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Abstract: Fiber laser performances including transverse mode instability (TMI), stimulated Raman
scattering (SRS) and optical-to-optical efficiency are in connection with the pump wavelength. Here
we studied the output characteristics of a 5-kW ytterbium-doped fiber laser oscillator pumped with
two different pump sources, i.e., 915 nm and 981 nm laser diodes (LDs). The output characteristics of
fiber laser oscillators pumped by 915 nm and 981 nm have been compared strictly and directly with
the same structure in a high-power situation. Experimental results show that both pump wavelengths
can scale the power up to more than 5 kW by suppressing the TMI effect. While in the case of
pumping by the 981 nm LDs, the laser oscillator has an optical-to-optical efficiency of 87%, which
is 13% higher than that of the 915 nm pumped scheme. In addition, due to the higher backward
pumping ratio and lower total pump power, the laser oscillator has a better SRS suppression ratio
when pumped at 981 nm. Thus, it reveals a great potential to balance the limitations of TMI and SRS
for scaling up to an even higher output while pumping at 981 nm. All the devices of the oscillator are
commercial, and it will be helpful for the commercialization of high-power fiber laser oscillators.

Keywords: high-power fiber laser; ytterbium-doped fiber laser oscillator; transverse mode instability;
stimulated Raman scattering; pump wavelength

1. Introduction

Benefiting from the advantages of high conversion efficiency, outstanding beam quality,
easy thermal management, and reliable stability, high-power fiber lasers have already been
applied in many fields such as industrial manufacture, biomedical technology, fundamental
research, and so on [1-4].

There are two kinds of structures to achieve high power fiber lasers in general. The first
one is the master oscillator power amplifier (MOPA), and the second one is the fiber laser
oscillator. Compared with the MOPA structure, the fiber laser oscillator has the advantages
of compact structure, simple control logic, low cost, highly anti-reflection ability, and good
stability. The output power of fiber lasers has boosted rapidly owing to the improvement
of fiber manufacturing technology and LD pumping technology over the past decade.
However, the TMI threshold of the oscillator is typically lower than that of the amplifier
based on the same ytterbium-doped double-clad fiber (YDF). Thus, there are only a few
near-single-mode fiber laser oscillators reaching 5 kW ever reported. In 2018, Shima K.
from Fujikura Inc. reported a 5.05 kW fiber laser oscillator pumped by 970 nm LDs with
a M? factor of 1.3 [5]. In the same year, Yang et al. reported a 915 nm LD pumped fiber
laser oscillator with the output power of 5.2 kW and the beam quality of M? ~2.2 [6]. In
2019, Ye et al. improved the beam quality to M? ~1.6 at the maximum power of 5 kW [7]. In
2020, Kramer et. al. reported a 976 nm pumped fiber laser oscillator, which adopted Bragg
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gratings written on the 20/400 um YDF by a femtosecond laser, and achieved 5 kW output
with a M? factor ~1.3 at 4.8 kW [8]. In the present work, we can see that only a few fiber
laser oscillators with an output power of more than 5 kW and a beam quality M? less than
1.4 are reported [5,8], or there is even the same report, but the author didn’t give the details
of the design of the laser, such as the fiber and pump parameters. High power fiber laser
oscillators remain to be studied in detail.

Although these fiber lasers achieved a high-power output, the power scaling of fiber
lasers based on commercial devices is still limited by both TMI and SRS effects. There are
numerous methods for increasing the TMI threshold of fiber lasers, such as increasing high-
order modes (HOMs) loss [9], optimizing fiber design [10,11], control mode excitation [12]
and improving thermal management [13,14]. According to our previous research, the
TMI threshold can be remarkably affected by the pump wavelength due to the difference
of pump absorption [15]. Considering both the quantum defect and pump absorption,
we optimized the pump wavelength from 976 nm to 981 nm and found 2.2 times the
enhancement of the TMI threshold [16]. In 2021, our research group achieved a 6-kW
single-mode fiber laser amplifier by using the optimized 981 nm pump LDs and the beam
quality was excellent (M? < 1.3) [17]. However, some methods for suppressing TMI just
conflict with those for suppressing SRS. As an example, for suppressing TMI, a smaller
core diameter fiber is needed, while a larger core diameter fiber is needed to suppress SRS.
Thus, it’s difficult to suppress the TMI and SRS at the same time [18].

