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Abstract

:

A new design of a passive optical fiber waveguide with a large mode area (LMA) and strong stimulated Brillouin scattering (SBS) suppression is proposed. The fiber core consists of two parts: a central one, doped with Al2O3 and GeO2, and a peripheral one, doped with P2O5 and F. The doping profiles form a gradient-increasing profile of the acoustic refractive index, which effectively implements the acoustic multimode SBS suppression method. Measurements of the SBS gain spectrum and SBS threshold power were carried out, showing an increase in the SBS threshold of no less than 11 dB compared to a conventional uniformly doped passive LMA fiber.
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1. Introduction


In recent years, high-peak-power (kW or more) single-mode narrow-band (<10 MHz) pulsed all-fiber optical amplifiers have undergone great development [1,2,3]. Large-mode-area (LMA) fibers are the key elements of such devices allowing the thresholds of nonlinear effects to be sufficiently raised, the first of which is stimulated Brillouin scattering (SBS). Such amplifiers can provide a power of more than 4 kW at 1550 nm wavelength with a good beam quality [2]. However, further delivery of radiation from the amplifier usually faces a problem of a relatively low threshold of SBS in passive fibers used for this purpose. For active optical fibers, there are much more ways to increase the SBS power threshold rather than for passive ones. In particular, active single-mode fibers can be realized with longitudinal variations in the core diameter (e.g., tapers) [4], with an acousto-optically dense pedestal structure surrounding the fiber core [5], with different sorts of strain distribution [6,7], a thermal gradient over a fiber length [8], etc. For passive fibers, especially when used as “pigtails” for single-mode radiation, all these methods are inapplicable. The typical solution is to reduce the fiber length as much as possible, which obviously has its limits.



However, there is an alternative way to significantly raise the SBS power threshold in a passive optical fiber while preserving its optical properties—the modification of the acoustical refractive index profile (ARIP) [9,10,11], achieved through a specific choice of dopants in the core area and their quantity. In this case, it becomes possible to maintain the uniformity of the optical properties of the fiber along its length, which is critical for passive radiation transmission. From the point of view of the SBS process, the fiber is an acousto-optical waveguide in which a part of the optical radiation energy is coupled with the reflected Stokes wave via a spectrum of acoustic modes excited in accordance with both the spatial symmetry of the optical mode field and the structure of the ARIP [12]. With homogeneous doping of the fiber core, Brillouin acousto-optical interaction occurs mainly due to the preferential excitation of one acoustic mode of the lowest order, which causes the relatively small width of the acoustic frequency band (~40 MHz) within which this interaction occurs, as well as a high degree of coherence of this interaction, which leads to the high SBS gain. The ARIP modification allows not only a shift in the central acoustic frequency of the Brillouin interaction but also a significant change in the spatial overlap of the fields of acoustic modes and the intensity of the optical field. In connection with the latter, until recently, the main effort was put into trying to create an “anti-guide” ARIP, which is supposed to minimize the excitation of guided modes of the acoustic waveguide. However, since in such an acoustic waveguide the so-called “leaky” acoustic modes [13,14]—which do not have a sufficiently high radiation loss coefficient, but good spatial overlap with the optical field—are effectively excited, in practice, the degree of suppression of the SBS gain was no more than 5–6 dB (although there are theoretically predicted values of up to 14 dB [15]).



In 2021, a method for multimode acoustic SBS gain suppression was proposed in [16]. It uses the fact that, when modifying step-index ARIP, both the spatial distributions of the fields of acoustic modes and their eigen-frequencies change. Due to the complex doping of the core material with various dopants (e.g., P2O5, F, GeO2), this allows for a given optical refractive index profile (ORIP) to create such an ARIP structure where most of the acoustic modes with the corresponding azimuthal field symmetry will have the same overlap integrals with the optical intensity field, and thus will have equal excitation efficiency. As a result, the acoustic spectrum of the Brillouin gain will be uniformly distributed over a relatively large range, and its maximum will be reduced to a factor proportional to the number of effectively excited acoustic modes.



