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Abstract: The use of mid-infrared fiber in the 2–12 µm spectral range has been widespread in a variety of 

application areas, including nonlinear optics, telecommunications, medical, and the military. Night vision, 

surveillance, and missile guidance are some of the military uses. Mid-infrared fiber lasers have advanced 

significantly over the past few decades thanks to advancements in pumping regimes, fiber components, and 

other associated technologies, and progressively caught up to or even surpassed classical lasers in some lasing 

performance. The confinement loss spectra of mid-infrared fiber spanning the wavelength range of 2µm to 12 

µm were simulated and examined using COMSOL Multiphysics. The study of confinement loss spectra is found 

that the high-loss and low-loss bands predicted by the ARROW surface model corresponded well with the 

confinement loss spectra regardless of the jack tube thickness, number of capillaries, core diameter, and 

wavelength. Three lowest order fundamental modes (TE01, TM01 and HE11) are considered and it is shown that 

the losses are minimum for all the cases. The designed fiber is very helpful to guide MIR light with low loss.  
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I. Introduction  
The use of mid-infrared fiber lasers has significant advantages for both fundamental research and 

industry applications, such as telecommunications, remote sensing, molecular detection, mid-infrared 

supercontinuum generating, material processing, laser surgery, and biomedicine [1] [2] [3] [4]. Many molecular 

solids, liquids, and gas absorption bands appear in the mid-infrared region [4] , [5]. At wavelengths of 2.9 µm, 

2.8 µm, and 2.4 µm, respectively, strong absorption lines are evident for the atmospheric constituents NO2, CO2, 

and CO. Since these transmission wavelengths are available, mid-infrared fiber lasers can be used in the 

telecommunications and remote sensing industries. On the other hand, these mid-infrared fiber lasers can be 

employed for molecular detection. In their mid-infrared absorption spectra, the majority of polymer materials 

exhibit a noticeable absorption band about 3.4 µm [6] [7]. 

The term "IR optical fibers" refers to materials that can carry both MIR and FIR radiation with 

wavelengths between 2 µm to 25 µm. The first chalcogenide glass (ChG) fiber made from the IR glass arsenic 

trisulfide (As2S3) was described in the middle of the 1960s, ushering in a lengthy and fascinating history for 

these fibers. It is exciting that IR fibers have made substantial strides in each of these areas, as this bodes well 

for a potential mass adoption in the future [6], [8] and [9]. 

Mid-infrared fiber lasers that operate in this frequency range can be utilized to treat polymer 

compounds. Furthermore, a lot of plastic materials have enough absorption at a wavelength of 2 µm to permit 

direct processing with mid-infrared fiber lasers at this wavelength [8]. The mid-infrared fiber lasers at 2 µm and 

3 µm are suitable options for laser surgery and biomedical applications, such as photo dermatology [9] and 

tissue ablation [10]  

Due to the high water content of biological tissue, there are strong absorption lines at 2 µm and 3 µm. 

Applications in the military, including night vision, surveillance, and missile guidance (at wavelengths of 8–12 

µm) and There is a lot of interest in the research field due to the large variety of applications for mid-infrared 

fiber lasers. The employment of silica optical fibers for the transmission of CO2 laser beams, military 

applications like missile guidance, night vision, and surveillance, is restricted by the mid-IR spectrum (in this 

study, we define the spectrum between 2 and 12 µm) material loss of silica-based glasses. Negative curvature 

hollow-core fibers (NCHCFs) have recently drawn attention for their low loss transmission and wide bandwidth 

in applications such as high-power light delivery, gas-light interaction in restricted spaces, and mid-IR 

navigation [11][12] [13],[14],[15]. Since air is normally transparent to IR radiation, a hollow-core silica fiber 

can be employed as a low-loss medium for the mid-IR range [17], [18], and [19]. However, at wavelengths 

greater than 4.5 µm, the transmission loss of silica NCFs becomes considerable due to the significant rise in 

silica's absorption. Alternative mid-IR transparent materials, including as chalcogenide and fluoride glasses, are 

chosen for building NCFs in the mid-IR range. [16], [17], [18]. 
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In conventional fiber, the core has a higher refractive index than the cladding. Because of total internal 

reflection (TIR), light can be entirely trapped within the fiber core. TIR, however, is unable to adequately 

capture the spreading processes in the case of the leaky fiber. Even leaky fibers with photonic band gaps in their 

