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We achieved an ultra-flat broad spectrum output with a 20-dB bandwidth of 77.85 nm in a double-clad Yb-doped
fiber laser. The intensity difference between the highest and lowest points of the spectrum indicates a flatness better than
4 dB. More notably, this ultra-flat broad spectrum maintains a stable single-pulse mode-locking state. With the increase of
pump power, an ultra-wide spectrum with a 20-dB bandwidth approaching 100 nm was formed at a pump power of 2.25 W.
Additionally, we obtained a 9-pulse mode-locked state at another PC station with the same pump, which is the highest
number of stable mode-locked pulse bursts observed so far with a first-order Raman frequency shift. This fiber laser shows
its benefits of ultra-flat broad spectrum, high stability, and ease of fabrication, which provides a new method of obtaining

the broadband light source for multiple practical applications.
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1. Introduction

Passive mode-locked fiber lasers are widely used in non-
linear optics,!?! optical clock,*! micromachining,*! and su-
percontinuum (SC) generation®71 due to their advantages
such as compact structure, low cost and long-term stability. (8]
It has been reported that there are many effective methods to
achieve passive mode-locking in lasers, including semicon-
ductor saturable absorption mirrors (SESAM:s),[!?! nonlinear
polarization rotation (NPR)!"'~14] and two-dimensional (2D)
nanomaterials.!">~!71 Among them, the NPR mechanism has
the advantages of significant modulation depth, design flexi-
bility, and ultra-short response time,!!>!* making it a com-
mon technology to achieve mode-locked pulses in fiber lasers.
NPR mode-locked lasers can produce wide spectral widths!'8]
without needing external fiber components, such as dedicated
nonlinear fibers or double-clad power amplifiers. This no-
additional-requirements feature simplifies operational setup
and makes SC sources a more robust, economically viable,
and easy-to-operate single-system solution. [!°]

Broadband sources, due to their unique combination of
coherence, brightness, and spectral breadth, have enabled
critical applications from biomedical imaging to industrial
sensing.!?*-231 Wider SCs can extend the spectrum into the

mid-infrared region and play an important role in defense and
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[24] Recently, fiber lasers operating in a pulsed state

n. [25,26

healthcare.
have been used for SC generatio 1 SC generation is a
phenomenon that occurs due to the combination and inter-
action of nonlinear optical effects and scattering, and is no-
tably characterized by extreme spectral broadening.!?’-?8] The
nonlinear optical effects that lead to the formation of SC in-
clude self-phase modulation (SPM), intermodal interference
(MI), stimulated Raman scattering (SRS), and four-wave mix-
ing (FWM), and the scattering effects include group velocity
dispersion (GVD).[?72%]

Supercontinuum generation (SCG) in fiber lasers is
achieved through two principal approaches: external pump-
ing of nonlinear fibers and intracavity SCG technology. While
the former requires complex systems with substantial cost
overhead, the latter enables direct spectral broadening within
the laser cavity via an all-fiber architecture, offering su-
perior compactness and reduced component count.!!>3%! In
2020, Carrillo-Delgado ef al. designed a Yb-doped fiber
laser(YDFL),[*!l which achieved an intracavity broadband
spectrum of 1020 nm—-1160 nm. However, the output broad-
band spectrum of the laser showed a limited temporal per-
formance. In 2022, Bin Zhang et al. developed a Yb-doped
intracavity cascade Raman fiber laser based on NPR, 1321 and
obtained a broadband spectrum with a 3-dB bandwidth of
48.50 nm at a pump power of 945 mW. The broadband spectral
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state remains single-pulse mode-locking, but this single pulse
had an irregular shape with non-negligible temporal fluctua-
tions at the front of the pulse. In 2023, Cruz et al. built a
9-character YDFL,?% which realized intra-cavity SCG. The
SC extending from visible light to more than 2 pum was ob-
tained at a pump power of 3 W. However, due to the cavity
design of the semi-open configuration of the 9-figure laser cav-
ity, the pulse exhibited significant intensity jitter and presented
compromised temporal stability. In the same year, Manriquez-
Cobian et al. designed an NPR-based ring cavity YDFL to
achieve SRS by increasing the pump power,>*! obtaining the
formation of up to four Stokes waves, thus achieving a spectral
broadening of 200 nm. However, the time domain measure-
ment results of pulses are still not ideal, and their separation
is not uniform in addition to the complex shape of pulses. In
2024, Ahmad et al. designed a YDFL based on the NPR.[!’]
The YDFL can generate noise-like pulse (NLP), and increas-
ing the pump power from the NLP state can produce a flat
5-dB SC wider than 320 nm. However, the study does not give
the pulse state when the laser outputs an SC.

