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Abstract. In this work, the dispersion properties and nonlinear properties of circular photonic 

crystal fibers were improved by a combination of carbon tetrachloride infiltration into the core 

and modification of the air hole diameters d1 and d2 of rings in the cladding. The quantities such 

as dispersion, effective mode area, nonlinear coefficient, and low confinement are analyzed in 

detail. Based on the survey results, two photonic crystal fibers with optimal optical properties 

were proposed which are beneficial for supercontinuum generation. The first fiber with Ʌ = 1.0 

µm, d1/Ʌ = 0.6, has an all-normal dispersion of –10.785 ps/nm.km at a pump wavelength of 

0.985 µm. The high nonlinear coefficient of 581.795 W
–1

.km
–1

 and the low confinement loss of 

3.904 dB/m are also achieved with this fiber. SC broadband under the influence of soliton is 

expected to be generated when using the second fiber (Ʌ = 2.0 µm, d1/Ʌ = 0.3) with flat and low 

anomalous dispersion at the pump wavelength of 1.3 µm. 

Keywords: photonic crystal fiber, circular lattice, nonlinearity coefficient, effective mode area, 

confinement loss, supercontinuum generation. 

Classification numbers: 2.1.1. 

1. INTRODUCTION  

Photonic crystal fiber (PCF) is a hot topic attracting the attention of many research groups 

since it was published in the 90s [1] until now. Thanks to the flexible design, it is possible to 

adjust the optical properties like birefringent, nonlinearity, mode area, confinement loss, zero-

dispersion, etc. [2 - 5]. There are many ways to design PCFs suitable for different applications 

such as selection of air hole size, shape, lattice constant, substrate material or replacing 

completely or alternative materials are the popular methods to control dispersion and achieve the 

expected nonlinear properties [6 - 8] because dispersion and nonlinear effects dominate 

supercontinuum (SC) generation in optical fibers. A large number of fibers have been studied to 

explore PCF's ability to generate better SC generation due to their ability to adjust optical 

properties. Thus, PCF is currently one of the best nonlinear mediums for SC generation.  
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The nonlinear effects that occur when a pump pulse propagates in the PCF are strongly 

influenced by its dispersion properties. SC expansion is strongly promoted by high-order soliton 

separation if the fiber is injected in the anomalous dispersion region, close to the zero-dispersion 

wavelength. Unfortunately, the coherence of the obtained SC is relatively low [9, 10] even 

though the spectrum expands very broadly, which leads to limitations in some application areas 

such as medicine, metrology, and optical pulse compression [11, 12]. Meanwhile, self-phase 

modulation  and optical breaking  are the main mechanisms governing the spectral broadening 

when the fiber is pumped in the all-normal dispersion regime. Although the bandwidth is 

smaller, the spectrum is flatter and has good coherence because soliton-related phenomenon 

does not affect the spectrum [13 - 15]. 

In recent years, many research groups have found effective improvement of the dispersion 

characteristics of PCF filled by high nonlinear refractive index liquids, this effort aims to further 

improve the efficiency of the SC generation process. An all-normal or anomalous dispersion, flat 

dispersion, and low confinement loss in liquid-filled PCFs can be achieved by varying the size 

of the air holes and the number of air-hole layers in the cladding, respectively. PCFs filled with 

liquids with high nonlinear refractive index: ethanol [16], methanol [17], carbon disulfide [18], 

chloroform [19], benzene [20], nitrobenzene [21], tetrachloroethylene [22], toluene [23] 

provided a flat dispersion resulting in a broad SC spectrum, however, the effective mode area is 

still large, the nonlinear coefficient is relatively low and the confinement loss has not yet 

reached the desired value. These limitations are not beneficial for the SC generation process. 

