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Abstract

:

Light propagation in multimode fibers is known to experience various nonlinear effects, which are being actively studied. One of the interesting effects is the brightness enhancement at the Raman conversion of the multimode beam in graded index (GRIN) fiber due to beam cleanup at Raman amplification and mode selective feedback in the Raman laser cavity based on fiber Bragg gratings (FBGs) with special transverse structure. It is also possible to explore random distributed feedback based on Rayleigh backscattering on natural refractive index fluctuations in GRIN fibers, but it is rather weak, requiring very high power multimode pumping for random lasing. Here, we report on the first realization of femtosecond pulse-inscribed arrays of weak randomly spaced FBGs in GRIN fibers and study Raman lasing at its direct pumping by highly multimode (M2~34) 940-nm laser diodes. The fabricated 1D–3D FBG arrays are used as a complex output mirror, together with the highly reflective input FBG in 1-km fiber. Above threshold pump power (~100 W), random lasing of the Stokes beam at 976 nm is obtained with output power exceeding 28 W at 174 W pumping. The beam quality parameter varies for different arrays, reaching M2~2 at the linewidth narrowing to 0.1–0.2 nm due to the interference effects, with the best characteristics for the 2D array.
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1. Introduction


Nowadays, optical fibers are widely used in telecommunication, sensing and laser technologies due to their ability to efficiently generate, transmit and amplify optical signals, as well as to sense various environmental impacts precisely. Although single-mode fibers provide nearly one-dimensional (1D) light propagation along the fiber with a stable and robust transverse beam structure of the fundamental mode, they do not use transverse dimensions, thus limiting fiber transmission capacity. This is why multimode fibers have been actively studied in recent times in order to incorporate higher-order modes with a focus on the stability of multimode beam propagation in the presence of various linear and nonlinear effects of mode interaction [1,2,3].



One of key factors for signal attenuation in an optical fiber is the Rayleigh scattering of propagating light on random fluctuations of the refractive index at the sub-micron scale, which are naturally present in silica glass fibers. As some part of the scattered light is guided backwards in a fiber, Rayleigh backscattering (or reflection) is widely used as a sensing signal, and also as natural feedback in laser systems utilizing long fibers. So, random lasing in a cavity-free passive single-mode fiber is shown to be possible with single-mode pumping providing Raman gain and Rayleigh backscattering providing feedback, both distributed along the fiber [4]. Being actively studied during the last decade, random fiber lasers already outperform conventional single-mode fiber Raman lasers (with embedded FBG cavities for different Stokes orders) in terms of conversion efficiency at output powers as high as ~1 kW [5] and tuning ranges reaching one octave (1–2 µm) when pumped by a Yb-doped fiber laser generating near 1 µm [6]. One interesting research possibility is to explore multimode passive fibers, which can be directly pumped by powerful, cheap and reliable multimode laser diodes (LDs). Cavities in multimode fibers may also be formed by in-fiber FBGs and/or random distributed feedback (RDFB) via Rayleigh backscattering.



