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Abstract: We report a high power, narrow linewidth fiber laser based on oscillator one-stage power
amplification configuration. A fiber oscillator with a center wavelength of 1080 nm is used as the
seed, which is based on a high reflection fiber Bragg grating (FBG) and an output coupling FBG of
narrow reflection bandwidth. The amplifier stage adopted counter pumping. By optimizing the seed
and amplifier properties, an output laser power of 2276 W was obtained with a slope efficiency of
80.3%, a 3 dB linewidth of 0.54 nm and a signal to Raman ratio of 32 dB, however, the transverse
mode instability (TMI) began to occur. For further increasing the laser power, a high-power chirped
and tilted FBG (CTFBG) was inserted between the backward combiner and the output passive fiber,
experimental results showed that both the threshold of Stimulated Raman scattering (SRS) and TMI
increased. The maximum laser power was improved to 2576 W with a signal to Raman ratio of 42 dB,
a slope efficiency of 77.1%, and a 3 dB linewidth of 0.87 nm. No TMI was observed and the beam
quality factor M? maintained about 1.6. This work could provide a useful reference for obtaining
narrow-linewidth high-power fiber lasers with high signal to Raman ratio.

Keywords: narrow linewidth; fiber lasers; Stimulated Raman scattering; chirped and tilted fiber
Bragg gratings

1. Introduction

In the past years, owing to the great improvement of laser diodes (LDs) brightness
and high-quality large mode area (LMA) fiber as well as beam combining technology,
the output power of continuous-wave (CW) fiber lasers has been scaled rapidly [1-4].
However, the further improvement of single fiber output power is limited by various
nonlinear effects, transverse mode instability (TMI), thermal effect, etc. For the present
single fiber lasers, further power scaling is even difficult with compromise in bandwidth,
beam quality, and so on. Spectral beam combining (SBC) is a promising approach to break
through the limitations of the fiber lasers [5,6]. In SBC, the key is that the sub beam needs
to be a narrow linewidth fiber laser (NLFL) with high beam quality, which usually realize
by a main oscillator power amplifier (MOPA) configuration [7]. At present, there is no
unified definition about the “narrow” of NLFLs. Considering its practical application in
SBC, in this paper, the linewidth of NLFLs is defined as <1 nm. For MOPA structure, there
are two main types of seeds, namely few longitudinal mode fiber oscillator laser (FOL)
seed and phase modulated single-frequency laser (PMSFL) seed. The method utilizing a
phase modulation seed for power amplification is relatively mature, benefiting from the
stable temporal property, high nonlinear effects threshold and spectral purity during the
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amplification process [8-10]. Up to now, the power of NLFL based on the PMSFL seed
has been scaled to several thousand watts [10-17], and the highest power of NLFL has
exceeded 5 kW [16,17]. For MOPA structure based on a FOL seed, because of its simple,
compact and economical structure, it has also attracted enormous attention in recent
years [18-23]. By this method, the maximum power also reached 3 kW [23]. However,
among the factors currently limiting the further power scaling of NLFLs based on FOL
seed, Stimulated Raman scattering (SRS) is one of the most important limitations. Since the
injecting seed laser is not strictly single mode and is usually broadened during the power
scaling process in the amplifier. The onset of SRS would bring about a series of problems,
such as signal power declination, beam quality deterioration, fiber component damage,
etc. [24,25]. Furthermore, the SRS of NLFLs would affect the beam quality of output and
the efficient after spectral beam combining. Thus, high power NLFLs with high signal to
Raman ratio are becoming increasingly important for SBC.

Many methods have been used to suppress SRS in high-power fiber lasers, including
the large-mode-area (LMA) fibers, spectrally selective fibers, long-period fiber gratings,
chirped tilted fiber Bragg gratings (CTFBGs), and so on [26-31]. Among these methods,
CTFBG is considered a comparatively suitable component for SRS suppression. With
a tilt angle introduced chirped FBG, CTFBG can couple the forward core mode, which
are originally transmitted only in the core, to backward core modes and the cladding
modes. Due to its simplicity of application and good spectrum stability, CTFBGs utilized
as broadband spectral filters have been extensively studied. In 2017, we firstly proposed
and demonstrated using CTFBG to suppress SRS in high-power fiber amplifier [26]. Then,
with the improvement of CTFBG fabrication technology, the power handling capability
of CTFBGs kept refreshing, which has increased from hundred watts to the kilowatts
level [27-31]. These studies are all based on the conventional high-power fiber laser, whose
linewidth is in several nanometers level and not belongs to narrow linewidth. So far, there
is no report that CTFBG used to suppress SRS in NLFLs, especially in the output of fiber
laser handling multi-kW laser power to directly filter SRS.

