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Abstract

:

Up to now, transverse mode instability (TMI) and stimulated Raman scattering (SRS) have become the main factors limiting the power scaling of conventional ytterbium-doped fiber laser. Many technologies are proposed to suppress the SRS or TMI individually, but most of them are contradictions in practical application. In this article, we focus on the technologies that can balance the suppression of both SRS and TMI, including fiber coiling optimization, pump wavelength optimization, pump configuration optimization, and novel vary core diameter active fiber. Firstly, we validate the effectiveness of these technologies in both theoretical and relatively low-power experiments, and introduce the abnormal TMI threshold increasing in a few-mode fiber amplifier with fiber coiling. Then, we scale up the power through various types of fiber lasers, including wide linewidth and narrow linewidth fiber lasers, as well as quasi-continuous wave (QCW) fiber lasers. As a result, we achieve 5~8 kW fiber laser oscillators, 10~20 kW wide linewidth fiber laser amplifiers, 4 kW narrow linewidth fiber amplifiers, and 10 kW peak power QCW fiber oscillators. The demonstration of these new technical schemes is of great significance for the development of high-power fiber lasers.
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1. Introduction


High-power ytterbium-doped fiber laser is an ideal light source for industrial processing, such as laser cutting and laser welding. In the past 20 years, the output power of fiber laser has achieved a leap from hundreds of watts to 10 kW level [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. According to the current public reports, the technology of fiber lasers with output power exceeding 10 kW has gradually matured, and the difficulty lies in achieving high power and high beam quality (that is, high brightness) simultaneously. Brightness is a physical quantity related to the power and beam quality of laser, which is defined as follows [17,18]:


  B =  P    (  M 2  λ )  2     



(1)




where, P, λ, and M2 represent the power (W), wavelength (µm), and beam quality of the laser, respectively. When applied to quasi-continuous wave (QCW) fiber lasers, P should be the peak power of the laser. Under the same output power, the smaller the value of the beam quality, the higher the brightness of the laser. From the characteristics of the laser, under the same power, after focusing by the same system, the light spot at the focus of the high-brightness laser is smaller and the energy density is higher. High-brightness fiber laser is very important to improve the processing speed and product quality in new industries. Therefore, the development of fiber lasers in the future must consider the simultaneous improvement of power and brightness.



From the current development situation, fiber lasers based on single fiber are still an effective way to achieve high-beam quality lasers. However, due to the nonlinear effect especially stimulated Raman scattering (SRS) and transverse mode instability (TMI), the difficulty of realizing high power and high beam quality laser based on a single fiber increases rapidly [19,20]. At present, many technologies are proposed to suppress the SRS or TMI individually. However, under normal circumstances, their restraining measures are contradictory in practical application. For example, to suppress SRS, it is necessary to increase the core diameter, enhance the pump absorption and shorten the length of the fiber, while the suppression of TMI needs to reduce the core diameter, weaken the pump absorption, and increase the length of the fiber. How to balance SRS and TMI has become a key issue. Among them, TMI has received extensive research in recent years.



TMI was discovered in 2010 [21,22,23,24,25,26]. At present, the thermal effect in fiber is considered the physical origin of TMI, and the sources of heat mainly include quantum defect, photon darkening, and background loss [27,28,29,30]. Since 2010, a lot of research has been carried out on the suppression of TMI in fiber lasers, which can be divided into passive suppression and active suppression in general. Considering the mode control in the fiber, the optimization of the fiber structure is carried out to suppress the higher-order modes, which is conducive to improving the TMI threshold. These special fiber designs include photonic band gap fiber, large pitch fiber (LPF), confine doped fiber, multi-core fiber, and so on [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]. In addition, fiber coiling is also an effective measure to improve the TMI threshold by suppressing higher-order modes [6,49,50,51]. Starting from the physical origin of TMI, we can design anti-photon darkening fiber to suppress TMI [52]. Relevant research mainly focuses on the optimization of fiber doping composition, doping concentration, and fiber materials. For these measures, there is still much work to be done before they are put into practical application. We can also optimize the signal and pump wavelengths to alleviate the quantum defect [53,54,55,56,57,58,59,60,61,62,63,64]. In addition, the pump absorption of the fiber can be optimized to reduce the temperature gradient in the fiber, inhibit the formation of long-period refractive index gratings, and suppress TMI. In addition to the above passive measures, there are also active measures to suppress TMI, such as signal and pump modulation [65,66,67,68]. However, passive measures will not increase the complexity of the system and will have more potential.



Fiber lasers are mainly divided into tandem pump and direct laser diode (LD) pump. Among them, the tandem pump configuration has obvious advantages in suppressing TMI, but the efficiency is relatively low; the system is complex and the cost is high [69,70,71]. Therefore, more and more researchers focused on the direct LD pumped technology to realize high-power fiber lasers. In LD pumped fiber lasers, there are few technologies such as counter-pump configuration which can suppress the SRS and TMI simultaneously. In this article, we focus on the suppression techniques for achieving balance between SRS and TMI without deteriorating either of them, including fiber coiling optimization, pump wavelengths optimization, pump configuration optimization and novel vary core active fiber.



At present, the influence of pump wavelength on TMI reported by other groups is mostly theoretical analysis, lacking systematic experimental research [53,55,58,60,63]. In terms of fiber coiling, TMI is restrained by reducing the fiber coiling diameter [51]. In recent years, with the goal of achieving a high-power fiber laser with high beam quality, we have been focusing on balancing SRS and TMI by optimizing the pump wavelengths and pump configuration. In the aspect of fiber coiling, we found the abnormal phenomenon of increasing the TMI threshold by increasing the fiber coiling diameter [10,72]. In addition, we propose varying core diameter active fiber represented by tapered fiber, spindle-shaped fiber, and saddle-shaped fiber, which can balance SRS and TMI in the fiber and break through the power limit of conventional fiber [73,74,75,76,77,78,79,80,81].



In this work, we will focus on the optimization and demonstration of the technologies that balance the suppression of both SRS and TMI, including common methods such as fiber coiling, pump configurations, and novel methods including pump wavelength optimization and various core active fiber. We first verify the effectiveness of these technologies at relatively low power and introduce the abnormal TMI threshold increasing in a few-mode fiber amplifier with fiber coiling optimization. Additionally, then we scale up the power in fiber laser oscillators, fiber laser amplifiers both in wide linewidth and narrow linewidth, as well as quasi-continuous wave (QCW) fiber lasers. With these technologies, we have achieved laser power from 4 kW to 20 kW in fiber laser oscillators and fiber laser amplifiers.




2. Theoretical and Simulation Study of the Measures for Suppressing SRS and TMI


In this section, we will theoretically demonstrate the suppression of TMI and SRS in fiber lasers by pump configuration optimization, pump wavelength optimization, fiber coiling optimization, and varying novel core fiber. These measures can balance the suppression of both SRS and TMI or, at least, do not deteriorate them.



