Mid-infrared fluoroindate glass long-period fiber grating by femtosecond laser inscription
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Abstract: A long-period fiber grating (LPFG) was fabricated in a home-made fluoroindate fiber using a femtosecond laser, and attenuation peaks as strong as −17 dB, with sharp and predictable spectral resonances, were obtained over the transmission spectrum. A strain up to 2000 με applied on the LPFG yielded a resonant wavelength redshift of circa 8.46 nm. The strain sensitivity of this LPFG in fluoroindate fibers could pave the way for a new range of applications in the mid-infrared wavelength regions, such as tunable optical rejection band filters in fiber amplifiers and sensing devices.
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1. Introduction

Fluoride glass materials have attracted much interest as a new host for active components [1], because of their intrinsic low loss within the mid-infrared (IR) wavelength range, generally significantly lower than those of silica fibers, which are transparent only at wavelengths shorter than ~2.3 μm. In the last four decades, fluoride glasses have been investigated mostly to obtain efficient active optical fibers. Commercial diode-pumped fluoride glass fiber lasers in different configurations have been demonstrated for visible upconversion 


[2-4] ADDIN EN.CITE  and mid-IR lasers 


[5-7] ADDIN EN.CITE , especially for high power continuous wave (CW) and pulsed operation at wavelengths λ>3 μm 


[8-11] ADDIN EN.CITE . ZBLAN, one of the most stable fluoride glasses, was most commonly used in mid-IR fiber lasers, due to a broad optical transmission window extending from λ~0.3 to λ~7 μm, a small refractive index (~1.5), a relatively low host phonon energy (~570 cm-1), a low dispersion and a small negative refractive index temperature dependence. The longest wavelength mid-IR fiber laser emission in ZBLAN was obtained at λ~3.95 μm using holmium as dopant and liquid-nitrogen cooling [8]. Due to the increased occurrence of multiphonon relaxation of excited states in longer wavelength transitions (i.e., multiphonon quenching), in addition to the exponentially increasing material attenuation at λ>3.8 μm, lasing at λ>4 μm in fluorozirconate glasses has become impossible. The development of mid-IR fiber lasers covering the entire λ~3-5 μm window therefore requires changing the host glass material to a new glass with a lower phonon energy and wider transmission window than ZBLAN. Fluoroindate (InF3) glass seems an extremely promising candidate, as it is a material with a lower phonon energy (~510-530 cm-1) than ZBLAN, and an extended spectral range (λ~0.3-10 μm). A room-temperature multimode fiber laser based on InF3 emitting around λ~3.92 μm has been presented, paving the way to mid-infrared fiber lasers at λ>4 μm [12].

Long Period Fiber Gratings (LPFGs) exhibit a strong wavelength dependency and large evanescent field, while producing several rejection bands in its transmission spectrum. Such unique optical properties have been successfully used in two main applications: spectral filtering, such as gain-flattening [13], and fiber optic sensing for strain [14] and temperature [15]. Femtosecond (fs) laser writing has been previously used for fabricating LPFGs in ZBLAN optical fibers [16], which were utilized to mitigate parasitic self-lasing effects in fiber laser amplifiers for mid-IR supercontinuum (SC) generation [17]. By changing the surrounding temperature of the LPFG from 25 °C to 48 °C, a peak wavelength blueshift of approximately 15 nm of the main peak was observed, which allowed to compensate the parasitic laser blueshifts induced by the adapted LPFG.

In this letter, we experimentally demonstrate the fabrication and characterization of LPFG in a fluoroindate optical fiber using an fs laser operating at λ~800nm for the first time. A couple of strong and sharp attenuation peaks over the mid-IR wavelength region have been presented and the measured results have a good agreement with the proposed numerical modeling. By applying an external mechanical tension to the extremely robust LPFG, an overall tunability of 8.46 nm, spanning from 3428.8 nm to 3437.3 nm, therefore a competitive strain sensitivity of 4.23 pm/µε over a microstrain range from 0 to 2000 µε, was achieved. With the rapid advances in mid-IR fiber lasers and their applications in industrial and medical treatment, this fluoroindate fiber based LPFG can be used for mid-IR fiber laser beam-shaping applications.
2. Theoretical Analysis

In an LPFG with pitch Λ, all resonances due to the coupling of the core mode with the forward propagating cladding modes satisfy the phase matching condition：
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where 
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represent the propagation constants of the fundamental core mode and of the mth cladding mode, respectively. If λm is the resonant wavelength of mode m, and 
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are the effective refractive index of fundamental core and mth cladding modes, (1) can be rewritten as：


[image: image6.wmf]()

m

mcoreclad

nn

l

=-L

                                                             (2)

When stress is applied to the LPFG, the change in the refractive index modulation (Δn) and in Λ affects the mode coupling, leading to a shift in the resonance wavelengths. The LPFG resonant wavelength under the axial strain ε can be expressed as [18]:
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and the total LPFG Δn can be expressed as：
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where Δn groove is the initial refractive index perturbation induced by fs writing in the fiber, Δnstrain is the refractive index perturbation caused by the difference of tensile strains between the exposed and unexposed regions due to the photoelastic effect, and Δnmicrobends is the refractive index perturbation caused by tensile microbending. With the increase of the tensile force, the tensile strain difference and the amplitude of tensile microbend increase, resulting in the increase of Δnstrain and Δnmicrobends [19]:

Additionally, the grating pitch under strain (Λstrain) can be obtained as：
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where ΔΛ=εΛ is the change of grating pitch.

