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Abstract: For the time being there is no accurate theory about the spread of light in a 

structurally non-homogeneous medium whereas the experimental research is additionally 

hindered because of the necessity to maintain constant structural-dynamic parameters. In 

this respect numerical modelling of the processes of spreading of laser radiation plays 

increasingly important role. 
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Introduction 
For the time being there is no accurate theory about the spread of light in a structurally non-

homogeneous medium whereas the experimental research is additionally hindered because of 

the necessity to maintain constant structural-dynamic parameters. Тhe question of the 

interaction of laser radiation with multilayer biological materials is of particular interest.  

In this respect computer modelling of the processes of distribution of laser radiation plays 

increasingly important role. It allows more detailed exploration of the specific aspects of the 

process of distribution of a laser beam in a modelled medium and to study the relation 

between the achieved results from different parameters of a measurement system and the 

scrutinized item, which always encumbers the experiment additionally. With the new areas of 

laser radiation application for the treatment of bio-tissues constantly emerging, the necessity 

to develop a methodology and criteria for the optimization of the parameters of laser emitters 

arises [3, 7, 13]. 

 

Optimisation of the laser radiation parameters 
Bio-tissues are a multi-component material, which contains mainly protein (collagen), fats, 

minerals and water. Each of these constituents has a different coefficient of absorption, 

thermal conductivity and temperature conductivity [1, 8]. Different mathematical models have 

been developed for these purposes; those models are usually designed to solve a particular 

problem. In most of the cases the problem is the choice of a laser and its properties; the 

solution is based on the spectral absorption and time for recovery of the scrutinized item 

(medium). The modelling should solve the problem for optimization of the parameters of a 

laser emitter and assessment of the achieved results from the laser impacts of the laser already 

selected on the biological medium [16].  

 

Through the model defining a specific process and basing on the results from the impact 

under certain parameters, the input parameters can be gradually changed by having optimized 

the energy parameters of the laser emitter so that needed effect in each specific case could be 

achieved. 
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Interesting results were obtained by stochastic modelling through the Monte-Carlo method of 

processes of repeated scattering of laser beams in a multi-layer medium [4, 11, 12].  

The Monte-Carlo method is a digital method for solving mathematical problems (systems of 

algebraic, differential, integral equations) and direct statistical modelling (physical, chemical, 

biological, economic and social processes) with the help of obtaining and modifying random 

digits. 

 

The main idea of the method is to consider the effect of absorption and scattering of the 

optical path of each photon through non-transparent medium. For the absorption to be taken 

into account, each photon needs to acquire weight and when the photon goes through the 

medium that weight stays constant and does not change. If there is scattering, then a new 

direction of propagation is chosen in accordance with the phase function and other random 

digits. The procedure continues until the photon gets out of the scrutinized volume or its 

weight assumes a certain measure. The Monte-Carlo method has five major stages, namely: 

1. Photon source generation – a photon is generated on the surface of the studied 

medium. Its spatial and angular distribution corresponds to the distribution of the 

incident radiation. 

2. Generation of trajectory – having generated the photon, the distance to the first 

collision is determined by assuming that the particles that are absorbed are randomly 

distributed in a non-transparent medium. 

3. Absorption – to be able to assess the absorption, each photon is given weight and 

when the photon enters into the non-transparent medium its weight is equal to 1. 

4. Destruction – this step is used only in case when assigning the weight to each photon 

at stage 3. When the weight acquires certain border value, the photon is eliminated. 

Then the programme goes on from stage 1. 

5. Registration – after the repetition of stages 1-4 for sufficient quantity of photons, the 

trajectory map is calculated and kept in the computer. In this way, statistically we can 

consider parts of random photons absorbed by the medium and the spatial and angular 

distribution of the photons emerging out of it [2, 5]. 

 

One of the options to implement the algorithm under the Monte-Carlo method is by 

simulating a medium of the following parameters: thickness Lcp, scattering coefficient μc, and 

absorption coefficient μa, average cosine of the angle of scattering g, relative refractive  

index n. The medium is shown as a sum of centres that scatter and absorb photons [9, 10, 17]. 