Today, in high-power fiber amplifier circuits, commercially available passive LMA fibers used for delivery of radiation at 1550 nm can have core diameters of up to ~30 μm [17]. The typical numerical aperture (NA) in such fibers is ~0.065–0.09, which makes it possible to implement an effectively single-mode optical regime and maintain a relatively small critical bending radius. As shown in [16], in such fibers implemented with a P2O5/F doping composition in accordance with therecently proposed method, a degree of the SBS gain suppression greatlydepends on adherence to the optimal ARIP curvature, especially within the central part of the core, which is hard to achieve at a big core size.In addition, actual technological limitations (at least, for the modified chemical vapor deposition (MCVD) method) of simultaneous doping of silica glass with P2O5 and F [18] restrict the potential size of the frequency band (within which the acoustic modes can be effectively excited) to a value of ~600 MHz, providing a corresponding reduction in SBS gain. Previously, SBS suppression by 8 dB was demonstrated using this method [16].



In the current paper, we propose to further advance the potential of this promising method by introducing an additional Al2O3 dopant into the central part of the fiber core, which can help expand the Brillouin gain bandwidth (to ~1 GHz). A new design of a passive Al2O3/GeO2/P2O5/F-doped LMA optical fiber was investigated and tested. It is shown that this design can provide a suppression of the SBS power threshold by no less than 11 dB compared to the conventional GeO2-doped LMA fiber, which, to the best of our knowledge, is a record for this type of optical fiber.




2. Materials and Methods


2.1. Acousto-Optical Properties of the Dopants


First, let us consider the acousto-optical properties of the dopants used in our proposal. As is well known, in moderate quantities, additives such as Al2O3, GeO2, P2O5 and F can be taken into account in calculating changes in the acoustic ∆N and optical ∆n indices of silica glass in the following form:


  Δ N =   ∑ X    R   ac ,  X    C X    ,  



(1)






  Δ n =   ∑ X    R   op ,  X    C X    ,  



(2)




where Rac,X and Rop,X are the acoustic and optical refractivities of a dopant X, and CX is the molar concentration of the dopant X. The values of the refractivity coefficients obtained on the basis of the experimental data given in [16,19,20,21,22,23,24,25,26,27,28,29,30,31,32] are presented in Table 1. From the following connection between the acoustic (Brillouin) frequency f and the speed of sound Vac in the medium [33]


  f =   2  n  eff    λ   V  ac   =   2  n  eff    λ     V   SiO 2      Δ N + 1   ,  



(3)




where VSiO2 = 5944 m/s is the phase velocity of sound in pure silica [25], neff ≈ 1.45 is the effective refractive index of the optical mode and λ = 1.55 μm is the optical wavelength in vacuum, we estimated the coefficients Kf of a Brillouin frequency change indoped silica glass for each of the dopants (see also Table 1).



Thus, in order to enhance the SBS gain spectral window, compared to 600 MHz achieved in [16] with P2O5–F doping, we can utilize Al2O3.




2.2. Calculation of the SBS Gain Spectrum


The SBS gain gB provided by multimode acoustic interaction with the optical intensity field can be calculated for an arbitrary acoustic frequency f as follows [25,34]:


   g B   ( f )  =   4 π  n  eff  8   p  12  2    c ρ  λ 3  Δ  f B      ∑ m    [       (   I m  a o    )   2     f m         (    Δ  f B   / 2   )   2       (  f −  f m   )   2  +    (    Δ  f B   / 2   )   2     ]    ,  



(4)




where p12 is the elasto-optic coefficient (taken as 0.27 for silica [35]), ρ is the mean value of the material density (taken as 2200 kg/m3 for the doped fused silica), c is the speed of light in vacuum, ∆fB is the full-width at half maximum of a Brillouin gain band provided by a single acoustic mode (for P2O5/F-doped LMA fibers at λ = 1.55 μm ∆fB ≈ 58 MHz [16]), fm is the eigen-frequency of the mth acoustic mode (only acoustic modes of the zeroth azimuthal order can be considered due to the symmetry of the optical field [34]) and    I m  a o     is the acousto-optical overlap integral, taken as


   I m  a o   =      ∫ 0 ∞      | E |   2   ξ m  r d r       / (     ∫ 0 ∞      | E |   4  r d r       ∫ 0 ∞    ξ m 2  r d r     )    ,  



(5)




where E is a radial distribution of the field of the optical mode, and ξm is a radial distribution of the field of the mth transverse mode of the longitudinal acoustic displacement satisfying the equation


   (     d 2    d  r 2    +  1 r   d  d r    )   ξ m  + 4  π 2   [     f m 2     V   SiO 2   2       [  Δ N  ( r )  + 1  ]   2  − 4    n  eff  2     λ 2     ]   ξ m  = 0 .  



