’t penetrate one centimetre tissue 

sample with this configuration. In Figure 5.3 and Figure 5.4, the term fluence is defined 

as the local absorption normalized by the local absorption coefficient. If the media has 

uniform absorption coefficient, we have  

F(r,z) = A(r,z) / μa                       (5.1) 

where F(r,z)  is the local fluence, A(r,z)  is the local absorption and μa is the absorption 

coefficient.  

Because A(r,z) is a 2-D array, we will have to use a 2-D plot method like contour plot to 

represent the full distribution of this parameter. A contour plot of fluence with 

corresponsive layer detail on the side is shown in Figure 5.4. However, we can still plot 2 

lines from this 2-D array from different location to see the difference like we showed in 

Figure 5.3. In order to do so, we set the program to always return the values at the 

beginning of the sample layer and the middle of the sample layer. In some cases, because 

the photons couldn’t pass through half of the layer, we can only see the blue curve which 

represents the value at the beginning of the sample layer.   

For Bessel beam convolutions, simply switch the beam type from Gaussian beam (2) to 

Bessel beam (3), following the same procedure, we can plot the results from Bessel beam 

simulation. The results are combined with Gaussian beam simulation results as shown in 

Figure 5.5.  
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Figure 5.5 Arota simulation results comparison: reflectance, transmittance and fluence  

 In Figure 5.5, the results show that the Gaussian beam propagation has more energy 

absorbed by the sample and less energy exit the sample, which could suggest the Bessel 

beam has better resistance to absorption.  

5.1.2 Simulation with blood sample  

In this section, we repeat the same procedures to simulate the beam propagations in blood 

sample. We present the input file and the results figures following the order of the 

example shown in last section. The transmittance figure is not shown in this section since 

the value is still zero. 
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Table 5.4 MCML input file for blood sample 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.0004 2 1.46 NA 0.125 

No. of dz 40 3 1.4 15.5 644.7 0.982 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.6 Blood simulation results comparison reflectance and fluence 

The absorption coefficient of blood sample is considerably higher than aorta sample. 

From the results, we can see that the difference in diffuse reflectance from blood 

simulation is greater than it is in the aorta simulation, which further proves that Bessel 

beam resists absorption better than Gaussian beam.  

5.1.3 Simulation with epidermis sample  

Figure 5.5 and Figure 5.6 suggest that the average diffuse reflectance is lower when the 

absorption coefficient is higher, meaning a higher μa results in the energy distributed 

more toward absorption. A simulation with the epidermis sample, which has an even 

higher absorption coefficient, is needed to test this hypothesis.  
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Table 5.5 MCML input file for epidermis sample 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.4 35 450 0.8 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.7 Epidermis simulation results comparison reflectance and fluence 

 The result is diffuse reflectance in this simulation is not lower than that of the blood 

sample as expected. However, Rd from simulations with epidermis sample is relatively 

close to that of blood sample than that of aorta sample. The in consistency might be due 

to statistical error in the Monte Carlo method. 

5.1.4 Simulation with dermis sample  

Since transmittance for these simulations is close to zero, the ratio of μs /μa is important 

in term of energy distribution. This ratio is roughly equal to 42, 70 and 600 for the blood, 

the dermis and the aorta samples respectively.  
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Table 5.6 MCML input file for dermis sample 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.4 2.7 187.5 0.8 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.8 Dermis simulation results comparison reflectance and fluence 

The reflectance from the aorta, which has a higher μs /μa , is much higher than that of 

dermis and blood. This is due to the fact that more photons are scattered and eventually 

escape from the surface.    

5.2 Multilayered simulations 

In this section, we simulated two multilayered samples modeling more realistic tissue 

configurations of artery and skin samples, which are shown in Figure 5.9. The software 

MCML is designed for medium with many layers. What differentiates the multilayered 

samples from the single layered samples is the numbers of layers that contain scattering 

or absorption properties. For example, the artery system sample has three main layers 
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which all contain optical properties. In this case, through the simulation, we can visually 

see the phenomenon when the light penetrates between layers with different optical 

densities.     

 

Figure 5.9 Artery system and Integumentary system models 

5.2.1 Artery system simulation 

Following the procedure from the last section, we start with the input files. The 

parameters for artery sample are shown in Table 5.7. The diameter and thickness of a 

carotid artery are provided by [60]. The simulation results are shown below in Figure 

5.10. 

Table 5.7 MCML input file for artery sample 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.4 0.52 316 0.87 0.06 

No. of dz 40 3 1.4 15.5 644.7 0.982 0.8 

No. of dr 1000 4 1.4 0.52 316 0.87 0.06 

No. of da 1 5 1 Ambience below 

 

From the results in Figure 5.10, we can see that most of the energy was absorbed by 

the first layer of the aorta wall. Meaning there was hardly any propagation of light in the 
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rest of the sample. So this simulation did not achieve the purpose of multi-layered 

simulation.   