 

The algorithm of the implementation of the Monte-Carlo method is given in Fig. 1. 

 

We can track an iteration of an algorithm under the Monte-Carlo method in details (Fig. 1). 

The incident impulse that consists of one million photons getting into the investigated 

medium along the z axis perpendicular to the surface (x, y) as they intersect it at point with 

coordinates (0, 0, 0). All calculations are carried out for a three-dimensional Cartesian 

coordinate system. After the photon enters the medium, the mean free path of the photon in 

the medium and the scattering angles   and   are determined. The scattering angle   is 

defined by the phase function of scattering 

 

     ,  p s s p p  , (1) 

where s  is the incident direction and s  – the direction of photon scattering. 
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Fig. 1 Algorithm of the implementation of the Monte-Carlo method 

 

The particles of the surrounding medium due to which scattering and absorption take place 

are assumed to be spherically symmetrical. This approximation is often used in similar cases 

and is based on the fact that during the process of passage through the medium with strong 

scattering of photons interacts with the particles under different angles. Therefore, we can 

apply averaging of the scattering indicatrix. The application of that model shows that this 

approximation manifests the properties of most of the bio-tissues quite well [9, 10, 17].  

 

From this assumption, we can write the following correlation 
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1
p . (2) 

 

When the tissues have strong scattering, for the scattering phase function  p  can be applied 

the Henie-Greenstein’s phase function from which for the   angle we obtain: 
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where RND  is a random uniformly distributed number in the range (0, 1). 
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At each stage the angle θ is determined in relation to the “old” direction of propagation while 

the angle φ is in a medium that is perpendicular to the “new” direction of movement.  

The length of the free path of the photon is assessed from the probability density function: 
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where 
phl  is the average length of free path of the photon and is determined by the expression 
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Having applied the property of the probability density function 
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to calculate the length of the free path, a random number ξ  (0, 1) is chosen, which can be 

linked to the probability density of the length of free path in the following manner: 

 

 
L

dllp
0

 . (7) 

 

The number ξ is uniformly distributed in the interval (0, 1) and is generated with the help of a 

random numbers generator. Then the length of free path of the photon is acquired through: 

 

 ln 1  phL l  . (8) 

 

Using the generated digit ξ the interaction of the photon with the particles of the medium is 

modelled; the particles can be either absorbing or of scattering centres. The probability of a 

photon to be scattered by the particles is assessed through the expression: 

 

as

s
sp






  (9) 

 

and the probability of absorption is: 

 

as

a
sa pp






1 . (10) 

 

When the generated random number ξ is in the range (0, ps) we assume that the photon is 

scattered; otherwise we assume that it is absorbed. The total medium along the z-axis is 

virtually divided into a number of layers of equal thickness and they correspond to data 

arrays. The numbers of the absorbed or scattered photons are recorded in each array.  

If the photon is scattered, its new direction of movement and its coordinates are calculated 

under the following formulas: 
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 cossin0 Lxx  , 

 sinsin0 Lyy  , (11) 

cos0 Lzz  , 

where 0x , 0y , 0z  are the “old” coordinates of the photon.  

 

If the photon is absorbed, the next photon is released at a point with coordinates (0, 0, 0).  

The process of modelling of the interaction of the photon with the particles of the medium 

continues until the photon is either absorbed or unless it goes out of the boundaries of the 

detectors (z = 0), or gets into it (z = Lcp). When the photon gets to the boundary of the 

medium-air, it is checked whether the condition of total internal reflection is fulfilled: 

 











n
кр

1
arcsin , (12) 

where n  is the refractive index of medium. 

 

Characteristics of the Monte-Carlo method: 

 Convergence of the solution same as N1 . 

 The dependence of the error on the number of iterations is also N1  and in order 

to reduce the error it is necessary to increase the number of iterations twice. 

 The main method for reducing the errors remains the maximum variance reduction. 

 The error does not affect the dimension of the problem. 

 Simple structure of the computational algorithm, as the calculation of the realization of 

random variables is repeated N times. 

 The construction of random variables can be based on the physical nature of the 

process and it is not necessarily required, as in the classical methods, to formulate the 

equation which is becoming increasingly topical for contemporary problems [6]. 