(6)








2.3. The Model of the SBS Suppressed LMA Fiber


The design of the LMA fiber structure with SBS suppression in our case is subject to a principle of maximizing the width of the potential window of the Brillouin gain when forming the ARIP with optimal curvature, taking into account maintaining the optical index contrast at a constant level. The core structure corresponding to this principle has a central (I) and peripheral (II) part (Figure 1).



It is assumed that the central part is responsible for forming the high-frequency edge of the Brillouin window, so it is doped with Al2O3 which up-shifts the Brillouin frequency [19]. Thus, the edge at ∆n = 0.002 will be shifted by 50 MHz relative to the value corresponding to pure silica (≈11.08 GHz at λ = 1.55 μm). The peripheral part, in turn, must provide the low-frequency edge, as far as possible from the right one. Therefore, it is proposed to dope it with P2O5 together with F with a maximum total concentration at the core boundary, limited by technology (for MCVD, this is no more than 6.4 mol% P2O5 at 3.6 mol% F). Thus, with ∆n = 0.002, it is possible to shift the low-frequency edge of the spectral window by ~1 GHz relative to its high-frequency edge, which is almost 70% more than could be achievedwith the P2O5–F design proposed in [16]. We also note that since the optimal behavior of the ARIP requires a gradient, in the central part, the second dopant compensating for the change in Al2O3 concentration can be GeO2 (P2O5 cannot be used due to undesirable reaction with Al2O3 [36]).



We can describe the optimal ARIP in the following form:


  Δ N  ( r )  =    R   ac , Al 2 O 3       R   op , Al 2 O 3      Δ n + Δ  N  max   h  ( r )  ,  



(7)




where h(r) is a normalized radial distribution of the ARIP shape, and ∆Nmax is the maximum difference inthe acoustic refractive index which, taking into account Equations (1) and (2), can be expressed as


  Δ  N  max   = Δ n  (     R   ac , F       R   op , F      −    R   ac , Al 2 O 3       R   op , Al 2 O 3       )  + max  C   P 2 O 5     (   R   ac , P 2 O 5    −    R   ac , F       R   op , F       R   op , P 2 O 5     )  ,  



(8)




using    C F  =    (  Δ n −  R   op , P 2 O 5    max  C   P 2 O 5     )   /   R   op , F       , where maxCP2O5 is the maximum concentration of P2O5 at the core boundary r = a. Similarly to [16], we propose the approximate shape function h(r) to be


  h  ( r )  = tanh  (   2   a 2     r  2  (  1 + Δ  N  max    )     )  .  



(9)







For the case of ∆n = 0.002, a = 15 μm and maxCP2O5 = 6.4 mol%, we finally obtain a simple formula for the optimized ARIP


  Δ N  ( r )  ≈ 0.085 tanh  (  9 ×   10   − 3    r  2.2    )  − 4.2 ×   10   − 3   .  



(10)







From this equation, we can estimate the relative size of the central/peripheral part of the core as 0.3/0.7 of the core radius.



The ARIP corresponding to (10) is shown in Figure 2b. Meanwhile, Figure 2a shows the exact distributions of concentrations of four dopants that allow for simultaneously obtaining both the given ARIP and the step-index ORIP shown in Figure 2c. Note that the given concentration model also takes into account the diffusion of dopants between different parts of the core. Calculations carried out according to Equations (4)–(6), taking into account (10), reveal 17 acoustic modes (out of 20 in total) excited with almost equal efficiency by the fundamental optical mode (effective mode area Aeff ≈ 500 μm2). It gives an optimized flat-top SBS gain spectrum gB(f) with a height of 1.2 pm/W and a FWHM of 920 MHz, as shown in Figure 2d. This figure also shows the SBS gain spectrum calculated for an ordinary LMA optical fiber with the same ORIP, but uniformly doped, e.g., with 2.2 mol% P2O5. For the sake of methodological comparison (i.e., only due to the redistribution of the overlap integrals of acoustic modes), the value of the intrinsic Brillouin linewidth ∆fB = 58 MHz is assumed to be the same for both cases. Therefore, the suppression value of the SBS gain with optimized ARIP compared to the step-index one is 12.7 dB.