In this paper, we experimentally demonstrate two bidirectional pumped 5 kW fiber
laser oscillators by using traditional 915 nm and 981 nm pumping, respectively. Using
both pump wavelengths alone, a near-single-mode high-efficiency 5 kW output is achieved.
The detailed output performance of the oscillator is investigated and compared. It was
found that 981 nm pumping has a 13% efficiency higher than 915 nm pumping, and better
suppression on SRS was also obtained under 981 nm pumping. In addition, long-term
operations are in progress at full power, and the power fluctuations are less than 1%. To the
best of our knowledge, this is the first report of a more than 5 kW all-fiber laser with a beam
quality M? less than 1.4 and a detail description of all the design of the laser, including
reflectivity of fiber Bragg gratings, 3 dB bandwidth, and so on.

2. Experimental Setup

The schematic diagram of the high-power fiber laser oscillator is shown in Figure 1.
A total of 12 groups of LDs are bidirectionally injected into the laser cavity through the
forward/backward pumpé& signal combiners (FPSC/BPSC). The cavity is composed of
a piece of YDF and a pair of fiber Bragg gratings (FBG) with a center wavelength of
1080 nm. The high reflection fiber Bragg grating (HR FBG) has a reflectivity of 99.8%, a
3 dB bandwidth of 3.92 nm, and the output coupler fiber Bragg grating (OC FBG) has a
reflectivity of 8.2%, a 3 dB bandwidth of 0.97 nm. The length of the YDF is ~30 m. Its core
and cladding diameter are 25 pm and 400 um (25/400 for abbreviation), respectively. The
numerical aperture (NA) of the core is 0.065. Its cladding pump absorption at 915 nm is
0.57 dB/m and 0.86 dB/m at 981 nm. In order to control the high order mode excitation
and obtain a good beam quality, the YDF was coiled with a minimized radius of 42.5 mm.
Therefore, we can achieve a better beam quality than our previous work. The laser excited
in the cavity is output by a quartz beam head (QBH) after passing through a cladding
light stripper (CLS). The unabsorbed pump light and high-order modes are filtered by
the CLS, and the signal arm of the FPSC is angle cleaved to prevent feedback light. After
collimation, the output beam measured the power meter (PM), optical spectrum analyzer
(OSA), photodetector (PD), and the beam quality measurement system through the splitting
system to get the output data. All the parts mentioned above are commercial.
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Figure 1. Schematic diagram of fiber laser oscillator (LD: laser diode, PSC: pump/signal combiner,
CLS: cladding light stripper, HR FBG: high reflection fiber Bragg grating, OC FBG: output coupler
fiber Bragg grating, YDF: ytterbium-doped fiber).

3. Results and Discussion

In 2020, Krdamer from Jena University reported that the oscillator achieved 5 kW by
using 20/400 YDF and a 976 nm pumped source [8]. But if the YDF was changed to
25/400, the TMI threshold of the oscillator dropped to 3203 W, according to the report by
Wan et al. in 2022 [19]. According to these results, it is difficult to achieve 5 kW output
using 25/400 YDF and employing a 976 nm pump source with common commercial fibers.
Based on our previous work, we optimized the pump wavelength to 915 nm and 981 nm
for comparison. In this experiment, the output characteristics of the fiber laser oscillator
under 915 nm and 981 nm pumping conditions were researched and compared in detail.
To ensure the reliability of the comparison results, the experimental structure and optical
devices are kept unchanged except for the pump LDs.

3.1. Laser Output Performance Pumped with 915 nm LDs

Figure 2 demonstrated the output performance of the oscillator pumped by 915 nm
LDs. As we can see from Figure 2a, the output power increase linearly and the optical-
to-optical conversion efficiency (O-O efficiency) ranged from 71.1% at 307 W to 77.6% at
4790 W. The fiber laser oscillator achieved the highest output of 5070 W with a total pump
power of 6558 W, which consists of 1766 W of forward pumping and 4792 W of backward
pumping. The temporal characteristics were stable at the highest power shown in Figure 2b,
and it can be seen from the figure that the TMI has not appeared. Benefiting from the small
bending radius of YDF, the oscillator kept good beam quality. The beam quality factor M?
was superior to 1.4. Furthermore, SRS can be observed through the output spectrum in
Figure 2c. The peak Raman light is about 28.3 dB lower than that of the signal light.

Then in the stability test, the fiber laser oscillator was continuously operated at the
maximum output power for 100 min and the fluctuation of output power was below 0.5%
with an average power of 5085 W. The beam quality M? factors fluctuate between 1.3 and
1.4 without deterioration, where Figure 2d shows.

