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In this work, a narrow-linewidth linearly polarized fiber amplifier with a record output power of 3.2 kW was achieved based on a homemade polarization-maintaining Yb-doped fiber corresponding to a slope efficiency of 79% and a 3 dB linewidth of 0.2227 nm. By examining various numerical aperture (NA) PMYDFs, the experimental investigation on expanding mode instability (MI) threshold in PM fiber amplifiers was put on display. And the results reveal that the MI threshold is enhanced by more than 370 W for every 0.004 decrease in core numerical aperture. Increasing the seed linewidth from 0.0454 nm to 0.0976 nm by adding 200 m polarization maintaining Ge-doped fiber the stimulated Brillouin scattering threshold increased from 805 W to above 3.2 kW. By applying the MI suppression method, a double-eight-shaped aluminum plate was adopted to coil the gain fiber, and the MI threshold increased by more than 1100 W.
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1 INTRODUCTION
High-power narrow-linewidth fiber lasers or amplifiers with linearly polarized have been a major area of interest within the field of gravitational wave detection (GWD), non-linear frequency conversion (NFC), spectral beam combining (SBC), coherent beam combining (CBC) [1–6], and ultrafast lasers [7–12], etc., Over the last decade, ytterbium (Yb)-doped master oscillator power amplifiers (MOPAs) with linearly polarized ones have made great progress, and the power scaling has reached the muti-kilowatt level [13–15]. However, a number of destructive non-linear phenomena, including stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), and thermal mode instability (MI), can jeopardize the stability of the laser system because of the high intensity in the fiber core [6, 16–18]. Among them, MI and SBS are the main limiting factors in the power scaling of a high-power narrow-linewidth linearly polarized MOPA system [18, 19].
A great deal of theoretical and experimental strategies has been carried out for mitigation of the MI or increasing its threshold power and SBS non-linearities in fiber laser systems. By taking into different strategies, some traditional methods to mitigate the MI in high-power all-fiber laser systems are to use few-mode fibers with tight coiling [18, 20], balance the heat load of a gain fiber [21, 22], design the spiral winding shape of fiber [23, 24], and tailor the gain fiber with high laser performance [25]. To some extent, tailing the gain fibers, such as confining Yb3+ doping in the fiber core [26, 27], varying core size in the longitudinal dimension [28, 29], and decreasing the numerical aperture (NA) of the large mode area (LMA) [30] fiber are theoretically and experimentally demonstrated to be capable of the effective suppression of the MI effects. And there are many theoretical and experimental studies for designing the common Yb-doped fiber (YDF) to solve the MI in random polarized fiber laser systems [30, 31]. However, few studies are reported on the fiber design solutions of MI in a linearly polarized fiber laser system due to its complexity of polarization-maintaining Yb-doped fiber (PMYDF) structure manufacturing. The traditional modified chemical vapor deposition (MCVD) technology combined with the solution doping process (SDP) is considered to be an easy and effective strategy to design the core NA of fiber and manufacture the excellent PMYDF [5, 32]. The detailed experimental studies on the influence of core NA of the PMYDF have a significant impact on the further power scaling of a high-power linearly polarized fiber laser.
Taking the various strategies of seed sources into consideration, some typical approaches to realize high-power narrow-linewidth linearly polarized fiber amplifiers are to use phase-modulated single-frequency laser (PMSFL) seeds [14, 15], super-fluorescent (SF) seeds [33, 34], random fiber laser (RFL) seeds [35, 36], and fiber oscillator laser (FOL) seeds [5, 13, 32]. And the multi-stage pre-amplifier and main-amplifier schemes based on the PMSFL seeds, SF seeds, and RFL seeds make the entire system complex and expensive while the scheme based on the FOL seeds is straightforward and practical due to its one-stage amplification. However, it is well known that the SBS effect is easily stimulated in amplifiers based on a FOL seed due to its temporal instability [14, 36]. Previous theoretical studies have shown that broadening the output linewidth of the laser can effectively suppress the SBS effects [37]. Increasing the bandwidth of output coupler (OC) fiber Bragg grating (FBG) is adopted to be a common way to broaden the linewidth [38], however, which is not conducive to suppressing temporal instability. In 2019, Li et al. reported that by inserting long transmission fibers in a seed laser [39], the temporal fluctuations could be flattened, while increasing the seed linewidth. Therefore, we want to introduce the method of inserting long transmission fibers into the polarization-maintaining (PM) MOPA systems based on a FOL seed and improve the SBS threshold, which is meaningful to the wider application of high-power narrow-linewidth linearly polarized amplifiers.
