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Numerical Demonstration of the Soliton
Self-Frequency Shift Process Beyond 8 ym in a
Tellurite-Chalcogenide Fiber Cascaded Structure

Yiwei Hou"”, Qi Wu

Abstract—We investigate theoretically the mid-infrared (MIR)
Raman soliton self-frequency shift (SSFS) process in the TeO--
BaF,-Y203 (TBY) fiber and AsSes-As,Ss fiber. The numerical
analysis of the SSFS process in the TBY fiber is performed, reveal-
ing the impacts of the pumping wavelength and fiber core diameter
on the SSFS effect. A new quantity measuring the frequency shift
ability of a Raman shifter fiber is derived to interpret the complex
relation between the frequency shift amount and the fiber parame-
ter observed in simulations. Further, we propose some general ways
to optimize the wavelength extension, conversion efficiency, pulse
duration, and spectrum cleanliness for all Raman soliton lasers.
For the first time, we propose the idea of coupling the tellurite
fiber with chalcogenide fiber to further enhance the SSFS effect
in MIR. With experimentally achievable high-power seed pulses
at 1.9 pm and 2.8 pm, we demonstrated wavelength conversion
from 1.9 to 7.5 pum and 2.8 to 8.1 pm through the SSFS process
by cascading the TBY fiber with a AsSe,-As5S5 fiber in suitable
coupling parameters. Our work could offer meaningful guidance
to optimize the Raman soliton lasers and enlighten a feasible way
to extend the SSFS process to a longer wavelength range.

Index Terms—Soliton self-frequency shift, mid-infrared,

tellurite fiber, chalcogenide fiber.

1. INTRODUCTION

IBER-based ultrashort lasers in the mid-infrared region
(MIR) are of great significance for a wide range of applica-
tions such as spectroscopy [1], gas sensing [2], eye-safe LIDAR
[3], and attosecond pulse generation [4]. As an important non-
linear wavelength conversion mechanism in optical fibers, the
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soliton self-frequency shift (SSES) effect [5] has been one of the
most promising ways to build fiber-based widely tunable Raman
soliton lasers. Most recently, the SSFS process in various Raman
shifter fibers such as thulium-doped [6], [7], germanium-doped
[8]-[10], fluoride [11], [12], tellurite [13]-[15], and chalco-
genide [16]-[18] fibers has been studied and utilized to build
tunable laser sources.

Limited by the position of the zero-dispersion wavelength
(ZDW) of optical fibers, the pumping wavelength of these
Raman shifter fibers in MIR is usually ~2 pym or ~2.8 um,
which has been achieved by mode-locked thulium-doped fiber
lasers [19], [20] and holmium- [21] or erbium-doped fiber
lasers [22], respectively. By pumping at ~2 pum, the GeOs-
doped silica-based fiber almost reaches 3 um [9] through the
SSES effect. However, due to the high transmission loss of
the silica-based materials beyond 3 pm, it is hard to achieve
further wavelength extension through the SSFS process in these
fibers. Owing to the low photon energy, soft glass fibers such as
chalcogenide, fluoride, and tellurite fibers offer low fiber loss in
the spectrum range beyond 3 pm [23], thus allowing the SSFS
process in a longer wavelength range. The MIR SSFS process in
fluoride fibers has been demonstrated intensively. For example,
Duval et al. [11] achieved a 2.8-3.6 um tunable ultrashort laser
source with watt-level output using a ZBLAN fiber as the Raman
shifter fiber. Tang et al. [12] built a widely tunable femtosecond
laser source with an indium fluoride (InF3) fiber covering the
2-4.3 pm spectrum region, which has been the widest SSFS
process achieved in experiment up to now. However, due to the
low nonlinearity, the achievement of wide tunability in fluoride
fibers requires seed pulses with ultra-high power and ultra-short
duration. Compared with fluoride fibers, tellurite fibers possess
the merits of a much higher nonlinear coefficient and higher
Raman contribution in MIR. This feature greatly enhances the
SSES effect, especially with a relatively ordinary seed pulse.
Koptev et al. [13] achieved a widely tunable ultrashort laser
source covering the 1.6-2.65 pm spectrum range in a TeOg-
WO3-La;03 (TWL) fiber with sub-125 pJ input energy. Most
recently, Qin et al. [24] manufactured a fluorotellurite fiber based
on TeOy-BaF3-Y2O3 (TBY) glass with high transparency in
0.5-5 pm. They subsequently demonstrated the generation of
a 10-watt-level supercontinuum (SC) covering 947-3934 nm in
that fiber [25]. Alternatively, this fiber is a promising candidate
for the SSFS effect in MIR, owing to its high nonlinearity and
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wide anomalous dispersion region. Using a 0.5 m-long 2.7-um-
core TBY fiber as the nonlinear medium, Li ef al. [15] achieved a
tunable laser source covering the 2-2.8 y/m spectrum range with
a 200 pJ, 189 fs pump pulse. Though the manufactured TBY
fiber provides various core diameters to adjust its dispersion
and nonlinearity, current experiments in the regime of SSFS are
rare and far from satisfactory. Despite the fluoride and tellurite
fibers have successfully extended the SSFS process to a longer
wavelength range, their performance would greatly worsen in the
spectrum beyond 4.5 pm for the steeply increasing fiber loss.
Another promising candidate is the chalcogenide fiber, which
offers low fiber loss even in the spectrum beyond 5 pm [17]. It has
the potential to achieve further wavelength extension. However,
chalcogenide fibers with such characteristics and a SSFS regime
usually demand a seed pulse source >4 pm, which has not
been achieved yet. At present, the experimental demonstration
of the SSFS process in chalcogenide fibers is below 2.7 pum [18].
Despite soft glass fibers can offer impressive SSFS performance
in MIR, the conversion efficiency is not satisfactory, due to
the generation of noise solitons and dispersive waves under
high input power. If increasing the pump power is used as the
way of improving the SSFS effect, the reduction of conversion
efficiency is inevitable. At the same time, with the increase of
soliton order, the energy portion of the first fundamental soliton
would decrease and the spectrum would evolve into SC. In this
case, the engineering of the nonlinearity and dispersion of a
Raman shifter fiber could be a more promising way to further
improve the SSFS performance.

