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Abstract. Using quartz fiber with titanium-containing optothermal fiber 
converter (TOTFC) is promising in endovenous laser coagulation (EVLA) for 
the treatment of varicose veins. This study aims to research the variation in 
the optical properties of TOTFC as its microstructure changes under the 
condition that TiO2 spheres inside converter are arranged in such a way that 
the Mie theory approximation can be applied. The absorbance efficiency of 
laser energy with 980 nm and 1470 nm wavelengths for TOTFC has been 
calculated. Optical multidimensional simulation for the EVLA process was 
developed and calculated. The optimal ranges of microstructure’s parameters 
for TOTFC in the EVLA process were discussed. © 2021 Journal of Biomedical 
Photonics & Engineering. 
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1 Introduction 
Optothermal fiber converter (OTFC) generated on the 
distal end of the quartz fiber combined with a laser source 
has shown advantages for medical surgeries [1]. The use 
of such converters makes it possible to efficiently process 
(coagulate, cut, evaporate, etc.) soft biological tissues at 
different laser wavelengths of laser radiation [2]. 
Researchers have also confirmed the OTFC is highly 
effective in the treatment of soft tissue [3, 4]. One of their 
recent prospects is used in the treatment of varicose veins 
by endovasal laser coagulation (EVLA) method. 

Widely known for treating varicose veins, EVLA 
uses a puncture in the vein and inserts quartz fiber into 
the vein. After the laser source is turned on at the suitable 
wavelength, the fiber is pulled at a speed of several 
mm/s [5]. Laser radiation with different wavelengths 
including 980 nm and 1470 nm is used for endovasal 
laser coagulation [6, 7]. Of course, an anesthetic is 
injected during the procedure to avoid causing pain to the 
patient. As a result of laser radiation interactions, the vein 
vessel wall is heated up to 80 °C and above, that leads to 
collagen fiber deformation, coagulation, and collapse of 

the vein [8]. When clear quartz fiber is used, a carbon 
layer is formed at the tip due to carbonized blood and can 
be heated to 1200 °C [9, 10]. The high temperature of the 
tip will easily lead to damage on the vein wall vessel, at 
the same time, the tip of the fiber is often deformed and 
broken down. One promising solution to overcome is to 
use the OTFC on the distal end of optical fiber. 

Many types of converters have been fabricated for 
effective transformation of laser radiation to the 
heat [11, 12]. Among them, there is the titanium-
containing optothermal fiber converter (TOTFC), which 
is created using of original technology based on 3-stage 
process. Fabrication technology and structure of TOTFC 
are described in detail in studies [11, 13] with the 
microstructure is made up of homogeneous TiO2 spheres 
immersed in silica medium. TOTFC shows its good 
advantages and more suits to other materials in the EVLA 
process. Using quartz fiber optics with TOTFC makes it 
easy to control the input parameters in EVLA to help the 
temperature on the vessel wall reach 80 °C and minimize 
damage [13–15]. TOTFC has a spherical shape with a 
smooth surface that makes it easy to put quartz fiber with 
converter inside blood vessels without causing damage. 
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Besides, TOTFC is resistant to deformation when laser-
heated, as it is capable of being heated up to 2700 °C in 
air without being destroyed [11]. TOTFC has a strong 
mechanical connection with optical fiber [11]. 
Unfortunately, the correlation between the 
microstructure of TOTFC and its optical properties, as 
well as the influence of this microstructure to the 
absorption in converter and in blood vessel of laser 
radiation with 980 nm and 1470 nm wavelengths of 
lasers widely used in EVLA has not been 
studied [7, 10, 15, 16]. We believe that wavelength for 
EVLA will be a wavelength for which the absorption in 
the converter will be maximum. On the one hand, this  
will reduce the power of the laser source necessary for 
the converter to reach the specified temperature (enough 
for EVLA), and, on the other hand, it will reduce the risk 
of unwanted radiation exposure to the vessel wall 
because laser radiation is not absorbed in the converter, 
that will lead to an increase in the efficiency and safety 
of the procedure. 