 

The main idea of the method is to trace the process of absorption and scattering throughout 

the entire optical path of a photon in an opaque environment. The distance between two 

collisions is selected from a logarithmic distribution, which uses random numbers generated 

by a computer. For an absorption to be taken into account, each photon is assigned a weight 

and by passing through the medium this weight permanently reduces. If there is scattering, 

then a new direction of propagation is chosen in accordance with the phase function and other 

random number. This procedure continues as long as the photon does not come out of the 

concerned area or its weight reaches a certain value [18]. 

 

Biological objects can be divided by their optical characteristics into highly scattering media 

that are optically opaque, such as skin, muscle, brain, blood, etc., and low scattering or 

transparent media such as the cornea and the lens of the eye. Laser therapy is associated with 

a nonspecific thermal impact on biological objects. The distribution of temperature 

determines the extent of impact on the tissue being treated and the level of thermal shock of 

the surrounding tissues, which must be reduced to minimum. 

 

The study was carried out for the biological structures liver, blood and muscle tissue.  

The optical characteristics of human bio-tissues were measured in vitro and are shown in 

Table 1 [14, 15]. 
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Table 1. Optical properties of bio-tissues 

Bio-tissue λ, nm μa, cm-1 μS, cm-1 g 

Liver 630 3.2 414 0.95 

Blood 600 25 464 0.99 

Muscle tissue 1064 2.0 215 0.96 

 

The results from the modelling of the distribution of the density of the photons transmission 

in the liver are shown in Figs. from 2 to 6.  

 

Fig. 2a shows the dependence of the density of the photons transmission, expressed in 

decibels, according to the penetration depth (on the z axis) and the radius of the distance from 

the z axis. The modelling was performed for a single beam entering into the tissue at a point 

with coordinates (0, 0, 0). 

 

  
a)     b) 

Fig. 2 Single beam in liver 

 

The results indicate that the density decreases with the increase of the penetration depth, while 

at the same time scattering of the beam is observed. Fig. 2b shows the density of transmission 

in three cross-sections of the tissue at depths of 0 cm, 0.03 cm and 0.05 cm. The expansion of 

the beam during the penetration into the tissue and the reducing of its intensity can be clearly 

seen. At a depth of 0.05 cm the beam is highly diffused and its intensity is significantly 

decreased, which determines that its efficiency will be low at greater depths. 

 

Fig. 3 shows the results of the modelling for a uniform beam with a radius of 0.1 cm,  

with coordinates of its center during penetration into the tissue (0, 0, 0). 

 

  
a)      b) 

Fig. 3 Uniform beam with a radius of 0.1 cm in liver 
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Fig. 3a shows the results for the density of the transmission of photons, expressed in decibels, 

depending on the penetration depth (on the z axis) and the radius of the distance from the  

z axis. The larger radius of the beam during the distribution in the tissue compared to the 

single beam can also be clearly observed. The speed with which the density of the 

transmission of photons in depth decreases is lower than in the single beam. Fig. 3b shows the 

density of the transmission in three sections. On the entry surface of the tissue the spot of the 

beam can be clearly distinguished. A visible expansion of the beam in the next two sections is 

observed. 

 

Fig. 4 shows the results of the modelling for a Gaussian beam with a radius of 0.1 cm,  

with coordinates of its center during penetration into the tissue (0, 0, 0). 

 

  
a)     b) 

Fig. 4 Beam with a Gaussian distribution and a radius of 0.1 cm in liver 

 

From the results for the density of the transmission of photons, depending on the penetration 

depth (on the z axis) and the radius of the distance from the z axis (Fig. 4a) can be seen that 

the density level along the width of the tissue is higher compared to the cases considered 

above. The alteration in the density from the penetration depth does not differ substantially 

from the case of the uniform beam. Fig. 4b shows the transmission density in the three cross-

sections of the tissue. From the results, it can be concluded that the distribution of the photons 

is similar to the distribution during the use of a uniform beam. The main difference is in the 

greater width of the beam during its distribution in the tissue. 

