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Abstract: A high power narrow-linewidth, all-fiber polarization-maintaining (PM) amplifier has been 

demonstrated. A lasing power of 5870W has been delivered in master oscillator power amplifier 

architecture with cascaded white noise source (WNS) phase modulation and bidirectional pumping 

schemes. The maximal power was limited by the onset of Stimulated Brillouin scattering. At the 

maximum power operation, the amplifier exhibited a 3dB spectral linewidth of 0.43nm with beam 

quality be M² < 1.3 and polarization extinction ratio (PER) being 16.3dB. To the best of our knowledge, 

this represents the highest spectral brightness and PER achieved by PM fiber laser systems around 

6kW-level operation. 

Keywords: fiber laser; linearly polarized; narrow linewidth; white noise 

 

1. Introduction 

Due to the advantages of excellent spatial-temporal coherence, high electro-optic efficiency, 

efficient thermal management and nearly maintain-free compact structure, high-power narrow 

linewidth linearly polarized fiber lasers with near-diffraction-limited beam quality have found 

widespread applications in various regimes, such as nonlinear frequency conversion, remote 

communication, beam combination, and gravitational wave detection [1–6]. Scaling the laser 

brightness has always attracted intense attention of the global researchers [7–13]. Due to the 

polarization dependence of Stimulated Brillouin scattering (SBS) effect [14,15], SBS has been become 

one of the most notorious physical limitations during the power scaling struggle, and much research 

has been carried out to mitigate SBS, including increasing the effective mode area [16], controlling 

temperature or stress gradients [17,18], reducing the effective fiber length [19], and spectral 

broadening via phase modulation [20]. Among these techniques, phase modulation with white noise 

format has gained significant attention due to its simplicity in signal generation and implementation, 

making it a standard modulation technique in industrial fiber lasers [21–26]. In recent years, 

remarkable advancements have been witnessed in high-power narrow-linewidth fiber lasers by 

employing WNS phase modulation [27–30], and a record laser power of 5.85kW has been reported in 

2025 with linewidth being 0.6nm and PER being 12.8dB [31]. For versatile applications of high-power 

narrow linewidth linearly polarized fiber lasers, lasers with higher spectral brightness and 

polarization purity are required to achieve better beam quality and higher combining efficiency [32–

39]. 

In this work, we have achieved a breakthrough in PM fiber laser performance, demonstrating 

near-diffraction-limited 5.87kW output power with a 3dB spectral linewidth of 0.43nm and PER of 

16.3dB. By cascaded WNS phase modulation and optimized laser parameter design, both the SBS and 
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TMI thresholds have been effectively enhanced. To the best of our knowledge, this is the highest laser 

power with such narrow laser linewidth and high PER, which may facilitate the deepen application 

of high-power narrow linewidth linearly polarized fiber lasers. 

2. Experimental Setup 

The experimental setup is shown in Figure 1(a), which is based on master oscillator power 

amplification (MOPA) structure. A 1064nm continuous wave single frequency fiber laser with output 

power being 30mW and linewidth being <10kHz acts as the seed. The seed laser is broadened to 

0.32nm for SBS suppression by a cascaded phase modulation, which is composed of two electro-optic 

phase modulators (EOM1, EOM2) with modulation frequency being 10GHz and Vπ being 

1.7V@1GHz. Two white noise sources (WNS1, WNS2) have been employed to driven the phase 

modulators through RF (Radio frequency) amplifiers (RF1, RF2), which can suppress SBS-induced 

self-pulsing effectively [24,25], and guarantee higher spectral brightness. The broadened seed laser 

was boosted to 20W by two preamplifiers, which employed a piece of 3m PM 10/125 YDF as the gain 

medium. The seed laser and pump laser were injected into the PM 10/125 YDF via a PM (1+1)×1 

pump/signal combiner in co-pumping configurations. Both the input and output signal port of the 

PM (1+1)×1 pump/signal combiner are PM fibers with core and cladding diameter being 10µm and 

125µm, respectively, and 105/125 multimode fiber has been employed as the pump port fiber. Pre-

amplifier 1 (PA-I) is pumped by a 5W fiber-coupled multimode laser diode (MM LD) while a 30W 

MM LD is used for pre-amplifier 2 (PA-II), which boosts the average power to 600mW and 20W, 

respectively. Home-made PM cladding light strippers have been employed to strip the residual 

power and stray light [40,41], and 20W-level three-port isolators (ISO1, ISO2) with built-in band pass 

filter component have been employed to block off the backward power and filter the amplified 

spontaneous emission (ASE) at the end of PA-I and PA-II [42]. The backward laser was guided out 

from the third port (P1) of ISO2, which was measured by power meter and optical spectral analysis 

to monitor the onset of SBS. A mode field adapter (MFA) has been employed to achieve efficient 

coupling and single-mode transmission of large mode field fiber to single-mode fiber between the 

pre-amplification and main amplification stages [43,44]. The coupling efficiency and output beam 

quality of MFA affect the power enhancement of the laser system and the quality of the output beam 

[45]. 