3.2. Laser Output Performance Pumped with 981 nm LDs

The output power and O-O efficiency are displayed in Figure 3a. As shown in
Figure 3a, with the increase in pump power, the output power grows linearly. Using
a total pump power of 5883 W, which consists of 1523 W of forward pumping and 4360 W
of backward pumping, the fiber laser oscillator obtained the highest output of 5120 W
with beam quality M? < 1.4. The optical-to-optical efficiency grew from 80% at 186.7 W
to 87% at 5120 W. Even though the highest output power had exceeded 5 kW, there was
no TMI observed, and the temporal characteristics were still stable as shown in Figure 3b.
Figure 3¢ shows the spectrum at 5120 W output, and the Raman light is ~32.5 dB lower
than the signal light. According to our previous work, an oscillator with a similar structure
pumped by 976 nm LDs has a TMI threshold of 3203 W [19], while the 981 nm pumped
one has a threshold of more than 5120 W, which has a 1.6 times enhancement. Thus, the
TMI threshold of the oscillator has been improved, and the SRS can be suppressed at
lower levels.
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Figure 2. Output performance of the fiber laser oscillator pumped at 915 nm. (a) Output power and

O-O efficiency. (b) Temporal trace and corresponding Fourier spectra (inset) at 5070 W. (c) Output
spectrum at 5070 W. (d) M2 factors with beam profile (inset).

In order to test the power stability, the fiber laser oscillator was continuously operated
at the maximum output power for 120 min, and the results are shown in Figure 4. During
the long-term test, the average output power is 5175 W with the power fluctuation of less
than 1%. The beam quality of the output is also steady. As can be seen from Figure 4b, the
M? factors fluctuate between 1.3 and 1.4. The SRS has been observed through the spectrum.
The Raman light mentioned above is ~32.5 dB lower than the signal light. The intensity of
Raman light fluctuated through time, and the signal-Raman ratio kept fluctuating around
30 dB, as we can see in Figure 4b. According to the results above, it can be easily drawn
that the 981 nm pumped fiber laser oscillator still has the potential for power improvement.

3.3. Discussion

According to the experimental results above, our laser structure can achieve a stable
5 kW output at two different pump wavelengths, respectively. Compared to the two exper-
iments above, the oscillator pumped by 981 nm LDs has a 13% O-O efficiency higher than
the 915 nm LDs pumped one. Also, comparing the signal-Raman ratio of two experiments,

the 981 nm LDs pumped oscillator has better suppression of Raman light.



Photonics 2022, 9, 716

50f9

(b)
6000 4 : . . . . 1.00 0.50
(a)

5000 4 F0.95 0.45 1
E
< 4000 0.90 ~ 0,40
£3000{ AT Lo.85 -2 $0.35
= £ £
E. / - : &
2000 o - 0.80 ~ 0.304
C R 0.0 25 S0 75 100

1000- utp%lt OWEr | 4 25 0.25 4 Frequency (kHz)

—B— Efficiency
0+ . . . . . 0.70 0.20 4 ; . . . |
0 1000 2000 3000 4000 5000 6000 0.0 0.1 0.2 0.3 0.4 0.5
Pump Power (W) Time (s)

(©)

Intensity (dBm)

1000

1050 1100

Wavelength (nm)

1150 1200

Figure 3. Output performance of the 981 nm pumped oscillator. (a) Output power and optical-to-
optical efficiency. (b) Temporal trace and corresponding Fourier spectra (inset) at 5120 W. (c) Output

spectrum at 5120 W.
a (b)
= 6000 4 : . . L L 1.5 32
N A~ — . -, A
. < -

5000 L X A e 5
144 i~ 2
{2 =
~ 4000 - - 2
3 £
5 3900 L E] 124 §
3 o £
= =1, y T 3 ]
2000 | = Imin  80min 90min 120min o
M 20 5
. w

1000 F * “Iz

—<— Signal-Raman Ratio
0 T T T T T T 1.0 T T T T T — 16
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 4. Output performance of stability test. (a) Output power. (b) M2 factors with beam
profile (inset).

