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Abstract

In this paper, we report a high power long-pulse single-frequency all-fiber
amplifier at 1064 nm with near-diffraction-limited beam quality based on a
polarization-maintaining tapered Yb-doped fiber (T-YDF). By applying square
wave pulse modulation to the diodes, with a frequency of 50 Hz and a pulse
width of 668 ps, the peak power of the output laser reached 257 W with an
average power of 8.65 W, linewidth of 10.6 kHz and M? < 1.5.
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1. Introduction

Single-frequency fiber laser is attracting more and more interest due to its wide
application potential in gravitational wave detection (GVD) [1], coherent LIDAR
[2], nonlinear frequency conversion (NFC) [3], coherent beam combining (CBC)
[4] and so on. Due to the non-linear effects and transverse mode instability, such
high-peak-power laser output is difficult to achieve via monolithic Single-fre-
quency fiber lasers. The primary limiting factor in the power scaling process of
single frequency fiber laser is usually considered to be stimulated Brillouin scat-
tering (SBS) [5] [6] [7], which is known as the primary limitation factor of high-
power single-frequency amplification, and could be suppressed by adopting a
specially designed gain-tailored fiber [8] [9], a standard double-cladding large-
mode-area (LMA) fiber with a high dopant concentration [10] [11] [12], a strain
gradient [13], a temperature gradient [14], a tapered LMA fiber [15] and so on.
Master oscillator power amplifier (MOPA) configuration is often employed for

further power scaling, and several hundred watts of output power have been
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achieved.

In 2007, S. Gray et al reported 500 Watts 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
[16]. Yb**-doped fiber with core diameter of 39 um and pump absorption coeffi-
cient of 3.2 dB/m was used to realize 502 W laser power while near single-mode
operation with an M? of 1.4 was obtained due to the low core numerical aperture
of 0.05. A record output power of 811 W has been realized by using a specially
fabricated photonic crystal fiber, but not all-fiber structure and with a linewidth
of 1.99 MHz [17]. In 2020, a 550-W single-frequency all-fiber amplifier at 1030
nm with tapered Yb**-doped fiber was reported [18], where gradually increased
fiber core diameter provided a larger mode field diameter and a broadened SBS
gain spectrum for higher SBS threshold. As for all-fiber single frequency fiber
amplifier, 414 W linear-polarized output power has been reported by imposing
strain gradient on a high-concentration PM LMA active fiber, the single fre-
quency seed with linewidth of 20 kHz, and the linewidth of output laser not
mentioned [19]. Moreover, the T-YDF has core/inner cladding diameters of
36.1/249.3um at the input port and 57.8/397.3um at the output port and the
whole length is 1.27 m. However, the output laser has a resolution-limited line-
width of 45 MHz, when the linearly polarized single frequency seed is a fiber la-
ser with linewidth of 20 kHz. Most of single frequency fiber laser focus on con-
tinuous laser output, and pulse laser output has been reported rarely. In 2019, a
single-frequency 100 ns/0.5m] pulses laser with a 5 MHz linewidth seed laser
and tapered fiber with 50 um diameter core in the output was reported, and
reached 2.2 kW peak power with 18.7 dB polarization extinction [20].

Up to now, high power long-pulse single-frequency all-fiber amplifier is not
reported, but that with high peak power and high energy is preferred in some
coherent detection applications. In this manuscript, we demonstrate a long-pulse
single-frequency all-fiber amplifier emitting at 1064 nm based on a high-dopant-
concentration T-YDF. For diode-pumped monolithic fiber lasers, by applying
square pulse modulation to the pumping diodes, we obtain a pulse laser output
with a frequency of 50 Hz and a pulse width of 668 s, the peak power of the
output laser reached 257 W with an average power of 8.65 W, linewidth of 10.6
kHz and M? < 1.5.

2. Experiment Setup

The experimental setup is depicted in Figure 1, consisting of a seed laser and
three-stage amplifiers. After an isolator, a 50 mW single-frequency linearly pola-
rized seed laser with a center wavelength of ~1064 nm and a nominal linewidth
of 1.8 kHz is injected into the first-stage amplifier. In the first-stage amplifier, a 2
m long PM single-cladding Yb-doped fiber (PM-YSF-HI-HP) with
core/innercladding diameters of 6/125pum is utilized. Via wavelength division

multiplexe, the active fiber is forward pumped by one 700 mW laser diode (LD)
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Figure 1. Experimental setup (ISO, isolator; LD, laser diode; WDM, wavelength division
multiplex; YSF, Yb-doped single-cladding fiber; CPS, cladding power stripper; YDF, Yb-
doped double-cladding fiber).

at 976 nm. The boosted signal light with a power of 185 mW is then launched
into the second-stage amplifier after an isolator. Then the laser is launched into
the second pre-amplifier utilizing a of 2 m long fiber (Yb1200-10/125DC-PM)
with core/cladding diameter of 10/125um. A 18 W laser diode (LD) with 976 nm
central wavelength is used to pump the active double-cladding fiber via a (2 + 1)
x 1 pump combiner, and applying square-wave pulse modulation to the diodes.