In this work, a maximum output power of 3.2 kW with a 3 dB linewidth of 0.2227 nm reached by applying the combination of a homemade PMYDF and a double-eight-shaped aluminum plate, corresponding to a slope efficiency of 79%. To the best of our knowledge, this is the highest output power from a linearly polarized narrow-linewidth fiber amplifier based on a FOL seed. The beam quality factor of M2x and M2y is 1.307 and 1.285 respectively at 2024 W. During the experimental process, three different NA PMYDFs were manufactured by MCVD combined with SDP, and the experimental relationship between the core NA and MI threshold in PM systems have been investigated for the first time. The results reveal that the MI threshold can be further scaled by decreasing the core NA. The threshold power increased from 1350 W to 1752 W and 2126 W for the case where the core NA drops from 0.068 to 0.064 and 0.060. The SBS effects are well-suppressed during the power scaling by broadening the seed linewidth.
2 FIBER FABRICATION AND CHARACTERIZATION
To study the MI threshold of fibers, three different NA PMYDF were manufactured by MCVD combined with SDP. The core and inner cladding dimensions of the PMYDF were designed and found to be 20 µm and 400 μm, respectively, as the relatively large-mode area may reduce non-linear effects and an adequate NA may ensure excellent beam quality. In addition, the 20/400 µm PMYDF has been a preferable choice for the high-power narrow-linewidth fiber amplifiers, and the fiber design based on NA investigation may provide a new sight for its further scaling. The concentration of the doping components in the SiO2 matrix directly affects the refractive index and NA during the process of solution doping. Hence, the doping components of Yb3+ and Al3+ were adopted to modulate the NA of the fiber. It should be noted that the increased Yb3+ will improve the absorption coefficient and NA of fiber simultaneously and excessive Yb3+ doping will cause crystallization. Therefore, Al3+ needs to be co-doped at the same time to improve the solubility of Yb3+ and eliminate crystallization. Meanwhile, the development of a center dip in the refractive index profile (RIP) may be avoided since Al3+ has minimal volatility. Since they all contribute positively to the RIP, the content of Yb3+ and Al3+ is accurately controlled so that NA can be confined to an effective range.
The technique in which PMYDF is prepared is almost identical to that described in our earlier work [32]. Specifically, the fabrication of active fiber preforms by MCVD combined with SDP can be divided into five fundamental steps: 1) barrier layer and soot layer deposition, 2) rare-earth solution doping, 3) thermal drying, 4) sintering, and 5) collapse. Different from the preparation of conventional Yb-doped fiber (YDF), the preparation of PMYDF needs to add two sets of processes: preform drilling and boron rod assembly. Subsequently, after achieving a well-prepared polarization maintaining (PM) preform, at temperatures of 1980°C, the preform assembly was pulled into a 20/400 µm fiber with a circular cladding and coated with a low-index polymer [5].
The detailed parameters of the three PMYDFs are shown in Table 1. In order to characterize the effect of NA on the MI threshold, the three kinds of PMYDF were fabricated with very close parameters for comparison. The RIP of PMYDF-3 with almost the same trend as the other two is shown in Figure 1A. The difference between the three fibers lies in the various core ions doping concentrations, which leads to a different NA. Figure 1B presents the cross-section of the PMYDF-3 exhibiting a 20.1 µm fiber core and a 400.2 µm inner cladding. The NA of the three fibers is 0.068, 0.064, and 0.060, respectively, corresponding to the cladding absorption coefficients at 976 nm of 1.56 dB/m, 1.47 dB/m, and 1.35 dB/m. As revealed in [40], Tao et al. demonstrated that the MI threshold was independent of dopant concentration as long as the same total pump absorption was maintained. Therefore, the only variable that affects the MI threshold is the difference in NA in our experiment.