The main amplification composed of several critical components: a piece of PM large-mode-area 

YDF (LMA-YDF) with a core/cladding diameter of 20/400µm, two (6+1)×1 PM pump/signal combiner, 

two home-made PM cladding power strippers (CPS1 and CPS2), and a quartz beam hat (QBH). The 

effective mode field diameter of the PM LMA YDF was designed to be 15.74µm and NA~0.066, which 

are a compromise between SBS and MI thresholds to achieve maximum output power and to 

maintain near diffraction limited beam quality. The cladding absorption coefficient of the active fiber 

is about 1.24dB/m at 976nm, and 12m active fiber is used in the main amplifier for efficient absorption 

of the pump power. To further increase the TMI, the active fiber was coiled to increase the relative 

loss of HOMs in the main amplifier [46,47]. Through the implementation of high-precision bias-

preserving fusion bonding process (less than 1° alignment error), the PER degradation of the fusion 

bonding point is controlled within 0.5dB, the optimized coiling method suppresses stress-induced 

birefringence, and the integration of bi-directional pumping and temperature control system 

effectively enhances the system's extinction ratio performance. Furthermore, optimization of the fiber 

coiling radius can suppress polarization degradation induced by higher-order modes [13,39]. The 

high-power laser diodes (LDs) with stabilized wavelength around 976nm have been divided into two 

groups, and injected into the gain fiber through the two (6+1)×1 PM pump/signal combiner to realize 

bi-direction-pumping configurations, respectively. A piece of double-clad passive fiber terminated 

with anti-reflection-coated collimated end cap is spliced to output signal port of the backward 

pump/signal combiner for power delivery and projecting the collimated laser into free space safely. 

Home-made PM cladding power strippers (CPS1 and CPS2) have been employed at both side of the 

main amplification to eliminate the unwanted cladding signal light and residual pump light, thus 
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enhancing the overall performance of the laser system. To handle the waste heat generating at high 

power operation, the LMA-YDF are meticulously placed on water-cooled aluminum plates to 

dissipate the waste heat. 

As shown in the inset of Figure 1(b), the measurement system consists of one power meter (PM), 

three high transmission (HT) mirrors, one high-reflection (HR) mirror, one convex lens, one beam 

dump (BD), one beam splitter (BS), one photodiode (PD), one optical multi-mode (OM) patch cable, 

one optical spectrum analyzer (OSA), one optical beam profilers (OBP) and one oscilloscope. Power 

meter is used to measure output power. The HT mirrors are used to split the beam and attenuate the 

output laser light for laser measurement. After the first attenuation the transmitted light of the output 

laser at the second LR was collected by the BD. Using a convex lens to couple the transmitted light at 

the third HT into the OM patch cable to monitor the laser's output spectrum and our OSA has a 

minimum resolution of 0.02 nm. The HR mirror and the third HT mirror are used to adjust the spot 

position and the beam quality of the output laser was quantitatively characterized using a beam 

profiler with the 4σ method. The time-domain signal is monitored by BS splitting at the HR reflected 

light, and the split light is captured by the PD and displayed on the oscilloscope. 

 
                                      (a) 

 
(b) 

Figure 1. (a) Experimental setup of PM all-fiber laser system with MOPA structure; (b) Optical parameter 

measuring system. 
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3. Experimental Results 

The seed source consists of a 30mW single-frequency laser followed by two cascaded electro-

optic phase modulators. By driving the EOMs with WNS signals sequentially, the broadened seed 

laser optical spectrum with single-stage and cascaded WNS phase modulation were measured. The 

WNS signal used to drive the phase modulators have been shown in Figure 2(a) with corresponding 

spectrum. The top of the figure shows the Gaussian spreading signal generated by the simulated 

white noise source, and the spectrum of the single-frequency seed source after phase modulation by 

WNS is shown in the bottom of the figure. Figure 2(b) revealed the measured output spectrum. It has 

shown that single-stage WNS modulation yields a 3 dB linewidth of 0.23 nm, while cascaded WNS 

modulation broadens the spectrum to 0.32 nm. Based on these spectral measurements and the fiber 

amplifier parameters described in Section 2, we performed numerical simulations to predict the SBS 

threshold for each modulation scheme [48–50]. Due to that the MI threshold of the system is highest 

when the counter pumping power accounts for 80% of the total power [51], so the counter pumping 

percentage is also taken as 80% during numerical simulation. The SBS threshold power defined as 1% 

of output power. The simulated results have been shown in Figure 2(c). It revealed that, during 

single-frequency operation, the system reached SBS threshold when the output laser is 50.06 W. 

