[image: image1]Broadband Coherent Mid-Infrared Supercontinuum Generation in All-Chalcogenide Microstructured Fiber With All-Normal Dispersion

		ORIGINAL RESEARCH
published: 08 July 2022
doi: 10.3389/fphy.2022.933010


[image: image2]
Broadband Coherent Mid-Infrared Supercontinuum Generation in All-Chalcogenide Microstructured Fiber With All-Normal Dispersion
Kun Xiao1*, Yudong Ye2,3 and Rui Min4
1College of Education for the Future, Beijing Normal University, Zhuhai, China
2State Key Laboratory of Lunar and Planetary Sciences, Macau University of Science and Technology, Macao, China
3CNSA Macau Center for Space Exploration and Science, Macao, China
4Center for Cognition and Neuroergonomics, State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Zhuhai, China
Edited by:
Santosh Kumar, Liaocheng University, China
Reviewed by:
Dharmendra Kumar, Madan Mohan Malaviya University of Technology, India
Mingjie Zhang, Jinan University, China
* Correspondence: Kun Xiao, xiaokun@bnu.edu.cn
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 30 April 2022
Accepted: 03 June 2022
Published: 08 July 2022
Citation: Xiao K, Ye Y and Min R (2022) Broadband Coherent Mid-Infrared Supercontinuum Generation in All-Chalcogenide Microstructured Fiber With All-Normal Dispersion. Front. Phys. 10:933010. doi: 10.3389/fphy.2022.933010

We demonstrated numerically the generation of broadband, coherent supercontinuum (SC) spectra in the mid-infrared region using dispersion-engineered all-chalcogenide microstructured fibers (MOFs). The 1-cm-long hexagonal fiber can be made with Ge11.5As24S64.5 glass as a low-refractive-index material embedded in a Ge11.5As24Se64.5 glass matrix. By optimizing the structural parameters, we determined a broad and flat all-normal-dispersion characteristic up to 14 μm. A highly coherent broadband SC with an intensity greater than −3 dB in the range from 5973 to 8695 nm is obtained when the fiber is pumped by a 7 μm laser with pulse duration of 50 fs and peak power of 6 kW. Flat-top SC of −30 dB level can be observed utilizing identical pump pulse parameters, covering wavelengths from 3823 to 13577 nm (>1.5 octaves). This broadband coherent MIR SC source can be applied in frequency metrology, optical coherence tomography, biomedical imaging, and few-cycle pulse compression.
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INTRODUCTION
Supercontinuum (SC) generation in the mid-infrared (MIR) spectral region has great potential because it offers unique capabilities in molecule detection and identification [1]. The development of broadband coherent MIR SC sources has improved technologies such as trace gas spectroscopy and optical sensing [2, 3], and boosted studies and applications in frequency metrology, optical coherence tomography, and biomedical imaging [4–6]. To achieve a coherent SC output with the broadest spectra, a common way is to pump the fiber in its anomalous dispersion regime and close to the zero-dispersion wavelength (ZDW) [7]. However, since the spectral broadening mechanism here is dominated by soliton-related dynamics, the generated SC spectra are strongly sensitive to fluctuations of the pump pulse intensity and present considerable fine structure throughout the bandwidth [8, 9]. Modulation instability processes also have a significant influence on SC coherence, where the initial spectral broadening is seeded from noise when pumping occurs in the anomalous dispersion regime [10]. Alternatively, the use of all-normal dispersion (ANDi) fibers based on the adjustment of group velocity dispersion (GVD) offers an opportunity to generate highly coherent, single-pulsed, stable SC spectra, where the broadening mechanism is mainly self-phase modulation (SPM) and optical wave breaking (OWB) [11, 12]. The coherence of the output SC thus is almost the same as that of the pump source, attributed to the fact that the SPM and OWB processes are self-seeded [8]. Therefore, SC spectra with better shot-to-shot coherence and spectral flatness over the bandwidth could be obtained when optical fibers are engineered in all-normal dispersion, and the single pulse preserved in the time domain is also essential for applications in time-resolved measurements and few-cycle pulse compression [13, 14].