Here, we report a counter pumped MOPA configuration NLFL based on a FOL seed
and CTFBG suppressing SRS. A CTFBG with carrying high power capability is applied
to directly filter forward SRS at the output of multi-kW level fiber laser. With the CTFBG
included, both the threshold of SRS and TMI increased, and the output power reached
to 2.58 kW with a power improvement of 300 W compared that without CTFBG, and the
laser slope efficiency was about 77.1%. At the output spectrum of the maximum power,
the signal to Raman ratio was 42 dB, and the 3 dB linewidth was about 0.87 nm. The beam
quality factor M? maintained about 1.6 during the power scaling. This work is helpful for
obtaining high-power narrow-linewidth fiber lasers with high signal to Raman ratio.

2. Experimental Setup

The all-fiber FBG-based MOPA configuration fiber laser was established, as shown
in Figure 1. The FOL seed consisted of a wavelength stable laser diode (WS LD) worked
at 976 nm, a pair of fiber Bragg gratings (FBGs) with a center wavelength of ~1080 nm,
a 3 m long 10/130 um Yb-doped fiber (YDF) and a cladding power stripper (CPS). The
absorption coefficient of the YDF was 5.2 dB/m at 976 nm. The high reflective (HR) FBG and
output coupler (OC) FBG provided a full-width-at-half-maximum (FWHM) of 2.6 nm and
0.04 nm, respectively. The seed laser was injected into the amplifier stage through a mode
field adaptor (MFA), of which the input fiber and output fiber had a size of 10/130 pm,
20/400 um, respectively.

The amplifier stage based on counter pumping had two configurations with a dif-
ference that whether CTFBG and band-pass filter (BPF) were used or not. For amplifier
configuration 1, the gain fiber was a 11.5 m long double-cladding YDF with 20 um/0.06 NA
core and 400 um/0.46 NA inner cladding. The absorption coefficient of the gain fiber was
1.42 dB/m at 976 nm. The YDF was coiled with minimum diameter of 90 mm. Four 976 nm
WS LDs were employed as the counter pumping sources. The pumping power was coupled
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into the active fiber via a (6 + 1) x 1 fiber combiner. The input signal fiber and output
signal fiber of the backward combiner both had a size of 20/400 um. The CPS was used to
eliminate residual pump light and the laser was output by a quartz block head (QBH) at
the end. Including the backward combiner and QBH, the germanium-doped fiber (GDF)
with a core/cladding diameter of 20/400 um has a total length of 3 m for delivering the
output laser.
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Figure 1. Experimental setup of the all-fiber oscillator one-stage amplification high-power narrow
linewidth fiber laser (WS LD: wavelength stable laser diode; YDF: Yb-doped fiber; GDF: germanium-
doped fiber; CPS: cladding power stripper; QBH: quartz block head).

After the narrow-linewidth oscillator for one-stage amplification experiment was
completed, the amplifier configuration 2 was established based on configuration 1 by
inserting a BPF and a CTFBG. The BPF is commercially available and CTFBG is specially
customized. The BPF was inserted after the seed laser to filter out part of the background
spectral noise and backward Raman light of the amplifier, preventing affecting seed laser
injected. A specially designed and fabricated CTFBG on 20/400 pum fiber was inserted
between the backward combiner and the CPS for SRS suppression, resulting in 0.7 m
increasing of GDFE. The CTFBG had an average rejection depth of ~20 dB with a rejection
bandwidth of more than 20 nm, which covered the whole Raman spectral range of 1080 nm
laser. Its Bragg reflection range was longer than 1150 nm [29]. The measured insertion
loss was 2.1%. Then the experiment on the filtering effect of the CTFBG on the SRS in
amplifier was carried out. In the all-fiber laser system, all the components in the experiment,
including YDE, LDs, combiners, FBGs and CPSs, were placed on a water-cooled heat sink
to ensure the stability in high power operation. The output power was divided into two
parts via an HR mirror, the high power was detected by a power meter. The low power was
used to measure the beam quality by a Beam Squared M? analyzer manufactured by Ophir.
Meanwhile, the spectrum and time domain were also recorded by a Spectrum Analyzer
and a photo detector.
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3. Results and Discussion
3.1. Laser Performance with Amplifier Configuration 1