Implementing single-stage WNS phase modulation broadened the seed linewidth to 0.24 nm, 

significantly increasing the threshold to 5100.95 W - representing a 20.1 dB improvement over the 

single-frequency case. Further linewidth expansion to 0.32 nm through cascaded WNS modulation 

yielded a threshold of 6825.64 W (21.4 dB enhancement). 

 
(a)                                     (b) 

 
(c) 

Figure 2. (a) Simulated spectrum; (b) Measured spectrum; (c) Evolution of the backward-to-signal power ratio 

with signal power. 

It has shown that the output properties of the fiber amplifier employing unidirectional pumping 

schemes could provide practical guidance for the optimal design and potential exploration of high-
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power narrow-linewidth fiber amplifiers employing the bidirectional pumping scheme [52], so the 

MI thresholds under unidirectional pumping configurations has been investigated, which is shown 

in Figure 3(a). In the counter-pumping configuration, with all five pump modules (excluding P3) 

operating at maximum power (total 4864W), no MI phenomenon was observed at 3992W laser power. 

In the co-pumping configuration, MI onset occurred at signal power of 2587W. The TMI threshold 

trend agrees with the prediction in [53]. Based on the aforementioned results, one can conclude that 

our laser system is capable of delivering >6579W MI-free laser power in bi-direction pumping 

schemes. Then we implemented an optimized bidirectional pumping scheme, initially setting the 

counter-pump power to 4864W before gradually increasing the co-pump power. The output laser power 

as a function of pump power is shown in Figure 4(c) with blue solid circle. As the output power increases, 

the intensity of the return light spectrum increases, and when the output power reaches 5870W, self-pulse 

peak is generated in the return light spectrum, which indicates that the SBS threshold of this experimental 

system is 5870W, and further increase of the output power is limited by the SBS effect. The onset of SBS 

has been further confirmed by the back-ward power behavior measured at port P1 (Figure 1), which is 

presented in Figure 3(b). Upon reaching maximum output power, the backward power exhibited rapid 

nonlinear growth. Due to the compact requirement of the ISO, no specially-designed coupling optics has 

been employed, and not all the backward power was coupled out in port X of the isolator, which results 

in that the measured backward power is not a true back-ward power value, but the power behavior can 

be used to monitor the onset of SBS. The system ultimately achieved 5870W output power with 7431.7W 

total pump power, corresponding to a remarkable optical-to-optical efficiency of 79.13%. The beam 

propagation factors have been measured, which was shown in the inset of Figure 3(a). With the 

preamplifiers being turned on, the beam quality is measured to be Mx² = 1.206 and My² = 1.304, and which 

were measured to be Mx² = 1.211 and My² = 1.327 at maximum output power, demonstrating near-

diffraction-limited beam quality.  

It is known that, for narrow linewidth fiber laser, M2 cannot reflect the mode content accurately, 

which is influenced by intermodal phase [54–56]. To evaluate the fraction of fundamental mode, 

which is critical for applications [13,35,57], mode decomposition in [58] was employed. The calculated 

results were shown in Figure 3(c), which revealed that the fraction of LP01 is 0.9761 for maximum 

output power, which means that the fiber laser system is suitable for beam combination. At the 

maximum output power, the time traces have been recorded in Figure 3(d), and the corresponding 

Fourier spectral has been shown in the inset. One can see that there are no characteristic frequency 

components indicating the onset of the MI effect [59], which denote that MI effect is suppressed 

effectively. The experimentally measured SBS threshold was approximately 14% lower than 

numerical predictions, which is primarily due to the following factors: (1) Signal distortion in the RF 

driving circuit, which inevitably result in non-ideal modulation waveforms; (2) Enhanced Brillouin 

seeding from discrete reflections at the output endcap and multiple fusion splices, collectively 

increasing the effective Stokes seeding [60,61]; (3) Discrepancy in pump power distribution, as 

simulations assumed an 80% counter-pump ratio (optimized for MI suppression) while the actual 

experiment operated at 65.45%. 