2.1. Nonlinear Effect (SRS) and TMI Suppression Based on Pump Optimization


Pump optimization, especially the counter-pump configuration, is one of the measures that can mitigate both the SRS and TMI. Here, we will first study the nonlinear effect and the TMI suppression based on pump optimization. B-integral is often used in high-power fiber laser systems to evaluate the nonlinear effects of the system. The definition of B-integral is shown in Equation (2) [82,83]. Where    n 2    represents the nonlinear refractive index of the fiber, and its value is completely determined by the fiber itself. The calculation of B-integral in fiber lasers is relatively complex. However, as shown in Equation (2), its value is directly proportional to the power integral along the longitudinal direction of the fiber. Therefore, the power integral can be used to approximate the B-integral in the laser, thereby evaluating the nonlinear effects. The simulation in this section is mainly divided into two steps. First, calculate the power distribution in the fiber according to the rate equations of the fiber laser, and then use the power distribution to calculate the power integration along the longitudinal direction (    ∫  P ( z ) d z     ). The obtained value can be used to evaluate the nonlinear effect on the laser.


  B =   2 π  λ    ∫   n 2     |  E  (  r , t  )   |   2  d z    ∝   ∫  P ( z ) d z     



(2)







The simulated laser adopts a fiber laser amplifier based on MOPA (master oscillation power amplification) structure. The parameters of the fiber and the main parameters used in the simulation are shown in Table 1. The simulation results are shown in Figure 1. Figure 1a shows the power distribution in the fiber under different pump configurations. From the evolutionary trend, the laser power in the fiber increases rapidly at the front end of the fiber under the co-pump configuration, while it is mainly concentrated at the end of the fiber under the counter-pump configuration. Figure 1b shows the normalized B-integral calculated according to Equation (2) based on the data in Figure 1a. It is obvious that under the three pump configurations, the value of B-integral is the largest under the co-pump configuration. The values are about 68% and 36% for the bidirectional pump and counter-pump configurations, respectively. This fully shows that for three pump configurations, the counter-pump configuration has the most obvious advantage in suppressing SRS, followed by the bidirectional pump configuration, and the co-pump configuration has the strongest SRS. It is worth noting that due to the lack of consideration for fiber coiling and the loss of the fiber itself, the calculation results show that the output power of the laser is highest in the co-pump configuration, followed by bidirectional pump configuration, and then the lowest in the counter-pump configuration. However, considering losses and coiling, the impact on power will only be a few watts and will not affect the entire power distribution curve. Therefore, the impact on integration is not significant and does not affect the comparison under different pump configurations.



According to the semi-analytic theoretical model of TMI in the fiber amplifier, we can calculate the TMI threshold under different pump configurations. The detailed theoretical model and derivation process can be seen in Ref. [57]. In this model, TMI is judged by the high order mode ratio (HOM ratio), and the derived expression of the HOM ratio ( ξ ) is shown in Equation (3). The physical means of each parameter in Equation (3) are shown in Table 2. Referring to the conclusion in Ref. [84], we set the signal power when  ξ  reaches 5% as the TMI threshold of the laser.


    ξ  ( L )    =  ξ 0  exp  [     ∫ 0 L   d z   ∬  g  (  r , ϕ , z  )   (   Ψ 2   Ψ 2  −  Ψ 1   Ψ 1   )  r d r d ϕ        ]          +    ξ 0   4      2 π      ∫ 0 L    P 1   ( z )   |   χ ″   (   Ω 0  , z  )   |  d z                × exp  [     ∫ 0 L   d z   ∬  g  (  r , ϕ , z  )   (   Ψ 2   Ψ 2  −  Ψ 1   Ψ 1   )  r d r d ϕ        ]   R N   (   Ω 0   )  exp  [     ∫ 0 L    P 1   ( z )  χ  (   Ω 0  , z  )  d z     ]     



(3)







Here, the fiber parameters in our simulation are consistent with those in Table 1, with a pump wavelength of 976 nm. The results are shown in Figure 2. In a co-pump configuration, the TMI threshold of the laser is 774 W. In contrast, the TMI threshold under the counter-pump configuration is 1067 W, which is 37.9% higher than that in co-pump configuration. This is due to the stronger gain saturation effect in the counter-pump configuration. The results in Figure 1 and Figure 2 comprehensively demonstrate the advantages of counter-pump configuration in suppressing SRS and TMI. It should be noted that our purpose here is only to compare the TMI thresholds under the co-pump and counter-pump configurations. The actual fiber coiling is not considered in the simulation, so the TMI threshold of the laser will be lower than the actual results. Therefore, in actual lasers, the proportion of counter-pump power can be increased to effectively suppress SRS and TMI.




2.2. TMI Suppression Based on Pump Wavelength Optimization


The simulation in Section 2.1 shows the impact of pump configurations on SRS and TMI. In contrast, the influence of pump wavelength on TMI is greater. Here, we will theoretically introduce the effect of pump wavelength on TMI. The core/cladding diameter of the active fiber used in the simulation is 30/400 µm, and the doping concentration of Yb3+ is 6.3 × 1025 m−3. In order to ensure sufficient pump absorption when the pump wavelength is changed, the fiber length is selected as 20 m. Considering the absorption cross-sections and quantum defects of ytterbium-doped fibers at various wavelengths, we chose to calculate wavelengths of 915 nm, 969 nm, 976 nm, 981 nm, and 982 nm, respectively. The simulation results can also be compared with our previous experiments [61,85]. The simulation results are shown in Figure 3b and Table 3. The simulation results show that the TMI threshold of the laser is the highest when the pump wavelength is 985 nm, followed by 982 nm, 981 nm, 969 nm, 915 nm, and 976 nm. The optimization of pump wavelength needs to consider two factors, one is the absorption cross-section of Yb3+ (as shown in Figure 3a), and the other is the quantum defect between the pump wavelength and signal wavelength. In a comprehensive consideration, optimizing the pump wavelength in the long wave direction can not only reduce the absorption coefficient but also reduce the quantum defect, which is more beneficial to the suppression of TMI. Therefore, when the pump wavelength is 981 nm, 982 nm, or 985 nm, the calculated TMI threshold is relatively high. Near the absorption peak of Yb3+, the absorption cross-section changes rapidly with the wavelength, and the wavelength change has a great impact on TMI. For example, although there is only 1 nm difference between 982 nm and 981 nm, the threshold value has increased by 15.2%. When the wavelength offset is large, the absorption cross section will be small. In order to ensure sufficient pump absorption, the length of fiber needs to be increased, which is not conducive to SRS suppression. Therefore, the wavelength shift of the pump should not be too large, and the range of 981 nm to 985 nm in the calculation is a relatively suitable range for balancing SRS and TMI. It is worth noting that in this section, we used ytterbium-doped fibers that are different from those in Section 2.1, but this does not affect the respective conclusions.




