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The performances of mode-locked fiber lasers rest with the design and configuration of the cavity,
and their temporal morphologies are rarely linked with the modulation of transverse modes. Here, we
demonstrate a morphology-controllable ultrafast fiber laser based on the intracavity manipulation of trans-
verse modes, capable of producing dual-color pulses, narrowband picosecond pulses, and broadband
femtosecond pulses. Unlike traditional multicolor pulses with unequal group velocities, the dual-color
pulse operates in a synchronous state, displaying a multipeak structure where the modulation period relies
on the group-delay difference of two modes in the fiber. Simulation results fully reproduce the experimental
observations and show that the laser follows the minimum-loss principle with pulse morphologies depend-
ing on the mode-interference-induced filtering effect. This work connects transverse-mode modulation
with pulse morphology, providing a stable and cost-effective laser source for terahertz-wave generation

and nonlinear spectroscopy.
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I. INTRODUCTION

Mode-locked fiber lasers have brought a huge impact
on fundamental research and practical applications due
to their inherent advantages of cost-effectiveness, com-
pact structure, excellent beam quality, and high reliability
[1-4]. The performances of mode-locked fiber lasers hinge
on the configuration and parameters of the cavity [5]. By
trimming the cavity dispersion from anomalous to normal,
conventional solitons [6,7], stretched pulses [8,9], self-
similar pulses [10,11], and dissipative solitons [12,13] are
achieved in ultrafast single-mode fiber (SMF) lasers. These
pulses have durations of femtoseconds to picoseconds with
bandwidths spanning from the sub-nanometer region to
tens of nanometers [14,15]. Based on the cavity-filtering
effect or two-humped gain spectrum, dual-color conven-
tional solitons [16,17] and dissipative solitons [18—20] are
realized in erbium-doped fiber lasers and thulium-doped
fiber lasers, respectively. Influenced by the group-delay
dispersion of the resonator, these dual-color solitons prop-
agate at different group velocities, evolving independently
and colliding periodically inside the cavity [21,22]. The
spectrum of dual-color solitons mainly depends on the gain
profile or cavity-filtering effect, and the pulse is difficult to
synchronize in the time domain.

Currently, multimode fiber lasers and few-mode fiber
(FMF) lasers are attracting increasing interest due to their
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diverse spatial-mode properties [23,24]. Via the counter-
action of the intermodal and chromatic dispersions with
strong spatial and spectral-filtering effects, spatiotemporal
mode-locking operations are demonstrated in multimode
fiber lasers, producing picosecond-to-femtosecond opti-
cal fields composed of multiple transverse modes with
energies up to 150 nJ [25-27]. Furthermore, based on
long-period fiber gratings (LPFGs) and mode-selective
couplers, cylindrical vector beams and vortex beams
are achieved by modulating the transverse modes in
hybrid-structure SMF-FMF lasers [28—31]. Nonetheless,
the manipulation of transverse modes is rarely linked with
the control of pulse morphology, and the hybrid-structure
fiber lasers usually emit single-type mode-locked pulses.
As the two-mode fiber (TMF) supports LPy; and LPy,
modes with unequal propagation constants (i.e., intermodal
dispersion), it can introduce an optical-path difference pro-
portional to the fiber length [32]. Thus, a comblike spectral
filter with tunable modulation depth and period can be
realized by controlling the intensity ratio of the LPy; and
LP;; modes and fiber length. Based on a controllable
mode-interference-induced filter (MIIF), we demonstrate a
multifunctional ultrafast fiber laser capable of producing
dual-color synchronized pulses, narrowband picosecond
pulses, and broadband femtosecond pulses. Remarkably,
the frequency difference of two spectra, equaling the repe-
tition rate of a subpulse in the envelope, relies on the TMF
length and can be tuned from 0.33 to 0.51 THz. The laser
operation follows a minimume-loss principle that the pulse
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morphology relies on the mode-interference-induced fil-
tering effect. For example, the saturable absorber drives
dual-color pulses into a synchronous status, despite the
small residual group-delay dispersion of the cavity. This
work not only connects transverse-mode modulation with
pulse morphology, but also provides a multifunctional
laser source for fundamental research and practical appli-
cations.

