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Abstract: High power mid-infrared (mid-IR) supercontinuum (SC) laser
sources in the 3-12 pum region are of great interest for a variety of
applications in many fields. Although various mid-IR SC laser sources have
been proposed and investigated experimentally and theoretically in the past
several years, power scaling of mid-IR SC lasers beyond 3 pm with infrared
edges extending beyond 7 pum are still challenges because the wavelengths
of most previously used pump sources are below 2 um. These problems can
be solved with the recent development of mode-locked fiber lasers at 3 pm.
In this paper, high power mid-IR SC laser sources based on dispersion
engineered tellurite and chalcogenide fibers and pumped by ultrafast lasers
at 3 um are proposed and investigated. Our simulation results show that,
when a W-type tellurite fiber with a zero dispersion wavelength (ZDW) of
2.7 um is pumped at 2.78 um, the power proportion of the SC laser beyond
3 um can exceed 40% and the attainable SC output power of the proposed
solid-cladding tellurite fiber is one order of magnitude higher than that of
existing microstructured tellurite fibers. Our calculation also predicts that a
very promising super-broadband mid-IR SC fiber laser source covering two
atmospheric windows and molecules’ “fingerprint” region can be obtained
with a microstructured As,Se; chalcogenide fiber pumped at 2.78 pum.
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1. Introduction

High power broadband laser sources in the mid-infrared (mid-IR) wavelength range have
attracted increasing attention in recent years because of the extensive applications of mid-IR
light in military, astronomy, remote sensing and ranging, explosive and chemical detection
[1], spectroscopy [2], and biomedical surgery [3]. Supercontinuum (SC) generation, in which
the spectrum of a laser undergoes substantial spectral broadening through the interplay of
nonlinear effects including self-phase modulation (SPM), cross phase modulation, four wave
mixing, Raman scattering, and modulation instability, has been widely investigated to obtain
ultra-broadband light sources with extremely high brightness. SC generation has been
observed in a wide variety of nonlinear media including organic and inorganic liquids, gases,
bulk solids, and waveguides. Optical fibers have been considered as an inherently excellent
candidate for SC generation because they can provide a significant length for nonlinear
interaction. The maturity of microstructured silica glass fibers, whose core and cladding
construction can be tailored to provide engineered dispersions and highly confined single-
mode cores, has greatly benefited SC generation. SC sources with spectra spanning from 0.4
um to ~2.4 um generated in a microstructured silica fiber have been commercially available
for several years [4]. However, silica fiber has two main limitations for mid-IR SC
generation: low nonlinearity (nonlinear refractive index n, = 2.2 x 10™° m*W) and short IR
transmission edge (< 3 um). Some non-silica glass fibers including ZBLAN (ZrF,-BaF,-LaF5-
AlF;-NaF), bismuth, tellurite, and chalcogenide, can overcome one or both constraints and
have been considered as promising candidates for mid-IR SC generation. All these glasses
have high transmission in the mid-IR or even long-wave IR region and have nonlinearities
comparable to or much higher than that of silica. Mid-IR SC generation in fibers based on
these glasses has been extensively investigated experimentally and theoretically in the last
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several years. Because of its high nonlinearity (n, = 3.2 x 107" m%W [5]) and broad IR
transparency, bismuth fiber has been proposed for mid-IR SC generation [6-9]. Price et al.
[10] have theoretically demonstrated that it is possible to achieve a SC spanning from 2 to 5
pum using a bismuth glass PCF. However, the power percentage of the SC in the 3-5 um
wavelength range was still less than 5%. Moreover, there is still no experimental
demonstration of mid-IR SC generation based on bismuth glass fibers yet. To date most mid-
IR SC generation was achieved in ZBLAN, tellurite, and chalcogenide fibers.

ZBLAN glass is the most stable heavy metal fluoride glass and an excellent host for rare-
earth ions; ZBLAN has been used for nearly 40 years and rare-earth doped ZBLAN fibers
have been used to develop a variety of ultraviolet, visible, and infrared lasers that cannot be
achieved in silica fibers [11]. Because of its low intrinsic loss and wide transparency window,
ZBLAN fiber has been used to generate SC spanning from the visible to mid-IR [12,13].
However, ZBLAN has an n, comparable to silica and hence a long optical fiber has to be used
to achieve high conversion efficiency and high flatness SC sources. Moreover, since the zero
dispersion wavelength (ZDW) of ZBLAN is 1.6 um, a pump wavelength close to 1.6 pm is
generally required for broadband SC generation, which results in relatively low power
proportion of mid-IR in the SC. For instance, a 10 W SC laser source spanning over ~0.8-4
um based on ZBLAN fiber has been reported by Xia, et al. [12]. However, most of the
ZBLAN laser power has a wavelength below 3 pm and the IR edge is only 4 um. Qin et al.
have achieved SC light expanding from 0.35 to 6.28 um in a centimeter-long ZBLAN fiber
pumped by a 1.45 pm femtosecond laser [13]. But the output power was at the level of mW
and the total power beyond 3 pm in the mid-IR region was < 5 mW. Most recently, J.
Swiderski et al. demonstrated SC generation with output power of 125 mW for wavelengths
above 3 um. However, the IR edge was not beyond 4 um [14]. Therefore, ZBLAN fiber is not
an ideal candidate for high power mid-IR SC generation in the 3-12 pm wavelength region.
Because tellurite has much higher robustness and chalcogenide has a much longer IR edge
(~12 pm) than ZBLAN glass and, more importantly, both of them have higher n, than
ZBLAN glass by at least one order of magnitude, tellurite and chalcogenide fibers have been
considered as promising candidates for high power mid-IR SC laser sources with high
spectral power densities in the 3-5 pm and 8-12 um atmospheric windows and molecular
“fingerprint” region.

