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Abstract

:

Ultrafast supercontinuum generation crucially depends on the dispersive properties of the underlying waveguide. This strong dependency allows for tailoring nonlinear frequency conversion and is particularly relevant in the context of waveguides that include geometry-induced resonances. Here, we experimentally uncovered the impact of the relative spectral distance between the pump and the bandgap edge on the supercontinuum generation and in particular on the dispersive wave formation on the example of a liquid strand-based photonic bandgap fiber. In contrast to its air-hole-based counterpart, a bandgap fiber shows a dispersion landscape that varies greatly with wavelength. Particularly due to the strong dispersion variation close to the bandgap edges, nanometer adjustments of the pump wavelength result in a dramatic change of the dispersive wave generation (wavelength and threshold). Phase-matching considerations confirm these observations, additionally revealing the relevance of third order dispersion for interband energy transfer. The present study provides additional insights into the nonlinear frequency conversion of resonance-enhanced waveguide systems which will be relevant for both understanding nonlinear processes as well as for tailoring the spectral output of nonlinear fiber sources.
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1. Introduction


Photonic crystal fibers (PCFs) [1,2] represent a sophisticated type of silica microstructured optical fibers that consist of air holes running along the fiber axis and are widely used for supercontinuum generation (SCG) [3,4,5]. In case the cylindrical inclusions forming the periodic lattice in the cladding include a material with a refractive index higher than that of glass (established by fluids [6,7], or solids [8,9]) a photonic bandgap (PBG) structure can form, which allows for light guidance in the low index core in selected spectral domains, which are subsequently referred to as transmission bands. The wavelengths corresponding to minimal core mode transmission (i.e., high loss peaks), named here as resonance wavelength, can be estimated by the condition [10]:


λm = 2 × Dstrand/(m + 0.5) × (nliquid2 − ncore2)0.5 (m = 1,2,3,…)



(1)







Here, Dstrand is the diameter of the cylindrical strands. Due to the strong wavelength dependence of this interference effect, PBG fibers (PBGFs) are highly suitable for the spectral filtering of multiple selected wavelengths, with extinction ratios as high as 60 dB/cm [9], or for ultrahigh sensitivity sensors to measure temperature [11] or strain [12]. In addition, the inclusion of resonances into the waveguiding system imposes a unique dispersion landscape [13] that strongly differs from its non-resonant counterpart [14,15] and that for instance leads to a massive increase in the group velocity dispersion (GVD) in close proximity to the edge of the transmission bands. This allowed for the observation of sophisticated nonlinear optical effects in PBGFs, examples of which include the extreme deceleration of the soliton self-frequency shift (SSFS) or the cancellation of the SSFS at the long-wavelength edge of the bandgap regions [16,17]. Within this context another interesting phenomenon is the phase-matched dispersive wave (DW) generation across high attenuation regions between adjacent transmission bands, which for instance has been recently observed in gas-filled anti-resonant fibers [18]. In PBGFs established by high-index fluids [19,20] or high-index germanium-doped inclusions [21], it has been experimentally shown that it is not possible to extend the supercontinuum (SC) bandwidth beyond the bandgap, irrespective of the pump wavelength or power. In a hybrid PCF [22,23] combining the total internal reflection and the bandgap effect, however, DWs can be generated across the resonance in a different transmission band, which was numerically demonstrated [24]. Despite the great success of the reported results, there has been no detailed study on how the wavelength difference between the pump and resonance changes the SCG in PBGFs.



In this work, the impact of the relative spectral distance between the pump and resonance on nonlinear pulse propagation was experimentally demonstrated by using a carbon disulfide (CS2)-based PBGF. Moreover, the influence of third order dispersion on energy transfer between different bandgaps is discussed. This experimental result and discussion could be used for PBGF design to develop characteristic wavelength converters and enhance the flexibility of SCG in the future.