 

 

Figure 5.10 Artery simulation results comparison reflectance and fluence 

5.2.2 Integumentary system simulation 

The parameters for Integumentary system sample are shown in Table 5.8. The value of 

the thickness of the layers can be found on [61]. The simulation results are shown below 

in Figure 5.11. 

Table 5.8 MCML input file for skin sample 

No. of 

photons 

100000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.005 1 1 Ambience above 

dr (cm) 0.00004 2 1.4 2.7 187.5 0.8 0.02 

No. of dz 40 3 1.4 35 450 0.8 0.15 

No. of dr 1000 4 1 Ambience below 

No. of da 1 5  
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Figure 5.11 Skin simulation results comparison: reflectance and fluence 

This example perfectly shows different optical densities of media effect the beam 

propagations. From the fluence contour plot in Figure 5.11, we can see both beams 

propagated better in the first 0.02 cm which is the dermis layer with low optical density. 

After the first layer, both propagations were terminated in a relatively short distance. 

Also, the intensity of Bessel beam propagation is much better concentrated to the center 

than that of the Gaussian beam. 

5.3 Intralipid simulations 

In this section, following the same procedures, we will simulate both Gaussian and 

Bessel beam propagations passing through five intralipid solutions with different 

concentrations. The concentrations of the samples are 0.1%, 0.125%, 0.15%, 0.175% and 

0.2%. The optical properties of these samples were all calculated using the Mie theory 

mentioned in section 3.3. As mentioned in previous chapters, intralipid solutions are most 

commonly used as substitutes for tissue samples in light propagating studies. They are 
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easily acquirable and can be stored and preserved.  Therefore, intralipid solutions are the 

best choice for us to be the experimental propagating media samples.  

The purpose of the simulations that are described in this section is mostly to compare 

with the experimental result obtained in the lab which will be detailed in Chapter 6. In 

order to make the simulation results and experimental results comparable, we need to set 

the radius of simulations close to the scanning area radius in the experiments which is 

0.04 cm (see Chapter 6). We determine the Bessel beam radius to be 0.003 cm (see 

chapter 7 for calculation), so that we set the Gaussian beam radius to be the same. And 

the step size to be much smaller than the Bessel beam radius (0.00004 cm). Two axicons, 

of base angles α = 5° and 0.5°, were available to generate the Bessel beam. For the 

experiments, we chose a 0.5° axicon for its longer focal range instead of the 5° axicon. 

Besides, the laser we use here is a blue laser with a wavelength of 473 nm. Then we 

represent the MCML input files and results for each simulations separately. So that we 

have the beam profile for this part of simulations shown below in Table 5.9. For the 

simulations for every sample we compare the distributions of transmittances from 

Gaussian and Bessel beams.  

Table 5.9 Inputs profile for CONV 

Total energy (J) Beam radius(cm) Beam type Wavelength 

(nm) 

Base angle 

(degree) 

1 0.003 2 or 3  473 0.5 

 

The input files for the 0.1% to 0.2% intralipid solutions are shown in tables 5.10 to 

5.14 respectively. The results of the simulations for all solutions are shown in figures 

5.12 to 5.16. 
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Table 5.10 MCML input file for intralipid 0.1% sample 

No. of 

photons 

1000000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.3402 1.2072e-4 11.7 0.8688 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.12 0.1% intralipid simulation results comparison: reflectance, transmittance and 

fluence 
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Table 5.11 MCML input file for intralipid 0.125% sample 

No. of 

photons 

1000000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.3402 1.2081e-4 14.6 0.8688 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.13 0.125% intralipid simulation results comparison: reflectance, transmittance 

and fluence 
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Table 5.12 MCML input file for intralipid 0.15% sample 

No. of 

photons 

1000000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.3402 1.2089e-4 17.5 0.8688 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.14 0.15% intralipid simulation results comparison: reflectance, transmittance 

and fluence 
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Table 5.13 MCML input file for intralipid 0.175% sample 

No. of 

photons 

1000000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.3403 1.2098e-4 20.4 0.8688 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.15 0.175% intralipid simulation results comparison: reflectance, transmittance 

and fluence 
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Table 5.14 MCML input file for intralipid 0.2% sample 

No. of 

photons 

1000000 layer n μa (/cm) μs (/cm) g d (cm) 

dz (cm) 0.03 1 1 Ambience above 

dr (cm) 0.00004 2 1.46 NA 0.125 

No. of dz 40 3 1.3403 1.2107e-4 23.3 0.8688 1 

No. of dr 1000 4 1.46 NA 0.125 

No. of da 1 5 1 Ambience below 

 

 

Figure 5.16 0.2% intralipid simulation results comparison: reflectance, transmittance and 

fluence 
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From the above figures, the results show that compared to Gaussian beams, Bessel 

beams have energy more concentrated at the incident point of the beam in terms of 

absorption.  Besides, in each simulation, the average transmittance and reflectance from 

Bessel beam simulations are all greater than those from Gaussian beam simulations. 

