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We investigate theoretically and experimentally the chaotic dynamics of visible-wavelength all-fiber ring laser. The
100-m 630 HP fibers are used to ensure high non-linearity. A 4-m Pr3t/Yb3*-co-doped ZBLAN fiber provides the gain.
The chaotic laser was pumped by the laser diodes with the maximum power of 150 mW at the wavelength of 850 nm.
The peak fluorescence spectrum of Pr3*/Yb3*-co-doped ZBLAN fiber at the wavelength of 635 nm shows that the visible-
wavelength fiber laser can be achieved by synergistic energy transfer between Pr>+ and Yb3* ions. The chaotic fiber laser is
generated by adjusting the pump power, polarization controller and the auto-correlation, permutation entropy, skewness, and
kurtosis were used to analyze the characteristics of chaotic laser. The noise-like time series and delta-like auto-correlation
curve indicate the chaotic output. The complexity and randomness of time series are analyzed by the permutation entropy,
skewness, and kurtosis. The result shows that chaotic dynamics is stable when the pump power exceeds a certain value.
The visible chaotic all-fiber laser has high stability and can be applied for real-time monitoring and sensing. We believe
that this approach may also be feasible for other materials for emission in the visible range.
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1. Introduction

Chaotic laser has the characteristics of randomness,!!!
broad bandwidth,?! delta-like auto-correlation curve,!3! and
the anti-interference capability.[*! They are applied in numer-
ous fields, including the chaotic secure communications, 01
generation of random numbers,!’*! optical fiber sensing, %]
and chaotic lidar.!">!3] Semiconductor laser can achieve the
output of chaotic light through external optical injection, ']
optical feedback,!'> and optoelectronic feedback.!'®!”] For
fiber laser, the nonlinear effect of optical fibers can be ex-
ploited to realize the generation of chaotic laser.[*! Over the
past few decades, chaotic fiber laser in the near-infrared spec-
tral region have been applied for sensing and imaging.[!8!
The 1550-nm chaotic laser can achieve a spatial resolution of
10 cm across a sensing distance of 1.4 km. This method can
enhance the spatial resolution by a factor of 50.!°]

The visible-wavelength fiber lasers exploit the unique
spectral properties and superior transmission characteristics
and have applications due to its notable performance in
a wide variety of industries.””! In the past two decades,
the rapid development of low-loss rare-earth-doped (such as
Pr3*, Dy’", and Ho**) ZBLAN (ZrF;—BaF,-LaF;—AlF;—
NaF) fibers,>!-2* high-power blue gallium nitride laser
diode (GaN-LD),?>! and proposal of up-conversion pumping

TThe two authors contributed equally to this work.
fCorresponding author. E-mail: office-science @tyut.edu.cn

CSTR: 32038.14.CPB.ade4b5

scheme (via pumping by a near infrared wavelengths) have
promoted the development of all-fiber lasers for the visible
wavelength.[>0! The Pr3*/Yb3*-co-doped ZBLAN fiber en-
ables up-conversion luminescence in Pr3* ions, with Yb3t
serving as an efficient sensitizer due to its strong energy
transfer capabilities. In a free-space cavity configuration, re-
searchers achieved an 8-mW continuous-wave blue light out-
put by employing a 30-cm segment of Pr3*/Yb3*-co-doped
ZBLAN fiber, pumped by an 850-nm laser source with a
power of 200 mW.[>’l Researchers demonstrated the gener-
ation of 65-ps dissipative soliton pulses at 635 nm using a
3.5-m Pr3*/Yb3*-co-doped ZBLAN fiber, enabled by the up-
conversion mechanism and mode-locked via a nonlinear am-
plifying loop mirror.?® In recent years, fiber lasers in the
visible wavelength have demonstrated the output of high-

power continuous-wave lasers, [29:30] Q-switched lasers, [31:32]

and ultrashort-pulse lasers. 33331

This paper demonstrates a visible-wavelength chaotic all-
fiber laser. We numerically predicted the evolution of chaos in
the Pr>*/Yb3* co-doped fiber laser. The chaotic laser with a
wavelength of 635 nm was experimentally generated by incor-
porating a certain length of single-mode fiber into the fiber ring
cavity to enhance the nonlinear effect. Its time series exhibits

a delta-like characteristics of auto-correlation curve. The ex-
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perimental results are in excellent agreement with the numer-
ical results. The 635-nm chaotic laser demonstrates the po-
tential application in skincare, biomedical sensing, and high-
precision imaging.