The power amplifier is pumped by three 120 W 976 nm LDs through a (6 + 1)
x 1 signal-pump combiner, and applying square-wave pulse modulation to the
diodes, with a frequency of 50 Hz and a pulse width of 668 ps, for example. In
power amplifier, a polarization-maintaining tapered Yb-doped fiber (T-YDF)
was used as shown in Figure 1. The T-YDF with a 976 nm absorption coefficient
of 9 dB/m has core/inner cladding diameters of 35/250um at the input port and
56/400um at the output port, the whole length is 1.5 m and taper length is about
0.7 m. A cladding power stripper (CPS) is integrated in the output port of
T-YDF to strip the residual pump light and ASE light, and an endcap is spliced
behind CPS.

3. Experiment Results and Discussion

A plot of the signal average power versus pump power (the peak power of the
output laser reached 257 W for an average power of 8.65 W) is shown in Figure
2, the output average power of the main amplifier has a 81.9% slope efficiency
against pump power. It is found that the output beam has an excellent mode
quality and demonstrates single-transverse-mode operation with M? < 1.5, which
implies that the amplifier produced a near-diffraction limited output.

A seed oscillator with an SNR of ~50 dB is selected (as shown in Figure 3).
However, compared with that of the seed oscillator, the SNR of the fiber laser is
deteriorated to 45 dB due to the ASE noise. The spectrum of the backward
propagating light was also recorded and is plotted in Figure 4 for the cases of
4.71 and 8.65 Watts of forward output power. With only 4.71 Watts of output
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Figure 2. Signal versus pump power.
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Figure 4. Spectra of backward propagating light for 4.71 Watt and
8.65 Watt average powers.
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Figure 5. Pulse shape after power amplifier. (a) Pulses for multi-period with a frequency
of 50 Hz and a pulse width of 668 ps; (b) Single-pulse shape with a frequency of 50 Hz
and a pulse width of 668 ps; (c) Pulses for multi-period with a frequency of 100 Hz and a
pulse width of 333 ps; (d) Pulses for multi-period with a frequency of 66 Hz and a pulse
width of 512 ps.
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Figure 6. Measurement of laser linewidth for output laser.
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power, the Stokes peak not exists. At 8.65 Watts of output power the Stokes peak
is almost equal in magnitude to the spectra main peak, indicating a significant
increase in the relative level of Brillouin scattered light.

For comparing, 1.5-m YDF (Liekki Yb1200-30/250-PM, Core NA of 0.062)
with absorption coefficient at 976 nm is up to 10.2 dB/m is applied to long-pulse
single-frequency all-fiber amplifier. The signal average power is up to 7.48 W,
and the peak power of the output laser reached 217 W, that is lower than am-
plifier with active fiber T-YDF. T-YDF is proven to achieve high power single
frequency output. This is due to the SBS frequency shift vary with the changed
diameter of T-YDF [21], which results in a broadening SBS gain spectrum and
can suppress SBS effectively.

By applying square wave pulse modulation to the LDs, the pulse shape of the
output laser with a frequency of 50 Hz and a pulse width of 668 ps is shown in
Figure 5(a) and Figure 5(b). The frequency and pulse width could be adjusted
in a wide range for application requirement, for a frequency of 100 Hz and a
pulse width of 333 us, or a frequency of 66 Hz and a pulse width of 512 s, as
shown in Figure 5(c) and Figure 5(d). The pulse duty factor is almost no
change when we adjust the frequency and pulse width, so the average power is
almost no change, and the level of Brillouin scattered light is almost equal.

Measurements of laser linewidth are performed with a self-heterodyne me-
thod using a 60 km fiber delay. The fitting lineshape reveal a linewidth of 212
kHz with —20 dB from the peak of the Lorenz fitting line of optical beat signal at
the maximum average power of 8.65 W, as shown in the Figure 6, which cor-
responded to a 3-dB laser linewidth of 10.6 kHz. The spectral linewidth appears
some broadening than a laser linewidth of 1.8 kHz for seed oscillator, perhaps
because nonlinear effects, such as self-phase modulation and four-wave mixing
[22].

4. Conclusion

In conclusion, a high power long-pulse single-frequency all-fiber amplifier at
1064 nm with near-diffraction-limited beam quality based on a polarization-
maintaining tapered Yb-doped fiber (T-YDF). Due to the non-linear effects,
high-peak-power laser output is difficult to achieve via monolithic fiber lasers.
By contradistinctive experiment, the T-YDF has more advantages of effectively
suppressing Stimulated Brillouin Scattering (SBS) than large mode field YDF
(Liekki Yb1200-30/250-PM). By applying square wave pulse modulation to the
diodes, with a frequency of 50 Hz and a pulse width of 668 s, the peak power of
the output laser reached 257 W with an average power of 8.65 W, and M? < 1.5
in the two orthogonal directions, respectively. The linewidth of 10.6 kHz at the
peak power of 257 W is broader than 1.8 kHz for seed oscillator, perhaps be-

cause nonlinear effects, such as self-phase modulation and four-wave mixing.
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