The first experiments on multimode graded index (GRIN) fiber of 62.5 µm core with direct 940-nm LD pumping have shown that the natural Rayleigh backscattering in 4.5-km long GRIN fibers provides sufficient feedback, forming a half-open cavity with a highly reflective bulk mirror [7]. However, the obtained Raman lasing at 976 nm is less powerful and less stable than that with an output mirror instead of RDFB at this (see further, [8]) or other wavelengths (1020 nm) [9,10]. So, the next endeavors with multimode (MM) Raman fiber lasers (RFLs) were focused on LD-pumped RFLs with a linear cavity consisting of in-fiber reflectors instead of bulk mirrors, namely, multimode fiber Bragg gratings. As a result, the all-fiber scheme of such MM RFL with 915-nm LD-pumped 62.5-µm GRIN fiber has been demonstrated [11], which was then transferred to other LD wavelengths and MM core diameters (see [12] for a review). Impressive results have been achieved in generating relatively high power at short wavelengths (0.95–0.97 µm) [12] not available previously in either Yb-doped fiber laser (YDFL) or in YDFL-pumped conventional RFLs based on single-mode passive fibers with an FBG cavity [13]. An attractive feature of such LD-pumped Raman fiber lasers is the possibility to efficiently convert a highly multimode pump radiation into a Stokes beam, the quality of which turns out to be much better than that of the original pump beam, thanks to the Raman beam cleanup effect [14] and the additional transverse-mode selective feedback of the FBG cavity [12]. The use in the laser cavity of an output coupler based on FBG inscribed by femtosecond (fs) pulses in the near-axis area of the GRIN fiber core, corresponding to the fundamental mode, allows one to generate a near-diffraction-limited Stokes beam. So, in a linear cavity consisting of an FBG pair resonantly reflecting the Stokes beam at a wavelength of 976 nm during pumping by a multimode LD with beam quality M2 ≈ 34 at 940 nm, a high-quality (M2~2) Stokes beam with output power of ~50 W has been obtained, thus demonstrating a record pump-to-Stokes brightness enhancement factor of 73 [15]. In [16,17], a two-stage cascaded Raman laser was demonstrated and the characteristics of the output radiation in the schemes with two FBG pairs for the first and second Stokes orders and the scheme with the half-open cavity based on random Rayleigh backscattering in the GRIN fiber itself (instead of output fs-inscribed FBG for the second order), were compared. It has been shown that in the case of Rayleigh scattering-based random distributed feedback, the efficiency of light conversion and the quality of the output second-order Stokes beam appear to be higher. The use of a natural random Rayleigh reflector in the second stage was possible due to the fact that the quality of the generated first-order Stokes beam was already quite high (M2~2), and the second Stokes threshold was relatively easy to achieve at a relatively weak natural Rayleigh backscattering in a 1-km long GRIN fiber. For a random lasing of the first-order Stokes wave with low-quality pumping, a much longer GRIN fiber [7] or much higher pump power [18] is required. So, a random laser with ~300 W output power at 1120 nm has been achieved in a 120-m GRIN fiber at ~700 W multimode pumping by fiber-combined Yb-doped fiber lasers at 1070 nm [18]; however, the threshold pump power for such a Raman laser is as high as ~500 W. In [19], the threshold of random lasing in multimode LD-pumped GRIN fibers is reduced to ~140 W via enhanced backscattering on artificial fs-inscribed random structures, but rather low (~6 W) output power is achieved. To reduce the threshold and/or distributed cavity length of random lasers based on single-mode fibers, long Bragg gratings with randomized structures or arrays of short FBGs, randomly spaced along the fiber, have been implemented either in active fibers [20,21] or in passive fibers with Raman gain [22,23], resulting in narrowband random lasing in both cases. However, this approach has not yet been explored in multimode fibers.



Here, we study an opportunity to obtain low-threshold, high-power random Raman lasing in multimode LD-pumped GRIN fibers with the arrays of short fs-inscribed FBGs with random structures either in longitudinal (1D) or in longitudinal plus one or two transverse directions (2D and 3D, respectively). The concrete array structure and the interference effects at beam reflection from individual FBGs influence both the spatial and spectral characteristics of the generated Stokes beam. The results of the 1D–3D FBG arrays’ fabrication and characterization in the relationship with the Raman lasing properties of multimode GRIN fibers with in-fiber arrays are presented below.




