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In this work, a single-frequency fiber amplifier with output power of 703 W was

demonstrated at 1,064.4 nm in an all-fiber configuration. Cascaded Yb3+-doped

fiber structure with different dopant concentration and hybrid 915/976 nm

pump scheme were employed in power scaling stage to improve the gain

saturation for higher transverse mode instability threshold. An overall optical

efficiency of 67.5% was achieved at themaximum output power and the M2 was

measured to be ~1.4. A spectral linewidth of 2 kHz was obtained from the 703-

W single-frequency laser. To the best of our knowledge, this is the first time that

a single-frequency all-fiber amplifier with kHz-level spectral linewidth is

achieved at such high output power.
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Introduction

High power single-frequency laser sources have been attracting extensive interest due

to the superior performance on extremely narrow spectral linewidth in kilohertz level and

low noise for the applications ranging from coherent LIDAR, gravitational wave detection

to coherent beam combination [1–3]. For higher laser power achievement, single-

frequency laser source is generally configured with a master oscillation power

amplifier (MOPA). Compared with solid-state amplifiers [4–6], fiber amplifiers

exhibit the advantages on high thermal dissipation capability, good beam quality and

high compactness. However, the narrow laser spectral linewidth facilitates gain

accumulation of stimulated Brillouin scattering (SBS) process [7–10], resulting in an

SBS-limited single-frequency fiber laser amplification to 500-W level with regular fiber

structure. Actually, as early as 2007, [11] has demonstrated a 511-W random-polarized

single-frequency fiber amplifier, where Yb3+-doped fiber with core diameter up to 43 μm

was used in power scaling stage in associated with a counter-pumped scheme to increase

the SBS threshold [11]. However, the large fiber inner cladding diameter of 650 μm,

designed for improved pump power coupling, resulted in a low pump absorption
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coefficient of only 1.5 dB/m at 975 nm and thus ~9 m of gain

fiber needed in the experiment compromised the SBS-limited

laser power.

On the other hand, novel fiber structures have also been

developed for SBS suppression. In 2007, S. Gray et al. reported

another 500-W level single-frequency fiber amplifier, where

the SBS was suppressed by adjusting the composition of an Al/

Ge co-doped gain fiber to reduce the interaction between

acoustic and optical modes [12]. 8.5-m Yb3+-doped fiber

with core diameter of 39 μm and pump absorption

coefficient of 3.2 dB/m was used to realize 502 W laser

power while near single-mode operation with an M2 of

1.4 was obtained due to the low core numerical aperture of

0.05. In 2011, [13]. developed an acoustically segmented Yb3+-

doped photonic crystal fiber (PCF) for single-frequency laser

amplification, where the SBS threshold can be improved by

manipulating the acoustic index of refraction of fiber core to

form two regions with distinct Brillouin peaks [13]. 500-W

single-frequency laser output was achieved from the power

amplifier stage with 5-m Yb3+-doped PCF, which has a core

diameter of 40 μm and pump absorption coefficient of 4 dB/m

at 976 nm. Whereas further power increment was not limited

by SBS effect but transverse mode instability (TMI) effect,

which induced the degradation of beam quality. In 2014, an

acoustic- and gain-tailored Yb3+-doped PCF was developed by

the same group to suppress the TMI threshold with the

introduction of another core segment free of Yb3+ ions to

reduce the fiber heat load, laser gain ratio between the

LP11 and LP01 modes, as well as direct mode coupling

[14]. A 9.2-m Yb3+-doped PCF with core diameter of 38 μm

and pump absorption coefficient of 1.6 dB/m at 976 nm was

used to realize a record single-frequency laser power of 811 W.

The beam quality was maintained well with an M2 of ~1.2 at

the maximum output power, indicating that the TMI effect

was well suppressed. Further power amplification was still

limited by the SBS effect eventually. In 2020, Lai et al. reported

a 550-W single-frequency all-fiber amplifier at 1,030 nm with

tapered Yb3+-doped fiber, where gradually increased fiber core

diameter provided a larger mode field diameter and a

broadened SBS gain spectrum for higher SBS threshold

[15]. Moreover, high absorption coefficient up to 12 dB/m

at 975 nm allowed for only around 1-m-long gain fiber used in

the experiment for increased SBS threshold. However, too

large core diameter, up to 57.6 μm at the output end of the

tapered fiber, induced the onset of TMI effect, which hindered

the laser power increase.