The aim of this study is to find out and evaluate the 
dependence of TOTFC's optical parameters and light 
absorbance efficiency at 980 nm and 1470 nm 
wavelengths on microstructure of converter when the 
distribution of the TiO2 spheres inside the converter 
allows one to apply an approximation of the Mie theory, 
evaluate the possibility to appear of radiation on the inner 
vessel wall surface for these two wavelengths in the 
EVLA procedure and determine the possible optimal for 
EVLA at 980 nm and 1470 nm wavelengths the 
parameters of microstructures of TOTFC. 

2 Materials and methods 
The TOTFC fabrication technology is described in detail 
in the studies [11, 13]. As the result of fabrication 
according to this technology, TOTFC is composed of 
titanium dioxide (TiO2) spheres with a constant diameter 
of 1.2 μm and surrounded by silica (SiO2), forming cubes 
of equal size (Fig. 1a). The converter has a strong 
mechanical connection to a quartz fiber of 440 μm 
diameter. 

The volume fraction of spheres in medium (k) 
characterizes changes in the microstructure of TOTFC is 
defined by formula: 

 (1) 

where dsph – the diameter of the TiO2 sphere (constant and 
equals 1.2 μm), e is a side dimension of the cube.  

The microstructure of TOTFC will change if the 
value k changes, the volume of silica will decrease as k 
increases. Examples of the microstructures of TOTFC for 
different values of k are shown in Fig. 1b. When k = 0, at 
this time TOTFC will be completely quartz.  

Mie scattering theory is the scattering theory of 
electromagnetic waves by homogeneous spheres used to 
calculate the optical properties of materials or substances 

containing particles in many cases, and its approximation 
has been confirmed by experimental measurement 
[17, 18]. Even the particles are not necessarily spherical 
as in the study [19], and they are not perfectly uniformly 
arranged in the medium, or in other words, the distance 
between particles is different. Likewise, TOTFC was 
generated with homogeneous TiO2 spheres that were 
relatively uniformly distributed in silica medium. The 
ratio of the volume of TiO2 to silica is one of the 
standards in TOTFC fabrication. As mentioned above 
about the structure of TOTFC, by dividing TOTFC's 
volume by the number of TiO2 particles, it is easy to find 
out the structure of a silica cube containing a single TiO2 
sphere embedded within it (as shown in the Fig. 1b). 

 
(a) 

	
(b) 

Fig. 1 Structural model of TOTFC (a) and illustration of 
microstructural changes for various volume fraction of 
spheres (k) in TOTFC (b). 

Since the sphere's diameter (dsph = 1.2 μm) has a value 
approximately equal to the wavelengths of laser radiation 
(980 nm and 1470 nm), therefore, to calculate the 
absorption, scattering, and anisotropy coefficients of 
TOTFC, we consider using Mie scattering theory 
[20, 21].  

It is well known that scattering by small spheres is 
well predicted by Mie theory when a sphere is isolated or 
the distance between the spheres is large enough [22, 23]. 
This particular kind of scattering is called independent 
scattering. In this case, intensity scattered by sparse 
particles can be considered without regard to the phase of 
the scattered wave. Therefore, it is possible to study 
scattering by a small particle that is not affected by other 
particles [24, 25]. Contrary, when the particles are close 
enough together, the kind of scattering is called 
dependent scattering, then investigating the scattering for 
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the spheres cannot ignore the interaction between them, 
especially the scattering angle [26–28]. 

According to study [29], using a discrete dipole 
approximation has shown the criterion for independent 
scattering when the following condition are met: 

 (2) 

where h – distance between the particles (surface to 
surface), a – radius of each sphere, x – sphere size 
parameter is defined as: 

 (3) 

