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Chirp-free solitons have been mainly achieved with anomalous-dispersion fiber lasers by the balance of dispersive and nonlinear
effects, and the single-pulse energy is constrained within a relatively small range. Here, we report a class of chirp-free pulse in
normal-dispersion erbium-doped fiber lasers, termed birefringence-managed soliton, in which the birefringence-related phase-
matching effect dominates the soliton evolution. Controllable harmonic mode locking from 5 order to 85 order is obtained at
the same pump level of ~10 mW with soliton energy fully tunable beyond ten times, which indicates a new birefringence-
related soliton energy law, which fundamentally differs from the conventional soliton energy theorem. The unique
transformation behavior between birefringence-managed solitons and dissipative solitons is directly visualized via the single-
shot spectroscopy. The results demonstrate a novel approach of engineering fiber birefringence to create energy-tunable chirp-
free solitons in normal-dispersion regime and open new research directions in fields of optical solitons, ultrafast lasers, and

their applications.

1. Introduction

Mode-locked fiber lasers are capable of producing ultrashort
pulse trains, which have found widespread use in fundamen-
tal physics [1-4] and related applications ranging from com-
munication, metrology, and micromachining to microscopy
[5-9]. By managing the nonlinearity and dispersion of fiber
lasers, chirp-free solitons, dispersion-managed solitons,
giant-chirped self-similar pulses, and dissipative solitons
(DSs) have been demonstrated in the past several decades.
Conventional chirp-free solitons arise from a delicate bal-
ance between the self-phase modulation and anomalous dis-
persion in optical fibers, typically featuring the Sech®
intensity profile with pairs of spectral sidebands [10, 11].
Due to the soliton area theorem [12], the single-pulse energy

is constrained within a relatively small range. Dispersion-
managed solitons [13], also known as stretched pulses, are
formed in near-zero-dispersion regimes where the pulses
are strongly stretched and compressed due to the varying
dispersion setting along the cavity [14, 15]. Self-similar
pulses are formed in normal-dispersion regimes, featuring
a parabolic spectral and temporal profile [16] due to the
self-similar amplification in fiber lasers [2, 17]. DSs initially
refer to confined wave packets of light formed in normal-
dispersion regimes, where pulses experience the strong non-
linear gain and loss during propagation [18, 19]. On a
theoretical view, the four types of pulses are solutions of
the complex Ginzburg-Landau equation, in which static
solution, breathing solution, asymptotic solution, and fixed
localized solution correspond to conventional solitons,
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F1Gure 1: Concept and implementation of the birefringence-managed normal-dispersion fiber laser. (a) Coupling manner at the interface
between SMF and PMF (left) and laser operations at different polarization orientations (right). The u, and u; components of pulses
along two principal axes of PMF rely on the input polarization orientation € as well as u, and u, components in SMF, following the
relation depicted in the coordinate system. When 6 =7z/2 or 0 (bottom right) and 71/4 (top right), DS and BMS operations are achieved,
respectively, in which the spectrum and chirp (pulse) are denoted by a solid (dot) curve. (b) Comparison of BMS and DS in the same
fiber laser from aspects of frequency chirp, harmonic order, pulse duration, bandwidth, pulse energy, and self-starting threshold. (c)
Sketch of the BMS fiber laser and measurement system. LD: laser diode; WDM: wavelength division multiplexer; EDF: erbium-doped
fiber; OC: optical coupler; PI-ISO: polarization insensitive isolator; CNT-SA: carbon nanotube saturable absorber; ET-PC: electrically
tunable polarization controller; ED: ET-PC driver; PC: personal computer; DCF: dispersion compensating fiber; PD: photodetector; PBS:
polarizing beam splitter; OSA: optical spectrum analyzer; OSC: oscilloscope; AC: autocorrelator; FROG: frequency-resolved optical

gating; RFA: radio frequency analyzer.

dispersion-managed solitons, self-similar pulses, and DSs,
respectively [2, 16, 19]. These important advances mainly
focused on the dispersion and nonlinear management of
cavity and have certainly provided a profound insight into
the understanding of soliton dynamics for numerous tech-
nological innovations. Nevertheless, exploring new types of
solitons remains a fascinating subject in the context of math-
ematics and physics.