3. Results


3.1. Fabricated Fiber


Based on the model developed above, a preform was fabricated using the MCVD method, and anoptical fiber (below referred to as the AlGePF fiber) with the characteristics given in Table 2 was drawn from this perform. Table 2 also shows the characteristics of the homogeneously GeO2/F-doped single-mode LMA fiber (below referred to as the control) used for comparison.



Despite the fact that at a wavelength of 1.55 μm, the AlGePF fiber supports several optical modes (V ~ 4), when wound with a diameter of 11 cm, it implements a single-mode regime. This was verified in a known manner (for the fundamental mode, the measured losses were 2.7 dB/km), that is, through offset-beam excitation, which allows one to observe the onset of the patterns of higher-order modes excited (if this is the case) in the fiber under test. The diagram and results are presented in Figure 3, which confirms that no patterns other than the fundamental mode pattern were observed.



Radial profiles of dopant concentrations in the AlGePF fiber, measured with anaccuracy better than ±0.2 mol% using scanning electron microscope JSM-5910LV (shared research facilities GPI RAS), are shown in Figure 4a. It can be seen that these are in good agreement with the model profiles. The corresponding ARIP calculated from measured dopant concentration profiles is shown in Figure 4b. The ORIP measured in the AlGePF fiber using the EXFO HR9200HR fiber analyzer, with anaccuracy better than ±0.0005 (see Figure 4c), is also in a good agreement with the measured dopant distribution. The outer peripheral part, marked with (III), is the result of a technological feature in the manufacture of the fiber associated with the necessity of a buffer zone doped with P2O5/F to prevent excessive diffusion spreading of dopants from highly doped layers during the manufacturing process of the preform. Our calculations show that it has no significant effect on the SBS gain spectrum.




3.2. Measurements of the SBS Gain Spectrum


The measurement setup for the SBS gain spectrum, shown in Figure 5, implements a well-known pump-probe method [37]. The point is that we launch a weak probe signal (~1 mW) and pump radiation (~200 mW) toward each other. The latter is obtained by modulating the radiation from the DFB CW laser at a wavelength of 1555 nm (the linewidth is less than 1 MHz) common for the probe signal and pump, as well as filtering and amplifying the modulation band, which is spaced from the central one by an amount set using a controlled radio-frequency generator and corresponding to the Brillouin frequency shift in the range of 10–12 GHz. In the fiber under test (FUT), the probe signal is amplified in the presence of the pump due to SBS, controlled via two polarization controllers. Through the corresponding circulator, the amplified (or not) probe signal enters the detection circuit (in our case, comprising a photodetector connected to a lock-in amplifier).



The SBS gain was estimated in the undepleted pump approximation, according to the formula:


   g B  =  [  ln  (     I   pump _ ON    min      I   pump _ OFF       )  + ln  (     I   pump _ ON    max      I   pump _ OFF       )   ]     A  eff      P  pump    L  eff     ,  



(11)




where    I   pump _ ON    min , max     and    I   pump _ OFF      are measures of probe signal intensities recorded when the EDFA amplifier pump is turned on and off, respectively; Ppump is the measured pump power injected into the FUT; and Leff = [1 − exp(−αL)]/α is the effective length of the FUT of length L, taking into account the loss coefficient α. It is important to note that the intensity of the amplified signal depends significantly on the distribution of signal and pump polarization states along the fiber. Since no tested fibers were maintaining the polarization state, two values of the intensity measure of the amplified probe signal were obtained—the minimum    I   pump _ ON    min     and the maximum    I   pump _ ON    max    . In this case, there was an uncertainty to each of the values amounting to ±25% of the values that should have been obtained while maintaining the linear polarization states of the signal and pump. Thus, the maximum values (max gB) of the SBS gain in this experiment were determined with an accuracy of ±33%. Table 3 shows the results obtained for the AlGePF fiber and the control one, and Figure 4d shows the measured SBS gain spectra.