Overall, the SBS and TMI effects have been concluded as two

main limitations for the development of high-power single-

frequency fiber amplifiers. Especially the TMI effect,

originating from the mode interference pattern (MIP) between

fundamental mode (FM) and higher order modes (HOMs) [16,

17], has been observed in most of the recently developed single-

frequency fiber amplifiers [18, 19], since few-mode large-mode-

area (LMA) fibers are generally employed for laser power

extraction and SBS suppression.

In this work, a 703-W single-frequency all-fiber amplifier at

1,064.4 nm was demonstrated with commercially available LMA

Yb3+-doped fibers. The TMI effect was suppressed by virtue of

improved gain saturation through the employment of two pieces

of cascaded Yb3+-doped LMA fibers in power amplifier stage with

hybrid 915/976 nm pump scheme. The overall optical efficiency

was calculated to be ~67.5% at the maximum output power of

703 W. Further power scaling was limited by the onset of SBS.

The threshold of SBS and TMI effect were also investigated in

this work under different polarization extinction ratio (PER) of

the single-frequency seed laser. A lower threshold came to TMI

effect as the seed laser depolarized from linear-polarization to a

state with PER of ~6.8 dB. As the seed laser PER further

decreased to 4.3 dB, SBS effect became the main limitation on

power amplification, which is just the condition of the

demonstrated 703-W single-frequency laser. The properties of

laser linewidth were investigated during the power amplification,

where a narrow linewidth of 2 kHz was obtained at the maximum

output power of 703 W with only a bit broadening compared

with the 1.3-kHz single-frequency laser seed.

Experimental setup

The experimental arrangement of the demonstrated single-

frequency all-fiber amplifier was shown in Figure 1. A linear-

polarized single-frequency DBR fiber laser at 1,064.4 nm (NP

Photonics, RFLS-25-3-1,064) with output power of 30 mW,

spectral linewidth of 1.3 kHz and optical signal-to-noise ratio

FIGURE 1
Schematic of the high-power single-frequency all-fiber
amplifier. ISO: isolator; CPS: cladding pump stripper; YDF1: 1-m
low Yb3+-doped fiber with a 976-nm absorption coefficient of
8 dB/m; YDF2: 1-m high Yb3+-doped fiber with a 976-nm
absorption coefficient of 14.2 dB/m; LD: laser diode.
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(OSNR) of 70 dB, was used to serve as the laser seed. Before

launching into the power amplifier (PA) stage, the single-

frequency laser was boosted to 7.5 W through one core-

pumped and one cladding-pumped pre-amplifiers.

In PA stage, cascaded Yb3+-doped fiber structure was used as

shown in Figure 1. 1-m low Yb3+-doped fiber with a 976-nm

absorption coefficient of 8 dB/m (labelled as YDF1, Brightcore,

LMA-YDF-30/250, MFD of 23.0 μm) was selected as the first

segment to mitigate the thermal load at the beginning of the

amplifier. The intensity noise generated by amplified

spontaneous emission (ASE) due to insufficient population

extraction under low signal power can be avoided to

contribute the onset of TMI [20]. 1-m high Yb3+-doped fiber

with an absorption coefficient of 14.2 dB/m at 976 nm (labelled

as YDF2, Liekki, Yb1200-30/250, MFD of 22.9 μm) was

employed in the later segment to guarantee the optical

efficiency. The active fibers were coiled on a water-cooled

aluminum plate with diameter around 17 cm. Since improved

gain saturation can be achieved through decreased pump

absorption [21], hybrid pump scheme with 440-W pump

power at 915 nm and 600-W pump power at 976 nm was

designed to further increase the TMI threshold. The pump

laser was coupled into the active fiber via an (18 + 1) ×

1 combiner, whose input and output signal ports have the

core/inner cladding diameter of 12/125 μm and 30/250 μm,

respectively. A mode field adapter was incorporated into the

combiner to eliminate the mismatch between the input and

output port of the signal. A homemade cladding pump striper

(CPS) is used after the cascaded gain fiber to remove the residual

cladding pump light, after which a homemade endcap was

spliced for laser output. 90% of the laser output power was

detected by the power meter and the rest part was used for the

measurement of spectral linewidth, beam quality, optical

spectrum and temporal behavior, respectively.