2. Optical Properties of Liquid Strand Bandgap Fiber


The PBGF used in this work was established by a regular air-hole-based endlessly single mode PCF that has been filled by CS2, which has a refractive index substantially higher than that of silica. The used PCF (LMA-5, NKT photonics A/S, Blokken, Birkerød, Denmark, Figure 1a) has a pure silica core (core diameter approx. 5.4 μm, refractive index 1.46 @ 0.7 μm) surrounded by six rings of CS2 strands (diameter Dstrand = 1.44 μm, pitch Λ = 3.6 μm, refractive index 1.61 @ 0.7 μm) that are arranged in a hexagonal lattice with the central strand omitted, forming the defect core region. Since the CS2-filled strands in the cladding have a higher refractive index than the silica core, the fiber shows the PBG effect, i.e., yields spectral regions of high and low transmission. Three PBGs can be identified in the range of 500 nm < λ < 1200 nm from the measured loss spectrum of the fundamental core mode (Figure 1b, filled area with green, cyan and yellow colors). The modal loss of the core mode is determined through spectrally monitoring the filling process, i.e., by selectively taking output spectra during filling process, defining a cutback-like method. Specifically, white light from a broadband source (450–2400 nm, SuperK COMPACT, NKT photonics, Blokken, Birkerød, Denmark) is launched into the empty fiber (length 12 cm) mounted onto optofluidic mounts on both sides, and the transmitted signal is fed to an optical spectrum analyzer (OSA). After coupling and optimizing the transmission through the empty fiber, the optofluidic mount on the output side is filled with CS2 leading to dynamically extending PBG-section starting at the output side with the bandgap loss becoming more and more significant. During the filling process, selected transmitted spectra are acquired via a LabVIEW (National Instruments, Austin, TX, USA) routine. Taking into account the well-known viscosity of CS2 [25] and the strand diameter (Dstrand = 1.44 μm), Washburn’s equation [26] allows determining the filling length from the file’s timestamp. As a consequence, the acquired spectra can be correlated to a particular length of the PBG section and the modal loss can be retrieved via a linear fitting of the transmission (in log scale)/filled length dependency for each wavelength. Here, the data (Figure 1b) are smoothed by a 10 nm moving average for better visualization. The propagation loss of the PCF is neglected here and the scanning speed of the grating of the OSA is not accounted for.



In our nonlinear experiment, the pump laser wavelength (695–710 nm) located in the second order PBG and its long-wavelength edge (−5 dB) at 715 nm is named λe in the following. As mentioned in the introduction, the resonant nature of the waveguiding mechanism in PBGFs gives rise to very sophisticated dispersion properties. The dispersion of the fundamental core mode (examples of mode patterns within and outside the transmission bands are given in Figure 1c,d) has been simulated using finite-element modeling (COMSOL Multiphysics, COMSOL Inc., Burlington, MA, USA) including material dispersion but neglecting material loss for both silica and CS2 (the material dispersion of CS2 has been taken from Reference [27]). Figure 1b shows the spectral distribution of the GVD parameter β2 = ∂2β/∂ω2 (with the propagation constant β = neff(ω) × ω/c, effective refractive index neff, angular frequency ω, and speed of light in vacuum c) in three transmission bands, which is essential for the SCG process and shows a characteristic evolution within each band with a different sign of β2. This type of behavior is in qualitative accordance with the dispersion of anti-resonance hollow-core fibers [15,28] suggesting a conceptual similarity that results from the general concept of including resonances into the waveguide system for dispersion manipulation, which was also recently demonstrated on the example of dielectric nano-films located on the core of an exposed core fiber [13]. In the present case, the zero dispersion wavelengths (ZDWs) are 553, 689 and 962 nm within these three transmission bands.