TABLE 1 | Characteristic of three different NA PMYDFs.
[image: Table 1][image: Figure 1]FIGURE 1 | Characteristics of the PMYDF-3 (NA = 0.06) (A) Refractive index profile of the preform; (B) Image of the fiber cross-section.
3 EXPERIMENTAL SETUP
An all-fiber high-power narrow-linewidth linearly polarized MOPA was built up as shown in Figure 2, which has been described in our previous publication [5, 32]. The system contains a PM-FOL seed and the main PM amplifier. The PM-FOL seed consisting of a linear-cavity oscillator which is composed of a pair of gratings and an active fiber of 3.2 m is pumped by a fiber-pigtailed wavelength-stabilized 976 nm laser diode (LD). For polarization selection, the fast-axis wavelength of the high reflectivity (HR) FBG fitted the slow-axis wavelength of the output coupler OC FBG. The full width at half maximum bandwidth (FWHM) of the HR-FBG and the OC-FBG was 0.25 nm and 0.05 nm, respectively. The cladding absorption coefficient of the commercial PMYDF is approximately 4.95 dB/m at 976 nm. The cavity’s passive fiber measures around 1 m in length. Then, a PM cladding power stripper (CPS), a PM isolator (ISO), and a PM mode field adaptor (MFA) are closely followed. When the laser beam passes through the PM ISO, the PM ISO is used not only for blocking backward light but also for monitoring the backward SBS signal which originates from a final amplifier. The PM MFA is with an input size of 10/125 µm and an output size of 20/400 µm.
[image: Figure 2]FIGURE 2 | Scheme of experimental setup based on master oscillator power amplifier (MOPA). LD, laser diode; HR, high reflectivity fiber Bragg grating; OC, output coupler fiber Bragg grating; PM-CPS, polarization maintaining cladding power stripper; PMGDF, polarization maintaining Ge-doped fiber; BPF, bandpass filter; ISO, isolator; MFA, mode field adaptor; HWP, half-wave plate; PBS, polarization beam splitter; HRM, high reflection mirror; PD, photodetector.
The main PM amplifier is based on a counter-pumping configuration. The PM CPS after the seed is used to remove the cladding modes and pump lights in the fiber cladding which are generated by mode field mismatch from the seed and unabsorbed pump lights from the amplifier. A total pump absorption of 17.5 dB at 976 nm was adopted to trade off the laser efficiency against the SBS effects. The gain fiber length used in the amplifier is shown in Table 1. A runway-shaped aluminous plate was employed to coil the gain fiber for thermal management. The signal laser was injected from the coiled PMYDF with a diameter of ∼10 cm, and the largest diameter of the coiled PMYDF was ∼17 cm. The amplifier was pumped by non-wavelength-stabilized 976 nm LDs via a (6 + 1) × 1 PM combiner. Six 220/242 µm fibers with a NA of 0.22 make up the combiner’s pump ports, while its input and output signal ports are both 25/400 µm PM fibers with NA of 0.065 for the core and 0.46 for the cladding, respectively. A CPS and a collimator with a size of 30/400 µm are spliced behind the PM combiner. The output beam passes a half-wave plate (HWP) and a polarization beam splitter (PBS) for selecting the measured polarization. The PER is determined as 10log (Power 3/Power 2) shown in Figure 2. Then, a high reflection mirror (HRM) follows. A photodetector (PD) with a pinhole of a 1.5 mm diameter was placed to receive the reflected scattering lights. Three power meters, a spectrum analyzer, an oscilloscope, and an M2 analyzer are used to analysis of the characteristics of light. The whole MOPA system was mounted on an actively cooled heat sink with a cooling temperature of 16 °C to avoid thermal damage [32].
