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SPECIAL TOPIC — Nonlinear localized waves: Theory, methods and applications
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Both intra-cavity and extra-cavity manipulation of optical solitons are efficient methods for investigating the dynamic
properties of solitons in nonlinear optical systems. In this article, we mainly simulate the extra-cavity manipulation of
a bright-gray vector soliton at a wavelength of 1064 nm, considering that the bright soliton component and gray soliton
component have the same or slightly different central wavelengths. Five kinds of soliton parameters (including central
wavelengths) are varied based on our proposed extra-cavity manipulation physical system. Both single-parameter variation
and dual-parameter variation methods are adopted in the simulation. The manipulated bright-gray vector soliton’s pulse
shapes and optical spectra in orthogonal polarizations will exhibit unique characteristics when different parameters are var-
ied. For instance, slightly different central wavelengths can induce obvious temporal oscillations of orthogonally polarized
pulse shapes at the output terminal. Our simulations effectively explore the manipulation of different types of optical soli-
tons in extra-cavity manipulation systems, providing useful reference for studying the nonlinear dynamics of various types

of optical solitons in extra-cavity manipulation systems.

Keywords: vector soliton, manipulation, polarization

PACS: 42.65.Tg, 42.81.Gs, 42.55.—f
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1. Introduction

In the field of nonlinear fiber optics, the study of optical
solitons has always been a hotspot over the past decades.!!~"]
Optical solitons can propagate in optical fibers and maintain
their pulse shapes and velocities over long transmission dis-
tances, making them applicable to long-distance and high-
speed optical fiber communications. Optical solitons can
exist in the normal dispersion regime (A < 1.3 pum), zero-
dispersion position (A = 1.3 um), or anomalous dispersion
regime (A > 1.3 um), under the balance of different parame-
ters, such as self-phase modulation, group-velocity dispersion,
optical spectral filtering, linear birefringence, gain, loss and
higher-order dispersions. Generally, optical solitons are usu-
ally studied in mode-locked fiber laser cavities,®!8] thanks
to their compact structures, high heat dissipation efficiency,
ease of changing different parameters, ease of maintenance
and strong anti-electromagnetic interference capability. As a
kind of highly efficient intra-cavity manipulated optical fiber
system, mode-locked fiber lasers can generate optical soliton
pulses with different pulse widths (from ns to fs pulses), repeti-
tion rates (from kHz to THz), single pulse energies (at nJ level
for optical fiber laser oscillators), polarizations (linearly polar-
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ized or elliptically polarized), central wavelengths (from visi-
ble band to mid-infrared band), pulse shapes (sech shape, rect-
angle shape, sech’ shape, parabolic shape, Gaussian shape)
and so on.

Optical solitons in nonlinear optical fiber systems can
be classified into two categories: one is scalar solitons and
the other is vector solitons. Ideal scalar solitons exist in
all polarization-maintained mode-locked fiber lasers.['”) And
scalar approximation is often adopted in single-mode or multi-
mode fiber lasers, through the compensation of linear bire-
fringence by adjusting intra-cavity polarization controller.
By comparison, vector solitons exist in birefringent environ-
ments, which are produced by polarization elements, such
as polarization-maintained fibers and linear polarizers.!20-26]
Among these vector solitons, bright-gray vector soliton has a
bright soliton in one polarization direction, and a gray soli-
ton in the orthogonal polarization direction. Bright soliton
and gray soliton are coupled together through nonlinear in-
teraction, and can co-propagate over a long distance with-
out distortion in the time or frequency domain. The theoret-
ical simulations of scalar and vector solitons in fiber lasers
can be numerically or analytically solved with correspond-
ing master equations, including nonlinear Schrédinger equa-
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tion (NSE),"?”! coupled NSEs,?®] Ginzburg—Landau equation
(GLE),” coupled GLEs.? The theoretical and experimen-
tal research on optical solitons in optical fiber manipulation
systems efficiently promotes developments in the fields of op-
tical communications and optical information processing.
Except for the intra-cavity manipulated mode-locked (in-
cluding active and passive) fiber lasers, extra-cavity manipu-
lation of optical solitons is attracting great interest from re-
searchers, due to its larger parameter tuning range and flex-
ible parameter adjustment methods. To date, some studies
have been conducted on extra-cavity manipulation of differ-
ent types of scalar solitons and vector solitons, in normal or

