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Abstract

:

This paper presents a detailed study investigating the effect of the material refractive index distribution at the local position of a glass–air disordered optical fiber (G-DOF) on its localized beam radius. It was found that the larger the proportion of the glass material, the smaller its localized beam radius, which means that the transverse Anderson localization (TAL) effect would be stronger. Accordingly, we propose a novel G-DOF with large-size glass elements doped in the fiber cross-section. The simulation results show that the doped large-size glass elements can reduce the localized beam radius in the doped region and has a very tiny effect on the undoped region, thus contributing to reducing the average localized beam radius of G-DOF.
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1. Introduction


Disordered optical fiber (DOF) [1,2] is a new type of optical fiber whose material refractive index is disordered in its cross-section but constant in the longitudinal direction. DOF utilizes the transverse Anderson localization (TAL) effect [3,4] to confine and transmit beams, so it is also known as a transverse Anderson localization optical fiber. Optical beams at any incident position on the DOF cross-section could transfer along the fiber [5], and the spatial isolation between different localized beams is considerably high [6]. So far, DOF has shown a great application potential in beam multiplexing [5], random lasing [7], wave-front shaping [8], supercontinuum generation [9], high resolution image transmission [10,11,12,13], and so on.



The first DOF, reported in 2012, was produced by the University of Wisconsin and Corning together. DOFs have experienced ten years of development, and four different types of DOFs have been fabricated, namely polymer DOF [14,15], G-DOF [16], chalcogenide DOF [17], and tellurite DOF [18], to transmit light with a different wavelength. To enhance the TAL effect of DOFs, researchers have explored in detail the influence of the refractive index difference between two different materials elements: the proportion and the size of the two different material elements on the localized beam radius. It is agreed that a larger material refractive index difference between the two elements and smaller element size led to a smaller average localized beam radius [15]. Especially when the proportion of each kind of element is around 50% [15,19,20], the corresponding localized beam radius would reach the minimum value. The above research has focused on optimizing the design of DOFs from the perspective of the overall structure. However, the influence of the local structure of the DOF cross-section has been rarely reported. During the simulation, we noticed that the localized beam radius varies with different incident positions on the DOF cross-section. This implies that the local material refractive index distribution can regulate the localized beam radius.



In this paper, we focus on G-DOF and study in detail the influence of the material refractive index distribution at the light incidence position on the localized beam radius. We discovered that the localized beam radius would decrease while increasing the proportion of the glass material. On this basis, we propose a method to enhance the TAL effect by doping glass elements with the same size as the light source into G-DOF. The simulation results show that this method reduces the localized beam radius of the doped region by about 50%, with an ignorable side effect on the undoped region.




2. Schematic Topology and Design Principle


Figure 1 shows a schematic cross-sectional structure of the G-DOF used in our study. The fiber cross-section contains 250 × 250 small square elements with a side length of a = 0.6 μm. The grey squares represent the material glass (SiO2), and the white squares represent air. Each type of elements consists of 50% of the total and is randomly mixed. The modelling process used for the G-DOF is similar to that described in reference [20]. We choose square elements rather than round elements because round elements cannot be arranged closely without any gap. Moreover, DOF models with square elements have been widely used in simulations and calculations in previous theoretical studies [15,18].



Then, a Gaussian beam with diameter of 2.4 μm (which equals 4a) and a wavelength of 0.633 μm was chosen as the light source. The beam is incident at the red marked section, of which the zooming up view is shown in the inset of Figure 1. It is easy to see that the beam incident region covers 16 elements numbered from 1 to 16. Next, by utilizing the Rsoft software and the finite-difference beam propagation method (FD-BPM), we simulated and calculated the influence of the material refractive index distribution of those 16 elements on the localized beam radius. Additionally, the method for calculating the localized beam radius is referenced in [15,19]. In this paper, the fiber transmission distance was set to 2 cm because the diffusion of the optical field will become stable within this distance.




3. Simulation and Data Analysis


Figure 2 describes the influence of the number of glass elements on the localized beam radius when three different methods are used to increase the number of glass elements in the light incident region. The first method is to add the glass elements from the outer layer to the inner layer with the sequence of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16. The second method is to add the glass elements from the inner layer to the outer layer with the sequence of 16, 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1. The third method is to add the glass element randomly with the sequence of 2, 3, 13, 12, 11, 10, 14, 5, 4, 6, 16, 1, 9, 7, 15, 8. To help readers better understand, we have drawn the process of these three methods for increasing the number of glass elements, as shown in Figure 3. Furthermore, it can be seen from Figure 2 that the localized beam radius will become smaller as the number of glass elements increases, regardless of the order in which they are added. Specifically, compared with the other two methods, the second method is conducive to achieving the smallest localized beam radius. This means that the central elements play a more vital role in beam confinement. The inset in Figure 2 displays the optical field distribution for the second method when the number of glass elements equals to 0, 8, and 16, respectively. It is obvious that the optical field energy tends to converge as the proportion of the glass material increases. The above results indicate that the local TAL effect of G-DOF can be enhanced by increasing the proportion of the glass elements in the light incident area. In fact, this phenomenon may also be explained as follows: when the proportion of the glass material in the light incident region increases, its effective refractive index increases and creates total internal reflection conditions with the surrounding area, thus leading to a better beam confinement.