4 EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Laser performance and discussion of three PMYDFs
The contrast of output power characteristics: the output laser and backward power of the MOPA system versus the pump power and the frequency-domain characteristics of the amplifier by applying the three different NA PMYDFs were recorded and the results are shown in Figure 3. Since SBS has been a serious limiting factor to power scaling and is easy to be stimulated in high-power narrow-linewidth fiber amplifiers, hence, the backward power was recorded by a power meter named power 1, as depicted in Figure 2. Experimentally, it has been reported that reflectivity of 0.01%–1% indicates the amplifier working around the continuous wave (CW) SBS threshold [15]. By applying the PMYDF-1 in the amplifier, an output power of 1350 W was achieved with a slope efficiency of 80% shown in Figure 3A. The high laser efficiencies indicate that the fabricated fiber possesses a low background loss. During the power scaling experiments, a sudden increase of backward power occurred with the laser power beyond 820 W. This can be a sign of the SBS threshold. As a PM ISO was utilized to protect the seed source from damage, further power scaling was carried out for the research of fiber performance. The highest backward power was 1.52 W. It is well known that the energy transfer at a frequency of kHz level between the fundamental mode (FM) and the higher order modes (HOMs) indicates the occurrence of MI [41]. From Figure 3B, one can conclude that the frequency-domain signal remains stable at a laser power of 1290 W, and the frequency-domain signal lifting doesn’t occur. The fluctuation frequency in the range of 0–5 kHz appears in the Fourier spectrum with the further increased power to 1350 W, which reveals that the MI threshold of the PMYDF-1 is 1350 W. Figure 3C displays that the output power of 1752 W was achieved with a slope efficiency of 81% by applying the PMYDF-2. The highest backward power was 2.25 W. Similarly, the SBS threshold reaches when the laser power is approximately 820 W. And in Figure 3D, it can be seen that the MI threshold of the PMYDF-2 is 1752 W. Figure 3E exhibits that an output power of 2126 W was achieved with a slope efficiency of 80% by applying the PMYDF-3. The SBS threshold reaches at the laser power of 805 W, and the highest backward power was 3 W. The MI threshold of the PMYDF-3 is 2126 W shown in Figure 3F.
[image: Figure 3]FIGURE 3 | The laser and backward power of a MOPA system versus the pump power and the frequency-domain characteristics of the amplifier by applying the three different NA PMYDFs. (A) The laser performance of the PMYDF-1. (B) Frequency-domain characteristics before and after MI by applying the PMYDF-1. (C) The laser performance of the PMYDF-2. (D) Frequency-domain characteristics before and after MI by applying the PMYDF-2. (E) The laser performance of the PMYDF-3. (F) Frequency-domain characteristics before and after MI by applying the PMYDF-3.
The experimental results are arranged in detail shown in Table 2. There is a clear trend of elevation in the MI threshold by decreasing the NA of PMYDF, which is consistent with the finding in non-PM MOPA [30, 42]. For example, Tao et al. reported that the threshold power increases by 57%, 25%, 16%, and 11% for 20/400, 25/400, 30/400, and 30/250 fiber when the core NA decreases from 0.07 to 0.045 by numerical investigations [42]. In this work, the prominent aspect of our research is that the experimental investigations indicate MI threshold increases by more than 370 W for every 0.004 decreases in NA. This result mainly can be explained by the fact that the increased NA leads to the increasing number of modes supported by the core, which reduces the proportion of FM, so MI is more likely to occur. For the first time, accurate experimental data is given to illustrate the relationship between NA and MI threshold in 20/400 PMYDF, which is urgently needed for current power scaling in high-power narrow-linewidth linearly polarized fiber amplifiers [14, 19]. Although the gain fiber lengths employed in the amplifier have meter-scale differences, the previous experimental results show that the SBS threshold was affected little. The reasonable explanation of different backward power is that the SBS light passing through the gain fiber can be amplified, therefore, the backward power increased as the power was scaling.
TABLE 2 | Results by applying the three different NA PMYDFs.