As a matter of fact, fiber birefringence is another key fac-
tor that affects the formation of solitons [20-23], e.g., highly
stable scalar solitons in polarization-maintaining fiber
(PMF) lasers [24, 25], group-velocity-locked vector solitons
[26], and polarization-locked vector solitons [27] in low-
birefringent fiber lasers. Compared with solitons formed in
low-birefringent fiber lasers or all-PMF lasers, besides the
chromatic dispersion and nonlinear effect, the fiber bire-

fringence and polarization orientation of pulses should be
considered particularly in hybrid-structure fiber lasers
comprising single-mode fibers (SMFs) and PMFs [28], which
however have received less attention. As such, the very attrac-
tive topics that naturally arise are to explore new types of sol-
itons in hybrid-structure resonators and unveil their unique
properties as well as formation mechanisms.

In this article, we numerically and experimentally demon-
strate chirp-free solitons formed in normal-dispersion
erbium-doped fiber (EDF) lasers by managing the cavity bire-
fringence with a section of PMF (left panel of Figure 1(a)).
Akin to that of the dispersion-managed soliton, we term it
as birefringence-managed soliton (BMS) since the phase-
matching effect dominated by the high-birefringent PMF
greatly contributes to the formation of soliton. Compared
with previously reported giant-chirped DSs [18, 19, 29, 30]
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or the DS emitted from the same cavity via changing the
polarization orientation (e.g., 0 is ~0 or ~ 71/2, bottom-right
panel of Figure 1(a)), the chirp-free BMSs (e.g., 0 spans from
~7/10 to ~2m/5, top-right panel of Figure 1(a)) have
smaller pulse duration, bandwidth, and pulse energy, as well
as self-starting threshold, and are capable of assembling
themselves into high-order harmonic mode-locking states
(tunable from 5 order to 85 order) at a comparatively small
pump power of ~10mW (Figure 1(b)). The single-pulse
energy is fully tunable beyond ten times, indicating a new
birefringence-related soliton energy law that fundamentally
differs from the conventional soliton energy theorem [12].
These results provide an in-depth insight on the formation
of BMS and open a way for directly generating energy-
tunable femtosecond or picosecond pulses in normal-
dispersion fiber lasers.

2. Materials and Methods

2.1. Experiment Setup. The fiber laser displayed in
Figure 1(c) has a ring configuration comprising a wave-
length division multiplexer (WDM), 15.3m EDF (EDFC-
980-HP), a 50:50 optical coupler (OC), a filmy carbon
nanotube saturable absorber (CNT-SA), and 1m PMF
(PM1550-HP), as well as a polarization insensitive isolator
(PI-ISO). The CNT-SA in the cavity is responsible for start-
ing and maintaining the mode-locking operation. The PMF
is employed to manage the birefringence of the cavity, which
is indispensable for the formation of the BMS. The self-
started mode-locking state can be realized and maintained
once the pump strength reaches the threshold value. The
two orthogonally polarized components along two principal
axes of PMF depend on the input polarization direction in
SMF that can be adjusted by the electrically tunable polariza-
tion controller (ET-PC), which results in reversible transi-
tion between BMS and DS mode-locking states. The
pigtails of these fiber devices are SMFs (SMF-28e+) with a
total length of 9.3m. The dispersion parameters D for
EDF, SMF, and PMF are given as -16.5, 17, and 17ps
(nmkm)™, respectively, giving the net cavity dispersion of
~0.1ps. The beat lengths of PMF and other fibers are about
3.1mm and 1m, respectively.