In summary, achieving simultaneous wide bandwidth,
highly flat ultra-wide spectrum and stable single-pulse mode-
locked remains a critical challenge in current research, which
essentially requires precise control of intracavity nonlinear dy-
namics through sophisticated cavity design. The key lies in es-
tablishing optimal cavity conditions including dispersion man-
agement, nonlinear regulation, and gain optimization. While
previous studies have demonstrated various spectral broaden-

ing mechanisms, [31,33-35]

our work focuses on maintaining ro-
bust single-pulse operation throughout the SCG process.

This paper provides a new method of obtaining the broad-
band light source based on the NPR mechanism. A wide spec-
trum with a flatness better than 4 dB was obtained, which
has a 20-dB bandwidth of 77.85 nm. With a further increase
in pump power, the spectrum continued to widen to nearly
100 nm. Furthermore, the generation of adjustable pulse bursts
is realized with the change of pump power. A pulse burst
with a pulse number of 9 was obtained at a pump power of
2.25 W. As far as we know, this is the 9-pulse mode-locked
with the largest number of pulses in the current pulse bursts

phenomenon with first-order Raman frequency shift. 3334361

2. Experimental setup

Figure 1 illustrates the experimental setup of the double-
clad Yb-doped fiber laser based on the NPR technique. The
gain medium is a 20-m double-clad Yb-doped fiber (Liekki,
Yb1200-6/125DC) with group velocity dispersion (GVD) of
~ 24 ps?/km at 1060 nm, pumped by a multi-mode pump laser
diode (LD) with a maximum pump power of 9 W through a

pump combiner. A polarization-dependent isolator (PD-ISO)
and two polarization controllers (PCs) are used as the key NPR
mode-locking components, ensuring the unidirectional trans-
mission of optical pulses within the cavity for mode-locking
operation. The PCs adjust the optical polarization in the cav-
ity by rotating a polarizer to optimize the mode-locking state.
A ~ 235-m single-mode fiber (SMF) (Corning, HI1060) with
GVD of ~ 23 ps’/km at 1060 nm is used as the Raman gain
medium within the cavity. The total cavity length is approx-
imately 265 m, with all fibers and device pigtails in the ex-
perimental system being HI1060 fiber, except for the gain
fiber. The net dispersion of the laser cavity is estimated about
~ 6.12 ps?. The laser performance is monitored at the 20%
output port using an 80:20 optical coupler (OC).

PC Pum
! YDF-6/125 DC combiner

/PD-1S0

PCy SME(1

= N Output
= 80:20 OC
(HI1060)

Fig. 1. Experimental setup of NPR mode-locked double-clad Yb-doped
fiber laser

The output laser is divided by a 10/90 beam splitter,
with the spectrum and pulse information observed by an op-
tical spectrum analyzer (Anritsu, MS9710C with a resolu-
tion of 0.05 nm) and a digital oscilloscope (GWINSTEK,
GDS-2202A, bandwidth 200 MHz, real-time sampling rate
2 GSafs), respectively. The operational stability of the cavity
is investigated using a radio frequency (RF) spectrum analyzer
(9 kHz-3.25 GHz, GSP-9330), and the average output power
is measured with an optical power meter (FieldBest) with a

maximum range of 6 W.

3. Results and discussion

3.1. Generation of the flat broadband spectrum with sta-

ble single pulse

As the pump power increased to 0.38 W and the PC state
was properly adjusted, the self-starting passively mode-locked
pulses were generated, and a typical first-order SRS was ob-
tained. Figure 2 shows the output characteristics of the pas-
sively mode-locked fiber laser at a pump power of 0.38 W.
Figure 2(a) displays a spectrum centered at 1109.2 nm with
a 20-dB spectral bandwidth of 73.45 nm. The center wave-
lengths of the fundamental light and first-order Stokes light
are 1078.3 nm and 1135.5 nm, respectively, with a wavelength
difference of 57.2 nm and a corresponding frequency shift of

approximately 14 THz. This aligns with the typical Raman
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shift of 13 THz-15 THz in standard single-mode fibers, at-
tributing the spectrum peak at 1135.5 nm to intracavity Raman
conversion.

