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Abstract
The superfluorescent fiber source (SFS) with tunable optical spectrum has shown great application potential in the
sensing, imaging, and spectral combination. Here, we demonstrate for the first time a 2-kW-level wavelength and
linewidth tunable SFS. Based on a flexible filtered SFS seed and three stages of fiber amplifiers, the output power can be
scaled from the milliwatt level to about 2 kW, with a wavelength tuning range of 1068–1092 nm and a linewidth tuning
range of 2.5–9.7 nm. Moreover, a numerical simulation is conducted based on the generalized nonlinear Schrödinger
equation, and the results reveal that the wavelength tuning range is limited by the decrease of seed power and the
growth of amplified spontaneous emission, whereas the linewidth tuning range is determined by the gain competition
and nonlinear Kerr effects. The developed wavelength and linewidth tunable SFS may be applied to scientific research
and industrial processing.
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1. Introduction

The superfluorescent fiber source (SFS), which originates
from the superfluorescent radiation in the gain medium of
optical fiber, not only has the advantages of fiber lasers,
such as high efficiency and high beam quality[1,2], but also
inherits the merits of superfluorescent sources, such as
broadband emission and low coherence[3,4], thus showing
great application potential in sensing, spectroscopy, biomed-
ical imaging, and so on[5–8]. Compared with fiber oscillators,
which have well-defined cavities, the SFS shows higher
temporal stability while maintaining good power scalabil-
ity[9,10], so it is suitable for pumping optical parametric
oscillators (OPOs)[11,12] and Raman fiber lasers (RFLs)[13,14].
However, a broadband-emitted SFS is not preferred for these
applications. For example, the low spectral power density
accompanied by the broadband spectrum brings a slight loss
in the efficiency of frequency down-conversion in OPOs[15].
In addition, broadband pumped RFLs also show incomplete
pump conversion, which limits the improvement of spectral
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purity and optical efficiency[16]. Therefore, a high-power
SFS with a flexible and manipulable spectrum is more
attractive and can benefit various practical applications,
such as spectral beam combination[17] and coherent beam
combination[18].

Due to the property of broadband emission, the SFS
provides an ideal option for achieving a narrowband and
wavelength-tunable light source. Through filtering, one can
obtain an optical spectrum similar to that of fiber oscillators
while eliminating the self-mode locking characteristic[19,20].
In the past decade, extensive efforts have been devoted
to high-power SFSs with narrowband output spectra[21–24].
Moreover, based on the master oscillator power amplifier
(MOPA) configuration, the output power of the narrowband
SFS has been scaled to several kilowatts[23,24]. In addition to
the narrowband spectrum with a fixed central wavelength,
high-power wavelength-tunable SFS has also gained much
attention in recent years[25–27]. In 2009, Wang et al.[25] first
reported a tunable Yb-doped SFS with a wavelength tuning
range of 1034–1084 nm and a linewidth narrower than
0.5 nm. However, the output power was limited to a 100-mW
level because of the space structure and the onset of parasitic
lasing. In 2020, Ju et al.[26] achieved a tunable SFS with
the ultra-narrow linewidth of 0.088 nm, and the operating
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Figure 1. (a) Experimental setup. YDF, ytterbium-doped fiber; LD, laser diode; ISO, isolator; BA-TOF, bandwidth-adjustable tunable optical filter; Pre-
amp., pre-amplifier; CLS, cladding light stripper; QBH, quartz block head. Inset: output spectrum of the broadband SFS seed. (b) Wavelength-tunable spectra
after the BA-TOF. The legend indicates the central wavelength of the filter. (c) Seed power as a function of the filtering wavelength.

wavelength could be tuned from 1035 to 1055 nm with an
output power of more than 300 W. In the same year, Li
et al.[27] boosted the output power of a tunable narrowband
SFS to the kilowatt level, in which the wavelength tuning
range reached 40 nm and the full width at half maximum
(FWHM) linewidth was less than 0.71 nm.