Changing wavelengths results in an obvious performance improvement. To figure
out the differences between those two pump wavelengths brought to the oscillator, we
simulated the output performance of the fiber laser oscillator pumped by 915 nm and
981 nm, respectively. The signal light transmission over fibers can be expressed as:
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The distribution of pump light over fibers can be expressed as:

+
dP)= (AD, z)

S = Tylon! (A Na(2) — a3 (AN (@)]PRT (A, 2) — ahy(AR)PR™ (Ah2)] - (@)

+

And the heat equation of gain fiber can be expressed as:
Up - 05

Py(r,
Q(r,z) = o [NaOap — (Gep + 0ap) Na(7, 2)] pgpz)

+ as(r)15(r, z)] 3)

The physical meaning of symbols of those equations are listed in Table 1. And the
parameters of the symbols are listed in the Appendix A.

Table 1. The physical meaning of symbols in rate equation.

Symbol Physical Quantity Symbol Physical Quantity
N Numbers of signal light Acfy Effective mode area
wavelengths
n Ordinal number of signal m Ordinal number of pump
light wavelengths light wavelengths
s Emission cross section of the o Emission cross section of the
" nth signal light " mth pump light
s Absorption cross section of /P Absorption cross section of
" the nth signal light " the mth pump light
af Loss coefficient of signal light ah, Loss coefficient of pump light
Ny Number of ground state N, Number of excited particles
particles
AS Signal light wavelength AP Pump wavelength
Iy Pump light filling factor I's Signal light filling factor
h Planck constant c Light speed
vp Frequency of pump light Vs Frequency of signal light
A Inner cladding area for N Dopant concentration of
p transmitting pump light d ytterbium ion
L Luminous intensity of signal

light

A fiber laser oscillator is numerical simulated and its performances is shown in Figure 5.
The output power reaches 1989 W when the co- and count-pump power are 1000 W and
1500 W, respectively. Both forward and backward pump power are not absorbed sufficiently
in the gain fiber. As shown in Figure 5b, the maximum temperature at the fiber core is about
59 °C when pumped at 915 nm. The corresponding performance of the oscillator pumped
at 981 nm is depicted in Figure 5c,d. Compared with the previous case, the absorption of
pump power is sufficient and the maximum output power reaches 2170 W. The maximum
temperature of the fiber core is 6 °C lower than that of pumped at 915 nm.

Numerical results fitted well with the experimental results. As the 981 nm pump
source has a higher absorption coefficient and lower quantum defect, 981 nm pump power
can be absorbed completely in the fiber laser oscillator while that of the 915 nm pump has
more residual pump light. This results in the increasement of O-O efficiency. The higher
absorption and quantum efficiency lead to a lower maximum temperature but a stronger
temperature gradient. Although there is no obvious difference in TMI threshold for those
two pump wavelengths. However, to achieve the same absorption, choosing a 981 nm
pump source can make the gain fiber shorter, which leads to a better SRS suppression
ability. To suppress SRS and TMI comprehensively, the 981 nm pump source is the better
choice. By optimizing the structure of the oscillator, there is a great potential to achieve a
higher output by employing the 981 nm pump source.



Photonics 2022, 9, 716

7 of 9

2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
9200
800
700
600
500
400
300
200
100

Power|w]

Forward Raman Power
Backward Raman Power

S Forvacd Pasp Pones 58 + Centre Temperature + Exterior Temperature
o Forward Signal Power

+ Backward Pump Power
+ Backward Signal Power

20

7 8 9 10 111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 78 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Lengthim] Length[m]
(a) (b)

2
;f:;:: = Forward Pump Power 52 + Centre Temperature « Exterior Temperature
2000 * Forward Signal Power 50
1900 + Backward Pump Power 48

1800
1700
1600
1500
1400
1300
1200
1100
1000
200
800
700
600
500
400
300
200
100

Power|w|

+ Backward Signal Power 46
Forward Raman Power
Backward Raman Power

30

20

7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 78 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
Length{m] Length[m]
(c) (d)

Figure 5. Numerical simulation results. (a) Power distribution with fiber length of the oscillator
pumped by 915 nm LDs. (b) Temperature distribution with fiber length of the oscillator pumped
by 915 nm LDs. (c) Power distribution with fiber length of the oscillator pumped by 981 nm LDs.
(d) Temperature distribution with fiber length of the oscillator pumped by 981 nm LDs.

