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We computationally study fiber loss in negative curvature fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with a fixed core-diameter-to-wavelength ratio of 30. We consider both simple and nested geometries as the transmission wavelength varies. At wavelengths shorter than 4.5 μm, silica negative curvature fibers have a loss that is around or below 10−1 dB/m and are preferable to chalcogenide fibers. At wavelengths longer than 4.5 μm, it is preferable to use As2S3 chalcogenide or As2Se3 chalcogenide negative curvature fibers since their loss is one or more orders of magnitude lower than the loss of silica negative curvature fibers. With nested negative curvature fibers, chalcogenide fibers have losses that are lower than those of silica fibers at wavelengths larger than 2 μm. However, it is still preferable to use silica nested negative curvature fibers at wavelengths less than 4.5 μm and with a loss around or lower than 10−1 dB/m due to the fabrication advantages of silica fibers.

Keywords: negative curvature fibers, refractive index, fiber loss, material loss, confinement loss, mid-IR

1. INTRODUCTION

Hollow-core photonic crystal fibers can confine light in the air core, leading to a low transmission loss, a low nonlinearity, and a high damage threshold [1–5]. Hollow-core photonic bandgap fibers use a periodic structure in the fiber cladding that creates a bandgap or a forbidden gap, which confines the light at the forbidden frequencies to the central air core [6]. Silica bandgap fibers have been demonstrated to transmit light up to 2.2 μm [6, 7]. Development of hollow-core fibers using non-silica glasses, such as chalcogenide, has been hampered by fabrication difficulties. Recently, low-loss transmission has been observed in a new kind of hollow-core fiber, called negative curvature fiber [8–17]. Negative curvature implies that the surface normal to the core boundary is oppositely directed from the core. Since no bandgap is used, there is no requirement for a periodic cladding structure. The relative simplicity of the negative curvature structure could enable the fabrication of fiber devices for mid-IR applications using non-silica glasses, such as chalcogenide [18, 19]. Using chalcogenide negative curvature fibers, the delivery of mid-infrared radiation has been successfully demonstrated for a CO2 laser at a wavelength of 10.6 μm [20].

An important reason for the low loss in negative curvature fibers relative to hollow-core bandgap fibers with positive curvature is the relatively low overlap between the mode field and the glass [9, 12]. In the bandgap fiber, light scattering in the bandgap region acts constructively to confine the light in the defect core. The nature of this guidance yields oscillatory light fields in the glass regions [21, 22]. In negative curvature fibers, the antiresonant glass membranes act as a mirror to reflect the light back to the central core region. The outgoing and reflected light cancel out around the glass regions and yield a very low power ratio in the glass regions of less than 0.01% [23, 24]. With a low overlap, the impact of the material loss is decreased. Silica has a high material loss at wavelengths above 2 μm [12, 25]. The low overlap between the mode field and glass will enable low loss transmission in silica negative curvature fibers for wavelengths longer than 2 μm. The low loss in negative curvature fibers makes silica a competitive choice of material for mid-IR applications. Transmission losses of 0.05 dB/m and 0.085 dB/m have been realized at 3.4 μm and 4.0 μm respectively in silica negative curvature fibers [12, 26]. To date, it has not been determined how far out in wavelength it is possible to use silica and still achieve losses that are competitive or better than what can be achieved using chalcogenide or other glasses, with low material losses in the mid-IR. This paper addresses this question for chalcogenide glasses. We focus on chalcogenide glasses because the material losses of other mid-IR glasses, such as ZBLAN and Tellurite, are higher than chalcognide glass beyond 4.5 μm [27–30]. Comparing the losses of silica glass and chalcogenide glass fibers as a function of wavelength in negative curvature fibers will guide the choice of which type of fiber to use for mid-IR applications. In this paper, we compare the performance of negative curvature fibers that are made with silica glass to those that are made with chalcogenide glass.

In hollow-core negative curvature fibers, the total fiber loss is influenced by both the mode confinement loss and material loss. In this paper, we calculate the total fiber loss in negative curvature fibers with both simple and nested geometries. We analyze the impact from the confinement and the material loss on the total fiber loss in negative curvature fibers, comparing fibers that are made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses. We find that, using a simple negative curvature fiber with a fixed core diameter to wavelength ratio of 30, a fiber made with silica glass has comparable loss to fibers made with As2S3 and As2Se3 chalcogenide glasses for wavelengths shorter than 4.5 μm. Hence, it is preferable to use silica glass because of the relatively simple fabrication process for fibers made from silica glass. It is preferable to use negative curvature fibers made with As2S3 and As2Se3 chalcogenide glasses when the wavelength is longer than 4.5 μm, since the losses are more than one order of magnitude lower than the loss in negative curvature fibers that are made with silica glass.

