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Theoretical simulations about manipulating vector solitons with super-sech pulse shapes are conducted based on an
optical fiber system. By changing the temporal pulses’ parameters when the orthogonally polarized pulses have the same
or different input central wavelengths, the output modes in orthogonal directions will demonstrate different properties.
When the input orthogonal modes have the same central wavelength, the “2 4 2” pseudo-high-order vector soliton can be
generated when the time delay is changed. While under the condition of different central wavelengths, orthogonal pulses
with multiple peaks accompanied with two wavelengths can be achieved through varying the projection angle, time delay
or phase difference. Our simulations are helpful to the study of optical soliton dynamics in optical fiber systems.

Keywords: vector soliton, super-sech, central wavelength, manipulation, optical fiber

PACS: 42.25.Ja, 42.25 Lc, 42.55.Wd, 42.65.Tg

1. Introduction

The research about optical solitons is always a hot topic
in recent decades. Optical soliton can be considered as a
kind of ultra-short optical pulse that maintains its temporal
waveform in nonlinear medium under appropriate constrained
conditions.!'=3] Optical soliton is often studied in passively
mode-locked fiber laser with compact structure, because of
the controllable dispersion and nonlinearity in optical fiber
cavity.[>-1%1 Until now, there have been many reports about
femtosecond fiber lasers in normal and anomalous dispersion
regimes. In these fiber lasers, nanomaterial based saturable
absorber is often adopted to achieve stable mode-locking. All
fiber saturable absorber that combines single-mode fiber and
graded index multimode fiber has been proved to have good
modulation property because of the nonlinear multimode in-
terference in mode-locked fiber laser. Besides, there are some
other techniques that can generate mode-locked pulses, such
as nonlinear polarization rotation, nonlinear amplified loop
mirror and nonlinear optical loop mirror. Recently, the soli-
ton dynamics in fiber lasers have also been investigated exper-
imentally and theoretically. For instance, soliton molecules
have been observed in real time,[!!! the transition dynamics
from Q-switching to mode-locking has been reported, !l and
the entire buildup process of harmonic mode-locking has been
revealed firstly in Ref. [13]. The soliton with super-sech pulse
shape has also been theoretically analyzed,!'*! but the genera-
tion of super-sech optical soliton in fiber laser has seldom been
reported. The study about super-sech optical soliton is mean-
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ingful to the fields of optical communications, fiber sensing
and fiber laser.

Generally, the single-mode fiber (such as SMF-28, SMF-
28e and HI 1060) used in the laser cavity is slightly anisotropic
because of the fabrication imperfection, which can produce
weak intra-cavity intrinsic linear birefringence. ~Combin-
ing intrinsic birefringence and externally imposed birefrin-
gence, output laser pulse can have two electric components
in orthogonal polarization directions, meaning vector soli-
ton (VS) is achieved in this condition. The externally im-
posed birefringence can be tuned by using polarization con-
troller (PC) or introducing a piece of polarization-maintained
optical fiber. The generated VS can be polarization-locked,
group-velocity-locked or polarization-rotated, which is depen-
dent on the strength of linear birefringence and linear bire-
fringence induced cross-phase modulation between orthogo-

15-17] The generation and dynamics of

nal polarization modes. !
fiber VSs have been reported by many research groups. Also,
the manipulation of VSs out of laser cavity has been theo-
retically and experimentally studied. For example, Zhao et
al. reported the numerical simulations about the generation
of pseudo-high-order group-velocity-locked VSs.!!8] Zhao et
al. also demonstrated their experimental results in their later
work.[1”] We theoretically investigated the out-cavity manipu-
lation of Yb-doped fiber laser VSs with various pulse prop-
erties, which include super-Gaussian pulses,?”) dark—dark
pulses, >!l bright—dark pulses,*?! self-similar pulses, >3 self-

2 [25-28

similar vector bisolitons,** and so on. ! Through vary-

ing soliton pulse parameters in orthogonal directions, finally,
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various kinds of pulse shapes and optical spectra in out-
put orthogonal directions were got. But there have been
few reports about super-sech VS pulses’ modulation. In this
manuscript, we simulate the out-cavity modulation of super-
sech VS pulses at or near 1064 nm wavelength position, when
it is polarization-locked or group-velocity-locked. Through
the change of pulse parameters in orthogonal polarization di-
rections, various kinds of VSs are shown after the polarization
splitting. Our simulations are useful for relevant theoretical

and experimental studies about super-sech VS.