3. Nonlinear Experiments—DW Generation


The experimental setup used for the nonlinear experiments is shown in Figure 2. Here, a wavelength-tunable Ti:Sapphire laser system (Chameleon-VIS laser, Coherent, Santa Clara, CA, USA, repetition rate 80 MHz, pulse duration 100 fs) acted as an excitation laser allowing for adjusting the central pump wavelength between 695 nm < λP < 710 nm and thus enabling the investigation of the SCG process as a function of spectral distance between the pump and bandgap edge of PBG Δλ = λe − λP. Note that even though the tuning range of the laser is starting at 690 nm, the laser does not stably operates at this wavelength, thus the investigation starts at 695 nm. Via a combination of a thin-film polarizer and a half-wave plate inserted after the polarized pump laser, the input power launched into the fiber was controlled. The beam was coupled into the core area of the CS2-PBGF (length 0.5 m) using an anti-reflection coated lens (A375-B, Thorlabs, Newton, NJ, USA, focal length 7.5 cm, NA 0.3). A transmission efficiency of 40% (ratio of average output power from the objective and input power before the lens) was achieved. This value was kept constant for different pump wavelengths by slightly adjusting the position of the input lens. The output beam from the fiber was collimated by a 10× objective and guided by a multimode fiber to the spectrometer (AQ-6315A, Ando Electric, Kanagawa, Japan). To monitor the pattern of the mode, a small fraction of the beam was reflected by a wedge and monitored by a CCD camera (Thorlabs, Newton, NJ, USA).



Note that the input side of the CS2-PBGF remains open to the environment, while the output side is blocked by a home-made endcap. The endcap is a short piece of single mode fiber (780-HP, Nufern, CT, USA, length 13 mm), spliced to the output side of the CS2-PBGF to prevent the liquid from evaporating. The reason why there is no endcap at the input side is that the damage of the fiber was observed at low input power in the experiment when the CS2-PBGF was blocked by endcaps at both sides. We also want to stress that mounting the fiber into optofluidic mounts on both sides [29] was not appropriate for this case. After exposure to short pulses, some debris was observed on the surface of the solid core, which caused the coupling efficiency to dramatically drop when the input power was increased. We attribute this damage to the liquid–solid interface within the focal spot: the liquid burns more easily on this interface compared to liquid–core fibers which show only a transition from bulk liquid to liquid core. Therefore, from the practical perspective, we leave the input side of the fiber open to the environment to prevent a liquid–solid interface. This increases the damage threshold of the CS2-PBGF at the expense of fluid evaporation. The evaporating rate of CS2 is measured and the effective sample length is calibrated accordingly (see Appendix A Figure A1 for details). Although the damage threshold can be increased effectively using the present method (the input side left free and the output side blocked by an endcap), fiber damage is still observed at peak powers around 2.5 kW (pulse energy 0.25 nJ).



In our previous numerical simulation work [30], we revealed that the spectral distance between our pump and resonance plays a crucial role in the SCG process of PBGF. In the present work, this impact is studied from the experimental perspective. Figure 3a–e show the nonlinear dynamics of SCG process with an increasing pulse energy for different spectral distances Δλ = λe − λp between the pump λp and the bandgap edge λe of second order PBG. The spectral distance Δλ has important influence on the formation of a DW, which is emitted in the normal dispersion (ND) regime by a soliton that is formed from the input pulse after initial self-phase modulation (SPM). When Δλ is decreased from 20 to 10 nm (Figure 3a–d), the generated DW blue shifts (spectral distance between the pump and DW (ΔλDW = λp – λDW) increases). This is accompanied by a higher threshold for DW generation (Figure 3f), which is associated with the increasing spectral distance between soliton and DW [31]. For the case Δλ = 5 nm, the pump energy is not high enough to generate DW radiation. These experimental results can be supported by simulations of nonlinear pulse propagation based on the generalized nonlinear Schrödinger equation (GNLSE) [32] (see Appendix A Figure A2 for details).



