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Synchronized dual-wavelength mode-locked laser is investigated numerically and experimentally in the normal dis-
persion regime. A programmable optical processor is introduced to shape the spectral profile and adjust the net dispersion,
which is demonstrated be a convenient and reliable approach to generate dual-color solitons. The time-stretch disper-
sive Fourier transform and frequency-resolved optical grating techniques are utilized to measure the spectral and temporal
characteristics of dual-color solitons, respectively. The numerical results are consistent with experimental results. This
work may facilitate the development of filter-based mode-locked laser and the understanding of multi-wavelength soliton

dynamics.
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1. Introduction

Solitons are localized waves propagating without spread-
ing under diffraction/dispersive mediums. They can be readily
generated in a mode-locked laser resulting from the balance
between dispersion, nonlinearity, gain and dissipation.=*
Through the synchronization of solitons at different wave-
lengths, multi-wavelength laser can be obtained.>~®! Dual-
wavelength light sources have a wide range of applications
ranging from microwave and terahertz signal generation,*13!
to Raman spectroscopy imaging,!'®!7l and nonlinear fre-
quency conversion. '®1° Furthermore, the dual-color solitons
obtained by dual-wavelength mode locking are analogous to
chemical molecular structures,?%! holding significant implica-
tions for interdisciplinary fundamental research.>!->?l Dual-
color solitons also offer a novel pathway for synthesizing
single-cycle waveforms in nanophotonics. >3]

Mode-locked fiber lasers in different dispersion regions
have different features.l*! Synchronized dual-wavelength
mode-locking was previously mainly studied in negative dis-
persion regions.>~7! In this dispersion regime, the interfer-
ence between dispersive waves and solitons can result in the
generation of Kelly sidebands, which causes instabilities in
the laser.?*! Kelly sidebands can be avoided by operating the
fiber laser in the normal dispersion regime. Though multi-
wavelength mode locking was extensively studied in the nor-
mal dispersion regime, > due to dispersion, the different fre-
quency components are not synchronized, leading to periodic
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walk-off of the pulses in the lasers.[20-28]

In recent years, spectral phase shaping technology has
demonstrated remarkable advantages in dispersion compen-
sation for mode-locked fiber lasers. Its core principle lies in
the active manipulation of the spectral phase of pulses via
programmable optical processor, as opposed to relying on
traditional passive compensation schemes using dispersion-

5.129-311 This technology has now been success-

managed fiber
fully applied to diverse scenarios, including multi-wavelength
synchronization,>3?! soliton molecule manipulation,®3 and
the excitation of novel soliton states. (634371

Here, we present a convenient and reliable method for
generating synchronized dual-wavelength mode-locked fiber
laser in the normal dispersion regime, using a programmable
optical processor (Finisar, Waveshaper 1000A). The dual-
color solitons can be generated with a dual-humped filter.
The phase and amplitude of each passband of the filter can
be independently controlled, realizing in dispersion manage-
ment and transmission control of the filter simultaneously. A
frequency-resolved optical gating (FROG) is utilized to mea-
sure the temporal profile of the dual-color soliton, confirm-
ing the interference-like patterns on the temporal waveforms.
The stability of output pulses is verified by time-stretch dis-

138

persive Fourier transform (TS-DFT) technique.!*®! and radio

frequency (RF) analyzer. The simulation results based on
the generalized nonlinear Schrodinger equation (NLSE) are in

good agreement with the experimental results.
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2. Experimental setup

The laser setup is shown in Fig. 1, which is a typical
scheme for passively mode-locked fiber laser. A 980-nm laser
diode is used to pump the erbium-doped fiber (EDF) through a
980-nm/1550-nm wavelength-division-multiplexer. The EDF
(OFS-EDF80) has 1.3-m-long with second-order group ve-
locity dispersion (GVD) of 62.5 ps*/km, and the rest of the
cavity consists of standard single-mode fiber with GVD of
—22.8 ps’/km. The laser is mode-locked by nonlinear polar-
ization rotation. The polarization controller initializes mode-
locking operation by controlling the polarization state, and
the isolator ensures unidirectional operation of the ring cav-
ity. Waveshaper is a programmable optical processor utiliz-
ing a high-resolution solid-state liquid crystal on silicon array.
It disperses input light by wavelength via a grating, indepen-
dently adjusts each component’s amplitude and phase, then re-
combines them to generate tailored output signals, enabling
precise spectral filtering and dispersion management. The op-
tical coupler extracts 10% energy for measurement. Though
the estimated net GVD of the ring cavity from the fibers is
—0.32 ps?, it can be compensated to achieve normal disper-
sion with the waveshaper.