2.3. TMI Suppression Based on Fiber Coiling


Different from the above two schemes, the effect of fiber coiling on TMI is somewhat complex. When the fiber is coiled, each mode will result in some loss. In general, the loss of higher-order mode (HOM) is greater than that of the fundamental mode (FM), so TMI can be suppressed by coiling the fiber and increasing the loss of HOM [6]. At present, many reports have verified the feasibility of suppressing TMI by optimizing fiber coiling theoretically and experimentally. Here, we also calculate the TMI threshold of fiber lasers with different coiling radii based on the semi-analytic theoretical model of TMI in fiber lasers. The simulation is based on the fiber amplifier structure. The power of LP01 mode and LP11 mode in the initial injected signal is 20 W and 0.2 W, respectively, which can be considered as a single-mode input. The core/cladding diameter of the active fiber is 20/400 µm, and the pump wavelength is 976 nm. In our theoretical model, when the fiber coiling length is long, the accumulation of HOM loss is large, and the calculated TMI threshold is very high. Therefore, we set the total length of the coiling fiber to be 1 m, and the variation of the TMI threshold with the coiling diameter is also credible. The simulation results are shown in Figure 4. With the decrease of the coiling radius, the TMI threshold of the laser gradually increases and becomes more and more sensitive to the fiber coiling. It shows that with the decrease of coiling diameter, the filtering effect of HOM becomes increasingly effective, and the content of HOM is lower at the same power level. The simulation results show that the TMI threshold of the laser can be increased by reducing the coiling diameter of the fiber under the condition of single-mode injection.



Figure 4 shows the normal TMI phenomenon where the TMI threshold increases with the decrease of fiber coiling diameter. In addition, introducing a mode loss after fiber coiling will also lead to mode field distortion, resulting in coupling between modes. A combination of various factors may also lead to an abnormal TMI phenomenon where the TMI threshold increases with the increase of the fiber coiling diameter. So, we also simulated the mode excitation and TMI threshold under different higher-order mode power ratios when the single-mode laser is injected into fibers with different coiling diameters based on the theory of mode field distortion and mode coupling [86,87]. The results are shown in Figure 5. As shown in Figure 5a, when the coiling diameter increases from 20 cm to 30 cm, the proportion of the FM in the output laser increases gradually. At the same time, it also means a decrease in the HOM ratio. A decrease in the HOM ratio may lead to an increase in the TMI threshold. Figure 5b shows the TMI thresholds calculated under different HOM ratios (η) in injected lasers. Based on Figure 5a,b, it can be inferred that the decrease in η caused by the increase in fiber coiling diameter may lead to an increase in the TMI threshold. In this experiment, we have observed the abnormal TMI phenomenon related to fiber coiling diameter, which will be described in Section 3.3.




2.4. Balance TMI and SRS Based on Vary Core Diameter Active Fiber


Compared with pump configuration optimization, pump wavelength optimization, and fiber coiling optimization, the new structure fiber is a more potential implementation scheme for high-power fiber lasers. Among them, vary core diameter active fiber (VCAF), represented by spindle-shaped fiber (SPF), has received more and more attention in recent years. In order to theoretically demonstrate the balance of VCAF on SRS and TMI in fiber lasers, we simulated SRS and TMI in fiber amplifiers based on spindle-shaped fiber and uniform fiber, respectively. The main parameters of the simulated fibers are shown in Table 4. Wherein, Fiber1 is an SPF with a constant core-to-cladding ratio. Fiber2, Fiber3, and Fiber4 are uniform fibers with constant core and cladding diameters. The doping and core-to-cladding ratio of the four fibers are consistent, and the same pump absorption can be guaranteed under the condition of the same fiber length. In addition, according to the definition of equivalent core diameter in Ref. [78], the equivalent core diameter and an equivalent cladding diameter of Fiber1 are 25 µm and 500 µm, respectively. Therefore, the results of the data comparison between Fiber1 and Fiber3 are also convincing.



The simulation results are shown in Figure 6. Among these fibers, the calculated TMI thresholds are in the order of Fiber2, Fiber1, Fiber3, and Fiber4 from high to low. The SRS intensity at the output end of the active fiber is from weak to strong in the order of Fiber4, Fiber3, Fiber1, and Fiber2. The order of the two is completely opposite, that is, the higher the TMI threshold, the higher the possibility of the corresponding laser being limited by SRS, and vice versa. The role of the application of spindle fiber is to balance SRS and TMI. From the results, Fiber1 can reach the TMI threshold close to that of Fiber2 and has an SRS suppression capability similar to that of Fiber3 and Fiber4. After proper parameter optimization, SPF can achieve a balance between SRS and TMI, and achieve higher output power. In addition to SPF, VCAF such as tapered fiber (TF) and saddle-shaped fiber (SAF) also have the same ability.




2.5. Summary


The simulation of the above sections, respectively, verified the advantages of pump configuration optimization for SRS and TMI suppression, the advantages of pump wavelength and fiber coiling optimization for TMI suppression, and the good balance of VCAF for SRS and TMI. Specifically, the counter-pump configuration can weaken the nonlinear effect and suppress TMI. The optimization of the pump wavelength can make the heat distribution in the laser more uniform which means a higher TMI threshold [29,61,85,88]. For fiber coiling, on the one hand, it will increase the loss of HOMs; on the other hand, it will also lead to the coupling between modes, so its effect on TMI needs to be discussed separately. VCAF is a new type of fiber with great potential, and there have been many experimental reports. In general, the above inhibition measures have been verified in the experiment. In the following content, we will describe the verification of the above schemes in the experiment and introduce its application in high-power fiber lasers.





3. Experimental Demonstration of These Measures on SRS and TMI Suppression in Direct LD Pumped Fiber Laser


3.1. SRS in Lasers under Different Pump Configurations


According to the simulation results in Section 2.1, SRS in the laser is the weakest in the counter-pump configuration. Based on the structure of the oscillating-amplifying integrated fiber laser, we compared the SRS of the laser under the co-pump and the counter-pump configurations. The structure of the laser is shown in Figure 7. The active fiber in the oscillating section is commercial fiber with a core/cladding diameter of 22/400 µm and the active fiber in the amplifying section is 25/400 µm fiber with low absorption. Combined with LDs with a central wavelength of 981 nm as the pump source, the laser has a high TMI threshold, which is conducive to comparing SRS under different pumping configurations. The results are shown in Figure 8. In the co-pump configuration, when the output power is 2170 W, the SRS intensity in the output laser is only 14 dB lower than the signal. In the counter-pump configuration, no obvious SRS is observed when the output power is 2584 W. When the output power reaches 4359 W, the SRS intensity is still 21 dB lower than the signal. Under this experimental condition, if the consistent SRS intensity is controlled, the output power that can be achieved in the counter-pump configuration is more than twice that in the co-pump configuration. The results of the experiment well illustrate the inhibition effect of counter-pump configuration on SRS. In the bidirectional pump configuration, the higher the proportion of counter-pump power, the better the SRS suppression effect. Therefore, in the laser system that is not limited by TMI, the counter-pump configuration can maximize the output power of the laser.




3.2. TMI Suppression by Optimizing Pump Wavelength


As mentioned in the introduction, the measures to suppress TMI by optimizing the pump wavelength can be traced back to 2014 [54,55]. However, most of the early studies remained at the theoretical stage, lacking systematic experimental verification. We have systematically designed and customized wavelength-stabilized (WS) LDs with central wavelengths of 969 nm (WS-969) and 981 nm (WS-981), respectively. It is applied to the high-power fiber laser, and the TMI threshold of the laser is compared with that of the lasers pumped by common LDs, including wavelength stabilized LDs with a central wavelength of 976 nm (WS-976), LDs with central wavelengths of 915 nm (915). In the past few years, we have designed an experimental platform with a low TMI threshold to verify the suppression ability of pump wavelength optimization to the TMI [61,62,85,88]. The TMI threshold of the laser pumped by WS-981 and WS-969 is 2.2 times and 3.45 times that of the laser pumped by WS-976 under the same conditions [61,85].



