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Abstract: SPM-enabled spectral selection (SESS) constitutes a powerful fiber-optic technique
to generate wavelength broadly tunable femtosecond pulses. In the current demonstration, the
maximum tuning range is 400 nm and the energy conversion efficiency from the pump source to
the outmost spectral lobes is ~25%. In this submission, we apply the particle swarm optimization
method to the generalized nonlinear Schrodinger equation to identify the optimal parameters that
maximize both the tuning range and the conversion efficiency. We show that SESS in an optical
fiber with the optimized dispersion can deliver SESS pulses tunable in one octave wavelength
range and the conversion efficiency can be as high as 80%. We further show the feasibility of
experimental implementation based on specially designed fibers or on-chip waveguides.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

It is well known that propagation of energetic femtosecond pulses in optical fibers is accompanied
by nonlinear effects such as self-phase modulation (SPM), self-steepening, and stimulated Raman
scattering, which may substantially broaden the pulse spectrum [1]. This nonlinear spectral
broadening process has resulted in several fiber-optic methods to generate wavelength tunable
femtosecond pulses. These methods include dispersive-wave generation [2-5], fiber optical
parametric oscillator/amplifier [6—8], supercontinuum generation (SCG) [9,10], soliton self-
frequency shift (SSFS) [11-14], and SPM-enabled spectral selection (SESS) [15,16]. Limited by
the phase-matching bandwidth mainly determined by optical fibers, tunable femtosecond sources
based on dispersive-wave generation or fiber optical parametric oscillator/amplifier suffer from
relatively narrow tuning range (<250 nm). SCG can generate octave-spanning spectrum and
using a bandpass filter to select a spectral slice can produce femtosecond pulses after proper
phase compensation. However, due to the intrinsic complicated phase associated with SCG
process, phase compensation of the filtered spectrum demands complicated and lossy active
devices. SSFS does not require post phase compensation and can directly deliver red-shifted
transform-limited soliton pulses with large tuning range (>700 nm); unfortunately, the resulting
pulses exhibit large timing-jitter noise and poor energy scalability [17]. As a recently developed
wavelength-conversion method, SESS employs SPM-dominated spectral broadening to generate
a broadened spectrum comprising well-isolated spectral lobes. Using proper optical filters
to select the leftmost/rightmost spectral lobes produces nearly transform-limited femtosecond
pulses with the center wavelength widely tunable. Unlike the well-known SSFS that produces
center-wavelength red-shifted pulses, SESS generates pulses with the center wavelength either
shorter or longer than that of the excited pulse. For example, we obtained ~100-fs pulses tunable
from 825 nm to 1225 nm via SESS excited by 1.03-um pulses [15]. As 1.55-um pulses were
used to excite SESS, we achieved ~100-fs pulses tunable in 1.3-1.7 um [16]. These powerful
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broadly tunable sources have been applied to multiphoton microscopy for biomedical imaging
and protein crystal detection [18-20]. To date, the maximum wavelength tuning range offered by
SESS is 400 nm, and the conversion efficiency from the pump source to the leftmost/rightmost
spectral lobes is ~25%. A question naturally rises: can we further increase both the tuning range
and the conversion efficiency? In this paper, we apply particle swarm optimization (PSO) method
to the generalized nonlinear Schrodinger equation (GNLSE) to explore the optimal parameters
for implementing broadly tunable and highly efficient SESS sources. We show that an optimized
fiber dispersion allows generation of SESS pulses with the wavelength tunability exceeding one
octave and the conversion efficiency reaching >80%.