The optical spectrum, duration, phase, and signal-to-
noise ratio of the pulse are measured by an optical spec-
trum analyzer (OSA: Yokogawa, AQ6370), an autocorrela-
tor (Pulsecheck, USB-150), a frequency-resolved optical
gating (Femto Easy, FS-600), and a radio frequency
analyzer (Agilent, E4440A), respectively. Except for the
frequency-resolved optical gating measurement, the optical
spectra, pulse trains, autocorrelation traces, and radio fre-
quency spectra are directly measured without amplification.
The real-time spectral dynamics are visualized by the disper-
sive Fourier transformation (DFT) system comprising a 2 km
long dispersion-compensating fiber (DCF: YOFC, G652
DCF-C) with the dispersion of -150ps (nm:km)'and a
5 GHz photodetector (THORLABS, DET09CFC/M) together
with a 4 GHz real-time oscilloscope (LeCroy, 740Zi-A). The
total accumulated dispersion after propagation through the
DCF is 387 ps°. According to the overall limitation of DFT

on the spectral resolution [31], the electronic-based system
possesses a spectral resolution of ~0.83 nm. It is worth noting
that the length of DCF should be appropriately selected to
simultaneously satisfy the far-field condition of the DFT
method and distinguish each waveform of multiple BMSs
without overlapping.

2.2. Simulation Model. We first simulate the formation and
evolution of pulses that involve two orthogonally polarized
components in the proposed fiber laser based on the lumped
propagation model [32], in which each component of the
cavity is modeled by a transmission function following the
order shown in Figure 1(c) in a single roundtrip. Different
from previous simulations, the coupling manner of pulse
from SMF to PMF is specially considered in our model. As
shown in Figure 1(a), the slightly birefringent SMF supports
x-polarized (u,) component and y-polarized (u,) compo-
nent of light. When the u, (u,) component is launched with
its polarization direction oriented at an angle of 6 with
respect to slow (fast) axis of the PMF, two orthogonally
polarized components along the slow axis (u,) and fast axis
(ug) of the PMF can be expressed with u, and u, following
the relation described in Equation (1) [28]. After the PMF,
the pulse propagates into the next section of SMF and the
orientation angle is set as zero; thus, the u (1) component
in PMF evolves to u, (u,) component according to the fol-

sin 0
] (1)

cos 0

lowing equation:

cos 0

[us uf] = [ux uy] l

—sin 0

The propagation of pulse involving two orthogonally
polarized components in the SMF, EDF, and PMF is
described by a pair of coupled Ginzburg-Landau equations
[33] that include Kerr nonlinearity, dispersion, gain, and
loss, as well as birefringence of each fiber:

aux X ﬁ X . 2
5 =—ifu+d T 72 5 +zy(|ux|2+3’uy’ )ux
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3 2 ng o2’
ou, ou, 0 . 5
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The typical split-step Fourier technique is utilized to
solve these coupled Ginzburg-Landau equations [32]. The
variables u, and u,, describe envelopes of each orthogonally
polarized component. z corresponds to the cavity position
while ¢ relates to the time. An, 23 =2mwAn/A, and 26 =23/
27ic are refractive index difference, wave-number difference,
and inverse group velocity difference of two orthogonally
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FIGURE 2: BMSs formed in an erbium-doped fiber laser. (a) Spectrum; (b) pulse profile and frequency chirp of simulated BMSs (60 = 7/4); (c)

spectrum and (d) autocorrelation trace of measured BMSs.

polarized components, respectively. ¢ is the speed of light in
vacuum, A is the peak wavelength, y is cubic refractive non-
linearity, B, represents second-order dispersion coefficient,
and « denotes the transmission loss of the optical fiber. 0,
determines the gain bandwidth, and g= g, exp (-E,/E,)
denotes the saturable gain, in which E,, E, and g, are the
gain saturation energy, pulse energy, and small-signal gain
coefficient, respectively. The CNT-SA is modeled by the
transmission function T = 0.43 = Ty/[1 + P;)/Py,], in which
Py, is the saturation intensity, P(,) is the instantaneous pulse
intensity, and T, is the modulation depth.