2. Materials and Methods


The arrays of short (LFBG ≤ 0.5 mm) weakly reflective FBGs were inscribed in multimode GRIN fibers by a femtosecond point-by-point writing technique previously used for the inscription of ~1-cm long regular 1D FBGs [24], having been modified for writing 3D random structures. A beam of a mode-locked laser generating a train of 230-fs pulses at 1026 nm is focused by a 50X microscope objective with a high numerical aperture of NA = 0.65 (see Figure 1a). Each fs pulse changes the refractive index in the waist of the focused beam, thus forming a ~1 × 8 µm groove (with larger dimension along the beam) in the fiber core. The fiber translation along the z-axis at a constant speed of 0.658 mm/s at a fixed laser pulse repetition rate of 1 kHz results in the formation of grating with a period of 0.658 µm (FBG with the second order for a resonance reflection wavelength of 976.5 nm) (see Figure 1b). A high-precision air-bearing linear stage pulls the fiber through the glass ferrule with polished surfaces, which is placed on a 3D piezo stage in order to provide random shifts in the (x, y) plane at the z-translation. The transverse position of the individual FBG relative to the fiber axis was controlled by the visualization system based on two microscope objectives to view fiber displacements in x and y directions (see Figure 1a). For inscription of the 1D array with randomized positions of individual FBGs in the longitudinal direction, the transverse position of all FBGs was set by 3D piezo stage exactly on the fiber axis, whereas random longitudinal spacing between FBGs of length LFBG was produced by an air-bearing linear stage with an average value of ΔL > LFBG, randomly varied within 20%. In case of 2D and 3D arrays, the axial shift is combined with random shifts (Δx, Δy) up to ±5 µm off the axis in one (x) or two (x, y) transverse directions. A variety of FBG arrays (1D–3D) with different FBG lengths (LFBG = 0.5, 0.25 mm), longitudinal FBG spacings (ΔL = 0.7, 0.33 mm) and numbers of FBGs in the array (N = 14, 28), respectively, were inscribed, keeping nearly the same total reflection (around −15 dB) for the FBG arrays as that for regular fs-inscribed output FBG at 976 nm [15,25].



The corresponding reflection spectra for the fs-inscribed output random arrays of different types (1D, 2D, 3D), consisting of N = 14 FBGs, are shown in Figure 2b together with the reflection spectra of highly reflective UV-inscribed FBGs (which will be used as a highly reflective mirror of MM RFL cavity) in the 1D panel and 3D FBGs array with N = 28 in the 3D panel. The regular FBG has clear reflection peaks corresponding to different groups of transverse modes with ~0.4 nm spacing between them in 100-µm GRIN core [12,24]. In the random FBG arrays, the interference of partially reflected light from individual FBGs in the random array leads to random irregularities in the spectrum with periods of ~0.05~0.5 nm so that the mode structure is washed out. Nevertheless, only a few (1–3) high-amplitude reflection peaks of random array overlap with the main peak of HR FBG centered at ~976.5 nm (corresponding to fundamental mode). The amplitudes of HR FBG peaks corresponding to higher order mode groups decrease from nearly −0.5 to about −10 dB for the fifth peak centered at 974.5 nm. A similar decrease of ~10 dB (from nearly −15 to −25 dB) is observed at the short wavelength tail of the random FBG array spectrum as its near-axis location leads to the predominant reflection of low-index modes. Since the shortest spectral period of the array is defined by its total length, and the longest period (~0.5 nm for array with N = 14) is defined by the spacing of neighboring FBGs, we also tested the array with N = 28 of short (LFBG~0.25 mm) FBGs, keeping the total array length nearly the same (~1.6 cm). For such a “dense” array, the longest period increases to ~1 nm; this is why its spectral characteristics become smoother and broader than those for N = 14, as illustrated in the 3D panel of Figure 2b.



The fabricated random FBG arrays have been tested with a multimode fiber Raman laser whose scheme is shown in Figure 3. The pump radiation from three fiber-pigtailed high-power LDs operating at the wavelength of ~940 nm is added together by a 3 × 1 multimode fiber pump combiner. The input ports of the fused pump combiner are made of multimode step-index fiber with 105-μm core (NA = 0.22) because that in the LD pigtails and the output port is made of the same GRIN fibers as that in Raman laser. The laser cavity consisted of a multimode GRIN fiber of 100/140 µm core/cladding diameter (NA = 0.29) with a length of 1 km and two reflectors at both ends. A highly reflective (~90%) FBG was spliced at the pump input, written by the phase mask technique with a UV laser at a first Stokes wavelength of 976 nm (its reflection spectrum is shown in Figure 2b, 1D panel). Instead of single regular 1D FBG, fs-inscribed along the axis of the GRIN fiber and used as output coupler in previous works [12,15,24,25], we have spliced at the output end a random reflector consisting of N weakly reflecting FBGs arrayed as 1D, 2D or 3D structure (see Figure 2a), with characteristics shown in Figure 2b, 1D–3D panels.