claddings, such as band-gap fibers, exhibit loss as a fundamental property. [19]. The ARROW model, which 

stands for Anti-Resonant Reflecting Optical Waveguide, is commonly used to describe the properties of hollow 

core fibers with photonic band gaps and other hollow-core fibers. According to this theory, the layer with the 

high refractive index resembles a Fabry-Perot cavity. Light emerges from the layer with a high refractive index 

when the wavelength is close to the resonant wavelength. When the propagating wavelength is far from the 

resonant wavelength, however, the light should be reflected back, resulting in good confinement. As a result, the 

necessity for wavelength matching determines the band boundaries of high-loss and low-loss zones [19].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

The term negative curvature hollow core fiber (NCHCF) has two separate nomenclatures: negative 

curvature and hollow core fiber. The light guides in a HCF through the air core. The cladding regions are made 

of higher indexed material like silica, PMMA etc. It has been found that more than 98% of the mode is confined 

in air which makes the fibers very radiation insensitive and suitable for radiation hard environments [20]. The 

cladding region can be made of micro structured air holes [21],[22] or single ring tube structured [23], [24] or 

solid [25] . The hollow core fiber provides 30% faster communication, allows higher bandwidth and zero 

polarization effect due to low material absorption loss of air core [19]. 

For the production of km-long fibers utilizing a number of methods, chalcogenide glasses are 

appropriate [26], [27] and in the mid-IR region, both of which have huge transmission windows and minimal 

optical losses. Several chalcogenide NCFs that steer the light using the principle of blocked coupling have been 

proposed for low-loss CO2 laser delivery [28], [29]. A recently proposed NCF with a single ring of identical 

tubular cladding pieces encircling the hollow core has garnered interest because of its low-loss light direction 

and unobtrusive look [30]. Future research revealed that increasing the number of elements in the cladding 

structure greatly lowers losses because it improves light confinement [20], [31]. To the best of knowledge, 

chalcogenide NCFs with hybrid cladding structures have not been investigated in the mid-IR spectrum; 

however, NCFs with tubular, elliptical, and nested-cladding components have been investigated in the near-IR 

region [20],[31] and [32]. By conducting systematic research on identical and hybrid cladding designs, it is 

possible to increase the design alternatives for the mid-IR guidance. 

This study will investigate how light transmits with low loss via fibers using the mode analysis in RF 

modules as the electromagnetic model. Setting the proper boundary conditions and meshing will affect how 

accurately the confinement loss will perform. Our main focus is on the confinement loss spectra, which are 

affected by a lot of factors, such as the wavelength, the number of capillaries, the capillary thickness, the core 

size, and so on. 

 

II. Fiber Design And Modeling  
The performance of a hollow core fiber with an air core embedded with ten capillaries and a dielectric 

cladding was studied in this work for a range of system parameters, including wavelengths, core diameter, jack 

tube thickness, number of capillaries, and their thickness. Using Comsol Multiphysics TM, the NCHCF system 

model is illustrated in two dimensions. Silica glass is utilized in the study as a capillary and jack tube material. 

In Fig. 1, where the design data is given, the suggested fiber system's cross-section is depicted. The design 

includes an air core with a diameter of D, jack tubes with a thickness of T, capillaries with a number N, inner 

diameter of d_in, capillaries with a thickness of  t, and fibers with a diameter of  D_f. The basic design 

parameters that were employed in the simulation are listed in Table 1. 

 
The following formula is used to calculate the confinement loss (CL) in dB/m [33]. 

                             𝐶𝐿 = 8.686 (
2𝜋

𝜆
) . 𝐼𝑚(𝑛𝑒𝑓𝑓) dB/m                                             (1) 

 

In this equation, Im(neff) is the imaginary part of the effective refractive index, and λ is the incident 

wavelength. The refractive index of the cladding dielectric, which is made of silica, can be changed using the 

Sellmier equation [34]. 

                                    𝑛2(𝜆) = 1 +
𝐵1𝜆2

𝜆2−  𝐶1
+

𝐵2𝜆2

𝜆2−  𝐶2
+

𝐵3𝜆2

𝜆2−  𝐶3
                                      (2) 

where the values of the Sellmier constants, B1, B2, B3, C1, C2, and C3, are, respectively, 0.696163, 0.4079426, 

0.897479400, 0.0046791486, 0.0135120631, and 97.9340025. 
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Fig. 1: 2D cross-sectional image of the proposed hollow core fiber exhibiting the design data. 