In principle, the obtained estimates of max gB were in good agreement with the model ones, and gave a suppression value for the SBS gain of ~11 dB. However, in view of the above uncertainty, we also carried out measurements of the threshold values of the SBS power in each fiber.




3.3. Measurements of the SBS Power Threshold


The scheme for measuring the SBS power threshold is shown in Figure 6a. Since the AlGePF fiber has a relatively high SBS threshold, a pulsed laser radiation source (based on the DFB laser source modulated with the acousto-optical modulator) was used for measurements (pulse length 2.5 μs, repetition rate 2.5 kHz, level of amplified spontaneous emission (ASE) less than 0.5%, linewidth less than 1 MHz). Therefore, the pulse instability (PI) detection method was used to record the SBS threshold. Its essence is that when the threshold is reached, the back-reflected SBS pulse is amplified in the EDFA amplifier stage and removes a significant part of the population inversion created by the pump radiation. Thus, the subsequent part of the pump pulse cannot be fully amplified, which is accordingly reflected in its oscillogram in the form of shape distortion, starting from the trailing edge.



The choice of pulse regime parameters (duration and repetition rate) is related to both the length of the FUT and the achievement of sufficient peak power to observe PI in all fibers tested. The minimum pulse duration in such an experiment is related to the maximum length LFUT of the FUT, taking into account the length LEDFA of the pre-FUT amplifier (LEDFA ~3 m in our setup). To confidently observe the PI effect, it is necessary that the pulse duration τ satisfies the condition: τ > 2∙(LFUT + LEDFA)/(c∙ng), where c is the speed of light in a vacuum, and ng is the group velocity of pulse propagation in the fiber. This condition ensures complete spatial overlap of the incoming pulse and the SBS reflected one in the EDFA segment. In our case, the maximum value of LFUT is ~200 m, and ng ~1.5. Thus, τ should be no less than ~1 μs. However, so that at a given length LFUT >> LEDFA, both the undistorted leading and distorted trailing regions were simultaneously clearly visible on the oscillogram of the transmitted pulse, we chose the increased duration τ = 2.5 μs. At this duration, the distorted pulse part was ~30% of the total pulse duration.



The choice of pulse repetition frequency νpulse is associated with the condition of the minimum duty cycle Q required to achieve a peak power sufficient to overcome the SBS threshold in the FUT. In our case, the maximum average power at the output of the amplifier Pout was ~300 mW. Meanwhile, the estimated SBS power threshold in AlGePF fiber is Pth ≈ 20Aeff/(gB,maxLeff) ~30 W [38]. Since with a square pulse shape, the peak power Ppeak= Pout/Q, then the duty cycle in this case should be no less than Q = (νpulseτ)−1 = 100. However, too high a duty cycle (too low a pulse repetition rate) can lead to an increased ASE onset in the recorded signal. Therefore, we chose a pulse repetition value of νpulse = 2.5 kHz, which provided Q = 160 and a maximum peak power Ppeak ~50 W, sufficient for the experiment and not leading to the undesirable ASE onset.



Figure 6b shows the appearance of PI for the 190 m length AlGePF fiber at a peak power of almost 30 W. In the control fiber of similar length, PI was observed at only 2 W (Figure 6c). We also conducted an additional experiment, selecting the length of the control fiber as 7.5 m, at which its SBS threshold coincidedwith the threshold of the AlGePF fiber (Figure 6d).



During the experiments, we obtained two estimates of the degree of increase in the SBS power threshold in the AlGePF fiber compared to the control fiber—11.2 and 13.5 dB (the difference in the effective areas of the optical mode was also taken into account). In the first case, we compared fibers of the same length and found that the PI threshold for the control fiber was observed at a peak power 11.2 dB lower than that of the AlGePF fiber. In the second case, for the control fiber, we achieved the PI threshold at the same peak power, but its length was 25 times shorter compared to the length of the AlGePF fiber, which corresponded to a 13.5 dB increase in the SBS threshold, given the slightly larger mode area of the AlGePF fiber. Both methods provedto strongly suppress the SBS gain in AlGePF fiber, with the discrepancies between them due to the inherent inaccuracy discussed below.