As can be seen, the results mentioned above focus on the
narrowband operation and/or wavelength tunability of high-
power SFSs, but, in fact, an SFS with more flexible output
spectra (namely, independent tuning of both wavelength
and linewidth) can significantly benefit applications such as
imaging, RFLs and the spectral beam combination[7,16,17].
In 2019, we developed a spectrum-manipulable SFS with a
wavelength tuning range of 1050–1075 nm and a linewidth
tuning range of 0.4–15.2 nm[28]. However, the maximum
output power is limited to a 100-W level due to the avail-
able pump power. In addition, no theoretical simulation is
conducted to analyze the limiting factors of the tuning range.

In this paper, we boosted the output power of a wave-
length and linewidth tunable SFS to about 2 kW. The
central wavelength can be continuously tuned from 1068
to 1092 nm, while the spectral linewidth is independently
tunable from 2.5 to 9.7 nm. Based on the combining of rate
equations and the generalized nonlinear Schrödinger equa-
tion (GNLSE), we numerically simulated the generation and
amplification of the SFS, and the simulation results revealed
the limiting factors of the wavelength and linewidth tuning
ranges.

2. Experimental setup

Figure 1(a) shows the schematic of the experimental setup.
The high-power wavelength and linewidth tunable SFS is
based on the standard MOPA configuration, which includes a
broadband SFS seed, a bandwidth-adjustable tunable optical
filter (BA-TOF), two stages of pre-amplifiers and a main
amplifier. The broadband SFS seed is pumped by a laser
diode (LD) operating at 915 nm. A section of 16-m-long
10/125 μm Yb-doped fiber (YDF) is employed as the gain
medium. The numerical apertures (NAs) of the core and
inner cladding are 0.075 and 0.46, respectively, and the
cladding absorption for the 915 nm pump light is about
1.2 dB/m. Two broadband isolators (ISOs) are utilized to
block the backward feedback[28]. The broadband SFS seed
is then spliced with a customized fiber-pigtailed BA-TOF,
which enables the independent tuning of the operating wave-
length over a range of 1050–1100 nm, and the filtering
passband over 0.5–25 nm. The filter’s out-band suppression
ratio (from the transmission peak to the average of back-
ground) reaches approximately 50 dB. Pre-amplifier 1 is a
commercial module operating at around 1080 nm, which can
boost the power from the milliwatt level to approximately
3 W. Pre-amplifier 2 is pumped by 976 nm LDs and utilizes
a section of 6-m-long 10/125 μm YDF as the gain medium,
and it can further improve the power to approximately
40 W. To protect the fore-stagesystem, each pre-amplifier
is followed by a broadband isolator. The main amplifier

https://doi.org/10.1017/hpl.2021.43 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2021.43


2-kW-level tunable superfluorescent fiber source 3

Figure 2. (a) Wavelength-tunable spectra after pre-amplifier 2. The filter passband for 1070–1085 nm is fixed at 4 nm, whereas that for 1068, 1090, and
1092 nm is increased to 6 nm. (b) Central wavelength difference between the output spectra of the filtered seed and pre-amplifier 2. (c) Wavelength-tunable
spectra after the main amplifier. (d) Central wavelength difference between the output spectra of the filtered seed and the main amplifier. (e) Power evolution
at 1070 nm. (f) Maximum output power as a function of the operating wavelength.

adopts the backward-pumped structure, which can suppress
the stimulated Raman scattering (SRS) and spectral broad-
ening compared with the forward-pumped structure[29,30].
Twenty-one LDs with a total output power of 2.5 kW
centered at 976 nm are employed as the pump sources. A
section of 16-m-long 20/400 μm YDF is used as the gain
medium, the fiber core NA and the inner cladding NA are
0.06 and 0.46, respectively, and the cladding absorption is
approximately 1.2 dB/m near 976 nm. The residual pump
light and the high-order mode scattering light are dumped
by a cladding light stripper (CLS) in the cavity. In addition, a
quartz block head (QBH) is utilized to output the high-power
light beam and suppress the unwanted feedback.

