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Intermodal four-wave mixing (FWM) in multimode optical fibers can be exploited to convert the available laser pump energy to the desired spectral regions. In this letter, we demonstrated experimentally for the first time discrete ultraviolet (UV) wavelength generation by cascaded intermodal FWM when femtosecond pump pulses at 800 nm are launched into the deeply normal dispersion region of the fundamental guided-mode of a multimode photonic crystal fiber (MPCF). For pump pulses at average input powers Pav=450, 550, and 650 mW, the first anti-Stokes waves are generated at the visible wavelength of 538.1 nm through intermodal phase-matching between the fundamental and second-order guided-mode of the MPCF. The first anti-Stokes waves generated then serve as the secondary pump for the next intermodal FWM process. The second anti-Stokes waves in the form of the third-order guided-mode are generated at the UV wavelength of 375.8 nm. The maximum output power is above 10 mW for Pav=650 mW. We also confirm that the influences of fiber bending and intermodal walk-offs on the cascaded intermodal FWM-based frequency conversion process are negligible.
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Spatially coherent ultraviolet (UV) light has important applications in biomedical science and fluorescence spectroscopy. At present, it remains difficult to generate discrete new wavelengths in the UV region from the available laser sources, which are centered at near-infrared wavelengths of 1550, 1064, and 800 nm. Although soliton-based generation of UV higher-order harmonics and resonant blue-shifted dispersive-wave radiations in the gases-filled hollow-core photonic crystal fibers (HC-PCFs) have already been reported [1], the conversion efficiencies of the pump wave to the UV wavelengths are very low. In addition, HC-PCFs are difficult to fabricate in practice, and the complex optical properties of the different gases used have to be considered.
Recently, multimode nonlinear fibers have been attracting much interest [2-6]. When ultrashort pulses are propagated inside a multimode optical fiber or PCF, nonlinear spatiotemporal effects, such as multimode soliton dynamics [7,8], intermodal modulation instability [9], intermodal four-wave mixing (FWM) [10-13], etc., could be triggered by controlling the guided-mode intercoupling and intermodal dispersion characteristics. Among the new nonlinear effects, intermodal FWM is a promising process for nonlinear frequency conversion. Compared with intramodal FWM, the phase-matching condition of intermodal FWM does not depend on the zero-dispersion wavelengths (ZDWs) of the optical fiber or PCF used. Thus, there are fewer constraints on the fiber design and the choice of the pump laser for such nonlinear optical process. Moreover, intermodal FWM can avoid the interference induced by the ZDW-dependent supercontinuum (SC) generation, and allows for the efficient conversion of the pump energy to the desired spectral regions, along with frequency shift of hundreds of THz relative to the initial pump wave. Intermodal FWM has been utilized to generate visible light down to green and blue wavelengths by near-infrared pumping [10-13]. To the best of our knowledge, there is no report of UV wavelength generation based on intermodal FWM.
In this letter, we have experimentally generated discrete UV wavelength for the first time by cascaded intermodal FWM in a multimode PCF (MPCF). When femtosecond pump pulses at 800 nm are launched into the deeply normal dispersion region of the fundamental guided-mode of the MPCF, the first anti-Stokes waves propagating as the second-order guided-mode are generated at 538.1 nm. They then serve as the secondary pump for the next intermodal FWM process. The second anti-Stokes waves are generated at 375.8 nm and propagated as the third-order guided-mode. We have also investigated the influences of fiber bending and intermodal walk-offs on the cascaded intermodal FWM process.
We use a solid-core air-silica MPCF designed and fabricated in our laboratory. Fig. 1(a) shows the cross-section image of the MPCF. The non-uniformity of the air-holes in the cladding region is mainly induced by the fluctuations of the gas pressure and fusion temperature during the fabrication process. The measured core diameter (D) and average relative air-hole size (d/Λ) are 6.4 μm and ~0.89, respectively. Although this MPCF could support multiple guided-modes because of the large effective refractive index contrast between the silica-core and air-silica cladding, we focus on the characteristics of the fundamental (1st), second-order (2nd), and third-order (3rd) guided-modes in this work. We calculate the effective refractive indices of the 1st, 2nd, and 3rd guided-modes in the wavelength range from 0.3 to 2 μm, as shown in Fig. 1(b). Fig. 1(c) shows the group-velocity dispersion curves of the three guided-modes derived from the effective refractive indices in Fig. 1(b). From Fig. 1(c), the ZDWs of the 1st, 2nd, and 3rd guided-modes are 1074, 980, and 883 nm, respectively. The spatial distribution profiles of the three guided-modes calculated at 800, 538, and 376 nm are shown in insets 1, 2, and 3 of Fig. 1(c), respectively. In addition, from Fig. 1(c) the pump wavelength at 800 nm used in the experiment is far away from the ZDWs of the considered guided-modes of the MPCF, and lies in the deeply normal dispersion regions. Thus, instead of the ZDW-dependent intramodal FWM, intermodal FWM between the three guided-modes could take place.