Thus, for λ = 980 nm the independent scattering 
approximation is satisfied at k ≤ 0.26, and for 
λ = 1470 nm the independent scattering approximation is 
satisfied at k ≤ 0.2. A task about independent scattering 
particles has also been theoretically calculated and 
experimentally carried out in Ref. [30] up to a volume 
particle concentration of 0.227, although the wavelength 
of the incident rays is 1.5 times greater than the diameter 
of particles. The computation of the electromagnetic 
waves transferred under dependent scattering condition 
when k is outside the above ranges is complex, and it is 
out of the scope of this paper. Following Liou in 
Ref. [24], a complementary theory of Mie scattering has 
been developed for a sample of spherical particles under 
independent scattering condition. Whereby, when the 
minimum radius of particles a1 is asymptotic to the 
maximum radius a2, the scattering phase matrix for a 
sample of particles is equal to the scattering phase matrix 
for an isolated particle. In other words, when the radius 
of all spheres is similar, the scattering intensity of a 
sample of particles can be calculated by predicting for an 
isolating sphere. Therefore, with the above description of 
the TOTFC microstructure, Mie scattering theory can be 
applied if k ≤ 0.26 for λ = 980 nm and k ≤ 0.2 for 
λ = 1470 nm. 

According to the formula given in studies [20, 21, 
32], TOTFC's optical properties are defined by:  

 (4) 

 (5) 

 (6) 

where ,  – the absorption and scattering 
coefficients of TOTFC, respectively.  – the 
scattering efficiency follows from the integration of the 
scattered power over all directions, and  – the 

extinction efficiency follows from the Extinction 
Theorem, leading to:  

, (7) 

, (8) 

note that: 

, (9) 

where m is the refractive indices of the host medium (here 
is silica),  and  are Mie coefficients, function  
Re( + ) represents the real part of the argument. 

Based on the previously defined volume fractions of 
titanium dioxide k, together with the library of refractive 
index constants of TiO2 and SiO2 [31], we can calculate 
the refractive index of TOTFC depending on the value k. 
Then, using the tools of program “MATLAB” 
(MathWorks, USA) [32] and with the help of Scott Prahl 
given in Ref. [33], the absorption, scattering, and 
anisotropy coefficients of TOTFC were determined. 

In the EVLA process, the temperature interacts to the 
blood vessel wall is mainly due to the absorbed laser 
radiation at TOTFC and heating it up. To calculate the 
TOTFC's light absorbance efficiency (A), a simulation 
model of the EVLA procedure is created in environment 
3-dimensional space configuration “TraceProâ 

Expert‑7.0.1 Release” (“Lambda Research Corporation”, 
USA), shown in Fig. 2. 
 

 
Fig. 2 EVLA procedure model; 1 – laser source; 
2 – lenses; 3 – quartz optical fiber; 4 – the direction of 
movement of fiber and TOTFC; 5 – TOTFC; 6 – blood; 
7 – vein wall; 8 – the detector plane which totally 
absorbs light and located on the inner wall of the vein and 
limited by an angle a. 

Optical modeling was performed by Monte Carlo 
simulations of radiative transfer. Laser sources radiation 
continuously with tracing of 10000 rays, the numerical 
aperture NA = 0.22. After passing through two focusing 
lenses, the focused beam passes through a quartz optical 
fiber 3 m in length. The TOTFC is located at the distal 
end of the fiber and it is centrally located in a blood vessel 
5 mm in inner diameter. The physical parameters of the 
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vein, quartz fiber and titanium-containing optothermal 
fiber converter required to construct an optical model 
were taken in [15, 34, 35] and are represented in Table 1.  

Table 1. Physical parameters for laser source, quartz 
fiber, vein and TOTFC. 

Laser 
source 

Optical power 20 W 

Divergence 0.22 

Quartz 
fiber 

NA 0.22 

Diameter (core) 0.4 mm 

Diameter (cladding) 0.44 mm 

Length 3 m 

Refractive index (core) 1.457 

Refractive index (cladding) 1.44 

Vein Inner diameter 5 mm 

Vein wall Thickness 1 mm 

TOTFC Thickness/Diameter 0.7 mm/
0.78 mm 

Here, we define TOTFC's diameter as 780 μm, which 
is similar to the actual dimensions has been fabricated in 
the study [13]. But during modeling we will change the 
diameter of TOTFC. The optical parameters of the vein 
wall and blood for 980 nm and 1470 nm wavelengths are 
given in studies [6, 36–39], these are shown in Table 2. 

Table 2. Optical parameters for vein wall and blood at 
980 nm and 1470 nm. 