3. Results


The output characteristics of the multimode LD-pumped RFL significantly vary for different random FBG arrays tested with the same HR FBG. The output power for the 1D–3D arrays with N = 14 and parameters demonstrated in Figure 2b are compared in Figure 4a. The threshold pump power for all of them is around ~100 W, whereas the output power measured at 174 W pumping amounts to 26, 28 and 18 W for the 1D, 2D and 3D arrays, respectively. In Figure 4b, we present the obtained values of output power as a function of the total reflection of the array, which significantly varies for different samples from R~1% (−20 dB) to R~6% (−12 dB). The overall tendency of power growth with increasing reflection and its saturation at R~4% (similar to MM RFL with regular fs-inscribed output FBG [12,15]) can clearly be seen. At the same time, the 3D array provides maximum power at low R values (1–2%), whereas the 2D array gives the highest value at optimal R value (~4%) and the 1D array does it at the highest R value (~6%); these points (all with N = 14) are connected by solid line in Figure 4b.



It should be noted that it was difficult to obtain high R values for 2D arrays and especially for the 3D arrays with the same N, as their overlap with the fundamental mode is reduced. The increase of N from 14 to 28 at nearly the same length of the array does not lead to a significant enhancement of power for 1D and 2D arrays (the power change nearly corresponds to relative change of R in 1–2% interval). For the 3D array, such a doubling of FBG number in the array leads to an increase of R to ~4%, providing, in turn, a corresponding increase of power to ~24 W (see Figure 4). However, it may additionally strengthen the role of higher order modes due to interference effects leading to a smooth reflection spectrum in large scale (>1 nm), thus enhancing its tale at <976 nm (see Figure 2b, 3D panel). So, it is also necessary to evaluate the generated mode composition based on the spatial analysis of the output beam.



In Figure 5, we present the data of beam quality and profile measurements obtained at the same generation power for 1D–3D random arrays with reflection spectra shown in Figure 2b. The 1D, 2D and 3D arrays with N = 14 (Figure 5a–c, respectively) show a rather good beam profile and quality parameter of M2 = 2.0–2.1; at the same time, the 3D array provides sufficiently lower maximum power (see Figure 4a). The 3D array with N = 28 FBGs has a comparable maximum power to that of the 1D and 2D arrays (with N = 14) but a sufficiently worse beam quality, M2~2.7 (see Figure 5d). This means that the power increase for the 3D array with N = 28 (in comparison to the 3D array with N = 14) occurs due to both the increase of integral reflection and the involvement of more higher-order mode groups in the generation leading to larger beam area.



A comparison of the laser spectra with the corresponding reflection spectra for 1D–3D FBG arrays with N = 14 (see Figure 2), generating high-quality beams of M2~2, is presented in Figure 6a–c. One can see that the irregularities induced by the interference between the individual FBGs in the reflection spectra are reproduced somehow in the generation spectra; although, in all cases, the generation starts from a single peak, corresponding to maximum reflection, 1–3 neighbor reflection peaks also start to generate at higher powers and then, at further power increases, they are washed out. In some cases, instabilities of the spectra (unstable spikes) appear at the short wavelength edge (see e.g., Figure 6a, 160 W pumping). For the 3D array with N = 28, which has the worst beam quality, the spectrum is not shown since it is the most unstable, especially in the short-wavelength tail corresponding to high-order modes. The high-power instabilities are less pronounced in the optimum case (2D array), and the main peak in the generation spectrum remains rather narrow with increasing power. In the case of the 2D array, we extract the −3 dB width of the generated line and present it in Figure 6d as a function of the output power. At low power, the linewidth is below 0.05 nm; then, it grows from ~0.1 nm to ~0.2 nm in power range 5–20 W and exceeds 0.3 nm at the maximum power of 28 W, where the interference pattern is almost fully washed out by nonlinear spectral broadening. Nevertheless, the value is still lower than the linewidth of ~0.4 nm in MM RFL with regular FBG fs-inscribed in GRIN fibers [12,24,25], in which the interference effects are absent.