The rest of the paper is organized as follows: Section 2 describes the fiber geometry of simple and nested negative curvature fibers. Section 3 presents the antiresonance condition and the confinement loss as a function of wavelength and refractive index. We analyze the fiber loss for silica glass fibers in Section 4 and for As2S3 and As2Se3 chalcogenide glass fibers in Section 5. Section 6 shows a direct comparison among fibers made with different glasses. Conclusions are given in Section 7.

2. GEOMETRY

Figure 1A shows a schematic illustration of a simple negative curvature fiber. The gray regions represent glass, and the white regions represent air. The outer tube diameter, dtube, the core diameter, Dcore, the tube wall thickness, t, and the minimum gap between the cladding tubes, g, are related by the expression: Dcore = (dtube+2t+g)/sin(π/6)−(dtube+2t). Figure 1B shows a schematic illustration of a nested negative curvature fiber, which has an additional nested tube with a tube diameter, dnest, and a wall thickness, tnest, inside each of the major tube. We calculate the fiber modes and their propagation constants using Comsol Multiphysics, a commercial full-vector mode solver based on the finite-element method. Anisotropic, perfectly matched layers (PMLs) are positioned outside the cladding in order to reduce the size of the simulation window [31]. The total fiber loss is obtained from the imaginary part of the propagation constant,
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where λ is wavelength [22, 32]. In this paper, we use total fiber loss to describe the mode leakage, which includes the mode confinement loss and the material loss due to glass light absorption.
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FIGURE 1. Cross sections of (A) a simple and (B) a nested negative curvature fiber.



3. ANTIRESONANCE CONDITION AND CONFINEMENT LOSS

In order to minimize the loss in negative curvature fibers, the wall thickness of the tubes should approximately satisfy an antiresonance condition [33, 34]. As shown schematically in Figure 2, this condition accounts to ensuring that the round trip of the wave in the transverse direction in the glass layer is close to an odd multiple of λ/2, so that destructive interference of the light transmission occurs in the tube walls. As a consequence, light is repelled from tube walls, which reduces both the confinement loss and the impact of the material loss. While the argument that we have given only strictly applies to a planar geometry and not the geometries in Figure 1, computational studies [13, 35, 36] have shown that this condition holds to good approximation in the geometries in Figure 1, and it is not stringent.
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FIGURE 2. Schematic illustration of the antiresonance condition.



The tube thickness t for both the outer tubes and nested tubes that is required by the antiresonance condition is given by
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where n1 and n0 are the real part of refractive indices of the glass and air, λ is the light wavelength, and m is the antiresonance order [33, 34]. We use the second antiresonance transmission band for which m = 2. We ran additional simulations on the first and third transmission bands, and we obtained similar losses to the loss that we obtained using the second antiresonance transmission band [37]. A higher-order antiresonance implies thicker tube wall thickness, especially for shorter wavelengths, which makes fabrication easier; however, the analysis and conclusions in this paper still hold if we use the first or third transmission band. In Figure 3, we use Equation (2) to plot the antiresonant tube thickness as a function of wavelength, λ, and the refractive index, n1. Figure 4 shows the confinement loss of simple and nested negative curvature fibers that are calculated using the antiresonant tube thickness as a function of the wavelength and the refractive index. We assume no material loss in this section, in order to focus on the confinement loss. The core diameter, Dcore, and the minimum gap between tubes, g, are fixed at 60 μm and 10 μm, respectively. The ratio of the diameter of the nested tube to the diameter of the outer tube is fixed at, dnest / dtube = 0.5. We see that the confinement loss increases as the wavelength increases in both simple and nested fibers, which implies that the loss is mainly determined by the wavelength, and the index of refraction has a relatively low impact on the fiber loss.
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FIGURE 3. Contour plot of the tube thicknesses that satisfy the antiresonance condition, [image: image], where m = 2.
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FIGURE 4. Contour plot of fiber loss in (A) simple and (B) nested negative curvature fibers. No material loss is included.