2. PSO applied to GNLSE for modelling SESS

The propagation of a femtosecond pulse in an optical fiber can be accurately modeled by the
well-known GNLSE [1]:
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where A(z, T) is the amplitude envelope of the temporal pulse at position z. 3, denotes the
n®-order dispersion coefficient. y is the nonlinear parameter defined by y = (won2)/ (cAefr),
where wy is the center frequency, n, is the nonlinear index coefficient, c is the light speed in
vacuum, and Ay is the mode-field area. R() denotes the nonlinear response function, which can
be written as

4T —t\ (1t
R() = (1~ fi) 6(0) + fo D exp(—)sm(—), @
TIT, ™ !
where fr represents the fractional contribution of the delayed Raman response to nonlinear
polarization and takes the typical value of 0.18. 7| and 7, are two parameters to fit well to the
Raman-gain spectrum, which take the value of 12.2 fs and 32 fs, respectively.

Although SESS relies on SPM-dominated spectral broadening, fiber dispersion plays an
increasingly important role as we try to shift the leftmost/rightmost spectral lobes further away.
In Ref. [21], we simulated propagation of femtosecond pulses in three fibers with positive, zero,
and negative group-velocity dispersion (GVD), respectively, and the purpose was to show that
SESS can be achieved in fibers with arbitrary sign of GVD.

To further show that the fiber GVD also determines the wavelength tuning range and energy
conversion efficiency, we here simulate propagation of 100-nJ, 200-fs Gaussian pulse in three
fibers with their GVD set at 10 fs2/mm, 0, and —10 fs?/mm, respectively. For simplicity,
higher-order dispersions are neglected. All the fibers have a mode-field diameter (MFD) of
7 um. Figure 1(a, b, ¢) depict the spectral evolution in these three fibers with a length up to
2 cm. For all three cases, the propagation is accompanied by rapid spectral broadening and
the resulting spectra consist of several spectral lobes. To have a better comparison, we plot in
Fig. 1(d-f) the spectra at the output of 2-cm fibers. The leftmost (rightmost) spectral lobe of
the output spectrum from the fiber with 0-fs>/mm GVD contains 22% (35%) of the total input
energy [Fig. 1(e)]. The result in Fig. 1(d) shows that the resulting spectrum becomes narrower
and spectral lobes tend to wash out as positive GVD exists; the leftmost (rightmost) spectral lobe
contains 22% (31%) of total input energy. For the fiber with negative GVD, soliton compression
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occurs and the associated larger nonlinear phase shift results in a broader spectrum [Fig. 1(f)].
The leftmost (rightmost) spectral lobe peaks at 1.22 um (1.75 um) containing 7% (53%) of total
input energy. The SESS pulses generated by filtering the leftmost (rightmost) spectral lobe of
the spectra in Fig. 1(d-f) are shown as the black (red) curves in Fig. 1(g-i). These pulses have a
duration varying between 38 fs and 105 fs. Also plotted in these figures are the corresponding
transform-limited pulses (dashed lines). Although the fiber dispersion affects the duration and
energy of these SESS pulses, they are all close to be transform-limited.
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Fig. 1. Simulation results of the optical spectral evolution (a-c), output spectra (d-f), and
filtered SESS pulses (g-i) for a 100-nJ, 200-fs pulse centered at 1.55 um propagating in
2-cm optical fibers with 7-um MFD and different GVD at 1.55 um: 10 fs2/mm for (a, d, g),
0 fs2/mm for (b, e, h), and -10 fs2/mm for (c, f, i). The shaded areas in (d, e, f) mark the
leftmost and the rightmost spectral lobes in (a, b, ¢), respectively. Solid-lines in (g, h, i) show
the SESS pulses and dashed lines represent the corresponding transform-limited pulses.

The results in Fig. 1 clearly indicate that, in addition to nonlinearity, fiber dispersion is crucial
to determine the wavelength tuning range and the energy conversion efficiency. To explore
the full potential of SESS for effectively generating broadly tunable pulses, we employ PSO
method to optimize the fiber parameters. As a stochastic population-based algorithm, PSO was
introduced by Kennedy and Eberhart in 1995 [22] and soon was widely used to optimize the
nonlinear and non-continual problems in different research fields [23-25]. Several groups have
applied PSO to optimize optical nano-antennas, optical fiber systems involving stimulated Raman
scattering or stimulated Brillouin scattering, and mode-locked fiber lasers [26-29]. Compared
with the well-known genetic algorithm that is widely adopted in optics, PSO has only one operator
(velocity calculation) while genetic algorithm needs three (selection, crossover, and mutation),
which makes PSO relatively easy to implement. Additionally, the global best particle and the
inertia term in PSO avoid the convergence to a local optimum.