The significantly different nonlinear pulse evolution for various values of Δλ is caused by the strongly changed dispersion landscape in the vicinity of the bandgap edge. The behavior of DW can be explained particularly by the phase-matching (PM) condition of soliton and DW as outlined in the following. DW generation results from the fission of a higher order soliton into its fundamental counterparts, which release the excess energy to DW. DW generation is most effective at the wavelength that fulfills the PM condition defined by the following equation [4,31]:


ΔβDW(ω) = β(ω) − [β(ωsol) + (ω − ωsol)β1,sol + ½ × γ × Psol]



(2)







Here, ω and ωsol are the frequencies of DW and soliton, respectively, β1,sol = ∂β/∂ω|ωsol is the inverse group velocity at ωsol, Psol is the peak power of the assumed first soliton (with input peak power P0 and soliton number N, Psol = (2 − 1/N)2 × P0) [31], and γ = ωsol × n2/c/Aeff is the nonlinear coefficient (Aeff is the effective mode area and n2 is the nonlinear refractive index). The condition ΔβDW = 0 determines the phase-matched spectral location of DW (λDW) in the case the soliton wavelength (λsol) is given or vice versa. Note that in the experiments the observed λsol is located in close proximity to or inside the resonant (high-loss) region and thus this wavelength cannot be unambiguously determined, whilst λDW is clearly visible in the energy/spectral evolutions (Figure 3a–d). Therefore, the λsol is calculated from the measured spectral position and the threshold of DW (taken from its creation position, 667 nm at 0.04 nJ, 657 nm at 0.08 nJ, 654 nm at 0.11 nJ, and 649 nm at 0.15 nJ corresponding to Figure 3a–d, respectively) via Equation (2) and is shown in Figure 4. It can be seen that the solitons are located between 704 nm < λ < 713 nm (marked as gray bar in Figure 4) for the cases of Δλ = 20, 15, 12 and 10 nm, which agrees well with the experimental results in Figure 3a–e. It should be noted that in the dispersion simulation, a small deviation in the hole diameter (2%) will cause a 10 nm deviation of ZDW and thus induce a significant discrepancy from the experimental results (see Appendix A Figure A3 and Table A1 for details). While such structural asymmetries may only have a minor effect on the transmission spectra of anti-resonant reflecting optical waveguide (ARROW) PCFs, it is quite likely that they greatly affect the higher-order dispersion terms that are important for ultrafast nonlinear frequency conversion.



To clearly demonstrate that filling the PCF with CS2 leads to a massive change of waveguide dispersion and thus to the nonlinear frequency conversion, Figure 5 shows the measured output spectra of the CS2-PBGF (blue) in comparison to the same PCF with air holes (orange) both at the same pump peak power (1.5 kW) and pump wavelength (λp = 700 nm). For the empty PCF, only SPM in close proximity to λp can be observed, whilst efficient DW generation is visible for the CS2-PBGF due to the entirely different dispersion landscape. Note that the ZDW of the air-hole based PCF is ~1400 nm, which is an unsuitable scenario for DW generation pumped at around 700 nm. The CS2-PBGF, however, shows a ZDW at 689 nm which is induced by the inclusion of the resonance and enables DW formation. The sharp spectral peak at around 690 nm which can be seen in Figure 3a–e and Figure 5 is a feature of the pump laser.




4. Discussion


To investigate the critical parameter that determines whether DWs can be generated across the resonances (i.e., high attenuation regions) between different PBGs, the propagation constant β(ω) is expanded into a Taylor series around the soliton frequency ωsol and is inserted into the DW-PM condition (Equation (2)). We neglect the nonlinear phase which only plays a minor role here because of the low pulse power (confirmed in Figure 6), leading to [23]:


ΔβDW(λ) = 2 × (π × c/λsol)2 × (λsol/λ − 1)2 × β2 + 4/3 × (π × c/λsol)3 × (λsol/λ − 1)3 × β3



(3)




where β2 = ∂2β/∂ω2|ωsol and β3 = ∂3β/∂ω3|ωsol are the group-velocity dispersion and third order dispersion at ωsol. Therefore, the estimated dispersive wave λDW, defined by the condition ΔβDW(λDW)=0, can be written as [23]


λDW = λsol/[1 − β2 × λsol/(2 × π × c × β3)]



(4)