2. Numerical analysis

The models for generating chaos in fiber lasers include
parameter modulation, *%! optical delayed feedback, dual-ring
coupling, nonlinear fiber loop mirror, and nonlinear Kerr
effect.’”] The energy-level lifetime of doped ions impacts
the bandwidth of chaotic laser. By increasing the length of
ring cavity to enhance the intracavity nonlinear Kerr effect
for chaotic generation, the method can avoid the influence
of doped ions and it can generate chaotic lasers with broader
bandwidth and achieve chaotic lasers with GHz-level band-
width. This paper adopts the nonlinear Kerr effect to generate
chaotic lasers in fiber lasers. By adjusting the polarization con-
troller and pump power, the laser can be driven into a chaotic
state. These factors also influence the randomness and com-
plexity of the chaotic laser.

In an optical fiber ring cavity, the optical field is given
by E(z,t) = €(z,t)exp (i (koz— wot)), where @y represents
the optical wave angular frequency. In the relative coordinate
T =t —z/vg, with v denoting the group velocity, the prop-
agation of the optical field envelope can be characterized as
follows:

agx,y (Z, T)
dz

where Ly, is the linear operator for optical field propagation,

= gn(T)gxlv + Lx,yg)@y + Nx,ygx7y7 (D

which includes linear birefringence, group velocity dispersion,
and gain dispersion. L, , is usually expressed in the frequency
domain, and its specific expression is
ko =) + Aia) — i[32602
2n noc 2
1 —gn(t)(1 + 0277)
* 1+ T3 '

Lyy =+

2

The N, is the nonlinear operator for optical field propaga-
tion, which is related to the nonlinear Kerr effect and is usually
expressed in the spatial domain. Its specific expression is

. 2
Nt = it{ (I P+ 3ol
X€xy(2,7) } (3)

A Pr3t/Yb3*-co-doped ZBLAN fiber provides the gain, and
the long single-mode fiber improves the nonlinear effect in the
cavity. The parameters of each component in the laser cavity
are listed in Table 1. The simulation parameters are aligned
with the experimental setup. The simulation starts with ran-
dom Gaussian noise as the initial input.

Table 1. Simulation parameters of the Pr>+/Yb3+ ZBLAN fiber.

Parameter Value Parameter Value
L 4m Y 66.1 W—1.km~!
Q 4 nm g variable
Pat 0.3 mW T635 nm 20 us
A 635 nm 0635 nm 8.1x 102 m?
A 850 nm o 4 dB/m
R 95:5 B 42.32 ps>-km ™!

We numerically simulated the formation and temporal
evolution of chaotic laser dynamics. The single-mode fiber
length was fixed at 100 m, while the pump power was varied
from 5 mW to 150 mW to investigate the output. The autocor-
relation trace of the time series determines whether the out-
put of the laser is chaotic state. The simulation results show
the time series of fiber laser at a pump power of 100 mW
as shown in Fig. 1. The output of time series is shown in
Fig. 1(a) and has the high peak-to-peak amplitude with ran-
dom fluctuations. The autocorrelation of the time series shown
in Fig. 1(b) shows the delta-like autocorrelation trace with a
value of 1 at zero delay and a low pedestal. The full width at
half maximum (FWHM) of the auto-correlation is measured to
be 0.022 ns and it demonstrates the system enter into a chaotic
state with strong stochastic properties. The simulation main-
tains a chaotic output state with the further increases of pump
power and demonstrate the robustness of the chaotic dynam-