Tellurite glass has been extensively used as a low phonon energy oxide glass in nonlinear
photonic devices due to its broad IR transmission and large nonlinearity. Compared to other
mid-IR transmitting glasses such as ZBLAN and chalcogenide glasses, tellurite glass exhibits
higher robustness, stronger corrosion resistance, and better thermal stability [15]. In addition,
they are non-hygroscopic, which allows storage in ambient air without degradation and makes
tellurite glass devices require less protection. In recent years, experimental and theoretical
investigations on mid-IR SC generation in tellurite fibers have attracted increasing interest.
Because the ZDW of tellurite glass is ~2.3 um [16], microstructured, tapered or combination
of both structured tellurite fibers with tailored ZDWs close to the wavelengths of readily
available near IR pump sources have been employed in previous works [17-26]. However,
the mid-IR power proportion of these tellurite fiber SC laser sources is as small as that of
ZBLAN fiber SC laser sources because they are all pumped in the near-IR. Moreover, the
small effective core areas of these microstructured or tapered tellurite fibers easily suffer from
breakdown damage thereby constraining the power scaling of these SC laser sources. For
instance, Domachuk et al. have reported an SC laser source with its IR edge extending to 4.5
pm using an 8 mm microstructured tellurite PCF [17]. This PCF had a ZDW of 1380 nm,
which enables the pump pulse (1559 nm) to propagate in the region of anomalous dispersion
and thus broadening the laser spectrum significantly through soliton fission and Raman
scattering. A spectral range of over two octaves was obtained (789-4870 nm). However, the
average power of the SC laser source was only 70 mW and most of power was confined to the
wavelength region below 2 pm. In addition, the effective area of the fiber mode was only 1.7
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um’ and power scaling of this SC fiber laser source will be highly limited by the damage of
the fiber end facet under high power pumping. In order to obtain tens or hundreds of watts
mid-IR SC laser sources, solid-cladding large core tellurite fibers should be promising
candidates. However, it is hard to obtain ultra-broadband SC in a conventional step-indexed
tellurite fiber because substantial spectral broadening generally occurs in an optical fiber
pumped at a wavelength close to the ZDW, while most current readily available ultrafast laser
sources have wavelengths much shorter than the ZDW (2.3 um) of tellurite glass. Recently,
we have demonstrated a mode-locked Er’*-doped ZBLAN fiber laser at 2.78 pm with a pulse
duration of 19 ps and an average power of 51 mW [27]. Partially mode-locked 2.87 pm
pulses with a duration of 24 ps and an average power of 132 mW from a passively switched
Ho*'/Pr** co-doped ZBLAN fiber laser have also been reported by Li et al. [28]. Further
scaling of the average power and reduction of the pulse duration are expected with the
incorporation of power amplifiers and proper dispersion compensation in the cavity,
respectively. Both aforementioned laser sources are promising pump sources for high power
mid-IR SC generation in tellurite fibers since their wavelengths are in the anomalous
dispersion region where the generation and control of solitons are easier and most nonlinear
effects are of significance. Therefore, pumping a tellurite fiber with an ultrafast fiber laser at
3 um is a promising approach to obtain a high power mid-IR SC laser source with high
spectral power density in the 3-5 pm atmospheric window.

Chalcogenide glass is a member of the group of non-oxide glass that contains one or more
of the chalcogen elements: S, Se or Te has very high nonlinearity (n, = 1.5 x 1077 m*/W [29],
hundreds of times higher than silica) and excellent IR transmission (up to 12 pm) and has
been extensively used to fabricate various mid-IR photonic devices. Although chalcogenide
fiber is generally less robust than tellurite or even ZBLAN fiber, chalcogenide glass fiber has
been considered as the most promising nonlinear medium for the generation of mid-IR SC
spanning over the 3-5 um and 8-10 pm two atmospheric windows and covering most of the
molecular “fingerprint” spectral region. Several experimental and theoretical investigations
on SC generation in chalcogenide fibers were reported in recent years. However, most of
these chalcogenide waveguide or fiber SC laser sources have IR edges below 3 pm and low
average output power [30-34] because the pump wavelength is below 2 pm and the damage
threshold of chalcogenide fiber is relatively low. In order to achieve a true mid-IR SC, pump
sources beyond 2 pm have been used most recently. A mid-IR SC spanning 2.1-3.4 pm has
been demonstrated with As,S; and As,Se; fibers and an As,Se; PCF pumped at 2.5 pm [33].
SC generation with a bandwidth from 2.2 to 5 pm was also obtained in a tapered As,S; fiber
pumped at 3.1 pm [34]. However, the bandwidths of these mid-IR SC laser sources are still
very narrow compared to the ultra-broad transmission bandwidths of chalcogenide fibers.
Since the promise of mid-IR SC generation in chalcogenide fiber has not been exhibited in
previous work, here we propose to generate the SC with IR edge up to 12 pm by pumping a
chalcogenide PCF with an ultrafast fiber laser at 3 pm. Because the ZDW of most
chalcogenide glasses is around 5 um [35], it will be easier to tailor a chalcogenide fiber to
shift its ZDW to 3 pm than to 1, 1.5 or 1.9 um, where Yb*'-, Er*'-, and Tm®'- ultrafast silica
fiber lasers are available. On the other hand, because the chalcogenide PCF with ZDW of 3
pum generally has a much larger effective area than conventional tapered fibers and PCFs with
ZDW below 2 pum, our chalcogenide PCF can handle much higher pump power and
consequently be used to generate more powerful mid-IR SC.

