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We presented an experimental comparison of the core-composition difference on the suppression of the photodarkening and transverse mode instability effects. Two core-composition fibers, entailing Yb/Al/Ce and Yb/Al/P co-doped fibers, were fabricated by MCVD process combined with solution doping technique. The parameters of two fibers were almost the same. The PD-induced loss at equilibrium was 3.94 dB/m at 702 nm in Yb/Al/Ce fiber, while it was 0.99 dB/m in Yb/Al/P fiber. To obtain a deeper understanding of the impact of PD on laser performance, a bidirectional pumping fiber amplifier was constructed. Compared with Yb/Al/Ce co-doped fiber, the TMI thresholds of Yb/Al/P co-doped fiber were enhanced in co-pumped and counter-pumped schemes. Meanwhile, the slope efficiency in bidirectional scheme was promoted by 4%. Moreover, the transmittance at 638 nm confirmed the superior PD resistance of Yb/Al/P co-doped fiber. These experimental results pave the way for the further development of high-power fiber lasers.
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1 INTRODUCTION
High power fiber lasers (HPFLs), attributed to their considerable advantages of excellent beam quality, high conversion efficiency, efficient heat dissipation, and compact structure [1–3], have been broadly utilized in industrial processing, military defense, medical treatment and other fields [4, 5]. With the development of the double-clad fibers, high-power laser diodes (LDs) and passive devices, the output powers of fiber lasers and amplifiers have been unprecedentedly promoted, exceeding 20 kW [6]. However, the remarkable evolutions of continuous-wave broadband fiber lasers and amplifiers are hindered by non-linear effects (NLEs), such as stimulated Raman scattering (SRS) [7–10]. In recent years, the threshold-like onset of transverse mode instability (TMI) is the main limitation for the further power scaling in the fiber laser systems [11–20].
It is well known that HPFLs are impressionable for the photodarkening (PD) effect, which might weaken the long-term stability of fiber lasers [21]. PD effect, by producing color centers, can lead to broadband absorption from the ultraviolet to the near infrared, inducing the significant decline of signal laser output power [22]. Additionally, the absorption range of color centers contains the absorption and emission band of Yb-doped fibers, which will absorb both pump light and signal light and generate a large amount of thermal load [23].
Further, PD-induced thermal load will result in a series of issues. By theoretically calculating the thermally-induced mode loss evolution, it showed that the refractive index of the Yb-doped fiber would be changed by the thermo-optic effect, which affected the waveguide structure and altered the bending loss of different modes [24]. Moreover, the phase of the beam could be distorted by PD-induced thermal load [25]. Meanwhile, PD effect would significantly increase the thermal load of the active fiber and aggravate thermally induced refractive index grating, which eventually triggered the occurrence of TMI effect [26]. It was also expected that even a slight reduction of the PD-induced loss would cause the significant increment of the TMI threshold. Furthermore, researchers theoretically demonstrated that the PD effect might bring about the quasi-static mode degradation on a time scale of minutes to hours [27]. They considered that the energy of the fundamental mode (FM) unidirectionally transferred to high order mode (HOM), which caused by a phase-shifted refractive index grating. One year later, the PD-induced mode degradation was experimentally observed [28]. After 532 nm photobleaching, the beam profile recovered to Gaussian-shape profile, which agreed with the theory of quasi-static mode degradation.
