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In this paper, we proposed a strategy for achieving all-fiber single-frequency

amplifiers with near-diffraction-limited beam quality by using confined-doped

fiber. Benefiting from the large mode area (LMA) and mode selection properties

of the confine-doped fiber, the stimulated Brillouin scattering (SBS) and

transverse mode instability (TMI) effects were comprehensively suppressed.

Based on this confined-doped fiber assisted amplifier, a 322 W SBS-limited

single-frequency laser was obtained with M2 factor of 1.25/1.33 for the x/y

direction. Comparing with the full-doped fiber assisted one, the TMI threshold

of the confined-doped one is improved more than 1.6 times. Overall, the

technique of confined-doped in the fiber core provides a promising

approach for the power scaling and single-mode operation of all-fiber

single-frequency lasers.

KEYWORDS

confined-doped fiber, single-frequency amplifier, stimulated brillouin scattering,
transverse mode instability, single-mode operating

Introduction

High power single-frequency fiber lasers and amplifiers are highly desired in numerous

applications, like coherent beam combination [1], gravitation wave detection [2, 3], coherent

lidar systems [4], nonlinear frequency conversion [5, 6] and so on. However, the power scaling

of the single-frequency fiber lasers is primarily limited by the SBS and TMI effects. Till now, a

variety of approaches have been reported to provide effective suppression on these two effects,

separately. For example, approaches like enlarging the mode area or shortening fiber length

[7–9], employing acoustically tailoring technique [10], introducing strain or temperature

gradient [11–13], using gain competition strategy [14–16] and counter-pumping scheme [17,

18] are always applied to suppress the SBS effect. Meanwhile, plenty of effective methods are
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utilized in the high-power laser systems to mitigate the TMI effect,

such as coiling active fiber [19, 20], optimizing pumping wavelength

or signal wavelength [21–23], suppressing the noise property [24,

25], reducing the fiber core to pump cladding ratio [26, 27], and

using gain-tailoring technique [28, 29]. Nevertheless, in a traditional

step-index active fiber assisted single frequency system, inter-

contrary seems to be existed for the simultaneous suppression of

TMI and SBS effects [30–32].

By using special designed active fibers to comprehensively

suppress the SBS and TMI effects, single-frequency fiber lasers

have flourished in the last decade and series of attractive results

have been achieved. Based on the space-coupled configuration, C.

Robin et.al realized an 811W single-frequency fiber laser through an

acoustic and gain-tailored photonic crystal fiber (PCF) with a beam

quality ofM2< 1.2 in 2014 [29]. In 2022, T.Matniyaz et al utilizing an

all-solid photonic bandgap fiber achieved a 500W single-frequency

laser with beam quality value of ~1.6 [33]. Due to the compactness

and stability features of the all-fiber configuration, it is a preferable

choice for applications. Thus, numerous researches on all-fiber single-

frequency lasers have been reported in recent years. For instance, in

2020, W. Lai et al utilizing a LMA tapered active fiber realized a

550W stochastic polarized single-frequency laser and theM2 value is

measured to be 1.47 [34]. Besides, S. Hochheim et al reported a

Chirally-Coupled-Core fiber constructed all-fiber amplifier in

2022 [35], in which a 336W single-frequency laser with high

signal to noise ratio was obtained. All these results proved that the

SBS and TMI effects in high-power single-frequency fiber amplifiers

could be effectively mitigated by using special designed fibers.

Except for the above-mentioned special designed fibers,

confined-doped technique is another promising strategy in fiber

design, which is proposed to have advantage in the comprehensive

suppression of the SBS and TMI effects. Generally, the confine-

doped fibers have a large mode area, which facilitates the

suppression of nonlinear effects. Meanwhile, by changing the

doping ratio of the fiber core, different gains could be provided

to the fundamental mode and high-order modes, which can play a

mode selection role and results in an enhancement of the TMI

threshold [36]. In the previous researches, confined-doped fibers

have been reported to be applied in the high-power fiber laser

systems with nanoscale linewidth and performed an impressive

suppression on the nonlinear effects and TMI effect [37, 38]. In

2022, the confine-doped fiber was also reported to be utilized in a

space-coupled single-frequency amplifier [39] and a 123W single-

frequency laser with M2 value < 1.11 was realized. Those results

illustrate that the confined-doped fiber with optimized fabrication

parameters will be promising for achieving high-power all-fiber

single-frequency lasers with excellent beam quality.