31321 However, there are few

anomalous dispersion regimes.|
reports on the extra-cavity manipulation of bright-gray vector
solitons. In this work, we propose an extra-cavity soliton ma-
nipulation system and theoretically simulate the extra-cavity
manipulation of a bright-gray vector soliton at the 1064 nm
wavelength band, which is applicable to ytterbium-doped vec-
tor soliton fiber lasers. The simulations systematically ana-
lyze the influences of different soliton parameters on the time-
and frequency-domain characteristics of the input bright-gray
vector soliton. The simulation results reveal the nonlinear dy-
namics of a bright-gray vector soliton when different soliton

parameters are varied.

2. Description of theoretical model

Figure 1 gives our proposed extra-cavity optical soliton
manipulation system on which our simulations are based. Ob-
viously, this manipulation system has a spatial optical struc-
ture. The bright-gray vector soliton is generated from a vec-
tor soliton mode-locked ytterbium-doped fiber laser source.
Firstly, the orthogonal components of the input bright-gray
vector soliton are separated by a polarization beam splitter
(PBS1). Then, both horizontal and vertical electric fields are
manipulated by the two variable optical attenuators (VOAI1
and VOA?2). The time delay between the orthogonal electric
fields is varied by tuning the two optical delay lines (ODLI1
and ODL2). After that, the manipulated horizontal and verti-
cal electric fields are combined with the help of PBS2, and the
polarization of the combined electric fields is further manipu-
lated by rotating A /2 and A /4 wave plates. Finally, the orthog-
onal electric fields of the manipulated bright-gray vector soli-
ton are split by PBS3. M1 and M2 are two reflective mirrors.
PBS1 can be rotated to efficiently separate the orthogonally
polarized bright soliton and gray soliton. PBS3 can also be ro-
tated to change the projection angle of the orthogonal electric
fields. This manipulation system is applicable to manipulating
bright-gray vector solitons at other wavelength bands, but the
relevant manipulation elements should be replaced to meet the
requirements of the working wavelengths.

The orthogonal electric fields that are incident on PBS3

— i 27t
up(t) =u; {l—bzsech2 <I¢T/2>} e 11t7 (1)

0
AT/2\ (2
’*T/) ol (5 +a0) Q)
0

are

up (1) = up sech (

Here, u;(7) and uy(¢) denote the time-varying electric fields
in orthogonal directions, while u#; and u, represent the am-
plitudes in the corresponding polarization directions. b is a
dip intensity depth parameter of the gray soliton component
(0 < b < 1). t denotes the time variable. AT denotes the time
delay between the bright soliton and gray soliton. 7j is the
pulse width parameter. ¢ (3 x 108 m/s) is the light propagation
speed. A; and A, denote the central wavelengths of the bright
soliton and gray soliton, which can be the same or different.
Ag is the total phase difference between the bright component
and gray component, and it can be varied by rotating the wave
plates. i represents the imaginary unit.

The orthogonal electric fields that are transmitted or re-
flected by PBS3 are

uy(t) | _[cos@ sinf uy (1) 3)
up(t) | | sin@ —cos@ | | ux(t) |
6 represents the projection angle, and u,(t) and u,(r) are the

projected electric fields. Then, the manipulated pulse shapes
and optical spectra at the output terminal are defined as

I(r) = |um(t)|2, m=x or y, %)

- 2
I[(©) = |un(0)]* = ’/ up(t)e 1 dr| . m=x or y. (5)

I(¢) is the pulse intensity, and /(@) is the optical spectral in-
tensity. m represents the polarization direction.
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Fig. 1. Our proposed optical soliton manipulation system schematic.