In this paper, we present theoretical investigations of mid-IR SC generation in a W-type
tellurite fiber and a chalcogenide PCF pumped at 2.78 um. Propagation and evolution of the
2.78 um pulses in the tellurite and chalcogenide fibers were calculated by solving the
generalized nonlinear Schrodinger equation (GNLSE). SC generation at different pump
conditions and corresponding nonlinear effects have been systematically investigated and
analyzed. Due to their large core sizes, the proposed tellurite and chalcogenide fibers show
significant promise for power scaling. Simulation results show that several kW mid-IR SC
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with 40% of the light beyond 3 pm can be obtained in a “W” type tellurite fiber and tens of
watt mid-IR SC spanning over 2-12 um can be generated in a chalcogenide PCF.

2. Simulation method

As a general numerical approach to study SC generation, pulse evolution inside tellurite and
chalcogenide fibers were calculated by solving the GNLSE [36]:

0A(z,1) :—%A(z,t)+z 1 5 9"Az,1) l.;,(l+L%)x(A(z,t)TR(:')|A(z,:—t')|2 de") (1)
O —o

0z = m! or"
where A(z, t) is the electric field envelope, a is the loss coefficient, the terms f,, are the
various dispersion coefficients in the Taylor series expansion of the propagation constant j at
the central frequency wy The nonlinear coefficient y is given by:
r=na,/ (CAQ[f) 2)
where c is the speed of light, and A is the fiber’s effective area. The response function R(?),
which includes both electronic and vibrational Raman contributions, is given by:
R(@) = (1= fR)0(0) + frhy (1) (©))
The three terms on the right-hand side of Eq. (1) describe the linear loss, dispersion effect,
and nonlinear effects, respectively. The GNLSE was numerically solved by the split-step
Fourier method. We assume that the input signals are hyperbolic-secant pulses in the
simulation. The Raman response functions of tellurite and chalcogenide fibers are the same as
those used in [37] and [38], respectively.

3. Mid-IR SC generation in tellurite fiber

Tellurite (i.e., tellurium dioxide TeO, based) glasses offer excellent optical transparency in
the wavelength range of 0.5-5 pm, and also have the lowest phonon energy among oxide
glasses [15,39,40]. Tellurite glasses have a high nonlinear refractive index of 5.9 x 107"
m’/W [19]. The combination of low phonon energy and high nonlinearity make the tellurite
glass fibers uniquely suitable for nonlinear applications such as SC generation in the mid-IR
region. Moreover, tellurite fibers have shown a mechanical robustness of > 60 kpsi and
excellent resistance to moisture exposure. Therefore, tellurite fibers are ideal media for high
power mid-IR SC generation.

3.1 Mid-IR SC generation in conventional tellurite fiber

Although tellurite fiber has excellent features for high power mid-IR SC generation, it is still
not easy to produce ultra-broad SC in a conventional tellurite fiber because its ZDW is ~2.3
pum [16], and currently there are no ultrafast fiber laser sources or other diode-pumped solid-
state laser sources readily available at this wavelength. The most suitable pump sources are
the 2 um Tm*"-doped fiber laser and ~3 um Er’* or Ho*" -doped ZBLAN fiber laser. Here, we
compare the SC spectra generated in conventional tellurite fiber pumping at 2 um and 2.78
pm. The Raman gain used in our simulation was the same as that shown in Fig. 1 in [37]. The
fiber had a core diameter of 8 um and numerical aperture (NA) of 0.2. The fiber length was
set to be 60 cm. Figure 1 shows the spectra of SC generated in the tellurite fiber pumped by
800 fs pulses with a peak power of 12 kW at 2 pm and 2.78 pm, respectively. The red dash-
dot curve shows the SC spectrum of the tellurite fiber pumped at 2 um while the blue solid
one shows the SC spectrum when pumped at 2.78 um. The spectra of the input pulses at 2 pm
and 2.78 um are represented by the dash-dot magenta and the solid green curves, respectively.
The dashed line in Fig. 1 shows the fiber’s ZDW. The inset in Fig. 1 shows the propagation
loss of the tellurite fiber in the 0.5-5 pm wavelength range used in our simulation, which was
derived from the loss of a tellurite fiber measured in the 0.5-4.5 pum wavelength range by NP
Photonics [41]. When the tellurite fiber is pumped at 2 um, which lies in the normal group
velocity dispersion (GVD) region, a narrow and approximately symmetrical SC spectrum is
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obtained. The spectral evolution of the pulses in the fiber is plotted in Fig. 2(a). Because the
pump wavelength is in the normal GVD region and also far from the ZDW, SPM is the
dominant nonlinear process. The interaction of SPM and the normal GVD leads to the
approximately symmetric spectrum. Since no spectral component can exceed the ZDW into
the anomalous GVD regime at a pump peak power of 12 kW, significant spectral broadening
doesn’t occur in this case. When the tellurite fiber is pumped at 2.78 pum in the anomalous
GVD region, the SC generation is dominated by soliton-related nonlinear effects that usually
lead to significant spectral broadening. A SC with —40 dB bandwidth of nearly 2 pum is
obtained as shown in Fig. 1. The spectral evolution of the pulses is plotted in Fig. 2(b). The
spectrum of the 800 fs 2.78 um pulses is substantially broadened, spanning over 1.5-3.5 pm in
less than the beginning 10 cm fiber segment. As the pulses propagate in the remaining 50 cm
fiber segment, the long wavelength wing of the SC spectrum shrinks slightly, which may be
attributed to the periodic performance of solitons. Although SC generation in a conventional
tellurite fiber pumped at 2.78 um is much broader than that pumped at 2 pm, the bandwidth
and flatness of the SC are still fairly far from those of a high-performance SC laser source.