To demonstrate the critical impact of β3 and its interplay with β2 on the interband DW-generation, the DW-PM condition (including Equation (2) and the simplified one Equation (3)) and estimated DW wavelength from Equation (4) are shown in Figure 6, taking the parameters of Δλ = 20 nm case (soliton wavelength λsol = 699 nm). Figure 6a shows the DW-PM condition for different values of β3 with fixed β2 = −20.4 ps2/km corresponding to Δλ = 20 nm case. Only when β3 is within the range of 0.06–0.1 ps3/km, the PM condition can be satisfied for interband DW-generation. This can explain why no interband DW-generation was detected in the experiment (β3 = 0.65 ps3/km, see Table 1; the DW generated in the experiment is indicated as the green square in Figure 6a). To investigate the impact of β3 and its interplay with β2 on the interband DW-generation further and give some insights into the fiber design in the future to realize the interband DW-generation, the estimated DW for the different combination of β2 and β3 from Equation (4) is plotted in Figure 6b (cyan area: second order PBG; yellow area: third order PBG). It can be seen that only a small part of combinations of β2 and β3 can satisfy the PM condition to realize the interband energy transfer from the second to third PBG. The situation for the experiment conducted in this work (dispersion parameters β2 and β3 of the sample) is shown in Table 1 and for the Δλ = 20 nm case, the DW is indicated as a green square in Figure 6b, revealing that the established combinations of β2 and β3 prevent the interband DW-generation.




5. Conclusions


Understanding the impact of dispersion on nonlinear frequency conversion is particularly relevant within the context of ultrafast supercontinuum generation, which crucially depends on the dispersive properties of the underlying waveguide. This impact is particularly strong for optical waveguides that include geometry-induced resonances, leading to a significant modification of higher-order dispersion terms. Here, we experimentally unlocked the impact of the relative spectral distance between the pump and resonance on nonlinear pulse propagation through the example of a liquid-based PBGF. The PBGF shows a sophisticated dispersive landscape leading to dispersive wave generation on the short-wavelength side of the pump. Due to the dramatic change of the dispersion in close proximity to the bandgap edges, an adjustment of the pump wavelength by a few nanometers results in a different nonlinear pulse propagation situation, i.e., in the dispersive wave to be generated at a different wavelength. This behavior is explained by phase-matching considerations between the soliton and DW, additionally revealing the critical influence of third order dispersion for interband energy transfer. The present study gives additional insights into nonlinear frequency conversion of resonance-enhanced waveguide systems which will be relevant for both understanding nonlinear processes as well as for tailoring the spectral output of nonlinear fiber sources.
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Appendix A


The evaporation rate of CS2 in PCF (NKT-5) at room temperature is measured with the help of an optical microscope (the other side of PCF is closed with an endcap, PCF length 40 cm). As shown in Figure A1, the evaporation rate is high at the beginning but drops dramatically after 50 min and stabilizes at 0.8 μm/s in 2 h. At the same time, the measured fiber length, in which CS2 has been evaporated, increases rapidly at first and then increases linearly at a lower rate. Since the nonlinear experiment in this paper is implemented in 2 h, the effective sample length can be calibrated by the original length minus 1 cm.
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Figure A1. Measured evaporation rate of CS2 in PCF (blue line) and the length of fiber in which CS2 has been evaporated (red line). 






Figure A1. Measured evaporation rate of CS2 in PCF (blue line) and the length of fiber in which CS2 has been evaporated (red line).
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The simulated energy/spectral evolutions of the SCG process in the CS2-PBGF with Dstrand = 1.44 µm for various spectral distances Δλ= λe- λp between the pump λp and the bandgap edge λe of second order PBG (Δλ = 20, 15, 12, 10 and 5 nm) are shown in Figure A2a–e. The simulation results show great consistency with experimental ones (Figure 3a–e). These simulations of nonlinear pulse propagation are implemented based on the generalized nonlinear Schrödinger equation (GNLSE) [32] with the parameters: nonlinear coefficient γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz, sample length L = 0.5 m. Note that the measured loss (Figure 1b) is included in the simulation.
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Figure A2. (a–e) Simulated energy/spectral evolutions of the SCG process in the CS2-PBGF with Dstrand= 1.44 µm for various spectral distances Δ λ= λe − λp between the pump λp and bandgap edge λe of second order PBG (Δλ = 20, 15, 12, 10 and 5 nm). Parameters used: γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz, sample length L = 0.5 m. 