II. PRINCIPLE AND EXPERIMENTAL SETUP

The setup of the morphology-controllable ultrafast fiber
laser is shown in Fig. 1(a), in which the 3.5-m erbium-
doped fiber (EDF, Nufern EDFL-980-HP) is pumped by a
980-nm laser diode (LD) through a 980/1550-nm wave-
length division multiplexer (WDM). In a single round
trip, the laser is amplified by the gain fiber, and then
subsequently passes through an output coupler (OC), a
carbon-nanotube saturable absorber (CNT SA), an in-
line polarization controller (PC), a MIIF with a TMF
(OFS, two-mode step-index fiber) length of 1.5 m and
a polarization-insensitive isolator (PIISO). The PC intro-
duces squeezing and twisting on the fiber, which can tune
the polarization state to optimize the mode-locking state.
The other fiber is a standard single-mode fiber (Corning,
SMF-28e+), giving a total length and net dispersion of
8.22 m and —0.014 ps?, respectively.

The configuration of the MIIF is shown in Fig. 1(b),
which consists of a section of step-index TMF, a pressure-
induced LPFG, and two sections of SMFs. When light
enters from the SMF into the TMF, part of the LPy; mode
couples to the LP;; mode with the assistance of the LPFG,
in which refractive-index modulation can be controlled by
pressure [33-36]. After propagation through the TMF, a
phase difference between two modes is introduced due to
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FIG. 1. Principle and experimental setup of morphology-
controllable ultrafast fiber lasers. (a) Configuration of the fiber
laser. (b) Principle of the MIIF. (c) Effective refractive indices of
LPy; and LPy; modes in TMF. (d) Performance of MIIF without
(black curve) and with (red curve) pressure on TMF.

intermodal dispersion of the TMF. At the output terminal,
the TMF and SMF are offset spliced, in which two modes
interfere with each other at the connection point. Thus, the
spectral intensity is periodically modulated with respect to
the wavelength, A:

I =1 +10L 42111, cosm Anegl/1). (D)

Here, I, and I, are the intensities of the LPy; and LPy;
modes, respectively; Aneg is the effective refractive-index
difference between two modes; and L is the length of
the TMF. The modulation period of the filter can be
approximated as [37]

AL~ 22/ AnegL. (2)

It can be seen from Egs. (1) and (2) that the modula-
tion depth depends on the intensity ratio between two
modes, while the modulation period relates to the TMF
length. Thus, the spectral-filtering effect can be introduced
or eliminated by controlling the intensity ratio between two
modes.

Based on the experimental parameters of the TMF, Angg
is calculated to be 6.2 x 107* at 1560 nm [Fig. 1(c)].
Before imparting pressure on the TMF, only an ignorable
part of the LPy; mode couples to the LP;; mode and the
spectral-filtering effect can be neglected. When pressure is
applied on the TMF, the LPFG converts part of the LPy,
mode to the LP;; mode and they interfere in the SMF.
Figure 1(d) shows the transmission spectrum of the filter
before and after imposing pressure on the TMF. For the
1.5-m TMF, the filter has a modulation period of 2.66 nm
with a maximal extinction ratio of 10 dB and an extra loss
of 3 dB.

III. EXPERIMENTAL RESULTS

With the assistance of the MIIF, we first achieve a dual-
color synchronized mode-locked laser in the near-zero
dispersion regime. Figure 2(a) shows the typical spectrum
of the dual-color pulse for a TMF length of 1.5 m and pump
power of 19.4 mW, which comprises two separated spec-
tra at 1558.63 and 1561.32 nm with bandwidths of 0.39
and 0.37 nm, respectively. Attributed to the intracavity
four-wave mixing effect, two lower subspectra at 1555.95
and 1564.06 nm always accompany the dual-color mode-
locked spectrum. Unlike other dual-color mode locking
where two pulses emit at different repetition rates, the
dual-color pulse here circulates at the same repetition
rate of 25.04 MHz with a signal-to-noise ratio of 67 dB
[Fig. 2(b)].