3. Experimental results

3.1. Experimental details of the high-power wavelength-
tunable SFS

We first investigated the wavelength-tunable operation of
the high-power SFS. The inset of Figure 1(a) shows the
output spectrum of the broadband SFS seed, which covers a
spectral range of 1060–1115 nm under the measured optical
signal-to-noise ratio (OSNR) of 45 dB, and the spectral
peak is located at approximately 1080 nm with an FWHM
linewidth of approximately 10 nm. Taking the filter passband

of 4 nm as an example, the wavelength-tunable spectra
after the BA-TOF are shown in Figure 1(b). Note that the
seed power decreases dramatically with the filter wavelength
deviating from the central peak; to improve the powers of
the sideband wavelengths and reduce the amplification ratio
of pre-amplifier 1, the filter passband for 1068, 1090, and
1092 nm is increased to 6 nm. Figure 1(c) shows the seed
powers with different filter wavelengths. The highest seed
power reaches approximately 18.7 mW at 1080 nm, whereas
the powers at 1068 and 1092 nm decrease to 1.1 and 2.7 mW,
respectively.

Figure 2(a) depicts the wavelength-tunable spectra after
pre-amplifier 2. Unlike the seed spectra with sharp edges, the
output spectra of pre-amplifier 2 show considerable spectral
broadening. Moreover, due to the relatively low powers
of the sideband wavelengths, such as 1068 and 1092 nm,
amplified spontaneous emission (ASE) occurs during the
amplification process. The intensity difference between the
signal peak and the ASE background is approximately 35 dB.
In addition, due to the gain competition, a variation in the
central wavelengths has been observed[31–33], as presented
in Figure 2(b). The wavelength difference �λ is defined as
λamp–λseed, where λamp and λseed represent the central wave-
lengths of pre-amplifier 2 and the filtered seed, respectively.
The spectrum at 1068 nm shows a wavelength red-shift
of approximately 0.4 nm, whereas the central wavelengths
over 1070–1085 nm have no major changes, and the spectra
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at 1090 and 1092 nm exhibit an obvious blue-shift of approx-
imately 0.5 nm. Figure 2(c) shows the wavelength-tunable
spectra after the main amplifier, which are a little spiky
due to the intermodal interference of the multi-mode (MM)
coupling fiber used in the spectral measurement[34]. We also
analyzed the wavelength variation of the main amplifier, as
presented in Figure 2(d), where the wavelength difference
�λ is also defined as λamp – λseed. Compared with pre-
amplifier 2, the main amplifier shows a further wavelength
blue-shift. The longer the central wavelength, the more
considerable the wavelength variation. For instance, the
wavelength blue-shift at the central wavelengths of 1090 and
1092 nm increases to approximately 0.8 nm. The wavelength
variation is related to the spectral distribution of the gain
coefficient, and the central wavelength will drift towards
the region with the maximum gain coefficient. The gain
distribution in the spectral domain is dependent on the
pump power, fiber parameters and even temperature[31,32].
In our case, the wavelength region with the maximum gain
coefficient is located near 1070 nm (according to the ASE
background), and thus the spectrum at 1068 nm shows a
wavelength red-shift, whereas the central wavelengths over
1070–1085 nm have a small blue-shift and the spectra at 1090
and 1092 nm exhibit a larger blue-shift.

Figure 2(e) shows the power evolution of the main ampli-
fier at the central wavelength of 1070 nm. The maximum out-
put power reaches approximately 2010 W with the injected
pump power of 2500 W, corresponding to a slope efficiency
of about 80.3%. Figure 2(f) presents the maximum output
power as a function of the operating wavelength. The full
output power over the wavelength range of 1070–1085 nm
exceeds 1930 W. Meanwhile, at 1090 and 1092 nm, due to the
considerable growth of ASE light near 1070 nm (as shown in
Figure 2(c), the intensity difference between the signal peak
and the ASE reduces to below 20 dB), the maximum output
power is only amplified to 1060 and 590 W, respectively. In
addition, because the seed power is too weak at 1068 nm
(~1.1 mW), and to ensure the system safety, the maximum
output power at 1068 nm is only scaled to 1050 W.

3.2. Experimental details of the high-power linewidth tun-
able SFS

We also explored the linewidth tunable operation of the high-
power SFS. Taking the central wavelength of 1080 nm as an
example, the seed spectra with different filtering passbands
are shown in Figure 3(a). The legend represents the FWHM
linewidth of the filtered spectrum. Figure 3(b) shows that
the seed power increases with the spectral linewidth; the
minimum seed power is 4.7 mW whereas the maximum seed
power reaches approximately 51.5 mW.