Results and discussions

To increase the SBS threshold, the linearly polarized laser

seed was depolarized by using the polarization controller (PC)

after the core-pumped pre-amplifier. The PER of laser seed can

be decreased to a minimum value of 4.3 dB limited by the

performance of the PC. The corresponding power evolution in

PA stage was measured with a power meter (Ophir, FL1100A-

BB-65). The backward optical spectrum was monitored at the

same time by an optical spectrum analyzer (OSA, Yokogawa,

AQ6370D) with a resolution of 0.02 nm from the idle pump port

of the combiner. As shown in Figure 2A, the output power was

firstly amplified to 220 W using 440-W pump power at 915 nm

with an optical efficiency of around 50%. Then the optical

efficiency was improved significantly to 80% with the

employment of pump laser at 976 nm. When the launched

976-nm pump power reached 600 W, at which point the total

pump power was 1040 W, an SBS-limited output power of 703 W

was obtained with an overall optical efficiency of 67.5%. Figures

2B–D show the measured optical spectrum of the PA in

backward direction as the output power increased. The

backward Stokes light emerged at the output power of 620 W,

and then increased gradually with laser power. When the laser

output power reached 703 W, the intensity of Stokes light

suddenly exceeded that of backward Rayleigh scattering light,

as shown in Figure 2B. The pump power was not increased

FIGURE 2
(A) Laser output power evolution of the single-frequency Yb3+-doped all-fiber amplifier as a function of 915 nm pump power (blue dot) and
976 nm pump power (red dot), (B)–(D) backward optical spectra at output power of 703 W, 674, and 620 W.
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thereafter. Considering the seed laser used here exhibited a PER

of 4.3 dB, further SBS threshold enhancement can be anticipated

with a circularly polarized laser seed.

Figure 3A shows the Fourier transform spectra of temporal

laser intensity measured at the output power of 650 and 703 W,

respectively, for the single-frequency seed laser with a PER of

4.3 dB. There is no kHz-level oscillation frequency peak observed

even at the maximum output power of 703 W, which manifests

the absence of TMI effect [22]. Overall, higher single-frequency

laser output power was only restrained by the SBS effect. It

should be pointed that a few frequency spikes emerged below

1 kHz at the 703-W laser power was generated by the intensity

noise of pump source induced by the current fluctuation of pump

driver.

The TMI and SBS threshold were also investigated under

different PER of the single-frequency laser seed, and the

corresponding maximum available output power is shown in

Figure 4A. When the PER of the seed laser increased to 6.8 dB,

TMI was observed before the onset of SBS. As shown in

Figure 3B, when the laser power increased from 600 to

650 W, oscillation frequency peaks were seen with the interval

in kHz level, which indicates the occurrence of TMI [22]. The

beam profiles were also monitored by a CCD camera (Ophir,

SP907) during the power amplification and beam profile

distortion was observed at the laser power of 650 W as shown

in the inset of Figure 3B, which confirms the presence of TMI.

Compared with the case that laser seed PER was 4.3 dB, here the

TMI threshold decreased more than 50 W. When the seed laser

PER further increased from 6.8 to 14.5 dB, a continuous decrease

of TMI threshold from 650 to 489 W was obtained. Since a

depolarized signal laser could weaken the mode interference

between the FM and HOMs, the strength of thermally

induced refractive index grating (RIG) could be reduced

correspondingly, thus enhancing the TMI threshold [16].