In addition, the TMI with different pump wavelengths at high power has also been studied. The laser is a fiber amplifier based on the MOPA structure, as shown in Figure 9. The active fiber of the amplifier adopts double-cladding YDF with a core/cladding diameter of 25/400 µm, and its total length is 30 m. The absorption coefficient of the active fiber for pump light with a wavelength of 915 nm is 0.56 dB/m, the core NA is 0.06, and the minimum coiling diameter is 85 mm. In the process of pump wavelength optimization, only the pump modules of the laser are optimized, while the rest remain unchanged.



The experimental results are shown in Figure 10. Figure 10a shows the variation of output power and efficiency with pump power when applying WS-981, 915, and WS-976 for bidirectional pumps and the variation of output power and efficiency with pump power when applying WS-969 for counter-pump. For LDs with different wavelengths, lasers can maintain good efficiency. When applying WS-969, due to the lower total pump absorption, the efficiency of the laser is slightly lower than that when applying other LDs. In the experiment, when applying WS-976 and 915, and WS-981 as pump sources, the performance of the laser was tested under co-pump, counter-pump, and bidirectional pump, respectively. When applying WS-969, only tests were conducted under the counter-pump configuration. Figure 10b shows the maximum output power obtained from all experiments and lists the corresponding limiting factors. The maximum power with WS-976 is 3027 W, which is limited by TMI. When applying WS-981 and 915, the maximum output power reached 5030 W and 4489 W, respectively, both limited by SRS. Limited by the total available pump power, when applying WS-969, only experiments with a counter-pump configuration were conducted, and the maximum output power reached 4073 W, which is the maximum output power under the condition of a unidirectional pump with different LDs. The laser has the highest TMI threshold (greater than 4073 W under the counter-pump configuration) when unidirectional pumped by WS-969. These results show that suppressing TMI through pump optimization is an effective way to improve the output power of fiber lasers.




3.3. Abnormal TMI Suppression Method Based on Fiber Coiling


The appearance of TMI is often accompanied by the degradation of beam quality, indicating that higher-order modes play an important role in the emergence of TMI. From this point of view, the way to suppress TMI through fiber design and fiber coiling is proposed. The optimization of fiber coiling is an effective way. The normal view is that the TMI threshold of the laser increases with the decrease of the coiling diameter, which has been verified theoretically and experimentally. However, we found the abnormal TMI suppression method that the TMI threshold increases with the increase of coiling diameter. In [72], we realized the fiber laser amplifier with 30/400 µm fiber, and found that when the minimum coiling diameter of the fiber gradually increased from 9 cm to 12 cm, the TMI threshold of the laser gradually increased. Subsequently, we design a high-power fiber laser amplifier based on the double-cladding YDF with a core/cladding diameter of 30/600 µm. The YDF of the amplifier is coiled in a cylindrical fiber groove. The TMI threshold of the laser with a fiber coiling diameter of 13–16 cm is measured under the condition of WS-976 and WS-981 pumped. The structure of the laser is shown in Figure 11. The laser adopts a counter-pump configuration, as described in Section 2.1 and Section 3.1, which can best suppress SRS.



The results are shown in Table 5. With the increase of fiber coiling diameter, the TMI threshold of the laser increases gradually. When the coiling diameter is more than 13 cm, the TMI threshold of the laser is more than twice that of the WS-976 pump when the WS-981 is used as the pump source. As mentioned in the simulation in Section 2.3, the smaller the coiling diameter of the few-mode fiber (the current fiber core diameter is 30 µm, which can support multiple modes), more higher-order modes will be excited during the laser amplification process and will not be filtered, thus reducing the TMI threshold. In addition, the brightness of the output laser is calculated according to Equation (1). Under the same fiber coiling diameter, optimizing the pump wavelength can improve the output power and brightness of the laser. At the same pump wavelength, although the beam quality of the output laser may be slightly degraded (affected by fiber fusion), the improvement of the maximum output power also brings the improvement of the brightness of the laser. In fact, similar abnormal TMI phenomena were reported as early as 2019, and in recent years, there have been reports of increasing the TMI threshold by introducing higher order modes [89,90,91]. In [90], they believe that introducing higher-order modes without frequency shift from the fundamental mode (which will not affect TMI) can reduce the pump gain of higher-order modes with frequency shift from the fundamental mode (which will affect TMI), thereby increasing the TMI threshold.




3.4. Balance TMI and SRS in Fiber Laser Amplifier Based on VCAF


Theoretical research has proved that VCAF can balance SRS and TMI in high-power fiber lasers. We successively designed two experiments to compare TMI and SRS in spindle-shaped fiber (SPF) and uniform fiber [76,92]. The lasers in the experiment are all fiber laser amplifiers based on the MOPA structure. The fiber parameters for comparison are shown in Table 6. The two kinds of fibers used in the respective control experiments are from the same fiber preform, which can ensure the consistency of fiber parameters. In the TMI comparison, the uniform fiber used has the same equivalent core diameter as the SPF. WS-976, with a lower TMI threshold, is used as the pump source to eliminate the impact of SRS. In the contrast experiment of SRS, WS-981 was used as the pump source to eliminate the influence of TMI. This part of the research has been reported in detail in [76,92], and is only briefly introduced here.



The results are shown in Figure 12. In the amplifier based on the SPF, under the co-pump and counter-pump configurations, obvious fluctuations appear in the time domain signal of the laser when the power reached 1324 W and 2494 W, respectively, which shows that the TMI threshold of the laser is 1324 W and 2494 W, respectively under different pump configurations. For the amplifier based on uniform fiber, the TMI threshold measured under the same conditions was 1135 W and 2056 W, respectively. The results show that VCAF represented by SPF has better TMI suppression capability than uniform fiber. Figure 12c shows the experimental results of SRS in SPF and uniform fiber (SSR represents the SRS suppression ratio). When using SPF and uniform fiber, the laser can achieve a 6 kW laser output with similar beam quality under the condition of a bidirectional pump. However, from the SRS point of view, there is obvious SRS when a uniform fiber is used. When SPF is used, there is no obvious SRS, indicating that SPF has better SRS inhibition ability. Based on the above two experiments, VCAF has the advantage of balancing SRS and TMI in the fiber laser. Additionally, the parameters of fiber have optimization potential, which can be designed according to the actual situation.




3.5. Summary


In this section, we introduce the experimental verification of several new technical schemes mentioned in Section 2 in turn. From the respective results, the role of the new technical solution for SRS and TMI in fiber lasers is obvious. It is noteworthy that we introduced the experiment that the TMI threshold of the laser increases with the increase of the fiber coiling diameter. Based on this scheme, we achieved a 7 kW laser output.