In this paper, we choose carbon tetrachloride to fill the hollow core of PCF because of the 

following reasons: First, its toxicity is relatively low compared to some other liquids such as 

carbon disulfide or toluene [24]. Second, the nonlinear refractive index of carbon tetrachloride is 

5 times higher than that of fused silica [25]. Third, the linear refractive index of carbon 

tetrachloride is approximately equal to that of silica, which makes the coupling compatible 

between the PCF-filled carbon tetrachloride fiber and the silica fiber highly efficient resulting in 

a single-mode fiber. The circular lattice is also remarkable in the design because the high 

symmetry leads to the highest concentration of electromagnetic field energy in the core. Along 

with  the new structural design emphasizing the difference between the air hole diameters of the 

first ring near the core and the other rings in the cladding, we have obtained both all-normal and 

anomalous dispersion properties with multiple zero dispersion wavelengths (ZDWs), small 

dispersion values are also observed. Furthermore, nonlinear quantities such as effective mode 

area, nonlinear coefficient, and confinement loss have been found to have reasonable values as 

expected. The advantages of PCF with carbon tetrachloride infiltration are perfectly suitable for 

SC generation application in all-fiber laser systems. 

2. NUMERICAL MODELING 

A new carbon tetrachloride filled-PCF structure with eight layers of air holes distributed 

periodically in a circular pattern and running along the PCF length as depicted in Figure 1(a). 

The diameter of air holes in the first and the other rings are denoted as d1 and d2, respectively. 

The center to center distance of holes is lattice constant and represented by Λ. In our design, the 

difference in diameters of the first and other rings of air holes was carefully chosen to achieve a 

flat dispersion, small, and prevent attenuation. This comes from the idea introduced by works [6, 

26 - 28] that the dispersion optimization even the shift of ZDW is strongly influenced by the air 

hole size of the innermost ring while the other rings dominate nonlinear properties especially the 

attenuation of fundamental mode or even higher modes. So, we varied the filling factor d1/Λ of 

the innermost ring near the core in the range of 0.3 to 0.8 but the d2/Λ of other rings is kept 
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constant at 0.95. We choose the lattice constants of PCF that are Λ = 1.0, 1.5, 1.8, and 2.0 µm to 

investigate the variation of characteristic quantities on this parameter. The hollow large core of 

PCFs is infiltrated with carbon tetrachloride and has the diameter Dc = 2Λ – 1.1d1, which helps 

to increase the ability to confine light into the core, thereby enhancing the nonlinearity of PCFs 

with such structural design, we have obtained PCFs with the modes of the electromagnetic field 

held in the core. Figure 1(b) presents that the intensity distribution is confined on the core of 

PCF with Ʌ = 2.0 µm, d1/Ʌ = 0.65.             

  

  

Figure 1. Cross-section view of geometric structure (a), intensity distribution in the PCF filled with 

carbon tetrachloride with Ʌ = 1.5 µm, d1/Ʌ = 0.65 (b), the real parts of the refractive index n of carbon 

tetrachloride and fused silica is extrapolated using Cauchy’s equation and Sellmeier’s equation (c),       

and the imaginary k part of the refraction index of carbon tetrachloride based on experimental data 

from [29] (d). 

Figure 1(c) shows the dependence of real parts of the refractive index n of carbon 

tetrachloride and fused silica on wavelength. It can see that the linear refractive index of CCl4 is 

low and close to that of fused silica in the lower wavelength region from 0.5 to 1.1 µm. This 

value is slightly higher than that of fused silica in the larger wavelength region. Cauchy’s 

equation [30] and Sellmeier’s equation [31] described the relationship between the refractive 

index characteristics and wavelength for CCl4 and fused silica. 
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where λ is the excitation wavelength in micrometers, n(λ) is the wavelength-dependent linear 

refractive index of materials.  
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 The imaginary k part of the refraction index of carbon tetrachloride for the temperature of 

20 °C, based on experimental data from [29] is displayed in Figure 1(d). There are an  absorption 

peaks at about 1.148 μm and  the strongest absorption peak at 1.396 μm with k reaching the 

value of 6.677 × 10
−8

, corresponding to the attenuation (
4 /10.log ka e       [23]) at this 

wavelength is equal to 32.13 dB/cm. We also assumed that fiber losses are only contribution 

from material loss of CCl4, as shown in Figure 2(b). Thus, the fibers have a high loss in long 

wavelengths (i.e., λ > 1.4 µm). 