PSO was inspired by the behavior of the bird swarm. To locate the position of the food, birds
in a swarm learn from their experience and share information, which correspond to the cognitive
and social mechanism of the PSO algorithm. Figure 2 illustrates the iteration flowchart of PSO
algorithm. Two D-dimensional vector X; = (X;1, Xp, ..., Xjp)andV; = (Vy, Vp, ..., Vip)
are randomly generated to represent the position and velocity of the i particle, respectively. The
position vector X; is substituted into an objective function to produce a fitness value representing
the fitness of X;. For the " particle, the optimal position of its own historical position is recorded
as personal best P; = (P;;, Pp, ..., P;p)and the optimal position of all particles is recorded
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as global best P, = (Pg1, Pg, ..., Pgp). The velocity of the i’ particle at the #" iteration
Vi(t + 1), which denotes the difference between X;(t + 1) and X;(t), gives the form as

Vit +1) = waVi0) + e (Pi(t) = Xi0)) + cara(Py(t) = Xi(1) (3)

Xi(t+1) = Xi(t) + Vit + 1) 4)

where ¢ denotes the iteration of the particle swarm. w is the inertia weight factor. The acceleration
constants ¢y and ¢; affect the contribution of P; and Py, respectively. They are usually set between
1.5 and 2.5 to improve the convergence performance of the algorithm. Two random functions r;
and r; are distributed between 0 and 1.
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Fig. 2. Flowchart of PSO algorithm.

3. Single-objective optimization for SESS

In our optimization, we randomly generate an initial swarm with a few particles. Each particle
corresponds to a 5S-dimensional vector X;, which represents a group of parameters with 5 variables,
i.e., fiber length L, MFD, S,, B3, and 84. A 200-fs Gaussian pulse centered at 1.55 pm with
150-nJ energy is injected into these fibers. Nonlinear propagation of the pulse in the fibers is
modeled by the GNLSE [i.e., Eq. (1)]. Two windows are pre-set at both sides of the pump
wavelength. Once the peak of a spectral lobe appears in the windows, the entire spectral lobe
is selected. The Fourier transform of each individual side lobe represents the corresponding
temporal pulse, and the transform-limited pulse can also be calculated by eliminating the spectral
phase. In our SESS optimization, we define a fitness function as

fitness = 1 X . (®)]
E +E,
=— (6)
n Ein
SR; + SR,
m= ™

E; (E,) represents the energy contained in the leftmost (rightmost) spectral lobe, and E;, is the
input energy. 77; denotes the energy conversion efficiency. SR; (SR,) is the strehl ratio of the
SESS pulse corresponding to the leftmost (rightmost) spectral lobe, which is the ratio between
the peak power of filtered SESS pulse and the transform-limited pulse. Indeed 7, quantifies the
SESS pulse quality. The simulation parameters are chosen as follows:

1) The inertia factor w is set to linearly decrease from 0.8 to 0.3 through the whole iteration
process, and the cognitive factor c; and social factor ¢, are set at 1.5 and 2.5, respectively.

2) A maximum step number of 400 is set to avoid an overlong calculation time. The fitness
value returns to zero if the maximum step value is reached.

3) We first set the search range at 1-5 cm for fiber length, 2-20 um for MFD, -100-100 fs*/mm
for B, -200-200 fs*/mm for B3, and -1000-1000 fs*/mm for B4. The PSO algorithm running
with 300 particles and 300 iterations shows great convergence. The computation time is
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about 2 hours using a common laptop. After several trials, we can substantially reduce the
computation time by searching in a smaller parameter space: 1.5-3.5 cm for fiber length,
4-12 um for MFD, -10-0 fs?/mm for £, 0-200 fs/mm for B3, and 0-1000 fs*/mm for B4.
Furthermore, a reflection mechanism is introduced to reset the particles into the search
range if they stray out.