Up to now, there are many strategies to mitigate the PD effect. Firstly, efficient structural design of the active fiber was beneficial to the mitigation of the PD effect. In 2009, a novel reduced mode overlap fiber design was proposed and demonstrated, which could reduce the mode overlap and thus decrease the PD loss [29]. And after 1,500 h operation, less than 7% slope efficiency degradation was found and further 500 h operation showed no degradation. Then, photobleaching and thermal bleaching were also commonly used in bleaching the existing PD loss [22, 30, 31]. They significantly bleached the photo-darkened fiber and mitigated the PD effect of the active fiber. Additionally, the PD effect would be restrained by H2 or O2 loading [32–34]. Afterwards, our previous work revealed that there was no PD loss in the H2-loaded fiber, while it was 114.4 dB/m at 702 nm in the pristine fiber [35]. Meanwhile, in the H2-loaded fiber, the output power remained stable and no TMI was observed, while the TMI effect in the pristine fiber occurred at a lower power level. Finally, by optimizing the co-doped composition including Ce, P, Al, and Na ions, it could effectively inhibit the PD effect [36–38]. It has been demonstrated that Yb/Ce co-doped and Yb/Al/P co-doped fibers were conducive to suppress the PD effect in HPFLs [39–41]. However, there are still lack of the impacts of the PD differences of co-doped Ce and P ions on the high-power laser performances, especially in the TMI effect.
In this contribution, the experimental comparisons of the core-composition difference were carried out. The parameters of Yb/Al/Ce and Yb/Al/P co-doped fibers fabricated by MCVD process were almost the same. Then, the PD-induced excess loss, laser performance, and the transmittance at 638 nm were successively measured. The PD-induced excess loss of Yb/Al/Ce and Yb/Al/P co-doped fibers were 3.94 dB/m and 0.99 dB/m at 702 nm. The TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in co-pumped amplifier were 1,803 W and 1,934 W, while they were 2434 W and 3314 W in counter-pumped amplifier, respectively. Meanwhile, compared with Yb/Al/Ce fiber, the slope efficiency of Yb/Al/P fiber in bidirectional scheme was promoted by 4%. Moreover, the 638 nm transmittance of Yb/Al/P co-doped fiber was superior than that of Yb/Al/Ce co-doped fiber.
2 FIBER FABRICATION AND CHARACTERIZATION
The Yb-doped fiber preform fabrication by modified chemical vapor deposition (MCVD) combined with solution doping technique (SDT) could be composed of the following steps [42]: deposition and pre-sintering of soot layers, solution soaking, dehydration, vitrification and collapsing into preforms. Generally speaking, the uniform preform profile could be realized by controlling the dopants incorporation such as soot porosity, soot oxidation temperature, solution doping condition [43] and collapse pressure.
The refractive index profiles (RIPs) of the fabricated preform were measured by PK104 (PHOTO KINETICS), as depicted in Figure 1. The RIPs of Yb/Al/Ce co-doped and Yb/Al/P co-doped preforms, which were measured at the positions of 100 mm and 200 mm along the longitudinal direction, were almost coincidental, manifesting excellent uniformity. Compared with Yb/Al/Ce preform, there was central RIP dip in the core of Yb/Al/P preform. It was because that the sublimation of P2O5 would take away part of the doped Yb2O3 and Al2O3 during MCVD process [44]. Additionally, compared with Yb/Al/Ce co-doped preform, more soot layers are deposited in Yb/Al/P co-doped preform and the deposition temperature was different. Thus, it would present that the RIP of Yb/Al/P co-doped preform was more fluctuant. From the Figures 1A, B, the core NAs of Yb/Al/Ce and Yb/Al/P preforms were 0.061 and 0.06, respectively, almost the same.
[image: Figure 1]FIGURE 1 | Refractive index profiles of (A) Yb/Al/Ce co-doped and (B) Yb/Al/P co-doped preforms at the positions of 100 mm and 200 mm along the longitudinal direction.