In a single round trip, only one pulse is observed on
the oscilloscope [Fig. 2(c)], confirming that the dual-color
laser operates in the stable synchronous state. The separa-
tion of neighboring pulses is 40 ns, which is consistent with
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FIG. 2. Performance of dual-color synchronized pulses. (a)
Spectrum; (b) radio-frequency spectrum; (c) pulse train; (d) AC
trace; (e) retrieved pulse profile from FROG trace; (f) subpulse
separation and wavelength difference versus TMF length.

the 8.22-m cavity length. The autocorrelation (AC) trace
[Fig. 2(d)] displays a multipeak structure, giving an enve-
lope width of 12.11 ps by Gaussian fitting. The separation
of neighboring subpulses is 3 ps, which equals the group-
delay difference of two modes accumulated in the TMF.
The subpulse repetition rates are calculated to be 0.33 THz,
which agrees well with the frequency difference between
two central wavelengths of the spectrum. The pulse profile
[Fig. 2(e)] retrieved from the frequency-resolved optic gat-
ing (FROG) trace (see Part 1 of the Supplemental Material
[38]) exhibits a periodically modulated fine structure and
fully coincides with the measured AC trace [Fig. 2(d)].

As described by Eq. (2), the modulation period of the
MIIF relies on the length of the TMF. By decreasing
the length of the TMF from 1.5 to 1 m, with a step of
0.1 m, similar dual-color synchronized pulses can also
be obtained in the proposed fiber laser (see Part 2 of
the Supplemental Material [38]). One can observe from
Fig. 2(f) that the subpulse separation is linearly propor-
tional to the length of the TMF, related by 2.1 ps/m,
which is equal to the group-delay difference of two modes.
The reciprocal relationship between wavelength separa-
tion and TMF length is also consistent with MIIF theory.
In the aforementioned cases, the two spectra possess the
same polarization state, i.e., scalar dual-color synchro-
nized pulses. Nonetheless, at certain PC settings, vector
dual-color synchronized pulses are also observed, in which
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FIG. 3. Properties of narrowband pulses and broadband
stretched pulses. (a),(c) Typical output spectrum; (b),(d) AC
trace of output pulse.

the two spectra are quasi-orthogonally polarized and the
subspectra almost vanish (see Part 3 of the Supplemen-
tal Material [38]). However, the vector operation is less
stable and can be easily transformed into the scalar state
under environmental disturbance, which results from the
polarization-insensitive saturable absorption effect as the
scalar pulse has a higher instantaneous power than that of
the vector one.

Since the EDF exhibits an uneven gain spectrum, the
transmission peak of the MIIF can be tuned to the max-
imum gain by slightly stretching the TMF, and then a
narrowband mode-locked pulse will be achieved with the
assistance of the PC. As shown in Fig. 3(a), the spec-
trum displays periodic modulation on the pedestal, with
a central wavelength of 1558.91 nm and 3-dB bandwidth
of 0.34 nm. The output pulse has a duration of 13.21 ps,
which is comparable with the envelope width of the dual-
color synchronized pulse, as shown in Fig. 3(b). The
time-bandwidth product is calculated to be 0.56, indicating
a slightly chirped pulse. In a single period of the MIIF, the
spectral center can be continuously increased from 1561
to 1565 nm by further stretching the TMF (see Part 4
of the Supplemental Material [38]), indicating a feasible
tunability of the lasing wavelength.

By removing pressure from the TMF, the energy of the
LP;; mode is negligible and the spectral-filtering effect
vanishes. In this operation, the fiber laser can be regarded
as a typical dispersion-managed fiber laser, enabling the
generation of a broadband stretched pulse. As shown in
Figs. 3(c) and 3(d), its bandwidth and duration are given
as 15.74 nm and 0.25 ps, respectively. The time-bandwidth
product is calculated to be 0.49, which is quite close to
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that of the chirp-free pulses. In the two states, only a sin-
gle pulse circulates in the cavity and the pulse interval is
the same as that of the dual-color mode-locked pulse. As
depicted in Figs. S1(c) and S1(d) within the Supplemental
Material [38], the signal-to-noise ratios are given as 67 and
71 dB for the narrowband pulse and the broadband pulse,
respectively, confirming the good stability of mode-locked
lasers. The aforementioned results indicate that the pulse
morphology can be simply controlled by manipulating the
coupling behavior of two transverse modes in the MIIF.