WDM Outp‘ut oC Computer

& .
| ﬁ Pump =

EDF
|

| Waveshaper
A A NNENN. A A /
PC ISO PC
Fig. 1. Experimental setup of the dual-wavelength mode-locked laser.

WDM: wavelength-division multiplexer; EDF: erbium-doped fiber; PC: po-
larization controller; ISO: isolator; OC: optical coupler.

3. Experimental results

The net dispersion in the cavity can be controlled by ad-
justing the curvature of the parabolic spectral phase profile
in the waveshaper. The positive dispersion of the cavity in-
creases with the convexity of the phase curve. The spectral
profile can be precisely manipulated by setting attenuation on
the different positions on spectra in frequency domain. For the
waveshaper, we have configured a filtering function featuring
double rectangular peaks. To ensure the cavity operates en-
tirely within the positive dispersion regime, we incorporated
a net dispersion of 0.65 ps?, achieving a net cavity disper-
sion of 0.33 ps? (contrasting with the original net dispersion of
—0.32 ps?). The transmission of the waveshaper is described
by the following equation: 3!

H(0) = R(0)G(0), (1

where R(®) denotes the Fourier transform of a certain objec-
tive function, and the spectral phase adds a specific amount of

GVD to the cavity. Here, we set the spectral profile as

_J1, oy <o<mm or 03 <0< oy,
R(w) = { 0, otherwise,

where @, @, 03, W4 determines the bandwidths of the rect-
angular filter. G(®) represents the parabolic phase function,

(@)

whose specific form is
G(0) = exp [iBracc /2] . 3)

By varying the parabolic phase function of G(®), we can con-
trol the net dispersion of the cavity. The second-order disper-
sion can be added through the term f3; acc (in unit psz). The
curve of H(®) is shown in Fig. 2 where the black solid line
represents R(®), and the red dashed line represents G(®). The
curve is used for both the experiment and simulation.
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Fig. 2. The filter function diagram of the waveshaper for both the experi-
ment and simulation.

In the experiment, dual-wavelength mode locking is
achieved by adjusting the PC. The stable output of dual-color
solitons can be achieved under a pump power of 38 mW. Fig-
ure 3(a) shows the dual-peak spectral profile measured by an
optical spectrum analyzer. The optical spectrum of the pulses
is determined by the waveshaper, exhibiting central wave-
lengths at 1555 nm and 1559 nm and a bandwidth of 2 nm
of each wavelength band. The different gain coefficients at
the two wavelengths lead to different intensities between them.
The real-time evolution of the optical spectrums is also mea-
sured as seen in Fig. 3(b), indicating the stability of such a
mode-locked state. The dual-wavelength optical spectrum ex-
hibits only a single repetition rate as measured by a radio fre-
quency analyzer with a high resolution of 1 Hz (Fig. 3(c)),
indicating that the two wavelengths are synchronized. The
fundamental repetition rate of 10.826 MHz matches the cavity
length, with a signal-to-noise ratio of 50 dB, confirming stable
mode-locking.

The temporal intensity measurement using a photodetec-
tor shows only a single pulse, and cannot unveil the detailed

interference-like patterns of the pulse under dual-wavelength
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mode locking. To further reveal the detailed pulse profiles,
an FROG is employed, which can measure the temporal pro-
files of ultrashort pulses with a high resolution (~ 30 fs).[4041]
Figure 3(d) shows an excellent agreement between FROG-

retrieved and measured spectrograms, validating the reliabil-
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The detailed

waveform of the pulse is shown in Fig. 3(e), showing an

ity of the time domain measurement results.

interference-like structure with a period of 1.8 ps. Such a pe-
riod is determined by the separation between the two wave-

lengths (4 nm), as a result of Fourier transformation.