Coherent SC generation that covers up to the near-infrared region based on ANDi microstructured fibers (MOFs) has been investigated numerically and experimentally [14–18]. However, the transmission loss beyond 2.7 μm and the relatively weak nonlinearity of commonly used silica glass tremendously limit the silica fibers reaching the MIR region [12, 19–22]. Chalcogenide (ChG) fibers have been demonstrated to be promising candidates due to their high intrinsic nonlinearity and low photon energies [14, 18, 23], and the long-wave transmission edge can be up to about 14 μm when selenide-based materials are used [24–27]. Compared to standard step-index fibers, MOFs, or photonic crystal fibers (PCFs), are more attractive because of their ability to adjust the waveguide dispersion so that material dispersion is compensated. Combining ruggedness, compactness, and excellent beam quality of fiber-based light sources, an ANDi profile is achievable in MOFs with enhanced nonlinear effects, controllable mode area, and desirable GVD properties through dispersion engineering [28]. Among all MOFs, all-solid microstructured cladding could avoid holey structure deformation and environmental gas impurities during thermal processing in fiber fabrication [29]. Recently, the generation of broadband SC spectra in the MIR region through all-solid MOFs has been demonstrated both experimentally [15, 16, 18, 30] and numerically [31–33]. Klimczak et al. experimentally demonstrated a MIR SC extending to 2.3 μm with a soft glass PCF made of boron-silicate glass and silicate glass, pumped with 75-fs pulses at 1550 nm [16]. Liu et al. experimentally reported a coherent MIR SC generation covering up to 3.3 μm based on a 2-cm-long AsSe2/As2S5 four-hole ChG MOF pumped by a 2.7 μm laser [15]. Ren et al. experimentally demonstrated a Ge12As24Se64/Ge10As24S66 MOF with an ultra-large mode area, generating MIR SC from 3.5 to 7.5 μm, pumped at 4 μm in the ANDi regime [30]. Yuan et al. experimentally reported a broadband coherent MIR SC generation up to 13.2 μm in an ANDi Te-based ChG MOF made from Ge20As20Se20Te40 and As2S3, under pumping at 5 μm [18]. Among the chalcogenide family, Ge11.5As24Se64.5 has gained considerable interest not only due to its relatively high nonlinearity (about 2.5 times that of As2S3), but also due to its higher thermal, optical, and chemical stability under intense illumination [34, 35]. Karim et al. numerically showed MIR SC spectral broadening extending beyond 15 μm in a Ge11.5As24Se64.5/Ge11.5As24S64.5 triangular-core fiber, pumped at 4 μm in the anomalous dispersion regime [31]. Huang designed a ChG MOF composed of hexagonal rings using As2Se3 and Ge11.5As24Se64.5, which supports SC generation from 3450 to 8015 nm when the fiber is pumped at 5 μm [32]. Medjouri et al. simulated a MIR SC with wavelengths ranging from 1.6 to 7 μm with an ANDi Ge15Sb15Se70/Ge20Se80 MOF, pumped with pulses of 50 fs at 3 μm [33].
In this work, we numerically demonstrate broadband and coherent MIR SC generation in a dispersion-engineered all-solid MOF using Ge11.5As24Se64.5 as the core embedded with low-refractive-index Ge11.5As24S64.5 rods in its cladding. The lasers can then be confined and propagated in the core region of the MOF obeying the guidance mechanism similar to that of conventional fibers. By optimizing structural parameters, ChG MOF with broad and flat all-normal dispersion profiles from 4 to 14 μm can be achieved, supporting the generation of broadband SC covering up to the transparency limit wavelength (∼14 μm) of the GeAsSe glass with perfect coherence when pumped by wavelength-tunable femtosecond lasers with peak powers of no more than 6 kW. The generalized nonlinear Schrödinger equation is used to model the spectral broadening, and the output bandwidth and coherence are studied when various pump pulse and fiber characteristics are applied. To the best of our knowledge, this is the broadest coherent SC generation in the ANDi MOF where the broadening mechanism is mainly SPM and OWB effects.