Pump at 2.78 um 2.4
20 ... pumpat2um E1 o
Input 2.78 ym pulse @ -~
—-—--Input 2 um pulse 5
,p .“ P §0'8
|
0.0

1 2 3 4 51
Wavelength (um)
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Fig. 1. The spectra of SCs generated in a 60 cm conventional tellurite fiber pumped by 12 kW

800 fs pulses at 2.78 pum (blue solid curve) and 2 um (red dash-dot curve). The spectra of 2 um

and 2.78 um input pulses are shown by the dash-dot magenta and the green solid curves,

respectively. The grey dashed line indicates the ZDW of 2.32 pm. Inset: propagation loss of

the single mode tellurite fiber in a wavelength range of 0.5-5 um.
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Fig. 2. The spectral evolution of (a) the 2 um and (b) the 2.78 um 12 kW 800 fs pulses
propagating in a 60 cm tellurite fiber with a ZDW of 2.32 pm.

3.2 Design of a W-type dispersion-shified tellurite fiber

It has been well recognized that an ultra-broad bandwidth, high flatness SC can be obtained
when a nonlinear fiber is pumped at a wavelength close to its ZDW [42]. The ZDW of a
conventional tellurite fiber is at 2.3 pwm, but there is no readily available compact laser source
around 2.3 um. Therefore the most feasible approach is to shift the ZDW of an optical fiber to
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the wavelength of a readily available ultrafast laser source by engineering the waveguide
dispersion of the fiber. Tapered or microstructured tellurite fibers with ZDWs in the near IR
have been fabricated and SC generation in these fibers has already been demonstrated.
However, as discussed in Section 1, power scaling of these SC laser sources is constrained by
the low power damage threshold of the small fiber core and their power proportions in the
mid-IR region are limited by the near-IR pump wavelength. In order to obtain a high power,
high flatness, ultra-broad bandwidth SC with a large mid-IR power proportion, we propose to
fabricate a W-type tellurite fiber and pump it with our mode-locked Er’*-doped ZBLAN fiber
laser at 2.78 um. The W-type fiber structure has been extensively used to shift the ZDW of
silica fiber from 1.3 pm to 1.5 pm to suppress dispersion effects in long-haul optical
communications. Therefore, it can be adopted to shift the ZDW of a tellurite fiber from 2.3
pm to a wavelength close to the operating wavelength of a mode-locked Er**-doped ZBLAN
fiber laser. Moreover, since W-type fiber has a solid cladding, it will be more robust, easier to
handle, and have better thermal tolerance than a microstructured tellurite fiber whose
mechanical strength and thermal conductivity have been reduced largely due to air holes.
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Fig. 3. The refractive index profile of the proposed W-type tellurite fiber (r; = 2.81 um, r, = 4
um, An; = 0.70%, and An, = 0.38%).

The index profile of the designed W-type tellurite fiber is shown in Fig. 3. The radius 1,
and r, are 2.81 pm and 4 um, respectively. The refractive indices of the core and the cladding
are 2.1056 and 2.091, respectively. The refractive index of the ring is set to be 2.083. The
refractive index differences An; and An, are 0.70% and 0.38%, respectively. The guiding
properties of this fiber were analyzed by calculating the guided modes using the fully
vectorial modal solver of FIMMWAVE [43].

The waveguide dispersion and total dispersion of the designed W-type tellurite fiber are
calculated and shown in Fig. 4. The waveguide dispersion (shown by the blue solid curve) is
obtained by calculating the effective refractive index of the fundamental mode using

2
FIMMWAVE software and then using the equation D = —ij—; , where D represents the
c
dispersion, A, n, and ¢ represent the wavelength, refractive index, and the speed of light,
respectively. The material dispersion (shown by the red dash-dot curve) is calculated using
Sellmeier equation with A = 2.5804773, B = 1.8635211, C = 6.3945516 x 107, D =
2.4311168, E =225 [16]. The total dispersion (shown by the magenta dotted curve) is the sum
of the waveguide dispersion and the material dispersion. The grey dashed line represents the
zero dispersion condition. We can see from Fig. 4 that the ZDW of the tellurite glass is at 2.3
pm and the ZDW of the W type tellurite fiber is shifted to 2.7 pm because of the negative
waveguide dispersion. The insets (a) and (b) of Fig. 4 show the 3-D and 2-D intensity
distribution of the fundamental mode of the W-type fiber at 2.78 pm, respectively. Clearly,
the W-type fiber provides strictly single-mode guidance for the pump laser at 2.78 um. Since
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the waveguide dispersion can be engineered by tailoring the W-type fiber structure, it is found
that the ZDW can be shifted to 2.9 um when the ratio of r; to r, is increased to 1.88.

100
—
£
v
=
€ 50
£
(2]
S
c
Rl
£ 9
(]
Q.
0
o i .
£ neo waveguide dispersion
sol ’ —-—--material dispersion
) - -+, total dispersion )

2.0 2.2 2.4 2.6 2.8 3.0
Wavelength (nm)

Fig. 4. Material dispersion (red dash-dot curve), waveguide dispersion (blue curve), and total
chromatic dispersion (magenta dotted curve) of the designed W-type tellurite fiber in a
wavelength range of 2-3.1 um. The grey dashed line illustrates zero dispersion. Inset: (a) 3-D
and (b) 2-D intensity distribution of the fundamental mode of the W-type tellurite fiber.