3. Simulation
3.1. Single-parameter variation

In the first part of the single-parameter variation, we as-
sume A; = A; = 1064 nm, meaning that the bright soliton has

the same central wavelength as the gray soliton component.
In the second part of our simulation, slightly different central
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wavelengths are assumed (4; = 1063 nm, A, = 1065 nm) for
the input bright-gray vector soliton pair. Besides, we assume
T=S5Spsand b=0.9.

Figure 2 gives the simulated pulses and optical spectra
in horizontal and vertical polarizations, when uy /u; = 1/1.3,
1/1.2,1/1,1.2/1, and 1.3/1. Meanwhile, 6 = 0°, AT =0 ps,
Ap = 0. As demonstrated in Figs. 2(a)-2(e), as up/u; in-
creases, the bright soliton’s amplitude starts to increase when
upy/u; = 1/1. By comparison, the gray soliton’s dip intensity
depth decreases (accompanied by decreased intensity of the
continuous-wave background) as uy/u; increases from 1/1.3

to 1/1, and the dip intensity will approach zero during this pro-
cess. For the optical spectra in Figs. 2(f)-2(j), the horizontally
and vertically polarized optical spectral peak intensities have
the same variation trends as their corresponding pulse shapes
when u, /u; increases. The optical spectra in orthogonal po-
larizations will become more similar to each other as u/u;
increases. When uy/u; = 1/1, the temporal peak intensity of
the bright soliton is almost the same as the dip intensity depth
of the gray soliton, but their corresponding optical spectra have

an obvious difference in peak intensity.
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Fig. 2. Simulated pulses and optical spectra in orthogonal polarizations as u, /u; changes (A; = A2).
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Fig. 5. Simulated pulses and optical spectra in orthogonal polarizations as A changes (A; = A»).

Figure 3 gives the simulated temporal and spectral results
in horizontal and vertical polarizations when 6 = 6°, 12°, 18°,
24°, and 30°. Meanwhile, up/u; = 1/1, AT =0 ps, Ap =0.
In Figs. 3(a)-3(e), the bright soliton’s peak intensity decreases
and the gray soliton’s dip intensity increases as 0 increases.
Besides, the two wings of the bright soliton have an upward
trend, while the two wings of the gray soliton have a down-
ward trend when the projection angle increases. In Figs. 3(f)-
3(j), the peak intensity of the horizontal component increases
as 0 increases. During this process, optical spectrum split-
ting occurs for the vertical component. There are two obvious
peaks in the vertical optical spectrum when 6 = 24° or 30°.

From the results presented in Fig. 3, the following conclusion
can be drawn: the orthogonal polarization components of the
bright-gray vector soliton are sensitive to variations in the pro-
jection angle in both the time and frequency domains.

Figure 4 gives the simulated pulses and optical spectra in
horizontal and vertical polarizations when AT = 0.6 ps, 1.2 ps,
1.8 ps, 2.4 ps, and 3 ps. Meanwhile, up/u; = 1/1, 6 = 3°,
Ap = 0. In Figs. 4(a)-4(e), the pulse shapes of the vertical
bright soliton and horizontal gray soliton are invariant as AT
varies. The time delay between the bright soliton and gray
soliton increases with increasing AT. For the optical spectral
results given by Figs. 4(f)—4(j), the gray soliton’s optical spec-
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trum always has a higher peak intensity than the bright soli-
ton’s. Moreover, there are no obvious changes in the peak in-
tensities and 3 dB bandwidths of the orthogonal components,
meaning that the orthogonal optical spectra of the bright-gray
vector soliton are robust to changes in AT'.