The following parameters are used to implement the
simulation: c=3x 10°ms™, A = 1560nm, a=4.6 x 10°m’,
T,=0.08, and P, =11 W. The SMF has a total length of
93m with An=1.5x10"°, g,=0, y=1.3x10°W"'m",
and f,=-0.0219ps’m™. For PMF, An=4.98x107%,
y=13x102 W' m", and the other parameters are the same
as those of the SMF. For the 153m EDF, An=1.5x 1075,
9,=07m", y=42x10>W'm", and 8,=0.0213ps’m™".
The saturation energy is related to pump strength, which is
set as 16.8 pJ for BMSs and 82 pJ for DSs.

3. Results and Discussion

3.1. Simulation and Experiment Results of Birefringence-
Managed Solitons. The simulation starts from a same weak
signal, and the final state of the laser mainly depends on 6.
For example, in the range of 0 to 71/2, giant-chirped DSs are
formed when 0 is ~0 or ~7r/2 (see Supplementary Figure S1),
while chirp-free BMSs are always obtained when 0 varies
between ~ /10 and ~27/5. Besides, when the 0 ranges
from 0 to ~m/10 and ~ 2m/5 to ~ m/2, stable BMS mode
locking cannot be realized in the fiber laser. Figures 2(a) and
2(b) display the typical simulation result of BMSs for 6 of
m/4 and PMF length of 1m. The simulated spectrum
displays a quasi-Sech’® profile on a linear scale, which is
somewhat similar to that of conventional solitons previously
observed in the anomalous-dispersion regime [12]. Two
sharp sidebands are clearly observed on the spectrum, and
more spectral sidebands can be observed on a logarithmic

scale (see Supplementary Figure S2). The u, and u,

components of simulated BMSs have equivalent spectral
intensities but with mirrored profiles. Taking u, component

(blue curve in Figure 2(a)) as an example, the two sidebands
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have different intensities, and the stronger sideband at longer
wavelength is farther to its peak wavelength (~7.81nm) than
that of the weaker one at shorter wavelength (~7.09 nm).
Evidently, the BMSs differ from group-velocity-locked vector
solitons achieved in anomalous-dispersion fiber cavities,
whose two orthogonally polarized components usually
possess quasisymmetric spectral profiles with slightly
different central wavelengths and sideband positions [10, 34].

The simulation results are fully corroborated by experi-
ment observations via tuning the ET-PC before the PMF.
Figures 2(c) and 2(d) display the spectra and autocorrelation
traces of BMS and its two components. The pulse retrieved
from frequency-resolved optical gating trace in Supplemen-
tary Figure S3 exhibits a flat phase over the central part of
each component, which coincides with the simulated
frequency chirp in Figure 2(b). The pulse duration and
spectral bandwidth of BMSs in the simulation (experiment)
are ~1.74ps (~1.22ps) and~2.42nm (~3.42nm) separately.
Though the spectral bandwidth and pulse duration are
slightly different for simulation and experiment, the time-
bandwidth product of the simulated BMS is ~0.518, which
agrees well with the experimental result (~0.513) and
confirms the near-chirp-free property of BMSs. The slight
difference arises from the incompletely determined
parameters, such as the birefringence induced by the ET-
PC. Besides, the small deviation from a transform-limited
pulse is mainly resulted from the temporal and spectral
separations of two components that result in a larger
duration and bandwidth of BMSs. For each component,
the time-bandwidth product is ~0.32.

3.2. Intracavity Evolution of BMSs. The dynamic evolution of
BMSs and two orthogonally polarized components inside
the EDF laser is studied to unveil the formation mechanism
of the pulses. Figure 3(a) illustrates the position of fiber
devices and the fiber dispersion parameters in the cavity,
where the WDM is set as the starting point for a clear repre-
sentation. Figure 3(b) shows the temporal evolution of two
orthogonally polarized components (upper panel) and the
total pulse (lower panel) along the cavity position, while
Figure 3(c) corresponds to their spectral evolutions. In each
roundtrip, two orthogonally polarized components of BMSs
first pass through 1.1 m SMF and then enter the 15.3 m EDF.
Influenced by the saturable amplification property of the gain
medium, their intensities almost increase linearly in the fore-
part while they enlarge slowly in the rear part. Subsequently,
two orthogonally polarized components are slightly com-
pressed during propagating through 1.2 m SMF and extracted
by the 50:50 coupler. After that, they are sharpened by the
CNT-SA and the intensities decrease accordingly due to the
nonsaturable loss of the saturable absorber.