3.3 Mid-IR SC generation in different W-type tellurite fibers

It is well known that SC generation exhibits different features when the same pump pulse is
launched into optical fibers with different ZDWs. It has also been demonstrated in Section 3.2
that the ZDW of a W-type tellurite fiber can be shifted from 2.3 um to a longer wavelength by
tailoring the W-type fiber structure. In this section, SC generation in W-type tellurite fibers
with different ZDWs pumped at 2.78 um is investigated.

Figure 5 shows the SC generated in 60 cm tellurite fibers with ZDWs of 2.32 pym (red
solid curve), 2.7 um (black dashed curve), and 2.9 um (blue dash-dotted curve), respectively.
The 2.78 pm pump pulses have a duration of 800 fs and a peak power of 12 kW. Clearly, SC
generated in the tellurite fiber with a ZDW of 2.7 um has the broadest spectrum and the best
spectral flatness. Most importantly, the power proportion of output beyond 3 pum is also the
largest (34.8%) among the three fibers. For the fiber with a ZDW of 2.32 um, spectral
extension to long wavelength is limited while spectral extension to short wavelength caused
by dispersion wave generation is dominant. For the fiber with ZDW of 2.9 um, however, the
spectral broadening mainly relies on the soliton self-frequency shift and consequently results
in significant spectral extension to long wavelength.
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Fig. 5. The SC generated in 60 cm tellurite fibers with ZDWs of 2.32 um (red solid curve), 2.7
um (black dashed curve), and 2.9 um (blue dash-dot curve), respectively. The 2.78 pm pump
pulses (green solid curve) have a duration of 800 fs and a peak power of 12 kW.
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In order to thoroughly understand the underlying mechanisms behind different output
spectra, spectral evolution in the three fibers were calculated and analyzed. Since the spectral
evolution of the 2.78 pum pulses in the fiber with ZDW of 2.32 um has already been plotted in
Fig. 2(b), the spectral evolutions in the fibers with ZDW of 2.7 um and 2.9 pum are plotted in
Figs. 6(a) and 6(b), respectively. Clearly, symmetrical spectral broadening due to SPM is
dominated at the initial stage of evolution in both cases. After this stage of symmetrical
spectral broadening, the spectrum is significantly broadened by the development of distinct
peaks on both the short- and long- wavelength sides of the input pumps because more
nonlinear effects such as four-wave mixing, dispersion waves, Raman self-frequency shift,
and cross phase modulation come into play. The abrupt short-wavelength edge of the SCs can
be explained by the intrinsically narrowband nature of the dispersive wave resonance [42].

For the tellurite fiber with ZDW = 2.9 um, although the pump wavelength lies in the
normal GVD regime, the initial dynamics are dominated by the interaction of SPM and
normal GVD, which can transfer energy to the spectral components in the anomalous GVD
regime within a propagation distance of 20 cm because the pump wavelength is close to the
ZDW. Further propagation of the pulses along the tellurite fiber results in significant spectral
broadening due to soliton fission. Meanwhile, dispersion and Raman effects play roles in
modifying the spectral structure. For tellurite fibers with ZDWs of 2.32 um and 2.7 pm, the
pump wavelength of 2.78 um lies in the anomalous GVD region. In this case, spectral
broadening is initially caused by the fission of higher-order solitons into red-shifted
fundamental solitons and blue-shifted dispersive waves and consequently by self-frequency
shift of these solitons and the soliton trapping effect between solitons and dispersive waves.
Generally, the closer the pump wavelength to the ZDW of the fiber, the broader spectral
width can be achieved and more distinct soliton peaks appear in the spectrum. The simulation
results shown in Figs. 5 and 6 manifest this principle clearly. The SC generated in the fiber
with ZDW of 2.7 um has broader bandwidth than the fiber with ZDW of 2.32 pm because
soliton fission in the fiber with ZDW of 2.7 um is more significant. The magnitude of soliton
fission can be evaluated by soliton order, which is defined by

N =R /18D, “)
where P, represents the input peak power and T, represents the input pulse duration. The

soliton order of the fiber with ZDW = 2.7 um is 68.2, which is much larger than the 22.1 for

fiber with ZDW = 2.32 um. Mathematically, the inverse dependence of soliton order N on the

squared dispersion | B, |U2

ZDW. In addition, the > 3 pum power proportion for the fiber with ZDW of 2.7 um is also
larger than that of the fiber with ZDW = 2.32 um.

From the viewpoint of practical application, the power proportion of SC light beyond 3
um and the IR edge (defined by the longest wavelength with relative intensity of —40 dB) are