1CS.
;"g 1.0} (b)
s g
= = 0.8
g 2 0.6l FWHM =0.022 ns
a2 50
iy = 0.4
@ 3
8 Z 02
S % ok
_01 L L L L L 8_02 n n n n n
0 0.1 0.2 03 04 0.5 7-0.6 —0.2 0.2 0.6
Time (us) Delay (us)

Fig. 1. Simulation results at 100-mW pump power: (a) time series, (b) auto-
correlation.

3. Experimental setup

Figure 2 illustrates the experimental setup of the 635-nm
all-fiber chaotic laser. The laser utilizes a counter-pumping
scheme, and it can improve the power conversion efficiency
and system stability. An 850-nm laser diode (LD) with a
single-mode fiber is utilized to pump the ZBLAN fiber through
a 635/850-nm wavelength division multiplexer (WDM). The
setup consists of a 4-m Pr3*/Yb3*-co-doped ZBLAN fiber,
an inline fiber polarization controller (PC) to adjust the polar-
ization state in the ring cavity, and a 100-m 630 HP single-
mode fiber to enhance the nonlinear effects within the cav-
ity. The Pr>*/Yb’*-co-doped ZBLAN fiber (ZSF SM [0.78],
Pr3* 3000 ppm, Yb** 20000 ppm) exhibits an absorption co-
efficient of approximately 4.0 dB/m at 850 nm, and enable the
efficient up-conversion gain at 635 nm through synergistic en-
ergy transfer (ET) between Pr>* and Yb3* ions.

014208-2
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Fig. 2. Experimental setup of the 635-nm chaotic laser system.

Figure 3 shows the Pr’*/Yb**-co-doped ZBLAN fiber
pumped with an 850-nm laser at 150 mW. It can be observed
that the emission peak at 635 nm is the strongest. The emis-
sion peaks are also observed at 603 nm, 491 nm, 716 nm, and
520 nm. This indicates that the Pr**/Yb**-co-doped ZBLAN
fiber is capable of achieving laser output in other visible wave-
length.

635 nm

603 nm
491 nm

520 nm

Fig. 3. Fluorescence spectrum of Pr3*/Yb3*-co-doped fluoride fiber
pumped with an 850-nm laser at 150 mW.

In addition, we fabricated Pr**/Yb>*-co-doped ZBLAN
fiber patch cords and efficiently connected them to single-
mode silicate 630 HP fibers via fiber adapters. By adjusting
the pump current and PC, nonlinear effects in the ring cavity
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can be controlled. The chaotic laser passing through the OC1
with a splitting ratio of 95:5, 95% of the signal light continues
to circulate in the cavity, and 5% of the signal light is output
through the output port. The output spectrum was measured
using a 190 nm-1100 nm optical spectrum analyzer (OSA,
Avasoft) and the resolution of the OSA is 0.05 nm. The time
series of chaotic laser are recorded by the oscilloscope (OSC,
Tektronix MSO64) with 2.5-GHz bandwidth.

4. Result and discussion

In the experiment, the threshold of the fiber laser is
75 mW. When the pump power exceeds 75 mW, a stable laser
can be observed. As shown in Fig. 4(a), the maximum output
power is 128 uW, and the output power increases linearly with
the pump power, and the inset of Fig. 4(a) shows the color of
the red laser on the color card. Figure 4(b) shows the spectrum
of chaotic laser at a pump power of 150 mW, and it can be seen
that the center wavelength is 635.04 nm and the 3-dB band-
width is 1.21 nm. Figure 4(c) plots a typical chaotic sequence
with high peak-to-peak values and the output with the noise-
like time series indicate that the chaotic laser is very stable.
The inset of Fig. 4(c) is the delta-like characteristics of auto-
correlation curve and the autocorrelation curve demonstrates
that the laser has entered a chaotic state, figure 4(d) displays
the frequency spectrum of the chaotic laser and exhibit broad-
band spectral properties with a bandwidth of 2.5 GHz. The
recorded spectrum is limited by the photodetector and oscillo-
scope.
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Fig. 4. The output of the visible-wavelength chaotic fiber laser under a pump power of 150 mW: (a) average output power versus pump power,