The propagation of the fundamental mode can be simulated by the full-vector finite-

difference eigenmode (FDE) method using Lumerical Mode Solutions (LMS) software. The 

spatial profile and frequency dependence of modes are solved by Maxwell's equations on a 

cross-sectional mesh of the waveguide to obtain the mode field profiles, effective index, 

dispersion, and loss with assuming a significant loss of carbon tetrachloride. The wavelength 

ranges from 0.6 to 2.0 µm due to the reliable data range. 

3. RESULTS AND DISCUSSION 

  

  
Figure 2. The real part of effective refractive index as a function of wavelength of PCFs with various 

d1/Λ for (a) Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

The real part of the effective refractive index (Re[neff]) for the fundamental mode versus 

wavelength in the range of 0.5 - 2 µm has presented in Figure 2. Increasing the wavelength 
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reduces the Re[neff] gradually, and their curve is similar for all cases of d1/Ʌ and Ʌ. This behavior 

is mainly the result of a stronger penetration of longer wavelengths into the cladding of PCFs 

than shorter wavelengths [32]. Moreover, the variation of d1/Ʌ and Ʌ also strongly influences the 

effective refractive index. At a certain value of wavelength, the Re[neff] decreases with 

increasing d1/Ʌ for each instance of Ʌ. Conversely, as Ʌ rises, it increases for each fixed d1/Ʌ 

resulting in a progressively smaller slope of the effective refractive index curves. The reason for 

this is the greater enlargement of the core, as well as the larger contribution than that of fused 

silica in the cladding refractive index [24]. 

Table 1 indicates the value of Re[neff] of fibers with different Ʌ and d1/Λ calculated at a 

wavelength of 1.55 µm. We obtain the maximum and minimum values of Re[neff] of 1.425 and 

1.29 for the cases Ʌ = 2.0 µm, d1/Λ = 0.3 and Ʌ = 1.0 µm, d1/Λ = 0.8, respectively. 

Table 1. The real part of the effective refractive index of PCFs with various Λ and d1/Λ  

at 1.55 µm wavelength.  

d1/Λ 
Re[neff] 

Ʌ = 1.0 (µm) Ʌ = 1.5 (µm) Ʌ = 1.8 (µm) Ʌ = 2.0 (µm) 

0.3 1.386 1.413 1.421 1.425 

0.35 1.380 1.409 1.418 1.423 

0.4 1.373 1.405 1.416 1.421 

0.45 1.365 1.401 1.413 1.418 

0.5 1.357 1.397 1.410 1.416 

0.55 1.349 1.392 1.406 1.413 

0.6 1.339 1.387 1.402 1.410 

0.65 1.328 1.381 1.398 1.406 

0.7 1.316 1.375 1.394 1.403 

0.75 1.304 1.368 1.389 1.399 

0.8 1.290 1.361 1.383 1.394 

In the case of ultra-short pulse propagation, the chromatic dispersion determines the extent 

to which different spectral components travel with different velocities in the PCF. Nonlinear 

processes will be dominant and be able to generate new frequencies in the pulse spectrum if 

dispersion around the pump wavelength is minimized, so we can obtain a broadband 

supercontinuum. The chromatic dispersion has numerically calculated through the effective 

refractive index neff dependence, given by the formula below [33]: 

 2

eff

2

Red n
D

c d




                                                           (3) 

where c is the speed of light in a vacuum. 

The effect of the air hole diameter d1 and lattice constant Λ on the dispersion properties of 

PCFs is illustrated in Figure 3. It is clear from Figure 3(a) that the dispersion properties change 

significantly on changing the filling factor d1/Λ when Λ is fixed. Thus, it seems very convenient 

to get desired dispersion characteristic of structure using d1. For the case Λ = 1.0, the dispersion 

properties were found quite diverse including all-normal dispersion and anomalous dispersion 

with one or two ZDWs. 
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Figure 3. The dispersion as a function of wavelength of PCFs with various d1/Λ  

for (a) Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

This allows us many opportunities to choose structures with optimal dispersion for SC. 