Fig. 1. (a) The cross-section image of the MPCF used. (b) The effective refractive index curves calculated for the fundamental (1st), second-order (2nd), and third-order (3rd) guided-modes of the MPCF. (c) The group-velocity dispersion curves of the three guided-modes derived from (b).  Insets 1, 2, and 3 show the spatial distributions of the 1st, 2nd, and 3rd guided-modes calculated at wavelengths 800, 538, and 376 nm, respectively.
Fig. 2 shows the experimental set-up. We use a mode-locked Ti:sapphire laser centered at 800 nm as the pump source, which produces a femtosecond pulse train with duration 120 fs and repetition rate 76 MHz. In order to prevent the backscattered light from entering the laser cavity, an optical isolator is placed after the pump laser. With a grating-based compressor, a positive-chirp is introduced deliberately.  The initial pump pulses are broadened from 120 to 273 fs. We also use a variable attenuator to adjust the average input powers. By using a 40× microscope objective, the stretched pump pulses are coupled into the 25-cm long MPCF. By monitoring and adjusting the coupling of the incident pump light with a black-and-white CCD camera, a free-space to fiber coupling efficiency of 65% is achieved. The CCD camera is also used to observe the far-field distributions of the initial pump and generated anti-Stokes waves from the output end of the MPCF. First, we adjust the injection conditions (incident angle relative to the fiber longitudinal axis and excitation radial position) to control the number of guided-modes propagating inside the MPCF and to ensure that the pump energy is coupled mainly into the 1st guided-mode of the MPCF. The fiber propagation loss is measured to be ~0.83 dB/m at 800 nm by the cut-back method. Two optical spectrum analyzers (OSA1 and OSA2) are used to record the output optical spectra after the other 40× microscope objective. The wavelength ranges of OSA1 and OSA2 are from 200 to 1100 nm and 900 to 2500 nm, respectively. The corresponding wavelength resolutions are 0.025 and 15 nm, respectively.
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Fig. 2. The experimental set-up.
In cascaded intermodal FWM with degenerate pump configuration, two pump photons are coupled into the 1st guided-mode. The first anti-Stokes and Stokes photons, both propagating in the 2nd guided-mode, are simultaneously generated. Then, the first anti-Stokes photons serve as the secondary pump to generate the second anti-Stokes and Stokes photons, both propagating in the 3rd guided-mode. To determine the frequency conversion wavelengths, we calculate the intermodal phase-matching conditions without taking into account nonlinear contribution [11,12,14]. Thus, for the first and second intermodal FWM processes, intermodal phase-mismatch parameters δβ12 and δβ23 are given by δβ12=2β(1)(ωP)β(2)(ωAS1)β(2)(ωS1) and δβ23=2β(2)(ωAS1)β(3)(ωAS2)β(3)(ωS2), where β(1)(ωP), β(2)(ωAS1), and β(2)(ωS1) represent the propagation constants at angular frequencies ωP, ωAS1=ωP+Ω1, and ωS1=ωPΩ1 of the initial pump, first anti-Stokes, and first Stokes waves, respectively, and Ω1 is the first intermodal FWM-induced Stokes frequency shift from the pump wave. Similarly, β(2)(ωAS1), β(3)(ωAS2), and β(3)(ωS2) represent the propagation constants at angular frequencies ωAS1, ωAS2=ωAS1+Ω2, and ωS2=ωAS1Ω2 of the first anti-Stokes, second anti-Stokes, and second Stokes waves, respectively and Ω2 is the second intermodal FWM-induced Stokes frequency shift from the first anti-Stokes wave. The superscripts (1), (2), and (3) represent the 1st, 2nd, and 3rd guided-modes of the MPCF. In the calculation, δβ12 and δβ23 can be derived from the effective refractive indices of the three guided-modes, which can be obtained from Fig. 1(b). Cascaded intermodal FWM process will occur when δβ12=0 and δβ23=0 are satisfied.