At the cavity position of 23.6m, the two orthogonally
polarized components enter the PMF, as depicted in
Figure 3(d). As demonstrated by Equation (1), when 0 =n/
4, the u, and u, components couple equally to u; and u

components along fast and slow axes of PMF. Due to the
high birefringence of PMF, u and u; components move
toward each other and collide near the central position of
the PMF (~24.1 m). The duration of the total pulse depicted

in Figure 3(e) decreases abruptly while the peak power
increases suddenly in the colliding point. After that, two
orthogonally polarized components separate from each
other during propagation through the rest part of PMF.
At the end of PMF, u, and u; components separately couple
to u, and u, components in SMF for the next circulation.

Actually, the birefringence of PMF and the orientation
angle must be confined to a certain range for generating
such BMSs. First, the total birefringence should be moder-
ate to effectively control the spectral bandwidth while
ensuring an appropriate separation between two compo-
nents. Second, the energy proportion between u, and u,

in u; or u; component should be close (i.e., 0 ranges from
~7/10 to ~27/5) so that two pulses at fast and slow axes
propagate in an “X” behavior in the PMF to realize self-
consistent evolution.

We further analyze the intracavity evolution of key pulse
parameters to ascertain the determining factor for pulse for-
mation. The spectral bandwidth of BMS and its two compo-
nents in Figure 4(a) changes slightly throughout the cavity,
indicating that the intensity-related self-phase modulation
effect is relatively small. For both u, and u, components, the

spectral broadening is compensated by the mode coupling
between them. In Figure 4(b), the duration of each component
first decreases and then increases nonlinearly in the normal-
dispersion EDF, which mainly results from the phase-
matching effect discussed later. In contrast, the pulse duration
changes linearly in the anomalous-dispersion SMF. As the
temporal and spectral separations between two components
change along the cavity, the BMS and its components exhibit
different evolution behaviors such as duration, bandwidth,
and TBP. Noting that, before and after passing through the
CNT-SA, the spectral bandwidth enlarges while the pulse
duration diminishes in accordance with the Fourier transform
principle, and the TBPs of BMS and its two components in
Figure 4(c) almost keep unchanged. Besides, at some special
cavity positions (e.g., ~4 m and 24 m), the TBP of each compo-
nent is slightly lower than 0.315, indicating that it deviates
from the Sech” intensity profiles.

The evolution of DS inside the same cavity is given in
Supplementary Figure S4 for comparison with that of
BMS. When 0 is ~m/2, two orthogonally polarized
components of DS in SMF propagate to PMF, u, = —u, and
u; =u,, according to Equation (1). After propagation
through the PMF, u,=u, and u,=u; when they enter
the next section of SMEFE. It is evident that, in each
roundtrip, u, component changes to u, while u, changes
to -u,. The physical picture is that, in one roundtrip, the
u, and u, components are along the fast and slow axes

of PMF, while in the next roundtrip, the u, and u,

components are along the slow and fast axes, respectively.
As such, two orthogonally polarized components evolve
back and the birefringence-related effects in PMF are
counterbalanced after even roundtrips of circulations;
thus, the fiber laser can be viewed as a standard normal-
dispersion fiber laser, in which the formation of DSs is
attributed to the joint effects of normal cavity dispersion,
gain filtering, as well as saturable absorption. The output
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F1GURE 3: Evolution of BMSs inside the cavity. (a) Intracavity location of fiber devices and fiber dispersion parameters. (b) Temporal and (c)
spectral evolutions of two components (upper panel) and BMSs (lower panel). (d, e) Close-ups of the A and B regions, respectively,
elaborating the pulse evolution behaviors in the PMF region. The pulse and spectral intensities are normalized in color scale.