Interestingly, dispersion against the increase of d1/Λ in the longer wavelength region (greater 

than 1.2 µm) but increases with d1/Λ in the shorter wavelength region, leading to an increase in 

the slope of the dispersion curves. Anomalous dispersion with one ZDW is observed for d1/Λ 

less than 0.5. Furthermore, the ZDWs shift towards the longer wavelength. When d1/Λ varies 

from 0.65 to 0.8, we achieve anomalous dispersions with two ZDWs, which means that the 

dispersion is divided into three regions where the normal dispersion is on the shorter and longer 

wavelength sides. Three all-normal dispersions corresponding to d1/Λ = 0.5, 0.55, 0.6 have been 

found in the investigated wavelength region. All-normal dispersions are also the goal of many 

research groups in generating SC with a broad, high coherence, and flat spectrum. The lattice 

constant Λ also strongly dominates the dispersion properties of PCFs, specifically when Λ 

increases to 1.5 µm, the all-normal dispersion curves are lifted above the zero-dispersion to 

become anomalous dispersion with two ZDWs. Besides, the anomalous dispersion curves with 

d1/Λ = 0.3 - 0.5 are flatter and closer to zero dispersion than that for the case Λ = 1.0 µm (Figure 

3(b)). As Λ increases further, only anomalous dispersion exists with one ZDW and it shifts 

towards shorter wavelengths with an increase of d1/Λ (Figures 3(c) and (d)). 
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Figure 4. The nonlinear coefficient as a function of wavelength of PCFs with various d1/Λ for (a)                   

Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

The nonlinear coefficient is one of the important factors originating from the interaction of 

intense light with the matter due to the Kerr effect. The general numerical expression of 

frequency-dependent Kerr nonlinearity [33] exhibits the relationship of the linear refractive 

index, nonlinear refractive index, and effective mode area of the fundamental mode as given 

below: 

2

eff

( ) 2
n

A
  


                  (4) 

where Aeff is the effective mode area, a key parameter in designing PCFs. It determines the 

extent of the electromagnetic field confinement in the core of the PCF, which can be calculated 

using [34] with E as the amplitude of the transverse electric field propagating inside the PCF. 

 
2

2

eff 4

E dxdy
A

E dxdy

 

 
 (5) 

The nonlinear coefficient going from high value to low value corresponding to the decrease 

of effective mode area with increasing wavelength has shown in Figures 4 and 5. In the case of Λ 

fixed, the values of the nonlinear coefficient increased, and the effective mode area of the 

fundamental mode is found to decrease with the increase of the filling factor d1/Λ.  
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Figure 5. The effective mode area as a function of wavelength of PCFs with various d1/Λ  

for (a) Λ =1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

Table 2. The nonlinearity coefficients (W
-1

.km
-1

) and the effective mode areas (µm
2
) PCFs with various               

Λ and d1/Λ at 1.55 µm wavelength.  

d1/Λ Ʌ = 1.0 (µm) Ʌ = 1.5 (µm) Ʌ = 1.8 (µm) Ʌ = 2.0 (µm) 

γ 

 

Aeff 

 

γ 

 

Aeff 

 

γ 

 

Aeff 

 

γ 

 