[image: Table 2]4.2 The mitigation of SBS
To overcome the SBS observed in the present MOPA system, the common mitigation strategy which relied on increasing the length of 200 m polarization maintaining Ge-doped fiber (PMGDF) was applied to increase the linewidth of the laser shown in Figure 2. The PMGDF was spliced to the end of PM-CPS. As illustrated in [39], the stimulated Raman scattering (SRS) will be stimulated and accumulated due to the excessive transmission fiber. Therefore, a PM bandpass filter (BPF) was used to suppress the SRS. The 1064 nm BPF has the features of low insertion loss and 35 dB out-band suppression, with a passband of 8 nm and a maximum power handling of 30 W. Figure 4A depicts the evolution of seed linewidth before and after adding 200 m PMGDF. As is shown, the 3 dB linewidth of the original seed and broadened seed are 0.0454 nm and 0.0967 nm, respectively. In the following, we carried out the same laser experiment by applying the PMYDF-3 and investigated the improvement of the SBS threshold. As the laser power improves, as is shown in Figure 4B, the backward power keeps below the SBS threshold. And the highest backward power was 72 mW at the laser power of 2126 W. The results demonstrate the well-suppressed SBS effects and the MOPA system can afford higher laser output.
[image: Figure 4]FIGURE 4 | The results of the MOPA system before and after adding 200 m PMGDF. (A) The spectra of seed. (B) The backward power versus the laser power of a MOPA system by applying the PMYDF-3.
4.3 The mitigation of MI
Since the optimization of SBS effects was achieved, we considered realizing higher output power by suppressing the MI. The tight coiling method stands out due to its simplicity of implementation, which may be carried out without the construction of a more complex fiber or the selection of an exact wavelength. However, it is pointed out in [43] that the linearly polarized laser’s polarization direction is parallel to the direction of stress, which might greatly lessen the bend loss of the HOMs caused by the photo-elastic effect. The MI threshold for the commercial PMYDF is lower than those of the non-PMYDF in the same coil package as a result of this effect, which lessens the impact of the coil technique on MI suppression [44, 45]. Therefore, in order to attain a higher overall bend loss and avoid the drawback of reducing the bend loss of HOMs, the MI suppression approach must be developed.
As shown in Figure 5A, the original cooling system for fiber thermal management is a runway-shaped aluminous plate with a bending diameter ranging from 10cm to 17 cm. The seed laser was injected into the coil with a bending diameter of 10 cm and exited from the coil with a bending diameter of 17 cm. To increase the HOMs loss, a double-eight-shaped aluminum plate was adopted to suppress the MI and enhance the MOPA output power shown in Figure 5B. The difference is that the seed laser was injected into the coil and exited from the coil with the same bending diameter of 10 cm, and the maximum bending diameter of the coil was only 11 cm.
[image: Figure 5]FIGURE 5 | The cooling system for fiber thermal management. (A) A runway-shaped aluminous plate. (B) A double-eight-shaped aluminum plate.
Figure 6A shows the output power and backward power of the MOPA system versus the pump power, corresponding to a slope efficiency of 79%. As is shown, the SBS effects are well-suppressed during the power scaling and the backward power is 0.19 W at the laser power of 3.2 kW. To the best of our knowledge, 3.2 kW is the maximum output power of a narrow-linewidth linearly polarized fiber system based on a FOL seed. In Figure 6B, the frequency-domain spectra stay stable below the MI threshold for the laser power of 3.2 kW and the fluctuation frequencies appear in the range of 0–5 kHz for the laser power of 3.227 kW, which demonstrates the MI threshold is 3.227 kW. The inset of Figure 6B is a power display screenshot at the laser power of 3.227 kW.
[image: Figure 6]FIGURE 6 | The laser performance of the PMYDF-3 when the MI is suppressed. (A) Laser power and backward power of a MOPA system versus the pump power. (B) Frequency-domain characteristics before and after MI. Inset: power display screenshot at the laser power of 3.227 kW.