Wavelength [nm] 980 1470 

Vein wall 

Absorption 
coefficient [mm–1] 0.22 2.01 

Scattering 
coefficient [mm–1] 14.8 31 

Anisotropy factor 0.96 0.95 

Blood 

Absorption 
coefficient [mm–1] 0.29 2.33 

Scattering 
coefficient [mm–1] 46.7 27.78 

Anisotropy factor 0.9763 0.9562 

  
(a) (b) 

  
(c) (d) 

Fig. 3 Dependence of the refractive index (a), absorption coefficient (b), scattering coefficient (c) and anisotropy factor 
(d) on the volume fraction k of TiO2 in TOTFC. 
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3 Results and Discussion 
The change of the microstructure in TOTFC as the 
volume fraction k of TiO2 shown in Eq. (1) will 
significantly change the optical properties of TOTFC. 
Fig. 3 shows the influence of the value k on the optical 
properties of TOTFC. 

Investigate the k ranging from 0.01 to 0.2 for 
λ = 1470 nm and from 0.01 to 0.26 for λ = 980 nm. At a 
value of k = 0, meaning that there is no TiO2 sphere in the 
silica cube (see Fig. 1b), in this case, the optical 
properties of TOTFC are the optical properties of silica 
(SiO2). In Fig. 3, at k = 0, the red spots showing the 
refractive index, absorption, scattering coefficient, and 
anisotropy factor of SiO2 were confirmed in 
Refs. [31, 40, 41]. It can be seen that when k changes 
there is not much difference in the refractive index of 
TOTFC between 980 nm and 1470 nm wavelengths. 
They both increase linearly with the increasing of the 
value k. For the refractive index of SiO2 corresponding to 
k = 0, the red point in this case belongs to the graph line 
showing the computation certainty (see Fig. 3a). Similar 
to the dependence of the absorption and scattering 
coefficient on the volume fraction of TiO2 (see 
Fig. 3b, c). The absorption coefficient of silica is very 
small, equal to 10–6 mm–1 [40]. The scattering coefficient 
of silica ranges from 14.6 to 20.2 mm–1 [41]. The 
absorption and scattering coefficients of TOTFC 
increased as the volume fraction k of TiO2 increased, 
because at this time, the number of TiO2 spheres in the 
TOTFC would increase, increasing optical absorption 
and scattering. The absorption coefficient of TOTFC 
increased with increasing k, but in general, for both 
wavelengths these values are very small, less than 
0.15 mm–1. The scattering coefficient of TOTFC 
increased strongly with increasing k, with maximum 
values of 620 mm–1 for 980 nm and 930 mm–1 for 
1470 nm wavelength. The anisotropy factor of TOTFC is 
unchanged when k is changed, and it only depends on the 
laser wavelength (see Fig. 3d). This can be explained 
because the size of the TiO2 spheres is unchanged. In 
Fig. 3d, at k = 0, the red point represents the magnitude 
of the anisotropy factor of SiO2 is equal to 0.88, which 
was experimented on in research [41]. Comparison 
between wavelengths 980 nm and 1470 nm show that the 
scattering coefficient and anisotropy factor of TOTFC for 
1470 nm wavelength is the magnitude higher. The 
anisotropy factor of TOTFC g = 0.3815 for 980 nm and 
g = 0.5360 for 1470 nm wavelength.  

The diagrams of the absorption and scattering 
coefficients of TOTFC increased linearly as the volume 
fraction k increased, consistent with a similar 
experimental measurement in the study [30]. In there, 
experiments were measured for the Intralipid with 
diffused soybean oil particles. In Ref. [30], the scattering 
coefficient increases non-linearly as k increases close to 
the maximum value, possibly due to the influence of 
dependent scattering. A proof of this can be seen in 
Ref. [28] when the relative between the independent and 
the dependent scattering is shown. The anisotropy factor 
g has also been measured in Ref. [30], with a slight 

decrease as the volume fraction k increased; however, the 
error of this measurement was so much, up to 8%. 

