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Abstract In this study, we investigated the influence of fiber parameters on stimulated 

Raman scattering (SRS) and identified a unique pattern of SRS evolution in the counter 

tandem pumping configuration. Our findings revealed that the SRS threshold in counter-

pumping is predominantly determined by the length of the output delivery fiber rather than 

the gain fiber. By employing counter tandem pumping scheme and optimizing fiber 

parameters, a 10 kW fiber laser was achieved with beam quality M2 of 1.92. No mode 

instability (MI) or severe SRS limitation were observed. To our knowledge, this study 

achieved the highest beam quality in over 10 kW fiber lasers based on conventional 

double-clad Yb-doped fiber.
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I. Introduction

Tandem pumping is a technique that uses fiber lasers as pump sources instead of laser diodes. It 

has been proposed and demonstrated as a robust pathway to achieve high-power high-brightness 

Yb-doped fiber lasers (YDFLs)[1-4]. One of the key challenges for power scaling of tandem 

pumping is stimulated Raman scattering (SRS)[5]. The low absorption cross-section of Yb ions at 

the tandem pumping wavelength (e.g., 1018 nm) requires long gain fiber for adequate pump 

absorption, resulting in a relatively low SRS threshold. Additionally, recent studies have shown 

that SRS might trigger quasi-static mode distortion[6-8] or dynamic mode instability (MI)[9-13], 

which could degrade the beam quality and directivity of the fiber laser systems. Therefore, 

mitigating SRS effect is crucial for tandem pumping towards higher power with good beam 

quality. 

To overcome SRS limitations, many effective approaches have been proposed[14-20]. For 

tandem-pumped YDFLs, one common and practical method is to enlarge the fiber core, as the 

Raman Stokes gain is inversely proportional to the fiber core area. This method has enabled the 

experimental demonstration of 10 kW level tandem-pumped fiber amplifiers with an ultra-large 

core (＞44 μm) YDF[21-24]. However, the beam quality was not good due to lack of mode control 

means in such large cores. Some functional specialty fibers achieved good balance in SRS and 

mode control[25-29], but they are not widely used in high-power fiber laser systems due to their 

complex fabrication process, high cost, and incompatibility with commercial fibers[30].
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For a given fiber, counter-pumping has higher SRS threshold compared to co-pumping[31, 

32]. In 2009, IPG Photonics developed a 10 kW single-mode fiber laser based on counter tandem 

pumping, as suggested in [33]. However, technical details such as YDF parameters and pump 

coupling methods have not yet been comprehensively disclosed. In our previous study, we have 

demonstrated an 8.38 kW counter tandem pumped fiber amplifier based on conventional double 

clad YDF[34]. For such a high-power laser, the distribution of Raman Stokes gain along the fiber 

in counter-pumping is significantly distinct from that in co-pumping, thus potentially 

necessitating a differentiated approach for SRS suppression. To our knowledge, there is a lack of 

detailed research on SRS evolution in counter tandem pumping.

In this paper, we present our continued efforts to enhance the SRS threshold by 

optimizing fiber parameters. Based on the steady-state rate equation, we analyzed the influence 

of fiber length on the SRS threshold in co/counter pumping schemes. Our findings reveal that the 

length of the delivery fiber (DF) exerts a more significant influence on SRS compared to the 

YDF. To maintain the advantages of counter-pumping, a marginally longer YDF is acceptable to 

ensure adequate pump absorption. Nevertheless, the DF length should be minimized for SRS 

suppression. Through optimizing the fiber, we achieved 10 kW output power with M2=1.92 

based on conventional 30/250 μm double-clad YDF.

II. SRS suppression analysis

We aim to generate over 10 kW of power employing conventional double-clad fiber. At this 

level of power, the SRS used to be the main limitation for power scaling. In this section, to 

develop guidelines for the fiber optimization, the impact of YDF and output DF on the SRS 

threshold is theoretically and experimentally investigated.
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2.1 Rate equations

To simulate the power evolution in tandem pumped amplifiers, we built a theoretical model 

based on steady-state rate equations that take into account SRS[35]. In YDF, the power evolution 

of the laser satisfies the following equations:

     (1)
- - -

2
- - -

[ ( ) ( )] [ ( ) ( )] [ ( ) ( )]
( )