In the earlies, the full mathematical description of the SSFS
effect in optical fibers, the generalized nonlinear Schrodinger
equation (GNLSE), has been established [26]-[29]. Later, the
re-derived GNLSE in the frequency domain [30] and the cor-
rection to the GNLSE in the temporal domain [31], [32] have
been introduced to consider the frequency-dependency of the
nonlinear coefficient, which makes the numerical calculation
more trustworthy. Though great achievements have been made
in experiments, the proceedings in the field of theory have been
slow in recent years. Most theoretical works were aimed at
offering theoretical accordance with the experiments [6], [12],
[15] or predicting the SSFS performance in some designed or
newly manufactured Raman shifter fibers [14], [17]. However,
there are many questions in experiments waiting to be answered
in the theory. Researchers are concerned with the optimization
of the wavelength extension, conversion efficiency, and pulse
duration of Raman soliton source in experiments. Besides im-
proving the pump power and compressing the pulse duration,
the engineering of the nonlinearity and dispersion is also a
feasible way to achieve better SSFS performance. Nevertheless,
these issues have not been clarified by theoretical works. Al-
though chalcogenide fiber is the most promising candidate for
wavelength extension beyond 5 pm through the SSFS effect,
current theoretical works [17], [40] only demonstrated it with
unrealized seed pulse. There have been no theoretical works
pointing a feasible path to utilize its enormous potential up to
now.

In this paper, we study numerically the SSFS process in the
TBY fiber and the possibility of cascading the TBY fiber with
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chalcogenide fiber to achieve the SSFS process in a longer wave-
length range. The comparative study of the SSFS performance
in the TBY fiber with two typical pumping wavelengths and
different core diameters enlighten the way to optimize the wave-
length extension, conversion efficiency, and pulse duration for
all Raman soliton systems. A new quantity W, is introduced
to measure the frequency shift ability of a Raman shifter fiber in
the aspect of the coordination of nonlinearity and dispersion. By
cascading the TBY fiber with the AsSes-Ass S5 fiber in suitable
geometrical parameters, we demonstrate the possibility of the
SSFS process covering 1.9-7.5 pm and 2.8-8.1 pm spectrum
range using experimentally achievable seed pulses.

II. DISPERSION, NONLINEARITY, AND LOSS SPECTRUM OF THE
TBY FIBER

Fig. 1 shows the group velocity dispersion (GVD) parameter
B2, nonlinear coefficient v, and fiber loss of the TBY fiber with a
core diameter of 4 um, 5 ym, 6 pm, and 7 pm. Fig. 1(c) shows the
Ba-wavelength curves, which are calculated using the refractive
index data in [25]. One could see that the TBY fiber with all the
core diameters we choose works in the anomalous dispersion
region in the whole 2-5 pm spectrum range, enabling a Raman
soliton regime. The TBY fiber with other core diameters beyond
the 4-7 pum range does not possess this characteristic [15],
[32]. The ZDW of the TBY fiber with the core diameter of
4 pm, 5 pm, 6 um, and 7 pm is located at 1.52 pym, 1.73 pm,
1.81 pm, and 1.83 pm, respectively. The calculated nonlinear
coefficient vy of the TBY fiber as a function of the wavelength
is shown in Fig. 1(b). The nonlinear refractive index was taken
as no = 3.5 x 1071 m®*W~"! [15] in the calculation. We could
see from this figure that the v value decreases with the increase
of the core diameter and wavelength. The TBY fiber possesses
a large nonlinear coefficient in MIR, which is almost two-order
higher than the silica-based [8], [9] and fluoride fibers [23], [39].
Fig. 1(c) shows the measured [25] and fitted fiber loss of the TBY
fiber. In MIR, the TBY fiber possesses low fiber loss (<4.5 dB/m
below 5 pm), which would greatly benefit the transmission of
the Raman soliton pulse. For simplicity of numerical calculation,
the fitted fiber loss spectrum is taken. These parameters calibrate
our numerical calculation of the pulse propagation in the TBY
fiber.

III. NUMERICAL MODELING

The generalized nonlinear Schrodinger equation (GNLSE)
derived from the temporal domain [27] was used to simulate the
pulse propagation in optical fibers:

0A(2,T) « intogn
5 = A+ b

n>1

A(z,T)

+ i’Y(l + Z.7-3hock)
—+00

<A(z, T) R(t)|A(T — t’)th’) (1)

—00

where A(z,T) is the complex temporal profile, « is the fiber
loss, (,, is the dispersion coefficient associated with the Taylor
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Fig. 1.
spectrum of TBY fiber. Data source: [15], [25] and [32].

expansion of the propagation constant at the reference frequency,
~ is the nonlinear coefficient, and 7, is the additional shock
time. R(¢) is the Raman response function that includes both
instantaneous electronic and delayed Raman contributions:

R(t)=(1~- fr)0(t) + frhr (?) ()

where fr is the Raman contribution to the total nonlinear re-
sponse and is 0.29 [17] for the TBY fiber. k() is the delayed

Raman response:
2,2
T+ t . t
- — 3
TH_T% exp ( T2> sin (7_1 3)
where 71 = 7.2 fs, 79 = 59.3 fs [15] for the TBY fiber.