One can conclude from the experiment that coiling the PMYDF in a double-eight-shaped aluminum plate is superior to coiling it in a runway-shaped aluminous plate, which increases the MI threshold by more than 1100 W. The reasonable explanation is that a higher total HOMs bending loss is obtained by coiling the gain fiber in a double-eight-shaped aluminum plate, which is consistent with our expectations. The coil diameter increases as the laser propagate along the fiber with a runway-shaped aluminous plate, resulting in the HOMs bending loss decreasing dramatically. However, the coil diameter remains almost unchanged with a double-eight-shaped aluminum plate, which is beneficial to realize a higher loss of HOMs.
In Figure 7A, the spectrum is shown for the 3.2 kW MI-suppressed MOPA which is achieved based on a higher loss of HOMs. The laser-to-Raman peak intensity ratio is larger than 27 dB, and the SRS effects are severe at this power level which should be effectively suppressed if further power scaling is needed. It can be explained that the accumulated SRS was caused by the 200 m PMGDF, which is a coincidence with the results in Ref. [39]. The SRS still exists because of the inadequate inhibition effect of BPF. Meanwhile, recent research reveals that several non-linear effects can also lead to MI, such as inter-modal four-wave mixing (IM-FWM) [46], SRS [6], etc. As shown in Figure 7A, there is no characteristic peak caused by the IM-FWM effect in the spectrum, and the content of SRS is not enough to trigger MI. The linewidth of a high-power narrow-linewidth linearly polarized amplifier matters a lot for its application, such as SBC and CBC. Consequently, the 3 dB linewidth of an SBS-suppressed and MI-suppressed MOPA was measured and shown in Figures 7B, C. The 3 dB linewidth versus the laser power is depicted in Figure 7B, corresponding to a linear fitting efficiency of 0.039 pm/W. And the 3 dB linewidth of a MOPA at 8.6 W and 3.2 kW are 0.0967 nm and 0.2227 nm, respectively.
[image: Figure 7]FIGURE 7 | (A) Spectrum of the MOPA system at the laser power of 3.2 kW. (B) 3 dB linewidth versus the laser power. The 3 dB linewidths of 508 W, 1002 W, 1495 W, 2027 W, 2538 W, and 3.2 kW are 0.1247 nm, 0.1447 nm, 0.1629 nm, 0.1833 nm, 0.2030 nm, and 0.2227 nm, respectively. (C) Spectra of the MOPA system at the laser power of 8.6 W and 3.2 kW, and the 3 dB linewidth are 0.0967 nm, and 0.2227 nm, respectively.
Figure 8A reveals the evolution of the PER at different levels of laser power, and it can be seen that the PER keeps larger than 16.6 dB, which demonstrates a good polarization performance of the fiber. For the sake of the power-carrying capacity of the attenuation lens, a near-diffraction-limited output beam at the laser power of 2024 W was measured by an M2 analyzer with the M2x = 1.307 and M2y = 1.285.
[image: Figure 8]FIGURE 8 | (A) PER versus laser power of a MOPA system. (B) Diffraction limited beam quality of the improved MOPA system at 2024 W after suppressing the SBS and mitigation of MI.
5 CONCLUSION
In conclusion, a maximum output power of 3.2 kW was achieved with a 3 dB linewidth of 0.2227 nm, corresponding to a slope efficiency of 79%. The PER remained larger than 16.6 dB during the power scaling. During the process of experiments, we investigated the effects of core NA on the MI of PMYDFs for the first time. It shows the MI threshold can be further scaled by decreasing the core NA, which is consistent with the results on non-PMYDF. For the case that the core NA decreases from 0.068 to 0.064 and 0.060, the threshold power increased from 1350 W to 1752 W and 2126 W. Increasing the seed linewidth from 0.0454 nm to 0.0976 nm by adding 200 m PMDGF, the SBS threshold increased from 805 W to above 3.2 kW. Compared with the method of coiling gain fiber in a runway-shaped aluminous plate, coiling it in a double-eight-shaped aluminum plate has a higher MI threshold, which enhances the output power by more than 1100 W. The results could provide a good reference for the power scaling of a narrow-linewidth linearly polarized system.
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