To investigate the effects of dispersion, we perform the optimization for two cases: (1)
optimizing 3, and B3, and (2) optimizing B,, 33, and 4.

3.1. Optimization of 5, and B3

In this section, only the fiber length, MFD, the 2"9- and the 3™- order dispersion are considered.
To show the astringency of the algorithm, we run the PSO with 300 particles and 300 iterations
with the pass bands of the filter pre-set at 1.2 um and 1.8 ym with 60-nm bandwidth. Figure 3
plots the mean fitness value (blue triangle) and global best fitness value (red circle) as a function
of iteration. As the iteration number increases, the global best fitness reaches a constant of 0.705
after 100 iterations, and the mean fitness gradually converges to the global best fitness, which
demonstrates the astringency of the PSO algorithm.
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Fig. 3. Best fitness and mean fitness as a function of iteration.

The global best particle (red circle) after 100 iteration corresponds to the optimized fiber
parameters such as fiber length, MFD, 3,, and 3, which, in this optimization, are 3.2 cm, 10.5
um, -6.2 fs>/mm, and 21.7 fs*>/mm, respectively. Figure 4(a) and (b) depict the spectrum and
pulse evolution along with the increased propagation distance. The white dashed line in Fig. 4(a)
indicates the zero-dispersion wavelength (ZDW) of the fiber, which is 1.25 pm. The output
spectrum after the fiber [Fig. 4(c)] comprises well-isolated spectral lobes. Due to the anomalous
dispersion at the center wavelength, the pulse is compressed along the fiber without soliton
fission [inset of Fig. 4(c)]. The 3-dB bandwidth of the selected leftmost (rightmost) spectral lobe
is 147 nm (131 nm) and the corresponded temporal pulse FWHM is 34 fs (87 fs) with 40-nJ
(70-nJ) pulse energy [solid lines in Fig. 4(d)]. The total energy conversion efficiency is 73%.
The dashed lines in Fig. 4(d) represent the corresponding transform-limited pulses, and clearly
the resulting SESS pulse are nearly transform-limited.
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Fig. 4. SESS results given by PSO of fiber length, MFD, 3,, and 3. (a) Dispersion of
the optimized fiber. (b) Spectral evolution along with fiber distance. The white dash line
marks the zero-dispersion wavelength. (c) Spectrum at the output of 3.2-cm fiber. Inset:
pulse at the output. (d) SESS pulses corresponding to the leftmost spectral lobe (black solid
line) and the rightmost spectral lobe (red solid line). Dashed lines show the corresponding
transform-limited pulses.

3.2. Optimization of 8,, B3, and B4

In Section 3.1, we only consider 3, and 33, and therefore the fiber dispersion has only one ZDW.
Nowadays, the rapidly developed photonic crystal fibers (PCFs) or on-chip waveguides provide
more degrees of freedom to engineer the fiber parameters. For instance, by adjusting the fiber
pitch, PCFs with two or three ZDWs can be achieved. PCFs with two ZDWs are suitable for
supercontinuum generation with the pump wavelength located between the two ZDWs [30,31].
These fibers exhibit a relatively large 84. In this section, we include 34 in the optimization of fiber
dispersion. The passbands of the filter are set at 1.2 ym and 1.8 pm with 60-nm bandwidth to
select the leftmost/rightmost spectral lobes. After running the PSO algorithm with 100 particles
and 100 iterations, the optimized results for fiber length, MFD, ;, B3, and B4 are 2.3 cm, 8.2
um, -7.7 fs2/mm, 0.4 fs3/mm, and 934 fs*/mm, respectively.