4. Discussion


Measuring the PI threshold in two long fibers of the same length (190 m) eliminates the problem of controlling the polarization state of the pump along the fiber since over such a long length, one can assume almost complete mixing of all polarization states [39]. However, some error may occur due to different operating regimes of the EDFA (see Figure 6a). When generating pulses with a peak power of 2 W, the EDFA gain was ~12 dB less compared to the regime when pulses were generated with a peak power of 30 W, providing the corresponding gain ratio for the SBS-reflected signals. With this setup, in order to obtain the same relative power levels of the amplified SBS signals, it is also necessary that the absolute values of their powers at the EDFA input are also the same. So, when properly comparing the SBS power thresholds of the two FUTs, with the 30 W peak-power regime, the actual SBS power threshold should be slightly higher. Thus, we can conclude that, in this case, the SBS gain suppression may have been underestimated and that the actual SBS suppression exceeded 11.2 dB.



With different fiber lengths allowing for achieving the same PI threshold, the EDFA operates under the same conditions (same gain) since approximately the same amount of SBS power initiating the PI process reflects from the FUT in both cases. However, since the FUTs are not polarization maintaining, the polarization state of signal may be different in AlGePF and control fibers, resulting in some measurement error. Indeed, we observed that changing the polarization state using the polarization controller (PC) installed in front of the EDFA (see Figure 6a) did not affect the PI threshold. This was not the case for the relatively short 7.5 m control fiber, where changing the polarization state affected the measured PI threshold by 10–15%. In the worst case, discrepancy between different polarization states can lead to an error of 33% in the PI threshold measurements; therefore, we can conclude that the SBS gain suppression in this case was 13.5 ± 1 dB.



It is worth noting that the level of 11.2 dB is quite close to our estimation of maximum SBS suppression for the chosen compound of the AlGePF fiber, and only a small improvement (by ~1 dB) could be achieved when perfect (corresponding to theoretically proposed) dopant distributions were realized. To the best of our knowledge, the obtained value of the SBS gain suppression is a record high for passive LMA fibers, which are not stretched or heated. Indeed, the previous record was ~8 dB [16].



The reduction in AlGePF fiber length down to ~1 m can increase the SBS peak power threshold up to a level of 5 kW, which exceeds the record peak power achieved in the current all-fiber amplifier operated near 1.55 μm. Thus, the developed fiber would allow for adding the required fiber components at the output of an amplifier without deterioration of the maximum peak power.
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Figure 1. Basics of the core design. 
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Figure 2. Modeling: dopant molar concentrations (a), ARIP (b) and optical refractive index profile (ORIP) (c) of the acoustically optimized fiber; (d) Brillouin gain spectra gB(f) of the optimized and a conventional 2.2 mol%P2O5-doped LMA fibers withthe same ORIP, where the frequency ranges provided by maximal concentrations of Al2O3 and P2O5 + F are marked. 
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Figure 3. Near-field patterns taken by the IRcamera of the mode field distribution at the output of the 11 cm coiled 190 m length AlGePF fiber demonstrating an absence of the onset of the higher-order mode (LP11, etc.) pattern for different shifts of an excitation position from the center to the periphery at 1.55 μm. 
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Figure 4. Experimental results: measured dopant molar concentrations (a), calculated ARIP (b) and measured ORIP (c) of the acoustically optimized AlGePF fiber; (d) Brillouin gain spectra gB(f) of the optimized AlGePF fiber and the control LMA fiber with the same ORIP, where the frequency ranges provided by maximal concentrations of Al2O3 and P2O5 + F are marked. 
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Figure 5. SBS gain measurement setup. RF Gen is the radio-frequency generator; EOM is the electro-optical modulatorforming two side bands in the pump spectrum spaced from the central frequency by an amount set by the RF-generator; FBG BPF is the fiber Bragg grating band-pass filter leaving only the left side-band in the pump spectrum; FUT is the fiber under test; PC1 and PC2 are the polarization controllers setting the states of input polarizations for the probe signaland the pump, respectively, which allows for controlling the minimum and maximum Brillouin gain. 
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Figure 6. Scheme of the experimental setup for SBS power threshold measurement (a) and oscilloscope plots of pulses just before and just after reaching the SBS power threshold with pulse instability (PI) observed for the 190 m length AlGePF fiber (b), the 190 m le