3. Experiment

Figure 1 shows the schematic of the fs laser inscription system: a Ti:Sapphire fs laser (RegA 9000, Coherent, USA) emits pulses at a repetition rate of 200 kHz and at a wavelength of λ~792 nm with a duration of 115 fs. The fiber used in the experiments was a home-made single-cladding fluoroindate fiber with a core diameter of 7 µm, a cladding diameter of 250 µm and a numerical aperture (NA) of circa 0.27. The fluoroindate glass fibers were fabricated by using a traditional suction method [20]. The core and cladding glass molar compositions were 45InF3-15GaF3-20ZnF2-15BaF2-5PbF2 (IGZBP) and 40InF3-19GaF3-21ZnF2-20BaF2 (IGZB), respectively. In the experiments, all the raw materials were 99.99% in purity. The optical fiber preform, including a IGZBP core and a IGZB cladding, was prepared by the suction method and the fluoroindate fibers were fabricated using a fiber drawing tower.

To ensure that the fiber could be held perfectly straight during the fs laser inscription process, a customized V-groove was engraved into a soda-lime glass objective slide substrate using a diamond wheel-based precision grinding system. The fluoroindate fiber was placed into the V-groove and then immersed into a refractive index matching liquid (Cargille, USA) and subsequently covered by a glass coverslip with a thickness of 100 µm to eliminate extra aberrations induced by curved interfaces. This assembly was then mounted onto a programmable three-axis piezo translation stage and a two-dimensional linear motorized stage to move the optical fiber core through the focus of the fs laser beam over a long range. The fs laser pulses, with 200 kHz repetition rate and energy of 0.75 μJ, were focused inside the core of the fluoroindate fiber using a 40X dry objective with an NA~0.6 (Olympus, Japan). Under these fabrication conditions, the LPFG was written into the core of the optical fiber that covered the entire cross-section of the 7 µm core at a translation speed of 30 µm/s. Moreover, both the transition stages and the laser inscription are controlled and synchronized by a personal computer in order to select the pitch of the LPFG (translation stage step), the grating length (number of irradiated points) and the induced refractive index change (number of laser pulses per point and fluence). This direct writing method would provide a uniform refractive core index modulation along the azimuthal fiber axis and, as consequence, the output optical transmission spectra of the fluoroindate LPFG could be independent on the light polarization. However, from Fig. 2, one can see that the refractive index distribution of the LPFG is inhomogeneous across the core and the refractive index changes cover only the part of the fluoroindate fiber core. As a result, such an asymmetric structure should disturb polarization modes and lead the polarization dependence of the LPFG's resonance peak, demonstrated further in Fig. 4.
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Figure 1. Schematic of femtosecond laser experimental setup.

An LPFG with Λ ~450 μm, a 50% duty circle, and a total of 100 grating elements, was inscribed along the fiber core, leading to a total grating length of about 45 mm. The LPFG refractive index profile was characterized by using a fiber refractive index profiling tool and the result is presented in the inset of Fig. 2(a). During the LPFG inscription, in order to monitor the transmission spectrum evolution in real time, a home-made mid-IR SC generation source was used as source. The SC output power was 1.5 W, of which 0.58 W at λ>3.5 µm, with a spectrum flatness of 2 dB over between λ=2 and λ=3.6 µm. The transmission spectra were monitored by an optical spectrum analyzer (AQ6377, Yokogawa Japan). The largest transmission loss value occurs at λ~3425 nm, suggesting an induced refractive index contrast of approximately 2×10-3. Previous studies demonstrated that the LPFG transmission loss could be increased further by optimizing the fs laser writing parameters. 
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Figure 2. (a) Microscope image of an LPFG with a grating period Λ~ 450 μm and 50% duty cycle inset: Measured RI cross section showing the localized modification in the refractive index covering part of the fiber cladding and core regions with a positive index change (laser incident from top); (b) Microscope image of the fiber cross section in a section exposed to the fs laser (evident in the core region).
The LPFG transmission spectrum is shown in Fig. 3 and reveals strong and sharp resonances with coupling losses down to -12 dB at λ~3428 nm, with a bandwidth (full width half-maximum) FWHM~26 nm).  From Figure 3, one can see that the noisy resonant peaks exist over the baseline spectrum of measured results, and this was mainly caused by the decentered localized refractive index modification which was demonstrated clearly in Fig. 2a, and this can further result in the coupling of the optical power from the core mode into higher-order cladding modes. In order to mitigate such noisy influence, a three dimensional translation stage with a much higher precision compared with the existing experimental facility is needed to control the fs laser focusing condition within the fiber core region. Additionally, the precise alignment with respect to the fluoroindate fiber is becoming more and more challenging the smaller the focal spot gets. The corresponding research is underway.
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Figure 3. Measured (black) and simulated (red) transmission spectra of the LPFG written in the fluoroindate glass by fs laser.
Numerical simulations based on the analytical transfer matrix method (TMM) [21] performed with customized codes rooting in Matlab were used to reconstruct the LPFG transmission spectrum. The boundary conditions of electric and magnetic fields along with orthogonality conditions were adopted. A top hat refractive index profile along the fiber radial direction was assumed, with a uniform average index modulation along the longitudinal direction and a fully circular fiber shape. In order to obtain a tradeoff between the calculation accuracy and time, each grating was divided into 100 segments, which were treated as a single uniform grating. The transmission spectrum covered 3000 to 3500 nm with a wavelength interval of 0.5 nm. In the simulation, only the linearly polarized (LP) modes were considered, which enabled to assign the different resonant peaks directly to the coupling of the fundamental LP01 core mode to the various cladding modes: the peak at λ~3177 nm was ascribed to the excitation of the LP02 mode, while resonances at λ~3269 nm and λ~3425 nm to the LP03 and LP04 modes, respectively. The grating values presented in Fig.3 yield a maximum induced index change Δn=3.99×10−4, with a corresponding simulated grating length of L=45 mm. The simulated spectrum is presented in Fig. 3 (red line), overlapped with the experimental one (black line). The discrepancy between the modelled and measured transmission spectra may be caused by the decentered localized modification induced by the fs laser (inset of Fig. 2a).

