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We propose a tapered silicon-core optical fiber design
for extending the long-wavelength edge of supercon-
tinuum generation to obtain a high spectral density
source across the 3 – 4.5 µm regime. The taper works
by generating sufficient spectral broadening of the driv-
ing laser pulse to produce a series of pumps for non-
degenerate four-wave-mixing, and then opening up
new phase-matching conditions to transfer the power
from these pumps to a target region of mid-infrared
wavelengths. We show, by simulation, that this taper
design works effectively when pumped with a conven-
tional 2.1 µm femtosecond fiber-laser, significantly im-
proving the spectral coverage obtained with a fixed di-
ameter fiber. Thus, these tapered silicon-core fibers of-
fer a potential platform for an efficient all-fiber spec-
troscopy solution to measure greenhouse gases. © 2020

Optical Society of America
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1. INTRODUCTION

Supercontinuum (SC) generation is of great interest for its myr-
iad of applications, such as interferometry, optical coherence
tomography, confocal microscopy and spectroscopy [1–4]. Most
commonly, SC spectra are generated using a high power pulsed
laser to excite nonlinear processes within an optical waveguide,
either planar or fiber-based [5]. The material of the waveguide is
chosen to have low losses and a high nonlinearity in the spectral
region of interest. The waveguide dimensions are then set to
engineer the dispersion, often to position the zero-dispersion
wavelength (ZDW) close to the pump in order to maximize
phase-matching to the newly generated wavelengths. Usually
the waveguide has a fixed core size along its length, but some-
times it is tapered such that the dimensions vary longitudinally.
There are several benefits of tapering, from enhancing the cou-
pling into and out of the waveguide to parabolic pulse-shaping
[6]. It can also be used to enhance SC generation, as the varying
core results in a constantly changing ZDW, helping to increase
the number of phase-matched processes [7, 8].

Many of the early investigations focused on SC spanning
near-infrared to visible wavelengths, owing to the low losses
of silica glass fibers in this region [9]. However, over the
past decade, attention has turned to SC generation in the mid-
infrared (mid-IR) spectral region, where the potential applica-
tions extend to environmental sensing and healthcare [10–12].
This shift has been partially motivated by the excellent progress
in producing low loss semiconductor waveguides with extended
long wavelength transparency. In particular, there is currently
great interest in generating efficient and flat SC covering the 3
– 5 µm region for sensing of greenhouse gases [13]. This work
has been aided by the increasing availability of high power
fiber-based pump lasers that operate around 2 µm [14]. Al-
though most of the work conducted in this area to date has
made use of well-established silicon-based (silicon-on-insulator
[15] and silicon nitride [13]) planar waveguides, more recently
there have been some promising results obtained in the silicon-
core fiber (SCF) platform, which has the advantage of being
more directly compatible with the fiber pump sources [16, 17].
Moreover, the SCFs can be tapered using a straightforward fiber
post-processing procedure to precisely control the core dimen-
sions along the entire length.

In this paper, we investigate the role of the taper profile to
obtain flat and efficient SC in a SCF that extends across the
3 – 4.5 µm region by optimizing the four-wave mixing (FWM)
phase-matching conditions. A key goal is to achieve output SC
spectra at practical power levels using standard commercially
available fiber laser pump sources. The taper is designed to
have large input and output diameters to maximize the coupling
efficiencies, with a waist such that the ZDW is close to the pump
in order to enhance the efficiency of the nonlinear processes.
However, in contrast to conventional tapers, the design is asym-
metric such that the up-tapered output section can be carefully
engineered to access new phase-matching conditions for FWM,
thus extending the long wavelength substantially beyond what
could be achieved with a straight waveguide. We demonstrate
this with four designs, boosting the average power of the long-
wavelength edge of the SC reached with increasing input peak
powers.
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Fig. 1. Cross section of a silicon-core fiber showing core,
cladding and interface layers.