Since the summation of transmittance, reflectance and absorption is the same, we can say 

the Bessel beam simulations have less absorption, which agrees with the observation 

from section 5.1.  
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Chapter 6 Experimental investigation 

This chapter describes the equipment and procedures of our experimental investigation of 

Bessel beam propagations in intralipid solutions with different concentrations. In section 

6.1, we introduce the layout of the experimental setup and present calculations of the 

characteristics of the Bessel beam generated. Section 6.2 describes the experimental 

procedures.  

6.1 Experimental setup 

The experimental setup is shown in Figure 6.1. At the beginning, we use the laser as light 

source. After the laser, we use two lenses to make a telescope which expand the light by 

ten times (0.5 mm × 10). The beam with a 5 mm diameter passes through the axicon. The 

generated Bessel beam penetrates the sample which is made of water and 10% intralipid 

solution combined in varying ratios and contained in a quartz cuvette.  An imaging 

system which includes a microscope objective followed by a CMOS camera is used to 

measure the emerging beam from the cuvette. Tables 6.1 and 6.2 include the 

specifications of the components and the laser beam used respectively. 

 

Figure 6.1 Experimental setup  
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6.1.1 Supplies  

The supplies are listed in Table 6.1 and Table 6.2 

Table 6.1 Supplies list 

Component  Description  

Axicon  

Convex lens1  

Convex lens2 

Optical bench  

Various lens holders   

Quartz cuvettes 

 

Intralipid10% solution 

Projector  

Digital camera 

Base angle α = 0.5° 

Focal length f = 30 mm 

Focal length f = 300 mm 

 

 

Wall thickness = 1.25 mm 

Inner size 10x10x40 mm 

  

Magnifying rate = 20 

Resolution 640×480 

Pixel size 11.2×11.2 μm 

 

The laser specification is listed in a separate table below. 

Table 6.2 Laser specification 

Feature Description 

Laser type diode-pumped solid- state (DPSS) 

Wavelength 473 nm 

Transverse Mode TEMoo 

Output power                     ( > 10.0 mW ) 10.2 mW 

M
2
                                              ( <= 1.4 ) 1.1 

Beam Size                              ( <1.0 mm ) 0.53X0.44 mm 

Beam divergence                ( < 1.5 mrad ) 1.4 mrad 

Exit beam off angle           ( < +/- 5 mrad) V 

LD Operating Current         ( <1650 mA ) 1480 mA 

Power Stability                           ( > 2 hrs) +/- 4.5% 

 

6.1.2 Bessel beam specification 

The depth of field (DOF) of the Bessel beam is approximated by  

DOF ≅
𝜔0

2𝛽
                                                   (6.3) 
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where ω0 is the laser beam diameter which is 5 mm and β is the refraction angle 

approximated by (n-1) α = 0.0045 radians. Therefore DOF = 0.5 (5 mm) / 0.0045 = 

555.56 mm = 55.56 cm. The other relevant characteristics of Bessel beams are the spot 

size and fringe spacing which are described in detail in Chapter 7. 

6.2. Procedures and Methods  

This section can be divided into two parts.  In the
 
first part, we are trying to make Bessel 

beams pass through intralipid samples with different concentrations and observe the 

beam profiles at exit from the sample by placing a CMOS camera against the sample 

cuvette’s exit window. In the second part, we will move the sample cuvette along the 

depth of field (DOF) of the Bessel beams and see how the beam profile reconstructs.  

6.2.1 Varying concentrations   

Due to the limitation in terms of the maximum intensity which the CMOS would accept, 

we couldn’t start the reference profile with a sample with only distilled water (intralipid 

0%). So we experimented with the concentration to have it high enough to allow us to 

capture full distribution of the beam profile and low enough to get a clear image for 

analysis which means the light wouldn’t be completely blocked by the sample due to 

scattering and absorption. 

For example, an intralipid to water solution of 0.25% is considered too high of a 

concentration that the image doesn’t show any clear light spot to analysis (Figure 6.2(a)). 

On the other hand, the maximum intensity value of the image from 0.05% intralipid 

solution experiment is too high and saturates the camera sensors.  As a result, the plot of 
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the image will show a flat top as shown in Figure 6.2(b). Therefore, the range of the 

concentration we choose is from 0.1% to 0.2%.  

 

Figure 6.2 (a) Image from experiment with 0.25% intralipid. (b) Plot for image from with 

0.05% intralipid  

 

For the purpose of comparison, we choose 5 different concentrations within this range 

and the images are shown in Figure 6.3. From the image, we can see there are roughly 

seven fringes in the scanning area. From the calculation in chapter 7, the average fringe 

spacing is 0.005 cm. For the purpose of comparison with simulation results, we set the 

scanning radius to 0.04 cm. 
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Figure 6.3 Images for different concentrations. 