[ ( ) ( )]( ) [ ( ) ( )]( ) [ ( ) ( )]( )1

p p ap p p s s as s s R R aR R R

c c c

p p ap ep p p s s es as s s R R Rs Rs R R

c c c

P z P z P z P z P z P z
hcA hcA hcAN z

N P z P z P z P z P z P z
hcA hcA hcA

     

        


  

  

     
 


        

  

                                         (2) 2

( )
( ) ( ) ( ) ( ) ( ) ( ) ( )p

p a p a p e p p p p

dP z
N N z P z P z

dz
       


        

 (3)  2 2 0
( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )s R R
s e s a s a s s s e s R R s s ss

seff

dP z gN z N P z N z P P z P z P z P z
dz A


         




               

            (4)  2 2 0
( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )R R
R e R a R a R R R e R s s R R RR

eff

dP z gN z N P z N z P P z P z P z P z
dz A

         


               

In these equations (1-4), P represents power. The subscripts p, s and R correspond to 

pump light, signal light and first-order Raman Stokes light at the wavelength of λp, λs and λR, 

respectively. The superscripts + and - represent he forward-propagating and backward-

propagating lasers. N is the total dopant concentration of Yb ions. N2(z) is the upper-level 

densities at the fiber position z. σa and σe are absorption and emission cross-sections of Yb ions. 

Г is the mode field overlapping factor to the core area Ac. Aeff is the mode field area. τ is the 

spontaneous lifetime of the upper laser level. c is the light velocity in vacuum. h is the Planck 

constant. gR is the Raman gain coefficient of the fiber. α is the loss coefficient of the fiber. In Eq. 

(3) and Eq. (4), the first term is linked to Yb gain, the second term is related to spontaneous 
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emissions of Yb ions, the third one corresponds to Raman gain, the last term is attribute to fiber 

loss.

In the output DF, Yb ion does not play a role in the energy conversion process. Only the 

Raman gain converts the signal light to Raman Stokes light. As a result, the power coupling 

equations in DF are given by:
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To describe the total gain achieved by Raman Stokes light, which considers both Yb gain 

and Raman gain, we define SRS gain as follows:

                   (7)

  2( ) ( ) ( ) ( ) ( ) ( ) ,
( )

( ) ( ) ,

R
R e R a R a R s s

c
SRS

R
s s

c

gN z N P z P z in YDF
A

G z
g P z P z in DF
A

       

 

         
   

To simplify the analysis, we consider the signal, pump, and Raman Stokes lasers as 

monochromatic light. This assumption is reasonable as the Raman gain remains nearly constant 

over a wide bandwidth of up to several THz[36]. Moreover, we assume that the signal and Raman 

Stokes lasers are single mode. Modes related effects, such as mode competition, mode 

interference, and mode coupling, are ignored in the simulation.

2.2 Numerical simulations

The relevant simulation parameters are listed in table 1. Considering accuracy of SRS threshold 

calculations and minimize the influence of high order modes on SRS, we used relatively thin 
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fibers with a core/cladding diameter of 25/250 μm (NA=0.065). In this fiber, single mode 

operation can be achieved by properly bending the YDF. To lower the SRS threshold for easy 

experimental verification, we used a long length of fiber comprising a 50 m YDF followed by a 

10 m DF. The Raman gain is assumed to be constant and is taken from Ref [35]. The 

absorption/emission cross-sections employed come from the measured data of our homemade 

YDF.

Table 1. Main parameters in the simulation 

Parameter Value Parameter Value

cored 25 μm Rg 0.98×10-13 m/W

cladd 250 μm N 6.8×1025  m-3

coreNA 0.065 1018
a 9.44×10-26  m-2

YDFL 50 m 1018
e 7.3×10-25  m-2

DFL 10 m 1080
a 2.29×10-27  m-2

p 1018 nm 1080
e 2.82×10-25  m-2

s 1080 nm 1135
a 1.16×10-28  m-2

R 1135 nm 1135
e 6.46×10-26  m-2

To explore the different SRS characteristics in co/counter pumping, we examine the 

evolution of signal power, Raman Stokes power and SRS gain along the fiber in co-pumping 

(Figure 1(a)) and counter-pumping scheme (Figure 1(b)). The seed power and pump power are 

set as 100 W and 3000 W, respectively. The initial Raman Stokes light at 1135 nm originates 

from spontaneous emissions of Yb ions, with a calculated power of 1.6×10-8 W. As shown in 

Figure 1, the signal power (red solid line) in both pumping schemes increases rapidly in the first 

50 m of YDF and decreases in the last 10 m DF. The SRS gain curves (green dot line) are nearly 
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proportional to the signal light intensity. The decline in gain noticed at the start of the YDF in 

co-pumping (Figure 1(a)) is mainly attributed to the decrease in Yb gain (the first term on the left 

of Eq. 7) at low power. Additionally, the abrupt decrease in SRS gain at the beginning of DF is 

caused by the absence of Yb gain.

