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Abstract

:

Compact fiber-based sources generating optical pulses with a broadband spectrum in the mid-IR range are in demand for basic science and many applications. Laser systems producing tunable Raman solitons in special soft-glass fibers are of great interest. Here, we report experimental microstructured tellurite fibers and demonstrate by numerical simulation their applicability for nonlinear soliton conversion in the mid-infrared (-IR) range via soliton self-frequency shift. The fiber dispersion and nonlinearity are calculated for experimental geometry. It is shown numerically that there are two zero dispersion wavelengths for the core size of 2 μm and less. In such fibers, efficient Raman soliton tuning is attained up to a central wavelength of 4.8 μm using pump pulses at 2.8 μm.
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1. Introduction


Compact fiber-based sources generating optical pulses with a broadband spectrum in the mid-IR range beyond 3 μm are in demand for basic science and many applications, including spectroscopy, biomedicine, sensing, remote diagnostics, and others [1,2]. Since silica fibers are not transparent in this range (excluding hollow core optical fibers [3]), special fibers based on soft glasses, such as fluoride, chalcogenide, or tellurite, are used [1,2,4]. Due to nonlinear optical effects, it is possible to obtain supercontinuum generation in optical soft-glass fibers of special design [5,6,7,8]. Note that for a supercontinuum, the temporal and spectral structure of light is quite complicated.



Raman soliton sources, for which the effect of soliton self-frequency shift (SSFS) is exploited, have been developed as sources of high-quality pulses tunable in a wide wavelength range. For example, the SSFS in fluoride fibers was attained in the 2.8–3.6 [9] and 2–4.3 μm ranges [10], and in chalcogenide fibers in the 2.986 to 3.419 μm range [11]. Tellurite fibers are also of interest for this purpose, since they have several advantages over fluoride and chalcogenide ones (for example, higher nonlinear refractive index, better chemical stability, and resistance to atmospheric moisture in comparison with fluoride fibers and higher damage threshold and resistance to crystallization in comparison with chalcogenide fibers) [1]. However, in tellurite fibers, the SSFS was reported in a shorter wavelength range: 1990 nm to 2264 nm in [12], 2–2.65 μm in [13] and 2050–2730 nm in [14]. Regarding the applicability of tellurite fibers for the mid-IR range, it should be noted that supercontinuum generation in the ranges of 78–4870 nm, 1–5 μm, and 1.3–5.3 μm were obtained in a microstructured photonic crystal fiber [15], W-type fiber [16], and step-index fiber [17], respectively.



Here, we study theoretically the generation of tunable Raman solitons in the range beyond 3 μm in the developed and fabricated tellurite microstructured (MS) fibers (also called “three-hole suspended core fibers”) pumped by 200-fs pulses at a wavelength of 2.8 μm. In general case, pump pulses can be launched into a MS fiber through free space using coupling lenses [12,13,14,15,16,17]. To generate ultrashort optical pulses at a wavelength of about 2.8 μm, optical parametric amplifiers, solid-state lasers such as transition-metal-doped II–VI chalcogenide ones [18], or fiber lasers based on active fluoride fibers such as ZBLAN (ZrF4–BaF2–LaF3–AlF3–NaF) [9,19,20] can be used. For example, Er: ZBLAN mode-locked fiber lasers generating pulses with a duration of 207 fs, 250 fs, and 131 fs have been demonstrated, respectively, in the papers [9,19,20]. Pulses of 180 fs duration from a Ho: ZBLAN fiber laser have been also reported [21]. When developing a tellurite fiber for the SSFS several points should be taken into account. A fiber should be made of a “low-hydroxyl” glass for the absorption of hydroxyl groups at about 3 μm not to noticeably affect light attenuation. In addition, significant attention should be paid to the dispersion and nonlinearity of MS fibers. We calculated these characteristics of the fabricated fibers and showed in numerical simulation that a significant SSFS (up to 4.8 μm) is achieved in a MS fiber with a core diameter of 2 μm, when a fiber has two zero dispersion wavelengths (ZDWs) due to a strong waveguide contribution.



In addition, the use of tellurite fibers for telecommunication bands has also been studied quite actively [22,23,24] despite the fact that silica ones are traditional for this range [25,26]. Here, we propose utilizing the produced MS tellurite fibers specifically for the mid-IR range. However, they can also be used in the telecommunication range. Therefore, the dispersion and nonlinear characteristics of the developed MS tellurite fibers are calculated starting from the wavelength of 1.5 μm.