We use three different methods to ―read‖ the image profile which is saved in the RGB 

format. Because we use a blue laser, which means the main color of the image would be 

blue, we firstly only take the blue color values into account. In the other two methods we 

calculate with full color profiles. The first one is to convert the image profile from color 

profile to gray profile before all the calculations. The second one is to keep the color 

image profile and then calculate the average values of red, blue, and green values on each 

pixel. The results are shown in Figure 6.4. 
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Figure 6.4 Comparison of blue laser Bessel beam profiles after propagation through 0.1% 

to 0.2% intralipid solutions. Profiles using: Image intensity using (a) Blue intensity, (b) 

Gray intensity (c) Average red/blue/green (RBG) intensity 
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6.2.2 Self-healing property investigation  

In principle, the self-healing property suggests that when the Bessel beam encounters an 

obstacle during its propagation through the sample, it should re-construct itself to the 

original profile after a short distance. Referring to Figure 6.5, by moving the cuvette, we 

would be able to change the distance, b, between the cuvette and the axicon as well as the 

distance, a, between the cuvette and the imaging system. Theoretically, the value of a is 

the distance along which beam re-constructs.  

In this part, we move the sample to different positions along the axis of the Bessel 

beam within the range of the DOF (Figure 6.5).  By definition, the intensity profile within 

the DOF of a Bessel beam doesn’t change much. Therefore, as long as the sample is 

placed within the DOF, we assume the light at the exit of the sample should be the same. 

Taking advantage of this condition, we set the distance between the axicon and the image 

system to be 25 cm, which is within the DOF (55.56 cm). Because the path length of the 

cuvette is 1cm and we need to keep the cuvette at least 2 cm away from the axicon to 

allow the whole beam to enter the cuvette, the distance a is between 0 and 22 cm.  

 

Figure 6.5 Experimental setup for self-healing property investigation 

For the purpose of comparison, we choose 5 different positions within this range and 

the images and plots for 0.1% intralipid sample are shown in Figure 6.6 (the numbers in 
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the figure are the distance a) and Figure 6.7 respectively. Following the same procedure, 

we repeat the experiment on samples with concentration at 0.125%, 0.15%, 0.175% and 

0.2% (Figure 6.8-6.15).  

 

Figure 6.6 Images for 0.1% intralipid sample at different values of a. 

 

Figure 6.7 Comparison for 0.1% intralipid sample at different values of a. 
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Figure 6.8 Images for 0.125% intralipid sample at different values of a. 

 

Figure 6.9 Comparison for 0.125% intralipid sample at different values of a. 
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Figure 6.10 Image for 0.15% intralipid sample at different values of a. 

 

Figure 6.11 Comparison for 0.15% intralipid sample at different values of a. 
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Figure 6.12 Image for 0.175% intralipid sample at different values of a. 

 

Figure 6.13 Comparison for 0.175% intralipid sample at different values of a. 
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Figure 6.14 Image for 0.2% intralipid sample at different values of a. 

 

Figure 6.15 Comparison for 0.2% intralipid sample at different values of a. 
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6.4. Discussion  

In the first part of the experiment (figures 6.3 & 6.4), the results show that both the total 

intensity and the maximum intensity drops as the concentration of the sample increases. 

After the concentration reached 0.175%, the image profile started to lose the feature of 

Bessel distribution.  In the second part of the experiment (figures 6.6 to 6.15), the results 

mostly suggest the intensity is significantly weaker than the rest of the results when the 

cuvette is most close to the camera. However, there are two facts worth mentioning in 

this part of the experiment. 

The first one is that the event of top flat plot occurred in the results for concentration 

0.1% and 0.125% at positions close to axicon. The reason of this phenomenon is because 

the low concentrations, the CMOS sensor starts to saturate.  

The other phenomenon we found from the results is that all the images for the 

experiments with position at 22 cm which is most close to the axicon don't have a well 

defined axis symmetrical shape. which is because, as we mentioned before, when the 

sample is too close to the axicon, not all the light converged from the axicon could come 

together to form the original Bessel profile or some of the photon practical entered the 

cuvette hit the side of it and reflect which is causing is irregular shape. This phenomenon 

can be found significantly in Figure 6.15. 

6.5. Conclusion 

 Due to the limitations of the camera, we wouldn't get the full distribution of the image 

from distilled water as a reference line. However, the results quantitatively show how the 

intensity changes as the concentration (optical density) of the propagating media changes. 
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In the second part, the results show the beam intensity profile would stop changing and 

form the shape like the Bessel profile after a certain distance of propagation after the 

sample, which suggest the self-healing phenomenon.  
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Chapter 7 Analysis  

This chapter focuses on the analysis of the results obtained through both our experimental 

and numerical investigations. We divide this chapter into two parts. In the first part we 

discuss the experimental results obtained for the solutions with different intralipid 

concentrations. We quantitatively compare the experimental results to the simulation 

results in terms of total intensity. The second part focuses on the self-healing property of 

Bessel beams. We will quantitatively analyze the experimental results and estimate the 

required distance for self-reconstruction for the different concentrations. 

7.1 Various concentrations 

In this section, we first perform calculations for characterization of the Bessel beam and 

then we analyze the obtained experimental results.  In calculation, we will theoretically 

define the spot size and the fringe spacing and compare them with the experimental 

results. And in the figure analysis, we integrate each curve to get total intensity for both 

simulation and experimental results and relate the total energy to the concentration of the 

intralipid solution. 