4. Discussion and Conclusions


Thus, proof-of-principle experiments have been performed on the femtosecond inscription of random 1D–3D arrays of short N = 14–28 weakly reflecting FBGs in multimode GRIN fiber, which enable, together with the highly reflective FBG, a relatively low threshold (~100 W) of random Raman lasing at highly multimode (M2~34 nm) laser diode pumping at 940 nm. The obtained output characteristics of the Stokes beam at 976 nm are shown to depend on the array structure. Similar to regular output FBG inscribed along the axis (1D) [15,25], the studied random arrays have optimal integral reflection of ~4%, providing maximum output power of 28 W at 174 W pumping, obtained with a 2D reflector. Comparison of low-reflection (1–2%) arrays at the same pumping demonstrates maximum power (18 W) in the case of 3D array; whereas, for higher reflection (~6%), maximum power (26 W) is obtained with the 1D array, all having N = 14 FBGs with LFBG~0.5 mm. The beam quality parameter M2, measured at moderate power, is close to 2 in all these cases. Increasing the FBG number to N = 28 does not significantly change power characteristics for 1D–2D arrays, and it enhances output power for 3D array (to 24 W at ~4% reflection), albeit at the expense of the beam quality worsening to M2~2.7.



The analysis of the spatial and spectral characteristics of the generated Stokes beam in relationship with the reflection spectra of FBG arrays shows that the reflection spectrum for N = 28 is broader and smoother than that for N = 14 with the same total length. This is explained by the 2-times-broader spectral range of modulation periods (up to ~1 nm) induced by interference of partial reflections from individual FBGs in the array with 2-times-denser FBG packing. This effect leads to the increasing reflection of high-order modes at short wavelength tails and the corresponding beam quality worsening in the case of N = 28. The narrower spectral range of modulation periods (up to ~0.5 nm) for N = 14 FBGs leads to the better selection of fundamental mode for higher-order mode groups separated by ~0.4 nm. In addition, this also leads to the appearance of 0.1–0.3 nm interference patterns within the single-mode group that results in single-line generation with <0.1 nm linewidth near the threshold. Well above the threshold, 1–3 generated lines are broadened with increasing power, so that the overall generation spectrum remains narrowband (0.1–0.2 nm at −3 dB level) in the 5–20 W power range. At maximum power (~28 W), the interference-induced lines are washed out, and the integral spectrum broadens to >0.3 nm.



Thus, the random FBG arrays fs inscribed in multimode GRIN fibers enable output power and beam quality of the LD-pumped Raman laser comparable with that obtained earlier with the optimal fs-inscribed FBG of R~4% at the wavelength of 976 nm [15,25]. At the same time, the generated spectrum is even narrower with random FBG array due to the interference effect leading to additional modulation of the reflection spectrum. Comparison of 1D–3D arrays shows that the best Raman laser characteristics are obtained with the 2D array, i.e., when longitudinal random shifts along the z-axis are combined with shifts off the axis in the transverse direction (x), which is perpendicular to the grating groove of ~1 × 8 µm size (in x and y directions, respectively). The random x-shift of the groove within 10 µm results in the nearly square structure of the 2D array in a transverse cross-section, which appears better for the predominant generation of the fundamental mode than the asymmetric strip-like or elliptical (with larger y-size) structures for 1D and 3D arrays, respectively. It is also interesting to fabricate FBG arrays with spiral structures that may help to generate, within the MM RFL cavity, the vortex modes or the beams containing a fractional topological charge [26].