Figure A2. (a–e) Simulated energy/spectral evolutions of the SCG process in the CS2-PBGF with Dstrand= 1.44 µm for various spectral distances Δ λ= λe − λp between the pump λp and bandgap edge λe of second order PBG (Δλ = 20, 15, 12, 10 and 5 nm). Parameters used: γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz, sample length L = 0.5 m.
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More details about the measurement error of strand diameters and the corresponding impact on the difference between the simulation and experimental results are discussed in the following. The measured diameter distribution of the air holes in the inner ring of the fiber cladding ranges from 1.462 to 1.497 µm, which we believe results from (i) measurement errors in the SEM imaging (the typical deviation in measuring lengths with our SEM instrument is at least 3%) and (ii) fabrication imperfections. It should be noted that a small deviation in strand diameter (e.g., 2%) will cause a strong change of ZDW and calculated soliton wavelength according to the DW phase-mismatching rate (Equation (2)), which are shown in Figure A3. To determine an average hole diameter required for the numerical calculations, we compared the results of nonlinear pulse propagation simulations for different air hole diameters with the experimental results, revealing that when Dstrand = 1.44 µm, simulations (Figure 4, Figure A2 and Figure A3b) match well with the experimental results.
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Figure A3. (a) Simulated GVD parameter β2 and (b) calculated phase-mismatching rate of DW generation ΔβDW in the second order PBG for different strand diameters (γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz) using Equation (2) of the manuscript. The wavelength of the DW (657 nm) and the Psol calculated from the DW generation threshold (0.08 nJ) are taken from the experiment (Figure 3b). The corresponding soliton wavelengths are obtained by the crossing of the individual curves with the zero line (   Δ β  = 0  ). Note that the green square in (b) indicates the measured soliton wavelength in the experiment. 






Figure A3. (a) Simulated GVD parameter β2 and (b) calculated phase-mismatching rate of DW generation ΔβDW in the second order PBG for different strand diameters (γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz) using Equation (2) of the manuscript. The wavelength of the DW (657 nm) and the Psol calculated from the DW generation threshold (0.08 nJ) are taken from the experiment (Figure 3b). The corresponding soliton wavelengths are obtained by the crossing of the individual curves with the zero line (   Δ β  = 0  ). Note that the green square in (b) indicates the measured soliton wavelength in the experiment.
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Table A1. ZDWs and soliton wavelengths calculated by Equation (2) of CS2-PBGF assuming different strand diameters (the percentage indicates the deviation from Dstrand = 1.44 µm). The assumed diameters roughly correspond to the intrinsic range of strand diameter deviation of the PCF used that needs to be taken into account. Note that no soliton wavelength can be calculated for Dstrand = 1.49 µm as the pump pulse (700 nm) locates in the normal dispersion region.






Table A1. ZDWs and soliton wavelengths calculated by Equation (2) of CS2-PBGF assuming different strand diameters (the percentage indicates the deviation from Dstrand = 1.44 µm). The assumed diameters roughly correspond to the intrinsic range of strand diameter deviation of the PCF used that needs to be taken into account. Note that no soliton wavelength can be calculated for Dstrand = 1.49 µm as the pump pulse (700 nm) locates in the normal dispersion region.