=
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Fig. 3. The output pulse properties of the dual-wavelength mode-locked fiber laser in the experiment: (a) Output spectrum, (b) the real-time
spectral evolution measured using DFT, (c) RF spectrum, (d) measured (left panel) and retrieved (right panel) FROG spectrograms, (e) the

retrieved temporal profile.
4. Numerical simulations

To verify the experimental results, we performed numeri-

cal simulations based on the generalized NLSE*?]

. . |
wz=—1§2%t+17w|2w+§<w+92%), “)

where W = y(z,7) represents the slowly varying electric field,
and z is the moving coordinate. The coefficients 3, and y de-
note the group velocity dispersion and Kerr nonlinearity coef-
ficients, respectively. In this simulation, we set fixed values
of By = 62.5 ps*/km and —22.5 ps>/km for EDF and SMF, re-
spectively. For 7y, we take 8 W~ '-km~! and 1.5 W~ !.km™!
for EDF and SMF, respectively. The dissipative terms ac-
count for linear gain and approximate the gain profile using
a parabolic approximation with full width at half-maximum
(FWHM) bandwidth Q of 40 nm. The gain is saturated ac-
cording to the function

8(2) = go/[1 + E(2) / Esal, (5)

where go = 1500 km~! represents the small-signal gain of
EDF, E(z) = [|w(z,1)|*dt represents the pulse energy, and

Eg, = 100 pl is the gain saturation energy determined by the
pump power. For SMF, g is set to be zero. We employed
nonlinear polarization rotation technology in our experimen-
tal setup. Our model takes into account a generic saturated
absorption function, providing an instantaneous and monoton-
ically increasing nonlinear transfer function for pulse power:

T =/1—q0—qum/[1+P(t)/Pud, (6)

where gg represents the unsaturated loss, g, indicates the sat-
urable loss (modulation depth), P(¢) = |y(z,1)|* represents the
instantaneous power of the pulse, and Py, represents the satu-
ration power. qo, gm, and Py, are set to be 0.3, 0.7, and 10 W
in the simulations, respectively. The filter function is the same
as that used in the experiments, as shown in Fig. 1.

Figure 4(a) shows the pulse spectrum of dual-wavelength
mode locking in the simulations. The central wavelengths of
the dual-wavelength spectrum are 1555 nm and 1559 nm, re-
spectively. The dual-color solitons also show modulation in
the time domain, with a period of 2 ps in good agreement with
the experimental value (1.8 ps).

Our simulation also reveals the formation dynamics of the
dual-wavelength solitons. As shown in Fig. 5(a), although the
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initial condition is a Gaussian pulse, under the influence of
dual-humped spectral filtering, dual-color solitons with mod-
ulated temporal intensities are generated finally. Simultane-
ously, the initial optical spectrum with a central wavelength of
1560 nm evolves into a dual-peak profile with central wave-
lengths of 1555 nm and 1559 nm determined by the filter, as
shown in Fig. 5(b). However, since mode locking at the nor-
mal dispersion regime is difficult to self-start, the correspond-
ing experiments cannot be recorded.

1.0
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Fig. 4. Simulation results of dual-wavelength mode-locked solitons: (a) op-
tical spectrum, (b) the temporal profile of the pulses.
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Fig. 5. Simulation results of the dual-wavelength mode-locking startup
process. (a) The temporal waveform evolution and (b) the spectral evo-
lution.

5. Conclusion

We realized a synchronized dual-wavelength mode-
locked fiber laser in the normal dispersion regime by virtue
of employing a waveshaper in the cavity. The waveshaper
allowing independent controlling of the phase and transmis-
sion of each passband of the filter, plays a key role in the laser
operation. Experimental results are confirmed with simula-
tions. Our work may contribute to the understanding of multi-
wavelength soliton dynamics and bring new insights into the
design of ultrafast lasers. Furthermore, the work also stimu-
lates the study of the multiple pulse generation in the laser. It
is of great interesting to see how these solitons with modulated
temporal profiles interact with each other.
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