In this work, we build an all-fiber single-frequency amplifier by

using a confine-doped fiber. Based on this amplifier, we investigated

the performances of the confined-doped fiber on power scaling and

beam quality maintaining. As a result, a 322W SBS-limited single-

frequency laser is achieved with high spectral signal-to-noise ratio

(SNR) and near-diffraction-limited beam quality.

Experimental setup

System configuration

The experimental setup of the high-power single-frequency

fiber amplifier is built on the master oscillator power amplifier

(MOPA) configuration, as shown schematically in Figure 1. The

single-frequency source (SFS) is a linearly polarized fiber laser

with a central wavelength of 1,064 nm [40]. The output power

and the 3 dB linewidth of this seed are measured to be 53 mW

and 20 kHz, respectively. Then the seed is injected into a

commercial pre-amplifier (Pre-1) and the output power is

amplified to ~1 W. After Pre-1, an isolator (ISO) is employed

to prevent the backward propagating laser and protect the front

system. Moreover, a band-pass filter (BPF-1) operating at 1,064 ±

1 nm is spliced near behind, which could provide an effective

suppression of the amplified spontaneous emission (ASE) in the

subsequent system. The signal laser is further amplified to ~10 W

through the second pre-amplifier (Pre-2). After that, a high-

power circulator is inserted to export the backward propagating

laser (for power and spectrum measurement). Before the main

amplifier, a high-power band-pass filter (BPF-2) with a

bandwidth of 1,064 ± 1 nm is employed to remove the

sideband noise and suppress the ASE in the main amplifier.

Themain amplifier is constructed in co-pumping scheme and six

976 nm LDs are combined to pump a Yb-doped fiber (YDF) via a (6

+ 1) × 1 pump and signal combiner. In this combiner, the core/inner

cladding diameter of the signal input port is 10/130 µm while that of

the output port is 42/250 μm. The pump delivery fibers of the LDs

and the combiner are all 105/125 µm passive fibers with numerical

aperture (NA) of 0.22. A piece of 1.5-m-long confined-doped YDF is

applied in the main amplifier to provide active gain. Especially, in the

process of constructing the main amplifier, the fused points are

carefully processed to avoid the excitation of high order modes while

the active fiber is properly coiled on a water-cooled plate with a

diameter of 15 cm to filter out high order modes. Finally, the

amplified laser is output through a quartz block holder (QBH).

The collimated output laser is then transmitted to a dichroic mirror

to remove the residual pump before all the measurements.

Design of the active fiber

The active fiber used in the main amplifier is a confined-

doped fiber with absorption coefficient of ~10 dB/m while

pump by the LDs with the central wavelength of 976 nm. The

cross-section of this confined-doped fiber is demonstrated in

Figure 2A. As shown in the picture, the core diameter of the

confined-doped fiber is fabricated as large as 42 µm while the

inner-cladding is fabricated with a diameter (side-to-side) of

250 µm. Especially, according to the previous studies [41, 42],

diverse inner cladding shapes perform differently in coupling

efficiencies of the double-cladding fibers. And a small spiral
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distortion of an otherwise circular inner cladding shape is

shown to enhance the coupling efficiency significantly

relative to other geometries. Therefore, the octagon shaped

cladding is applied in the fabrication of our confined-doped

fiber to enhance the coupling efficiency. Figure 2B illustrates

the refractive index profile along the diameter which could be

divided into three parts. From the outermost layer to the

center, the refractive index increases in a gradient,

representing to the inner-cladding, undoped core and Yb-

doped core, respectively. The doped area is measured to be

30 μm, corresponding to a doping ratio of 71.5%. Moreover,

the effective mode area (Aeff) is defined as:

Aeff � [∫∫E2(r,φ)rdrdφ]
2

∫∫E4(r,φ)rdrdφ
(1)

E(r,φ) represent to the transverse distribution of the electric field

of the fundamental mode. As a result, the Aeff is calculated to be

519.5 µm2.