7.1.1 Bessel beam characterization 

Beam radius  

For a Bessel function distribution, the radius of the central lobe is given by [62] 

𝑟0  =  
2.404𝜆

2𝜋𝑠𝑖𝑛𝛽
              (7.1) 

where λ is the wavelength equal to 473 nm for the blue laser used and β is the refraction 

angle approximated by (n-1) α. For a base angle α = 0.5° = 0.0087 rad and index of 
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refraction n = 1.52, a value 𝑟0  ≈ 0.0039 𝑐𝑚 (40 µ𝑚)   is obtained. To compare the 

propagation of Bessel and Gaussian beams we select comparable radii and similar energy 

based on the selected available axicon. The obtained Bessel beam radius is needed to 

determine a desirable Gaussian beam radius (chapter 5). To find the beam radius, 

typically, the FWHM (full width half maximum) or 1/e
2
 definitions can be used. 

 

Figure 7.1  Bessel function plot showing the FWHM and 1/e
2
 radii definitions. 

As shown in Figure 7.1, the x coordinates for y = 0.5 (FWHM), 0.135(1/e
2
 width) and 

0 (r0) are around 1.12, 1.75 and 2.41. In the present thesis, we use the 1/e
2
 width method, 

giving 

𝑟 =  0.73𝑟0                                                        (7.2) 

Resulting in r = 0.73 × 0.004cm = 0.029113 mm ≈ 0.003 cm 

For a red laser (λ = 660 nm), apply the same method, the beam radius is determined to be 

0.0042 cm (used in section 5.1&5.2).  
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Spot size and fringe spacing  

In order to determine the fringe spacing, we choose to plot the beam distribution and 

manually measure the x values of the points where intensity I = 0, which would include 

the points that define the spot size. In equation 4.6, the expression of the intensity of the 

Bessel beams, we set 𝑥 =  𝑘𝛽𝑟 and plot 𝐼 =  𝐽0
2  𝑥  to find the root values shown in 

Figure 7.2. Using the roots we can calculate r given 𝑥 =  𝑘𝛽𝑟, where 𝑘 =  2𝜋/𝜆 then 

𝑟 =
𝑥𝜆

2𝜋𝛽
=

473𝑛𝑚

2𝜋0.0045
𝑥 = 0.0016 𝑥 𝑐𝑚      (7.3) 

The results are listed in Table 7.1. The spacing between the first two points is the spot 

size which is 0.0077 cm, which is similar to the result obtained from equation 7.1. In the 

last column of the table, we normalize the results by spot size to compare to the 

experimental values.  

 

Figure 7.2 Bessel beam profile   
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Table 7.1 Theoretical fringe spacing for Bessel beams intensity  

Point # root spacing r (cm) Normalized r 

1 -2.4 4.8 0.00768 1 
2 2.4 3.11 0.004976 0.647917 
3 5.51 3.15 0.00504 0.65625 
4 8.66 3.18 0.005088 0.6625 
5 11.84 3.11 0.004976 0.647917 
6 14.95 3.16 0.005056 0.658333 
7 18.11 3.19 0.005104 0.664583 
8 21.3 3.06 0.004896 0.6375 
9 24.36 3.16 0.005056 0.658333 

10 27.52    

 

Then we manually measure the spot radius and fringe spacing on the figures we got 

from experiments. We select the two best developed profiles which are from the 

experiments with 0.1% and 0.15% concentrations of intralipid.   

To measure these distances on the profile, we find all the valley points and find out their 

x axis coordinates. For the 0.1% intralipid figure, the results are shown in Figure 7.3. 

 

Figure 7.3 0.1% intralipid experiment result 
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We extract the x values from all the points into an array to analyze using excel as 

shown in Table 7.2. In order to compare the spacing, we normalize the results by the spot 

size to compare with the theoretical results as shown in Table 7.3.   

Table 7.2 Spot radius and fringe spacing calculation from experimental profiles of Bessel 

beam exiting 0.1% intralipid solution. 

point # -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 

x value -84 -70 -57 -43 -28 -14 14 31 45 60 72 88 104 

spacing 14 13 14 15 14 28 17 14 15 12 16 16  

Normalized 

spacing  
0.5 0.46 0.5 0.53 0.5 1 0.61 0.5 0.53 0.43 0.57 0.57 0.5 

 

The results are averaged from both sides of the central spot of the beam. 

Table 7.3 Spacing results comparison  

spacing Spot 

size 

Spacin

g 1 

Spacin

g 2 

Spacin

g 3 

Spacin

g 4 

Spacin

g 5 

Spacin

g 6 

Theoretical 1 0.65 0.66 0.66 0.65 0.66 0.66 
Intralipid 0.1% 1 0.61 0.5 0.53 0.43 0.57 0.57 

 

From Table 7.3, the fringe spaces of the experimental results can be considered consistent 

like the theoretical results. However, the average value of the spacing is smaller than the 

theoretical value. Since the data is normalized by the spot size, this could also mean the 

fringe spacing values are the same but the experimental spot size is larger than the 

theoretical spot size.  

