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We report a silica glass nested capillary inhibited 
coupling fiber with transmission and low bending 
sensitivity in the mid-infrared around 4000 nm. The fiber 
is characterized in terms of transmission over 1700-4200 
nm wavelengths, revealing a mid-infrared 3500-4200 nm 
transmission window, clearly observable for a 12 m long 
fiber. Bending loss around 4000 nm is 0.5 dB/m 
measured over 3 full turns with 40 mm radius, going up 
to 5 dB/m for full turns with 15 mm radius. Our results 
provide experimental evidence of hollow-core silica 
fibers in which nested, anti-resonant capillaries provide 
high bend resistance in the mid-infrared. This is obtained 
for a fiber with large core diameter of over 60 µm 
relative to around 30 µm-capillaries in the cladding, 
which motivates its application in gas fiber lasers or 
fiber-based mid-infrared spectroscopy of COx or NxO 
analytes. 
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The inhibited coupling guiding mechanism in optical fibers significantly limits the overlap of the air-core guided mode with the glass capillary structures forming the cladding. The first reported inhibited coupling fibers (ICFs) were the Kagomé fibers, developed in 2002 [1]. The principle of light guidance in such fibers was explained in 2007 [2], revealing the fundamental difference between photonic bandgap (PBG) and inhibited coupling (IC). A simplified structure, consisting of only one ring of circular capillaries of the cladding, was first reported in 2011 [3]. This was followed by a rapid development of various designs of hypocycloid-core fibers with emphasis on fibers with the core area 

limited by a single ring of circular, non-touching capillaries [4,5]. Low intrinsic nonlinearity and dispersion of these fibers make them particularly attractive for high energy pulse delivery [6]. The possibility to largely modify their optical properties by infiltration with liquids or gases opens up interesting applications in optofluidics [7] or temporal compression down to single optical cycles of laser pulses in the mid-infrared [8]. Low attenuation is the obvious advantage of any fiber for a practical application and loss below 10 dB/km in the visible and at important laser wavelengths in the near-infrared has been reported in ICFs [9,10]. More recently, an anti-resonant fiber with measured attenuation of 2 dB/km at a wavelength of 1512 nm made it possible to consider them for specific telecommunication applications [11]. Such applications are among the important motivations for development of hollow-core fibers and data transmission was demonstrated in an air-core photonic bandgap fiber already in 2013 [12]. Dramatic improvement in bringing down of attenuation level – ultimately down to around 1 dB/km – prompted later demonstrations of data transmission in inhibited coupling fibers in the third telecommunication window, as well [13-15]. Mid-infrared guidance in silica fibers is disruptive for gas sensing and spectroscopy applications [4,16]. The feasibility to design robust multiple-pass setups is crucial for development of fiber-based cavity-enhanced spectroscopy [17]. Several-meter or longer gas-filled fibers are becoming important for fiber-based gas lasers exploiting Raman scattering [18]. More recently, mid-infrared lasers operating between 3100 nm or 4600 nm wavelengths and based on optical transitions between vibrational energy bands of different molecular gasses, have been reported using gas-filled, anti-resonant fibers [19-22]. The fiber cavity length, exceeding 10 m in either of cases, was reported among the key parameters of optimizing the system efficiency, which puts significant pressure 



on bending loss performance of fibers used to build such systems. Gas-filled ICFs have also been shown as attractive experimental platforms for nonlinear propagation, broadening and compression of ultrashort pulses across the UV to mid-infrared [23-26]. ICFs made of silica glass have been experimentally demonstrated to guide light at wavelengths up to 7900 nm, with attenuation at 3900 nm of roughly 50 dB/km [27]. Attenuation of 34 dB/km at 3050 nm and 85 dB/km at 4000 nm, was found for ICFs with a triangular cladding [28,29]. Mode confinement in ICFs is very sensitive to bending and is considered as one of the greatest challenges [30]. Hollow core PBG fibers were outperforming anti-resonant fibers in this regard [30]. Significant research effort has been devoted to overcoming this drawback, resulting in reported bend losses of ICFs in the order of 0.25 dB/turn [31], 0.2 dB/m of attenuation at 5 cm radius in the NIR range [32] and finally a result of 0.03 dB/turn bend loss for a 30 cm bend diameter at 750 nm has been reported [11]. Bend loss below 1 dB/km for R=10 cm at 1512 nm was recently demonstrated as well [11]. An important conclusion was drawn between low bending loss and small core diameter ICFs [33]. A variant of ICFs with nested capillaries has been shown to alleviate the challenge of bend losses [34]. First reported fabricated structure with nested capillaries was a 10-capillary ICF, followed by a 5-capillary fiber [35,36]. In this Letter, we report on development of an inhibited-coupling, silica glass fiber with nested capillaries, and on characterization of its transmission, attenuation and bending losses with a focus on the mid-infrared spectral range around 4000 nm. 