Figure 4(a) presents the linewidth tunable spectra after
pre-amplifier 2. Due to the nonlinear effects, such as

Figure 3. (a) Linewidth tunable spectra after the BA-TDF. The legend
represents the FWHM linewidth of the filtered spectrum. (b) Output powers
of the filtered SFS seed with different FWHM linewidths.

self-phase modulation (SPM)[23,24], the optical spectra have
different degrees of broadening. Here we introduce a spectral
broadening factor, defined as �λout/�λin, where �λout and
�λin respectively represent the spectral FWHM linewidth of
pre-amplifier 2 and the seed. As shown in Figure 4(b), the
broadening factor decreases with the increment of the seed
linewidth, indicating that the narrower the input spectrum,
the stronger the spectral broadening in the amplifiers.
The maximum broadening factor reaches 1.92 with the
seed linewidth of 0.5 nm, while with the increasing seed
linewidth to more than 4 nm, the broadening factor tends
to approximately 1. However, this does not mean that those
spectra are unchanged, since spectral broadening of the tails
can be observed clearly.

The linewidth tunable spectra further broadened after the
main amplifier. As presented in Figure 4(c), the FWHM
linewidth is tunable over 2.5–9.7 nm. However, it is seen
that the spectra after the main amplifier are symmetrical
and have long tails, so the FWHM linewidth cannot fully
describe the spectral evolution; here, we introduce another
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Figure 4. (a) Linewidth tunable spectra after pre-amplifier 2. The legend represents the FWHM linewidth of the filtered SFS seed. (b) Spectral broadening
factor as a function of the seed linewidth. (c) Linewidth tunable spectra after the main amplifier. (d) Spectral broadening factors of the main amplifier
depending on the output power. (e) Power evolutions with the seed linewidths of 0.5, 4, and 10 nm. (f) Maximum output power of the main amplifier versus
the seed linewidth.

parameter, the root-mean-square (RMS) linewidth, to further
analyze the spectral broadening[35]. Figure 4(d) presents the
broadening factors of the RMS linewidth as functions of the
output power. The spectral evolution is similar to that of the
pre-amplifiers, where a narrower seed also shows stronger
spectral broadening in the main amplifier; the broadening
rate with a 0.5 nm seed linewidth reaches 1.4 kW–1, while
that with 4 and 10 nm seed linewidths decreases to 0.4
and 0.06 kW–1, respectively. In addition, the seed linewidth
has little impact on the power amplification. As shown in
Figure 4(e), the power evolutions of the main amplifier with
the seed linewidths of 0.5, 4, and 10 nm are nearly identical.
Taking the case of 0.5 nm, for example, the maximum output
power reaches 1950 W with the pump power of 2500 W,
corresponding to a slope efficiency of approximately 78.3%.
The maximum output power of the main amplifier as a
function of the seed linewidth is plotted in Figure 4(f),
showing that the output power over the whole tuning range
exceeds 1940 W.

4. Simulation results and discussion

4.1. Theoretical model

To further investigate the generation and amplification of
the wavelength and linewidth tunable SFS, especially for
establishing the role of gain competition and nonlinear
effects, a numerical simulation is conducted based
on the combining of rate equations and the GNLSE

(see Refs. [35–37] for details):
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∣∣∣Ã(z,ω)

∣∣∣2
dω

×
{

�p

�ωpA

[
σa

(
ωp

)+σe
(
ωp

)]
Pp + 1

τ

+ 1
2πTmA

∫
�s (ω)

�ω
[σa (ω)+σe (ω)]
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The SFS seed and the amplifiers can be simulated by
Equation (1), wherein Ã(z,ω) represents the complex field
in the frequency domain, g and α are the active gain and
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loss coefficients, respectively, βn represents the nth-order
dispersion coefficients, γ is the nonlinear Kerr coefficient,
and fSEN represents the spontaneous emission noise (SEN).
For the sake of simplicity, here we have neglected the SRS
effect, because it has not been observed in the experiments.
Equation (2) describes the evolution of the pump power
Pp with the fiber length, where � is the overlap factor, σa

and σe represent the absorption and emission cross-sections,
respectively, N0 is the dopant concentration, N2 denotes the
number of excited Yb ions, which is governed by Equation
(3), τ is the lifespan of the excited state population, � is the
reduced Planck constant, and A is the doped cross-section
area. The active gain is given by Equation (4), which acts as a
bridge between the rate equations and the GNLSE[35,36]. The
SEN is approximated by a Gaussian random process with
zero mean value, which satisfies[35]