7.1.2 Comparison of simulation and experimental results 

In this section, we attempt to compare the experimental and numerical simulation results 

for the interaction of the Bessel beam with intralipid solutions for different concentrations. 
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 The experimental results we will be using are the profiles of Bessel beams exiting the 

cuvette containing the solutions, which are shown in Figure 7.5 (adapted from Figure 6.4). 

These results will be compared to the transmittance profiles obtained for the Bessel 

beams through simulation of propagation through the solutions with different 

concentrations. These profiles are shown in Figure 7.4. They represent measures of the 

simulated intensity profiles exiting the solutions. It can be clearly seen that the 

simulations do not reproduce the Bessel beam profiles obtained from the measurements. 

This is expected since the MCML and CONV software do not take into account 

diffraction as has been reported in the literature [41]. We can see however some 

similarities between the simulation and experimental results. Both the experimental and 

numerical intensity levels decrease with higher concentrations. In order to compare 

quantitatively these results, we integrate each profile over the whole area and we 

normalize with the maximum value. The results are shown in Figure 7.6. Also, we plot 

the maximum values of each profile as shown in Figure 7.7. From the calculations in 

chapter 3, we can see that the concentration and the optical density of the sample have a 

positive correlation, so that the results we obtain in this section also represent how the 

optical density of the medium affect the total transmittance of the propagation. 
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Figure 7.4 Simulation transmittance results for a Bessel beam of intralipid solutions 

 

Figure 7.5 Experimental results for a Bessel beam of intralipid solutions 
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Figure 7.6 Total intensity from experiments and transmittance from simulation  

 

Figure 7.7 Maximum intensity from experiments and transmittance from simulation  
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7.2 Self-healing properties 

7.2.1 Self-reconstructive region  

According to Bouchal’s experiments [4], the minimum self-healing distance of Bessel 

beam is the length of the shadow zone behind the obstacle and this length can be 

calculated by  

𝐿𝑟𝑒 =  𝑍𝑠ℎ𝑎𝑑𝑜𝑤 =
𝑑

 2 𝑡𝑎𝑛 𝛽
≈

𝑑

 2 𝛽
                              (7.4) 

Where Zshadow is the shadow zone length and the Lre is the minimum distance for the beam 

to reconstruct. In our experiment, beam deviation angle is β = 0.0045 rad and the obstacle 

size d is unknown. However, the two extreme bounding values for this parameter are 

defined as when we consider the obstacle as only one scattering particle in the solution or 

as the whole sample.  

In the first case, d can be substituted as the average size of the satterer which is earlier 

mentioned to be 444 nm [25].  And therefore minimum distance for the beam to 

reconstruct after encountering this obstacle is calculated by equation 7.5. 

𝐿𝑟𝑒1 =
444 𝑛𝑚

2 × 0.0045
= 0.049 𝑚𝑚 

In the other extreme case, d would be the outer dimension of the cuvatte which is 1.25 cm, 

giving  

𝐿𝑟𝑒2 =
1.25 𝑐𝑚

2 × 0.0045
= 1.39 𝑚 

The above values give bounding values for the minimum reconstructive distance of the 

Bessel beams. 
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7.2.2 Experimental results analysis 

In chapter 6, we presented the experimental results in three different plotting methods 

which are blue, gray and RBG. Out of these three methods, the first one only considers 

the blue color signals from the image. Even though we use a blue laser, it doesn’t mean 

the color of the laser exactly match the defined blue color from the software. As a result, 

this method will not be considered in further analysis. On the other hand, gray and RBG 

presentations are similar. Therefore, we only consider the figures generated by RBG 

method.  

We determine the minimum distance for the beam to reconstruct Lre by evaluating the 

curves on each figure from the experiments on self-reconstruction. For example, from the 

results for 0.1% intralipid sample shown in Figure 7.8, we can see the curves red, yellow 

and green have very close shape but the cyan curve obviously is different from the three, 

so we can say the beam profile starts to reform to its original form at a point between 

position 0 cm to 5 cm. Therefore for 0.1% intralipind sample, the minimum distance for 

the beam to reconstruct Lre is 0~5 cm. The results in terms of positions are marked in the 

legend bar in each figure as shown below. Following the same procedures, the Lre values 

for all five different samples are shown in figures 7.8 to 7.12 and summarized in Table 

7.4.  
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Figure 7.8 Comparison for 0.1% intralipid sample at different positions 

 

Figure 7.9 Comparison for 0.125% intralipid sample at different positions 
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Figure 7.10 Comparison for 0.15% intralipid sample at different positions 

 

Figure 7.11 Comparison for 0.175% intralipid sample at different positions  
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Figure 7.12 Comparison for 0.2% intralipid sample at different positions  

 

Table 7.4 Minimum distance for the beam to reconstruct 

Samples Minimum Lre(cm) Maximum Lre(cm) Average Lre (cm) 

0.1% intralipid 0 5 2.5 

0.125% intralipid 5 10 7.5 

0.15% intralipid 10 15 12.5 

0.175% intralipid 15 22 18.5 

0.2% intralipid 15 22 18.5 

 