CONCEPT AND FIBER STRUCTURE
The schematic cross-section of the proposed all-chalcogenide MOF structure is depicted in Figure 1. In this study, we employed a three-ring hexagonal lattice all-solid MOF structure, which can be manufactured using the rod-in-tube drawing technique [36]. The gray regions denote low-index Ge11.5As24S64.5 glass rods, and the background region denotes high-index Ge11.5As24Se64.5 glass. The ChG MOF is modeled and optimized by varying the pitch [image: image] and diameters of the innermost ring of GeAsS rods [image: image] and outer rings of the rods [image: image], through the CUDOS MOF Utilities package based on a multipole method [37, 38]. The waveguide characterizing parameters can then be calculated and optimized by investigating the structure of the MOF. The Sellmeier equations are used to determine the wavelength-dependent linear refractive index of the Ge11.5As24Se64.5 and Ge11.5As24S64.5 ChG glasses over the entire wavelength range [35]:
[image: image]
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where [image: image] is the wavelength in micrometers. By incorporating the material refractive index, the dispersion parameter of the MOF can be evaluated from the real part of the effective index [image: image][7, 39]:
[image: image]
where c denotes the light speed in the vacuum. On the other hand, the imaginary part of the effective index [image: image] is related to the confinement loss L in decibels per meter which results from the finite transverse extent of the confining structure through relation [39]:
[image: image]
[image: Figure 1]FIGURE 1 | Schematic cross-section of the all-chalcogenide microstructured fiber.
To study MIR SC generation in the ANDi regime, the pulse spectral evolution inside the proposed MOF is modeled by solving the generalized nonlinear Schrödinger equation (GNLSE) [7] including two-photon absorption (TPA) [40]:
[image: image]
The left-hand side of Eq. 5 models linear propagation effects, where [image: image] indicates the slowly varying pulse envelope evolving along the length of the MOF structure in a retarded time frame with reference [image: image] moving at the group velocity [image: image]. [image: image] is the transmission loss, and[image: image]’s are the k’s order dispersion coefficients associated with the Taylor series expansion of the propagation constant [image: image] around the carrier frequency [image: image]. The right-hand side of Eq. 5 models nonlinear effects: [image: image] is the usual nonlinear coefficient, where [image: image] is the nonlinear refractive index and [image: image] is the mode effective area evaluated at [image: image] with [image: image] as the electric field intensity. The TPA coefficient is [image: image] [41], and can be assumed to be negligible when pumping occurs below 8 μm in our case. Shock term [image: image] is included. The response function [image: image] includes both instantaneous Kerr response and delayed Raman contributions, where [image: image] can be expressed as [42].
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The coefficients [image: image] [image: image], and [image: image] are used to model the Raman response of our ChG material [40]. In our simulation, a hyperbolic secant-shaped pulse is used with the optical field in the form
[image: image]
where [image: image] is the peak power, and [image: image] is the pulse full width at half-maximum duration (FWHM). The complex degree of first-order coherence used to investigate coherence degradation is calculated at each wavelength in SC by [8, 9].
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Angular brackets denote an ensemble average over independently generated pairs of SC spectra [image: image], [image: image] and [image: image] is the time measured at the scale of the temporal resolution of the spectrometer used to resolve these spectra. To focus on the wavelength dependence of the coherence, we calculate the [image: image] at [image: image].