The normalized mode intensity in both simple and nested negative curvature fibers is shown in Figure 5. Only a quarter of the geometry is used in modeling the fiber because of the symmetry of the fundamental modes [32]. The refractive index and wavelength are 1.45 and 2.00 μm, respectively. We use antiresonant tube wall thicknesses that are given by Equation (2). In both simple and nested negative curvature fibers, the mode field is well-confined in the core.
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FIGURE 5. Normalized mode intensity at a wavelength of 2.00 μm in both (A) simple and (B) nested negative curvature fibers.



4. SILICA GLASS

In this section, we study fiber loss in negative curvature fibers made with silica. Keeping the geometry of the fiber fixed, as shown in Figure 1, we calculate the total fiber loss as a function of both the material loss and the wavelength. The material loss increases from 10−1 dB/m to 105 dB/m and the wavelength increases from 2 μm to 6 μm. The fundamental mode will change as a function of these two parameters, which will in turn change the confinement loss. The total fiber loss is a combination of the material loss and the confinement loss. Since the material loss is not an arbitrary parameter, the value of this plot requires some explanation. As the material loss increases at a fixed wavelength, the total fiber loss will initially be dominated by the confinement loss and will be almost constant and then later will be dominated by the material loss and change proportional to the material loss. By plotting the actually material loss on a contour plot of the total fiber loss as a function of both the material loss and the wavelength, it is possible to immediately determine by visual inspection whether material loss or confinement loss dominates the total fiber loss.

We show the results of this procedure for silica fiber in Figure 6. We denote the region in the parameter space in which confinement loss dominates as region I and the region in which material loss dominates as region II. The two regions are separated by a black dashed curve that is drawn through the points of maximum curvature in the contour plot [38]. We have set the refractive index n1 = 1.45, and we do not include the small effect of dispersion. As noted previously, we use the second transmission band, m = 2, as shown in Equation (2). We set the core diameter Dcore = 60 μm and we set the minimum gap between tubes g = 10 μm. Comparing Figures 6A,B, we first observe that the total fiber loss is smaller below 3.5 μm for the nested fiber than it is for the simple fiber. The reason is that the nested tubes provide a second antiresonant layer and enhance the confinement. However, above 4.5 μm, the loss in the nested fiber is larger than in the simple fiber. The reason is that the diameters of the nested tubes are too small for them to function as antiresonant layers, and they add to the material loss and the total fiber loss. For example, when λ = 5 μm, the inner and outer diameter (din and dout) of the nested tubes, 16.4 μm and 23.6 μm, are only a few times the wavelength. To confirm this point, we show the fiber loss as a function of the diameter of the nested tube, as shown in Figure 7. We fixed Dcore = 60 μm, g = 10 μm, λ = 2 μm, and n1 = 1.45. We also set the material loss equal to zero. We can see that, when the diameter of the nested tube is less than four to five times the wavelength, the fiber confinement loss increases significantly.
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FIGURE 6. Contour plot of fiber loss in (A) simple and (B) nested negative curvature fibers made with silica glass. The black solid curves show the material loss of silica glass. The black dashed curves separate regions I and II.
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FIGURE 7. Fiber confinement loss as a function of diameter of the nested tube. No material loss is included. We set λ = 2 μm.



We also plot the material loss of silica [12, 25] using the black solid curve in Figures 6A,B. The high loss bumps in the black solid curve are due to overtones and combination vibrations from the absorption bands at longer wavelengths of 8.9 μm, 12.5 μm, and 21.5 μm [25]. The corresponding simple and nested fiber losses located at the material loss curves are extracted from Figures 6A,B and plotted in Figure 8 using red solid and red dashed curves, respectively. Since most of the mode propagates in air, the bulk material loss is several orders of magnitude higher than the total fiber loss. We also observe that the total fiber loss increases with wavelength. It is lower in the nested fiber than in the simple fiber when the wavelength is less than 3.5 μm. However, when the wavelength is larger than 3.5 μm, nested tubes do not lower the total fiber loss, and the losses indicated by the red solid curve and red dashed curve are almost the same.
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FIGURE 8. Fiber loss of simple and nested negative curvature fibers made with silica glass.