From the result, we can see the figures 7.8, 7.11 and 7.12 have reached the boundaries 

of our testing range, which could mean the true results are out of boundaries. Besides, the 

results show that the minimum reconstructive distance increases as the concentration of 

the intralipid sample increases. So it suggests the minimum reconstructive distance is 

positively affected by the optical property of the propagating medium as shown in Figure 

7.13. 
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Figure 7.13 Minimum reconstructive distance related to optical property  
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Chapter 8 Conclusions 

In this work, we used Monte Carlo method based on the software MCML to study the 

propagations of Bessel and Gaussian beams. We modified the CONV program to be able 

to simulate the propagation of Bessel beams. We preformed simulations as well as 

experiments for the propagation of Bessel beams within intralipid solutions.  

The Monte Carlo method we used in this research convolves the responses of a 

propagation of a pencil beam with a beam intensity profile to simulate the propagation of 

a finite size beam. This process does not provide exact responses of the propagation 

because it doesn't model the diffraction behavior of light. However, the result could 

quantitively represent the difference between the responses of different samples depend 

on their concentration. 

The experimental results gave a quantitative measurement of the transmitted Bessel 

beam and its reconstruction after it exits the scattering media. The dependence of the 

reconstructive region on the optical property was measured.   

 In the future, since the main flaw of MCML is that it doesn't address the wave 

behaviour of light, we could modify the process based on the electric field theory [47] to 

increase the accuracy.  

 Regarding to the self-healing property investigation, the assumption was made that the 

intensity profile of the Bessel beam remain consistent within the DOF. This assumption is 

only true if the measurements were taken within a distance that is relatively smaller than 

the DOF, which is appropriate for the setup we presented in this thesis given the 

measurements were taken within 22 cm, which is considerably smaller than the DOF (55 

cm). However, there were a couple of measurements suggest that we should extend the 
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measuring area. We cannot ignore the difference in the intensity profile caused by the 

positioning anymore if we do so. Therefore, a new setup of experiment is proposed. In 

this setup, we fix the cuvette at same location within the DOF so that the exit light of the 

cucette will always be the same. The camera is  moving along the optical line within the 

DOF to take measurements. While moving, the camera will take both images with 

cuvette present or not at each location. The images without the cuvette are used as 

reference data to compare to the images with the cuvette present to see how much the 

sample effect the overall result. The standard deviation is calculated as a factor to 

evaluate the difference between the images. The step size of the measurements is reduced 

to 1 cm from 5 cm. This setup would address the intensity profile difference caused by 

the positioning and provide more accurate results.  
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Appendix A 

A.1 Optical properties determination for 10% intralipid solutions 

We present an example of calculating the optical properties of 10% intralipid solutions 

for a wavelength of 473 nm using the fitting functions from [18] 

A.1.1 Index of refraction 

The formulation for index of refraction n is provided by the IAPWS (International 

Association for the Properties of Water and Steam). However, for room temperature and 

wavelengths over 400 nm, one can use Cauchy equation (3.6), to calculate the refractive 

index  

𝑛 𝜆 = 𝐼 +
𝐽

𝜆2 +
𝐾

𝜆4      (3.6) 

where the numerical values of the coefficients are: J = 1.154 ×10
4
, K = -1.132 ×10

9
, Iwater 

= 1.311 and Isoy = 1.451. The wavelength is set to λ = 473 nm. For the two main 

components of the solution 

𝑛𝑤𝑎𝑡𝑒𝑟 =  1.311 +
1.154 × 104

4732
−

1.132 × 109

4734
 =  1.34 

𝑛𝑠𝑜𝑦 =  1.451 +
1.154 × 104

4732
−

1.132 × 109

4734
 =  1.48 

It is assumed that the solutions are thoroughly mixed and that the mixture is of constant 

composition. Therefore, the refractive index is assumed to be proportionally related to the 

volumes of the compositions of the mixture, which can be written as     

𝑛 =  
𝑛1𝑣1+𝑛2𝑣2

𝑣1+𝑣2
                    (3.7) 
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where v1, v2 and n1, n2 are the volumes and indices of refraction respectively of the two 

components. For 1 liter of 10% Intralipid, we have 100 g soybean oil, 22 g Glycerol and 

12 g Eggphospholipid. Or msoy =100 g,  mGlycerol =22 g and megg =12 g. Assume the 

refractive indices of other components are all identical to soybean oil. Then we can 

divide the mixture into two compositions which are Soybean oil, glycerol and 

eggphosoholipid as the first composition and water as the second composition.  The 

volume for first composition is calculated by  

𝑣1  =  
𝑚𝑠𝑜𝑦

𝜌𝑠𝑜𝑦
  +

𝑚𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙

𝜌𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙
+

𝑚𝑒𝑔𝑔

𝜌𝑒𝑔𝑔
                  (3.8) 

where specific weight ρsoy = 0.927 g/ml and ρGlycerol  = ρegg = 1 g/ml 

𝑣1 =
100

0.927
 +

22

1
+

12

1
=  139.87 𝑚𝑙 ≈  0.14 𝐿 

Since the total volume of the solution is one liter  

𝑣2  =  1000 − 𝑣1 = 860.13 𝑚𝑙 (𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝑙𝑦)  ≈  0.86 𝐿 

Substitute v1, v2, nwater, nsoy in to equation 3.7  

𝑛 ≈  1.48 × 0.14 + 1.34 × 0.86 =  1.36 

A.1.2 Absorption coefficient 

The fitting function for µa is 

µ𝑎 =
𝑎

1+𝑒
−
𝜆−𝑥0
𝑏

                       (3.9) 

The parameters are shown in Table 3.1. 