 
(a)                                   (b) 
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(c)                                    (d) 

Figure 3. (a) Variation of signal power and beam quality with pump power; (b) Variation of laser backward 

power with signal power; (c) Measured and reconstructed beam profile results; (d) Time-domain signals of the 

highest output powers (inset: frequency-domain). 

The optical spectra of the PM amplifiers were shown in Figure 4. At the highest power level, 

there is a sign of SRS, but the Raman peak is 50.32dB lower than the signal peak as shown in Figure 

4(a), which means that further increase of the output power is not limited by SRS. As shown in Figure 

4(b), the linewidth broadened as the laser power increase, and the 3dB linewidths are 0.32nm (85 

GHz) at 8W, 0.43nm (114GHz) at 4113W and 0.43nm (114GHz) at 5870W, respectively, which is 

attributed to nonlinear effects [62]. In high-power narrow-linewidth fiber amplifiers, broadband 

background spectral noise generated by spontaneous radiation noise at the seed laser or preamplifier 

stage can also be amplified during power scaling. Several studies have shown that the four-wave 

mixing (FWM) effect leads to a large conversion of energy from the single-frequency portion of the 

phase modulation into background spectral noise during the power scaling process [24,63,64]. 

Therefore, both the power scaling of ASE and the FWM effect lead to the enhancement of the back-

ground spectral noise, which ultimately leads to a broadening of the spectral wings and linewidth. 

Figure 4(c) shows the PER as a function of the output power, where the PER is calculated using the 

formula PER = - 10 * log (Ps/Pp). At maximum output power, the PER of the PM amplifiers is 

measured to be 16.3dB (97.7%). 

 
(a)                                  (b) 
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(c) 

Figure 4. Variation of Output spectra in (a) 1050-1150 nm, (b) 1055-1075 nm, (c) PER and polarized optical power 

with output power. 

4. Discussion 

Our experimental results demonstrate that the 6kW-class laser system is ultimately limited by 

SBS rather than MI or SRS. The most straightforward and effective approach to further enhance SBS 

threshold would be further broadening the seed laser linewidth, which inevitably degrades the 

power spectral density, and is particularly detrimental for applications requiring high spectral 

brightness such as beam combination and non-linear frequency conversion. 

Future work should focus on addressing nonlinear limitations through innovative fiber material 

engineering [65,66]. As demonstrated by Dragic et al., borosilicate doping (B₂O₃:4SiO₂) can 

significantly reduce the Brillouin gain coefficient(up to an 80% suppression) [67], directly enhancing 

the SBS threshold without compromising spectral linewidth. Dragic’s 2018 proposal for 

systematically tailoring the GeO₂-P₂O₅-B₂O₃ ternary system enables precise control over nonlinear 

coefficients [68]. Remarkably, Hawkins' 2021 work on intrinsically low-Brillouin and thermo-optic 

Yb-doped fibers has already achieved >1 kW single-mode output with ultra-low optical losses (<0.1 

dB/km) by optimizing Al/Yb co-doping and fiber microstructure, simultaneously suppressing both 

SBS and thermal lensing effects [69]. Rosales-García (2024) have further realized a groundbreaking 

5.2 kW single-mode laser output (M²~1.2) using a thermally optimized Yb 20/400 fiber, demonstrating 

that advanced core composition design combined with low dn/dT coatings can push the TMI 

threshold beyond 5 kW while maintaining high efficiency (>80%) [70]. 

5. Conclusions 

In this work, we present a 6kW-class all fiberized and polarization-maintained amplifiers 

operating at 1064nm with narrow linewidth and near-diffraction-limited beam quality are presented 

based on a conventional MOPA configuration. During the power scaling process, the SBS effect is 

effectively suppressed by subsequently using two-stage cascaded WNS phase modulation systems 

and the MI effect is managed by optimized coiling the active fiber in the main amplifier. The amplifier 

achieves a maximum output power of up to 5.87kW with an optical-to-optical conversion efficiency 

of 79.13%. At the maximum output power, the 3dB spectral linewidth is measured to be 0.43nm and 

the beam quality approaches the diffraction limit. The PER just fluctuates within 2% during the power 

scaling process and as high as 15.5dB is obtained at 1890W output power. To the best of our 

knowledge, this represents the highest output power achieved by an all-fiber laser at this spectral 

linewidth, as well as the highest spectral brightness of lasers in the 6kW class and above. In our 
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subsequent research, we will explore methods to mitigate SBS and aim to achieve higher-power laser 

output while maintaining the spectral linewidth. 
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