The pulse sequence and corresponding single pulse at this
state are shown in Figs. 2(b) and 2(c). The time interval of the
pulse sequence is 1.32 ps, consistent with the cavity’s round-
trip time. The full width at the half of maximum (FWHM) of
the pulse is 3.85 ns, and the wide width of the pulse is mainly
due to the large net dispersion introduced by the long laser cav-
ity length. Since Raman light moves faster than fundamental
frequency light in the normal group velocity dispersion (GVD)

regime, the pulse combination of the fundamental frequency
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laser and the Raman laser results in an asymmetric pulse shape
with steeper leading,*”! as depicted in Fig. 2(c). Figure 2(d)
shows the RF spectrum of the pulse with a fundamental fre-
quency repetition of 755 kHz and signal-to-noise ratio (SNR)
of ~ 59 dB, implying a stable mode-locked operation. The
inset of Fig. 2(d) depicts the RF spectrum spanning 50 MHz
with no periodic envelope or fluctuation, meaning that the laser
operates well in a stable single-pulse mode-locking state. The
average output power is 2 mW, corresponding to a single pulse
energy of 2.65 nJ, under the pump power of 380 mW in the

single-pulse mode.
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Fig. 2. Output characteristics of the laser at a pump power of 0.38 W: (a) spectrum, (b) pulse sequence, (c) single pulse, (d) RF spectrum with
a fundamental frequency of 755 kHz (inset: RF spectrum with a bandwidth of 0 MHz-50 MHz).

After the above experiments, by slightly adjusting two
PCs at a pump power of 0.5 W, we achieved an ultra-flat broad
spectrum output with a 20-dB bandwidth of 77.85 nm and a 6-
dB bandwidth of 67.5 nm, as shown in Fig. 3(a). The intensity
difference between the highest point (—38.42 dBm) and the
lowest point (—41.80 dBm) of the spectrum is only 3.38 dB,
indicating a flatness better than 4 dB, which combines both
width and flatness.

The pulse sequence and corresponding single pulse with
the ultra-flat wide spectrum state are shown in Figs. 3(b) and
3(c). The time interval of the pulse sequence is 1.32 us, which
is consistent with the cavity round-trip time. The full width
at the half of maximum (FWHM) of the pulse is 5.15 ns. Un-
like previous studies where pulse outputs in broad spectrum
states were chaotic and irregular, [*%31-33] our fiber laser design
ensures a stable single-pulse mode-locking state while out-

putting a super-flat broad spectrum. In order to prove that our
laser can output a smooth and wide spectrum for a long time
while maintaining a stable single-pulse mode-locking state,
we tested the long-term stability of the laser, which will be
discussed in detail later. Figure 3(d) shows the RF spectrum of
the pulse with a fundamental frequency repetition of 755 kHz,
the same as in the first-order Raman spectrum output state.
The SNR is ~ 58 dB, indicating stable operation of the ultra-
flat broad-spectrum output. The inset in Fig. 3(d) shows no
periodic envelope or fluctuations in the 50-MHz span RF spec-
trum, confirming the laser’s stable single-pulse mode-locking
performance. In the ultra-flat broad spectrum mode, at a pump
power of 0.5 W, the average output power is 2 mW, corre-
sponding to a single pulse energy of 2.65 nJ.

To evaluate the long-term stability of the fiber laser in a
broad spectrum output state, tests were conducted at a pump
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power of 0.55 W, as shown in Fig. 4.

Figure 4(a) illustrates the spectral evolution over 2 hours
at this pump power. The spectral shape remains largely un-
changed, with the 6-dB bandwidth stable between 64.45 nm
and 65.49 nm and fluctuations in spectral width under 0.05 nm,
indicating consistent spectral width and flatness. Figure 4(b)
depicts the pulse evolution over 2 hours at the same pump
power. The pulse shape, width, and intensity show no sig-
nificant changes, and the single-pulse mode-locking state re-
mains stable throughout the experiment without transitioning
to a multi-pulse state. These results demonstrate that our laser
design exhibits excellent long-term stability, making it suit-
able for practical engineering applications with long-term op-
erational requirements. Moreover, the laser can maintain sta-
ble single-pulse mode-locking during the output of a super-flat
broad spectrum. Our research solves the problem that lasers

find it difficult to maintain stable single-pulse mode-locking
in the output of a wide spectrum state. It provides a favor-
able reference for the experimental design of wide-spectrum
single-pulse mode-locking fiber lasers.