	Dstrand (µm)
	1.42
	1.44
	1.45
	1.47
	1.49





	Deviation from 1.44 µm
	−1.4%
	0%
	+0.7%
	+2.1%
	+3.5%



	ZDW (nm)
	683
	689
	693
	700
	706



	Calculated λsol with Equation (2) (nm)
	694
	704
	709
	719
	-
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Figure 1. (a) Sketch of the CS2- photonic bandgap fiber (PBGF) (green: hexagonal array of high-index CS2 strands with diameter Dstrand = 1.44 μm and pitch Λ = 3.6 μm; semitransparent dark green: silica; pink: light emitted from the silica core); (b) measured loss spectrum of the fundamental mode (filled areas with green, cyan and yellow colors, left axis) and the corresponding simulated group velocity dispersion (GVD) parameter β2 (orange, right axis). The orange dots indicate three zero dispersion wavelengths (ZDWs). The two grey dashed vertical lines indicate the calculated resonance wavelengths from Equation (1) with m = 2 and 3. The black dotted line indicates the bandgap edge (−5 dB) at 715 nm of the second order PBG. The inset in (b) is the output beam profile captured by the CCD camera (image extension 265 µm: 50 pixels with each pixel size 5.3 µm). The mode field patterns shown in (c,d) refer to the simulated mode profiles inside a selected transmission band ((c) λ = 700 nm, purple square in (b) labeled C) and inside a resonance region ((d) λ = 800 nm, green square in (b) labeled D). 
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Figure 2. Sketch of the ultrafast experimental setup to characterize the supercontinuum generation process in the CS2-PBGF (HWP: half-wave plate; P: polarizer; OSA: optical spectrum analyzer). The left top image is the SEM picture of the used PCF without fluid inside. The right top image shows a microscopic image of the spliced endcap (the green part at the end of the CS2-PBGF, details in the main text). 
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Figure 3. (a–e) Measured energy/spectral evolutions of the supercontinuum generation (SCG) process in the CS2-PBGF for various spectral distances Δλ= λe − λp between the pump λp and bandgap edge λe of second order PBG ((a–e) Δλ = 20, 15, 12, 10 and 5 nm). The black dashed line indicates λe and the black dash-dotted line indicates λp; (f) dispersive wave (DW) wavelength λDW and threshold of the generated DW both as functions of Δλ. 
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Figure 4. The calculated phase-mismatching rate of DW generation ΔβDW in the same second order PBG as the pump for different spectral distances Δλ (γ = 6.5 W−1/km, pulse: 100 fs, 80 MHz) using Equation (2). The wavelengths of DWs are taken from the experiments and the Psol is calculated from the DW generation threshold. The corresponding soliton wavelengths are obtained by the crossing of the individual curves with the zero line (Δβ = 0), corresponding to DW-PM. The gray area means the soliton wavelengths taken from experiment. 
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Figure 5. Comparison of the measured nonlinear frequency conversion spectra in the CS2-PBGF (blue) and air-hole based photonic crystal fibers (PCF) (orange) both for the same pump peak power (1.5 kW) and pump wavelength (700 nm). 
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Figure 6. (a) Analytical description of the phase-mismatching rate ΔβDW as a function of β3 in the second order PBG with β2 = −20.4 ps2/km corresponding to Δλ = 20 nm case. The solid lines indicate ΔβDW neglecting the nonlinear phase (Equation (3)) while the dashed lines indicate ΔβDW with the nonlinear phase (Equation (2), γ = 6.5 W−1/km, N = 1.6, Psol = 1 kW corresponding to DW generation threshold in Figure 3b). The cyan bar indicates the second order PBG and the yellow bar indicates the third order PBG of the sample. The green square corresponds to the Δλ = 20 nm case in Figure 3b. The purple dots indicate the DW generated across the resonance band; (b) the estimated DW wavelength for different combinations of β2 and β3 from Equation (4) (soliton wavelength λsol = 699 nm corresponding to the Δλ = 20 nm case). The cyan area indicates the second order PBG and the yellow area indicates third order PBG of the sample. The green square indicates the generated DW in the experiment for the Δλ = 20 nm case. 
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Table 1. Dispersion parameters β2 and β3 (β(ω) come from the numerical simulation (COMSOL)) at soliton wavelengths (taken from the experiments, Figure 3a–e) for different spectral distances Δλ.
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	Δλ
	20 nm
	15 nm
	12 nm
	10 nm
	5 nm





	λsol (nm)
	699
	704
	708
	710
	712



	β2 (ps2/km)
	−20.4
	−33.6
	−45.8
	−52.3
	−59.9



	β3 (ps3/km)
	0.65
	0.76
	1.00
	1.13
	1.15
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