DSs exhibit similar behaviors as the previously observed
DSs [25, 35-39], while they are markedly different from
BMSs in aspects of spectral and temporal properties and
formation mechanisms.

3.3. Formation Mechanism of BMSs. The formation mech-
anisms of BMSs and their spectral sidebands can be inter-
preted by the phase-matching principle that takes into

account the fiber dispersion, birefringence, and nonlinear
phase accumulated throughout the cavity. During trans-
mission in the fiber resonator, the optical spectra of BMSs
broaden due to the self-phase modulation effect. Concep-
tually similar to that of the conventional soliton [12, 40],
two orthogonally polarized components of BMSs experi-
ence periodic perturbations in the resonator, such as gain
and loss, as well as PMF-induced mode coupling, and they
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emit new frequencies to realize the self-consistent evolution.
These new-emerged frequencies (w) are generated over the
whole spectrum and propagate at different velocities with
respect to the peak frequency (w,), which results in a phase
difference that relies on the frequency offset (Aw = w — w,).
The detailed derivation of the phase difference has been elab-
orated in an all-normal-dispersion fiber laser [28]. For each
roundtrip in the fiber laser, they can be expressed as

Ap, = aAw’ - bAw, - ¢
Ag, = aAw; +bAw, - ¢,

nlx>
ly>

a= %Zﬁzin (3)

1
b= Zi:AniLi.

Here, Aw, and Aw), are frequency offsets between the peak
frequency and sideband for u, and u, components of BMSs.

aAw?, bAw, and ¢,; account for the phase difference resulted
from the chromatic dispersion, fiber birefringence, and non-
linear effects in a single roundtrip, respectively. f3,; represents
the group velocity dispersion, and An; denotes the refractive
index difference between two orthogonally polarized compo-
nents for each section of fiber with the length of L,.

Such new-emerged frequencies generated in each period
will interfere destructively except at frequencies that are
phase-matched; i.e., Ap,,, is 0 or the integer multiple of 27z

. With the increase of frequency offset, the phase difference
first enlarges from 0 to 71, and the interference intensity
changes from the maximum to minimum, which confines
the spectra of BMSs and results in the quasi-Sech” spectral
profile with a quite limited bandwidth. Remarkably, when
the frequency offset reaches the value that satisfies the
phase-matching relation expressed by Equation (4), the
new-emerged frequencies will interfere constructively and
form sharp spectral sidebands. The theoretical analysis
explains the formation mechanism of BMS and the stronger
sidebands of each orthogonally polarized component.
Because u, and u, components are redistributed in PMF, a

weaker sideband of u, component always accompanies with
the stronger sideband of u, component at the same wave-

length, and vice versa.

b+ \/b2 +4a(@,, +2m)
Aw, = >
2a
(4)
-b+ \/b2 +4a (¢nly + 2m71)
Awyz , m=1,2,3,. -
2a
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simulation results (dot line) and analytic solutions (solid line) are based on Equations (2) and (4), respectively.

Both simulation and experiment results show that BMSs
can be formed when the PMF length of the proposed fiber
laser ranges from 0.9m to 1.4m. We further compare the
sideband separation of u, and u, components obtained from
analytic predications based on Equation (4), numerical sim-
ulations via solving the Ginzburg-Landau equations, and
experiment observations, as shown in Figures 5(a) and
5(b). All of them exhibit the similar evolution trend, which
confirms the validity of numerical simulation and theoretical
analysis and further validates the interpretation of the BMS
formation as joint effects of strong birefringence, fiber non-
linearity, and normal dispersion. For each measurement,
the ET-PC-induced birefringence and pulse power fluctua-
tion are inevitable, resulting in the slight discrepancies
among experimental, numerical, and theoretical results.