The core diameter is fixed at 60 μm in Figures 6A,B. At longer wavelengths, it is better to use a larger core in order to lower the fiber loss. Negative curvature fibers have been fabricated using a ratio of the core diameter to the wavelength that varies from 31 to 36 [10–12, 39]. We then study negative curvature fibers with a fixed ratio of the core diameter to the wavelength, Dcore / λ = 30. We can directly extract the total loss from the data in Figures 6A,B by using the constraint Dcore / λ = 30 and the scale invariance of Maxwell's equations [40]. As the wavelength and fiber geometry increase proportionally, the total fiber loss is determined by the material loss of the glass. The corresponding total fiber loss of simple and nested fibers are shown as blue solid and dashed curves in Figure 8, respectively. When the wavelength is larger than 3.5 μm, the bulk material loss is higher than 102 dB/m in region II, and the total fiber losses of the simple and nested fibers are similar and dominated by the material loss. When the wavelength is less than 3.5 μm, the nested fiber has a low confinement loss with an additional antiresonant layer. Hence, the blue dashed curve for the total fiber loss in the nested fiber has a similar shape as the curve for the bulk material loss, as shown in Figure 8.

Overall, with a fixed ratio of Dcore / λ = 30, the simple and nested negative curvature fibers can be used for transmission with a loss around or less than 10−1 dB/m up to a wavelength of around 4.5 μm.

5. CHALCOGENIDE GLASSES

In this section, we carry out the same loss analysis on negative curvature fibers made with As2S3 and As2Se3 chalcogenide glasses as what we carried out in Section 4 for silica glass. For As2S3, we have n1 = 2.4 and for As2Se3, n1 = 2.8. The small dispersive contribution is again ignored. The tube wall thickness using Equation (2) in the second antiresonance transmission band m = 2 is again used. Figures 9A,C show the total fiber loss in simple and nested negative curvature fibers, respectively, for As2S3, and Figures 9B,D show the total fiber loss in simple and nested negative curvature fibers for As2Se3. We use a wavelength range of 2 μm to 6 μm in Figure 9. We note however that As2Se3 has a broader transmission window that goes out approximately to 10 μm [41].
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FIGURE 9. Contour plot of fiber loss in (A) simple and (C) nested negative curvature fibers made with As2S3 chalcogenide glass. Contour plot of fiber loss in (B) simple and (D) nested negative curvature fibers made with As2Se3 chalcogenide glass. The black solid curves show the material loss of chalcogenide glass. The black dashed curves separate regions I and II.



The bulk material loss is shown using black solid curves [41, 42]. In Figures 9A,C, the peaks in the material loss curve of As2S3 at wavelengths of 2.8 μm, 2.92 μm, and 4.05 μm are due to the absorption bands of impurities of H2O, OH, and SH, respectively [43]. In Figures 9B,D, the peak in the material loss curve of As2Se3 at a wavelength of 4.57 μm is due to the H-Se stretching vibration [41, 44]. The three minor peaks at wavelengths of 2.32 μm, 3.55 μm, and 4.15 μm are attributed to the combination and first overtone of the H-Se stretching vibration at 4.57 μm [41, 44]. In Figure 9, just as in the case of silica fibers, two regions, denoted I and II, are separated by a black dashed curve in which confinement loss and material loss dominate, respectively. In contrast to silica fibers, we see that confinement loss dominates the total fiber loss at all wavelengths.

With a fixed Dcore = 60 μm, the corresponding simple and nested fiber loss located at the material loss curves are extracted from Figures 9A,C and plotted in Figure 10A using red solid and red dashed curves, respectively. The total fiber loss increases almost linearly and has no similarity with the shape of the material loss curve of As2S3, which is consistent with the observation that the total fiber loss is dominated by the confinement loss. The total fiber loss is lower in the nested fiber than in the simple fiber when the wavelength is less than 4.5 μm. The total fiber loss is a little higher in the nested fiber than in the simple fiber when the wavelength is larger than 4.5 μm, because, just as the case in silica fibers, the diameter of the nested tube is too small for it to act effectively as an antiresonant layer.
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FIGURE 10. Fiber loss of simple and nested negative curvature fibers made with (A) As2S3 chalcogenide, and (B) As2Se3 chalcogenide glasses.