2. SILICON-CORE FIBERS AND TAPER DESIGN

A. Fabrication
Silicon-core fibers (SCFs) are a versatile platform for nonlinear
optics as they are relatively straightforward to make, have high
nonlinear coefficients, and comparatively low optical losses [18].
Furthermore, their size and circular geometry makes them com-
patible with fiber lasers as well as standard single-mode fibers.
Most commonly, SCFs are produced by the molten core drawing
technique [19], which is an adaptation of the traditional fiber
drawing method. The fiber preform is made by sleeving a sil-
icon rod inside a silica capillary, which has been coated with
an interface layer of calcium oxide to prevent diffusion of oxy-
gen from the silica to the silicon [20]. The interface layer also
reduces stresses on the materials during the drawing process. A
schematic of a SCF is shown in Figure 1. As the SCFs are clad in
silica, they are robust, easy to handle, and can be subsequently
heated and stretched using conventional fiber tapering methods
to precisely control the core dimensions along the length.

B. Taper Design
In this paper we look at four taper designs, each of which is opti-
mized for a different pump power. The primary goal is to search
for designs that maximize the spectral width of the supercon-
tinuum, whilst retaining a high spectral density in the mid-IR
region of interest. The tapers are divided into three sections, a
down-taper (1), up-taper (2) and constant-diameter end facet (3),
as shown in Fig. 2. Section (1) has a large input facet in order to
couple the light into the fiber with minimal loss, which tapers
down towards the waist diameter. As the light propagates in
this section, it undergoes initial spectral broadening via self-
phase modulation (SPM). At the waist diameter, the nonlinearity
reaches its maximum and part of the spectrum crosses the zero-
dispersion wavelength (ZDW) to trigger soliton fission, which
speeds up this broadening. Section (2) is an up-taper, where the
increasing diameter opens up new phase-matching conditions
for non-degenerate FWM, which acts to improve the transfer
of power to increasingly longer wavelengths. This up-taper
culminates in Section (3), the end-facet, where the diameter is
optimized for phase-matching to the target wavelength range
for the specific pump power. The larger the diameter, the longer
the wavelengths that can be phase-matched to in this manner.
For each design, the total length of the tapered structure and

Fig. 2. Schematic showing taper design: (1) down-taper, (2)
up-taper, (3) constant diameter end facet.

the three sections are fixed, but the diameters of the individual
sections are allowed to vary.

C. Length
When deciding upon appropriate length scales for each sec-
tion in the taper designs, the main factor we took into account
was the nonlinear length, defined as LNL = 1/γP0, where
γ = n2ω0/cAeff is the nonlinear parameter, n2 is the nonlin-
ear refractive index, ω0 is the angular frequency of the pump, c
is the speed of light, Aeff is the effective area of the fundamen-
tal mode and P0 is the peak power of the pump. For mid-IR
propagation, silicon-core diameters on the order of a few mi-
crometers ~ 1.5 – 4 µm are desired as this ensures that the pump
is positioned close to the ZDW and that the interaction with
the silica cladding, which is lossy at these wavelengths, is mini-
mized. Such diameters correspond to nonlinear parameters γ

in the range 3 – 22 W−1m−1. The properties of the pump laser
used in our investigations are modelled on typical values for
a 2.1 µm fiber laser, with a pulse duration of 150 fs, peak pow-
ers in the range 1 – 5 kW, and a repetition rate of 100 MHz [14].
Thus, for these values of γ and P0, typical nonlinear lengths
are in the range 0.01 – 0.3 mm, so we can assume significant
nonlinear effects will occur over lengths of ~ 1 mm. However,
the peak power does drop rapidly as the pulse propagates along
the length, due to linear and nonlinear losses, and so most of our
simulations show that the SPM broadening reaches a maximum
at lengths ~ 3 mm. SCF tapers as short as 8 mm [21] have been
demonstrated, we set this as our total length. The taper was
then divided up to have a 3 mm down-taper (where most of the
SPM occurs), 2 mm up-taper (where cascading FWM occurs) and
3 mm end-facet (to maximize phase-matching for FWM-based
transfer of power to the target wavelength-range). This design
is shown in Fig. 2.

