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Abstract: The all-fiber ASE source is an intriguing tool in the fields of super-fluorescence detection,
coherent measurement and spectrum analysis technology. We experimentally demonstrate a con-
tinuous all-fiber amplified spontaneous emission (ASE) source based on amaster-oscillator power
amplifier (MOPA) system, which aims at achieving high power and frequency stability. The seed
source is homemade ASE low power super-fluorescence source with 200 mW. The system employs
large-mode-area Yb*-doped double-clad fiber (LMA-DCF), and the maximum power can reach
1.73 kW at a center wavelength of 1079.36 nm, and can maintain an optical-to-optical conversion
efficiency of 79.13%. During 30 min of real-time monitoring, the ASE source system did not generate
a nonlinear effect, and power fluctuation was less than 2%.
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1. Introduction

Low-coherence bandwidth sources show unparalleled superiority in applications of
fiber sensing and detection [1]. Additionally, high-power amplified spontaneous emission
(ASE) sources based on rare-earth-doped fibers show numerous benefits, such as temporal
stability, high thermal stability and short coherence length. Their excellent performances
make them suitable for optical coherence tomography, low-coherence interference and
optical fiber sensing [2,3]. Furthermore, compared with commercial broadband super
luminescent diodes (SLD), ASE sources have the advantages of excellent beam quality and
high conversion efficiency [4]. In doped fibers, with increasing fiber-stimulated ion ASE,
the particle numbers display a sharp inversion at the threshold, and the source produces a
super-fluorescence phenomenon. The longitudinal mode of the super-fluorescence source
covers a wide range, which perform stable in some spectrum amplifying. In a great deal of
laser technology research, super-fluorescence sources (ASE sources) are receiving extensive
attention as seed sources.

The ytterbium-doped fiber (YDF) ASE source possesses characteristics of fluorescence
and lasers in rare-earth-doped fibers. Ytterbium-doped fiber (YDF) has a wide range of
the oscillating spectrum, especially in the C band of high work efficiency [5]. YDF adopts
the structure of large-mode-area (LMA) fibers to improve laser output power, with a LD
pump of high power and high brightness, so that the ASE source output power can attain
an average (or higher) level [6-8]. In recent years, many works of research investigating
high-power ASE sources have been demonstrated. Relevant research has shown that 1um
bands were conducive to generating high-power ASE sources. The researchers mainly
extracted super-fluorescence sources from ASE sources or extended spectral line widths
by ASE seed sources. Wang et al. researched the wavelength range of 1 um, and utilized
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combinatorial methods of multi-mode bias fibers and adouble-head super-fluorescence
source, which had anoutput power of 110 W and anoptical conversion efficiency of 68%, a
measured beam quality factor (M?) of 1.6 and afull width at half maximum (FWHM) of
40 nm. The central wavelength was 1063 nm and the spectral bandwidth range covered
1032~1120 nm [9]. Furthermore, they also improved the efficiency of ytterbium-doped
double-clad helical core fibers in super-fluorescence (non-laser) structures; the system
output power was 107 W with ahighest optical conversion efficiency of 76% at 1075 nm,
and the spectral bandwidth was 1030~1160 nm.The corresponding FWHM was 37 nm and
the measured beam quality factor (M?) was 2.8; they also achieved the effect of suppressing
laser helical core fibers [10]. In 2007, Wang et al. researched fluorescent seed sources in
the two-stage MOPA amplification system, whose minimum seed power was 10 mW. The
output power was 106 W with anoptical conversion efficiency of 67% at 1030 nm. The
spectral bandwidth covered 1035~1100 nm, with a FWHM of 21 nm and a beam quality
factor (M?) of less than1.1 [11]. In 2011, Schmidt et al.built a three-stage MOPA system
with a fluorescence source. The fluorescent seed source was 400 mW, and the maximum
output power was 697 W, with anoptical conversion efficiency of 69% at 1030 nm. The
output’s spectral bandwidth was 1030~1160 nm and the beam quality factor (M?) was less
than 1.34 [12]. In 2012, Cao et al. reported a super-fluorescence source generated by an
ytterbium-doped fiber amplifier based on an all-fiber MOPA structure. The system’s super-
fluorescent seed source was 3 W, and the maximum output power was 102 W with anoptical
conversion efficiency of 70% at 1050 nm. The spectral bandwidth was 1020~1130 nm and
the FWHM was 21 nm [13]. In 2014, Liu et al. constructed an all-fiber super-fluorescence
source with MOPA-doped thulium, whose output the power was 100 W, and whose optical
conversion efficiency was 60% at 1985 nm. The spectral bandwidth was 1935~2075 nm,
corresponding to a FWHM of 25 nm [14]. In 2015, Huang et al. designed a two-stage MOPA
all-fiber system, whose maximum super-fluorescence seed source output was 0.8 W. The
whole system’s output power was 1.01 kW, and the optical conversion efficiency was 80.3%
at 1074.4 nm. The spectral bandwidth was 1040~1100 nm, corresponding to a FWHM of
8.1 nm and abeam quality factor (M?) less than 1.8 [15]. In 2015, Huang et al. designed a
three-level MOPA polarization-maintained all-fiber (PMF) super-fluorescence sourcesystem,
with asystem seed source of 30 mW. The system’s maximum output power was 1.42 kW,
with anoptical conversion efficiency of 80% at 1074 nm. The spectral bandwidth was
1050~1100 nm, with a FWHM of 11 nm and a beam quality factor (M?) of 1.14 [16]. In 2016,
An et al. established an all-fiber single-stage amplification super-fluorescence source, with
an output power of 184 W and an optical efficiency of 78% at 1055 nm. The ASE spectra
range was 1030~1100 nm and the FWHM was larger than 20 nm [17]. In 2020, Li et al.
established an all-fiber MOPA super-fluorescence source, with a seed source of 2.23 W. The
system’s output power was 1 kW with an optical efficiency of 75% at 1055 nm. The ASE
spectrum range was 1045~1085 nm and the beam quality factor (M?) couldattain a value of
1.40 [18]. In 2021, Wu et al. established a super-fluorescence source with Yb-Raman fiber
amplifiers; the system’s output power was 1.16 kW and optical efficiency was 72.5% at
1120 nm. The ASE spectrum was within the range of 1045~1085 nm, and the FWHM was
4.77 nm [19].