(b) optical spectrum, (c) time series, (d) frequency spectrum.
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The output of the chaotic laser at different powers is
shown in Fig. 5. It can be seen from Fig. 5 that both the aver-
age voltage and the peak-to-peak values of the time series of
the chaotic laser increase with the increases of pump power.
When the pump power is 150 mW, the peak-to-peak value
reaches 1.2 mV. A higher peak-to-peak value can effectively
enhance the randomness of the chaotic laser.

To achieve the chaotic time series with high complexity
and randomness, the complexity and statistical properties of
the time series of chaotic laser at difference pump power are
analyzed shown in Fig. 6. Figure 6(a) shows the permutation
entropy of the chaotic laser with the pump power and it can be
seen that the permutation entropy of the chaotic laser is stable
between 110 mW and 150 mW. The skewness and kurtosis are
used to further analyze the time series of chaotic laser, and fig-
ure 6(b) shows the skewness and kurtosis of the chaotic laser

as the pump power. It can be seen that the skewness and kurto-

Time (us)

—2 0 2 4

Time (us)

0 2 4 —4

g. 5. The time series of chaotic laser output under different pump powers: (a) 90 mW, (b) 130 mW, (c) 150 mW.

sis of the chaotic laser fluctuate with the pump power when the
pump power range from 70 mW to 120 mW, and the decrease
is obvious when the pump power is 85 mW, then fluctuates
up and down and tends to be stable when the pump power is
120 mW-150 mW. It can be concluded that the chaotic state
reaches its optimal performance at a pump power of 150 mW.
The skewness and kurtosis of the chaotic laser exhibit the syn-
chronized trends. The alignment confirms the transition to the
randomness of chaotic laser.
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Fig. 6. Complexity analysis of the visible-wavelength chaotic fiber laser:

(a) permutation entropy and (b) skewness and kurtosis.
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Fig. 7. Stability test of the chaotic fiber laser. Variations of: (a) laser output power, (b) wavelength, (c) FHWM, (d) permutation entropy of the

Pr3+/Yb3+-doped fiber laser.
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Figure 7 demonstrates the stability of the chaotic laser.
Tests were conducted every 30 minutes over a continuous pe-
riod of 6 hours. Figure 7(a) shows the stability testing of
the chaotic laser for the output power. The average power of
the laser over 6 hours was 128.79 pW with a power fluctua-
tion of approximately 0.3 uW. Figure 7(b) shows the stability
of the wavelength of chaotic laser and the wavelength of the
laser has a 0.018-nm fluctuation during the 6 hours test. Fig-
ure 7(c) shows the stability of the FWHM of chaotic laser with
a maximum fluctuation of 0.011 nm. Figure 7(d) is the per-
mutation entropy of the chaotic laser and it indicate that the
permutation entropy of 0.984 is stable, with a fluctuation of
no more than 0.002. Compared with biosensing and imaging
at near-infrared wavelengths (780 nm—1550 nm), the visible-
wavelength chaotic lasers can be applied in biomedical detec-
tion.

5. Conclusion and perspectives

We have successfully demonstrated a diode-pumped all-
fiber structure chaotic fiber laser operating in the visible wave-
length range by 850-nm LD as the pump source. The 4-m long
Pr3*/Yb**-co-doped ZBLAN is used as the gain medium.
When the pump power is 120 mW, the laser with the wave-
length of 635 nm enters the chaotic state, and the complexity
of the chaotic laser increases when the pump power increases.
We believe that this approach may also be feasible for other
materials for emission in the visible range.
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