It is generally accepted that during endovasal laser 
coagulation, optical influence assessment, and further, 
the distribution of temperature onto the vein wall is 
crucial [36–38]. According to this, after calculating the 
optical properties of TOTFC, using “TraceProâ 

Expert‑7.0.1 Release” the ray tracing for 980 nm and 
1470 nm laser radiation in the blood vessel was done. In 
Fig. 4, the path of rays through TOTFC placed in the 
blood vessel for the volume fraction k = 0.01 and k = 0.2 
were obtained. 
 

	

(a) 

	

(b) 

Fig. 4 Path of rays through TOTFC placed in the blood 
vessel for the volume fraction k = 0.01 (a) and k = 0.2 (b) 
into the YZ plane (X = 0). 

As seen in Fig. 4, the distribution of rays leaving the 
TOTFC for k = 0.01 is different with k = 0.2 at the same 
wavelength. This is probably because the absorption and 
scattering coefficients of TOTFC are gradually 
increasing as the value k increases (see Fig. 3b, c). 
Wherein, the change is significant as the laser 
wavelength changes. It can be observed that laser 
radiation for 980 nm reaches the vein wall. While laser 
radiation for 1470 nm is concentrated mostly near the 
converter, and cannot reach the vein wall, even at all 
values of k. This can be explained by the fact that the 
absorption coefficient of blood for 1470 nm is many 
times of the magnitude larger than that for 980 nm 
wavelength (see Table 2). 

To evaluate the magnitude of 980 nm radiation 
intensity impacting the blood vessel walls, we used a 
detector plane which totally absorbs light and located on 
the inner wall of the vein and limited by an angle a = 90 o 
with along Z-axis length equal to 7 mm (see Fig. 2). The 
distal end of fiber with TOTFC is placed in the position 
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where the coordinate Z = 0. Fig. 5 shows the radiation 
intensity distribution on the inner vessel wall surface with 
k = 0.01 and k = 0.26 (if laser power equals 20 W). 

	

Fig. 5 The distribution of the 980 nm laser radiation 
intensity (I) on the inner vein wall surface along Z-
coordinate with k = 0.01 and k = 0.26. 

The dependence of average 980 nm laser radiation 
intensity on the inner vessel wall surface on k was 
determined. It can be seen that the radiation intensity 
distribution on the inner vein wall surface reaches peak 
magnitude at a point in the opposite direction to the 
incident rays. At k = 0.26, this peak has a coordinate 
farther from the TOTFC’s center (Z = 0) as compared 
with k = 0.01. This may be due to the increase in the 
scattering coefficient of TOTFC as the value k increases 
(see Fig. 3c). The average of laser radiation intensity on 
the inner vessel wall surface reaches magnitude 
I = 3.70 W/cm2 for k = 0.01 and I = 1.25 W/cm2 for 
k = 0.26. As can be seen, a larger value k will reduce the 
intensity of radiation on the inner vein wall surface, 
thereby reducing the risk of unwanted radiation exposure 
to the vessel wall by laser radiation.  

The dependences of TOTFC's light absorbance 
efficiency (A) and transmission (T) on k and diameter of 
converter (d) for wavelengths of 980 nm and 1470 nm are 
shown in Fig. 6.  

In general, the TOTFC with volume fraction k = 0.26 
and d = 0.78 mm is optimal with the light absorbance 
efficiency A of over 83% (see Fig. 6a). However, for 
TOTFC at k = 0.15 we also demonstrated the ability to 
absorb radiation well with 80% for 980 nm and 82% for 
1470 nm wavelength. Using TOTFC at k = 0.2, we 
examined its A and T when the diameter of the TOTFC d 
was changed (see Fig. 6b). 

The transmission is calculated directly by measuring 
the percentage of the power received around the TOTFC 
by using a totally absorbing spherical detector. Besides, 
a detector plane is also placed in front of the source to 
measure the percentage reflectance of the TOTFC. Then, 
after subtracting 4% of the Fresnel loss energy at the 
fiber's input, the radiation is absorbed in quartz fiber, 
which is 0.3% for 3 m in length [13, 34], from there the 
rest is the TOTFC's light absorbance efficiency. In 
accordance with Ref. [40, 42], the transmittance of silica 

quartz is about 92% for the wavelength range from 
0.4 μm to 2 μm for 1 m length, plus the radiation loss due 
to reflection implies that the absorption of the silica is 
close to zero. These correspond to the red and blue spots 
shown in Fig. 6a.  
 