2. Materials and Methods


2.1. Experimental


Undoped highly nonlinear 72TeO2-24WO3-4La2O3 glass was produced using a procedure described in detail in [27,28] by melting the initial components (TeO2, WO3, and La2O3 oxides) inside a sealed silica chamber in the purified O2 atmosphere. The glass was synthesized in a platinum crucible for a few hours with periodic stirring of the glass-forming melt. After that, a highly homogeneous preform (without striae, bubbles, crystallites) with a length of 7.5 cm and 1.25 cm diameter was fabricated (as in [27,28]). Further, three holes around the center of the preform were drilled by diamond coated tubular drill with the help of CNC machine. The drill speed was 4000 rpm, the drill feed rate was 3 mm/min. After drilling, the holes were hand polished, the grain size of final abrasive was 3–5 μm. On the basis of our experience, a procedure such as hole surface preparing gives the best result in terms of minimizing scattering losses. MS fibers were drawn followed by careful purified oxygen pressure control inside each air channel. Two jacketing tubes were used to control the diameter of the suspended core by the sequent stacking-stretching technique. By changing the rate of drawing, MS fibers of different diameters were obtained.



To characterize transmittance T of glass samples, the IR spectrometer (Nicolet 6700 FT-IR) was used. An absorption coefficient α was found from the experimental data using the well-known formula α = ln(100/T) in the hydroxyl group band area taking into account Fresnel reflection as in [27,28].




2.2. Numerical


The eigenmodes of the MS fibers and the effective refractive indices neff are found numerically in the framework of Maxwell’s equations. The finite element method is applied using the COMSOL software. The refractive index n of the tellurite glass with the same chemical composition as a function of wavelength λ is defined by the Sellmeier formula


   n 2  =  C 1  +    C 2     (  1 −    C 4     λ 2     )    +    C 3     (  1 −    C 5     λ 2     )     



(1)




with constants C1, C2, C3, C4, and C5 given in Table 1 [29].



The group velocity dispersion (GVD) is calculated as


   β 2  =    ∂ 2   (   ω c   n  e f f    )    ∂  ω 2    ,  



(2)




where ω = 2πc/λ is the circular frequency and c is the speed of light [30].



The effective mode field area is evaluated as


   A  e f f   =      (    ∫   P z   d 2  r     )   2      ∫   P z 2   d 2  r      ,  



(3)




where Pz is the z-component of the Poynting vector and r is the position vector in the plane normal to z-direction [31].



The nonlinear Kerr coefficient is defined by the expression


  γ =   2 π  λ      ∫   n 2   P z 2   d 2  r         (    ∫   P z   d 2  r     )   2     



(4)




where n2 is the nonlinear refractive index [31].



To simulate nonlinear pulse propagation in the MS fibers with the calculated parameters, we use a home-made computer code based on the split-step Fourier method [30] for solving the one-way wave equation for an electric field of a signal [32]. We previously used this approach to simulate pulse evolution with ultrabroad spectra transformation in chalcogenide fibers [33,34] as well as in tellurite six-hole fibers [29]. The model takes into account the actual dispersion profile, the dependence of the nonlinear Kerr coefficient on the wavelength, losses, and the Raman nonlinearity.



The nonlinear response function with allowance for the instantaneous Kerr and delayed Raman contributions is written as [30]:


  R ( t ) = ( 1 −  f R  ) δ ( t ) +  f R   h R  ( t ) ,  



(5)




where δ(t) is the delta-function, t is time, fR is the fraction of the Raman contribution to nonlinear response, and hR(t) is the Raman response function. For the tellurite glass, fR is 0.51 and hR(t) can be approximated by [35]


   h R  ( t ) =   ∑  j = 1  7    B  R j   exp ( −  g  R j   t ) exp ( −  Γ  R j  2   t 2  / 4 )   sin (  ω  R j   t )  



(6)







We took the coefficients ωRj, BRj, ΓRj, and gRj as in [35,36] (although the exact composition of the glass differed from ours).





3. Experimental Results


The photography of the produced glass preform and the view through the entire preform on the wall of the neighboring building as the evidence of high homogeneity are demonstrated in Figure 1. Note that optical inhomogeneities (striae, bubbles, crystallites) in the sample volume are not visually noticeable, do not appear when scanning with a He-Ne laser beam, and even the whole long preform does not distort objects when looking through.