RESULTS AND DISCUSSION
Dispersion Engineering of Chalcogenide Fiber
The SC spectral evolution at the fiber output is significantly dependent on the dispersion optimization. To achieve coherent SC spectral broadening up to the MIR region, a flat GVD profile with a small magnitude spanning a wide wavelength range in the ANDi regime is a vital factor, which can be modified by varying the geometric parameters of the MOF [17]. To obtain suitable GVD curves for pumping in this regime, numerous simulations are carried out on the proposed MOF structure with variations in its pitch and rod diameters. Figures 2A–C illustrate the fundamental mode dispersion curves calculated from the mode effective index obtained by the CUDOS MOF Utilities package. The material dispersion curve of the core glass Ge11.5As24Se64.5 is also given as a reference, where the slope of the curve changes abruptly around 4 μm, and the zero dispersion of the material wavelength is located at approximately 7.1 μm. When the cladding region is embedded with Ge11.5As24S64.5 glass rods with a relatively low refractive index, the waveguide dispersion of the MOF can be significantly modified, and the ZDW of the fiber extends into the red spectral region. Figure 2A shows that for fixed rod diameters [image: image] and [image: image], larger pitch [image: image] shifts the GVD curve closer to the material dispersion. This is because, for larger pitches, the waveguide effects are weaker due to the larger MOF core, and thus the GVD is dominated by the material dispersion. On the contrary, for smaller pitches, the waveguide dispersion becomes stronger to compensate for material dispersion, whereas the amplitude of the dispersion curve oscillations increases. When [image: image] increases from 1.6 to 1.8 μm, the ZDW is blue-shifted from 14.5 to 13.8 μm. Figure 2B shows that for fixed rod diameter [image: image] and pitch [image: image], the curve oscillation amplitude is also affected by the variation in rod diameter [image: image]. When [image: image] increases from 0.9 to 1.1 μm, the dispersion curve can be further flattened in the wavelength range between 4 and 14 μm, however, the ZDW is blue-shifted from 14.6 to 13.6 μm. Although Figures 2A,B look similar in the wavelength range we are concerned about, there are still some minor differences resulting from the change of waveguide dispersion. In Figure 2A, the wavelengths associated with the local maximum dispersion in the three cases are stagnant at around 8 μm because the pitch [image: image] variation mainly influences the ZDW and oscillations of the dispersion, while in Figure 2B, the local maximum dispersion wavelength increases with the diameter [image: image], which is the result of the competition between the material dispersion and the waveguide dispersion due to the mode confinement nature of the MOF [39]. The influence of diameter [image: image] is also apparent in the short-wavelength region, where the behavior is similar to that of rod diameter [image: image] in this region in Figure 2C. As the innermost ring of the rods, the diameter [image: image] impacts more on the light at short wavelengths because for short waves, the fine structure of the MOF matters, resulting in a great concentration in the core region. For longer wavelengths, which is above 6 μm in our case, the structure tends to be uniform, and the effective index of the mode would be limited within the uniform refractive index of the structure, thus generating nearly the same dispersion curve at long wavelengths [39]. The results show that the MOF exhibits broad and flat all-normal dispersion profiles before 14.2 μm with optimized diameters of the innermost ring of rods ([image: image]) and two outer rings of rods ([image: image]), and the pitch of the rod lattice is [image: image]. Flattened dispersion is observed from 4 to 14 μm with an oscillation amplitude of [image: image], and a local maximum of [image: image] at 7.9 μm. For the optimized MOF structure, mode effective areas ([image: image]) are obtained through the CUDOS MOF Utilities package and their corresponding nonlinear coefficients ([image: image]) are calculated using [image: image] [41] as shown in Figure 2D. The confinement loss is calculated based on the multipole method, and by combining the material linear propagation loss of [image: image][31, 35], the transmission losses [image: image].3, 34.2, 136.0, 339.7, and 663.7 [image: image] at pumping wavelengths of 3–7 μm are considered for our proposed MOF throughout all the SC simulations, respectively. Besides, impurity absorption attributed to the S-H, Se-H, Ge-H, As-H, O-H, and Ge-O bonds located at corresponding 4.1, 4.6, 4.9, 5.0, 6.3, and 7.9 µm, also has a great impact on the output spectral smoothness [18, 43]. However, by adopting purification in further fiber fabrication processes and all-solid microstructured fiber structure, one may obtain an effective way to reduce impurity absorption and prevent water contamination in the air [18, 29]. The fiber length is kept as short as 1 cm to reduce long propagation loss. It is worth mentioning that the MOF may support multimode transmission, whereas higher-order modes experience confinement losses of more than 10 times that of the fundamental mode based on our calculation. Previous research suggests that the SC bandwidth generated remains unchanged for a pump pulse with femtosecond duration due to the temporal walk-off between modes, preventing Raman-induced energy transfer [44]. Therefore, the SC bandwidth at the output of the MOF is not affected by higher-order modes, since an ultrashort pump pulse with a duration shorter than 200 fs is considered for our proposed designs.