Simulation analysis and experiment
results

Simulation on the distributions of different
modes

According to the measured refractive index profile along the

diameter, the modes distributions in the active fibers are

simulated under 30 different modes injection. Although all

those 30 modes are degenerate with each other, some of them

only differ in angles and have the same intensity distribution

along the radial direction. Therefore, when analysing the

intensity distribution in the radial direction, those modes have

only angular differences are ignored. As a result, there are

9 modes remained with different radial intensity distributions,

as shown in Figure 3A. The upper half of Figure 3A demonstrates

the intensity distribution of different modes in the full-doped

fiber, where the black circle indicates the full-doped fiber core

(42 µm). The bottom half shows the intensity distribution of

different modes in the confined-doped fiber, where the inner

black circle indicates the doped region (30 µm) and the outer

black circle indicates the undoped region (42 µm). Comparing

the beam profiles shown in Figure 3A, we can see that the profiles

FIGURE 1
Schematic of the experimental setup.

FIGURE 2
Cross-section of the confine-doped fiber; (B) Measured
refractive index profile along the diameter.
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shown in the bottom half are relatively small (in the confined-

doped fiber). This is caused by the difference in refractive index

distribution within the core due to the confined-doped

technique, which leads to the convergence of the beam profile

to the central region of the fiber core [38]. Further, we calculate

the signal filling factors (Γi) of those 9 different modes which are

defined as:

Γi �
∫r1

0
∫2π

0
rψi(r,φ)drdφ

∫r2

0
∫2π

0
rψi(r,φ)drdφ

, (2)

among which r1 and r2 represent to the radiuses of the doped

region and cladding, and ψi(r,φ) denotes the intensity

distribution of mode i. The calculated result has been

illustrated in Figure 3B. Comparing with the full-doped fiber,

the confined-doped fiber shows significant decreases in signal

filling factors for the high-order modes, indicating a salient

performance of the confined-doped fiber on providing

preferential gain for the fundamental mode.

Experiment results

In the experiment, the performance of the full-doped fiber

assisted amplifier is firstly studied. Figures 4A,B demonstrate

the temporal traces and the beam qualities measured at 195 W

and 219 W (representing to the power level before and after

the TMI threshold). As we can see, when the output power is

scaled to 195 W, the temporal trace remains stable and the

classical beam quality (M2 factor) for the x/y direction is

measured to be 1.60/1.59. Besides, we did a numerical

mode decomposition to the beam profile by using the

method mentioned in Ref. [43]. The fundamental mode

(FM, LP01) shares 89.5% of the total power, while high-

order modes (HM, mainly LP11) shares 10.5%. Further

improve the power to 219 W, obvious fluctuation in the

temporal trace occurs, indicating the onset of TMI effect.

Meanwhile, the beam quality degrades quickly and the M2

factor is measured to be 2.10/1.70 for the x/y direction. This

time, the FM shares 48.8% of the total power, while the HM

(mainly LP11) shares 51.2%. In addition, the beam profile of

FIGURE 3
(A) Distribution of different modes in the full-doped (FD) or confined-doped (CD) fiber; (B) the signal power filling factors of different modes in
the FD or CD fiber.

FIGURE 4
Temporal trace and the beam quality of the output laser,
measured at (A) 195 W; (B) 219 W.
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the output laser is slightly out of Gaussian shape before the

TMI threshold, and which are severely deviates from Gaussian

shape after the TMI threshold in the full-doped fiber assisted

amplifier. Over all, full-doped technique in such large-mode

area fiber is not a suitable choice to achieve high-power single-

frequency lasers with excellent beam quality.

Based on the confined-doped fiber constructed all-fiber

single-frequency amplifier, we make a detail investigation on

the power scaling and single-mode operating properties of the

confined-doped fiber. The main characteristics of the injected

seed laser as well as the amplified signal laser have been

demonstrated in the following content. The spectrum and

beam quality of the seed laser at the full power of the pre-

amplifiers are studied firstly. As shared in Figure 5, there is no

ASE observed in the spectrum and the SNR is measured over

56 dB, indicating a pure injection. Meanwhile, the beam

quality is measured by a commercial beam quality analyzer

with M2 value of 1.25 and 1.28 for the x and y direction. The

beam profile recorded at the focus point is shown inserted in

Figure 5, which illustrates that the injected seed is operated at

near-diffraction-limited beam quality.