In this work, we developed a high-power ASE super-fluorescent source utilizing ASE
spectral properties. We built an all-fiber continuous ASE source based on the MOPA system.
The seed source used ahomemade ASE low-power super-fluorescence source (200 mW).
The seed source was amplified through multi-stage 975 nm pumps, with amaximum
continuous power of 1.73 kW and aFWHM of 3.7 nm at 1079.36 nm. The system had no
nonlinear effects orhigh-order mode interference. Based on the measurements, the ASE
source system’s output power a maintained stable state, and the beam quality factor (M?)
was less than or equal to 1.763.
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2. Experimental Setup

As shown in Figure 1, the experimental setup of the ASE source is set up based on
MOPA system. To obtain a super-fluorescence source with highly efficient excitation and
as table low power output, we generated an ASE seed source by the backward pumping
method. In the experiment, we employed a 5 m homemade ytterbium-doped fiber (LMA-
YDF-10/130); it served as the gain fiber of the laser seed with an absorption of 4.57 dB/m
at 975 nm, and the NA of the core and cladding was 0.075 and 0.46, respectively. In order to
reduce the back-end reflection entering the gain fiber and restrain parasitic oscillation, we
adopted an incidence angle of 8°. The seed wasa homemade ASE source with a maximum
average power of 200 mW, which was amplified by a four-stage MOPA system. In the first
and second pre-amplifier, two sections of 5 m ytterbium-doped fiber (LMA-YDF-15/130)
were pumped by a 975 nm multimode laser diode (LD) through a (2 + 1) x 1 coupler.
The cladding absorption efficiency was 5.30 dB/m at 975 nm, and the NA of the core and
the cladding was 0.08 and 0.46, respectively. In the third pre-amplifier, we adopted an
ytterbium-doped fiber (LMA-YDF 20/130) of 10 m, which had an average absorption of
8.10 dB/m at 975 nm and was equipped with 0.08 NA and 0.46 cladding. An optical isolator
was inserted to block the back-reflection in the system. The power monitors detected the
power of the signal source in real time, and minimized damage to the signal source in
the amplification process.The Mode Field Adaptor (MFA) enhancedthe efficiency of mode
matching, and restrainedhigh-order modes. The main amplifier utilized 20 m of LMA-YDF
20/400 (Nufern Company, East Granby, CT, USA), and the NA of the core and cladding
was 0.06 and 0.46, respectively. The average absorption coefficient can be quantified as
1.27 dB/m at 975 nm. The homemade CLS (cladding light stripper) waswelded after the
active fiber, which absorbed the residual pump light from cladding. After the signal light
wasoutput through the CLS, it was connected to the 0.5 m-long passive fiber and output to
the space through a collimator. The whole system was cooled by water-cooling to improve
the laser performance.
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| :
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Figure 1. All-fiber amplifier system of ASE source.

3. Experimental Results and Discussion

In the experiment, we developed a low-power ASE seed.Short gain fibers and low
pump power were applied to improve the stability of output power. The seed power grad-
ually increased during the ASE magnifying process, and the minimum super-fluorescence
output power was 200 mW. The spectrum of ASE super-fluorescence seed was detected as
shown in Figure 2. The super-fluorescence spectral width was about 1048~1085 nm. The
central wavelength of the ASE seed was 1070 nm and the FWHM was 28 nm. Due to the
8° angle at the end of the Yb-doped fiber, self-excited oscillation was not observed.
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Figure 2. Spectrum of ASE super-fluorescence seed.