[image: Figure 2]FIGURE 2 | (A–C) Calculated material dispersion of GeAsSe glass and GVD characteristic curves of MOFs with various structural parameters. (D) Effective mode areas and their corresponding nonlinear coefficients for the MOF structure.
Broadband Coherent MIR Supercontinuum Generation
Pulse propagation in the proposed MOF is simulated using the split-step Fourier method to solve the GNLSE Eq. 5 through Python. Using the tunable pump source from 3 to 7 μm, the MIR SC spectral evolution in the ANDi regime is predicted using secant-shaped pulses of femtosecond duration in the MOFs with a low peak power of no more than 6 kW.
The spectral evolution on a logarithmic scale with the propagation distance in the fiber is shown in Figure 3A, where the pump pulse duration is 50 fs (FWHM) at 3 μm with a peak power of 1 kW. For a normal GVD pumping, the broadening process is initiated by the SPM, and the approximately symmetrical property is typical of what can be expected when SPM interacts with fiber’s normal dispersion [7]. The somewhat asymmetric SC spectral shapes are due to the influence of high-order dispersion, and the narrower spectrum bandwidth in the blue region is also the result of the much steeper GVD slope on this side of the pump as shown in Figure 2. The wave-breaking distance is introduced to calculate the propagation distance in fiber where the OWB starts to occur and spectral broadening begins to appear on both sides of the pump wavelength. For the secant-shaped pulse applied in our simulation, the estimated wave-breaking distance [image: image] is given by [15, 45].
[image: image]
[image: Figure 3]FIGURE 3 | (A) Dependence of the spectrum evolution with the propagation distance. (B) Spectral profiles at different fiber propagation distances, with pump pulse wavelength at 3 μm marked as a vertical gray dashed line. The pump pulse duration and peak power are 50 fs and 1 kW, respectively.
The wave-breaking distance is 0.30 cm in this case as indicated in Figure 3A, which means that for fiber parameters and pumping conditions applied in our simulation, both OWB and SPM play a key role in the spectral broadening after 0.30 cm. Horizontal white dashed lines represent the fiber propagation distances where the spectral intensity profiles are investigated, as shown in Figure 3B, with every vertical interval divided by horizontal gray dashed lines representing a 6-dB variation in intensity. The pump pulse wavelength at 3 μm is marked as a vertical gray dashed line in Figure 3B. At a propagation distance of 0.25 cm, the spectrum bandwidth is narrow, and the peaks dominated by SPM are strong. After about 0.3 cm of propagation, sidelobes become apparent at both sides of the pump wavelength attributed to the effect of OWB, where the spectrum sidebands are obtained at the leading and trailing edges of the pulse by continually mixing the overlapping frequency components generated from SPM [11, 32]. Therefore, the spectral bandwidth is substantially maintained, and the spectral profile of the SC is well preserved during spectral broadening. At 0.5, 0.75, and 1.0 cm, the spectral profiles almost exhibit similar flatness and bandwidth, and a smoother profile is achieved with propagation. The spectral bandwidth with an intensity greater than −30 dB spans more than one octave, ranging from 2199 to 4465 nm.