 

Fig. 5 shows the results of the modelling for focused Gaussian beam with a radius of 0.1 cm, 

depth of focus 0.03 cm and coordinates of its center during penetration into the tissue  

(0, 0, 0). 

 

     
a)    b) 

Fig. 5 Focused Gaussian beam in liver 
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From the distribution of the density of photons transmission (Fig. 5a) depending on the depth 

of penetration (on the z axis) and the radius of the distance from the z axis, there are no 

differences with the case of the unfocused Gaussian beam. The analysis of the results from the 

penetration at different depths (Fig. 5b) indicates that the beam is focused at the depth of  

0.03 cm (the width of the beam at this depth is less than at the entrance of the tissue).  

After this depth the beam quickly scatters and the distribution processes do not differ from 

those of the unfocused Gaussian beam. The possibility to achieve focusing of the beam inside 

the tissue allows reaching the greatest impact on a specific area of the tissue, which would 

increase the efficiency of the laser use. 

 

Fig. 6 shows the contours with density levels of photons transmission in liver 37 dB, 30 dB, 

27 dB, 23 dB and 13 dB for a single beam, a uniform beam with a radius of 0.1 cm, a beam 

with Gaussian distribution of 0.1 cm and a focused Gaussian beam depending on the 

penetration depth (on the z axis) and the radius of the distance from the z axis. 

 

     
a)     b) 

     
c)     d) 

Fig. 6 Density distribution of the photons transmission in liver of:  

a) a single beam; b) a uniform beam with a radius of 0.1 cm;  

c) a beam with a Gaussian distribution and radius of 0.1 cm; d) a focused Gaussian beam. 

 

From the analysis of the results it can be concluded that during the penetration into the tissue, 

the scattering when using a single beam is lowest. Such a beam is impossible to implement in 

practice but the results for it make it possible to determine which of the other types of beams 

has the closest type of distribution to it. From the results obtained it can be seen that the beam 

with a uniform distribution penetrates with the highest intensity, but at the same time it is also 

the widest. The unfocused Gaussian beam is with a smaller width but its intensity is smaller 
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than that of the uniform beam at greater depths. Closest to the manner of distribution of the 

single beam is the focused Gaussian beam. 

 

A modelling of the distribution of the density of photons transmission in the considered types 

of beams in blood has been made and the results are shown in Figs. from 7 to 11. Fig. 7a 

shows the dependence of the density of the transmission of photons in blood, expressed in 

decibels, depending on the penetration depth (on the z axis) and the radius of the distance 

from the z axis for a single beam. 

 

  
a)      b) 

Fig. 7 Single beam in blood 

 

The results show that the decrease of the density of the transmission reduces considerably 

faster with the increasing of the radius r  as compared to the penetration in the liver. Fig. 7b 

shows transmission density in the three cross-sections of the tissue. It can be seen that the 

beam is well defined even at a depth of 0.05 cm. The results obtained show that the density of 

the transmission is significantly lower on the side walls of the tissue than in penetration  

in the liver. 

 

Fig. 8a shows the dependence of the density of the transmission of photons in the blood, 

expressed in decibels, according to the penetration depth (on the z axis) and the radius of the 

distance from the z axis for a uniform beam. 

 

  
a)    b) 

Fig. 8 Uniform beam with a radius of 0.1 cm in blood 

 

From the results obtained the same conclusions can be drawn as for the single beam.  

The results of the analysis for the three selected sections (Fig. 8b) indicate that in this beam 
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the observed scattering is also significantly less than in the liver. Despite the expansion, the 

shape of the beam is still well defined at different depths. 

 

Fig. 9a shows the dependence of the density of the photons transmission in blood, expressed 

in decibels, according to the penetration depth (on the z axis) and the radius of the distance 

from the z axis for a Gaussian beam. 

  
a)     b) 

Fig. 9 Beam with a Gaussian distribution of 0.1 cm in blood 

 

The results show that the density of the transmission decreases more rapidly with depth than 

in the uniform beam. Fig. 9b shows transmission density in the three cross-sections of the 

tissue. There is an expansion of the beam during the penetration into the tissue but its 

intensity in the area around the axis is greater than during the penetration into the liver.  