2. Optical fiber system description

The optical fiber system used in our simulation is demon-
strated in Fig. 1, and this theoretical model has been used in
some previous papers. Figure 1 shows that input vector soliton
from 1064 nm ultrafast fiber laser with electric amplitudes of
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A1 and A5 in orthogonal directions enters into the optical fiber
system, and is manipulated through the change of four soliton
pulse parameters, including amplitude ratio (A, /A1), time de-
lay (AT) between orthogonal components, linear birefringence
(or phase difference) that is imposed by PC, and projection an-
gle (0) that can be varied by rotating polarization beam splitter
(PBS). SMF is single-mode fiber, and Col is optical collima-
tor which can align the output vector soliton pulses. We can
see during the manipulation, the principal and minor axes of
the elliptically polarized laser beam are rotated, and the am-
plitudes in these two orthogonal polarization directions also
vary under appropriate conditions. In this optical fiber system,
the polarization of VS can be controlled through the variations
of amplitude ratio, time delay and phase difference. And the
energy of manipulated VS is separated through changing pro-
jection angle.

Ahorizont al

S
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Fig. 1. Optical fiber system.

The electric fields in orthogonal directions after the colli-
mator are expressed as

1.212(t — AT /2 j 2z
Al(t) = A; sech? [(Tl/)] xe M, (N
1.212 AT /2 i ( 2met
Al (1) = Ay sech® 1.212(t +AT/2) X e1< 2 +A¢>. )
2 B

In above equations, A (r) and A5(¢) are manipulated ampli-
tudes, A; and A, are input amplitudes, ¢ is time variable, AT
is time delay between input orthogonal modes, 77 and 7, are
pulse widths, ¢ is light propagation speed in vacuum, A; and
A, are input central wavelengths, and A@ is phase difference.

The output amplitudes in orthogonal directions after po-
larization splitting by the PBS are expressed as

PRI et ) P

In Eq. (3), A.(t) and A,(r) are respectively the complex am-
plitudes in horizontal and vertical directions after polarization
splitting by PBS, and 6 is projection angle. After polarization
splitting, the temporal intensities in output orthogonal direc-
tions are

L) = A0, (i=xy). @)

In Eq. (4), I;(¢) represents the output pulse shape’s intensity in
horizontal or vertical direction when i is x or y. And the optical

spectra of orthogonal modes can be calculated according to
(@) = |FIAMIP, (i=xy). Q)

In Eq. (5), I!(w) is optical spectrum’s intensity in horizontal
or vertical direction when i is x or y, @ is angular frequency,
and F| ] represents Fourier transform.

Indeed, the VS evolution in optical fiber system can be
numerically solved by using coupled nonlinear Schrodinger
equations (NLSEs). In our simulation, we simplify the model
by assuming the net effects of different pulse parameters. This
assumption has already been reported in Ref. [19], and the ex-
perimental results agreed with the theory. In this approxima-
tion, the length of SMF in the model is assumed to be much
shorter than dispersion length (77 /|B.|) and nonlinear length
(1/(yPy)), which neglect the influence of dispersion and non-
linearity on pulse shapes and optical spectra. This approx-
imation can be achieved through the control of pulse width
(To), group-velocity dispersion (f3;) and pulse peak power (Py).
7Y is fiber nonlinearity and depends on the type of SMF. Of
course, if the fiber length is comparable or larger than disper-
sion/nonlinear length, the coupled NLSEs must be employed
and soliton pulses in orthogonal polarizations will breathe in

time/frequency domain.
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3. Simulation

In this section, we conduct the simulation about manip-
ulating super-sech VSs. Firstly, we assume input orthog-
onal components own the same central wavelength (A; =
A2 =1064 nm) and simulate the manipulation (see Figs. 2-5).
Secondly, input orthogonal components are assumed to have
different central wavelengths (4; = 1063 nm, A; = 1065 nm),
and the results are concluded from Figs. 6-9.