IV. SIMULATION RESULTS AND DISCUSSION

Based on a lumped propagation model [39], we perform
numerical simulations to reveal the underlying dynamics
of the morphology-controllable ultrafast fiber laser. The
simulation starts from a low-intensity noise pulse, and the
light field is multiplied by relevant matrices when pulses
pass through fiber components. After one circulation, the
resulted pulse is used as the input of the next round trip
until the light field becomes self-consistent. Pulse propa-
gation in fibers is modeled by the generalized nonlinear
Schrodinger equation [10,37,40]:

3u_

ou 1.132 d%u . 2 (g—a) g 3%u
9z

L Ty "2 3
ut ”+29§at2 3)

where u is the slowly varying envelope of the pulse; z
and ¢ correspond to the propagation distance and time,
respectively. B, is the second-order dispersion coeffi-
cient, y is the cubic refractive nonlinearity of the fiber.
g, a, and . are the saturable gain, loss of the fiber,
and gain bandwidth, respectively. For the SMF, g =0,
and for the EDF, g=gexp(—£E,/E,) [41], where gy,
E,, and E; are the small-signal gain coefficient, pulse
energy, and gain saturation energy, respectively. As the
pressure applied on the TMF will introduce an extra
loss of about 3 dB, the filtering effect can be expressed
as F=[0.54 0.5cos(2w AnegL/))]/2 by assuming the two
modes have the same intensity.

The nonlinear Schrédinger equation is solved by the
predictor-corrector split-step Fourier technique [42], and
the CNT SA is modeled by 7'=0.42 — 0.06/[1 + P(7)/Psat],
where P(;) is the instantaneous pulse power and Pgy is
the saturable power. We use the following parameters
to match the experimental conditions: Aneg= 6.2 X 1074,
c=3x 108 m/s, n=1.46, « =0.02 dB/km, and Pg,;= 8 W.
According to the measured output powers, E; values
are 11, 22, and 26 pJ for the dual-color pulse, the
narrowband pulse, and the broadband pulse, respec-
tively. For the EDF, go=13.5 dB/m, ,=20 nm,
y=42x10" W 'm™! and B,=25.48 ps*/km; for the
SMF, y =13 x 1073 W™'m™! and B,=—21.95 ps?/km.
The lengths of the EDF, the SMF, and the TMF are 3.5,

3.22, and 1.5 m, respectively. The dispersion and nonlin-
ear parameters of the TMF are the same as those of the
SMF for simplicity.

By introducing the filtering effect with the transmission
dip located at the central spectrum of the initial pulse,
a stable dual-color synchronized pulse can be formed in
the cavity after 200 circulations. As shown in Figs. 4(a)
and 4(b), two spectra have a separation of 2.71 nm with
a 3-dB bandwidth of 0.39 nm. The simulated pulse pro-
file and its AC trace show multipeak structures, which
are similar to the experimental observation in Fig. 2.
The dual-color synchronized pulse can be regarded as an
alternative type of soliton that maintains its nature dur-
ing the whole evolution process. Its formation relies on
three key factors. First, the spectral-filtering effect results
in the dual-color operation of the fiber laser. Second, the
net group-delay dispersion must be trimmed to the near-
zero dispersion regime to realize synchronization of the
dual-color pulses. Third, despite the small residual cavity
dispersion, the CNT SA forces the pulse at two wave-
lengths to overlap, as its transmission is proportional to the
pulse intensity. Moreover, when the multipeak structure
is formed, the CNT SA suppresses the side lobes, which
stabilizes the phase locking of two spectra. In compar-
ison with a twin-branch optical parametric amplification
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FIG. 4. Simulation results of optical spectra, pulse profiles,
and AC traces. (a),(b) Dual-color synchronized pulses; (c),(d)
narrowband picosecond pulses; (e),(f) broadband stretched
pulses.
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FIG. 5. Intracavity evolution of normalized dual-color syn-
chronized pulses, narrowband pulses, and broadband stretched
pulses. (aj)—(asz) Spectra; (b;)+bs) pulses. Upper panel shows
dispersion parameters and components versus cavity position.

setup fed by one seed source [43,44], the dual-color syn-
chronized pulses in the fiber laser have the same optical
path and repetition rate. Thus, they are expected to pos-
sess the same carrier-envelope phase, which may facilitate
the generation of phase-locked ultrafast THz pulses with a
difference-frequency generation scheme.