The formation mechanism of BMSs in normal-
dispersion regime can be understood as follows. In the fre-
quency domain, the spectrum of each BMS component
broadens because of the fiber nonlinearity and emits new
frequency due to periodic coupling at the input of PMF.
However, it is confined in a narrow waveband with unique
sidebands arising from the phase-matching effect. In the
temporal domain, due to the limited bandwidth, the
dispersion-induced stretching of pulses is weak and is easy
to be counterbalanced by the saturable absorption effect.
Thus, the combination of birefringence-related phase-
matching effect, self-phase modulation, saturable absorp-
tion, and normal-dispersion enables the steady-state evolu-
tion in the dissipative system. As the formation depends
on the coupling of two orthogonally polarized components,
BMSs can only be achieved in fiber laser mode-locked by
polarization-insensitive saturable absorbers.

3.4. Energy Tunability of BMSs. A fascinating phenomenon
is that, besides the pump power, the number and pulse
energy of BMSs per roundtrip strongly rely on the intracav-
ity polarization conditions. For the state shown in
Figures 2(c) and 2(d), five BMSs with an average power of
462 uW cocirculate inside the cavity under the pump of

~10mW. By enhancing the pump strength alone, new
BMS appears one by one from the cavity, which is similar
to soliton splitting in the anomalous-dispersion regime
[33]. Under the same pump power of ~10 mW, tunable har-
monically mode-locked BMSs ranging from 5 order to 85
order are achieved by simply adjusting the ET-PC
(Figure 6(a)), and the single-pulse energy is tunable beyond
ten times (Figure 6(b)). The spectra, pulse trains, and radio
frequency spectra of the typical harmonically mode-locked
BMSs are given in Supplementary Figure S5.

Figures 6(c)-6(f) display pulse trains and radio fre-
quency spectra of 5" and 85" harmonic mode-locking
BMSs. Taking 85™ harmonically mode-locked BMSs as an
example, the pulses are equally distributed on the oscillo-
scope with a separation of 1.48 ns. The pulse has a repetition
rate of 677.3 MHz, which is 85 times of cavity fundamental
repetition rate (7.968 MHz). The signal-to-noise ratio
exceeds 40dB, validating the steadiness of harmonically
mode-locked state. The formation mechanism of tunable
harmonic mode locking can be understood as follows. As
the polarization orientation angle 0 relates to the perturba-
tion of BMSs in the cavity [28], the pulse is less stable and
prone to split into multiple pulses for a larger 6. Under the
long-range repulsive interaction, the multiple pulses rear-
range themselves into a uniform distribution and form har-
monically mode-locked state.

A representative evolutionary process of harmonic mode
locking is given in Movie S1, providing real-time view of
harmonic mode-locking dynamics. Such operation intrinsi-
cally differs from previously reported harmonic mode lock-
ing that occurs at a relatively high pump level (usually
hundreds of mW), which arises from the long-range repul-
sive interaction, and the repetition rate mainly relies on the
pump power owing to the peak-power clamping effect
[41-45]. This result confirms that the BMS follows a new
birefringence-related soliton energy law with single-pulse
energy tunable beyond ten times, indicating that the for-
mation of BMS is less relevant with the pulse intensity,
and it is fundamentally different from the conventional
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soliton energy theorem that the single-pulse energy is con-
strained within a relatively small range [14]. Via enhancing
the pump power to 12.4 mW, we obtain 117" harmonically
mode-locked BMSs in the same fiber laser (see Supplementary
Figure S6). However, the CNT-SA degenerates for pump
power higher than 20 mW, which limits the available orders
of harmonic mode locking. Harmonic mode locking up to
several gigahertz may be achieved with a high-damage-
threshold semiconductor saturable absorber.