Subsequently, the evolution of the laser’s output spec-
trum and pulse was examined as the pump power was in-
creased from 0.5 W to 2.25 W, as depicted in Fig. 5. Fig-
ure 5(a) illustrates the spectral evolution: initially, a smooth
spectrum was obtained at the pump power of 0.5 W. As the
pump power was increased, the spectrum gradually broad-
ened. At the pump power of 1.5 W, a spectral peak began
to emerge on the long-wavelength side. With further power
increases, this peak widened and heightened, eventually merg-
ing with the main broad spectrum peak above 2 W. Ultimately,
at 2.25 W pump power, an ultra-wide spectrum with a 20-dB
bandwidth approaching 100 nm was formed.
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Fig. 3. Output characteristics of ultra-flat wide spectrum: (a) spectrum, (b) pulse sequence, (c) single pulse, (d) RF spectrum with a fundamental
frequency of 755 kHz (inset: RF spectrum with a bandwidth of 0 MHz-50 MHz).
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Fig. 4. Long-term operating stability of the laser at 0.55-W pump power: (a) spectrum evolution, (b) pulse evolution.
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Figure 5(b) illustrates the pulse evolution with increasing
pump power. At the pump power of 0.5 W, a regular single
pulse is generated. As power increases, the pulse broadens
and their tops start to split, though the bottoms remain con-
nected. At the pump power of 0.75 W, small notches appear on
the pulse tops, and beyond 1 W, the pulse becomes distinctly
wavy and jittery.

At the pump power of 2.25 W, an ultra-wide spectrum
with a 20-dB bandwidth near 100 nm is obtained, as shown
in Fig. 6(a). The pulse train and corresponding single pulse
in this state are depicted in Figs. 6(b) and 6(c). The pulse in-
terval remains 1.32 ps, consistent with the cavity’s round-trip
time, and the pulse FWHM is approximately 75.4 ns. Un-
like the regular single pulse in the ultra-flat broad spectrum
state, the pulse here exhibits irregular wave-like jitter on its
tops and has a much larger width. The characteristics of the
obtained pulses are very similar to those of dissipative soliton
resonance (DSR). Just as the pulse usually has a wider pulse
width and peak power clamping effect, more importantly, the
pulse is broadened at high pump power rather than split.3%]
DSR pulses are a special type of output pulse for mode-locked
fiber lasers. Compared with the general solitons generated by
fiber lasers, as the gain increases, the peak power of the pulse
in the DSR state can remain constant, while the pulse width in-
creases almost linearly, which means that the pulse energy can
theoretically increase infinitely.*®! Figure 6(d) shows the RF

spectrum of the pulse, maintaining a fundamental repetition
—10
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frequency of 755 kHz and an SNR of ~ 56 dB, indicating a
stable mode-locked operation. At the pump power of 2.25 W,
the average output power is 12 mW, corresponding to a single-
pulse energy of 15.89 nJ.
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Fig. 5. The evolution of the wide spectrum and its pulse with pump
power: (a) spectrum evolution, (b) pulse evolution.
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3.2. Pulse bursts

Subsequently, in order to explore the pulse burst phe-
nomenon in the first-order Raman state, PC1 and PC2 are fixed
in the first-order Raman single-pulse output state of Subsec-
tion 3.1, and the pump power is gradually increased. Then we
observe pulse bursts phenomena, with pulse groups reaching
up to 9 pulses. As the pump power increases from 0.45 W to
2.25 W, new pulses always appear at the trailing edge of the
burst on the time axis, and the pulse number of bursts increases
from 1 to 9, as shown in Fig. 7. Prior works on pulse bursts fea-
turing first-order Raman frequency shift demonstrated lower
pulse counts: in Refs. [33,34], the authors reported up to 6
pulses, while those in Ref. [36] achieved 8 pulses. In con-
trast, our work establishes a new record of 9 stable pulses un-
der equivalent conditions. As far as we know, our research
achieves the highest pulse count of 9 in a stable mode-locked
state with a first-order Raman frequency shift. Moreover, com-
pared to the design in Ref. [36], our laser employs a shorter
Raman gain medium.

(2) (d) | [€4]
1 pulse, 0.45 W 4 pulses, 1.15 W 7 pulses, 1.62 W

(e) (h)

2 pulses, 0.64 W 5 pulses, 1.40 W 8 pulses, 2.08 W

®

3 pulses, 0.88 W

6 pulses, 1.50 W

9 pulses, 2.25 W

Fig. 7. Pulse burst under the first-order Raman scattering.

As shown in Fig. 7, every pulse in the pulse group main-
tains the same shape, featuring a steep front edge and a gen-
tler trailing edge. The consistent shape of single pulses within
pulse groups indicates that the pulse burst is stable. Moreover,
pulse groups with different pulse counts have the same repeti-
tion frequency as in the single-pulse state (755 kHz), and each
pulse in a group has nearly identical peak power and pulse
width. The average output power of the laser for pulse num-
bers ranging from 1 to 9 is 2 mW, 4 mW, 6 mW, 8 mW, 10 mW,
12 mW, 13 mW, 14 mW, and 16 mW, respectively.