 
Table No. 1: Proposed system design parameters for an IR application Fiber. 

Name Value Expression 

D 119[µm] Diameter of the fiber core 

N 10 Number of capillaries 

d_in 51[µm] Inner diameter of 
capillary 

t 6[µm] Thickness of capillary 

T 35[µm] Thickness of jack tube 

D_f 315[µm] Diameter of the fiber 

 

III. Result and Discussion 
Three lowest order modes were taken into account for simplifying the analysis. Here, we take into 

account that the entering light's electric field changes in the x-direction while the wave moves in the z-

direction. The lowest order mode of a waveguide is another definition for the fundamental mode. Here, LP01, 

which is the same as HE11, has been chosen as the fundamental mode. To observe the loss components of the 

organized fiber, we also took into account two additional low loss modes, LP11 odd (equal to TE01 or HE21 

odd) and LP11 even (corresponding to TM01 or HE21 even). Fig. 2 displays schematic illustrations of the 

electric field distribution for the modes taken into consideration in this work. 

 

Effects of Wavelength 
The loss spectra between 2 µm and 12 µm wavelength is investigated with D = 119 µm, dout = 63 µm, 

din = 51 µm, T = 35 µm. Fig. 3 depicts the outcome. The loss spectra that ranges (10−14 dB/m to 10−11 dB/m) 

is found for MIR light guide. All three considered fundamental modes (TE01, TM01 and HE11) losses are 

minimum. HE11 mode loss is the lowest one than others. Minimum loss is found at 7µm wavelength for TM01 

mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 02: Electric Field Distribution profile of (a) TE01, (b) TM01 and (c) HE11 modes 

 

 

(a) (b) (c) 
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Fig. 3: Confinement loss spectra with wavelengths. 

 

This 7µm wavelength is remain fixed for considering the effect of different design parameters like (size 

of the core, thickness of the jack tube, and the number of capillaries). Because of this low loss, these wavelength 

ranges are also becoming more and more important in military applications including missile guidance, night 

vision, surveillance, satellite detection, space observation, and space vehicle navigation and flight control. 

 

Effects of core diameter 
The outcome (Fig. 4) demonstrates that confinement loss drastically decreases when core diameter is 

varied from 100 to 200 μm, where loss is steadily lowered. Large core diameter optical fiber can attempt 

multimodal light guidance in the fiber core, including the basic and higher order modes. High confinement loss 

caused by multimodal guiding in the large core fiber had an impact on high-order mode loss and bending loss. 

But, in this study, the losses are minimum for all three considered modes and lowest loss is found for TM01 

modes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4:  Confinement loss spectra with various core diameters 
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Effects of the thickness of jack tube  

When the thickness of the jack tube T changes, the wavelength of the fiber remains constant. Fig. 5 

depicts the outcome. Fig. 5 demonstrates how confinement loss rapidly decreases as jack tube thickness 

increases. TE01 mode loss is higher than others. When jack tube thickness is 55µm, HE11 mode loss is minimum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5:  Confinement loss spectra for jack tubes of various thicknesses 

 

Effect of no of capillaries 

The variation of confinement loss with no of capillary is shown in fig. 6. Here, D = 119 μm, dout = 63 

μm, din = 51 μm, T = 35 μm are considered. While the number of capillaries N changes, the fiber's wavelength 

 remains constant. Confinement loss gradually decreases as the number of capillaries increases. HE11 mode 

exhibits the lowest loss than others. But, when capillary no is 10, HE11 mode exhibits the highest loss and 

minimum losses are found when the capillary no is 24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Confinement loss spectra with different no of capillaries 

 

IV. Conclusion  
In this study, we design and investigate the performance of NCHCFs to guide MIR light (2 µm -12µm) 

with low losses considering three fundamental modes (TE01, TM01 and HE11). COMSOL Multiphysics is used to 

simulate and examine the confinement loss spectra of this mid-infrared fiber. The effects of wavelength, 

capillary thickness, no of capillary, and fiber core diameter on confinement loss are also examined. The findings 
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of this research could aid in the design of mid-infrared fiber for military applications such as missile guidance, 

night vision, surveillance, space observation, space vehicle navigation, and flight control with relatively low 

losses. 
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