The pump pulse was modeled as a hyperbolic secant field
profile:

hr(t) =

A(0,T) = v/Pysech (T /Ty) “)

where Py is the pump peak power and T is the characteristic
pulse width related to the full width at half maximum (FWHM)
duration

Trwam = 2y/In(2)T) &)
The soliton order of the pump pulse was calculated as:
VRT3
N? = (6)
|B2|

When a high-order soliton breaks up into several fundamental
solitons, the peak power and duration of the fundamental soliton
follows the formula [34]:

{ P, — P0(2N&§k+1)2 -
Ty = s
2N—2k+1
where k is the number of the ejected soliton, Py, and T}, are the
peak power and pulse duration of the kth ejected fundamental
soliton, respectively.
The spilt-up Fourier method [34] was used to solve the
GNLSE, in which the equation was divided into the linear and
nonlinear part and solved in a subdivided distance of the whole
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Calculated (a) group velocity dispersion parameter and (b) nonlinear coefficient for TBY fibers ranging from 4 to 7 pm. (c) The measured and fitted loss

fiber length. Since the spectrum we investigate is rather wide, the
frequency-dependence of the parameters in GNLSE should be
considered appropriately. The linear part in GNLSE, including
the dispersion and loss term, was integrated in the frequency
domain, which fully includes the frequency-dependence [35].
The nonlinear part was integrated in the temporal domain us-
ing a fourth-order Runge-Kutta method [36]. The frequency-
dependence of the nonlinear coefficient was considered by in-
troducing a correction to the mode effective area [31], [32]:

neff1<w> dnzlfifw)} - {Aefflw dAszL(W)LO

Tshock = To + |:

(®)
where n.g (w) is the guided mode effective index and A . (w)
is the mode effective area. The frequency-dependence of 7 is
typically very small compared to that of Az [32], so the second
term in formula (8) can be neglected.
To ensure the accuracy of the numerical calculations, dis-
cretization points of 2'®, step size of 5 ym, and dispersion
coefficients up to the 12 order were taken.

IV. NUMERICAL ANALYSIS OF THE SSFS PROCESS IN THE
TBY FIBER

A. Impacts of the Pumping Wavelength

First, we have investigated the difference of the SSFS process
in TBY fiber with pump wavelength at 1.96 ym and 2.8 pm. A
15 cm-long TBY fiber with a core diameter of 6 m was used
as the Raman shifter fiber. The sech? shape pump pulses with a
pulse width of 100 fs at the full width at half maximum (FWHM)
were launched into the fiber at 1.96 ;zm and 2.8 pum, respectively.
The calculated output spectra using the two pumping schemes
are shown in Fig. 2(a) and (b), respectively. The pump peak
power is set to 1 kW, 5 kW, 10 kW, 20 kW, 30 kW, 50 kW, 80
kW, 100 kW, and 120 kW. The corresponding soliton order is
2.8,6.2,8.8,12.4,15.2,19.6,24.8,30.3 at 1.96 ym, and 0.8, 1.8,
2.5,35,43,5.6,7.0,7.9, 8.6 at 2.8 yum. With the same power
and shape, the pump pulse at 1.96 ;zm has a higher soliton order
than that at 2.8 pm, due to the higher v and lower (35 value at
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Fig. 2. Simulation results of the (a) spectra and (b) temporal profiles of the

output pulses when pumping at 1.96 pm; (c) spectra and (d) temporal profiles
of the output pulses when pumping at 2.8 pm.

1.96 pm. The new frequency component (i.e., Raman soliton)
was generated through the effect of intrapulse Raman scattering
[34]. When the peak power is 1 kW, the pump pulse at 1.96 um
breaks up while at 2.8 pm it still maintains the initial shape,
for the soliton order is less than a unit. With the pump power
increasing, the Raman solitons shift to a longer wavelength due
to the SSFS effect [15]. By changing the pump peak power from
1 kW to 120 kW, the most shifted Raman soliton could cover the
spectrum range of 1960-2895 nm when pumping at 1.96 pm,
and 2800-3831 nm when pumping at 2.8 pym. With the same
pump power, it is clear that the TBY fiber with pump pulse
at 2.8 pum produces Raman solitons with a longer wavelength.
As a consequence of a higher soliton order, more solitons were
generated in the spectrum with the pump pulse at 1.96 pm. It
should be noted that as the pump power increases, the spectrum
would gradually evolve into SC. This process is obvious with
the 1.96-pm-pump and is still obscure with the 2.8-ym-pump,
for its lower soliton order slows this process.

To further explore the impacts of the pumping wavelength on
the Raman soliton sources, the most red-shifted soliton in the
temporal domain was filtered and analyzed. Fig. 3(a) displays the
frequency conversion of the most shifted soliton as a function
of the pump peak power. It is clear that with the same pump
power and shape, a larger frequency shift can be obtained
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using the 1.96-ym-pump. This is in good agreement with the
conclusion drawn in [37], [38] that the “higher nonlinearity,
lower dispersion” combination could bring a larger frequency
conversion. However, as displayed in Fig. 2, the cleanliness of
the output spectrum using the 1.96-pm-pump is worse than that
obtained using the 2.8-pum-pump as the consequence of a higher
soliton order. The conversion efficiency of the two pumping
schemes at different pump power is displayed in Fig. 3(b).
One could see that at the same pump power, lower conversion
efficiency was achieved with a 1.96-pm-pump, which is also
resulted from the higher soliton order at 1.96 ym. At the 120-kW
pump power, the conversion efficiency of the most red-shifted
soliton with the 1.96-pm-pump and 2.8-pm-pump is 23.1% and
38.7%, respectively. Fig. 3(c) displays the pulse width of the two
pumping schemes at different pump peak power. When the pump
peak power is 1 kW, the output soliton with the 2.8-pm-pump
has a pulse width of 649 fs, which is much wider than the
pulse obtained using 1.96 pum. This is caused by the lower
nonlinearity at 2.8 pum, which does not support the soliton fission
with such low power. When the pump power increases to 5 kW,
the pulse width decreases steeply to 127 fs due to the soliton
fission process. As the pump peak power further increases, the
pulse width of each pumping scheme increases gradually. It is
obvious that with the same pump power, the pulse width of the
output solitons when pumping at 1.96 pm is lower than those
pumping at 2.8 pm. This is because the pump pulses at 1.96 ym
have a higher soliton order, resulting in solitons with a shorter
pulse duration in the fission process, as indicated in formula
(7). Besides, at 1.96 pm, the TBY fiber has a higher nonlinear
coefficient and lower GVD value, leading to a weaker temporal
compression effect.