The main difference between the two schemes in that co-pumping shows a higher 

average SRS gain along the YDF. For co-pumping situation, the Raman Stokes power (blue dash 

line) increases from 1.6×10-8 W to 16.2 W over a distance of 50 m YDF, and ultimately reaches 

1086 W after passing through 10 m DF, corresponding to an average SRS gain of 1.8 dB/m and 

1.83 dB/m in the YDF and DF respectively. In the case of counter-pumping, the Raman Stokes 

power increases slowly in the YDF, from 1.6×10-8 W to 5.41×10-4 W, corresponding to a gain of 

0.91 dB/m, which is almost half of the gain achieved in co-pumping. Then it increases to 0.1 W 

at the end of DF, with an average SRS gain of 2.3 dB/m. The higher average gain in the DF 

indicates that the SRS threshold is more affected by DF. To be noted, in comparison to co-

pumping, counter-pumping exhibits a more significant disparity in the average SRS gain 

between YDF and DF which implies that the SRS threshold is more sensitive to variations in DF 

length in the counter-pumped amplifier.

Figure 1. The evolution of signal power, Raman Stokes power and SRS gain along the fiber 



8

in (a) co-pumping and (b) counter-pumping scheme.

2.3 Experimental verification

To verify the accuracy of the simulation, we carried out comparative experiment to study the 

impact of fiber length on the SRS. Figure 2 shows the experimental setup. The seed laser is a 

single-mode laser oscillator, which could produce 100 W level power at wavelength of 1080 nm. 

The seed laser is injected into the amplifier through a mode field adaptor (MFA), a cladding light 

stripper (CLS 1) and a forward pump and signal combiner (FPSC). The gain fiber is a 50 m long 

25/250 μm double-clad YDF with a core/inner-clad NA of 0.065/0.46 and an absorption 

coefficient of 0.28 dB/m@1018 nm. The doping concentration and absorption/emission cross-

sections are in line with Table 1. The 1018 nm pump lasers are launched into the amplifier 

through FPSC and backward pump and signal combiner (BPSC) for co-pumping and counter-

pumping, respectively. A CLS 2 is employed after the BPSC to dump the unwanted cladding 

light. The laser is output from the quartz block holder (QBH). The DF from point A to point B 

has a core/inner-cladding diameter of 25/250 µm (NA=0.065/0.46), with a total length of 10 m. 

By truncating the lengths of YDF and DF, the corresponding SRS threshold could be tested.

Figure 2. Experimental setup for investigating the impact of fiber length on the SRS 
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threshold in co-pumping and counter-pumping amplifier.

Figure 3 shows the experimentally measured and calculated SRS threshold variations as 

the fiber length decreases in co-pumping and counter-pumping schemes. The SRS threshold is 

defined as the output power when the Raman-to-signal ratio reaches -30 dB[37]. The experimental 

and simulation results were in good agreement. In co-pumping scheme (see Figure 3(a)), 

reducing the YDF and DF lengths by 8 meters individually resulted in a 314 W and 420 W 

increase in the measured SRS threshold, respectively. This indicated that shortening either DF or 

YDF length is an effective method for SRS suppression in co-pumping. However, in counter-

pumping (refer to Figure 3(b)), shortening the YDF length was found to be less effective. Cutting 

off 8 m of YDF only led to a 200 W increase of the measured SRS threshold. In stark contrast, a 

decrease of 8 m in DF length caused an increase of up to 1710 W of the measured SRS threshold, 

which was 8.6 times greater than that of the truncated YDF of the same length. This finding 

suggested that counter pumping allows for a relatively long YDF, leading to improved pump 

absorption without significantly decrease the SRS threshold. Meanwhile, the length of the output 

DF should be carefully limited to suppress SRS.