Table 3.1 Parameters for calculation of the absorption coefficient 

 a b x0 r
2 

water 3.066×10
5 

54.13 1.770×10
3
 0.9508 

soy bean oil 1.171×10
5
 -36.59 -3.210×10

2
 0.9968 
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The total absorption coefficient is calculated by the sum of the single absorbers 

multiplied by their volume concentrations 

 µ𝑎 𝑡𝑜𝑡  =  µ𝑎 𝑖 𝜍𝑎(𝑖)𝑛
𝑖=1                       (3.10) 

For water, µa is given by 

µ𝑎 𝑤𝑎𝑡𝑒𝑟  =
3.066 × 105

1 + 𝑒− 
473−1.770×103

54.13

= 1.2037 × 10−5/𝑚𝑚 = 1.2037 × 10−4/𝑐𝑚 

For soy bean oil, µa is given by 

µ𝑎(𝑠𝑜𝑦)  =   
1.171 × 105

1 + 𝑒− 
473+3.21×102

−36.59

 =  4.4096 × 10−5/𝑚𝑚 = 4.4096 × 10−4/𝑐𝑚 

The volume concentration of intralipid 10% is given by 

 𝐶𝑣 =
𝑐𝑤𝜌𝑏

𝑐𝑤𝜌𝑏+(1−𝑐𝑤 )𝜌𝑠
                                (3.11)  

Where ρs and ρs are specific weights of water and soybean oil which are 1g/cc and 

0.92g/cc, Cw is the weight concentration of the sample which is 10%. So that Cv is 

determined to be 10.8%. The total coefficient of intralipid 10% is then given by 

µ𝑎 𝑡𝑜𝑡  =   1− 𝐶𝑣 µ𝑎 𝑤𝑎𝑡𝑒𝑟  + 𝐶𝑣  µ𝑎 𝑠𝑜𝑦           (3.12) 

µ𝑎 𝑡𝑜𝑡 = 1.55 × 10−4/𝑐𝑚 

A.1.3 Scattering anisotropy  

The fitting function for g is 

𝑔(𝜆) = 𝑦0 + 𝑎 · 𝜆                                            (3.13) 

The parameters are shown in Table 3.2. 
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Table 3.2 Parameters for calculation of the Scattering anisotropy 

 Lipovenoes 

10% 

Lipovenoes 

20% 

ClinOleic 

20% 

Intralipid 

10% 

Intralipid 

20% 

Intralipid 

30% 

y0 1.075 1.085 1.070 1.018 1.090 1.066 

a -6.079×10
-4

 -6.029×10
-4

 -6.369×10
-4

 -8.820×10
-4

 -6.812×10
-4

 -4.408×10
-4

 

r
2 

9.997×10
-1

 9.992×10
-1 

9.999×10
-1

 9.926×10
-1

 9.995×10
-1

 9.982×10
-1

 

 

For Intralipid 10%: 𝑦0 = 1.018 and  𝑎 = −8.820 × 10−4, giving:  

𝑔 =  1.018 −  8.820 × 10−4  × 473 =  0.6008 ≈ 0.6 

A.1.4 Scattering coefficient 

The fitting function for µs is 

µ𝑠 = 𝑎 · 𝜆𝑏                                             (3.14) 

The parameters are shown in Table 3.3.  

Table 3.3 Parameters for calculation of the Scattering coefficient 

 Lipovenoe

s 10% 

Lipovenoe

s 20% 

ClinOleic 

20% 

Intralipid 

10% 

Intralipid 

20% 

Intralipid 

30% 

a 1.576×10
8
 3.116×10

8
 3.468×10

8
 4.857×10

8
 3.873×10

8
 2.645×10

8
 

b -2.350 -2.337 -2.381 -2.644 -2.397 -2.199 

r
2 

9.994×10
-1

 9.995×10
-1

 9.995×10
-1

 9.996×10
-1

 9.995×10
-1

 9.994×10
-1

 

 

For Intralipid 10%: a= 4.857 ×10
8
 and b= -2.644, giving: 

µ𝑠 = 4.857 × 108  × 473−2.644 =  41.1183 ≈  41/mm = 410/cm 

In summary, the optical properties of 10% intralipid for a wavelength of 473nm are 

shown in Table 3.4. 

Table 3.4 Optical properties of 10% intralipid under wavelength of 473nm 

n µa g µs 

1.36 4.3×10
-4

/cm 0.6 410/cm 
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