Aeff 

 0.3 225.295 3.932 136.925 6.468 108.282 8.179 93.850 9.436 

0.35 240.892 3.678 151.433 5.849 120.886 7.326 104.628 8.464 

0.4 258.889 3.423 167.958 5.274 133.584 6.630 115.402 7.674 

0.45 281.061 3.153 186.863 4.741 148.234 5.974 127.697 6.935 

0.5 304.665 2.91 205.728 4.306 162.499 5.450 140.254 6.314 

0.55 331.756 2.673 227.203 3.899 178.948 4.949 154.887 5.717 

0.6 363.655 2.439 251.921 3.516 197.551 4.483 169.108 5.236 

0.65 397.269 2.234 276.533 3.203 216.092 4.098 184.657 4.795 

0.7 435.992 2.036 304.203 2.912 237.094 3.735 202.162 4.380 

0.75 477.275 1.860 332.759 2.662 258.258 3.429 219.956 4.026 

0.8 521.461 1.703 363.852 2.434 282.127 3.139 240.246 3.686 

The small core exhibits better light confinement of the core leading to an increase in the 

nonlinear coefficient and a decrease in the effective mode area, respectively since these two 
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values are inversely proportional to each other. The increase of the lattice constant (larger cores) 

reduces the nonlinear coefficient leading to an increase in the effective mode area. Among the 

surveyed structures, the maximum and minimum values of the nonlinear coefficient at the 

wavelength of 1.55 µm (which are common commercial laser wavelength) were observed to be 

521.461 W
–1

.km
–1

 and 93.85 W
–1

.km
–1

 for the cases Λ = 1.0 µm, d1/Λ = 0.8 and Λ = 2.0 µm, d1/Λ 

= 0.3, respectively. Similarly, with these two structures, we achieve the maximum and minimum 

values of the effective mode area of 1.703 µm
2
 and 9.436 µm

2
, respectively. The values of the 

nonlinearity coefficients and the effective mode areas at the 1.55 µm of the PCFs filled with 

CCl4 are shown in Table 2. 

 Confinement losses are the losses arising from the leaky nature of the modes and it 

depends on the wavelength computed from the imaginary part of the effective refractive index 

Im[neff(λ)] of the PCF by [34] 

c eff

2
8.686 Im[ ( )].L n





                     (6)

 
For a small Λ, the relatively low confinement losses represent good light restriction in the 

core of the PCFs. The confinement loss has a larger value in the longer wavelength region, the 

leakage of modes at low frequency occurs not only in the core of the PCFs but also in the core 

and cladding regions. Otherwise, the variation of d1/Λ strongly affects the confinement loss, 

which decreases as d1/Λ increases (Figure 6). The value of confinement loss increases rapidly as 

Λ increases, it is clear that larger cores can reduce the leakage potential of the guide modes. The 

values of Lc at 1.55 µm are indicated in Table 3. Lc has the maximum value up to 74.257 dB/m 

for the structure Λ = 1.0 µm, d1/Λ = 0.3 and reaches the minimum value of 19.86 dB/m with                    

Λ = 2.0 µm, d1/Λ = 0.75.  

Table 3. The confinement loss of PCFs with various Λ and d1/Λ at 1.55 µm wavelength. 

d1/Λ Lc (dB/m) 

Ʌ = 1.0 (µm) Ʌ = 1.5 (µm) Ʌ = 1.8 (µm) Ʌ = 2.0 (µm) 

0.3 74.257 50.522 40.839 35.947 

0.35 72.527 47.345 37.315 32.600 

0.4 70.328 43.701 34.168 29.706 

0.45 67.664 40.163 31.031 26.866 

0.5 65.750 38.049 29.231 25.045 

0.55 63.172 35.457 27.118 23.034 

0.6 60.415 32.865 25.105 21.471 

0.65 58.120 31.182 23.901 20.701 

0.7 55.680 29.799 22.909 19.926 

0.75 53.371 29.056 22.667 19.860 

0.8 51.473 28.763 22.666 19.989 
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Figure 6. The confinement loss as a function of wavelength of PCFs with various d1/Λ 

for (a) Λ = 1.0 µm, (b) Λ = 1.5 µm, (c) Λ = 1.8 µm and (d) Λ = 2.0 µm. 