Figure 2 gives theoretical simulation results when A, /A
is 1/1.5, 1/1.3, 1/1, 1.3/1, 1.5/1, and 6 = 0°, AT = 0.5 ps,
A@ = r/2. Ty = T, =5 ps, which is the same for all the cases
in this manuscript. The input orthogonal modes’ phase dif-
ference is /2 when polarization is locked, and in this situ-
ation the net phase difference is also 7/2, so the summation

of externally imposed linear birefringence and intrinsic linear
birefringence is zero. Figures 2(a)-2(e) show that the out-
put pulse peak intensities in horizontal and vertical directions
have consistent variation trend as the change of amplitude ra-
tio Ay /A1, because of the energy exchange when 6 = 0°. The
pulse shapes in orthogonally polarized directions are slightly
mismatched and will be overlapped totally when AT =0 ps. In
corresponding optical spectra of Figs. 2(f)-2(j), both orthogo-
nally polarized optical spectra have trapezoid like optical spec-
trum shapes, which means the optical spectrum peak position
has a flat region, because of the temporal sharp pulse peak.
Also, the optical spectra in orthogonal directions will coincide
with each other when A, /A| =1/1, although AT # 0 ps in this
situation.
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Fig. 2. Simulation results of orthogonal modes when A, /A; is changed (A; = A»): (a)-(e) waveforms, (f)—(j) corresponding spectra.

Figure 3 gives theoretical simulation results when 6 is
10°, 25°, 40°, 55°, 70°, and Ay /A; = 1, AT = 1.5 ps, Ap =
7 /2. The time delay of orthogonally polarized pulse shapes in
Figs. 3(a)-3(e) will be changed as the increase of 6. The vari-
ation trend is that the time delay in orthogonal directions will
decrease when 0 approaches to 45°, and the time delay is zero
when 0 = 45°. In optical spectra of Figs. 3(f)-3(j), the central
wavelength difference has contrary variation trend compared
with time delay of orthogonal components. From this figure,
it is concluded that through changing projection angle, the en-
ergy distribution in horizontal and vertical directions will be
varied, which will induce the changes of phase velocities (time
delay) and group velocities (central wavelengths) of output or-
thogonal components.

Figure 4 gives theoretical simulation results when AT
is 2 ps, 4 ps, 6 ps, 8 ps, 10 ps, and A,/A; = 1, 6 = 40°,

A@ = 1 /2. Figures 4(a)-4(e) demonstrate that the pulse peak
intensities in orthogonal directions will decrease when AT in-
creases from 2 ps to 6 ps, and then remain stable when AT
increases from 6 ps to 10 ps. We can see there are obvious two
pulse peaks in both horizontal and vertical directions when AT
is 6 ps, 8 ps and 10 ps, which means “2 + 2” pseudo-high-
order VSs with group-velocity-locked are generated. They are
called “pseudo-high-order” rather than “high-order” because
the phases of orthogonal pulses are not locked in this situation.
The occurrence of two pulses in horizontal/vertical direction is
due to the interferences in orthogonal directions. Figures 4(f)—
4(j) demonstrate the simulated optical spectra, showing that
the peak intensities increase with increased AT. Orthogonal
modes have slightly different central wavelengths, meaning

group velocities are changed when AT increases. Besides, an-

054203-3



Chin. Phys. B 31, 054203 (2022)

other pedestal that at shorter (or longer) wavelength position in

horizontal (or vertical) direction will appear when AT reaches

6 ps, and peak intensity of the pedestal will also increase with

increased AT.
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Fig. 3. Simulation results of orthogonal modes when 6 is changed (1; = 4;): (a)—(e) waveforms, (f)—(j) corresponding spectra.
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Fig. 4. Simulation results of orthogonal modes when AT is changed (A; = A3): (a)—(e) waveforms, (f)-(j) corresponding spectra.

At last, we change A@ and Fig. 5 gives theoretical simu-
lation results when A is n/7, 2nt/7, 3% /7, 4 /7, 57/7, and
Ap/A; =1, 6 =45°, AT =0 ps. Pulse shapes in Figs. 5(a)—
5(e) and optical spectra in Figs. 5(f)-5(j) demonstrate sim-
ilar variation trend as the increase of A¢. In other words,
the peak intensities of pulse shapes and corresponding op-
tical spectra in horizontal/vertical polarization direction will
decrease/increase with increased A¢@. The peak intensities of
pulse shapes/optical spectra in orthogonal directions are al-

ways different under symmetry projection, which means the
change of phase difference can induce energy flow between
orthogonal directions.

Figure 6 gives theoretical simulation results when Ay /A
is 1/1.5, 1/1.3, 1/1, 1.3/1, 1.5/1, and 6 = 0°, AT = 0.5 ps,
A@ = 0. The peak intensity variation trend in Figs. 6(a)-6(e) is
almost the same to Figs. 2(a)-2(e), regardless of different Ap
values. The optical spectra in Figs. 6(f)—-6(j) show that the op-
tical spectrum peak intensity of horizontal/vertical mode has
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the same variation trend to the change of Ay/A;. The hori-
zontal (or vertical) mode is always at shorter (or longer) wave-
length position regardless of the variation of peak intensity.