Moreover, although the output power of the oscillator we demonstrated in this paper
is not the highest compared to previous reports, it still has its advantage at high brightness.
In order to better show the advantages of the oscillators in this paper, we found high power
oscillators with similar pump wavelength reported in recent years for comparison as shown
in Table 2. All the oscillators in the table reveal great improvement of the TMI threshold
compared to 976 nm pumped one [19]. The main differences between the oscillators in
Table 1 come from the brightness, efficiency, and Raman suppression ability. For the
application of fiber lasers, output power is not the sole indicator, beam quality also plays
an important role. In order to simultaneously reflect the output power and beam quality,
the brightness of fiber lasers becomes an important parameter [20].

The brightness of fiber lasers can be calculated by the brightness formula [21]. To
show the difference in oscillator brightness more visually, the relative brightness has been

defined as follows [1]:
P

S — 4
100(AM2)? @

Byelative =

where the A is in micron. Assume a fiber laser with an output power of 10 kW, M? = 10 at 1

um as the reference. The relative brightness is calculated and demonstrated in Table 2. As

can be seen from Table 1, the two oscillators in this paper are brighter, more efficient, and

maintain better Raman suppression ability without special operation. The two oscillators
reported in this paper are advanced to the previous oscillator for the following reasons:

Firstly, we employ a commercial YDF with a high absorption compared to the 6 kW

one, and do not need the tapered YDF to keep beam quality, so that the oscillator in this

paper has a higher O-O efficiency. Also, as 981 nm has higher absorption and advanced

quantum efficiency but still has a lower temperature gradient in the center of YDF, and
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it has a higher O-O efficiency compared to the 915 nm LDs pumped one. Secondly, the
oscillator maintained good beam quality by reducing the minimized bending diameter
of the YDF, which can lead to more high-order modes leaking into the cladding at the
beginning. This is an effective way to improve both beam quality and O-O efficiency.
Finally, suppression of SRS benefits from a reasonable pumping ratio. Due to the higher
O-O efficiency, a lower total pump power and a higher ratio of counter-pumping enhanced
the SRS suppression ability of the fiber laser oscillator in this paper.

In conclusion, the fiber laser oscillator schemes we reported in this manuscript reveal
great performance at high power output. After strictly comparison of the output character-
istics under different pump wavelengths, the 981 nm LDs pumped oscillator shows a strong
capability to suppress both TMI and SRS. It has great potential to balance the limitations of
TMI and SRS suppression to achieve a higher output.

Table 2. Comparison of output performances among different oscillators.

Pump - 2 Relative Signal-Raman
YDF Wavelength Output Efficiency M Brightness Ratio
25/400 981 nm 5120 W 87% <1.4 22.40 32.5dB This work
25/400 915 nm 5070 W 77.3% <14 22.18 28.3dB This work
25/400 915 nm 5070 W 60.7% 1.62 16.56 35dB Ref. [7]
30/600 915 nm 6070 W 65.8% 2.6 7.70 21.6 dB Ref. [22]

4. Conclusions

In summary, an all-fiber laser oscillator bidirectionally pumped by 981 nm and 915 nm
LDs separately was demonstrated and their output characteristics have been compared
strictly. Compared to earlier reports, the oscillator has a considerable improvement in
terms of beam quality and efficiency. As a similar structure oscillator pumped by 976 nm
LDs has a TMI threshold of 3203 W, both schemes in this manuscript are unaffected
by TMI with a 5-kW level output and keep great beam quality. Benefiting from higher
quantum efficiency and absorption, the optical-to-optical efficiency of the 981 nm pumped
scheme is 13% higher than the 915 nm pumped scheme. In addition, it has a better
performance on SRS suppression when the oscillator is pumped by 981 nm LDs. The main
reason is that the 981 nm pumped scheme has a lower total pump power and a higher
percentage of backward pumping. The oscillator pumped with 915 nm and 981 nm LDs
individually tested for the stability by a long-term operation, and the power fluctuations
of both wavelengths were less than 1%. Results show that the 981 nm pumped fiber laser
oscillator has great potential to balance the limitations of TMI and SRS to gain a higher
output. By employing commercial devices for all the parts of the fiber laser oscillator, the
result will be helpful for the higher power fiber laser design and commercialized.
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Appendix A

Parameters entering in Equations (1)—(3):

w5, = 0.005, af, = 0.003, h = 6.626068096 x 1073*, ¢ = 2.99792458 x 108,
o @915 nm = 1.9256 x 1072, o)’ @915nm = 5.6932 x 102,
o’@981 nm = 1.0735 x 10~ o, @981nm = 8.5664 x 10~

ce@1080 nm = 2.8219 x 1072, ¢*@1080 nm = 2.2850 x 10~
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