During the pulse burst process, the phenomenon of suc-
cessive decrease in pulse energy was observed, which can be
attributed to the synergistic effect of Raman conversion and
the competitive effect of intracavity gain. When the pump
power is increased above the threshold, the first generated
pulse transfers part of its energy to a longer Stokes wave-
length through stimulated Raman scattering during transmis-
sion within the fiber cavity. During this process, the energy of

the pulse itself is lost due to Raman conversion, and it absorbs
energy first in the ytterbium-doped fiber, resulting in gain sat-
uration. Therefore, the subsequent pulses face double limita-
tions when propagating: on the one hand, they are transmitted
in the Stokes light field excited by the previous pulses, which
is equivalent to propagating in a medium with partially ex-
hausted energy, thereby further losing energy through the SRS
effect; on the other hand, due to the limited recovery time of
the gain medium, the available gain decreases when the subse-
quent pulse arrives, forming a negative feedback chain of en-
ergy competition. The cumulative effect of this energy transfer
is manifested as the monotonically decreasing pulse energy in
the pulse train.

Considering the maximum power that the intracavity
components (PD-ISO and OC) can withstand, the pump power
was not increased beyond 2.25 W. Based on current experi-
mental observations, without the limitation of the maximum
power capacity of the components, further increasing the
pump power might result in pulse groups with more than 10
pulses. However, it could also disrupt the pulse mechanism
once the pump power exceeds a certain threshold.[3*3%1 Ac-
cording to the pulse-breaking theory based on spectral filter-
ing, Raman scattering-induced spectral broadening might be
one of the factors that trigger pulse-breaking.*®! The Raman
effect at high pump powers can affect the laser bandwidth and
impede the formation of pulse-breaking.
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Fig. 8. Spectrum evolution during pulse bursts.

Figure 8 shows the spectrum evolution during pulse-
breaking. The spectra in pulse bursts and single-pulse modes
are similar but have different intensity levels at various pump
powers. The sharp, steep peaks on either side of the spectrum
indicate the SPM effects in the cavity.[?®! As the pump power
increases, the number of pulses in the group and the Raman
effect in the cavity both increase. Higher pump powers and
more pulses in the group lead to stronger fundamental and
first-order Stokes light, broader spectra, and shallower gaps
between them, making the spectrum flatter. Particularly, the
progressive gap reduction between fundamental and Stokes
components suggests the emergence of nonlinear coherence
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effects, potentially involving cross-phase modulation medi-
ated by multiple pulse interactions.

It is worth noting that the ultra-flat broad spectrum state
(Fig. 3) and the first-order Raman state (Fig. 2) represent two
fundamentally distinct mode-locking regimes, achieved by ro-
tating intracavity polarization controllers (PCs). In the ultra-
flat state, increasing pump power induces continuous pulse
broadening without splitting (Fig. 5), characteristic of dis-

32381 In contrast, keeping

sipative soliton resonance (DSR).!
the polarization state of the laser unchanged, the Raman state
evolves into pulse bursts under higher pumping (Fig. 7), where
pulse energy progressively decreases due to cascaded Raman

conversion depleting leading pulses and gain competition.

4. Conclusion

In this study, an ultra-flat broad spectrum with a sta-
ble single-pulse mode-locking in a double-clad Yb-doped Ra-
man fiber laser was demonstrated. By adjusting the PCs, we
achieved an ultra-flat broad spectrum with a 20-dB bandwidth
of 77.85 nm and a 6-dB bandwidth of 67.5 nm, featuring a flat-
ness better than 4 dB. Unlike previous studies, where the pulse
output is chaotic and irregular in a broad spectrum state, our
fiber laser design ensures a stable single-pulse mode-locking
state while outputting an ultra-flat broad spectrum and main-
taining that state over a long period. As the pump power in-
creased to 2.25 W, the laser produced an ultra-wide spectrum
with a 20-dB bandwidth approaching 100 nm.

In addition, our laser obtained a pulse train of 9 pulses at
a pump power of 2.25 W. To our knowledge, this is the largest
number of pulses in the pulse bursts phenomenon which in-
volves first-order Raman frequency shift. In conclusion, our
research solves the problem that the lasers find it difficult to
maintain stable single-pulse mode-locking in a wide spectrum
output state. It provides a good reference for the experimen-
tal design of wide-spectrum single-pulse mode-locking fiber
lasers.
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