Figure 5 gives the simulated pulses and optical spec-
tra in horizontal and vertical polarizations when Ap = 7/10,
/8, /6, m/4, and /2. Meanwhile, up/u; = 1/1, 6 = 1°,
AT = 0 ps. From the results in Fig. 5, we can see that as A@
increases, both the pulse shapes and optical spectra are almost

invariant in both horizontal and vertical polarizations. This
means that the bright-gray vector soliton is robust under vari-
ations in the orthogonal phase difference. It should be men-
tioned that when A¢ further increases from 7 /2 to 7, the op-
tical spectral peak intensity of the horizontal mode decreases,
while that of the vertical mode increases. For the correspond-
ing soliton pulses, the continuous-wave background intensity
of the horizontal gray soliton has a slight reduction, while the
peak intensity of the vertical bright soliton has a slight en-
hancement.
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Fig. 6. Simulated pulses and optical spectra in orthogonal polarizations as us /u; changes (A # A2).
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Figure 6 gives the simulated pulses and optical spectra
in horizontal and vertical polarizations, when uy /u; = 1/1.3,
1/1.2, 1/1, 1.2/1 and 1.3/1. Meanwhile, A; = 1063 nm, A, =
1065 nm, 8 = 0°, AT =0 ps, Ap = 0. The pulse shapes in
Figs. 6(a)-6(e) are the same as those in Figs. 2(a)-2(e), al-
though the orthogonal central wavelengths are different. How-
ever, the optical spectra in Figs. 6(f)—6(j) are obviously differ-
ent from those in Figs. 2(f)-2(j), due to the initial condition
of A1 # A;. In Figs. 6(f)-6(j), the horizontal optical spectral
peak intensity decreases when u/u; increases from 1/1.3 to
1/1, and the vertical optical spectral peak intensity starts to in-
crease when up /u; = 1/1. The peak wavelength difference be-

tween the orthogonal bright soliton and gray soliton is ~ 4 nm,
which is larger than the initial 2 nm.

Figure 7 gives the simulated pulses (a)-(e) and optical
spectra (f)—(j) in horizontal and vertical polarizations, when
0 = 6°, 12°, 18°, 24° and 30°. Meanwhile, A; = 1063 nm,
A = 1065 nm, up/u; = 1/1, AT =0 ps and Ap = 0. It is
obvious that both orthogonal pulse shapes and optical spectra
in Fig. 7 are different from those in Fig. 3. In Figs. 7(a)-7(e),
temporal pulse oscillations occur for both the bright soliton
and gray soliton, and the oscillation behavior becomes more
obvious as 6 increases from 6° to 30°. In Figs. 7(f)-7(j), the
peak intensity of the horizontal component at the 1062 nm
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position decreases with increasing 8, which induces the ap-
pearance and increased peak intensity of another peak at the
1066 nm position in the same polarization direction. During
this process, the peak intensity of the vertical component at the
1066 nm position decreases, and the newly appeared optical
spectral peak at the 1062 nm position in the vertical direction
increases with increasing 0. These simulation results indicate
that the change in 8 (when A; # A;) will induce soliton energy
flow at two different wavelengths.

Figure 8 gives the simulated pulses and optical spectra
in horizontal and vertical polarizations, when AT = 0.6 ps,
1.2 ps, 1.8 ps, 2.4 ps and 3 ps. Meanwhile, A; = 1063 nm,
A = 1065 nm, up/u; = 1/1, 6 = 3°, Ap = 0. In Figs. 8(a)-
8(e), the time delay between the bright soliton and gray soli-
ton increases with increasing AT, and is always accompanied
by slight temporal pulse oscillations in the orthogonal soli-
ton pulses. The temporal oscillations are less obvious than
those in the results in Figs. 7(a)-7(e), meaning that the pro-
jection angle is the main factor that influences the temporal
oscillations of the orthogonal components when A; # A;. In
Figs. 8(f)-8(j), the horizontal component’s peak intensity is
always higher than the vertical component’s peak intensity,
and both orthogonal optical spectra show no obvious changes
when AT changes.