A PCF with suitable dispersion characteristics has been an important factor governing the 

efficiency of SC generation since the variation in optical pulse per unit distance of the 

propagation length of the fiber is affected by dispersion. The optical properties results from the 

above numerical simulation show that dispersion properties and its flatness are controlled more 

effectively by the combination of tuning the d1 parameter of the innermost ring and the 

penetration of CCl4 to the core of PCF. We select two optimal PCFs to benefit the generation 

SC, called #F1 and #F2 with the following lattice parameters: Λ = 1.0 µm, d1/Λ = 0.6 (#F1) and Λ 

= 2.0 µm, d1/Λ = 0.3 (#F2). They have small dispersion and reasonable flatness that can use in 

SC generation, displayed in figure 7. With the all-normal dispersion regime of fiber Λ = 1.0 µm, 

d1/Λ = 0.6, the pump wavelength can select near the maximum point of the dispersion curve, so 

we choose the pump wavelength for this structure to be 0.985 µm. Together with a small 

dispersion of –10.785 ps/nm.km at the pump wavelength, we expect to obtain a high coherence 

and flatter SC spectrum. For Λ = 2.0 µm, d1/Λ = 0.3, the anomalous dispersion curve is the 

flattest and closest to the zero-dispersion, with a dispersion value of 0.287 ps/nm.km at the 1.3 

µm pump wavelength, this fiber will give a broader soliton fission-based SC spectrum with 

lower input energy. We obtained a smaller dispersion value at the pump wavelength than in 

some previous papers on PCF filled with other liquids [19 - 23]. 
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Figure 8. The nonlinear coefficient of #F1 and #F2 optimal fiber. 

 

Figure 7. The dispersion characteristics of  #F1 and #F2 optimal fiber. 

 

Figure 9. The effective mode area of  #F1 and                 

#F2 optimal fiber. 

 

Figure 10. The confinement losses of #F1 and                       

#F2 optimal fiber. 
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For two fibers with reasonable dispersion introduced above, we consider their nonlinear 

coefficients and effective mode areas to evaluate their applicability in SC generation. The 

nonlinearity coefficient is quite high and the effective mode area is as low as desired at the 

pumping wavelength of the all-normal dispersion regime fiber #F1 of 581.795 W
–1

.km
–1

 and 

1.522 µm
2
, respectively. Whereas #F2 fiber exhibiting anomalous dispersion achieves lower 

values of the nonlinear coefficient and higher values of effective mode area, which are 101.249 

W
–1

.km
–1

 and 8.745 µm
2
, respectively. Because of the different dispersion properties, the two 

fibers have different nonlinear coefficients and different effective mode areas, but the values are 

very suitable for SC generation. The high nonlinear coefficients enable this optimized fiber-

based SC generation to have a low input power that can be as low as nano joules. The 

parameters characterizing the nonlinear properties of the proposed fibers are more optimal than 

some PCFs infiltrated with other high nonlinear coefficient liquids [20, 23, 24]. These are also 

the outstanding advantages of the PCFs in our research. 

The selection of air holes size and core size gives us to achieve low values of confinement 

loss, the values of Lc at the pump wavelength are 3.904 dB/m and 18.015 dB/m of #F1 and #F2 

fiber. Although the #F2 fiber has a larger confinement loss, it has low dispersion and high 

nonlinear coefficient, so the ability to generate broad-spectrum SC based on the soliton effect is 

completely possible. We have calculated confinement losses for the PCF.  The losses are similar 

to the ones calculated for an ideal structure. Because the confinement loss of the two optimal 

fibers is quite low at the pump wavelength, they have a small contribution to the fiber loss 

during SC generation. Fiber losses are mainly from the contribution of material losses of CCl4 

but these fibers have low losses in the short wavelength range (less than 1.4 µm). Therefore, in 

our model, we assume that the fiber losses in the long wavelength range have a value of 31.2 

dB/cm.  

Table 4. The structure parameters and the characteristic quantities of optimal PCFs at the pump 

wavelength compared with other publications on liquids-infiltrated PCFs. 