Figure 3. Experimentally measured and calculated SRS threshold versus the decreased length 

of DF (blue) and YDF (red) in (a) co-pumping and (b) counter-pumping scheme.
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III. 10 kW fiber laser design and performance

3.1 Fiber selection

According to the calculation, it appears that achieving 10 kW output using the current 25/250 μm 

fiber would be quite challenging due to limitations of SRS. In our previous study, we have 

experimentally demonstrated that the 30/250 μm YDF is able to generate an output power 8.38 

kW without indication of MI or SRS[34]. Figure 4 shows the calculated SRS threshold of the 

counter tandem pumped amplifier versus the length of the 30/250 μm YDF. It is shown that the 

SRS threshold is expected to be over 10 kW by shortening the fiber length. However, the too 

short length of YDF would reduce the pump absorption, resulting in low laser efficiency. 

Considered the SRS threshold and pump absorption, the length of 30/250 μm YDF is selected to 

be ~38 m.

Figure 4. SRS threshold of 30/250 μm counter tandem pumping amplifier versus YDF length. 

The DF length is set as 2 m in the calculation.

3.2 Experimental setup

Figure 5 shows the experimental setup of the 10 kW fiber laser system, which consists of a 

monolithic laser oscillator as a seed laser, a counter tandem pumped amplifier, and an optical 

measuring system. The seed laser emits 100 W continuous-wave lasers at a wavelength of ~1080 



11

nm. The seed fiber pigtail has a core/cladding diameter of 15/130 μm, with a core NA of 0.08. 

To mitigate SRS, a chirped and tilted fiber Bragg grating (CTFBG) is integrated after the seed, 

which is made in-house with 15 dB Raman attenuation from 1131 nm to 1137 nm. The insertion 

loss of CTFBG at 1080 nm is measured to be about 0.4 dB. A homemade MFA is employed to 

reduce the beam quality degradation caused by mismatch splicing of fibers. A CLS 1 is inserted 

before the amplifier stage to dump the residual pump laser for seed laser protection.

For the amplifier stage, a homemade 38 m long double-clad YDF is used as the gain 

medium, which has a core diameter of 30 μm (NA=0.06) and a cladding diameter of 250 μm 

(NA=0.46). The cladding absorption coefficient for 1018 nm pump laser is measured to be ~0.4 

dB/m at low power. The pump sources are five groups of power-combining-based 1018 nm fiber 

laser modules, which could provide a total of ~12500 W pump lasers. With a homemade (6 + 1) 

× 1 BPSC, the pump lasers are injected into the gain fiber. The core/inner-cladding diameter of 

the input/output signal fiber of the BPSC is 30/250 μm. The pump fibers of BPSC are 135/155 

µm multimode fibers (NA= 0.22), which are matched to the delivery fibers of pump sources. The 

signal insertion loss of BPSC is ＜ 1%, and the pump coupling efficiency is ＞98%. Another 

CLS 2 with 30/250 µm fiber is inserted after the BPSC to remove unwanted cladding signal 

laser. The laser is output from a 30/250 µm QBH. The initial length of output DF from point A to 

point B is 6 m, and is optimized to 1.5 m in the end. All the fiber components are mounted on a 

water-cooled heat sink.

In the optical measuring system, a collimator (CO) is used for laser beam collimation. 

Then, A highly reflective mirror (HRM) with a reflectivity of over 99.99% is employed to divide 

the laser into two segments. The low-power laser that passes through is directed towards the laser 

quality monitor (LQM), while the high-power reflected laser is collected by a power meter (PM). 
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To monitor the spectra and timing characteristics of the laser, an optical spectrum analyzer 

(OSA) and a photodetector (PD) are used.

Figure 5. Experimental setup of the 10 kW counter tandem pumped amplifier.

3.3 Output characteristics

We fixed the seed laser at 100 W and measured the output spectra under various output DF 

lengths, as shown in Figure 6. It is found in Figure 6 (a)-(c) that the Raman Stokes laser at ~1135 

nm emerges and grows dramatically as power increases near SRS threshold. The maximum 

measured Raman-to-signal ratios for 6 m, 4 m, and 2 m DF cases were -21 dB@6950W, -25 

dB@7870 W and -26 dB@9890 W, respectively. Additionally, across all three spectra, a 

nonlinear increase in Raman light intensity was observed prior to reaching the peak power. 