The seed power injected into the main amplifier is set to 17.5 W. Figure 2 illustrates the
spectrum of the seed laser, which measured by a Yokogawa AQ6370D Optical Spectrum
Analyzer with a spectral resolution of 0.02 nm. The 3 dB and 20 dB bandwidths are about
0.28 nm and1.40 nm. In the fiber oscillator, although only 3 m of YDF was applied, the
laser efficiency still reached 76%.
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Figure 2. The output spectrum of the seed laser.

To begin with, the MOPA system was first operated with amplifier configuration 1.
During the power scaling process, the output power and spectrum were monitored and
recorded. Figure 3a shows the output spectrum at different output power with the GDF
length of 6 m. With a pumping power of 1982 W, the output power was 1570 W, but strong
nonlinear effects were observed, such as SRS and four wave mixing. The signal to Raman
ratio was measured at about 32 dB. The difference between the signal and four wave mixing
ratio was about 42 dB. Then, cutting the GDF length to 3 m, the spectrum at different output
power is illustrated in Figure 3b. Under the same signal to Raman ratio of 32 dB, the output
power could reach to 2278 W with a pumping power of 2840 W, which was 700 W higher
than the original one. Furthermore, the nonlinear effect was obviously mitigated, not only
the SRS, but also four wave mixing effect was greatly weakened. Figure 3c,d demonstrate
the output and optical-optical efficiency versus pump power with a GDF length of 3 and
6 m, respectively. The inserted pictures illustrate the spectral linewidth at their highest
powers. By comparing these results, we can see the efficiency of amplifier increasing from
78.8% to 80.3%. At their highest power of 1570 W and 2278 W, the 3 dB are 0.41 nm and
0.54 nm with a linewidth increasing rate of 3.8 pm /100 W and 4.2 pm/100W. Experimental
results shows the efficiency and power spectral density of amplifier had improved owing to
the weak nonlinear effect caused by the shortening of GDF length. Therefore, the nonlinear
effect has a great effect on the amplifier efficiency and output spectrum.
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Figure 3. The output spectrum versus output power (a) with GDF length of 6 m (b) with GDF length of 3 m. The output
power and efficiency versus pump power (c) with GDF length of 6 m (d) with GDF length of 3 m.

With the GDF length of 3 m, the beam quality at several different output powers
is illustrated in Figure 4a. One can see that the beam quality M? had been maintained
about 1.6 during the process of amplification. With the increase of pumping power, the
output power stopped increasing at 2278 W. Figure 4b shows the temporal signals and
corresponding FFT spectra at the maximum power a periodic fluctuation of the time
domain signal was observed, reasonably indicating TMI occurred [24], which resulted in
the power stagflation. However, the beam quality shows no sign of deterioration. The final
output was limited by TMI. These results that with GDF length of 3 m are referred to as the
case of without CTFBG for the following comparison with the results with CTFBG.
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Figure 4. (a) The beam quality at several output power. (b) Temporal signals and corresponding Fourier spectra at the

output power of 2278 W.