The evolution of the Raman solitons with pump peak power of
120 kW is shown in Fig. 4. Fig. 4(a) and (b) display the central
wavelength and pulse duration of the most red-shifted soliton
versus the propagation distance. The most red-shifted soliton
was sampled every 1.5 cm through the propagation distance.
Around 81% and 76% wavelength conversion were achieved in
the first 1.5 cm when the pump wavelength is set at 1.96 ym
and 2.8 um, respectively. This indicates that a centimeter-scale
length is enough for the TBY fiber as a nonlinear medium for
the SSFS effect. Moreover, a shorter fiber length is needed for
the SSES effect when the pump wavelength is set at 1.96 um,
due to the higher nonlinearity there. At 1.5 cm, the duration
and energy of the most red-shifted soliton obtained using a
1.96-pum and 2.8-pm pump are 87 fs, 3.2 nJ and 97 fs, 5.5 nJ,
respectively. The soliton pulse possesses a shorter pulse width
than the pump pulse, due to the process of soliton fission. The
soliton pulse obtained using the 1.96-pm-pump has a higher
soliton order. As a consequence, it has a shorter duration and
lowers energy as the pump pulse breaks up in the initial stage,
which is indicated in the formula (7). On passing the distance
>1.5 cm, the anomalous dispersion is getting larger. The soliton
pulse experienced a continuous temporal broadening and energy
loss to maintain a unit soliton number. However, this process is
only accompanied by a minor wavelength conversion, mani-
festing the inefficiency of the following propagation distance.
The increasing dispersion and fiber loss are the main obstacles
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for the longer wavelength extension of solitons. The TBY fiber
has a smaller anomalous dispersion and larger nonlinearity at
1.96 pm, meaning a stronger temporal compression effect. This
characteristic results in a slower temporal broadening process
when the pump wavelength is set at 1.96 ym. At 15 cm, the
most red-shifted soliton obtained using a 1.96-ym-pump has a
pulse duration of 161 fs, much shorter than the 181 fs outcome
using the 2.8-pum-pump. Fig. 4(c) and (d) display the calculated
spectrum evolution versus propagation distance with the two
pumping schemes. The fission of the high-order soliton occurred
in the initial stage with the generation of fundamental solitons
and dispersive waves in the normal dispersion region. One could
see clearly that there are three solitons and two solitons in the
spectrum with 1.96-pm and 2.8-pm-pump, respectively. Then
the fundamental solitons subsequently experienced a continuous
redshift through the propagation distance. The spectral evolution
in the two cases is qualitatively similar. The most red-shifted

soliton with the 2.8 ;m pumping scheme shifted much further
and accumulated higher energy than the other ones. While with
pump pulse at 1.96 um, the three solitons were quite close in the
spectrum and had an equivalent energy density. The principle
behind this phenomenon is that the pump pulse at 1.96 pm
has a higher soliton order, similar to the case discussed in the
preceding content.

B. Impacts of the Fiber Core Diameter

The dispersion and nonlinear coefficient of a Raman shifter
fiber are also crucial factors influencing the SSFS process.
Changing the core diameter of the TBY fiber can easily adjust
the nonlinearity and dispersion [25]. Therefore, it is meaningful
to study the impacts of fiber core diameter on the SSFS process
for further optimization. Table I shows the S5 and ~y values of
TBY fiber with core diameters of 4 um, 5 ym, 6 um and 7 pym
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TABLE I
GVD AND NONLINEAR COEFFICIENT VALUES OF TBY FIBER WITH DIFFERENT CORE DIAMETERS AT TWO PUMPING WAVELENGTHS

Core 1.96 um 2.8 um
diameter(um) g, (ps?/km)  y (W'km) Y181 fo (psikm)  y (W'km) v
4.0 -113.2 138.1 1.22 -400.0 87.2 0.218
5.0 -46.9 109.8 2.34 -284.1 72.2 0.254
6.0 -29.0 69.6 2.40 -242.5 46.8 0.193
7.0 -24.2 52.7 2.18 -255.4 359 0.141
a) 3400 100 220
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the most shifted soliton with a 1.96 pum pump. (e) wavelength, (f) conversion efficiency, and (g) pulse width of the most shifted soliton with a 2.8 pm pump.

at the concerning wavelength. The TBY fibers with the chosen
core diameters all work in the anomalous dispersion region in
the 2-5 pum spectrum region. While the TBY fiber with other
core diameters beyond this range does not have this property
[15], [25]. One could see that the 4-pm-core fiber has larger
|32| and ~y values at both 1.96 pm and 2.8 m compared with
other candidates. With unknown pump energy and duration (i.e.,
unknown soliton order), the +/|32| value of the fiber could be
a crucial quantity to describe the characteristics of a Raman
shifter fiber. As indicated in formula (6), with the same input
power and pulse width, the higher the +/|32| value, the higher
the soliton order N. All the four groups have a larger v/|32|
value at 1.96 pm, indicating the generation of a higher-order
soliton under the same input power. The 6-pm-core fiber has
a v/|32| value of 2.40 at 1.96 pm, which is the largest among
the four candidates. While at 2.8 um the 5-pum-core fiber has
the largest /| 32| value of 0.254. Therefore, with the same input
pulse, they are expected to produce the highest order solitons at
the corresponding wavelength.