also indicates the advantage of a pump wavelength closer to the
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two critical features of high power mid-IR SC laser sources. Because the dependence of these
two features on the peak power and pulse duration of the pump pulse is essential for the
development of high power mid-IR SC laser sources, the two features of SC generated in a 60
cm W-type tellurite fiber with ZDW of 2.7 um pumped by 2.78 pum pulses with different peak
powers and pulse durations are calculated and analyzed. The power proportion of the light
with wavelength longer than 3 um and the long wavelength edge of the SC as a function of
the peak power of the 1.6 ps pump pulses were calculated and are shown in Fig. 7 by the
black and the blue curves, respectively. Obviously, both the power proportion beyond 3 pm
and long wavelength edge increase significantly with the increased peak power when the peak
power is less than 10 kW. When the peak power is higher than 10 kW, the power proportion
of the light with wavelength beyond 3 pm increases slightly with the increased peak power.
Similarly, the long wavelength edge only increases from 4.27 pm to 4.65 um as the peak
power increases from 10 kW to 30 kW. The increases of the mid-IR power proportion and the
long wavelength edge with the increased peak power from 1 kW to 10 kW are due to the
strong Raman scattering assisted soliton self-frequency shifting. As the peak power is larger
than 10 kW, the increases of both features become slight because the long wavelength edge of
the SC approaches to the IR edge of the tellurite fiber and the loss greatly increases with
increasing wavelength as shown by the inset in Fig. 1.
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Fig. 7. Power proportion of the laser with wavelength > 3 um (black curve) and the long
wavelength edge (blue curve) of the SC as a function of the peak power of 1.6 ps pump pulses.

The power proportion of the light with wavelength longer than 3 pum and the long
wavelength edge of the SC as a function of the pulse duration of the input pulse are shown in
Fig. 8. The peak power of the 2.78 pum pulse is fixed to be 12 kW. The power proportion
beyond 3 pm is almost the same (34%) for pulse durations from 200 fs to 3 ps. The long
wavelength edge, however, increases greatly with the increased pulse duration from 200 fs to
1.6 ps. This is because the soliton order monotonically increases with the pulse duration as
shown by Eq. (4). There is almost no change as the pulse duration increases from 1.6 ps to 3.2
ps because the bandwidth of the SC generated by the 1.6 ps pump pulses has already arrived
at a bandwidth limited by the IR edge of the tellurite fiber. Based on Figs. 7 and 8, we can
draw the conclusion that an ultrafast fiber laser at 2.78 um with pulse duration of 1.6 ps and
peak power of 12 kW is a suitable pump source for SC generation in W-type tellurite fiber.

3.4 Power scalability of tellurite fiber SC laser source

Although tellurite fiber SC laser sources have been reported by several groups, their output
powers are at a level of tens of mWs [17], which is much lower than the required power for
some specific applications, where high power (> 10 W) mid-IR SC with high spectral
brightness are highly demanded. In contrast to tapered and microstructured fibers that have
been used for mid-IR SC generation by other research groups [17-26], our approach of using
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wavelength edge (blue curve) of the SC as a function of the input pulse duration of a pump
pulse with peak pump of 12 kW.

W-type fiber has substantial potential for power scaling because this fiber can sustain much
higher pump power due to the large core size and solid cladding. In order to shift the ZDW of
a tellurite fiber to 2 um or 1.5 um where ultrafast silica fiber lasers are readily available, the
core diameters of these microstructured or tapered fibers have been shrunk to ~3 um or less
[17-26] and the effective core areas are less than 6 pm”. W-type fiber with ZDW = 2.7 pm,
however, has a core size of 8 um and an effective core area of nearly 50 um?. Therefore, W-
type tellurite fiber can handle much higher pump power than these microstructured or tapered
fibers. Provided that the damage threshold of tellurite glass is 15-20 GW/em? [35], the
sustainable pump power as a function of the effective core area is plotted in Fig. 9. W-type
fiber can handle more than 7 kW pump power, which is more than 8§ times larger than those
of the microstructured or tapered fibers labeled by green dots [17-26]. Therefore, W-type
tellurite fiber is a promising candidate for high power mid-IR SC generation. Assuming an
optical-to-optical conversion efficiency of the SC of around 60% [44], the attainable output
power of a mid-IR SC laser source based on W-type tellurite fiber can be larger than 4 kW.
However, an SC fiber is often damaged in practice by heat induced effects rather than optical
damage of the fiber glass. Since a 10 W SC laser source has been demonstrated in a ZBLAN
fiber [12], it is quite feasible to develop a 100 W or higher power mid-IR SC laser source
with a W-type tellurite fiber because tellurite glass [15] has better mechanical strength, higher
resistance to thermal effects, higher nonlinearity, and higher damage threshold than ZBLAN
glass [11].

Average power (kW)
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Fig. 9. Sustainable power as a function of effective core area of the tellurite fiber. The red

cross represents the handling power of the proposed W-type tellurite fiber. The green dots
represent the handling power of the fibers used in previous works.
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4. Mid-IR SC generation in chalcogenide fiber

Chalcogenide glasses are the only class of amorphous materials to exhibit high transparency
over the entire mid-IR region including the two atmospheric windows at 3-5 and 8-12 um. In
addition to their optical properties, these glasses are thermodynamically stable and show
excellent rheological properties which allow them to be drawn into fibers or molded into
complex lenses. The width of the optical window of chalcogenide fibers is directly dependent
on the phonon energy of the glass matrix and can be tuned to expand beyond 10 pm for Se
glass [45]. Therefore, chalcogenide fiber can be used to obtain an SC laser source beyond 5
um where the propagation loss of ZBLAN and tellurite fibers becomes tremendously large.
Moreover, chalcogenide glass has a very high nonlinearity (n, = 1.5 x 107" m*W [29]),
which is hundreds of times higher than that of silica. Such high nonlinearity allows very low
threshold SC generation in chalcogenide nanofibers (peak power: 7.8W, pulse energy: 2.2 pJ)
[30]. All these attractive properties have made As,Se; chalcogenide fiber a promising
candidate for a mid-IR SC spanning over the two atmospheric windows. However, the ZDW
of a conventional As,Se; chalcogenide fiber is ~5 pm [35], which is much longer than the
wavelengths of the readily available pump laser sources and our 2.78 um mode-locked Er’*-
ZBLAN fiber laser. As discussed in Section 3, high flatness, an ultrabroad bandwidth SC
laser source can be easily obtained provided that the pump wavelength is close to the ZDW of
the nonlinear fiber. Therefore, various techniques to shift the ZDW of chalcogenide fiber to a
short wavelength including microstructured [32,45], fiber tapering [34], or the combination of
both have been used in chalcogenide fibers for efficient SC generation. Here, we propose to
fabricate an As,Se; PCF and pump it with our mode-locked Er**-doped ZBLAN fiber laser at
2.78 pm to generate mid-IR SC that extends beyond 10 pm. We chose the PCF technology
because the ZDW of a PCF can be engineered over a very wide wavelength range compared
to that of a tapered fiber.