The experimental transmittance spectra of the 7.5 cm long glass preform and of its slices 0.24 cm and 0.45 cm thick in the 1.6–6.5 μm range is plotted in Figure 2. The transmission of the whole jacketing tube 8.7 cm long from “medium hydroxyl” glass is given for comparison of hydroxyl groups absorption. The transmittance in the near-IR for thin slices is limited by the Fresnel reflection on end faces. The transmission of long samples is further limited by the deviation of the radiation beam from the receiver axis, pronounced atmospheric vapor absorption regions of about 2.7 μm occur due to the discrepancy between the path length of the measuring beam when recording the comparison spectrum and the sample spectrum in the Fourier spectrometer. Hydroxyl groups absorption bands almost do not appear in the spectra of thin samples of well-dehydrated preform glass. The main bands with maxima of about 3 μm and 4.4 μm can be distinguished in the spectrum of a 7.5 cm sample. The spectrum of the medium-dehydrated jacket tube glass additionally demonstrates a hydroxyl absorption band with a maximum of 2.3 μm.



Since the reported tellurite MS fiber was specially designed for use in the range of 3 μm and beyond, it was very important to obtain “low-hydroxyl” glass in order to minimize absorption by hydroxyl groups in the main band near 3 μm. The large length of the initial preform allowed us to process the absorption band near 3 μm and calculate the volume absorption coefficient. The absorption spectra calculated at around 3 μm are plotted in Figure 3. The maximum of absorption for the entire 7.5 cm preform corresponds to 0.0135. For short samples, the absorption values at the maximum of hydroxyl band are the same and are equal to ~0.0025. This can be explained by the fact that the absorption value at the ends of the samples significantly exceeds the volume absorption. Taking the absorption value of 0.0025 as the end absorption and the value of 0.0135 as the total absorption of the 7.5 cm sample, the absorption coefficient can be calculated as follows: α = (0.0135 − 0.0025)/7.5 cm = 0.0015 cm−1. This is equivalent to ~0.65 dB/m of optical loss due to hydroxyl groups in the band maximum near 3 µm. This small value confirms a very low content of hydroxyl groups in the preform prepared. Note that the total loss in fibers always exceeds this level. So, optical loss in the step-index fiber of the similar glass was about 2 dB∕m at the maximum of hydroxyl group absorption at about 3 μm [29].



We produced MS fibers with core sizes ranging from 1.5 to 5 μm. A cross-section microphotograph of an MS fiber sample is shown in Figure 4a. This image was obtained with an optical microscope (Motic BA310). The dark part to left of the photo is due to imperfect fiber cleavage. There are also several defects at the round interface between two layers of the preform. Note that these defects do not affect losses for the light propagating through the core. The resolution of the optical microscope is insufficient for detailed visualization of the structure of the core with a diameter of about 1–2 μm and sub-micron walls. For this, the image of the central part of the MS fiber and its core was obtained with an electron microscope (JEOL, JSM-5910LV) (see Figure 4b,c, respectively). These figures demonstrate that the core structure is almost perfect, without defects and distortion of the geometric proportions. Therefore, this fiber is of significant interest for nonlinear light conversion and its properties should be studied and simulated in more detail.




4. Numerical Results


4.1. Dispersion and Nonlinearity of MS Fibers


Next, we performed numerical simulation of the dispersion and nonlinear characteristics of MS fibers. The modeled core cross section is shown in Figure 5a. The core size was characterized by a diameter d of the inscribed circle. Using the numerical methods described in Section 2.2, we calculated the field structure of the fundamental mode and the effective refractive index neff depending on wavelength in the 1.5–6 μm range for different values of d. An example of the longitudinal z-component of the Poynting vector at a wavelength of 2.8 μm for d = 2 μm is shown in Figure 5b.



The GVDs as a function of wavelength obtained by Equation (2) for different values of d are plotted in Figure 6a. Due to the strong waveguide contribution, the dispersion of the MS fibers differs significantly from the material dispersion. The zero dispersion wavelength (ZDW) of the considered tellurite glass is ~2.17 μm [29]. For shorter wavelengths, the material dispersion is normal and for longer ones, the material dispersion is anomalous. Microstructuring leads to the appearance of two ZDWs for thin cores, the first of which is noticeably shifted to the short-wavelength range, and the second one is shifted to the long-wavelength range relative to the ZDW of the glass. Due to the strong waveguide contribution, the thinner the MS fiber core, the shorter the second ZDW is.