When the pump power was 245 W, the pre-amplifier output power was about 128 W. To
maintain the stability of the amplification spectrum, the low-power 5 W pump source was
used in the first stage of amplification. In the three-stage pre-amplification spectrum, with
increases in pump power and output power, the central wavelength appeared to display
a red-shift (frequency-shift) phenomenon, as shown in Figure 3. This phenomenon also
appeared in the power amplification stage (main stage amplification). Interestingly, during
each stage of pre-amplification, we also discovered that the FWHM was gradually reduced
from 25 nm to 13 nm, and the FWHM was reduced to 3.7 nm at the power amplification
stage (main stage amplification). The central wavelength and FWHM versus different
output powers were altered as shown in Figure 4. With increasing output power, the central
wavelength kept shifting and increasing. After the power increased to 1.73 kW, the central
wavelength tended to be stable, and the FWHM tended to decrease with increasing output
power. In the output process of the power amplification stage (main stage amplification),
the FWHM showed a relatively stable state.
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Figure 3. The spectrum’s red-shift trend.
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Figure 4. Variation trend of output power and FWHM.

Due to the spectrum’s red-shift (central wavelength shift) trend and the FWHM
narrowing, first of all, with increasing LD pump drive current, the pump’s working tem-
perature increased, and the 975 nm pump’s wavelength appeared to be frequency-shifted
(976~980 nm), so the gain fiber absorption pump’s wavelength was altered. The secondly,
with increasing optical amplification power, the internal temperature of the fiber increases
accordingly. The gain fiber temperature of the power amplification stage was, again, higher
than the gain fiber temperature of the pre-amplification stage, while the optical absorption
of the short-wavelength signal met the fiber temperature under certain conditions. With
agradual increase in temperature, the optical absorption of the long-wavelength signal was
dominant. With anincrease inoptical frequency, the center of the gain spectrum moved
to the long wavelength, and the line width gradually became narrower. Finally, as the
gain of doped particles in the gain fiber increased, anumber of particles showedactive
inversion and interacted with lattice thermal phonons to produce an energy exchange. As
the temperature increased, the corresponding changes were manifested in the frequency
spectrum and frequency drift of the central wavelength.

As shown in Figure 5, the output power linearly increased with pump power. The
maximum output power could reach 1.73 kW with a pump power of 2.18 kW, corresponding
with an optical-to-optical efficiency of 79.13%. With a gradual increase in ASE source power,
the frequency shift of the output spectrum kept changing. The peak power of the central
wavelength was concentrated at 1079.36 nm, and the peak power of the system was
1.73 kW, as shown in Figure 6. To verify the stability of the output power, the system
operated for 30 min, and the experimental results were detected in real time. The output
power instability was less than 2%, as shown in Figure 7a,b. The continuous all-fiber ASE
source amplification system did not display self-pulsation, relaxation oscillation orpower
inversion phenomena. The experimental results indicated that it was feasible to further
improve the pumping power and output power via controlling the stable output of the
amplifiers at all stages.

In the experiments, we measured the beam quality of the 1.73 kW ASE source. The mea-
suring method adopted the evaluation criteria commonly used in the laser industry [20,21].
We established a nonlinear fitting function for the optical transmission process and used
the sampled data to fit the function [22,23]. As shown in Figure 8, the beam quality factor
(M?) was 1.649 in the x-direction and 1.763 in the y-direction.
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Figure 5. Optical-to-optical conversion efficiency.
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Figure 6. Main spectral line frequency-shift process.
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Figure 8. Beam quality factor (M?) of ASE source at the output power of 1.73 kW.

4. Conclusions

In this paper, we demonstrate a continuous high-power all-fiber ASE source based on
the MOPA system. The seed source is a homemade ASE source (super-fluorescence) with a
200 mW power output. Through the four-stage MOPA system, the maximum output power
can reach 1.73 kW, which corresponds to an optical-to-optical conversion efficiency of
79.13%. The central wavelength is 1079.36 nm and the FWHM is 3.7 nm at 1.73 kW output
power. We analyze the frequency-shift phenomenon of the center wavelength and the
bandwidth’s narrowing effect during ASE seed source amplification. The system suppresses
higher-order mode disturbances and nonlinear effects. The output power fluctuation is less
than 2%. The beam quality factor (M?) is 1.649 in the x-direction and 1.763 in the y-direction.
The system can be extensively used in the fields of super-fluorescence detection, material
composition analysis, coherent measurement, fiber sensing and spectral analysis.
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