4.1 Design of chalcogenide PCF
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Fig. 10. Chromatic dispersion of the designed As,Se; PCF as a function of wavelength. Black
solid curve: waveguide dispersion; blue dash-dot curve: material dispersion; red dotted curve:
total chromatic dispersion. The grey dashed line represents zero dispersion. Inset: (a) 3-D and
(b) 2-D near-field distribution of the fundamental mode of the designed As,Se; PCF (r = 0.61
pm, A =3 pm).

In order to shift the ZDW of a chalcogenide fiber to the wavelength of our mode-locked Er**-
doped ZBLAN fiber laser, an As,Se; PCF as shown in Fig. 10(b) was designed. The core of
the As,Se; PCF was created by introducing a defect in the air-hole array, in which the air-hole
radius and the pitch of the array are 0.61 pm and 3 um, respectively. The refractive index of
the background is set to be 2.78. The material, waveguide and total dispersions of the PCF are
shown in Fig. 10. The waveguide and total dispersion were calculated using the same method
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as for the tellurite fiber. The material dispersion is obtained estimated using the Sellmeier
equation with A = 2.6, B = 1.759, C = 2.756 x 107, D = 0.02792, and E = 101.6683 [35].
Because of the large positive waveguide dispersion of the PCF, the ZDW of the As,Se; PCF
is shifted to 2.7 um. The insets (a) and (b) in Fig. 10 show the 3-D and 2-D intensity
distributions of the fundamental mode at the pump wavelength of 2.78 um, respectively.
Clearly, this PCF exhibits excellent guiding capability for a single-mode pump laser at 2.78
pm because the laser field concentrates in the core area and thus enables considerable
nonlinear interaction.

4.2 Mid-IR SC generation in the As,Se; PCF

In the last section, we have demonstrated that the ZDW of a chalcogenide PCF can be shifted
from 5 pm to 2.7 um. In this section, SC generations in the designed As,Se; PCF pumped at
2.78 um are numerically studied. In our simulation, we assumed the same Raman gain of
As;Se; glass as used in [38]. The propagation loss of the As,Se; chalcogenide fiber shown in
the inset of Fig. 11(a) was determined from the loss of a Coractive As,;Se; fiber [46]. The
output spectrum of 800 fs pulses with peak power of 1 kW propagating through a 10 cm
As;Se; fiber is shown in Fig. 11(a). The spectral evolution of the pulses along the As,Se;
fiber was calculated and is shown in Fig. 11(b). Similar to a general spectral evolution of
pulses with a wavelength in the anomalous GVD regime and close to the ZDW of the
nonlinear fiber, the initial stage of spectral evolution exhibits approximately symmetrical
spectral broadening, which occurs in the beginning 2.5 cm fiber segment. After a propagation
of about 3 cm, the spectrum of the pulses experiences significant spectral broadening with the
development of distinct spectral peaks on both the short- and long-wavelength sides of the
injected pump due to soliton fission and the Raman self-frequency shift of ejected constituent
fundamental solitons. The spectrum of the pulses spans over 2-12 um after a propagation of 4
cm. Further propagation of the pulses along the As,Ses fiber results in increased flatness of
the SC. Clearly, high flatness mid-IR SC spanning over two atmospheric windows can be
achieved by purrolping an As,Se; PCF with an ultrafast fiber laser at 3 pm.
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Fig. 11. (a) Output spectrum of the SC generated in a 10 cm As,Se; PCF with 2.7 um ZDW
pumped at 2.78 pm. Inset: Propagation loss of a single-mode As,Se; fiber in a wavelength
range of 1.5-12 um. (b) The SC spectral evolution in the 10 cm As,Se; PCF. (Input pulse
duration: 800 fs; peak power: 1 kW).

In order to guide the development of mid-IR SC sources and determine the requirement of
the mode-locked fiber laser at 3 um, the dependence of power proportion of the light beyond
3 um and the long wavelength edge of the SC on the input pulse duration and peak power was
studied. Figure 12 shows the proportion of the light power beyond 3 pm and the long
wavelength edge of the SC as a function of the pulse duration. Both the power proportion and
long wavelength edge increase with the increased pulse duration. As the pulse duration
becomes greater than 400 fs, the increase of the mid-IR power proportion and long
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wavelength edge with the increased pulse duration becomes modest. This we attribute to the
greatly increased loss of the As,Se; chalcogenide fiber at wavelengths longer than 10 pm as
shown in the inset of Fig. 11(a). Figure 13 shows the power proportion of the light beyond 3
um and the long wavelength edge of the SC as a function of the peak power of 800 fs pulses.
Both the power proportion and long wavelength edge increase almost linearly with the peak
power. The results shown in Fig. 12 and Fig. 13 tell us that a mid-IR SC with a power
proportion of the light beyond 3 um > 80% and the long wavelength edge up to ~12 pm can
be achieved by pumping a 10 cm As,Se; PCF with 2.78 pm 800 fs pulses with peak power of
1 kW.
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Fig. 12. Power proportion of the light beyond 3 pum contained in the SC (black curve) and the
long wavelength edge (blue curve) of the SC as a function of the input pulse duration. (Peak
power: 1 kW; fiber length: 10cm).
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Fig. 13. Power proportion of the light beyond 3 pum contained in the SC (black curve) and the
long wavelength edge (blue curve) of the SC as a function of the input peak power. (Pulse
duration: 800 fs; fiber length: 10 cm).