We first calculate δβ12 when initial pump pulses at wavelength λp = 800 nm and average input power Pav=450, 550, and 650 mW (peak powers of 54, 66, and 78 kW) are coupled into the normal dispersion region far away from the ZDW of the 1st guided-mode.  From Fig. 3(a), δβ12 is zero at the visible and near-infrared wavelengths of 537.8 and 1559.3 nm, respectively.  Thus, the first anti-Stokes and Stokes waves propagating in the 2nd guided-mode are generated at these two wavelengths through the first intermodal FWM process. Then the first anti-Stokes wave generated at 537.8 nm serves as the secondary pump for the next intermodal FWM process. Fig. 3(b) shows that the calculated δβ23 reaches zero at the shorter UV and near-infrared wavelengths of 376.4 and 944.7 nm, respectively. The second anti-Stokes and Stokes waves are generated in the 3rd guided-mode. Fig. 3(c) shows the whole experimental spectra observed by the two OSAs at the output end of the MPCF. Since femtosecond pump pulses are coupled into the deeply normal dispersion region of the MPCF, both dispersion and self-phase modulation (SPM) govern the initial nonlinear optical process instead of soliton dynamics. From Fig. 3(c), as Pav of the initial pump (P) at 800 nm is increased from 450, to 550, and to 650 mW, the first narrowband anti-Stokes (AS1) and Stokes (S1) waves at 538.1 and 1559.5 nm (corresponding to Ω1 of ~6084 cm-1) are generated. The intensities of the generated AS1 waves are sufficiently strong to serve as the secondary pump for the next intermodal FWM. The second anti-Stokes (AS2) and Stokes (S2) waves are generated at wavelengths 375.8 and 945.4 nm (corresponding to Ω2 of ~8026 cm-1). From Fig. 3(c), the experimental observations agree well with the calculation results shown in Figs. 3(a) and 3(b). As Pav increases, the intensities of the AS1, S1, AS2, and S2 waves are gradually enhanced, but their center wavelengths are kept unchanged. The observation confirms the assumption that nonlinear contribution to the intermodal phase-matching scheme can be neglected. Such insensitivity to the input power can be utilized to obtain stable-wavelength output signals for commercial applications. Fig. 3(d) shows the zoom-in spectra of the P, AS1, and AS2 waves. Insets 1, 2, and 3 of Fig. 3(d) show the output far-field distributions of the P, AS1, and AS2 waves observed for Pav=650 mW, respectively. From the three insets, the P, AS1, and AS2 waves are respectively propagated in the 1st, 2nd, and 3rd guided-modes, which are identical to the spatial distribution profiles calculated for the three guided-modes shown in the insets of Fig. 1(c). The AS1 wave at 538.1 nm and AS2 wave at 375.8 nm are simultaneously generated by the cascaded intermodal FWM process. As shown in Fig. 3(e), for Pav=450, 550, and 650 mW at a pump coupling efficiency of 65%, the output powers PAS1 and PAS2 of the AS1 and AS2 waves, which are measured by the combination of the optical filters and a power meter, are 32.47, 53.63, and 84.92 mW, and 1.76, 4.65, and 10.56 mW, respectively.

Fig. 3. The phase-mismatch parameters δβ12 and δβ23 calculated for (a) the first intermodal FWM process and (b) the second intermodal FWM process for initial pump pulses at wavelength λp of 800 nm. (c) The observed output spectra including the initial pump (P), first anti-Stokes (AS1), first Stokes (S1), second anti-Stokes (AS2), and second Stokes (S2) waves when the pump pulses at λp= 800 nm and average input power Pav of 450, 550, and 650 mW (peak powers of 54, 66, and 78 kW) are used. (d) The zoom-in spectra of the P, AS1, and AS2 waves. Insets 1, 2, and 3 show the output far-field distributions of the P, AS1, and AS2 waves recorded by using a black-and-white CCD for Pav=650 mW. (e) The dependences of the measured output powers PAS1 and PAS2 of the AS1 and AS2 waves on Pav.
In intermodal nonlinear dynamics, large normal dispersion and SPM together can play an important role in the spectral broadening of the AS1 and AS2 waves propagating in the normal dispersion regions of the 2nd and 3rd guided-modes of the MPCF. The pulse duration of the AS1 wave may be compressed to be shorter than that of the initial pump pulses, resulting in a higher peak power.  The energy conversion from the AS1 wave to the AS2 wave could therefore be evidently enhanced. For the S1 and S2 waves located in the anomalous dispersion regions of the 2nd and 3rd guided-modes of the MPCF, soliton-related nonlinear dynamics may occur. In the experiment, we choose a short fiber length, 25 cm, to suppress the multimode SC generation, which is resulted from soliton fission, Raman effect, cross-phase modulation, etc [15,16]. As a result, discrete narrowband spectral components from the UV to near-infrared wavelengths can be obtained.