D. Controlling the initial broadening in the down-taper
The fiber design starts with a down-tapered region, from the
input facet to the waist, to facilitate efficient coupling of the
fiber-based pump source into the narrow waist. During this
transition, SPM initiates spectral broadening. Then, in the waist
region, the red edge of the spectrum crosses the ZDW, triggering
soliton fission which facilitates further broadening.

However, if too much power crosses the ZDW, the solitons
that form in the anomalous dispersion region are very high order
solutions, which are prone to break-up [5]. When soliton fission
occurs, two problems arise: (1) the solitons recoil too far to-
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ward shorter wavelengths, wasting power that could otherwise
be transferred to longer wavelengths. (2) The dispersive wave
generation spreads to longer wavelengths too rapidly, which
means that power does not build up in the target output wave-
length ranges. Furthermore, spectral power does not build up
in the central part of the spectrum, so there is no stable source of
pumps for later transfer to the target ranges.

However, we do want a limited amount of soliton fission to
provide additional spectral broadening to that produced by SPM.
Specifically, the goal is to produce a reasonably broad intermedi-
ate spectrum with an evenly distributed spectral density in the
down-tapered section, where the newly generated wavelengths
can act as FWM pumps to extend the transfer of power to the
mid-IR wavelengths in the final two sections of the taper. For
the lower range of input powers considered in this study (1 –
2 kW), the waist diameter is set to 1700 nm (where the ZDW is
at the input wavelength, 2.1 µm). For the increasingly higher
input powers (> 3 kW), we find that it is necessary not only to
increase the waist, but also the input facet, in order to control the
initial SPM and limit the degree of subsequent soliton fission, as
will be described in Section 4. Furthermore, unlike most taper
designs in which the waist is held constant over some length to
maximize a particular nonlinear process, our design transitions
immediately into the up-tapered region to start continuously
shifting the FWM phase-matching conditions to progressively
longer wavelengths. The up-taper section of the design ends
when the optimum diameter is reached for FWM wavelength
conversion to the targeted wavelength region.

E. Optimizing the end-facet diameter for phase-matching to
the target

This is the most important section of the design, as it is the point
at which phase-matching to the target region is maintained. In
order to determine the optimum output diameter for the differ-
ent taper designs, we calculated the phase-matching conditions
for combinations of pumps, signals and idlers covering the 1.5
– 5 µm range for each diameter (sampling pump wavelengths
at 25 nm intervals). We were then able to use this dataset to
obtain the number of phase-matched solutions depending on
where the pump, signal and idler wavelengths lie. For the fi-
nal designs, only the subsets containing pump wavelengths
longer than 1.85 µm were considered for the non-degenerate
FWM processes. Although solutions do exist with pumps at
shorter wavelengths, they are not useful because they are only
generated by excessive soliton fission in the waist region (see
Appendix). Fig. 3 shows the positions of pairs of phase-matched
pumps (short and long wavelength plotted as black and yellow
points respectively) and corresponding idlers for two of the sig-
nal wavelength ranges, (a) 3.5 – 3.75 µm and (b) 4.25 – 4.5 µm.
Fig. 4 summarizes the results of this analysis for all four ranges,
showing the usable bandwidth of the generated pumps. The
maximum bandwidth corresponds to the point where the phase-
matched pumps reach the short-wavelength edge of the target
spectral range, and this indicates the optimum output diameter
for maximal transfer of power to the target range.

The phase-matching conditions for non-degenerate FWM are
generally satisfied when the pumps are spaced roughly symmet-
rically around the ZDW. This can be understood by recalling the
phase-matching condition for non-degenerate FWM:

∆β = βp1 + βp2 − βs − βi = 0, (1)

where βp1, βp2, βs and βi are the propagation constants of the

Fig. 3. Four wave mixing phase-matched solutions where
pumps have λ > 1.85 µm and signals are in the target ranges
(a) 3.5 – 3.75 µm and (b) 4.25 – 4.5 µm. Orange dashed line
shows the zero-dispersion wavelength. Note how the short-
wavelength pumps and long-wavelength pumps tend to clus-
ter either side of the ZDW.