The effective mode field areas calculated by Equation (3) and the nonlinear Kerr coefficients calculated by Equation (4) are shown in Figure 6b,c, respectively. With increasing wavelength, the effective mode field areas increase, and the nonlinear Kerr coefficients decrease.




4.2. SSFS in MS Fibers


A fundamental soliton in lossless optical fibers with Kerr nonlinearity and anomalous quadratic dispersion and without higher-order effects has the following form [30]:


     |  A ( z , t )  |   2  =    P 0      cosh  2  ( t /  T 0  )   ,  



(7)




where A(z, t) is the slowly varying electric field envelope, z is the distance along the fiber, P0 is the peak power, and T0 is the characteristic duration related to a full width at half maximum (FWHM) duration as


   T  F W H M   = 2 ln  (  1 +  2   )   T 0  ≈ 1.763  T 0   



(8)







For the fundamental soliton N = 1, the peak power is determined from the following expression:


  N =   γ  P 0   T 0 2     |   β 2   |     



(9)







The soliton energy W is


  W = 2  P 0   T 0   



(10)







For the SSFS caused by the stimulated intrapulse Raman scattering, the following estimation for the rate of central frequency tuning is obtained within the perturbation theory [30]:


    d Ω   d z   = −   8  T R    15      β 2     T 0 4    = −    T R    30      γ 4   W 4       |   β 2   |   3    ,  



(11)




where Ω is the central soliton frequency, TR is the characteristic Raman response time. Equation (11) is obtained for constant parameters; therefore, it cannot be explicitly used to describe the propagation of ultrashort solitons in tellurite MS fibers with the characteristics strongly depending on wavelengths such as shown in Figure 6. However, Equation (11) can be used for a qualitative understanding of the requirements for MS fibers and input pulses for efficient soliton frequency conversion. As a soliton is propagating along a fiber, its energy decreases both due to optical losses of the fiber and due to losses associated with Raman scattering. A decrease in energy and a decrease in the nonlinear Kerr coefficient at the central wavelength of the Raman soliton lead to a significant slowdown in the SSFS rate. To mitigate these effects and maintain a high rate of central frequency tuning to attain ultrabroadband soliton wavelength conversion, one can use fibers with a dispersion characteristic such that |β2| decreases with wavelength growth. For this reason, the designed tellurite MS fibers with two ZDWs are promising for pulse frequency conversion from 2.8 μm to the range well beyond 3 μm.



Next, numerical simulation of nonlinear pulse conversion was performed using the method described in Section 2.2 for the fiber parameters shown in Figure 6 (including the modeled loss function plotted in Figure 6d. The input signals were 200-fs sech2-shaped pulses with soliton number N > 1. It is well known that, at the initial stage of the evolution of such signals, higher-order soliton compression was observed, accompanied by spectral broadening with a significant decrease in duration of up to a few cycles [30]. After this, a fundamental soliton was formed, with the frequency down-shifted due to intrapulse Raman scattering. If there is enough remaining energy, several solitons can be formed sequentially [29]. Here, we specially chose modeling parameters so that the main part of the energy was contained in the first soliton. We took input pulse energies which should be lower than the damage threshold for the microstructured tellurite fibers [37].



The spectral evolution of a 150-pJ initial pulse in the MS fiber with d = 1.5 μm is shown in Figure 7a, while FWHM duration as a function of a distance along the fiber is plotted in Figure 7b. The fivefold pulse self-compression occurs at the first cm; at the second cm, transition processes take place. After that the soliton is formed and the almost constant rate of SSFS is achieved due to a decrease of |β2| with wavelength increase (up to z~6 cm). Further, the soliton is so close to the ZDW that its long-wavelength wing reaches the region of normal dispersion, and when phase-matching conditions are satisfied, the radiation of a dispersion wave (DW) starts (near z = 7.5 cm, see Figure 7a,b, vertical dashed line). After this, the central frequency of the soliton is stabilized, and its energy decreases continuously both due to fiber losses and due to losses related to the DW radiation. The duration of the soliton increases. In the end, the soliton will be destroyed.