Subsequently, the above-mentioned fabricated preforms would be milled into an octagonal shape, and drawn and coated to form the double-cladding Yb-doped fiber on the drawing tower. As exhibited in Figure 2, The concentration distributions of the doped elements of two fibers across the core region were characterized by electron probe microanalysis (EPMA). For the Yb/Al/Ce co-doped fiber, as described in Figure 2A, the concentrations of Yb3+, Ce3+, Al3+, and F− were measured to be ∼0.75 wt%, ∼0.25 wt%, ∼0.3 wt%, and ∼0.1 wt%, respectively. For the Yb/Al/P co-doped fiber, as shown in Figure 2B, the concentrations of Yb3+, P5+, Al3+, and F− were measured to be ∼1.1 wt%, ∼1.4 wt%, ∼0.9 wt%, and ∼0.05 wt%, respectively. The insets in Figure 2 were the microscope images of the cross sections of two fibers, respectively. The pump absorption coefficients of Yb/Al/Ce and Yb/Al/P fibers were measured to be 1.214 dB/m and 1.217 dB/m at 976 nm, respectively. For meeting the sufficient absorption, the utilized fiber lengths of two fibers were both 20 m. Notably, the Yb3+ ions concentration of Yb/Al/P fiber was higher than that of Yb/Al/Ce fiber. This was because that the Yb-doped fiber core with Al3+ and P5+ would alter the effective cross-sections of the fiber, which reduced the absorption of pump power [41]. Thus, it was necessary to improve a higher Yb3+ ion concentration to reach a certain desired pump absorption. By several exploration, Yb/Al/Ce and Yb/Al/P co-doped fibers were successfully fabricated with almost the same pump absorption, as shown in the above results. In addition, the detailed parameters of two fibers were presented in Table 1.
[image: Figure 2]FIGURE 2 | The elemental distribution of (A) Yb/Al/Ce co-doped and (B) Yb/Al/P co-doped fibers measured by electron probe microanalysis. (Insets: the microscope images of the cross sections of two fibers).
TABLE 1 | Fiber parameters.
[image: Table 1]For purpose of a proper bending condition, bending losses at different bend radiuses were calculated using the finite element method with perfectly matched layer. In order to achieve the effective single-mode operation, the bending loss of the FM was less than 0.1 dB/m and the bending loss of the HOMs was more than 1 dB/m [45, 46]. Here, the values of core NA, core diameter, and center wavelength were set to be 0.06, 20 μm, and 1,080 nm, respectively. Thus, the normalized frequency V parameter was easily calculated to be 3.49, which indicated that there were only two transverse modes, LP01 and LP11, supported in the fiber core. The calculated results of the bend losses and the effective mode areas (EMAs) as functions of the bend radiuses were illustrated in Figures 3A, B, respectively. It was obvious that, as the increment of the bend radius, the bend losses of the transverse modes gradually decreased, while the EMAs gradually increased. From the results of Figure 3A, for the theoretical implementation of the single-mode operation, we considered that the proper bend radius region was between 4.5 cm and 8 cm and the corresponding EMA was between 256 μm2 and 264 μm2. Hereon, the bend radius of 5 cm was selected and corresponding LP01 loss, LP11 loss, and EMA were 0.03 dB/m, 36 dB/m, and 259 μm2, respectively, so as to achieve the better laser performances in the laser test.
[image: Figure 3]FIGURE 3 | (A) The bend losses and (B) the effective mode areas as the functions of the different bend radiuses. Simulation parameters: core/inner cladding diameter of 20/400 μm, NA of 0.06 and center wavelength of 1,080 nm.
3 EXPERIMENTAL SETUP
The experimental setup for PD-induced excess loss measurement was illustrated in Figure 4. The signal light source was a halogen lamp ranging from 600 to 1,650 nm and was free spaced into a single mode fiber (SMF). Three 976 nm wavelength-locked laser diodes (LDs) could achieve 160 W pump power output, which could provide 46% population inversion. The broadband signal light from SMF and pump light from 976 nm LDs were both injected into the Yb-doped fiber through a combiner. The length of the tested fiber was kept about 15 cm to maintain uniform inversion level. The cladding light would be stripped by cladding light stripper (CLS) between the Yb-doped fiber and SMF. To avoid heat accumulation, two air-cooling fans were employed to cool the LDs, Yb-doped fibers and CLS in the whole experiment. The absorption spectra of two Yb-doped fibers were recorded every 5 min.