3.5. Transient Transformation Behaviors between BMSs and
DSs. To further corroborate normal-dispersion property of
cavities, we record transformation processes between BMSs
and DSs by a camera, as displayed in Movie S2. The tran-

sient dynamics of the transformation behavior in EDF laser
are then studied using the single-shot spectroscopy based
on DFT technique [31, 46-52]. The waveforms captured
from the oscilloscope coincide with the time-averaged spec-
tra measured by the OSA (see Supplementary Figure S7),
confirming the validity of the measurement system. The
time-continuous data stream is segmented according to the
cavity roundtrip time, as shown in Figure 7, yielding a 2D
graph where the x-axis depicts the roundtrip number, the
y-axis represents roundtrip time, and the color denotes
the spectral intensity of the pulse.

Figure 7(a) and Movie S3 show the transition process
from BMSs to DSs, which lasts ~9100 roundtrips
(~1.15ms), and the concrete transition stages are outlined
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as follows. The fiber laser initially delivers five robust BMSs,
and these pulses decay synchronously after changing 6 by
the ET-PC (defined as zero roundtrip). Then, a beating
behavior occurs, in which five strong pulses with broadened
spectra appear at the same cavity position as that of BMSs
formed previously. This process lasts ~200 roundtrips, and
an evident relaxation oscillation with long- and varying-
period pulse spikes is observed successively. In this stage,
the duration of each pulse spike increases from ~180 to
400 roundtrips and the separation of neighboring spikes
decreases from ~800 to 700 roundtrips. At last several
spikes, several small pulses grow up gradually at the same
roundtrip time, meaning that they are formed at the same
cavity position, known as the memory characteristic [53].
Significantly, the positions of such emerging pulses have
no correspondence with any initial BMSs. After the relaxa-
tion oscillation stage, two consecutive beating spikes arise
at the ~7800 roundtrip with the total duration of ~1200
roundtrips, and the intensity and width of pulse damply
oscillate and finally develop into a stable DS. The transfor-
mation process from DSs to BMSs depicted in Figure 7(b)
and Movie S4 resembles the inversion process from BMSs
to DSs. The aforementioned results not only verify that the
normal-dispersion fiber laser can be switched with great ease
between BMSs and DSs operations but also reveal that the
switching is dominated by a series of physical processes as
diverse as degeneration and beating of initial pulses, relaxa-
tion oscillation, beating, and regeneration of new pulses.

4. Conclusion

It is concluded that the BMS is the fifth class of mode-locked
pulse that intrinsically distinct from previously reported con-

ventional solitons, stretched pulses, self-similar pulses, or dissi-
pative solitons. First, BMSs directly generated from the normal-
dispersion fiber laser are chirp-free with unique spectral side-
bands, which fundamentally differs from the giant-chirped
DSs [18, 19] or self-similar pulses [2, 17]. Second, the
dispersion-managed solitons achieved in near-zero-dispersion
regime usually exhibit broadband and smooth spectral profiles
[15, 54], while the BMSs display narrowband spectra with sharp
sidebands. Third, the Kelly sidebands of solitons in anomalous-
dispersion regime mainly rely on the cavity dispersion [12, 40].
However, the sidebands of BMSs mainly depend on the bire-
fringence of PMF and normal-dispersion of cavity. Most impor-
tantly, the order of harmonically mode-locked BMS can be
varied over a large range at a relatively low pump level, and
the soliton energy is fully tunable beyond ten times, also unlike
that of other pulses primarily resting with the pump strength
due to the soliton energy quantization effect [33].

Apart from chromatic dispersion, nonlinearity, and satu-
rable absorption effects, we show that the birefringence of
PMEF can be exploited to manage the spectrum and the dura-
tion of pulse in the normal-dispersion regime, which opens
new research directions in fields of optical solitons and ultra-
fast lasers. From an application perspective, this work paves
an avenue to generate chirp-free ultrashort pulses in normal-
dispersion EDF laser without external recompression, par-
ticularly appealing for the waveband lacking anomalous-
dispersion fibers such as ytterbium-doped fiber lasers [38]
and visible fiber lasers [55]. Such flexible fiber lasers are
capable of producing high-order harmonically mode-
locked BMSs with pulse energy tunable beyond ten times,
also providing a promising way for realizing high-
repetition-rate pulse sources with low power consumption
for optical communication and sensing [56].
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