Figure 5(a) plots the fiber dispersion with two ZDWs located at 1.4 um and 1.73 um. Figure 5(b)
illustrates the spectral evolution along the fiber length, and the two dashed lines mark the ZDWs.
As the pulse propagates from O cm to 1.5 cm, the spectrum broadens symmetrically by SPM
until the outmost spectral lobes start to shift into the normal dispersion region. For further
propagation, the spectral lobes in the central spectral region fade away and more energy transfers
to the two outmost spectral lobes. This spectral evolution can be explained as a non-degenerate
four-wave mixing process: the phase-matching between the spectral lobes in the central region
and the two outmost spectral lobes causes the energy conversion [30]. Figure 5(c) shows that,
after propagation of 2.3 cm, the two spectral lobes peak at 1.23 um and 1.79 pm, respectively; the
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inset shows the corresponding pulse. Figure 5(d) plots the SESS pulses: the leftmost (rightmost)
spectral lobe has an energy of 54 nJ (69 nJ) with 60-fs (107-fs) pulse FWHM. Given 150-nJ input
energy, these two lobes include 82% of the energy. For a comparison, the dashed lines represent
the transform-limited pulses. Apparently the two SESS pulses are nearly transform-limited.
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Fig. 5. SESS results given by PSO of fiber length, MFD, 5, 83, and B4. (a) GVD of the
optimized fiber. (b) Spectral evolution. Two white dashed lines mark the two ZDWs. (c)
Broadened spectrum after propagating 2.3 cm with the pulse shown as inset. (d) SESS pulses
corresponding to the leftmost spectral lobe (black solid line) and the rightmost spectral lobe
(red solid line). Dashed lines show the corresponding transform-limited pulses.

4. Multi-objective PSO

Problems with two or more objectives (e.g., large spectral tuning range and high energy conversion
efficiency) need more complicated fitness function to guide the particles toward the optimal
solution. This improved algorithm is known as multi-objective PSO. In this section, we introduce
a multi-objective fitness function to simultaneously optimize both the conversion efficiency and
the wavelength separation between the leftmost and rightmost spectral lobes, which takes the

form
El + Er % SR[ + SRr n O\mux - /lmin)

E; 2 Ao

The first term on the right-hand side represents the energy conversion efficiency of these two
side lobes and the second item denotes the wavelength separation between the left and right lobe,
which is normalized to Ay (is set at 1.55 um in this simulation).

After running the PSO algorithm with 200 particles and 200 iterations, the optimized results
for fiber length, MFD, 5, B3, and B4 are 1.73 cm, 5.8 pm, -8.5 fs2/mm, 24.1 fs3/mm, and 0.0012
fs*/mm, respectively. The output results are summarized in Fig. 6. The dispersion curve of the
optimized fiber has a ZDW at 1.2 um [blue curve in Fig. 6(a)]. For comparison, we also plot
the dispersion of a PM980 fiber [black curve in Fig. 6(a)]. The spectral evolution in Fig. 6(b) is
similar with that in Fig. 5(b) but exhibits a much larger wavelength coverage (the white dashed

®)

fitness =
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line makes the ZDW). Figure 6(c) shows the output spectrum after propagating 1.73 cm. The
leftmost and rightmost spectral lobes peak at 0.91 um and 1.92 um, respectively, resulting in a
wavelength tuning range exceeding one octave. The leftmost (rightmost) spectral lobe has energy
of 40 nJ (68 nJ), corresponding to 72% conversion efficiency. The red (black) solid curve in
Fig. 6(d) shows the 94-fs (33-fs) pulse corresponding to the filtered rightmost (leftmost) spectral

lobe.
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Fig. 6. Joint optimization of conversion efficiency and wavelength tuning range. (a) GVD
of optimized fiber and PM980 fiber. (b) Spectral evolution. (c) Broadened spectrum after
propagating 1.73 cm with the pulse shown as inset. (d) SESS pulses corresponding to the
leftmost spectral lobe (black solid line) and the rightmost spectral lobe (red solid line).
Dashed lines show the corresponding transform-limited pulses.