4. Power Scaling of the Direct LD Pumped Fiber Laser Employing New Suppression Technology


In this section, we will introduce the main results of applying the above new suppression technologies to high-power fiber lasers, including fiber oscillators with an output power of 5–8 kW, near-single-mode fiber amplifiers with an output power of 6 kW, and multimode fiber amplifiers with an output power of more than 20 kW. In addition, there are narrow linewidth fiber amplifiers with output power exceeding 4 kW and QCW fiber oscillators with peak power exceeding 10 kW. The details are as follows.



4.1. High-Power Fiber Oscillator Based on Pump Wavelength Optimization


In recent years, with the rapid development of fiber grating and other devices, fiber oscillators have made rapid development. In 2012, the output power of all-fiber laser oscillators exceeded 1 kW for the first time [11]. Subsequently, there have been reports of fiber oscillators with output power of several kilowatts. In 2020, Fujikura reported a near-single-mode fiber oscillator (BPP ~0.50 mm-mrad) with an output power of 8 kW [15]. From the existing results, near single-mode fiber oscillator with power exceeding 5 kW has been achieved based on the double cladding YDF with core/cladding diameter of 20/400 µm and the pump source with central wavelength of 976 nm, but there has been obvious SRS, and the power growth is limited [16]. The design of fiber oscillators using double-cladding YDF with a core diameter of 25 µm or 30 µm can suppress SRS, but when using LD with a central wavelength of 976 nm, the laser is limited by TMI, and the larger core diameter also has the problem of maintaining beam quality [93]. Therefore, the scheme based on a larger core diameter combined with pump optimization has the potential to further improve the output power.



4.1.1. WS-981 Bidirectional Pumped 5 kW Fiber Oscillator


We realized a 5 kW near-single-mode (M2 < 1.4) fiber oscillator using double-cladding YDF with a core/cladding diameter of 25/400 µm and WS-981 [94]. The structure of the laser is shown in Figure 13. The reflectivity and 3 dB bandwidth of the high-reflectivity fiber Bragg grating (HRFBG) are 99.8% and 3.92 nm, respectively. The reflectivity and 3 dB bandwidth of the output coupler fiber Bragg grating (OCFBG) are 8.2% and 0.97 nm, respectively. The minimum coiling radius of the active fiber is 4.25 cm to increase the loss of higher-order modes and control the beam quality. The experimental results are shown in Figure 14. Under a bidirectional pump, the maximum output power of the laser is 5120 W. Currently, the corresponding co- and counter-pump powers are 1523 W and 4360 W, respectively, with an efficiency of the laser is 87%. At the maximum output power, there is obvious SRS on the spectrum, and its intensity is about 32.5 dB lower than the signal. The fiber oscillator is continuously operated at the maximum output power for 120 min, and the results are shown in Figure 14b. During the long-term test, the average output power is 5175 W, with a power fluctuation of less than 1%. The beam quality of the laser is always between 1.3 and 1.4, and the beam profile is always good. The intensity of SRS in the spectrum will change with time, but its intensity remains at a level of ~30 dB lower than the signal. The experimental results provide a feasible scheme to realize 5 kW near-single-mode fiber oscillator.




4.1.2. WS-981 Counter Pumped 8 kW Fiber Oscillator


In the above fiber oscillator based on 25/400 µm fiber, the obvious problem of further power improvement is still the contradiction between TMI and SRS. First, the power improvement of the laser is limited by TMI under the condition of a unidirectional pump. Although the TMI threshold in the counter-pump configuration is higher than that in the co-pump configuration, it is necessary to provide sufficient co-pump power to achieve higher output power. However, the increase in co-pump power will lead to the rapid enhancement of SRS, and further power scaling is still limited. The realization of higher power needs to balance the SRS and TMI. Therefore, we have designed the laser scheme of WS-981 counter-pumped 30/600 µm YDF, as shown in Figure 15. Compared with conventional 25/400 µm YDF, 30/600 µm YDF has a lower pump absorption coefficient. Combined with WS-981, it can effectively improve the TMI threshold under the unidirectional pump. The fiber core with a diameter of 30 µm combined with the counter-pump configuration can better inhibit SRS. Another improvement of the laser is the use of (18 + 1) × 1 backward pump/signal combiner ((18 + 1) × 1 PSC). The core/cladding diameter of the signal input fiber is 30/600 µm, the core/cladding diameter of the signal output fiber is 30/250 µm, and the core/cladding diameter of the pump input fiber is 220/242 µm. This combiner can greatly improve the available pump power of the laser. The grating used in the experiment is self-designed and manufactured. The 3 dB bandwidth of HRFBG and OCFBG is 3.6 nm and 2.0 nm, respectively.



The experimental results are shown in Figure 16. When the pump power is 10,250 W, the maximum output power is 7920 W, and the conversion efficiency is 77.3%. When the pump power is further increased to 10,350 W, the output power decreases to 7600 W, and the conversion efficiency decreases to 73.4%. Currently, typical TMI characteristics appear in the FFT results of the PD signal. When the output power is 7.5 kW, the spectrum and beam quality of the output laser are shown in Figure 16c,d. No obvious SRS appears and the beam quality M2 factor is about 2.5 with a brightness of about 1028.8. From the results, the advantages of counter-pump configuration, pump wavelength optimization, and large cladding fiber are fully demonstrated in the experiment. The further development direction of high-power fiber oscillators is the further improvement of power and beam quality.





4.2. High Power Fiber Amplifier Based on Pump Wavelength Optimization


4.2.1. WS-981 Bidirectional Pumped 6 kW Fiber Amplifier


We realized a 6 kW near-single-mode fiber amplifier [9]. The laser adopts a double-cladding YDF with a core/cladding diameter of 25/400 µm and a length of 19.5 m. In order to suppress TMI, the minimum coiling diameter of the fiber is adjusted to 8 cm. When applying WS-981 for the bidirectional pump, the maximum output power of the laser is 6.01 kW with a slope efficiency of 82.3%. In the bidirectional pump configuration, TMI is suppressed, and SRS becomes the only factor limiting the power scaling. At the maximum output power, the SRS intensity is only 20 dB lower than the signal. The smaller coiling diameter provides better mode control capability for the laser. At 6.01 kW, the beam quality M2 factor is 1.31 and 1.23 in the x and y directions, respectively.



From the current structure of the laser, under the cladding diameter of 400 µm, the available counter-pump power has reached the limit, so the output power can only be increased by increasing the co-pump. However, the increase of the co-pump will lead to a rapid enhancement of the SRS, and the fiber length of the laser has no potential for optimization. As in the high-power oscillator experiment in Section 4.1, the output power can be further improved by counter-pumping the fiber with a higher TMI threshold.




4.2.2. WS-981 Counter Pumped 7 kW Fiber Amplifier


Based on the analysis in Section 4.2.1, the structure of fiber amplifier capable of achieving higher power is shown in Figure 17. The active fiber of the amplifier adopts double-cladding YDF with core/cladding diameter of 30/600 µm, and the absorption coefficient of the fiber is 0.4 dB/m@915 nm. Combining the above fiber parameters with WS-981, we can predict that the laser has a high TMI threshold. The main amplifier adopts backward pumping mode, and the beam combiner is (36 + 1) × 1 backward pump/signal combiner. The core/cladding diameter of the signal input fiber is 30/600 µm, the core/cladding diameter of the signal output fiber is 30/250 µm, and the core/cladding diameter of the pump input fiber is 135/155 µm. Thirty-six LDs with a maximum output power of about 250 W are used as the pump source of the amplifier. Consistent with the scheme in Section 4.1.2, the counter-pump configuration combined with a larger core diameter is conducive to SRS suppression and higher output power.