[image: Figure 4]FIGURE 4 | Schematic diagram of the experimental setup for PD loss measurement.
For the measurement of laser performance, an all-fiberized bidirectional-pumped master oscillator power amplifier (MOPA) was constructed, as depicted in Figure 5. First of all, the master oscillator (MO) constituted by a pair of gratings and an active fiber was pumped by three 915-nm LDs from JDSU with each maximum pump power of 130 W. The high reflectivity fiber Bragg grating (HR-FBG) and the output coupler fiber Bragg grating (OC-FBG) fabricated by Teraxion could provide the reflectivity of 99.950% and 11.252%, the core NA of ∼0.07, the center wavelength of ∼1,080 nm, the core and inner cladding diameter of 14 μm and 250 μm, and the 3 dB bandwidth of 2.962 nm and 1.022 nm, respectively. The homemade 14/250 Yb-doped fiber was employed with the core NA of ∼0.07 and the fiber length of 21 m. After stripped by CLS, the pure seed light in the fiber core was obtained, with the center wavelength of ∼1,080 nm and the beam quality M2 factor of ∼1.2. Finally, a mode field adaptor (MFA) was used to match the signal fiber of the forward combiner, which possessed the core/cladding diameter of 14/250 μm on one end and 20/250 μm on the other.
[image: Figure 5]FIGURE 5 | Schematic diagram of the experimental setup for laser performance measurement. LD, laser diode; PC, pump combiner; HR-FBG, high reflectivity fiber Bragg grating; OC-FBG, output coupler fiber Bragg grating; CLS, cladding light stripper; MFA, mode field adaptor; F- and B-PSC, forward- and backward-pump and signal combiner; PD, photodetector; QBH, quartz block holder; CM, collimating mirror; BS, beam splitter; DM, dichroic mirror; NDF, neutral density filter; BSQ, beam squared.
Then, the seed light from the MO and the pump light from the forward/backward 976 nm LDs were poured into the power amplifier (PA). The forward pump and signal combiner (F-PSC) and the backward pump and signal combiner (B-PSC) were employed to permit the passage of the pump and signal lasers. Herein, the pigtails of the commercial F-PSC and B-PSC were passive fibers manufactured by Nufern and their core NAs were both about 0.06. The above-mentioned Yb/Al/Ce and Yb/Al/P fibers with the same length of 20 m were coiled in a racetrack-typed water-cooled plate with minimum and maximum bending diameter of 10 cm and 22 cm, respectively. The amplified signal laser propagated through CLS to strip the cladding light, which was received by a InGaAs photodetector to collect the time-domain signal and monitor the TMI process. Finally, the signal laser was exported through the quartz block holder (QBH).
As for the measurement of laser performance, the diverging signal laser output from QBH was collimated by a collimating mirror with the focal length of 150 mm, and then, the collimated laser was split by a high-reflectivity beam splitter (BS) with the reflectivity of >99%. A dichroic mirror (DM) was utilized to further eliminate the residual pump light, and subsequently, the purer laser was attenuated by a set of neutral density filter (NDF). The beam quality evolution was recorded by the Beam Squared (BSQ) and the optical spectra of the output laser was also measured with an optical spectrum analyzer (OSA).
4 RESULTS AND DISCUSSION
4.1 Photo-darkening excess losses of Yb/Al/Ce and Yb/Al/P fibers
Several absorption spectra of two Yb-doped fibers were obtained by PD loss measurement. Based on our previous investigation [35], the PD-induced excess losses at 633 nm, 702 nm, 810 nm, and 1,041 nm were selected to characterize the PD properties. Meanwhile, the data were also fitted by the classical stretched exponential function used in [47]. Additionally, the excess loss at 633 nm was commonly used in the characterization of PD properties. However, 633 nm was at the edge of the detection range of our measurement, and the data fluctuates greatly. Thus, for accuracy, 702 nm was chosen for comparison in this work.