3.2. Laser Performance with Amplifier Configuration 2

In order to further weaken the SRS, experiments were carried out in amplifier con-
figuration 2. A BPF was inserted between the seed laser and MFA. Not it can filter out
the background spectral noise of the seed, but prevent the backward SRS affecting the
seed performance. Furthermore, a specially designed CTFBG with high power capability
provided an effective method to directly filtering forward SRS at the output of multi-kW
level fiber laser. Figure 5a shows the output spectrum at different output power with
CTFBG. The maximum output power came to 2576 W at the pump power of 3346 W with
the CTFBG included, 300 W higher than that without CTFBG. The difference between
the signal and Raman light was 40 dB at the maximum output power. The spectrum at
their highest power level is compared in Figure 5b. It can be seen that the forward Raman
light was greatly filtered out, the suppression ratio is about 12.4 dB under the same output
power level. More importantly, it brought an increase in output power with a lower Raman
intensity. Figure 5c shows the Signal to Raman ratio evolution. If the Signal to Raman ratio
of 50 dB is set as the SRS threshold, the green curve could demonstrate the SRS threshold is
improved by 800 W with CTFBG operated. When the signal power increased to 2.58 kW,
the Signal to Raman ratio came to 40 dB. This value is 850 W higher than no CTFBG ap-
plied, as illustrated by the blue curve in Figure 5c. During the process of amplification, the
backward spectrum of the seed be measured. Figure 5d compared the backward spectrum
at the output power of 1600 W with and without BPF. The backward SRS was filtered out
clean and after adding BPF, there was no difference between the forward spectrum and the
original one.
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Figure 5. (a) The output spectrum versus output power. (b) The forward spectrum comparison with and without CTFBG at
their highest power. (c) The signal to Raman ratio versus output power. (d) The backward spectrum comparison with and

without BPF.

Figure 6a shows the output power and efficiency versus pump power. The slope
efficiency of the system is 77.1%, which is slightly lower than before due to the insertion
loss of CTFBG. The inserted picture shows the 3 dB and 20 dB signal bandwidth of 0.87 nm
and 4.62 nm. Figure 6b compared the 3 dB and 20 dB bandwidth of the signal laser versus
output laser power between with and without CTFBG. From the results of bandwidth
comparison, with the increase of 0.7 m GDF introduced by CTFBG, the linewidth was
wider than that without CTFBG, especially for 20 dB linewidth, resulting in a decrease
of linewidth increasing rate obviously. The beam quality with different output powers is
illustrated in Figure 6b. When the output power reached to 2576 W, the beam quality was
maintained about 1.6 and didn’t deteriorate. Figure 6d shows the temporal signals and
corresponding FFT spectra at the maximum power. When the maximum output power
was reached, TMI didn’t appear. This means the threshold of TMI was improved with the
suppression on SRS. By analyzing, the reason may be that the CTFBG coupled the forward
Raman light into backward-propagating cladding, which decreased the heat deposition in
the fiber, so the TMI threshold would increase with the suppression on SRS. The further
power improvement was limited by pump power.
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Figure 6. (a) The output power and optical-optical efficiency versus pump power with CTFBG. (b) The 3-dB and 20-dB
bandwidths of the signal laser versus output laser power. (c¢) The beam quality at several output power. (d) Temporal
signals and corresponding Fourier spectra at the output power of 2576 W.

Next, when using CTFBG to suppress SRS in NLFL, the influence of the system
fiber length on the output linewidth needs to be considered. Other methods to suppress
spectrum broadening and TMI also need to be taken. Furthermore, the experimental design
strategies for higher output power should mainly focus on the character of injected seed
laser, active fiber, and the co/counter pumping power ratios to achieve a comprehensive
suppression for both SRS and TML

4. Conclusions

In summary, we have presented an all-fiber narrow linewidth fiber amplifier seeded
by a narrow reflection FBG-based oscillator, and a CTFBG was used to suppress the SRS
for laser power increasing. Without the CTFBG, the maximum output laser power was
2276 W, which was mainly limited by TMI. With the CTFBG being inserted between the
backward combiner and the output passive fiber, the increasing of both the threshold of
SRS and TMI were observed, and the maximum laser power was improved to 2576 W
with a signal to Raman ratio of 42 dB, a slope efficiency of 77.1%, and a 3 dB linewidth of
0.87 nm. At the maximum power, no TMI was observed and the beam quality factor M?
maintained about 1.6. By further optimizing the system parameters, such as the power and
the linewidth of the seed, the active fiber length and its coiled way in the amplifier, the
position of the CTFBG, and so on, this system could be expected to reach 5 kilowatts level
in the future. This work could provide good reference for obtaining compact high-power
narrow-linewidth fiber lasers with high signal to Raman ratio.
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