The main results are shown in Figure 18. When all LDs reach the maximum output power, the power of the fiber amplifier is 7020 W. Currently, no SRS appears in the spectrum, and the Stokes intensity at 1135 nm is ~36.7 dB lower than the signal. It shows that a larger core diameter and counter-pump configuration have a significant effect on SRS suppression. At the maximum output power, the beam quality of the laser is    M x 2  = 1.98 ,    M y 2  = 1.89  . In the experiment, the output characteristics of the laser are compared when the minimum coiling diameter is 12 cm and 11 cm, respectively. The results are shown in Table 7. Reducing the coiling diameter of the fiber will increase the loss of higher-order modes, and ultimately lead to the reduction of laser efficiency and the improvement of beam quality. When the minimum coiling diameter is 12 cm, the maximum output power that can be achieved is 7310 W. However, the beam quality of the output laser is poor. In contrast, when the minimum coiling diameter is 11 cm, the laser has a higher brightness. Since the laser power in the laser is different, the SRS intensity in the output laser is also different under the two coiling diameters.



The feasibility of further improvement of output power can be analyzed from the current laser. First, there is no obvious SRS and TMI in the output results, indicating that the power can be further improved. The effective way is to increase the available pump power of the laser. In addition, the efficiency and beam quality of the laser can be properly balanced through the control of fiber coiling.




4.2.3. WS-976 Counter Pumped 10 kW Fiber Amplifier by Fiber Coiling Optimization


We realized a 10 kW fiber amplifier based on the self-designed and manufactured low-absorption and low-NA YDF [10]. Consistent with the scheme in the high-power fiber amplifier, the laser applies a counter-pump configuration to suppress SRS. The mode field area of the YDF is about 450 µm2, and the core NA is 0.051. The low absorption design of the YDF determines that we can use WS-976 as the pump source. In the experiment, the output power is improved by optimizing the coiling diameter. The schematic diagrams of the two coiling setups are shown in Figure 19. Figure 19a shows the high mode loss coiling setup, with a diameter of 12–24.3 cm. Under this condition, the higher-order mode loss is large, and good beam quality can be obtained. Accordingly, Figure 19b shows the low-mode loss coiling setup with a diameter of 20–28 cm. Under this condition, the higher-order mode loss is small, making it possible to output from the core, and the laser can maintain high efficiency. The comparison of the output results of the laser in the two setups is shown in Table 8. When the coiling setup in Figure 19b is adopted, the maximum output power of the laser reaches 10,530 W with a brightness of 1088.7 without SRS and TMI. All LDs have reached the maximum output power. Therefore, it is possible to further improve the output power and brightness of the laser. It can be seen from the comparison that the TMI threshold of the laser is about 2467 W when the coiling setup with a larger diameter is adopted (Figure 19b), which means that the TMI threshold of the laser decreases with the increase of the coiling diameter of the fiber, which is the same as the conclusion in [72]. This is also a more intuitive abnormal TMI phenomenon in fiber lasers.




4.2.4. WS-981 Counter-Pumped Fiber Amplifiers with Power Exceeding 10 kW


Numerous experiments have verified that the counter-pump configuration combined with the pump wavelength optimization is conducive to the improvement of laser power. The structure of the counter-pumped fiber amplifier is shown in Figure 20. The laser output from the seed enters the amplifier after passing through a mode field adaptor (MFA) and cladding light stripper (CLS). The pump light enters the YDF after passing through a BPSC. The signal light is amplified in the YDF and output from the signal output fiber of the BPSC. In order to improve the available pump power of the laser, the number of pump input fibers or the pump power of each group of LDs should be increased by using the fiber with a larger cladding diameter. Based on the above ideas, we have successively realized 12 kW and 20 kW high-power fiber amplifiers.



In the 12 kW high-power fiber amplifier, we adopt the YDF with the mode field area of 570 µm2 and WS-981. The results are shown in Figure 21. When the seed and pump powers are 100 W and 14.5 kW, respectively, the output power of the laser reaches 12.63 kW. There is no SRS in the spectrum, and the beam quality M2 factor of the laser is about 2.85. The laser has a brightness of 1333.1. Subsequently, the active fiber is optimized and laser power exceeding 20 kW is realized, as shown in Figure 22. The optimized seed laser power is 510 W. When the pump power is 23.3 kW, the output power is 20.27 kW, and the efficiency is 84.8%. When the output power reaches 15 kW, the beam quality M2 is about seven. At the maximum output power, the SRS intensity is more than 50 dB lower than the signal. This is the highest power of the LD directly pumped single-channel fiber laser at present. The next step is to carry out mode control and beam quality optimization to improve the brightness of the laser.





4.3. 4 kW High-Power Counter Pumped Narrow Linewidth Amplifier Based on Pump Wavelength Optimization


Consistent with the wide linewidth CW fiber laser, SRS and TMI are also the limiting factors for the power improvement of narrow linewidth fiber laser. At present, the publicly reported high-power narrow linewidth fiber lasers mostly use bidirectional pump configuration, and there is no realization of more than 4 kW narrow linewidth fiber lasers based on a unidirectional pump [95,96,97]. Based on the new technical scheme of WS-981 to suppress TMI and counter-pump configuration to suppress SRS, the research group has realized a 4.05 kW single-mode narrow linewidth fiber laser. The structure of the amplifier is shown in Figure 23. The single-frequency seed laser (SF) is injected into the three-level preamplifier (A1, A2, A3) after white noise phase modulation (PM). The white noise signal source (WNS) is used to modulate the phase modulator to broaden the 3 dB linewidth of the seed laser to ~0.6 nm, and then the output power of the seed laser is increased to ~30 W after three stages of pre-amplification. Six groups of LDs with central wavelengths of 976 nm and 981 nm and power of 800 W are injected into the YDF through the (6 + 1) × 1 combiner.



The output laser of the amplifier is output after passing through the CLS and the end cap. In the experiment, when the WS-976 is used first, obvious TMI appears when the output power is 3.4 kW. When WS-981 with a total power of 5069 W is used, the output power is 4050 W, and the slope efficiency is 78.2%. At the maximum output power, the 3 dB and 20 dB bandwidths are about 0.60 nm and 1.6 nm, respectively. Obvious SRS appears and the intensity is 40.5 dB lower than the signal, as shown in Figure 24a. As shown in Figure 24b, there is no TMI at the maximum power, and the beam quality is 1.3. Experiments have verified the TMI suppression ability of WS-981 in narrow linewidth amplifiers. By optimizing the laser design and combining it with a bidirectional pump configuration, it is expected to achieve higher-power narrow-linewidth fiber laser output.




