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Inner cladding influence on large mode area photonic crystal fiber properties under severe heat load

In the last years, the significant development of high power fiber lasers has been driven by the advantages provided by Yb-doped double-cladding Photonic Crystal Fibers (PCFs) in terms of very large mode area, strong pump absorption, efficient conversion and robust single-mode regime [START_REF] Zervas | High power fiber lasers: a review[END_REF]. A further power scaling of fiber lasers, continuously required by practical applications, is currently hindered mainly by thermal effects, which negatively affect the single-mode behavior of Large Mode Area (LMA) PCFs. In fact, beyond a certain average power threshold, the confinement in the fiber core of the Higher-Order Modes (HOMs) improves and an unwanted energy transfer from the Fundamental Mode (FM) occurs [START_REF] Hansen | Thermally induced mode coupling in rare-earth doped fiber amplifiers[END_REF], causing degradation of the beam quality. In this work, the influence of the main inner cladding characteristics on the first HOM confinement in Yb-doped LMA PCFs under severe heat load has been investigated. The air-cladding inner dimension and the air-hole diameter, that is the size and the air-filling fraction of the inner cladding, have been modified in order to study which conditions facilitate the coupling between HOMs and cladding modes, thus improving the HOM delocalization and making the fiber single-mode behavior more robust. The effectiveness of the inner cladding in filtering out the HOMs has been studied in different heating conditions, thus showing also which heat load value causes a thermally-induced refractive index change high enough to radically modify the PCF guiding mechanism. Simulation results obtained with a Symmetry-Free PCF (SF-PCF) are presented in this abstract, while a more complete series of data, including those calculated for Large Pitch Fibers, will be shown at presentation time.

As shown by the cross-section reported in Fig. 1, the double-cladding Ybdoped rod-type SF-PCF considered in the present analysis is built over a triangular lattice stack with pitch Λ = 15 μm. The core, formed by replacing the 19 innermost cells with index-matched Yb-doped rods, is surrounded by air-holes with diameter d, distributed according to a C3 symmetry, thus breaking the C6υ one typical of the triangular lattice. The inner cladding is enclosed by an air cladding with inner diameter dAC and thickness of 7 μm. 150 modes of the SC-PCF at a wavelength of 1032 have been calculated for heat load q values between 0 W/m to 100 W/m with a commercial full-vector modal solver based on the finite element method [3], used also to solve the steady-state heat equation. Details on the calculation of the thermallyinduced refractive index change over the fiber cross-section can be found in [4]. Simulation results obtained for SF-PCFs with d/Λ = 0.5 and dAC in the range between 15Λ and 21Λ are shown in this abstract. Fig. 2 shows the difference between the calculated mode effective index, neff, and the FM one, neff,FM, chosen as a reference, as a function of the heat load q for the SF-PCFs with different air cladding diameter. Notice that, since neff,FM increases with the highest slope as heating becomes more severe, all the curves of the other modes, except the reference one, have a negative slope. Moreover, the cladding mode curves are steeper, since their effective index increases with q slower than the guided mode one. It is important to underline that the first HOM curve can be easily identified under high heat load, while it merges with the cladding mode ones, forming a sort of "cloud", for low q values. In fact, starting from the maximum heating condition, that is q = 100 W/m, as the heat load decreases, the first HOM field confinement in the fiber core worsens and it starts to spread in the inner cladding. By comparing results reported in Fig. 2(a)-(d), it is possible to notice that the cladding mode curves becomes more overlapping and steeper, when the air cladding dimension increases from 15Λ to 21Λ. This change has a direct impact on the first HOM delocalization, which is effective up to a maximum heat load value, called qmax, which almost corresponds to the crossing between the HOM curve and the "cloud" of the cladding modes. Notice that qmax becomes lower as the inner cladding diameter enlarges, being around 13 W/m, 21 W/m, 26 W/m and 28 W/m for the fiber with dAC = 15Λ, 17Λ, 19Λ and 21Λ, respectively. The electric field modulus distribution of the HOM at qmax for the different SC-PCFs considered in the analysis is reported in Fig. 3. It is important to underline that the HOM overlap integral on the doped core is about 0.25 when the heat load is qmax, regardless of the air cladding inner diameter. Simulation results regarding effective area and overlap integral of FM and HOM on the doped core, as well as a complete discussion on the fiber single-mode regime, will be shown at presentation time. 
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 1 Figure 1: Cross-section of the considered SF-PCF (red: silica, with index 1.45; cyan: Yb-doped silica, with index 1.45; blue: air, with index 1)
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 23 Figure 2: Difference between the generic mode effective index, neff, and the FM one, neff,FM, as a function of the heat load q for the SF-PCF with (a) dAC = 15Λ, (b) dAC = 17Λ, (c) dAC = 19Λ and (d) dAC = 21Λ.