Fig. 4. Bandwidth of phase-matched solutions for non-
degenerate FWM where the pumps exist at wavelengths
longer than 1.85 µm for target signals in the labelled wave-
length ranges. The peaks correspond to the optimum output
diameter for the target wavelength range.

two pumps, signal and idler beams, respectively, and the fre-
quencies are conserved such that

ωp1 + ωp2 −ωs −ωi = 0. (2)

By picking a reference frequency ωr halfway between ωp1 and
ωp2, we can write the propagation constant for each wavelength
as a Taylor expansion:

β(ωm) = β0 + β1(ωm −ωr) +
β2
2!

(ωm −ωr)
2

+
β3
3!

(ωm −ωr)
3 +

β4
4!

(ωm −ωr)
4... (3)

where m = p1, p2, s, i (i.e. pump 1, pump 2, signal and idler
respectively) and βn = dnβ/dωn|ω=ωr .
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When each propagation constant is written out in this way,
and substituting ωp2 − ωr = −(ωp1 − ωr) and ωi − ωr =
−(ωs − ωr) into Eq. (1), the odd-numbered βm terms vanish
and we are left with only even terms:

∆β = β2[(ωp1 −ωr)
2 + (ωs −ωr)

2]

+
2β4
4!

[
(ωp1 −ωr)

4 + (ωs −ωr)
4
]
+ ... (4)

In the case that β4(ωr) ≈ 0, i.e., when β3(ω) is constant, the first
term in Eq. 4 is dominant, and so ∆β = 0 only when β2(ωr) = 0.
In such a case, pairs of phase-matched pump solutions exist
adjacent to the ZDW, and then at ever-increasing frequency-
spacings either side of it until they reach either the lower pump
limit or the target wavelength range. The maximum number
of solutions will therefore exist when these limits are equally-
spaced around the ZDW, i.e. the ZDW, lies halfway between
them.

In the case of the silicon-core fibers considered here, the
higher-order terms (as calculated by a finite-difference method)
are small but not negligible. However, an investigation into
the solutions which includes the β4 and β6 terms and various
pump and signal combinations reveals that phase-matching is
generally satisfied when β2(ωr) < 0.07 ps2m−1, which is close
enough to zero that the majority of the solutions do cluster above
and below the ZDW as described above.

Indeed, Fig. 3 (which accounts for βn up to order 7) shows
that the majority of the long wavelength pumps (yellow points)
cluster above the ZDW (shown by the orange dashed line), and
the short-wavelength ones (black points) cluster below it for the
two wavelength ranges considered. These show how the ZDW
increases with diameter and, as it reaches the halfway point
between the lower pump limit and the lower edge of the target
wavelength range, the available phase-matched solutions for
FWM to occur ‘fill-in’ the space between these limits. This means
that FWM can draw from pumps across the entire spectrum to
transfer to the target wavelength range, and thus the ‘density’
of solutions, corresponding to the usable pump bandwidth, is
maximized, as shown in Fig. 4. The position of these peaks
indicates the output facet core diameter required for maximizing
the output in the required range. So for maximizing power in the
3.5 – 3.75 µm range, the diameter should be ~ 2600 nm (where
the ZDW is at 2.55 µm and β2 = 0.38ps2m−1 at 2.1 µm) whereas
for the 4.25 – 4.5 µm range, the optimum diameter is ~ 3150 nm
(where the ZDW is 2.8 µm and β2 = 0.47ps2m−1 at 2.1 µm).