Therefore, it was not rigorous but reasonable to roughly consider 6950 W, 7870 W and 9890 W 

as the corresponding SRS threshold power. In this manner, as the DF length decreased from 6 m 

to 4 m and 4 m to 2 m, the SRS threshold increased by 920 W and 2020 W, respectively. These 

results indicated that the shorter the DF length, the greater the enhancement of SRS threshold by 

reducing the DF per unit length. Finally, we optimized the DF length to 1.5 m and obtained an 

over 10 kW fiber laser, the spectrum of which is shown in Figure 6 (d). The 3 dB spectral 
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linewidth increases from ~1.36 nm of the seed laser (100 W) to ~3.72 nm at 10030 W. Due to 

four-wave mixing between modes[38, 39], a sub-peak is generated near 1070 nm and 1090 nm. The 

strength of these sub-peaks increases rapidly as the power increases, resulting in a rapid 

broadening in the 10 dB spectral linewidth. The 10 dB spectral linewidth is 18.56 nm at 10030 

W. Although the 60 dB spectral linewidth has been broadened to over 1160 nm at the highest 

power, there is no clearly identifiable Raman characteristic peak near 1135 nm. The Raman-to-

signal ratio is about -38 dB at the maximum power, demonstrating the excellent SRS suppression 

of the system.

Figure 6. Laser output spectra with output DF length (point A to B in Figure 5) of (a) L=6 m 

(b) L=4 m (c) L=2 m and (d) L=1.5 m.

Figure 7(a) shows the output power and corresponding optical-to-optical (O-O) efficiency 

under different pump powers. The output power increases almost linearly with the pump power 
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and the maximum output power reaches 10030 W at an injected pump power of 12470 W, 

corresponding to an optical-to-optical efficiency of 79.6%. The power fluctuation (see Figure 

7(b)) at full power during the test is ~0.7 %, which indicates a reliable stability of the fiber laser. 

Figure 7(c) shows the time trace and corresponding Fourier transform at 10030 W. The time 

trace is stable and no characteristic peak could be observed in the frequency domain, indicating 

that no MI occurred at the maximum power.

Figure 7. (a) Output power and corresponding optical-to-optical efficiency under different 

pump powers. (b) The power fluctuations at 10030 W. (c) The time trace and corresponding 

Fourier transform under the operation power of 10030 W.

Figure 8(a) shows the evolution of beam quality under different output powers. The 

captured profiles at beam waist maintain good circularity without obvious distortion. While 

scaling the power from 1000 W to 8000 W, the beam quality M2 slightly varies within the range 

of 1.65-1.75. As the output laser power exceeds 8 kW, the beam quality slowly deteriorates with 

the increase of power. Specifically, the M2 value is 1.85 at 9200 W and increases to 1.92 at 
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10030 W (refer to Figure 8(b)). The degradation of beam quality at high power could potentially 

be attributed to the thermal effects of BPSC, CO, and HRM.

Although many research groups have achieved more than 10 kW monolithic fiber laser, 

the beam qualities of which are far from single mode[23, 24, 40, 41]. Our work achieved an M2 of 

1.92, representing the highest beam quality achieved in over 10 kW YDFLs based on 

conventional double-clad Yb-doped fiber. We have not yet observed any physical limits, such as 

SRS, MI, or thermal damage. Further power scaling is limited by the available pump powers.

Figure 8. (a) The beam quality M2 and beam profiles at waist (insert) under different output 

powers. (b) Screenshot of the beam quality measurement software at the operation power of 

10030 W.

IV. Conclusion

To sum up, we have systematically studied the impact of fiber length on the SRS threshold in 

tandem pumping system and uncovered a distinct feature of counter-pumping, which differs 

from co-pumping. For co-pumping scheme, it is useful to improve the SRS threshold by 

decreasing the length of either YDF or DF. For the counter-pumping scheme, reducing the DF 

length was much more effective in mitigating SRS than YDF. By decreasing the DF length from 
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6 m to 1.5 m, we increased the SRS threshold from 6950 W to 10030 W in a counter tandem 

pumping amplifier. At the maximum power of 10030 W, the signal power was 38 dB higher than 

the Raman light power, and the beam quality factor M2 was 1.92. Further power scaling was 

constrained by the available pump power. We hope this work would help deepen the 

understanding of the SRS effects, and offer guidance for optimizing fiber in high power fiber 

laser community. 
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