4.4. 10 kW QCW Fiber Laser Employing Counter Pump Configuration to Suppression SRS


Quasi-continuous (QCW) fiber laser has a series of advantages, such as high peak power, large pulse energy, low cost, etc. It has emerged in laser cutting, precision welding, special material drilling, additive manufacturing, and other fields. We realized 9713 W QCW fiber laser based on fiber with a core/cladding diameter of 30/400 µm, but the laser beam quality M2 is about 2.3 [98]. Subsequently, QCW fiber lasers with peak power of 6.4 kW and 7.3 kW were successively realized in combination with spindle-shaped fiber, and their M2 was less than 1.5 [99,100]. How to improve the beam quality while improving the peak power, that is, enhancing the brightness, is an important research area. Recently, we have achieved a high-brightness QCW fiber laser oscillator with a peak power exceeding 10 kW and a beam quality (M2) of 1.61 for the first time. The experiment adopts a counter-pump configuration, as shown in Figure 25. 36 WS-976 are injected into the resonant cavity by customized (36 + 1) × 1 BPSC after square wave modulation. The core/cladding diameters of HRFBG and OCFBG are both 30/400 µm, the central wavelength is 1070 nm, and the reflectivity is 99.5% and 5%, respectively. The gain medium is YDF with an effective mode field area of about 350 µm2, and the total absorption coefficient is 11.1 dB in quasi-continuous mode. Under the condition of pump repetition frequency of 1 kHz, QCW laser output with an average output power of 973 W and peak power of 10.75 kW is realized. At the maximum power, the Raman intensity is more than 36 dB lower than the signal, and the conversion efficiency is ~76% (Figure 26a). The beam quality factor (M2) is 1.61 (Figure 26b), and the brightness is as high as 3555.6, which is the highest brightness of the QCW fiber laser reported publicly. Future work will continue to optimize the fiber parameters to further improve the efficiency, power, and beam quality of the fiber laser.




4.5. Summary


In this section, we introduce high-power fiber oscillators, amplifiers, narrow-linewidth fiber amplifiers, and QCW fiber oscillators based on the new technology. Because the optimized pump wavelength has an obvious inhibitory effect on TMI, we have used the optimized WS-981 as the pump source in most of the above experiments. From the fiber amplifier schemes with different output power, under the condition of sufficient pump power, it is obvious to use the counter-pump configuration as far as possible to suppress SRS. Therefore, the combination of pump wavelength optimization and counter-pump configuration is a very promising scheme to further improve the laser power. In addition, the counter-pump configuration has significant advantages for narrow linewidth fiber lasers and QCW fiber lasers that are susceptible to nonlinear effects. Subsequent research can also further improve performance by combining pump wavelength optimization and novel fiber.





5. Conclusions


In this article, we focus on the suppression techniques for achieving a balance between SRS and TMI without deteriorating either of them, including fiber coiling optimization, pump wavelength optimization, pump configuration optimization, and novel vary core active fiber. In Section 2 and Section 3, the above new technologies and schemes are explained theoretically and verified experimentally in relatively low-power conditions. In Section 4, the typical research results of high-power fiber lasers based on the above measures are introduced. The main results are summarized in Table 9.



The pump configuration optimization, pump wavelength optimization and fiber coiling optimization are widely used in the above experiments. All applications are based on balancing the suppression of SRS and TMI. At present, the maximum average output power of fiber laser based on VCAF is 6 kW. In the follow-up study, VCAF can be combined with the above mature methods. The realization of direct LD-pumped fiber lasers with higher output power must also consider the above new technical schemes. Benefiting from a balance between SRS and TMI, the counter-pump configuration is expected to become the mainstream scheme in the follow-up high-power fiber lasers. However, it is necessary to match the backward pump and signal combiner that can withstand higher power and the LDs with higher power and brightness. The suppression of an abnormal TMI based on fiber coiling optimization provides another new way to achieve higher power. With the development of various technologies, we believe that the comprehensive application of the above new technical solutions can bring the output performance (power, spectrum, and brightness) of fiber lasers to a higher level.
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Figure 1. Power distribution and normalized B-integral in fiber amplifier under different pump configurations. (a) The power distribution in the amplifier. (b) Normalized B-integral. 
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Figure 2. Simulation of TMI thresholds in co-pump configuration and counter-pump configuration. 
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Figure 3. (a) Absorption cross section of Ytterbium-doped fiber and (b) Simulation results of TMI threshold at different pump wavelengths. 
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Figure 4. Simulation results of TMI threshold under different coiling radii. 
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Figure 5. Simulation results of mode excitation and TMI threshold during fiber coiling. (a) The ratio of the FM in the input and output laser varies with the coiling diameter; (b) TMI threshold at different HOM ratios (η) in the inject laser. 
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Figure 6. Simulation results of TMI and SRS in SPF and uniform fiber. (a) The HOM ratio in different fibers varies with the output signal power; (b) SRS power at different locations in different fibers. 
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Figure 7. Schematic diagram of oscillating-amplifying integrated fiber laser. 
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Figure 8. Output spectrum of laser under different pump configurations. 
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Figure 9. Schematic diagram of the fiber amplifier based on pump wavelength optimization. 
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Figure 10. Main experimental results of fiber amplifier based on pump wavelength optimization. (a) The variation of output power and efficiency with pump power when applying WS-981, 915, and WS-976 for a bidirectional pump, and the variation of output power and efficiency with pump power when applying WS-969 for counter-pump. (b) The maximum output power and corresponding limiting factors under LDs with different wavelengths and pump configurations. 
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Figure 11. The structure diagram of 30/600 µm fiber laser amplifier with optimized fiber coiling. 
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Figure 12. The results of the TMI and SRS comparative experiment in the fiber amplifier based on SPF and uniform fiber. (a,b) STD curve of PD signal when compared to TMI. (c) Output spectrum when compared to SRS [76,92]. 
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Figure 13. Structure diagram of WS-981 bidirectional pumped 5 kW fiber oscillator. 
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Figure 14. Experimental results of WS-981 bidirectional pumped 5 kW fiber oscillator. (a) Spectrum at the maximum output power; (b) Evolution of M2 and SRS intensity with time during long operation (inset: beam profile) [94]. 
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Figure 15. Schematic diagram of the experimental structure of 8 kW fiber laser oscillator. 
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Figure 16. The output results from an 8 kW fiber oscillator. (a) Output power and efficiency at different pump power; (b) Time domain signal and corresponding FFT results when the pump power is 10,350 W and the output power is reduced to 7600 W; (c) The output spectrum at the power of 7.5 kW; (d) The beam quality at the power of 7.5 kW. 
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Figure 17. Schematic diagram of experimental structure of 7 kW fiber laser oscillator. 
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Figure 18. Main results of the 7 kW fiber amplifier. (a) The spectra at different output power; (b) The beam quality at the maximum output power. 
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Figure 19. Fiber coiling setup with different mode loss. (a) Coiling setup with high mode loss; (b) coiling setup with low mode loss. 
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Figure 20. Schematic diagram of the counter-pumped fiber amplifier. 
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Figure 21. Main results of 12 kW fiber amplifier. (a) Spectrum at the maximum output power; (b) Beam quality at the maximum output power. 
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Figure 22. The main results of the counter-pumped 20 kW fiber amplifier. (a) Output power and efficiency at different pump power; (b) Spectra at different output power. 
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Figure 23. Counter pumped high-power narrow-linewidth fiber amplifier. 
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Figure 24. The main experimental results of the counter-pumped high-power narrow-linewidth fiber amplifier. (a) The spectrum of the seed and the laser at maximum output power. (b) PD signal at maximum output power (inset: beam profile of output laser). 
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Figure 25. Schematic diagram of the structure of a counter-pumped 10 kW QCW fiber laser. 
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Figure 26. The main results of the 10 kW QCW fiber laser. (a) Spectra at different output power; (b) Beam quality at different pump power. 
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Table 1. Main parameters for simulation of fiber laser amplifier.
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	Parameters
	Value