The PD-induced excess losses of Yb/Al/Ce co-doped and Yb/Al/P co-doped fibers were depicted in Figures 6A, B. Overall, the excess losses of Yb/Al/Ce co-doped fiber at chosen wavelengths were more than twice as much as those of Yb/Al/P co-doped fiber. Concretely, by stretched exponential function fitting, the PD-induced equilibrium excess losses of Yb/Al/Ce co-doped fiber at 633 nm, 702 nm, 810 nm, and 1,041 nm were calculated to be 6.73 dB/m, 3.94 dB/m, 1.37 dB/m, and 0.58 dB/m, respectively. For Yb/Al/P co-doped fiber, the excess losses at 810 nm and 1,041 nm were nearly 0 and only the excess losses of 633 nm and 702 nm were fitted. And the PD-induced equilibrium excess losses of Yb/Al/P co-doped fiber at 633 nm and 702 nm were calculated to be 3.14 dB/m, 0.99 dB/m. Here, for 702 nm, the excess losses of Yb/Al/Ce and Yb/Al/P fibers were 3.94 dB/m and 0.99 dB/m, respectively, which was 3.98 times as much as that of Yb/Al/P fiber. In conclusion, the Yb/Al/P co-doped fiber presented superior PD resistance.
[image: Figure 6]FIGURE 6 | PD excess losses and fitting curves at 633 nm, 702 nm, 810 nm, and 1,041 nm of (A) Yb/Al/Ce co-doped fiber and (B) Yb/Al/P co-doped fiber.
4.2 Laser performances of Yb/Al/Ce and Yb/Al/P fibers
For the laser performances of two fibers, we measured the laser efficiencies, the TMI thresholds and output laser spectra in co-pumped, counter-pumped, and bidirectional pumping amplifiers. For a start, the laser performances of Yb/Al/Ce and Yb/Al/P fibers were verified in co-pumped amplifier and depicted in Figure 7. The output power as a function of pump power of Yb/Al/Ce and Yb/Al/P fibers were recorded and the results were shown in Figures 7A, C, respectively. The maximum output powers of Yb/Al/Ce and Yb/Al/P fibers in co-pumped amplifier were 1,803 W and 1,934 W, with the slope efficiencies of ∼78.9% and 81.7%, respectively. From the time- and frequency-domain signals as illustrated in Figures 7B, D, there were obvious fluctuations at the output power of 1803 W in Figure 7B and at the output power of 1,934 W in Figure 7D. The fluctuations in time- and frequency-domain signals indicated the onsets of TMI. Thus, we considered that the TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in co-pumped amplifier were 1,803 W and 1,934 W, respectively. Meanwhile, the further power scaling was limited by TMI effect.
[image: Figure 7]FIGURE 7 | Laser performances in co-pumped amplifier. Yb/Al/Ce fiber: (A) output power and O-O efficiency dependence on the pump power; (B) time- and frequency-domain signals. Yb/Al/P fiber: (C) output power and O-O efficiency dependence on the pump power; (D) time- and frequency-domain signals.
Then, the laser performances of Yb/Al/Ce and Yb/Al/P fibers were verified in counter-pumped amplifier and described in Figure 8. The output powers of Yb/Al/Ce and Yb/Al/P fibers continuously increased to 2434 W and 3314 W without power rollover and the slope efficiencies were linearly fitted to ∼81.5% and 84.6%, as shown in Figures 8A, C, respectively. Furthermore, the time- and frequency-domain spectra were also observed by oscilloscope and there were obvious fluctuations at the output power of 2,434 W in Figure 8B and at the output power of 3,314 W in Figure 8D, respectively. Thus, we considered that the TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in counter-pumped amplifier were 2,434 W and 3,314 W, respectively. Meanwhile, the further power scaling was limited by TMI effect.