〈
fSEN (z,ω) f ∗

SEN

(
z′,ω′)〉

= �ω3

πc2
n(ω)g(z,ω)nspδ

(
z− z′)δ

(
ω−ω′), (5)

nsp = 1

exp
[
�(ω+ω0)

kBT

]
−1

, (6)

where nsp is the average mode occupation number in equilib-
rium, δ is the Dirac delta function, and kB and T represent
the Boltzmann constant and the temperature, respectively. In
addition, the effect of the BA-TOF can be described as

Ãout (ω) = Ãin (ω)
√

Tr (ω), (7)

where Ãout (ω) and Ãin (ω) are the output and input optical
fields and Tr (ω) represents the transmission spectrum of
the filter, which can be approximated by a super-Gaussian
function. Furthermore, it is worth noting that the theoretical
model is numerically calculated using the well-known
split-step Fourier method (SSFM)[37]; the parameter values
used in the simulation are attached in the Supplementary
Materials.

4.2. Simulation of the high-power wavelength-tunable SFS

We first simulated the generation and filtering of the SFS
seed, as shown in Figure 5(a); the broadband SFS seed
has a relatively sharp spectral edge at the short-wavelength
side and a gentle tail at the long-wavelength side, and the
40-dB spectral coverage spans from 1045 to 1145 nm. The
filtered spectrum shows a broad pedestal with a sharp peak,
where the filtering passband is fixed at 4 nm and the out-
band suppression ratio is set to 50 dB. Figures 5(b) and 5(c)
present the temporal behaviors of the broadband seed and
the filtered signal, respectively, which are normalized by the

mean intensities <I(t)>. The temporal profiles exhibit strong
fluctuations in the timescale of picoseconds[19,36], and the
peak powers can reach several multiples of the mean value.
The fluctuation scale increases after the spectral filtering,
which can be verified by the intensity autocorrelation func-
tions (ACFs). As depicted in Figure 5(d), the FWHM of the
ACF increases from approximately 100 fs to approximately
0.8 ps after the filtering. In addition, the ACF background
remains at 0.5, indicating that the filtering process does not
affect the statistical property of the optical field, and the
spectral components are still uncorrelated[38]. We can further
verify this result through the intensity probability density
functions (PDFs), as shown in Figure 5(e). The intensity PDF
after the spectral filtering is the same as that of the broadband
seed, and the exponential decay factor of –1 indicates that the
optical field can be seen as a Gaussian random process[39].
This conclusion is quite beneficial, since we can use the
experimental seed spectrum with random phases as the input
of the amplifiers, which can further improve the accuracy of
the simulation.