# 
Dc 

(µm) 
Ʌ 

(µm) 
d1/Ʌ 

Pump 

wavelength 

(µm) 

Aeff 

(µm
2
) 

γ 

(W
–1

.km
–1

) 

D 

(ps/nm.km) 

Lc 

(dB/m) 

#F1 1.34 1.0 0.6 0.985 1.522 581.795 –10.785 3.904 

#F2 3.34 2.0 0.3 1.3 8.745 101.249 0.287 18.015 

#F1 [36], CCl4 2.25 1.5 0.45 1.35 11.83 − 12 1.85 

#F2 [36], CCl4 7.12 4.0 0.8 1.064 10.58 − −4.37 1.58 

#I_0.3 [23], 

C7H8 

6.56 2.0 0.3 1.55 7.79 2132.575 −7.784 40 

#I_0.35 [23], 

C7H8 

5.6 2.0 0.5 1.55 78.9 2890.276 −1.19 120 

#F1 [19], CHCl3 3.37 1.0 0.65 1.03 1.5 1290 −24 − 

#F2 [19], CHCl3 3.285 2.0 0.65 1.03 4.48 440 7.6 − 

#F1[22], C2Cl4 1.28 1.5 0.4 1.56 433.2 156.9 −15 4.0 

#F2[22], C2Cl4 3.753 4.0 0.45 1.56 16.67 40.79 3.2 4.2 

#F3[22], C2Cl4 1.198 1.5 0.55 1.03 359.1 189.3 −4.85 5.3 

In the next study, when optimal fibers are used for SC, the losses of fibers will be taken 

into account in our model although the effect of fiber losses may not be evident during spectrum 
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expansion. Because of the high non-linear refractive index of CCl4 it can allow a wide spectrum 

of SC to be generated in a short propagation (several centimeters). However, we note that the 

maximum loss of 3.2 dB/cm present at 1.4 µm may have an influence on degradation of SG 

dynamic. So, only a short segment of the fiber should be used for SC generation to minimize this 

effect [35]. Table 4 indicates the structure parameters and the characteristic quantities of optimal 

PCFs at the pump wavelength compared with other publications on liquids-infiltrated PCFs. 

In experiment, some other publications also show that the ability to generate SC with broad 

spectra by using high nonlinear liquids-infiltrated PCFs. By the conventional stack-and-draw 

method [36], PCFs can be easily fabricated in the experiment. The liquids are filled into the core 

by integrating a microfluidic pump system using a thermal fusion splicer or laser writing 

technique [37]. “A fusion splicer to close air holes in the photonic cladding was used. The 

thermal method was applied to collapse air holes in the cladding of developed PCF. The fiber is 

heated in the middle using single short electrical pulse, in order to collapse selectively only holes 

in the photonic cladding and leave the hollow core open” [35]. The liquids infiltration process of 

the developed fiber with collapsed cladding air holes was based on capillary forces [38]. This 

method further verifies that PCFs filled with liquid have great potential in practical applications. 

4. CONCLUSIONS  

By modifying the structural parameters of PCF combined with core filling with a high 

nonlinear coefficient carbon tetrachloride liquid which notices the difference in hole diameters 

in the first ring nearest to the core and the other rings, we have achieved optimal nonlinear 

characteristics including dispersion, nonlinear coefficient, effective mode area, and confinement 

loss. Among the designed fibers, we have selected and analyzed in detail two structures with the 

flattest dispersion, closest to the zero-dispersion. The first fiber has an all-normal dispersion with 

a value of −10.785 ps/nm.km at a pump wavelength of 0.985 µm. Another advantage of this 

fiber is its small effective mode area and high nonlinear coefficient, suggesting for SC 

generation with low peak power. With anomalous dispersion profile, the second fiber gives a 

low dispersion value of 0.287 ps/nm.km at a pump wavelength of 1.3 µm, which is expected to 

produce a broad SC spectrum through soliton dynamics. Two optimal PCFs can be the new 

optical fiber replacing the traditional glass core fiber to improve the efficiency of the SC 

generation. 
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