On the figure, the well-shaped spot of the beam is clearly distinguished at all three depths. 

 

Fig. 10a shows the dependence of the density of the transmission of photons in the blood, 

expressed in decibels, according to the penetration depth (on the z axis) and the radius of the 

distance from the z axis of a focused Gaussian beam. 

 

  
a)    b) 

Fig. 10 Focused Gaussian beam in blood 

 

The results indicate a greater focus of the flow around the z axis. The analysis of the results 

for the three cross-sections of the tissue (Fig. 10b) shows the focusing of the beam in tissue 

penetration, the width of the beam spot at a depth of 0.03 cm being smaller, both, than the 

width at the penetration boundary of the beam and that at a depth of 0.05 cm.  
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Upon penetration of the focused Gaussian beam, significantly less scattering than in the 

penetration into the liver is observed. 

 

Fig. 11 shows the density contours of the photons transmission in blood with levels 37 dB,  

30 dB, 27 dB, 23 dB and 13 dB for a single beam, a uniform beam with a radius of 0.1 cm,  

a beam with Gaussian distribution of 0.1 cm and a focused Gaussian beam depending on the 

penetration depth (on the z axis) and the radius of the distance from the z axis. 

 

The comparison of the results obtained with those in Fig. 6 confirms the conclusion drawn so 

far that the scattering of the beams in blood is significantly lower than that in liver. 

 

     
a)     b) 

     
c)     d) 

Fig. 11 Density distribution of photons transmission in blood of:  

a) a single beam; b) a uniform beam with a radius of 0.1 cm;  

c) a beam with a Gaussian distribution and a radius of 0.1 cm; d) a focused Gaussian beam. 

 

Fig. 11d clearly shows how the beam initially narrows, and then there is an interval of depths 

at which it almost does not change its width and after a depth of 0.035 cm begins to expand. 

The results obtained indicate that upon penetration in the blood, the focused Gaussian beam is 

closest to the single beam. 

 

The density distribution of the photons transmission in muscle tissue for the same types of 

beams is studied and the results are shown in Figures from 12 to 16. Fig. 12a shows the 

dependence of the density of the transmission of photons in muscle tissue, expressed in 

decibels, according to the penetration depth (on the z axis) and the radius of the distance from 

the z axis. The modelling was performed for a single beam entering into the tissue at a point 

with coordinates (0, 0, 0). 
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a)     b) 

Fig. 12 Single beam in muscle tissue 

 

From the results it can be concluded that the decrease in density with the increase of 

penetration depth is greater in comparison with the penetration into the blood, but less than in 

the liver. The observed scattering of the beam is greater as compared to the penetration in the 

blood but less than in the liver. Fig. 12b shows the density of the transmission in the same 

three cross-sections of the tissue. The greater expansion of the beam upon penetration in the 

tissue compared with blood can be clearly seen. At a depth of 0.05 cm the beam is highly 

scattered and its intensity is significantly lowered which determines that its efficiency will be 

low at greater depths. 

 

Fig. 13a shows the dependence of the density of the photons transmission in muscle tissue, 

expressed in decibels, according to the penetration depth (on the z axis) and the radius of the 

distance from the z axis. The modelling was performed for a uniform beam with a radius of 

0.1 cm, entering into the tissue at a point with coordinates (0, 0, 0). 

 

     
a)    b) 

Fig. 13 Uniform beam with a radius of 0.1 cm in muscle tissue 

 

The results indicate that the density decreases with the penetration depth and at the same time 

scattering of the beam is observed. Fig. 13b shows the density of the transmission in the three 

cross-sections of the tissue. Despite the visible scattering, the form of the beam is clearly 

discernible in all three sections. 

 

Fig. 14a shows the dependence of the density of the transmission of photons in the muscle 

tissue, expressed in decibels, according to the penetration depth (on the z axis) and the radius 

of the distance from the z axis. The modelling was performed for a beam with a Gaussian 
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distribution and a radius of 0.1 cm, entering into the tissue at a point with coordinates  

(0, 0, 0). 