Figure 5(f) illustrates the simulated wavelength-tunable
spectra after pre-amplifier 2, which agree well with the
experimental results. In addition, due to the uneven spec-
trum of the filtered seed and the gain competition in the
amplifiers, the output spectrum shows a red-shift at the short-
wavelength side and a blue-shift at the long-wavelength side.
We also calculated the variations of the central wavelength,
where the definition of wavelength variation is the same as
that in Section 3. As presented in Figure 5(g), the spectrum
at 1068 nm shows a wavelength red-shift of approximately
0.3 nm, whereas the wavelengths over 1070–1085 nm have
no great changes and the spectra at 1090 and 1092 nm exhibit
an obvious blue-shift of approximately 0.5 nm, which also
agrees well with the experimental data. Figure 5(h) shows
the simulated wavelength-tunable spectra after the main
amplifier, where with tuning the operating wavelength to the
longer side, the ASE light grows dramatically. The intensity
difference between the signal peak and the ASE reduces to
approximately 20 dB at 1092 nm. It is worth noting that the
ASE profile in the experiments is a little different from the
simulated results, which could be attributed to the four-wave
mixing (FWM) effect[24], and another peak at approximately
1110 nm can be seen as an additional piece of evidence (see
Figure 2(c)). We further analyzed the wavelength variation
in the main amplifier, as shown in Figure 5(i). The red-
shift increases at the short-wavelength side, for example, the
spectrum at 1068 nm shows a wavelength red-shift of approx-
imately 0.6 nm after the main amplifier, whereas the cen-
tral wavelength at the long-wavelength side remains almost
unchanged compared with the pre-amplifier. By optimizing
the operating temperature and the system parameters, such as
fiber length, in the seed and amplifiers[31,32,35], it is possible
to further suppress the ASE light, reduce the wavelength
variation and increase the wavelength tunable range.
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Figure 5. (a) Simulated spectra of the unfiltered broadband SFS seed and the filtered SFS seed. Temporal intensity profile of (b) the unfiltered SFS seed and
(c) the filtered SFS seed. (d) Intensity autocorrelation functions (ACFs) and (e) intensity probability density functions (PDFs) of the unfiltered SFS seed and
the filtered signal. (f) Simulated wavelength-tunable spectra after pre-amplifier 2. (g) Simulated central wavelength difference between the output spectra of
the filtered seed and pre-amplifier 2. (h) Simulated wavelength-tunable spectra after the main amplifier. (i) Simulated central wavelength difference between
the output spectra of the filtered seed and the main amplifier.

4.3. Simulation of the high-power linewidth tunable SFS

We also simulated the linewidth tunable operation of the
SFS. Figure 6(a) shows the linewidth tunable spectra after
pre-amplifier 2. Compared with the filtered spectra of the
seed (Figure 3(a)), a noticeable broadening of the spectral
tails can be observed. The spectral broadening factors cal-
culated using the RMS and FWHM linewidth are presented
in Figure 6(b). With the same initial seed linewidth, the
broadening factor of the RMS linewidth is larger than that
of the FWHM linewidth, because the RMS linewidth takes
into account the spectral tails whereas the FWHM linewidth
is only concerned with the spectral peak. In addition, both
the evolution trends are similar, that is, the broader the
initial seed linewidth, the smaller the broadening factors,
which is qualitatively matched with the experimental results.
The maximum broadening factors of the RMS and FWHM
linewidths reach 2.3 and 1.4, respectively, with the initial

seed linewidth of 0.5 nm, whereas with increasing the seed
linewidth to 10 nm, the broadening factors of the RMS and
FWHM linewidths decrease to 0.92 and 0.84, respectively,
indicating that the amplified SFS has a narrower spectrum
than the SFS seed. Figure 6(c) shows the linewidth tunable
spectra after the main amplifier. The output spectrum fur-
ther broadens due to the nonlinear effects, such as SPM.
However, the simulated output spectrum with a narrowband
seed is much broader than the experimental result. For
example, the simulated FWHM linewidth with 2 nm initial
seed linewidth reaches 4.6 nm, whereas the experimental
value is 2.6 nm. This deviation may be attributed to the
simulation model of the main amplifier, since it does not take
into account the transverse modes, and the existence of MMs
could bring additional dispersion, intermodal dispersion[40],
further affecting the interplay of dispersion and nonlinearity;
thus, the experimental output spectra are narrower than
the simulated ones (with narrowband seed spectra). Future
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Figure 6. (a) Simulated linewidth tunable spectra after pre-amplifier 2. (b) Broadening factors of the spectral width versus the seed linewidth (after pre-
amplifier 2). (c) Simulated linewidth tunable spectra after the main amplifier. (d) Broadening factors of the spectral width after the main amplifier depending
on the seed linewidth. (e), (f) Simulated output spectra of the main amplifier with and without Kerr nonlinearity (initial seed linewidth: (e) 0.5 nm; (f) 8 nm).
The output spectrum of pre-amplifier 2 is also provided for the sake of comparison.

research may employ the generalized multimode nonlinear
Schrödinger equations (GMMNLSEs) to improve simula-
tion accuracy[41]. Despite the deviation, we also calculated
the broadening factor of the RMS and FWHM linewidths
after the main amplifier, as shown in Figure 6(d). The
evolution trend is similar to that of pre-amplifier 2. The
broader the initial seed linewidth, the smaller the broadening
factors.