Fig. 5 displays the calculated wavelength, conversion effi-
ciency, and FWHM pulse width of the most red-shifted Raman
soliton using the TBY fiber with a core diameter ranging from
4 pmto 7 pm as the nonlinear medium. The set of the pump peak
power is the same as the preceding simulation. Fig. 5(a), (b), and
(c) show the characteristics of the most red-shifted soliton with
pump pulses at 1.96 pm. As shown in Fig. 5(a), the wavelength
of the most red-shifted solitons increases with the decrease of the
fiber’s core diameter (i.e., increase of nonlinearity). With a pump
peak power of 120 kW, the most red-shifted soliton is located at
3310 nm, 2908 nm, 2895 nm, and 2682 nm using the fiber with
a core diameter of 4 yum, 5 pm, 6 pum, and 7 pum, respectively.
The results in Fig. 5(b) show the conversion efficiency of each
case. As the pump power increases, the conversion efficiency in
the four groups all decreases. When the pump power reaches
120 kW, the optical conversion efficiency is 19.1%, 17.8%,
23.1% and 24.6% for the core diameter of 4 pm, 5 pm, 6 pum,
and 7 pm, respectively. The relatively low soliton order and
dispersion help the 7-pm-core fiber hold the highest conversion



HOU et al.: NUMERICAL DEMONSTRATION OF THE SOLITON SELF-FREQUENCY SHIFT PROCESS

efficiency among the four groups. The conversion efficiency in
the 5-pum-core fiber and 6-pm-core fiber is limited by a higher
soliton order, which greatly confines the energy transference
to the first fundamental soliton, resulting in low conversion
efficiency. As the soliton shifts to a longer wavelength, the influ-
ence of dispersion becomes stronger, which directly transfers the
energy of the first soliton to dispersive waves [34]. For the 4-pm
and 5-pm-core fiber has the largest dispersion, the conversion
efficiency in them gradually lags behind that in the 6-pm-core
fiber as the power increases. And this is also the main reason
that the wavelength conversion using the 5-p/m and 6-pim-core
fiber gets closer in high power cases as shown in Fig. 5(a).
Fig. 5(c) shows the pulse duration of the four groups. With the
increasing pump power, the soliton shifts to a longer wavelength
and experiences a large anomalous dispersion, which leads to the
temporal broadening of the soliton pulse. With 120 kW pump
power, the pulse duration of the most red-shifted soliton is 167
fs, 159 fs, 155 fs, and 151 fs for the four candidates. As displayed
in Fig. 4(a) and (b), the duration of the output pulse increases
because of increasing |/32| value and decreasing v and Pg value.
And the results in Fig. 5(c) are in high consistency with this
observation, with the output pulse duration increasing with the
increase of fiber’s core diameter (i.e., increase of dispersion and
decrease of nonlinearity).

Fig. 5(d), (e), and (f) display the simulation results using the
2.8-pm-pump. The longest soliton fission length (in the case with
7-pm-core fiber, 5 kW pump power) is calculated as 8.4 x 10~
cm. Therefore, the 15 cm-long fiber is enough for the soliton
evolution. As displayed in Fig. 5(d), the four groups’ pattern of
wavelength conversion versus pump power is complex. Before
20 kW, it follows the same formula as in Fig. 5(a) that the smaller
the core diameter, the larger the wavelength conversion is. At 20
kW, the wavelength of the most red-shifted soliton using the 6-
pm-core fiber (3247 nm) exceeds that using the 5-pm-core fiber
(3238 nm). A similar scenario occurs with 30 kW pump power,
where the soliton wavelength obtained using the 7-pzm-core fiber
(3336 nm) exceeds that using the 5-um-core fiber (3297 nm).
At 100 kW, the performance of the 7-pum-core fiber (3777 nm)
exceeds the 6-pm-core fiber (3757 nm). Although the separate
effect of dispersion and nonlinearity on soliton evolution have
been determined by previous theoretical works [36], [37], it fails
to explain the performance of the TBY fiber with different core
diameters in Fig. 5(a) and (d). This is because the candidate with
a higher nonlinearity simultaneously has a larger anomalous
dispersion. The SSFS rate estimate in adiabatic approximation
[14] cannot explain the difference in the SSFS capability of
different fibers under different pump power. Qualitatively, we
can introduce the effect of the soliton order to interpret this
phenomenon. A higher soliton order compresses the pulse in
the temporal domain, as indicated in formula (7). Because the
soliton splitting duration is inversely proportional to the soliton
order, this effect is strong in low power cases but weak in high
power cases. On the other hand, the higher soliton order reduces
the energy proportion of the first soliton, especially dominating
in high-power cases. Consequently, at the same power and pulse
shape, a higher soliton order would improve the wavelength
conversion in low power cases but weaken this process in high
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power cases. In this case, for possessing a much higher ~/|33|
than the other groups, the 5 um one performs the worst in
wavelength conversion with high-power pump. The 4 ym one
both possesses the highest nonlinearity and lowest soliton order,
resulting in much better than the other three groups in high-
power cases. With 120 kW pump power, the most red-shifted
soliton reached 4605 nm with the 4-pum-core fiber, while the
wavelength extension in the other three groups is below 4 pm.
Fig. 5(e) shows the conversion efficiency curve as the function of
pump power, which is qualitatively similar to the scenario with
the 1.96 pm pump scheme. And as discussed in the preceding,
using a 2.8 um pump could bring a higher conversion efficiency.
When the pump power reaches 120 kW, the conversion efficiency
is 26.1%, 24.4%, 34.7%, and 41.0%. The 7 pm maintains the
best performer for it has the lowest soliton order and dispersion.
Fig. 5(f) displays the pulse duration of the four groups. With 1
kW pump power, the pulse duration is 215 fs, 200 fs, 649 fs,
and 591 fs for the four groups, which is much wider than the
pump pulse. This is caused by the low 7/|32| value of all groups
at 2.8 pm, which fails to support a unit soliton number and
leads to the elongation process. As the pump power increases,
the pulse duration first decreases due to the soliton fission, then
constantly increases as the soliton shifts to a longer wavelength.
Eventually, the pulse duration reaches 186 fs, 181 fs, 166 fs, and
168 fs for the four groups. The principle is similar as discussed
in the preceding.