[image: Figure 8]FIGURE 8 | Laser performances in counter-pumped amplifier. Yb/Al/Ce fiber: (A) output power and O-O efficiency dependence on the pump power; (B) time- and frequency-domain signals. Yb/Al/P fiber: (C) output power and O-O efficiency dependence on the pump power; (D) time- and frequency-domain signals.
Finally, the output laser performances of Yb/Al/Ce and Yb/Al/P fibers with bidirectional pump were measured and recorded, as exhibited in Figure 9. The output powers of two fibers as a function of pump powers were depicted in Figures 9A, D, respectively. By continuously increasing the pump powers from the bidirectional 976-nm LDs, the output powers of Yb/Al/Ce and Yb/Al/P fibers enhanced to 2846 W and 3536 W, which the slope efficiencies were linearly fitted to ∼80.0% and ∼84.0%, respectively. Meanwhile, the beam quality M2 factors of Yb/Al/Ce and Yb/Al/P fibers at the maximum output powers were measured to be 1.42 and 1.45, respectively. From the Figures 9B, E, the signal lasers of Yb/Al/Ce and Yb/Al/P fibers were both centered at the wavelength of ∼1,080 nm, and the full width at half maximum increased to ∼3 nm of 2,846 W and ∼4 nm of 3,536 W, respectively. Simultaneously, there were Raman Stokes light in the optical spectra. The Stokes intensity was ∼44 dB below that of signal laser of Yb/Al/Ce fiber, while the intensity was ∼41 dB below that of signal laser of Yb/Al/P fiber. Thus, further power scaling was not pursued to avoid the exponential increase of the Raman Stokes light. In addition, the time- and frequency-domain signals of Yb/Al/Ce fiber at the output power of 2,846 W remained stable without any fluctuation, while those of Yb/Al/P fiber at the output power of 3,536 W were also stable, as described in Figures 9C, F, respectively. The results of the time- and frequency-domain signals of two fibers indicated the absence of the TMI effect.
[image: Figure 9]FIGURE 9 | Laser performances in bidirectional pumping amplifier. Yb/Al/Ce fiber: (A) output power and O-O efficiency dependence on the pump power; (B) optical spectra at several output powers; (C) time- and frequency-domain signals. Yb/Al/P fiber: (D) output power and O-O efficiency dependence on the pump power; (E) optical spectra at several output powers; (F) time- and frequency-domain signals.
The output power stability of two fibers was monitored at ∼2.5 kW for an hour and the power values were recorded with an interval of 0.133 s. For Yb/Al/Ce co-doped fiber, the output laser power presented a power fluctuation within a range from 2,437 W to 2,506 W, ∼2.8%. For Yb/Al/P co-doped fiber, the output power was recorded from 2,488 W to 2,512 W with the power fluctuation of less 1%. It indicated that the Yb/Al/P co-doped fiber owned a better power stability.
4.3 638 nm transmittance of Yb/Al/Ce and Yb/Al/P fibers
Moreover, the 638 nm transmittances of Yb/Al/Ce and Yb/Al/P co-doped fibers were measured and compared. The experimental setup of the 638 nm transmittance was depicted in Figure 10A. 30 mW 638 nm single-mode laser was injected to two fibers by MFA. After stripped by CLS, the remanent laser was received by a milliwatt-level PM. The input end was kept unchanged and the active fiber was cut off from the output end to measure the output power at a different position. To avoid the influence of splicing loss, the output power of 638 nm laser injected in 1 cm Yb-doped fiber was measured as the initial injection power. The measured results were depicted in Figure 10B. The transmittance of Yb/Al/Ce co-doped fiber presented a rapid declining trend and the transmittance in the position of 20 m was only 30%. For Yb/Al/P co-doped fiber, the declining trend was slow and the transmittance was still up to 84% in the position of 20 m. The transmittance results demonstrated that there was more seriously distributed PD loss along the longitudinal length of Yb/Al/Ce co-doped fiber, compared with Yb/Al/P co-doped fiber.