Hereby, we proposed a new type of G-DOF in which 4a-width glass elements are doped into the cross-section of the conventional G-DOF, and we call it the novel G-DOF. Figure 4 shows the cross-section schematic of the novel G-DOF. Obviously, the difference between the novel G-DOF and the conventional G-DOF is that the cross-section of the novel G-DOF also contains some large-size glass elements. In Figure 4, the variable X represents the central distance between adjacent 4a-width glass elements, whose value should be greater than 4a. Now, the question is what is the most appropriate value of X? To answer this question, we sent a Gaussian beam with diameter of 4a-width (2.4 μm) to the novel G-DOF center, and studied in detail the effect of the X value on the optical field distribution when X increases from 4a to 10a, as shown in Figure 5a–d. It is easy to find that when X equals 4a, the optical field energy at the incident position is greatly coupled to the surrounding area. When X equals 6a, the center of the optical field is seriously shifted. Until the value of X increases to 8a, the optical field energy is well confined near the light incident position. Although continuing to increase, X is beneficial to obtain a more stable optical field distribution, thus we chose to set X to 8a in the optimization design of the novel G-DOF, which can not only introduce more 4a-wide glass elements, but also effectively prevent energy coupling between each other.



Then, the difference in the average localized beam radius between the optimized novel G-DOF and the conventional G-DOF was compared. The localized beam radius at 50 different positions on the cross-section of both novel G-DOF and conventional G-DOF are calculated, as shown in Figure 6. In conventional G-DOF, the localized beam radius is mostly concentrated within the range of 8 μm to 24 μm, with an average value of 15.6 μm. However, in the novel G-DOF, we have observed that the localized beam radius at certain locations is less than 5 μm, which corresponds to regions doped with 4a-width glass elements. In contrast, at other locations between 2 4a-width glass elements, the beam radius falls within the range of 8–24 μm, which is similar to the beam radius of the conventional G-DOF. The average localized beam radius for those 50 sampled points is 11.6 μm. The results show that the proposed novel G-DOF structure can reduce the localized beam radius of the doped region by more than 50%, with little effect on the undoped region. This ultimately leads to reducing the overall average localized beam radius by 25.6%.



To help readers better understand why doping these 4a-width glass elements can help reduce the average localized beam radius of G-DOF, Figure 7 shows the effect of the doped 4a-width glass elements on the optical field distribution of the doped and undoped regions, respectively. In Figure 7a, five incident light sources are arranged at five adjacent doped 4a-width glass elements. Obviously, the beam is well confined to a very small area, corresponding to an average localized beam radius of less than 5 μm. In Figure 7b, the five incident light sources are set at the centers of five adjacent undoped region. We can see that the beam is distributed over a larger area. Additionally, its average localized beam radius is comparable to that of conventional G-DOF. In a word, the doping of 4a-width glass elements reduces the localized beam radius in the doped region while having little effect on the undoped region, thus helping to reduce the overall average localized radius of G-DOF.




4. Conclusions


In summary, we discussed in detail how the distribution of the material refractive index at the light incident position affects its TAL effect. Here, three different methods were used to increase the number of glass elements at the light incident position. We found that the TAL effect would be stronger as the proportion of the glass elements increases, especially when the glass elements are close to the beam center. On the basis of the above research, we proposed a new method to enhance the TAL effect of G-DOF by adding glass elements with the same size as the light source in its cross-section. The simulation results show that this method could reduce the localized beam radius of the doped region by more than 50%, with a negligible effect on the undoped region. Ultimately, this method successfully reduced the overall average localized beam radius value by 25.6%. This study provides a new idea for optimizing the design of G-DOF.
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Figure 1. Schematic cross-sectional structure of G-DOF. 
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Figure 2. The relationship between the number of glass elements in the light incident region and the resulting localized beam radius. 
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Figure 3. The process of (a) the first method, (b) the second method, and (c) the third method for increasing the number of glass elements. 
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Figure 4. The cross-section schematic of the novel G-DOF. 






Figure 4. The cross-section schematic of the novel G-DOF.



[image: Photonics 10 00259 g004]







[image: Photonics 10 00259 g005 550] 





Figure 5. Optical field distribution of the novel G-DOF when X is equal to (a) 4a, (b) 6a, (c) 8a, and (d) 10a, respectively. 
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Figure 6. The localized beam radius at 50 different positions on the cross-section of both conventional G-DOF and novel G-DOF. 
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Figure 7. Optical field distribution of the novel G-DOF at (a) the doped regions and (b) the undoped regions. 
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