The influence of pump pulse parameters on the spectral profiles is investigated to explore the spectral bandwidth and profiles of the generated SC. The spectral profiles of SC generation when pumping occurs at wavelengths tuning from 3 to 6 μm are shown in Figure 4A. The pulse FWHM and peak power are fixed at 50 fs and 1 kW, respectively. When pumping at 3 μm, the intensity in the short-wavelength region is slightly higher than that in the long-wavelength region due to the sharp increase in the magnitude of the dispersion below 3 μm, which generates an SC spectrum shifted toward the blue region. The spectral bandwidth with an intensity greater than −3 dB is 814 nm. As the pump wavelength moves further into the mid-infrared region, the spectral bandwidth becomes wider and more intensity is shifted toward the longer wavelength, and by combining a flat all-normal dispersion in this region, a spectral broadening with better smoothness is obtained. When pumping at 5 and 6 μm, the spectral bandwidth with an intensity greater than −3 dB achieves 1190 nm and 1180 nm, respectively. The relatively narrower 3-dB bandwidth when pumping occurs at 6 μm is due to the lower nonlinear coefficient and the smaller dispersion magnitude of the MOF at 6 μm, which induces more energy to be transferred to the far end of the spectrum by OWB. This process broadens the spectral bandwidth to 5.8 μm with an intensity greater than −30 dB when pumping at 6 μm. The impact of pump pulse duration on spectral profiles is investigated and shown in Figure 4B, when the pump pulse wavelength and peak power are fixed at 6 μm and 3 kW, respectively. In these cases, the broadest spectrum appears at the shortest pump duration of 50 fs. For longer pulse durations, a narrower bandwidth is generated with degraded flatness and smoothness, and peaks and dips emerge near the pump wavelength. This behavior can be attributed to the SPM effect at a longer pump pulse duration. As the wave-breaking distance is approximatively proportional to the pulse duration according to Eq. 9, OWB occurs later when longer pump pulses are employed, resulting in an SC spectrum with dips and peaks dominated by SPM. When the pump pulse with more peak power is applied, the SC spectrum becomes broader and extends to the transparency limit wavelength of the GeAsSe glass, as shown in Figure 4C, where the pulse wavelength and FWHM are fixed at 7 μm and 50 fs, respectively. By escalating pump pulse peak power from 3 to 6 kW, the spectra demonstrate better flatness and smoothness with increasing bandwidth. With higher peak power employed, more energy is transferred to new wavelengths at a broader spectral region due to the OWB effect. The spectral bandwidth with intensity above −30 dB achieves 9.8 μm, ranging from 3823 to 13577 nm, corresponding to more than 1.5 octaves. The 3-dB bandwidth is 2.7 μm, ranging from 5973 to 8695 nm. The generated broadband SC spectrum hence can be compressed to sub-cycle MIR pulses. Compared to previous works, including but not limited to [14–21, 32, 33], smooth SC spectra with a broader bandwidth are obtained from our proposed ANDi MOF with a relatively low pump peak power, based mainly on SPM and OWB effects. Such a broadband SC generation can be attributed to the combination of material nonlinearity and the optimized broad and flat all-normal dispersion profile. In all our simulations, the highest peak power density occurs when a 7 μm laser is applied with duration and peak power of 50 fs and 6 kW, respectively. Assuming the pump laser is focused on the MOF with a spot area the same as the mode area, which is 25.9 μm2 under 7 μm pumping, the peak power density is 23 GW/cm2, which is considered acceptable according to previous research [43, 46].
[image: Figure 4]FIGURE 4 | Supercontinuum generation in the 1-cm-long MOF with (A) pump wavelength from 3 to 6 μm, with a pulse FWHM of 50 fs and peak power of 1 kW; (B) pump pulse FWHM from 50 to 200 fs, with a pulse peak power of 3 kW at 6 μm; (C) pump pulse peak power from 3 to 6 kW, with a pulse FWHM of 50 fs at 7 μm. Pump pulse wavelengths are marked as vertical gray dashed lines.