[image: Figure 10]FIGURE 10 | (A) Schematic diagram of the experimental setup for 638 nm transmittance measurement; (B) the measured results of the 638 nm transmittance of Yb/Al/Ce and Yb/Al/P co-doped fibers.
The aforementioned experimental results were all measured by the same setups and conditions, which ensured the credibility of the contrast experiment. Thus, we considered that the PD resistance of Yb/Al/P co-doped fiber was superior to that of Yb/Al/Ce co-doped fiber, and meanwhile the TMI thresholds and laser efficiencies of Yb/Al/P co-doped fiber in co-pumped and counter-pumped amplifiers were higher than those of Yb/Al/Ce co-doped fiber. Concretely, the excess losses of Yb/Al/Ce and Yb/Al/P fibers at 702 nm were 3.94 dB/m and 0.99 dB/m, respectively. The TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in co-pumped amplifier were 1,803 W and 1,934 W, while they were 2,434 W and 3,314 W in counter-pumped amplifier, respectively. Meanwhile, by replacing Yb/Al/Ce co-doped fiber with Yb/Al/P co-doped fiber, the slope efficiency of the signal laser was also enhanced by ∼4%. Moreover, the 638 nm transmittance confirmed that there was lower PD loss in the Yb/Al/P co-doped fiber.
In our experiment, most of parameters of two fibers were remained the same, entailing core and inner cladding diameters, core NA, pump absorption, and fiber length. Thus, the core composition became the key point for reducing the PD loss, and further suppressing the TMI effect. Meanwhile, thanks to the superior PD resistance, the TMI thresholds of Yb/Al/P co-doped fiber were higher than those of Yb/Al/Ce co-doped fiber under co-pumped and counter-pumped schemes. For Yb/Al/Ce co-doped fiber, Ce had different valence states, Ce3+/Ce4+. Through their valence-state transition, both electrons and holes related to color centers could be trapped to suppress PD effect [48]. The suppression of PD effect would mitigate the TMI effect. However, Ce-doping would introduce new heat sources to Yb-doped fiber lasers [49].
For Yb/Al/P co-doped fiber, it would effectively inhibit the generation of aluminum oxygen hole centers (Al-OHCs) and Oxygen Deficiency Centers (ODCs) by forming [AlPO4] structure [39]. Meanwhile, this structure would shift the charge-transfer band to a shorter wavelength region. Thus, Yb/Al/P co-doped fiber would present low PD sensitivity, which was beneficial for mitigating the TMI effect. Additionally, when the value of [image: image] was greater than 0.49, the PD effect would be effectively suppressed and the average heat load would also be weakened [41]. In our experiment, this value was about 0.6. Although it was not the optimal value, it still maintained a lower heat load and a higher TMI threshold, according the simulated results of Ref. [41]. Meanwhile, our experimental results manifested that, compared with Ce co-doping, P co-doping would induce a lower average heat-loaded distribution, which would contribute to mitigating the TMI effect.
5 CONCLUSION
In summary, we reported on an experimental comparison of the core-composition difference. Based on MCVD process combined with SDT, Yb/Al/Ce and Yb/Al/P co-doped fibers were fabricated, whose parameters were almost the same. Firstly, the PD-induced excess loss of Yb/Al/Ce and Yb/Al/P co-doped fibers were 3.94 dB/m and 0.99 dB/m at 702 nm, which indicated the superior PD resistance of Yb/Al/P fiber, Then, a bidirectional pumping fiber amplifier was constructed to verify the impact of PD on laser performance. The TMI thresholds of Yb/Al/P co-doped fiber were higher than those of Yb/Al/Ce co-doped fiber in co-pumped and counter-pumped schemes. The slope efficiency of Yb/Al/P co-doped fiber in bidirectional scheme was enhanced by 4%. In addition, the results of 638 nm transmittance manifested the lower PD loss of Yb/Al/P co-doped fiber. These experimental results could provide a good reference for realizing high-power fiber lasers.
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