 

  
a)     b) 

Fig. 14 Beam with a Gaussian distribution and a radius of 0.1 cm in muscle tissue 

 

The results indicate that the density decreases slightly at a depth of 0.03 cm but at the same 

time a scattering of the beam is observed. Fig. 14b shows the density of the transmission in 

the three cross-sections of the tissue. An expansion of the beam upon penetration into the 

tissue and reduction of its intensity can also be observed. These processes are less pronounced 

as compared to the penetration in the liver, but are more pronounced compared to the 

penetration in the blood. At a depth of 0.05 cm the beam retains its shape, but is with reduced 

intensity and considerably scattered. 

 

Fig. 15a shows the dependence of the density of the transmission of photons in the muscle 

tissue, expressed in decibels, according to the penetration depth (on the z axis) and the radius 

of the distance from the z axis. The modelling was performed for a focused Gaussian beam 

entering into the tissue at a point with coordinates (0, 0, 0). 

 

    
a)     b) 

Fig. 15 Focused Gaussian beam in muscle tissue 

 

The results indicate that the density decreases with increasing of the penetration depth, while 

at the same time scattering of the beam is observed. Fig. 15b shows the density of the 

transmission in the three cross-sections. The results show that upon penetration in the muscle, 

a focusing of the beam at a depth of 0.03 cm is also observed.  
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Fig. 16 shows the density contours of the transmission of photons in muscle tissue at levels  

37 dB, 30 dB, 27 dB, 23 dB and 13 dB for a single beam, a uniform beam with a radius of  

0.1 cm, a beam with Gaussian distribution of 0.1 cm and a focused Gaussian beam depending 

on the penetration depth (on the z axis) and the radius of the distance from the z axis. 

 

The comparison of the results obtained with the previous results confirm the conclusion 

drawn so far that the scattering of the beams in the muscle tissue is greater in comparison with 

that in the blood, but is less than that in the liver. As for the previous tissues, the closest to the 

penetration of a single beam is the focused Gaussian beam. 

 

  
a)     b) 

     
c)     d) 

Fig. 16 Density distribution of the photons transmission in muscle tissue of:  

a) a single beam; b) a uniform beam with a radius of 0.1 cm;  

c) a beam with a Gaussian distribution and a radius of 0.1 cm; d) a focused Gaussian beam. 

 

In both beams the density level of the transmission of photons of 37 dB on the z axis is 

observed at depths of approximately 0.04 cm. For the uniform beam, the depth at which such 

level is observed is slightly above 0.04 cm, while for the Gaussian beam it is slightly below 

0.02 cm.  

 

The analysis of the results shows that the uniform beam penetrates the deepest and has the 

greatest width. The Gaussian beam has the smallest depth of penetration and the most precise 

targeting is obtained with the focused Gaussian beam. The results obtained clearly 

demonstrate the significant influence of the type of tissue on the penetration depth and 

scattering of the beams. The considered method allows to make a preliminary assessment of 

the degree of penetration and area of impact on different types of tissues. 
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Conclusion 
The nature of the interaction of laser radiation with biological tissues depends on the 

absorption coefficient for a particular wavelength. The considered modified Monte-Carlo 

method has several advantages. This method is applicable to media with different geometries 

and it produces three-dimensional information about the distribution of the beam into the 

tissue. With the launch of 1 million photons the error of the method does not exceed 1% of 

the value obtained. 

 

The developed model takes into account the following characteristics of interaction of laser 

radiation and biological tissues: 

 the reflection of laser radiation from the surface; 

 attenuation of the laser beam in the structure; 

 the scattering of the laser beam in the tissue; 

 the dependence of the optical and thermal properties of the types of tissue included in 

the structure. 

 

This model is based on numerical experiments which allow for more detailed study of the 

influence of different laser parameters, such as power density, time of impact, wavelength on 

the treated tissue (thermal conductivity, specific heat, density, scattering coefficient) and 

shows the extent of influence of the wavelength of the laser beam on the effect from the 

impact, which would allow to reduce the thermal effect on the surrounding bio-tissue and as a 

result, to reduce significantly the biological damage to the structures. 
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