Next, we investigate the influence of MPCF bending on the cascaded intermodal FWM process. We bend the MPCF by wrapping it around a few cylinders with different diameters. For femtosecond pump pulses at λp=800 nm and Pav=650 mW, the measured PAS1=84.92 mW and PAS2=10.56 mW.  Fig. 4 shows the dependences of PAS1 and PAS2 on the MPCF bending radius R. From Fig. 4, when R is changed from 20 to 5 mm, PAS1 is reduced from 84.92 to 82.09 mW, and PAS2 is reduced from 10.56 to 8 mW. The variation rates of PAS1 and PAS2 with R for the first and second intermodal FWM are only 0.189 and 0.171 mW/mm, respectively. Thus, we concluded that the demonstrated cascaded intermodal FWM-based frequency conversion is not sensitive to MPCF bending. We believe the main reasons are as follows. In general, the near-infrared Stokes waves have significant impact on the unseeded FWM process [11,12]. In the proposed cascaded intermodal FWM, the S1 and S2 waves generated at 1559.5 and 945.4 nm are propagated in the 2nd and 3rd guided-modes, respectively. For the air-silica MPCF used, the d/Λ in the cladding region can be up to 0.89. Thus, the leakage losses of the S1 and S2 waves induced by the fiber bending are effectively suppressed. In addition, the variations of the dispersion and nonlinearity for the 2nd and 3rd guided-modes induced by the MPCF bending can also be neglected.


Fig. 4. The output powers PAS1 and PAS2 of the AS1 and AS2 waves versus the MPCF bending radius R. The pump wavelength λp=800 nm, and the average input power Pav=650 mW.
Finally, we evaluate the effect of intermodal walk-offs between the guided-modes involved in the FWM process. From [2,14], the intermodal walk-off factors D12 between the 1st and 2nd guided-modes and D23 between the 2nd and 3rd guided-modes are given as D12=1/vg(1)(λ)1/vg(2)(λ) and D23=1/vg(2)(λ)1/vg(3)(λ), where vg(1)(λ), vg(2)(λ), and vg(3)(λ) correspond to the group velocities of the 1st, 2nd, and 3rd guided-modes of the MPCF, respectively. Figs. 5(a) and 5(b) show the variation of the calculated D12 and D23 with wavelength. From Figs. 5(a) and 5(b), the values of D12 and D23 are less than 11.5 and 10.8 fs/mm, respectively, from 0.3 to 1.8 μm. D12 is ~9.09 fs/mm at λp=800 nm and D23 is ~8.12 fs/mm at the AS1 wavelength of 538.1 nm. Moreover, because the initial pump pulses are broadened from 120 to 273 fs by the positive-chirp introduced with grating-based compressor, the first intermodal FWM process involved in the P, AS1, and S1 waves can be achieved within a walk-off length of ~3 cm. The second intermodal FWM process involved in the AS1, AS2, and S2 waves can be maintained within a propagation distance of <3.36 cm when we consider that the pulse duration of the AS1 wave generated as the secondary pump could be compressed shorter than the initial pump pulses of 273 fs by the normal dispersion and SPM.
In the proposed cascaded intermodal FWM process, we expected that the AS2 wavelength could be shifted towards the deep-UV spectral region below 350 nm by optimizing the geometric structures of the MPCF, appropriately choosing the laser pump sources, or combining with other nonlinear optical techniques, such as phase-matched second-harmonics, sum-frequency generation, etc. The output power of the AS2 waves can be enhanced by the following methods. First, we can reduce the leakage and scattering losses of the guided-modes by optimizing the fiber core and cladding structures. We can also minimize the UV absorption loss by using highly purified silica material. Second, the longitudinal non-uniformity and transverse irregularity of the fiber core and cladding structures can be improved during the fiber drawing process in order to alleviate their detrimental effects on the optical field distributions, dispersion characteristics, intermodal phase-matching conditions, and intermodal walk-offs of the three guided-modes considered. Third, intermodal walk-offs can be suppressed by optimizing the MPCF geometric structures (silica-core size and relative air-hole size) and properly adjusting the pump pulse parameters including pulse duration, peak power, and operation wavelength.

Fig. 5. The calculated intermodal walk-off factors (a) D12 and (b) D23. The two vertical dashed lines correspond to the pump wavelength λp=800 nm and the AS1 wavelength of 538.1 nm, respectively.
In summary, we have experimentally demonstrated cascaded intermodal FWM-based discrete UV wavelength generation for the first time in a MPCF designed and fabricated in our laboratory. When femtosecond pump pulses at 800 nm are coupled into the deeply normal dispersion region of the 1st guided-mode of the MPCF, intermodal phase-matching between the 1st, 2nd, and 3rd guided-modes can be satisfied. The AS1 waves can be efficiently generated at the visible wavelength of 538.1 nm, which serve as the secondary pump for the next FWM process. Subsequently, the AS2 waves are obtained at the UV wavelength of 375.8 nm. We observed that the cascaded intermodal FWM-based frequency conversion process is insensitive to fiber bending and intermodal walk-offs. We believed the reported findings provide an effective way for the generation of discrete UV wavelengths, which can be used as the UV light source and would be of immediate interest in applications such as biomedical science, fluorescence spectroscopy.
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