Therefore, a higher TMI threshold can be obtained here with

a lower seed laser PER. It should be pointed out that, as the PER

of the seed laser increased, the intensity of backward Stokes light

was monitored and shown to be lower than that of backward

Rayleigh scattering light at the power level in Figure 4A, which

means that the SBS threshold was not reached before the onset

of TMI.

The optical spectrum at the maximum output power of

703 W was measured by the OSA with a resolution of

0.02 nm, and is shown in a wavelength range from 900 to

1,100 nm in Figure 4B. The ASE, generated from the residual

upper-level population due to the high pump absorption, can be

observed between 1,030 and 1,055 nm. Considering the ASE

component, the OSNR of the single-frequency fiber amplifier was

still around 53 dB. By measuring the beam size at different

positions using a CCD camera (Ophir, SP907) as shown in

Figure 4C, the beam quality factor M2 was calculated to be

1.43 and 1.47 in x and y directions, respectively. The inset

shows the beam profile recorded at the maximum laser power

of 703 W.

The laser spectral linewidth during the power scaling was

investigated by a delayed self-heterodyne interferometer

(DSHI) with 36 km delay line. The optical beat signal was

detected by a photodetector (Thorlabs, DET01CFC) and

measured by a frequency spectrum analyzer (Agilent,

N9030A) with a resolution bandwidth (RBW) of 3 kHz

and video bandwidth (VBW) of 1 kHz. Figure 4D shows

the measured laser spectral linewidth evolution as a function

of the output power of the single-frequency amplifier, where

significant linewidth broadening due to nonlinear effects,

such as self-phase modulation and four-wave mixing [23,

24], was not expected. A 20-dB linewidth of 40 kHz was

achieved from the optical beat signal at the maximum laser

power of 703 W, as shown in the inset of Figure 4D, which

FIGURE 3
Fourier transform spectra of the temporal laser intensity (A) at the output power of 650 and 703 W with a laser seed PER of 4.3 dB, (B) at the
output power of 600 and 650 Wwith a laser seed PER of 6.8 dB. Insets: Corresponding beam profiles recorded at laser power of 650 W (surrounded
by gray dotted line) and 600 W (surrounded by green dotted line) with a laser seed PER of 6.8 dB.
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corresponded to a 3-dB laser linewidth of 2 kHz. The

achieved kHz-level spectral linewidth at such high laser

power confirms that the hybrid pump scheme and

cascaded gain fiber structure effectively enhance the level

of gain saturation, which reduces the generation of ASE

component and suppresses the spectral linewidth

broadening.

Conclusion

In conclusion, a 703-W single-frequency near-

diffraction-limitation all-fiber amplifier at 1,064.4 nm was

demonstrated with a cascaded Yb3+-doped fiber structure

hybridly pumped at 915 and 976 nm in power scaling stage.

The laser has an overall optical efficiency of 67.5% at the

maximum output power of 703 W and the corresponding

laser spectral linewidth was measured to be 2 kHz. To the

best of our knowledge, this is the first time that a single-

frequency all-fiber amplifier with kHz-level spectral

linewidth was achieved at such high output power. The

threshold of TMI and SBS effect were also investigated

under different seed PER. The TMI effect exhibited lower

threshold when the single-frequency seed laser was

depolarized from linear-polarization to a state with PER

of 6.8 dB, while lower seed PER of 4.3 dB resulted in the

onset of SBS with a lower threshold, which is the condition of

the demonstrated 703-W single-frequency laser power.

Higher single-frequency laser output power can be

anticipated with a circularly polarized seed laser.
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FIGURE 4
(A) The dependence of maximum available output power of the single-frequency fiber amplifier on the laser seed PER, (B) optical spectrum of
the single-frequency fiber amplifier at the maximum output power of 703 W measured with an OSA resolution of 0.02 nm in the wavelength range
from 900 to 1,100 nm, (C) measured beam quality (M2) in both axes at the maximum output power of 703 W and (D) measured laser spectral
linewidth of the single-frequency fiber amplifier as a function of laser output power. Inset (C) Corresponding beam profile and (D) measured
spectral linewidth at the maximum laser output power of 703 W.
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