Figure 9 gives the simulated pulses (a)—(e) and optical
spectra (f)—(j) in horizontal and vertical polarizations, when
Ap = n/10, n/8, m/6, /4 and m/2. Meanwhile, A; =
1063 nm, A, = 1065 nm, uy/u; = 1/1, 6 = 1°, AT =0 ps.
The bright soliton and gray soliton show no obvious changes
in either the time or frequency domains as A varies. If Ap

further increases from 7/2 to &, the bright-gray vector soli-
ton is still robust to variations in A¢, which is different from
the case of A; = A,.
bright-gray vector soliton with different central wavelengths

Therefore, we can conclude that the

has improved robustness compared with the bright-gray vec-
tor soliton with the same central wavelength under variations
in phase difference. This property makes the bright-gray vec-
tor soliton with different central wavelengths more applicable
to polarization-multiplexed long-distance optical information
processing, because of the accumulated phase difference in
single-mode fibers over a length of tens of kilometers.

3.2. Dual-parameter variation

Similar to Subsection 3.1, in the first part of the dual-
parameter variation, we assume A; = A, = 1064 nm. In the
second part, slightly different central wavelengths are assumed
(A1 = 1063 nm, A; = 1065 nm) for the orthogonal components
of the input bright-gray vector soliton. Besides, we assume
T=5ps,b=009.

Figure 10 gives the simulated pulses and optical spec-
tra in horizontal and vertical polarizations (A; = A;), when
up/uy = 1/1.3, 1/1.2, 1/1, 1.2/1 and 1.3/1. Meanwhile,
6 =5° 10°, 15°, 20° and 25°. AT =0 ps, Ap =0. In
Figs. 10(a)-10(e), the peak intensity of the vertical pulse will
decrease and then increase as up/u; and 0 increase. Dur-
ing this evolution process, the continuous-wave background
intensity of the horizontal pulse has the same variation ten-
dency. For the orthogonal optical spectra in Figs. 10(f)-10(j),
the peak intensities have the same variation trends as the cor-
responding pulse shapes. Obvious optical spectrum splitting
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Fig. 10. Simulated pulses and optical spectra in orthogonal polarizations as u /u; and 6 change (A} = 4»).
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occurs for the vertical mode when up /u; =1.3/1and 8 =25°. A@ = /10, n/9, n/8, n/7 and ©/6. uy/u; = 1/1, 6 = 3°.
This means that the increase of u /u; increases the threshold In Figs. 11(a)-11(e), we can see that as AT and A increase,

of 0 required for optical spectral splitting in the vertical polar-  the time delay between the horizontal gray soliton and verti-
ization direction, compared with the results in Figs. 3(f)-3(j). cal bright soliton also increases, without obvious changes in
Figure 11 gives the simulated pulses and optical spec-  the pulse shapes. Similarly, the orthogonal optical spectra in

tra in horizontal and vertical polarizations (A; = A;), when Figs. 11(f)-11(j) can maintain their states under simultaneous
AT = 0.6 ps, 1.2 ps, 1.8 ps, 2.4 ps and 3 ps. Meanwhile, variations of AT and Ag.
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Fig. 11. Simulated pulses and optical spectra in orthogonal polarizations as AT and A¢ change (4} = A;).
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Fig. 12. Simulated pulses and optical spectra in orthogonal polarizations as 6 and A@ change (A; = 1).

Figure 12 gives the simulated pulses and optical spectrain  and 7/6. uy/u; = 1/1, AT =0 ps. We can see that both soli-
horizontal and vertical polarizations (A; = A;), when 8 = 3°,  ton pulses and their optical spectra in orthogonal directions are
6°,9°, 12°, and 15°. Meanwhile, A¢p = n/10, n/9, /8, ®/7,  invariant under simultaneous changes of 6 and A¢. So we can
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conclude that the increased A can efficiently compensate for
the variations in pulse shapes and optical spectra induced by
0.