V. MEASUREMENT OF THE FREQUENCY SHIFT ABILITY OF A
RAMAN SHIFTER FIBER AND WAYS FOR OPTIMIZATION

The above numerical studies revealed the effect of the pump-
ing wavelength on the SSFS performance, and the engineering
of the fiber’s nonlinearity and dispersion for the optimization
of the conversion efficiency and pulse duration of a Raman
soliton system. However, as one most important aspect, the
improvement of the wavelength conversion through regulating
the fiber’s nonlinearity and dispersion has not been clarified
by previous theory. In the preceding content, we propose a
qualitative explanation to this issue based on the different roles
of the soliton order in low-power and high-power cases. While
a deeper discussion on this issue is necessary, aiming at finding
an optimal combination of the fiber’s nonlinearity and disper-
sion for the largest wavelength conversion. A semi-quantitative
measurement of the fiber’s relative advantage in wavelength
conversion as a function of the soliton order N and nonlinear
coefficient y can be made as follow:

2N —1)2N < N,
Wﬁber - { Cl,y( ) - N

coy(2) N > N, ®

where c1, ¢ are the scaling coefficients, N is the critical soliton
order and Wgpe, denotes the relative advantage of the fiber in
terms of wavelength conversion under the same pump power
and shape.

This formula is derived from the idea that in low-power cases
(N < N,) the main role of a higher soliton order is compressing
the pulse in the temporal domain. While in high-power cases
(N > N,) the effect of a higher soliton order is mainly lowering
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TABLE II
THE SOLITON ORDER OF THE BEST PERFORMER IN EACH TESTED PARAMETER

Wavelength 1.96 um 2.8 um
Parameter 5kW 10 kW 15kW 20 kW SkW 10 kW 15 kW 20 kW
5 Wkm! 6.48 6.13 5.84 6.89 6.13 6.13 6.13 7.4
10 W'km'! 6.13 6.89 6.47 6.13 6.13 6.47 6.47 5.84
15 W'km'! 6.48 6.48 6.13 6.13 6.13 5.84 6.13 6.13
20 W'km™! 6.89 6.48 5.84 5.84 6.47 6.13 5.84 6.13
25 W'km™! 6.89 5.84 5.84 5.84 6.13 6.13 6.13 6.13
30 W'km™! 6.47 6.13 6.13 6.47 6.13 5.84 6.13 5.84
(a) 120 (b) 80
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the energy portion of the first soliton. Concerning the relation
that the frequency shift amount is in proportion with 1/7? [28]
and Eg* [14] in the adiabatic approximation, formula (9) could
be easily derived based on formula (7). From the physical
interpretation of GNLSE, we could regard the value of the non-
linear coefficient  represents the largest wavelength conversion
ability of a Raman shifter fiber. To ensure the continuity and
normalization of Wgpe, except the multiplier of ~, the scaling
coefficients c¢1, co can be written as follow:

1 N2 \*
S L
@N.— 1?7 \2N, -1

Considering that Wgy.,(N) is increasing when N < N. and
is decreasing when N > N, N, is supposed to be an optimal
soliton order value for maximizing the wavelength conversion.
In Fig. 5(e) the soliton order N changes from 5.1 to 6.3, and
5.5 t0 9.0 when the advantages of the 5-ym-core and 6-pm-core
fiber over the 7-pum-core decrease. The optimal soliton order
could locate in that range. A larger test data is required to obtain
this value more rigorously. To do so, the GNLSE is treated as a
prototype, neglecting the frequency-dependency, fiber loss, and
high order dispersion. With this simplification, the effect of the
soliton order can be emphasized. Due to our simplified treatment
of dispersion and loss, we consider the value of the nonlinear
coefficient and the relatively low value of input energy to ensure
reasonable results.

We consider parameters of typical fibers for SSFS, with ~
changing from 5, 10, 15, 20, 25, and 30 W~ 'km™!, pump peak

Cc1 =

(10)

The calculated Wpe, values of the TBY fiber with a core diameter ranging from 4 to 7 pm with (a) 1.96-pm-pump and (b) 2.8-um-pump.

power changing from 5, 10, 15, and 20 kW. For each ~ value,
20 B2 values are used to generate solitons with a soliton order
from 4 to 10. In this case, 20 kinds of Raman shifter fiber are
formulated for each y-power combination. The soliton order of
the best performer is selected and shown in Table II. One can
see that for each tested parameter, the soliton order of the best
performer is all ~6. The average soliton order with pumping
wavelength at 1.96 and 2.8 pm is 6.29 and 6.17 respectively. The
N, value is taken as the total average of 6.23 and substituted to
(9) to interpret the results in Fig. 5.

The results in Fig. 6(a) and (b) display the Wgy., values
of the four candidates with 1.96-ym-pump and 2.8-pm-pump,
respectively. As shown in Fig. 6(a), except the first case, the
Wper values decrease with the fiber’s core diameter, which is in
good agreement with the results in Fig. 5(a) that the wavelength
conversion decreases with the fiber’s core diameter. Before 10
kW, the Wy, value increases with the pump power as the soliton
order approaches N.. After 10 kW, the Wy, value decreases
with the pump power for it penalizes the soliton order larger
than N.. The results in Fig. 6(b) explicitly predicts the scenario
that the 6-pm-core fiber exceeds the 5-pm-core fiber, and the
7-pm-core fiber exceeds the 5-pum-core and 6-pum-core fiber.
The predicted critical pump power when the 6-pm-core fiber
exceeds the 5-um-core fiber is higher than the practical case
shown in Fig. 5(e). This is because the 5-pum-core fiber has larger
higher-order dispersions, transferring more energy of the first
soliton, and accelerating the process of its lagging behind. Due to
a similar reason, the prediction of the 7-y/m-core fiber is forward
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the source in [21].

than the practical case for it has a larger higher-order dispersion
than the 5-pum-core and 6-pm-core fiber. Simultaneously, the
wavelength-dependent fiber loss distorted the prediction results.
Despite these perturbations, this model still offers a good mea-
surement for the frequency shift ability of Raman shifter fiber.