3. FIXED-DIAMETER FIBER SIMULATIONS

In order to establish a set of useful benchmarks from which
to compare the wavelength conversion achieved by the taper
designs, we first had to study SC generation in a variety of
silicon-core fibers with fixed-diameters. The simulations used
the nonlinear Schrödinger equation, modified from [22] to in-
clude the frequency-dependence of the linear and nonlinear
losses:

∂A(z, t)
∂z

= i
7

∑
n=2

inβn

n!
∂n A
∂tn + i

(
γ(ω0) + iγ1

∂

∂t

)
|A(z, t)|2 A(z, t)

− 1
2Aeff

βTPA(t) ∗ |A(z, t)|2 A(z, t)

− 1
2

αl(t) ∗ A(z, t)− 1
2

σf · A(z, t) (5)

In Eq. (5), ω0 is the angular frequency of the pump, A is the
pulse envelope, t is time, z is propagation distance, βn are the
dispersion coefficients at the pump, and γ1 is the self-steepening
term, approximated as γ/ω0. In terms of the frequency depen-
dent nonlinear loss, this is incorporated through the two-photon
absorption term βTPA(t), where βTPA(t) = F−1{βTPA(ω)}
(note: ∗ denotes a convolution and F a Fourier transform). The
ω-dependent TPA term is incorporated with values taken from
[23]. As a result, wavelengths shorter than the pump are exposed
to an increasing amount of nonlinear absorption. The frequency
dependent linear loss term αl(t) = F−1{αl(ω)} is also included
to account for the increased losses at wavelengths beyond 4 µm
associated with absorption by the silica cladding. The final term
is the free-carrier absorption σf = σ2(1 + iµ2)N2, where σ2 is
the FCA cross section, µ2 is the free-carrier dispersion (FCD)
parameter and N2 is the free carrier density, where

∂N2 (z, t)
∂t

=
βTPA
2h̄ω0

|A (z, t)|4

A2
eff

− Nc (z, t)
τ2

, (6)

h̄ is the Planck constant and τ2 is the free-carrier lifetime.
In our simulations, we assumed single-mode propagation,

which is a reasonable assumption because, as shown in [24],
higher-order modes have only a minor impact on the spec-
tral broadening in SCFs. A set of simulations were conducted
for straight fibers with core diameters covering the range 1 –
4 µm. In each case, we extracted the average power within each
0.25 µm spectral window covering the entire greenhouse gas
absorption region (3 – 4.5 µm) for every propagation step. Thus,
it was possible to ascertain the maximum average power trans-
ferred to each window along the propagation length. As the
maximum transfer to any spectral window always occurred at
a propagation length shorter than 20 mm, this length was used
for every simulation. From these simulations, we found that
generating a SC extending out to 3.5 µm was easily achievable
in all fiber diameters with a peak power of 1 kW, so we con-
centrated only on the remaining four 0.25 µm ranges covering
3.5 – 4.5 µm. To access the increasingly longer mid-IR ranges,
the pump power was also increased systematically, as indicated
in Table 1. This table summarizes the full set of results, where
for each input power, the maximum power transferred to the
target wavelength range attainable with a fixed-diameter fiber
is shown. Note that the final increase in power is from 3 to 5 kW
because nonlinear absorption starts to become more significant
and so the amount of power transferred to longer wavelengths
drops. The corresponding spectra for these results are presented

Input power Transfer to target

Peak
(kW)

Average
(mW)

λ Range
(µm)

Maximum
power trans-
ferred (mW)

Constant
diameter
(nm)

1 18 3.5 – 3.75 0.022 1275

2 36 3.75 – 4 0.021 1125

3 54 4 – 4.25 0.015 2800

5 90 4.25 – 4.5 0.039 2975

Table 1. Maximum average power transferred with fixed-
diameter fibers of any length to the 0.25 µm target ranges with
labelled input powers.
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Fig. 5. 1 kW (18 mW) pulses. (a) Output spectrum. (b) Temporal evolution. (c) Spectral evolution. (d) Evolution of average power in
0.25 µm spectral ranges between 3 and 3.75 µm. (e) Taper profile. (f) Comparison of taper output with fixed diameter fiber (1275 nm)
at length where power in the 3.5 – 3.75 µm range is highest. Red dashed lines in (a) and (c) and green dashed lines in (f) highlight
the target wavelength region.

in the following section for comparison with the results from the
tapered fiber designs, where the aim of the taper was to boost
the usable power in each spectral range by at least a factor of
three.