The influence of the fiber parameters is also investigated since the deviation in geometric parameters usually occurs during fiber fabrication. Figures 5A–C show the SC output from the fibers with different pitch and rod diameters mentioned in Figure 2, where the pump pulse wavelength, FWHM, and peak power are fixed at 7 μm, 50 fs, and 6 kW, respectively. With a pitch deviation of [image: image], dispersion varies more in the long-wavelength region, and the spectral profile reflects this variation in this region, as shown in Figure 5A. For the increased pitch of the fiber, the generated spectral bandwidth greater than −30 dB becomes broader due to the smaller magnitude of the dispersion. The 3-dB bandwidth expects subtle changes as the pitch fluctuates. Figure 5B shows the influence of the rod diameter [image: image] on the spectra profile. With this diameter increasing from 0.9 to 1.1 μm, the wavelength associated with the local maximum dispersion shifts toward the red region, and when it is located around the pump wavelength, a broader 3-dB bandwidth of the SC appears, which is the case where [image: image]. The larger magnitude of the dispersion above 9 μm reduces the spectral bandwidth greater than −30 dB for smaller diameter [image: image]. The fluctuation of the rod diameter [image: image] has a minute influence on the dispersion profile as shown in Figure 2C, the SC spectral profiles thus are almost invariable in this situation, as shown in Figure 5C. Therefore, for pump pulses with given parameters, the output spectral bandwidth and flatness can be compromised when nonlinearity and dispersion are balanced, which is the case when the ANDi MOF structure is engineered with the exact design parameters [image: image], [image: image], and [image: image]. However, we can conclude from Figures 5A–C that the deviation of [image: image] is acceptable because within this range the spectra are still broad and smooth, and the spectral profiles remain without much change. Figure 5D shows the SC output spectrum for a pump pulse with the same parameter as in Figures 5A–C, with and without introducing an optical attenuation of 663.7 dB/cm, calculated from Eq. 4. Compared to the case without loss, the actual generated SC spectrum bandwidth with an intensity greater than −3 dB is reduced by 1.00 μm, and the 30-dB bandwidth is narrowed by 0.38 μm, attributed to the short fiber length used in our simulation.
[image: Figure 5]FIGURE 5 | (A–C) Influence of the geometric parameters of the fiber on the spectral profiles. (D) SC generated with and without introducing transmission loss. The pump pulse wavelength (marked as vertical gray dashed lines), FWHM, and peak power are 7 μm, 50 fs, and 6 kW, respectively.
The coherence property of the SC generated is investigated according to Eq. 8 when the ChG MOF is pumped at 7 μm with 50 fs FWHM and 6 kW peak power. The SC spectrum is highly coherent over a broad bandwidth as shown in Figure 6, where zero denotes incoherent, and one is coherent on the scale bar. An ensemble average of over 200 pairs of independent SC spectra generated from input pulses with random quantum noise for the MOF structure of [image: image], [image: image], [image: image] is used to compute the modulus of the complex degree of coherence. The result indicates that highly coherent mid-infrared SC light expanding from 3.8 μm to the transparency limit of the GeAsSe glass is generated when pumped by a 7 μm laser. The relatively low coherence below 3.8 μm is due to the large magnitude of material dispersion, which significantly affects fiber GVD. Consequently, the SC output in this range involves a strong SPM, leading to the fluctuation of the output.
[image: Figure 6]FIGURE 6 | SC spectrum pumped at 7 μm with 50 fs FWHM and 6 kW peak power and its coherence property in all-chalcogenide MOF.
CONCLUSION
In this work, we propose a dispersion-engineered all-chalcogenide microstructured fiber, which could be fabricated using the rod-in-tube method. The optimized ChG fiber exhibits a broad and flat all-normal dispersion ranging from 4 to 14 μm, supporting the generation of a flat-top mid-infrared SC spectrum spanning over an octave. A highly coherent broadband SC in the range from 3.8 μm to the transparency limit of the material is generated from a 1-cm-long all-chalcogenide MOF pumped by a 7 μm laser. The influence of pump pulse wavelength, duration and peak power, and fiber geometric parameters on SC spectral profiles is systematically investigated. The results indicate that SC spectra from the near-infrared to MIR region with sufficient flatness can be obtained when the pump wavelength is tuned between 3 and 7 μm. The spectral bandwidth with an intensity greater than −3 dB and −30 dB achieves 2.7 and 9.8 μm when pumping at 7 μm, with the latter corresponding to more than 1.5 octaves. The broadband coherent SC spectra thus support compression to sub-cycle pulses at the MIR region. This work reveals the potential application of coherent, broadband laser sources in frequency metrology, optical coherence tomography, biomedical imaging, and few-cycle pulse compression.
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