Previous experimental investigations have shown that mode coupling in fs-laser-written silica fiber LPFGs [17], can be greatly enhanced by applying an external tension. In this experiment, the fluoroindate glass fiber was mounted between a fixed and a motorized linear translation stage and the main LPFG resonant wavelength was measured while the strain was increased from 0 to 2000 με with a step of 250 με. The experiment was performed in an environment with a controlled temperature and humidity, where the overall change of temperature was less than 2°C and the humidity (RH) change was smaller than 2%. 

As presented in the schematic of the experimental setup of Fig. 4, a mid-IR OSA and a mid-IR SC light source were employed to monitor the LPFG transmission spectrum evolution during stretching. As shown in Fig. 5, the resonant wavelength redshifted linearly with the increased tensile strain. As shown in the figure inset, the strain sensitivity of the LPFG was circa 4.23 pm/με.
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Figure 4. Schematic of experimental setup used to tension the LPFG.
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Figure 5. Transmission spectra of fluoroindate glass LPFGs when the strain was increased from 0 to 2000 με.

In order to study the polarization dependent performance of the fabricated fluoroindate LPFG, in the probe beam path, a highly durable soda lime substrate based mid-IR polarizer (extinction ratio >104 over 2~4.5 μm) and a photo elastic modulator (Hinds Instruments) are placed between focusing lens and the fluoroindate LPFG sample to alternate the polarization between left and right circular. In Fig. 6, the transmission spectrum of the through port is shown for the two polarization axes. By varying the polarization state of the incident mid-IR SC source using the polarizer mentioned above, we could obtain a big difference in their resonance positions. The deviation of the resonant wavelength is attributed to the polarization-dependent coupling from the asymmetric localized refractive index modification at the interfaces between fiber core and cladding, as clearly shown in Fig.2. The effect of the fabrication parameters, i.e., intensity of refractive index modulation, position of focal point inside the fiber core on the polarization dependence of the LPFG and a design for a polarization-independent LPFG will be further investigated in due course by the authors.
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4. Figure 6. Polarization dependent performance of fluoride LPFG.

5. Simulation

The influence of strain on the LPFG transmission spectrum was simulated, showing that stretching slightly increases the LPFG period and its refractive index modulation from Δn=3.99×10−4 when no strain is applied, to 4.34×10−4 at 1000 με. The increased refractive index modulation increases the coupling between the core and cladding modes up to a maximum and then decreases, as energy is coupled back into the core guided mode. From the simulations, Δn~1.385×10-4 occurs at a strain of 2000 με, resulting in a significant red shift of the resonance wavelength from 3427.98 nm to 3436.46 nm, which is about 8.48 nm shift in total (Fig. 7). The strain sensitivity of the simulated LPFG is circa 4.24 pm/με and it is consistent with the experimental results.
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Figure 7. Simulated transmission spectra of fluoroindate glass LPFGs at different strains.

6. Conclusion
In conclusion, we have theoretically and experimentally investigated the core to cladding mode coupling behavior of fluoroindate glass LPFGs fabricated using fs-laser pulses. Such an LPFG can be used to develop a promising high-sensitivity strain sensor with a strain sensitivity of up to 4.23 pm/με operating in the mid-IR wavelength range. These developed LPFGs can be used in conjunction with mid-IR FBGs to separate their temperature and strain responses, and to be used as a mid-IR edge filter to facilitate intensity-based demodulation. More importantly, such a mid-IR LPFG can be employed to improve the performance and flatten the gain of future mid-IR fiber amplifiers and SC generators.
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