When the transmission peak of the filter is tuned to
the central wavelength of the initial pulse, a narrowband
picosecond pulse is achieved in the simulation. The 3-dB
bandwidth is 0.33 nm, and the pulse width is 13.95 ps
using Gaussian fitting [Figs. 4(c) and 4(d)]. By removing
the spectral filter, a stretched pulse is formed, possessing
a 3-dB bandwidth of 16.41 nm and duration of 0.32 ps
[Figs. 4(e) and 4(f)]. The numerical results are in good
agreement with the experimental observations, validating
that the proposed MIIF could control the morphology of
ultrashort pulses.

The dynamic evolution of these types of pulses along
the cavity is shown in Fig. 5. The intensities are normal-
ized at each cavity position to give a clear comparison
of pulse duration and spectral width. In a single round
trip, the pulses first propagate through a section of the
SMEF. After that, the pulses are amplified by the EDF, out-
putted by the coupler, and then sharpened by the CNT SA.
Due to the spectral-filtering effect, dual-color synchronized
pulses [Fig. 5(a;)] and narrowband pulses [Fig. 5(a;)]

120 - Dual-color pulse
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100 - —— Stretched pulse
2 80
>
D 60 (
)
c
w40
20 - f
0 T T T T
0 20 40 60 80 100
Round trips
FIG. 6. Energy evolution of dual-color synchronized pulse,

narrowband pulse, and broadband stretched pulse versus
roundtrips.

are confined in the frequency domain, and their durations
[Figs. 5(b;) and 5(b,)] remain nearly unchanged inside the
cavity, which is attributed to the limited bandwidth and
intensity of the pulses. It should be noted that the subpulse
separation of the dual-color pulse packet is fixed, which
results from constant-wavelength spacing of the dual-color
pulse. However, the broadband stretched pulse [Figs. 5(a3)
and 5(bs)] varies significantly along the fiber laser, i.e., the
bandwidth and duration span from 12.78 to 17.65 nm and
0.73 to 0.26 ps, respectively. In this case, the chromatic
dispersion and fiber nonlinearity dominate the breathing
behavior [45].

Attributed to the saturable absorption effect, the three
types of pulses follow a similar minimum-loss principle to
that in the fiber laser, as illustrated in Fig. 6. Affected by the
MIIF, the laser evolves from the same low-intensity noise
pulse to different morphologies to minimize transmission
loss, and thus, maximize gain extraction. For example, to
minimize the saturable loss, the dual-color pulse tends to
operate in the synchronous state with a multipeak structure
[Fig. 5(b;)], while the stretched pulse reaches its maxi-
mum intensity and minimum duration near the CNT SA
[Fig. 5(b3)]. Compared with that of the dual-color syn-
chronized pulse and narrowband pulse, the influence of
fiber dispersion and the nonlinear effect are stronger for the
stretched pulse, which results in different build-up times to
the steady states.

V. CONCLUSION

We demonstrate a hybrid-structure ultrafast fiber laser
with the capability of producing switchable dual-color
synchronized pulses, narrowband picosecond pulses, and
broadband femtosecond pulses by manipulating the trans-
verse modes of the TMF. Benefitting from the near-zero
dispersion of the cavity, the dual-color pulses operate in
a synchronous state, emitting trains of wave packets with
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subpulse repetition rates up to about 0.5 THz. Due to
the saturable absorption effect, the laser follows from the
minimum-loss principle that the pulse evolves to the spe-
cial temporal profile [46], i.e., the dual-color pulses are
inclined to form multiple peaks in the pulse packet as
the higher intensity corresponds to a lower loss inside the
laser cavity. This result covers the gap between transverse-
mode modulation and a spectral-filtering effect, provid-
ing a simple and effective approach for controlling pulse
morphology and facilitating different applications.
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