These results involving the comparison of two typical pump-
ing schemes and TBY fiber with different core diameters reveal
some feasible ways to optimize the performance of all Raman
soliton sources: 1. To achieve the largest wavelength extension,
the nonlinearity of the Raman shifter fiber should be as high
as possible under the premise that the soliton order is moderate
(i.e., ahigher W, value). The fiber length should be as long as
possible. 2. To achieve high conversion efficiency and short pulse
duration, one should manage to control the SSFS process in a
soliton order as low as possible (>1) and choose a Raman shifter
fiber with low dispersion (especially higher-order dispersion)
in the operation spectrum. Use a ~2.8-um-pump and the fiber
length should be as short as possible. 3. To improve the spectrum
cleanliness, the soliton order should be as low as possible (>1).
Use a ~2.8-pum-pump and the fiber length should be as short
as possible. It is noted that the trade-off of the three concerning
aspects is usually inherent.

VI. FURTHER WAVELENGTH EXTENSION BY CASCADING THE
TBY FIBER WITH CHALCOGENIDE FIBER

The discussions in the preceding have demonstrated that the
TBY fiber is a good nonlinear medium for the SSFS process.
However, as displayed in Fig. 1(c), the loss of the TBY fiber
increases steeply as the wavelength approaches 5 pim, confining
the further wavelength extension. In our previous work [37], we
have demonstrated that the cascaded SSFS structure is a feasible
way to further extend the soliton wavelength. This could also be
a feasible way to overcome the obstacle brought by the loss
spectrum of the TBY fiber. Many chalcogenide fibers possess
low fiber loss in the spectrum range beyond 5 ;sm. However, the
ZDW of these chalcogenide fibers is usually beyond 3.5 pum,
manifesting that it demands a pumping wavelength larger than
3.5 pum to excite the SSES effect. However, mode-locked pump
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source with such demand has not been achieved yet. As demon-
strated in the preceding, using a 2-pm or 2.8-um-pump, the TBY
fiber can offer a wavelength extension larger than the ZDW of
the chalcogenide fibers. Therefore, cascading the TBY fiber with
a chalcogenide fiber could be a feasible way to achieve better
SSFS performance.

To demonstrate the potential of this cascading SSFS structure,
we used the TBY fiber with a core diameter of 4 pum as the
first stage Raman shifter. The experimentally achievable high
power, short duration mode-locked pulses at ~2 pym [12] and
~2.8 pm [22] were used as the seed pulse. Inspired by the results
in Fig. 4, the length of the TBY fiber is optimized to 5 cm,
which is long enough for expected wavelength conversion and
simultaneously preserves energy and short duration for the SSFS
process in the following chalcogenide fiber. Fig. 7(a) displays
simulation results of launching the 40 nJ, 117 fs (FWHM) seed
pulse at 1.9 pym to the TBY fiber. The 1.9-4.1 ym wavelength
conversion was achieved, with an output energy of 6 nJ and
FWHM pulse width of 96 fs at 4.1 um. Fig. 7(b) displays the
scenario of using the 2.8 um seed pulse with a pulse width of
137 fs (FWHM) and energy of 30 nJ. The results are impressive,
with the most red-shifted soliton reaching 5.2 um. At 5.2 um,
the most red-shifted has an energy of 5.2 nJ and a pulse duration
of 112 fs.

The AsSes-AssSs fiber [40] was employed as the next stage
Raman shifter fiber. It has a higher nonlinearity than the TBY
fiber at the coupling wavelength and possesses a wide anomalous
dispersion region beyond 4 zm. Moreover, it possesses low loss
in the 4-9 pm spectrum range. The coupling efficiency between
the TBY fiber and the AsSes-AssS5 fiber was calculated as [9]:

4 (ATBYAASSEQ—ASQS5)

Ein eff eff
= - AsS Aso S, 2 an
TBY sSey—As
Eo (ATfY & alpgeeasase)

where 77 denotes the coupling efficiency, Eo is the output energy
of the TBY fiber, £, is the energy coupled into the AsSes-Ass S5
fiber, A8, and A . 495¢245255 are mode effective areas of two
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TABLE III
GVD, NONLINEAR COEFFICIENT, AND MODE EFFECTIVE AREA VALUES OF ASSE2-AS2S5 FIBER WITH CORE DIAMETERS RANGING
FROM 4.5 TO 6.5 pm AT 4.1 pum AND 5.2 pum
Core 4.1 ym 5.2 um
diameter(um) g, (pstfkm)  y (Wkm')  Agumd)  fr(pstkm)  y(W'km') Ay (um’)
4.5 -248.3 531.2 9.2 -657.4 234.0 10.2
5.0 -181.7 459.0 11.0 -586.5 195.7 12.0
5.5 -116.8 389.2 13.0 -504.3 172.1 14.0
6.0 -66.0 333.9 15.1 -432.6 145.0 16.1
6.5 -22.6 289.4 17.5 -367.2 126.5 18.5
(@) [Core: 4.4um Pum .:/ma; ' Wiiber: (b) Core: 5~2/'": Pump,qma; " ! " Wiiber]
ergnm 0.001 6.5um M s \J189m 0.38
;;: 60 A iy / \ 6620nm 0.006 E 6.0um 74110m 0.46
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% 5.0pum 7113nm 0.031 g 5.0pm 7516nm 0.62
4.5um 7547nm 0.049 4.5um 8087nm  0.65
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W%Bmw max 0.02 ngmm 6.70
3 Waosnm 0.13 3 |6.0um A S W, 6184nm 8.04
= =
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Fig. 8. The calculated output spectra of the 10 cm-long AsSez-AsaSs fiber with a core diameter ranging from 4.5 pm to 6.5 pm. (a) use the 4.1 pm pump,

(b) use the 5.2 um pump generated from the TBY fiber when considering the maximum coupling efficiency. (c) use the 4.1 pm pump, (b) use the 5.2 pm pump
generated from the TBY fiber when considering 20% of the maximum coupling efficiency.

fibers. The A5 value is 9.8 ym? and 12.3 ym? at 4.1 um and
5.2 pm, respectively.