When the ratio of the core diameter to the wavelength, Dcore / λ = 30, the blue solid and dashed curves show respectively the corresponding total fiber loss of simple and nested As2S3 fibers in Figure 10A. When the wavelength increases from 2 to 6 μm, the total fiber loss decreases slightly in the simple fiber, as shown by the blue solid curve. In this case, the material loss of As2S3 chalcogenide glass is in the region I and does not contribute much to the total fiber loss. The imaginary part of the effective index remains almost the same at different wavelengths due to the scale invariance of Maxwell's equations [40]. The total fiber loss is then slightly lower for a longer wavelength according to Equation (1). On the other hand, the blue dashed curve is two orders of magnitude lower than the blue solid curve, which shows that the nested fiber has a much lower confinement loss due to the additional antiresonant layers. In Figure 10B, we show the figure for As2Se3 that corresponds to Figure 10A. The results are similar to what we observe for As2S3 fibers. With Dcore = 60 μm, the total loss is dominated by confinement loss, and nested fibers have a slightly higher loss than simple fibers beyond 5 μm. When Dcore / λ = 30, total fiber loss decreases slightly as wavelength increases, and the material loss does not contribute much to the total fiber loss.

6. COMPARISON AND ANALYSIS

In this section, we will compare the performance of negative curvature fibers made with silica and chalcogenide glasses. Figures 11A,B show a comparison of simple and nested negative curvature fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses between a wavelength range of 2 μm and 6 μm. The ratio of the core diameter to the wavelength is fixed at Dcore / λ = 30. In simple negative curvature fibers made with silica, the fiber loss increases after 3.5 μm due to the material loss. For wavelengths shorter than 4.5 μm, the loss of silica negative curvature fiber is around or less than 10−1 dB/m. These fibers are easier to fabricate than chalcogenide fibers and should be used at wavelengths below 4.5 μm. At wavelengths that are longer than 4.5 μm, As2S3 chalcogenide or As2Se3 chalcogenide fibers are preferred because their loss is at least one order of magnitude less than that of silica fibers. In nested negative curvature fibers, fibers made with chalcogenide glasses have a loss much lower than that of fibers made with silica. However, due to the fabrication advantages, it is still preferable to use silica fibers at wavelengths below 4.5 μm.
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FIGURE 11. Fiber loss of (A) simple and (B) nested negative curvature fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with Dcore / λ = 30.



Figures 12A,B show a comparison of simple and nested negative curvature fibers made with silica, and chalcogenide glasses with a fixed core diameter of 60 μm between a wavelength range of 2 μm and 6 μm. We arrive again at the same conclusion as when we fixed Dcore / λ = 30. It is preferable to use silica glass below 4.5 μm, and it is preferable to use chalcogenide glasses above this wavelength.
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FIGURE 12. Fiber loss of (A) simple and (B) nested negative curvature fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses with a fixed core diameter of Dcore = 60 μm.



7. CONCLUSION

We computationally study the fiber loss in simple and nested negative curvature fibers made with silica, As2S3 chalcogenide, and As2Se3 chalcogenide glasses. There is no significant difference in loss for fibers using materials with different refractive indices if no material loss is considered. With a fixed core diameter to wavelength ratio of Dcore / λ = 30 or a fixed core diameter Dcore = 60 μm, silica negative curvature fibers should be used for either simple or nested negative curvature fibers at wavelengths that are shorter than 4.5 μm. The achievable total fiber loss is around 10−1 dB/m or less in this wavelength range, and silica fibers are easier to fabricate. For wavelengths that are longer than 4.5 μm, As2S3 or As2Se3 chalcogenide negative curvature fibers should be used because their total fiber loss is one or more orders of magnitude lower than the total fiber loss in silica fibers. In nested negative curvature fibers, fibers made with chalcogenide glasses have losses that are lower than the losses in fibers made with silica at wavelengths that are longer than 2 μm. However, silica fibers should still be used at wavelengths less than 4.5 μm since their total fiber loss is still around or less than 10−1 dB/m, and they are easier to fabricate. Nested tubes do not decrease the total fiber loss when the diameters of the nested tubes are less than 4–5 times the wavelength because the nested tubes no longer act as an antiresonant layer. This comparative study for negative curvature fibers shows that it is advantageous to use silica glass in negative curvature fibers below 4.5 μm, and it is advantageous to use chalcogenide glasses at longer wavelengths.
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