	Core/Cladding diameter
	25/400 µm



	Signal wavelength
	1080 nm



	Seed power
	100 W



	Pump wavelength
	976 nm



	Length of active fiber
	12 m



	Cladding pump absorption coefficient
	1.68 dB/m



	Pump configuration (power)
	co-pump (1000 W)

Counter pump (1000 W)

Bidirectional pump (500 W of co-pump and 500 W of Counter pump)










[image: Table] 





Table 2. The parameters in Equation (3) and their physical means.
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	Parameter
	Physical Meaning
	Parameter
	Physical Meaning





	    ξ 0    
	Initial high-order mode components
	  g  
	Gain distribution in lasers



	    Ψ 1    
	Normalized mode field distribution of LP01 mode
	    Ψ 2    
	Normalized mode field distribution of LP11 mode



	    P 1    
	Power distribution of LP01 mode
	   χ ″   
	Second derivative of χ with respect to Ω



	    R N    
	Relative intensity noise of input signal
	  χ  
	Nonlinear coupling coefficient between LP01 and LP11



	L
	The length of active fibers
	Ω
	Frequency shift between LP01 and LP11



	Ω0
	Maximum coupling frequency shift
	r, ϕ
	Transverse distribution of active fiber
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Table 3. The pump power when TMI appears at different pump wavelengths.
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	Wavelength
	915 nm
	969 nm
	976 nm
	981 nm
	982 nm
	985 nm



	TMI threshold (Signal)
	711 W
	862 W
	623 W
	866 W
	998 W
	1079 W



	Quantum efficiency
	84.7%
	89.7%
	90.4%
	90.8%
	90.9%
	91.2%



	Absorption cross section
	5.6932 × 10−25
	4.0733 × 10−25
	1.7669 × 10−24
	8.5664 × 10−25
	6.2079 × 10−25
	3.1281 × 10−25
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Table 4. Main parameters of fibers used in simulation.
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	Fiber
	Core Diameter (Distribution)
	Cladding Diameter (Distribution)
	Length





	Fiber1
	20–30–20 µm
	400–600–600 µm
	16 m



	Fiber2
	20 µm
	400 µm
	16 m



	Fiber3
	25 µm
	500 µm
	16 m



	Fiber4
	30 µm
	600 µm
	16 m
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Table 5. The result of the TMI threshold after optimizing the fiber coiling diameter.
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Pump Wavelength

	
Coiling Diameter

	
M2 of Seed after Pass the Amplifier

	
M2 at Maximum Output Power

	
TMI Threshold

	
Brightness

	
Ratio






	
976 nm

	
13 cm

	
1.58

	
2.24

	
1516 W

	
259.0

	
1.00




	
14 cm

	
1.73

	
2.23

	
1680 W

	
289.6

	
1.11




	
15 cm

	
1.75

	
2.10

	
3130 W

	
608.5

	
2.06




	
16 cm

	
1.85

	
2.04

	
4321 W

	
890.2

	
2.85




	
981 nm

	
13 cm

	
1.58

	
2.24

	
2788 W

	
476.4

	
1.84




	
14 cm

	
1.73

	
1.86

	
3975 W

	
985.1

	
2.62




	
15 cm

	
1.79

	
2.06

	
6960 W

	
1406.1

	
4.59




	
16 cm

	
1.87

	
2.17

	
>7100 W

	
1292.7

	
>4.68
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Table 6. Parameters of fibers used for SRS and TMI comparative experiment in fiber laser amplifier.
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Experimental Objectives

	
Experimental Parameters

	
Fiber Parameters






	
TMI comparison

	
WS-976 pump

	
Uniform fiber, 28/600 µm, core NA: 0.065, absorption coefficient: ~0.80 dB/m@976 nm




	
Spindle-shaped fiber, constant cladding diameter, (CCTC fiber in Figure 12) 20–36–20/600 µm, core NA: 0.065, absorption coefficient: ~0.78 dB/m@976 nm




	
SRS comparison

	
WS-981 pump

	
Uniform fiber, 25/400 µm, core NA: 0.060, absorption coefficient: ~0.81 dB/m@976 nm




	
Spindle-shaped fiber, constant core-to-cladding ratio, 25/400–37.5/600–25/400 µm, core NA: 0.060, absorption coefficient: 0.78 dB/m@976 nm
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Table 7. Comparison of results under different coiling diameters.
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	Setup
	Minimum Coiling Diameter
	Maximum Coiling Diameter
	Maximum Power
	Slope Efficiency
	SRS
	M2
	Brightness





	I
	12.0 cm
	20.8 cm
	7310 W
	82.6%
	35.3 dB
	2.17
	1330.9



	II
	11.0 cm
	20.0 cm
	7020 W
	79.3%
	36.7 dB
	1.93
	1615.8
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Table 8. Comparison of main results under two coiling setups [10].
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	Setup
	Maximum Power
	Efficiency
	TMI
	SRS
	M2
	Brightness
	Limiting Factor





	I
	2543 W
	72.64%
	2467 W
	>40 dB
	2.05; 1.91
	556.8
	TMI



	II
	10,530 W
	74.04%
	>10,530 W
	30 dB
	2.83; 2.93
	1088.7
	Pump power
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Table 9. The main experimental results of high-power fiber lasers are introduced in this paper.
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Laser Type

	
Power

	
Pump Configuration

	
Pump Wavelength

	
M2

	
SRS

	
Brightness






	
Fiber oscillator

	
5 kW

	
Bidirectional pump

	
WS-981

	
<1.4

	
32.5 dB

	
2187.1




	
8 kW

	
Counter pump

	
WS-981

	
2.5

	
>40 dB

	
1097.4




	
Fiber amplifier

	
6 kW

	
Bidirectional pump

	
WS-981

	
1.27

	
20 dB

	
3189.3




	
7 kW

	
Counter pump

	
WS-981

	
1.93

	
36.7 dB

	
1611.1




	
10 kW

	
Counter pump

	
WS-976

	
2.88

	
30 dB

	
1088.7




	
12 kW

	
Counter pump

	
WS-981

	
2.85

	
37 dB

	
1333.1




	
20 kW

	
Counter pump

	
WS-981

	
>7

	
>40 dB

	
262.4




	
Narrow-linewidth fiber amplifier

	
4 kW

	
Counter pump

	
WS-981

	
1.3

	
40.5 dB

	
2029.2




	
QCW fiber oscillator

	
Peak 10 kW

	
Counter pump

	
WS-976

	
1.61

	
36 dB

	
3555.6
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