The unchanged output central wavelengths indicate that the
group velocities of orthogonal modes are robust to the change

of amplitude ratio.
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Fig. 5. Simulation results of orthogonal modes when Ag is changed (A; = A»): (a)—(e) waveforms, (f)-(j) corresponding spectra.
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Fig. 6. Simulation results of orthogonal modes when A, /A; is changed (A; # A2): (a)-(e) waveforms, (f)—(j) corresponding spectra.

Figure 7 demonstrates the simulation results when 6 is
10°, 25°, 40°, 55°, 70°, and Ay /A =1, AT = 1.5 ps, Ap = 0.
Comparing Figs. 7(a)-7(e) and 3(a)-3(e), it is obvious that
pulse splitting occurs for the case of different central wave-
lengths when 6 is changed. The generation of multiple peaks
is due to the enhanced interference in horizontal/vertical di-
rection when 6 # 0° and with different input central wave-
lengths. Also, the maximum pulse peak intensities of orthog-

onal modes vary with different 6 values. The temporal peak
intensity and oscillation depth of horizontal/vertical mode will
reach the maximum when 0 = 45° (not depicted in Fig. 7). In
Figs. 7(f)-7(j), there are two peaks for both output modes. The
peak intensity of shorter wavelength of horizontal (or vertical)
mode will decrease (or increase) with increased 6, which will
induce the increased (or decreased) peak intensity of longer
wavelength of horizontal (or vertical) mode. The reason of
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generating dual-wavelength VS is that the change of projec-
tion angle will induce the intensity redistribution in two wave-
lengths with fixed total energy. It should be noted that the
orthogonal optical spectra are overlapped but corresponding
pulse shapes are not when 6 = 45°.

Figure 8 gives theoretical simulation results when AT
is 2 ps, 4 ps, 6 ps, 8 ps, 10 ps, and Ay/A; =1, 6 = 40°,
A@ = 0. Figures 8(a)-8(e) demonstrate that as the increase
of AT, the two pulsed waveforms in orthogonally polarized
directions start to separate with each other, and their pulse

peak intensities decrease with increased AT. Also, the pulse
shapes will become relatively smooth when they start to sepa-
rate, because of the decreased interaction between orthogonal
components when time delay increases. In the optical spectra
described in Figs. 8(f)-8(j), there are two peaks for both or-
thogonally polarized modes because of non-zero 6 value. The
optical spectrum peak intensity of 1063 nm component in hor-
izontal/vertical direction is always higher/lower than 1065 nm
component, and the peak intensities are almost unchanged un-
der the variation of AT
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Fig. 7. Simulation results of orthogonal modes when 6 is changed (1] # A;): (a)—(e) waveforms, (f)—(j) corresponding spectra.
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At last, Ag is changed and Fig. 9 gives theoretical simu-
lation results when A is ©/7, 2x/7, 3n/7, 4 /7, 57t/7, and
Ay/A1 =1, 6 =45°, AT =0 ps. In Figs. 9(a)-9(e), pulsed
waveforms in orthogonally polarized directions have multiple
pulse peaks. The temporal envelopes are almost the same but
these peaks are not overlapped even when AT = 0 ps, because
of different phase distributions in orthogonal directions. In

Figs. 9(f)-9(j), the optical spectra in horizontal and vertical
directions are overlapped because of the symmetry projection.
Besides, the dual-wavelength optical spectra at 1063 nm and
1065 nm are unchanged as the increase of A¢, meaning opti-
cal spectra in orthogonal directions are robust to the change of

phase difference.
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Fig. 9. Simulation results of orthogonal modes when Ag is changed (A; # A»): (a)—(e) waveforms, (f)—(j) corresponding spectra.

4. Conclusion

We gave theoretical simulation results about manipulat-
ing super-sech VSs in this work, whether the orthogonal com-
ponents had same or different input central wavelengths. The
output orthogonally polarized pulse shapes and optical spectra
were always smooth when input orthogonal modes have the
same central wavelength. By comparison, pulse shapes with
multiple peaks and dual-wavelength optical spectra in orthog-
onally polarized directions could be achieved with different
central wavelengths. The simulation results explore the super-
sech vector optical soliton dynamics in optical fiber system,
and have applications in the fields of polarization multiplex-
ing and coherent optical detectors in optical communications,
through controlling the polarizations of super-sech VSs.
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