In addition to the interesting physics of the nonlinear spatio-spectral transformation of the multimode Stokes beam at its interaction with the random array, this is a new technological approach, which enables a rather simple femtosecond pulse inscription of short, randomly spaced FBGs in the near-axis area of multimode fiber instead of a high-precision fabrication of long, on-axis FBGs. Such an all-fiber LD-pumped Raman laser also has good power scaling capabilities since the random FBG array is less sensitive to thermal load than the regular FBG; this is an important feature for practical applications. The applications also require a broader wavelength range availability. With commercially available high-power LDs operating at 915–976 nm, this approach may be easily extended from the presented 976 nm to the 950–1020 nm wavelength range as was already demonstrated for MM RFLs with regular RFLs [12,17], as well as to the 800–850 nm range with high power LD pumping at 790–800 nm. With the help of the second harmonic generation in nonlinear crystals, the MM RFL output beam of high quality (M2~2 (first attempts are reported in [27])), can be efficiently converted into the visible range of 400–500 nm. Such lasers are in great demand for imaging/displays, as well as for Raman spectroscopy and microscopy, flow cytometry, high speed printing, holography, optical data storage and laser shows. The application range may be further extended by the next harmonics generation (e.g., to the UV range).
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Figure 1. Scheme of writing weakly reflecting FBGs arrayed as 1D–3D structures: view along the fiber (a) and side view (b). 
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Figure 2. Random arrays of FBGs in GRIN fibers with 100/140 μm core/cladding: N parts of length LFBG with average spacing ΔL along the z-axis (1D) plus transverse random shifts within Δx (2D) and Δx, Δy (3D) around the axis (a); and corresponding reflection spectra of the 1D–3D arrays of randomly spaced FBGs and UV FBG (b). 
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Figure 3. Scheme of a multimode Raman fiber laser: LD1–LD3—multimode laser diodes; UV FBG—high-reflective (HR) FBG inscribed using CW UV radiation; fs FBG array—fs-inscribed random FBG array, L—collimating lens; M1–M3—dichroic mirrors; OSA—optical spectrum analyzer. 






Figure 3. Scheme of a multimode Raman fiber laser: LD1–LD3—multimode laser diodes; UV FBG—high-reflective (HR) FBG inscribed using CW UV radiation; fs FBG array—fs-inscribed random FBG array, L—collimating lens; M1–M3—dichroic mirrors; OSA—optical spectrum analyzer.



[image: Fibers 11 00048 g003]







[image: Fibers 11 00048 g004 550] 





Figure 4. (a) Output power of MM RFL with arrays of N = 14 FBGs of different structure: black—1D (L = 0.5 mm, ΔL = 0.7 mm); red—2D (L = 0.5 mm, ΔL = 0.7 mm, Δx = 10 μm, Δy = 0); blue—3D (L = 0.5 mm, ΔL = 0.7 mm, Δx = Δy = 10 μm); green—N = 28, 3D (L = 0.25 mm, ΔL = 0.33 mm, Δx = Δy = 10 μm). (b) Output power at 174 W pumping for different 1D–3D FBG arrays versus their integral reflection at the generation wavelength near 976.5 nm (with averaging over generation spectrum). 
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Figure 5. Beam profile and quality measurements of MM RFL at the same output power (~5 W) for different output reflectors: (a) 1D FBG array (L = 0.5 mm, N = 14, ΔL = 0.7 mm), at increasing power parameter M2 is measured to grow up to ~2.6. (b) 2D FBG array (L = 0.5 mm, N = 14, ΔL = 0.7 mm, Δx = 10 μm, Δy = 0). (c) 3D FBG array (L = 0.5 mm, N = 14, ΔL = 0.33 mm, Δx = Δy = 10 μm). (d) 3D FBG array (L = 0.25 mm, N = 28, ΔL = 0.33 mm, Δx = Δy = 10 μm). 
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Figure 6. Output spectra of MM RFL at different pump powers in comparison with corresponding spectrum of FBG array (N = 14): (a) 1D (L = 0.5 mm, N = 14, ΔL = 0.7 mm); (b) 2D (L = 0.5 mm, N = 14, ΔL = 0.7 mm, Δx = 10 μm, Δy = 0); (c) 3D (L = 0.5 mm, N = 14, ΔL = 0.5 mm, Δx = Δy = 10 μm); (d) −3 dB width (FWHM) of the generated Stokes line versus output power in the scheme with 2D FBG array. 
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