To further establish the limiting factors of the linewidth
tuning range, we investigated the impacts of nonlinear effects
and gain competition. By setting the nonlinear Kerr coef-
ficient γ as 0, we can independently explore the influence
of gain competition. Figure 6(e) shows the simulated output
spectra of the main amplifier with γ = 0.5 W–1·km–1 and
without Kerr nonlinearity (γ = 0), in which the initial seed
linewidth is 0.5 nm. Compared with the output spectrum of
pre-amplifier 2, the output spectrum of the main amplifier
without Kerr nonlinearity shows a lower ASE background,
indicating that the signal peak obtains more gain in the
amplification process. In addition, the spectral linewidth is
almost the same as that of pre-amplifier 2 (see the yellow and
blue lines in Figure 6(e)). While taking into account the Kerr
nonlinearity, the spectrum shows considerable broadening
both in the peak and tails (see the red line in Figure 6(e)), so
we can conclude that the lower limit of the linewidth tuning
range is mainly limited by the SPM effect[24].

Furthermore, we simulated the impact of nonlinear effects
and gain competition on the final output spectrum with the
seed linewidth of 8 nm. As shown in Figure 6(f), in contrast

to the case with 0.5 nm seed linewidth, the output spectrum
of the main amplifier without Kerr nonlinearity shows a
higher ASE background. In addition, the spectral linewidth
broadens a little compared with that of pre-amplifier 2;
specifically, the RMS linewidth broadens from 5.1 to 5.2 nm
and the FWHM linewidth increases from 6.0 to 6.6 nm,
indicating that the gain competition reshapes the spectral
profile and results in a relatively flatter output spectrum[31,32].
However, the nonlinear effects further change the spectral
profile, where the simulated output spectrum of the main
amplifier with Kerr nonlinearity is quite symmetric and the
RMS and FWHM linewidths are calculated to be 6.0 and
5.7 nm, respectively. Here we would like to discuss the
spectral evolution and the underlying physical mechanism
briefly. In general, the gain competition usually reshapes
the optical spectrum, resulting in spectral narrowing or
spectral broadening (depending on whether the spectral peak
can obtain more gain than other components). The SPM
effect is responsible for the spectral broadening, whereas
the inverse four-wave mixing (IFWM) effect may contribute
to the spectral narrowing. The IFWM is a new nonlinear
self-action effect that may occur in the normal dispersion
regime and lead to the spectral compression[42]. In our case,
the increase of RMS linewidth indicates that the spectral
tails have broadened due to the SPM effect, while the
decrease of FWHM linewidth may be attributed to the
IFWM effect[43,44]. Thus, the lower limit of the linewidth
tuning range is mainly affected by the SPM effect and the
upper limit of the linewidth tuning range is defined by the
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combined effect of gain competition and nonlinear effects
(such as SPM and IFWM effects).

5. Conclusions

In conclusion, by filtering a broadband SFS seed and ampli-
fying it through three stages of fiber amplifiers, we realized a
high-power SFS with both wavelength and linewidth tunabil-
ity. The wavelength tuning range covers 1068–1092 nm, and
the maximum output power reached 2010 W (@1070 nm)
with a slope efficiency of about 80.3%. In addition, the
spectral FWHM linewidth can be tuned from 2.5 to 9.7 nm,
and the maximum output power over the whole tuning
range exceeds 1940 W. Based on the combining of rate
equations and the GNLSE, we numerically simulated the
generation and amplification of the SFS, and found that the
wavelength tuning range is limited by the decrease of seed
power (unevenness of the seed spectrum) and the growth
of the ASE background, whereas the linewidth tuning range
is determined by the gain competition and nonlinear Kerr
effects. More specifically, the lower limit of the linewidth
tuning range is mainly affected by the SPM effect, while
the upper limit is determined by the combined effect of
gain competition and nonlinear effects, such as SPM and
IFWM. The wavelength and linewidth tuning ranges can be
further expanded by optimizing the operating temperature
and system parameters, such as the fiber length in the seed
and amplifiers. The developed wavelength and linewidth tun-
able SFS may be applied to scientific research and industrial
processing.
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