	

(a)	

	

(b)	

Fig. 6 Dependence of TOTFC's light absorbance 
efficiency (A) and transmission (T) on the volume 
fraction k with d = 0.78 mm (a) and diameter of converter 
d with k = 0.2 (b) for wavelengths 980 nm and 1470 nm. 

It can also be seen that the transmittance of TOTFC 
(red line) decreases rapidly in the k range from 0.01 to 
0.1, then slowly decreases until k = 0.26. It is 
synonymous with that, TOTFC's light absorbance 
efficiency increases rapidly when k is from 0.01 to 0.1 
and reaches maximum magnitude at k = 0.26. 
Apparently, the presence of TiO2 spheres greatly 
increased TOTFC's ability to absorb radiation. 

In addition, the TOTFC's light absorbance efficiency 
for 980 nm is the magnitude lower than that for 1470 nm 
wavelength in the k range of 0.01 to 0.15 and is almost 
equals when k > 0.15. At the value k = 0.22, the 
magnitude of TOTFC's light absorbance efficiency is 
equal to 83.2% for 980 nm wavelength, agreement with 
the results in Ref. [13, 15]. 
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Since the diameter of the quartz optic fiber is 
0.44 mm, so the minimum diameter of TOTFC is 
0.44 mm. Fig. 6b shows the TOTFC's light absorbance 
efficiency and transmission as the diameter of TOTFC 
increases from 0.44 mm to 1.1 mm for both wavelengths. 
TOTFC's light absorbance efficiency increase but 
gradually slow as the TOTFC’s diameter increases. The 
opposite happens with the transmission. Obviously, 
when the diameter of the TOTFC increases, it will lead 
to an increase in its volume, that makes the radiation 
absorption efficiency of TOTFC to increase.  

In summary, the increased diameter of the TOTFC 
will increase the radiation absorption efficiency and 
decrease the radiation intensity on the inner vessel wall 
surface. TOTFC's light absorbance efficiency will be 
80% higher when its diameter is greater than 0.67 mm. 
Therefore, the TOTFC structure with k from range 
0.15 ÷ 0.26 and d > 0.67 mm demonstrates the high 
enough absorbance efficiency. It should be noted that the 
diameter d is limited from above by the size of the vein 
and cannot exceed its inner diameter. 

4 Conclusion 
The optical properties of TOTFC with different volume 
fraction k of TiO2 at wavelengths of 980 nm and 1470 nm 
of lasers widely used in EVLA are considered when the 
TiO2 spheres are sparse enough for the Mie theory 
approximation application. The optical properties of 
TOTFC at these wavelengths changed significantly as the 
microscopic structure of TOTFC changed. The radiation 
absorption efficiency of TOTFC increases with 
increasing the volume fraction k up to 0.26 for 980 nm 
and up to 0.2 for 1470 nm. The results are confirmed 
based on the known optical properties of silica (SiO2) and 

a measurement experiment with independent scattering 
particles [30]. TOTFC’s absorbance efficiency of laser 
radiation has been calculated. It was clearly evident from 
the calculated results that absorbance efficiency 
increased as diameter of converter increased. As a result 
of optical calculations, radiation intensity distributions 
on the inner vessel wall surface were investigated. The 
results also showed that for 1470 nm wavelength, 
radiation could not reach the vein wall, that is positive as 
it increases the efficiency and safety of EVLA. The 
possible optimal for EVLA, microstructures of TOTFC 
with 0.15 ≤ k ≤ 0.26 for 980 nm and 0.15 ≤ k ≤ 0.2 for 
1470 nm wavelengths, and diameter d > 0.67 mm 
because of these ranges of volume fraction and diameter 
of converter observe the high enough absorbance 
efficiency of laser radiation for TOTFC (more than 80%). 
The results of this study will be used in the subsequent 
thermophysical modeling of laser heating of a vein and 
can be useful in the development of new laser devices for 
EVLA. 
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