Then, the performance of the confined-doped fiber on

power scaling and single-mode operating throughout the

power amplification process is investigated. Figure 6A

illustrates the output power as well as the backward power

versus the pump power. Through the power amplification, the

output power arises linearly with the pump power and the

slope efficiency is measured to be 70.1%. When the output

power exceeds 256 W (pumped by 360 W), there is a

significant nonlinear increase in the backward power,

indicating the onset of SBS effect. In this paper, the SBS

threshold is defined as the output power when the

proportion of the backward power to the output power

reaches 0.1%. As shown in the Figure 6A, the SBS

threshold of this amplifier is measured to be 322 W

(pumped by 452 W). Figure 6B is the scanning spectrum of

the output laser, which is measured by a Fabry-Perot

interferometer (FPI) with a free spectral range (FSR) of

10 GHz. This figure illustrates that the signal laser is

operating in the single-frequency state. Further, in

cooperation with a Michelson interferometer composed of a

3 × 3 optical fiber coupler [44], the spectral linewidth of the

output laser is measured to be 37.5 kHz, 29.1 kHz, and

21.3 kHz at the integral time of 5 ms, 1 ms, and 0.3 ms at

the maximum output power.

The spectral information of the signal laser and backward

propagating laser is shared in Figure 7. At the maximum

output power, the spectrum of the output signal laser is

recorded and shown in Figure 7A. As shown in this

picture, the intensity of the output signal is ~48 dB higher

than the pump laser and ~62 dB higher than the ASE

component, i.e., the confined-doped fiber provides a great

suppression of ASE effect. Meanwhile, the spectral of the

backward propagating light are measured at the output

power of 134 W, 256 W and 322 W, which are shared in

FIGURE 5
Spectrum of the signal laser at the full power of the pre-
amplifiers (inset: the beam profile and corresponding beam
quality M2).

FIGURE 6
(A) Output power and backward power versus the pump
power. (B) The scanning spectrum of the output laser.
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Figure 7B. As shown in the picture, two peaks could be found

in the spectrum when the output power is amplified over

256 W, representing to the Rayleigh scattered light and the

Stokes light induced by the SBS effect. The central wavelength

of the Rayleigh scattered light is ~1,064.00 nm (the same as the

signal). As for the Stokes light, an obvious frequency shift is

observed in the spectrum, which is measured to be ~0.06 nm.

Especially, after the onset of SBS effect, the intensity of the

Stokes light increases quickly. And at the maximum output

power, the intensity of Stokes peak is ~14 dB above that of the

Rayleigh peak, namely, Stokes light has dominated the power

composition of backwards light.

Subsequently, the beam quality of the output laser is also

measured at the maximum output power, as shown in

Figure 8. Due to the distortion of the beam profile, there is

a slight difference in the beam waist for the x and y directions.

And the focused location of x direction is at ~412 mm while

that of the y direction is at ~413 mm. The inserted picture is

the near-field intensity profile of the output laser

(demonstrating in a near-Gaussian shape), which is

recorded at the Z location of 412.6 mm. At this time, the

beam quality is measured with M2 value of 1.25 and 1.33 in the

x and y directions, respectively. Overall, the beam quality

value and the near-Gaussian shape intensity profile proves

that the amplifier is working at a near-diffraction-limited

beam quality. Comparing with the beam quality of the

injected seed (shown in Figure 5), only a slight degradation

in beam quality is observed, indicating that the confined-

doped fiber performs well in beam quality maintaining in

single-frequency lasers with near-diffraction-limited beam

quality.

Conclusion

In this paper, we investigated the power scaling and beam

quality maintaining capability of the confined-doped fiber

with core/cladding diameter of 42.0/250.0 μm (the doping

ratio is fabricated at ~71.5%) in all-fiber single-frequency

amplifiers. Based on this all-fiber amplifier, a 322 W single-

frequency laser was achieved and further power scaling is

only limited by the SBS effect. Benefit from the single-mode

operation feature of the confined-doped fiber and proper

coiling of the active fiber, great beam quality is obtained

with M2 value of 1.25 and 1.33 for the x and y direction.

Comparing with the full-doped fiber assisted amplifier,

both the TMI threshold and beam quality of the confined-

doped fiber assisted amplifier have been significantly

improved. This result confirms the excellent performance

of the confined-doped fiber for power scaling and single-

mode operating in all-fiber single-frequency fiber

amplifiers. It also provides a well reference of the

comprehensive suppression of the SBS and TMI effects in

all-fiber single-frequency lasers.

FIGURE 8
Beam quality measured at 322 W.

FIGURE 7
(A) The spectral of the signal laser; (B) Spectrum of the
backward propagating laser.
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