 Fig. 1.  SEM image of the nested capillary inhibited-coupling fiber. The silica glass nested capillary ICF was fabricated using the stack-and-draw technique. Microstructure of the fiber is shown at a scanning electron microscopy (SEM) image in Fig. 1. It consists of a cladding with 7 nested capillaries. Criterion for number of capillaries is usually attenuation of fiber and exceptionally low attenuation has been reported for ICFs with between 5 [14,37], through 6-7 [9,30] to 8-10 capillaries [4] in the cladding. A 7-nested capillary ICF has been reported previously, albeit with significantly less uniform structure, than that in Fig. 1 [38] and nested capillary ICFs have been numerically investigated for mid-infrared transmission [39]. The outer diameter of our fiber is 162 µm, the air core diameter is 62 µm. The outer and inner capillary diameters are 29 µm and 16 µm, and their wall thickness are 1.6 µm and 0.9 µm, respectively. All transmission measurements and mode imaging has been performed with a 150 cm long sample. Light from a Leukos Electro-250-Mir supercontinuum and NKT Photonics SuperK MIR 

supercontinuum has been coupled to the fiber with a mid-infrared, black diamond aspheric lens (Thorlabs C036TME). At output of the fiber, light was collimated with a parabolic off-axis silver mirror with a 10 cm focal length into a free-space input of a Fourier transform infrared (Thorlabs OSA205, FTIR) optical spectrum analyzer (OSA) for measurements in the mid-infrared or to a diffractive OSA for long-wave near-infrared measurements (Yokogawa AQ6375B). This, together with securing of both fiber ends in 9 cm long bare fiber mounts on translation stages, assured mechanical stability during measurements. In a similar way, the fiber output was collimated for characterization using an extended InGaAs beam profiler. 
 Fig. 2.  Beam profiler images of fiber output recorded at 2500 nm: (a) unperturbed fundamental mode in effectively straight fiber, (b) fundamental mode when the fiber is coiled at 0.5 cm radius, (c) and (d) LP11 modes with the fiber is effectively straight and coiled at 0.5 cm radius, respectively. The fiber supports guidance of few modes at 2500 nm, but the fundamental mode can be selectively excited, as shown in Fig. 2(a). Higher order modes in this case were excited using offset launch, as shown in Fig. 2(c). We also measured numerical aperture (NA) of the fiber by registering output beam profiles in far field with a phosphor-covered CCD camera. Output of single-mode laser diode operating at 1548 nm was coupled into the fiber with an aspheric lens (NA=0.25). Fundamental mode or higher order modes were selectively excited by changing the coupling conditions. Output beam size was measured at 1/e2 of maximum intensity. NA was calculated form the slope of linear fitting of measurement points (beam radius as a distance function) using formulas  ݁݌݋݈ݏ = ܣܰ  and  (߮)݃ݐ =  obtaining NA = 0.037 for the fundamental mode and NA = 0.077 for a higher order mode. The fiber was protected with an acrylic coating and bending as tight as to a radius of r = 0.5 cm was possible. Depending on coupling adjustment, the LP11 mode could be observed, as shown in Figs. 2(c,d). Bending of fiber with these modes excited resulted in scrambling to a structure similar to the fundamental mode. Fig. 3 contains results related to transmission and results of attenuation measurements are shown in Fig. 4. Finite element method simulation results, obtained using Comsol Multiphysics (Wave optics module) for the fiber based on a vectorized image of real fiber structure, are shown in Fig. 3(a). Triangular mesh was used in modelling with mesh elements ranging from 0.4 µm to 0.015 µm, depending on covered area of fiber structure. Material loss of silica was neglected. Bending loss was modelled assuming straight fiber geometry with modified refractive index [40]. Simulation results predict transmission windows in the 1800-2600 nm spectral range, as well as over 3400-5000 nm. Attenuation penalty of around a factor of 10 at a wavelength of about 4500 nm can be anticipated, and this is related to the fact, that equal capillary thickness has not been maintained in the technological process. Numerical simulations of bend loss further reveal, that confinement loss penalty of about 1 dB/m can be expected, regardless of bend radius, when comparing an equal capillary thickness (0.9 µm) and the developed fiber structures. Up ,(߮)݊݅ݏ
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In conclusion, we reported successful development of an inhibited coupling silica fiber with mid-infrared transmission up to around 4200 nm, while numerical simulations allow to anticipate this transmission window to continue up to at least 5000 nm. This would cover frequencies of asymmetric stretching vibrational modes of CO2 and N2O molecules (wavelengths around 4250 nm and 4500 nm, respectively). The measured mid-infrared attenuation of 1-2 dB/m prompts for improvement of both the fiber design and the technological procedure. At the design level, the cladding capillary to the core diameter ratio should be optimized for effectively single-mode operation. Recent theoretical results reported for nested capillary ICFs identify this ratio at around 1.129 [37], while in our case it is around 0.46. At the technological level, the pending improvement relates to maintaining of similar capillary wall thickness. Despite these imperfections, already with the demonstrated fiber were we able to achieve very low bending sensitivity corresponding to bending loss down to 0.5 dB/m at a bending radius of just 40 mm at 3800-3900 nm wavelengths, by introducing nested capillaries into the fiber microstructure. We note, that exceptional results in terms of attenuation and bending loss at a single dB/km level have been reported in hollow core conjoined tube capillaries and in nested capillary nodeless ICFs, in each case in the third telecommunication window [11,14]. Tens of dB/km loss in effectively straight ICFs has been reported around 3000-4000 nm, eg. [28,29], which also identified the challenge of bend loss in this wavelength range for bending radii smaller than 20 cm. Our results provide an experimental evidence for the feasibility of limiting bending loss to reasonable levels for bend radii as small as 3-4 cm and for the crucial role of the nested anti-resonant capillaries in providing high bend loss resistance in hollow-core silica fibers operating in the mid-infrared. 
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