The spectral evolution of a 500-pJ initial pulse in the MS fiber with d = 2 μm presented in Figure 7c is qualitatively similar to the case of d = 1.5 μm described above (compare Figure 7a,c). An almost sevenfold compression down to ~30 fs corresponding to a three-cycle pulse is attained at the first 0.5 cm. The FWHM duration is plotted in Figure 7d. After that, the fundamental Raman soliton is formed and its central wavelength tuning starts. For the distance shorter than 6 cm, the rate of the SSFS slows down, and the soliton duration increases. After passing through the point corresponding to the maximum value of |β2|, the tuning rate increases, and the soliton is shortened until it approaches the ZDW. After that DW generation begins near z ~ 9 cm (see Figure 7c,d, vertical dashed line). The DW wavelength is about 5.5 μm where optical losses are very high (see Figure 6d), so efficient conversion of soliton energy to DW is not reached. The soliton wavelength shift up to 4.8 μm is limited by the ZDW and high loss.



The spectral evolution of a 500-pJ initial pulse in the MS fiber with d = 2.5 μm is presented in Figure 7e and its FWHM duration as a function of z is demonstrated in Figure 7f. After higher-order soliton compression and fundamental soliton formation, the rate of the Raman wavelength shift decreases continuously, and the soliton length increases in time. The soliton wavelength shift is limited by losses and |β2|. The attained central wavelength is shorter than for the MS fiber with d = 2 μm (compare Figure 7c,e).





5. Discussion and Conclusions


We produced experimentally highly nonlinear tellurite MS three-hole fibers with a very low content of hydroxyl groups which is confirmed by a small value of an absorption coefficient α = 0.0015 cm−1 at 3 μm. We calculated dispersion and nonlinearity of the produced fibers using the finite element method. We showed numerically that there are two ZDWs for the core diameter of 2 μm and smaller, which are beneficial for the efficient SSFS using 200-fs pump pulses at 2.8 μm. In a general case, pump pulses can be obtained with solid-state of fiber laser systems and launched into a MS fiber through free space using coupling lenses. Note that, in principle, not only microstructured fibers, but also all-solid W-type fibers allow for obtaining two ZDWs [38], but shifting the second ZDW to the range beyond 3 μm is a separate task. For MS tellurite fibers with two ZDWs, the decrease of |β2| with wavelength increase helps to keep the high SSFS rate. It was found in the numerical simulation, taking into account the actual dispersion profile, the dependence of the nonlinear Kerr coefficient on wavelength, losses, and the Raman nonlinearity, that the central wavelength of a Raman soliton can be shifted up to 4.8 μm for a core size of 2 μm. The presented results should be verified experimentally and after that can be used for designing a fiber laser system generating tunable ultrashort solitons in the mid-IR range well beyond 3 μm for spectroscopic and other applications.
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Figure 1. A photography of the 7.5 cm long glass preform and a view through the entire preform on the wall of the neighboring building. 
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Figure 2. IR transmission spectra of the preform (L = 7.5 cm), jacketing tube (L = 8.7 cm), and two slices of the preform (L = 0.24 cm and L = 0.45 cm). 
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Figure 3. Absorption spectra within hydroxyl groups band of the 7.5 cm long preform and of the slices 0.24 cm and 0.45 cm thick. 
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Figure 4. (a) Cross-section of MS fiber obtained with optical microscope. Cross section of the central part of MS fiber (b) and fiber core (c) obtained with electron microscope. Light areas correspond to glass and dark areas correspond to air holes. 
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Figure 5. (a) Modeled cross section of MS fibers used in numerical simulation. (b) Simulated z-component of Poynting vector for d = 2 μm at a wavelength of 2.8 μm. 
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Figure 6. Calculated GVDs (a), effective mode field areas (b), and nonlinear coefficients (c) as a function of wavelength for MS fibers with diameters d = 1.5, 2, and 2.5 μm. (d) The modeled loss function used in numerical simulation of pulse conversion. 
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Figure 7. Evolution of spectral intensity and pulse duration of initial 200-fs sech2-shape signal during propagation in MS fibers for d = 1.5 μm (a,b), respectively; for d = 2 μm (c,d), respectively; and for d = 2.5 μm (e,f), respectively. Initial pulse energy is 500 pJ for d = 2 μm and d = 2.5 μm and 150 pJ for d = 1.5 μm. 
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Table 1. Sellmeier constants of tellurite glass.
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	C1
	C2
	C3
	C4, μm2
	C5, μm2





	2.4909866
	1.9515037
	3.0212592
	0.056740339
	225
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