Table III shows the calculated (2, v, and A.g values of the
AsSe;-Aso Sy fiber with core diameters ranging from 4.5 to
6.5 pm, using the refractive index data in [40]. The nonlinear
refractive index is estimated as ny = 9.3 x 107! m*W~! at
4.1 ypmand ny = 5.5 x 107 m>W~! at 5.2 ym based on data
in [17], [40]. The AsSes-Ass S5 fiber with the core diameters we
choose has high coupling efficiency (>92%), which preserves
the soliton energy. The nonlinearity and dispersion of these
AsSes-Ass S5 fibers ensure a suitable soliton matching condition
[41]. The AsSes-AsoSs fiber with a core diameter beyond the
range of 4.5-6.5 pm may have a positive 35 value in the spectrum
that the shifted Raman soliton may cover, which fails to support
the SSES process. The length of the AsSe,-AssSs fiber is taken
as 10 cm, which is long enough for the soliton evolution. The
Raman response parameter in AsSeo-As, S5 fiber is fr = 0.148,
71 = 15.34 fs and 79 = 106.1 fs [40].

The calculated output spectra from the 10 cm-long AsSes-
Ass S5 fiber with the core diameter ranging from 4.5 to 6.5 ym
is shown in Fig. 8. The results in Fig. 8(a) and (b) consider the
maximum coupling efficiency as calculated in (11). As shown

in Fig. 8(a), when a 4.1-um-pump was used, the AsSe,-AssS5
fiber with a core diameter of 4.5 um allows SSFS process up to
7547 nm. At 7547 nm, the most red-shifted Raman soliton has an
energy of 1.5 nJ with a pulse width of 150 fs. The frequency shift
ability of each Raman shifter fiber is in high accordance with the
Wgper value. Fig. 8(b) displays the scenario using a 5.2-ym pump
pulse. An impressive wavelength extension up to 8087 nm was
achieved using the 4.5-pm-core fiber. The most red-shifted Ra-
man soliton at 8087 nm has an energy of 2.0 nJ and a duration of
138 fs. Considering that the practical coupling efficiency could
not be as high as calculated by formula (11), the performance
of the AsSes-As,Ss fiber in low coupling efficiency should
be examined. The results considering 20% of the maximum
coupling efficiency are shown in Fig. 8(c) and (d). It can be seen
that the AsSeq-Ass S5 fiber still offers a considerable wavelength
extension even with such a poor coupling efficiency. As shown
in Fig. 8(a), when the coupling wavelength is set at 4.1 pm, the
4.5-pum-core AsSes-Ass S5 fiber extends the soliton wavelength
to 5746 nm. When using the 5.2 um seed pulse obtained from the
TBY fiber, the 4.5-m-core fiber extends the soliton wavelength
to 6472 nm. The 4.5-pm-core fiber has the highest Wy, value
and is the best performer among the five candidates, meaning
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that it has the best coordination of nonlinearity and dispersion.
The Wy, value of the other four candidates is also in high
consistency with the wavelength conversion, which verifies that
the W, value we proposed is an effective quantity to find the
best Raman shifter fiber. Particularly, W, is a good index to
compare the frequency shift ability of different Raman shifters
fiber when the same pump is used. The comparison of the Wgpe,-
value under different pumps is meaningless. Noting that in this
calculation we used the experimentally achievable seed pulse
and considered poor coupling condition, the cascading of the
TBY fiber and AsSes-AssSs fiber could be a quite feasible way
to achieve SSFS performance better than current level.

VII. CONCLUSION

We have numerically studied the SSFS process in the TBY
fiber. First, we study the impacts of the pumping wavelength
(~2 pm and ~2.8 pum) on the SSES process in the TBY fiber.
Numerical results show that with the same input energy and
pulse shape, using a 1.96-ym pumping scheme could lead
to larger frequency conversion and a shorter pulse duration
than the 2.8-um pumping scheme. While the 2.8-um pumping
scheme could improve the spectrum cleanliness and conversion
efficiency of the Raman soliton. A centimeter-scale length is
proved to be enough for the TBY fiber to achieve the most
wavelength conversion through the SSFS effect. Among the
TBY fibers working in the anomalous dispersion region in MIR,
with the same pump pulses, the 4-pim-core fiber could achieve
the largest wavelength conversion, and the 7-pm-core fiber could
generate Raman solitons with the highest conversion efficiency
and shortest pulse duration.

As an interpretation of the complex SSFS behavior of TBY
fibers, we derive a new quantity Wy, to compare the frequency
shift ability of different Raman shifter fibers, which offers a
good explanation for the simulation results. Based on these dis-
cussions, we have provided general ways to optimize the Raman
soliton source: 1. To improve the wavelength conversion: higher
nonlinearity under the premise of a moderate soliton order (i.e.,
a higher W, value) and a longer fiber length. 2. To improve
conversion efficiency and achieve shorter pulse duration: lower
soliton order (>1), lower dispersion in the operating spectrum,
and shorter fiber length. Use pump pulse at ~2.8 um. 3. To
improve the spectrum cleanliness: lower soliton order (>1). Use
pump pulse at ~2.8 pym.

Using the experimentally achievable seed pulse source at 1.9
and 2.8 pum, we demonstrate a widely tunable Raman soliton
laser in TBY fiber covering the spectrum range of 1.9-4.1 pm
and 2.8-5.2 um. We propose the idea of cascading the TBY fiber
with the AsSes-AssSs fiber and demonstrated the possibility
of wavelength extension up to 8087 nm through the SSFS
process. Even with poor coupling efficiency, the cascading of the
AsSeq-AssSs fiber still offers a considerable wavelength exten-
sion. The Wy, value we proposed is in high consistency with
the simulation results of the AsSes-As,S5 fiber, which could
offer meaningful guidance for choosing a good Raman shifter
fiber.
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