Compared with the results in Section 3.2, the multi-objective PSO leads to a larger wavelength
tuning range (1.01 um versus 0.56 um) and a less conversion efficiency (72% versus 82%). As
expected from Eq. (8), a trade-off exists between the tuning range and the conversion efficiency.
Changing the relative weight between the two terms in Eq. (8) can generate the optimized results
more in favor of tuning range (or conversion efficiency).

5. Possible experimental implementation

The PSO results indicate that optical fibers with properly tailored dispersion can produce SESS
pulses with high conversion efficiency as well as large tuning range. Since these dispersion
curves are predicted by PSO algorithm, one might raise the question whether they are feasible
experimentally. To answer this question, we consider SESS in a numerically designed PCF in
with two ZDWs at 1129 nm and 1637 nm [black curve in Fig. 7(a)] [32]. The black curve in
Fig. 8(b) shows the broadened spectrum for a 150-nJ 200-fs Gaussian pulse centered at 1500 nm
propagating 3.5 mm in this PCF. The leftmost (rightmost) spectral lobe peaks at 936 nm (1744
nm) and contains 30 nJ (77 nJ) energy. This corresponds to 71% of energy conversion efficiency.
It is noteworthy that experimentally preparing a PCF as short as 3.5 mm and coupling light
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into it is possible. In our previous experimental work, we successfully demonstrated nonlinear
wavelength conversion in a 2-mm long PCF [3].
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Fig. 7. (a) Dispersion of PCF (black curve) and TeO, waveguide (blue curve). (b) Output
spectrum of a 150-nJ, 200-fs Gaussian pulse propagating in the PCF (black curve) and a
15-nJ 200-fs Gaussian pulse propagating in 3-mm TeO, waveguide (blue curve).

Besides optical fibers, on-chip waveguides constitute another important platform for nonlinear
optical wavelength conversion. The waveguide structure can be precisely engineered to achieve a
varied waveguide dispersion along the direction of propagation to produce a desired spectrum
[33]. The propagation of ultrafast pulse in the waveguide is also described by the GNLSE despite
that the nonlinear coefficient n, of the waveguide is significantly larger than that of the silica
fiber. The blue curve in Fig. 7(a) shows the dispersion curve of a TeO, waveguide [34]. The
blue curve in Fig. 7(b) corresponds to the output spectrum of a 15-nJ, 200-fs Gaussian pulse
after propagating 3-mm in this waveguide. With two ZDWs located at 1358 nm and 1960 nm,
the two spectral lobes are extended to 1050 nm and 1900 nm with an energy of 5.1 nJ and 6 nJ,
respectively, corresponding to 74% energy conversion efficiency.

6. Conclusion

In conclusion, we apply the PSO algorithm to the GNLSE to optimize an optical waveguide such
that the resulting SESS pulses feature both large tuning range and high conversion efficiency.
Using single-objective PSO to maximize the energy conversion efficiency, we show that an
optical fiber with two ZDWs can deliver tens-of-nanojoule transform-limited SESS pulses with
the conversion efficiency as high as 82%. Multi-objective PSO allows a joint optimization of
tuning range and conversion efficiency, and the resulting SESS pulses can be tuned within the
wavelength range of 0.91-1.92 um, which exceeds one octave. A comparison between single- and
multi- objective optimizations reveals a trade-off between the tuning range and the conversion
efficiency. We also discuss the feasibility of experimental implementation based on customized
fibers or TeO, waveguides, both of which have two ZDWs. Ongoing work is to experimentally
demonstrate such broadly tunable energetic SESS sources, which will find important applications
in multiphoton microscopy and generation of high-power long-wave mid-infrared femtosecond
pulses [35,36].

Apart from SESS, the PSO algorithm can be applied to optimize other nonlinear processes that
are sensitive to the dispersion. For example, the PSO algorithm can be used to supercontinuum
generation to optimize both the bandwidth and flatness. It can also optimize soliton self-frequency
shift to maximize the energy and the wavelength shift of a Raman soliton. We anticipate that the
PSO algorithm will become a powerful optimization tool for nonlinear waveguide optics.
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