Figure 13 shows the simulated pulses and optical spec-
tra in horizontal and vertical polarizations (4; # A;), when
up/uy =1/1.3,1/1.2,1/1, 1.2/1 and 1.3/1. Meanwhile, 6 = 5°,
10°, 15°, 20° and 25°. AT =0 ps, A¢ = 0. Temporal os-
cillations always exist for orthogonal pulses in Figs. 13(a)-
13(e). The horizontal pulse’s continuous-wave background
intensity will decrease and then slightly increase when both
up/u; and O increase. While the vertical pulse’s peak inten-

sity has slight variation at the beginning, it starts to increase
when u /u; = 1/1 and 6 = 15°. In Figs. 13(f)-13(j), the peak
intensity of the shorter-wavelength component decreases with
increasing uy/u; and 6, and another longer-wavelength peak
occurs when up /u; = 1/1 and 6 = 15°, in the horizontal po-
larization direction. By comparison, the vertical mode con-
verts from a single-wavelength state to a dual-wavelength state
when uy/u; = 1/1 and 6 = 15°. Then, the peak intensities of
both the shorter- and longer-wavelength components increase
with increasing uy /u; and 6, meaning that energy flow occurs
between the orthogonal modes.
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Figure 14 gives the simulated pulses and optical spec-
tra in horizontal and vertical polarizations (4; # A;), when
AT = 0.6 ps, 1.2 ps, 1.8 ps, 2.4 ps and 3 ps. Meanwhile,
Ap=m/10,7/9,7/8,n/7and /6. up /u; =1/1,0 =3°. As
AT and Ag increase, both pulse shapes and corresponding op-
tical spectra show no obvious changes, except for the increased
time delay between the orthogonal pulses. This means that the
variation of AT can only change the time delay between the
orthogonal pulses under simultaneous changes in A¢@. There-
fore, the bright-gray vector soliton with different orthogonal
central wavelengths still maintains its robustness under varia-
tions in AT and Ag.

Figure 15 gives the simulated pulses and optical spectra in
horizontal and vertical polarizations (4; # A;), when 6 = 3°,
6°, 9°, 12° and 15°. Meanwhile, A¢ = n/10, ©/9, ©/8, /7
and /6. up /uy = 1/1, AT =0 ps. In Figs. 15(a)-15(e), the or-
thogonal pulses have slight temporal oscillations when 6 = 3°
and A@ = 7/10. Then, the temporal curves become relatively
smooth as both 6 and A¢ increase. This means that the in-
creased A@ can efficiently compensate for the temporal os-
cillations (as indicated in Figs. 7(a)-7(e)) induced by 6. In
Figs. 15(f)-15(j), the orthogonal optical spectra are robust to
increasing values of 6 and A¢.

4. Discussion

In this work, the simulation results of manipulating a
bright-gray vector soliton have specific application scenarios
in the fields of long-distance polarization-multiplexed optical
fiber communication, distributed optical fiber sensing, opti-
cal information processing, Bose—Einstein condensation, laser

plasma, and so on.

Compared with traditional intra-cavity manipulation of
optical solitons through the construction of fiber laser oscil-
lators, the significance of our research is to split or combine
the orthogonal components of the input vector soliton and ma-
nipulate them independently or together through variations in
multiple parameters. This method can efficiently increase the
tuning range and adjustment flexibility of the input vector soli-
ton in the time or frequency domain. Besides, our physical
model can also be expanded to manipulate other types of vec-
tor solitons.

5. Conclusion

We simulate the extra-cavity manipulation of a bright-
gray vector soliton at a wavelength of 1 pm. Five kinds of pa-
rameters are changed to manipulate a bright-gray vector soli-
ton, including central wavelengths (A; and A,), amplitude ra-
tio (u2/uy), projection angle (), time delay (AT), and phase
difference (A¢). The manipulated bright-gray vector soliton’s
orthogonal components demonstrate different evolution prop-
erties as different soliton parameters are varied. These simu-
lation results effectively reveal the dynamics of a bright-gray
vector soliton with the extra-cavity manipulation technique,
further enriching the understanding of the nonlinear dynamic
characteristics of bright-gray vector solitons.
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