4.3 Power scalability of chalcogenide fiber SC laser source

Compared to a standard step-index fiber, a PCF generally can sustain a lower power due to its
small core size, low robustness, and low heat dissipation ability. In addition, chalcogenide
glass has a much lower damage threshold (~1 GW/cm?® [47]) than tellurite glass. Therefore, it
is challenging to achieve a high power, high flatness, ultrabroad mid-IR SC laser source using
a chalcogenide PCF. Special protection and heat dissipation management have to be
employed for a chalcogenide fiber SC laser source. Here, we just discuss the power scalability
of the chalcogenide fiber SC laser source by comparing the sustainable pump power for
different chalcogenide PCFs and those chalcogenide fibers used in previous reports. Our
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designed As,Se; PCF not only has the advantage of easy fabrication because it is relatively
easier to shift the ZDW from 5 pm to 2.7 pm than to 1.9 um or 1.5 um by use of
microstructured fiber construction, but also bring the benefit of a large effective core area.
The effective area of the designed As,Se; chalcogenide PCF shown in Fig. 10(b) is 14.38
pm?, which is much larger than those of As,Se; chalcogenide PCFs with ZDW in the near IR.
For instance, As,Se; chalcogenide PCFs with ZDW of 1.9 pm and 1.45 pm can be designed
by keeping the air hole radius constant at 0.61 um and adjusting the ratio of the air hole radius
and the pitch of the PCF (1/A) to be 0.347 and 0.484, respectively. The chromatic dispersions
of the two PCFs are shown in Fig. 14. The profiles of the guided fundamental modes at 2 pm
and 1.5 pm are plotted and shown in Figs. 14(a) and 14(b), respectively. Their effective core
areas are only 3.313 pm” and 0.977 um?, respectively. The maximum sustainable power of
the three PCFs are predicted and shown in Fig. 15 by red crosses. The sustainable pump
power of the PCFs with ZDW of 2.7 um is about 144 W, which is much larger than 33 W and
9.8 W for these two PCFs with ZDW in the near-IR. Assuming that an optical-to-optical
conversion efficiency of 60% [48] can be obtained, the maximum attainable output power of
an As,Se; chalcogenide PCF SC laser source can be 86.3 W. The sustainable pump powers of
the chalcogenide fibers used in previous reports [32,34,48,49] are also shown in Fig. 15,
indicated by the green dots. Clearly, the proposed As,Se; SC laser source has the largest
attainable output power.
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Fig. 14. Chromatic dispersion of two As,Se; PCFs with r/A = 0.484 (black solid curve) and
0.347 (red dash-dot curve) as a function of the wavelength. Inset: the fundamental mode
profiles of the PCF with r/A = 0.484 (a) and 0.347 (b) at the pump wavelengths of 1.5 um and
2 um, respectively. The dashed line represents the zero dispersion.
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Fig. 15. Sustainable power as a function of effective area of the chalcogenide PCF. The
marked red crosses represent the handling power of the PCFs with different ZDWs by
assuming an optical-to-optical conversion efficiency of 60% [48]. The green dots represent the
handling powers of these chalcogenide fibers used in previous works.
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Although chalcogenide fiber has the largest nonlinearity and the broadest mid-IR
transparent window among current available optical fibers, existing chalcogenide fiber SC
laser sources with moderate spectral bandwidth and low mid-IR spectral power density
haven’t shown significant promise so far. Pumping an As,Se; PCF with a mode-locked
ZBLAN fiber laser at 3 pm is emerging as promising approach to achieve a mid-IR SC laser
source spanning over the range 2-12 pm.

5. Conclusion

In conclusion, we have demonstrated that mid-IR SC can be generated in dispersion
engineered W-type tellurite fiber and As,Se; chalcogenide PCF when they are pumped with
ultrafast fiber lasers at 2.78 um. The power proportion of the light beyond 3 pm and the long
wavelength edge of the mid-IR SC as a function of the peak power and pulse duration of the
input pulse have been studied. Our simulation shows that mid-IR SC with a long wavelength
edge of 4.65 pm and ~40% power proportion beyond 3 pm can be generated in a W-type
tellurite fiber pumped by a 1.6 ps pulsed laser with peak power of 30 kW. When a
chalcogenide PCF is pumped by 1 kW 800 fs pulses, a mid-IR SC with its long wavelength
edge up to 12 pm and with > 80% mid-IR power proportion can be achieved. Most
importantly, compared to microstructured or tapered tellurite and chalcogenide fibers used in
previous works, the attainable output power of the W-type tellurite fiber can be increased by
one order of magnitude and that of the As,Se; chalcogenide PCF can be increased by three
times. Our study demonstrates that W-type tellurite fiber is a promising candidate for 10W-
100W mid-IR SC laser sources in the 3-5 atmospheric window, while As,Se; PCF has the
potential to generate a mid-IR SC covering the 3-5 pm and 8-10 um atmospheric windows
and most molecular “fingerprint” spectral regions.
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