4. TAPER SIMULATION RESULTS AND DISCUSSION

A. 3.5 – 3.75 µm target range with 1 kW pulses
As explained in Section 3, with 1 kW peak power input pulses
(18 mW average power), the bulk of the SC power in any fixed di-
ameter length of fiber occurs at wavelengths shorter than 3.5 µm.
As shown in Table 1, the maximum average power obtained in
the 3.5 – 3.75 µm window with a fixed diameter fiber is 0.022 mW.
By using our taper design (Fig. 2) with an input diameter of
3200 nm, waist of 1700 nm and output facet diameter of 2625 nm
that maximizes phase-matching to the target range, we can gen-
erate a SC with 0.066 mW across 3.5 – 3.75 µm, which represents
a threefold improvement in power. The overall SC spans 1.2
octaves (1.64 – 3.75 µm) with a total average power of 8.3 mW.
Fig. 5 shows the spectral output (a), as well as the evolution of
the pulses in the temporal (b) and spectral (c) domains.

Fig. 5(d) shows how the average power evolves in the 0.25 µm
spectral windows from 3 – 3.75 µm, mapped against the taper
profile below in Fig. 5(e). This evolution shows that the average
power peaks in progressively longer wavelength windows as

the light propagates along the length. In particular, it can be seen
that the average power in the 3.25 – 3.5 µm window peaks near
the end of the up-taper region before dropping as the power in
the target range (3.5 – 3.75 µm) rises in the final straight section
of the taper, reaching a maximum at the end of the section. This
is evidence for FWM-based transfer of power from the shorter
to the longer wavelength range along the end facet.

Finally, Fig. 5(f) shows a spectral density plot obtained using
the tapered structure, compared with the optimized output from
the fixed-diameter fiber (1275 nm) listed in Table 1. This gives a
clear indication that the tapered design can be used to improve
the transfer of power to a specific spectral window.

B. 3.75 – 4 µm target range with 2 kW pulses

For input pulses with a 2 kW peak power (36 mW average
power), the SC in a single diameter extends only to ∼ 4 µm
at the -30 dB level. The maximum power transferred to the 3.75 –
4 µm window with any length of a fixed diameter is 0.021 mW.
The output facet diameter was set to 2800 nm to maximize phase-
matching to this target range. As the input power is higher, a
much larger input facet diameter (4475 nm) is required to slow
down the rate of SPM-induced spectral broadening, limiting
the amount of the spectrum crossing the ZDW in the waist re-
gion, which is kept at 1700 nm, as shown in Fig. 6(e). The

Fig. 6. 2 kW (36 mW) pulses. (a) Output spectrum. (b) Temporal evolution. (c) Spectral evolution. (d) Evolution of average power
in 0.25 µm spectral ranges between 3 and 4 µm. (e) Taper profile. (f) Comparison of taper output with fixed diameter fiber (1125 nm)
at length where power in the 3.75 – 4 µm range is highest. Red dashed lines in (a) and (c) and green dashed lines in (f) highlight the
target wavelength region.
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Fig. 7. 3 kW (54 mW) pulses. (a) Output spectrum. (b) Temporal evolution. (c) Spectral evolution. (d) Evolution of average power in
0.25 µm spectral ranges between 3 and 4.25 µm. (e) Taper profile. (f) Comparison of taper output with fixed diameter fiber (2800 nm)
at length where power in the 4 – 4.25 µm range is highest. Red dashed lines in (a) and (c) and green dashed lines in (f) highlight the
target wavelength region.

downward transition from a larger input facet ensures that the
spectral broadening is contained so that there is enough power
in the 1.85 – 3.75 µm region to act as pump sources during the
up-taper transition, ultimately allowing for efficient FWM con-
version (0.23 mW) to the target region, as shown in Fig. 6(a). This
is an order of magnitude improvement in the useable output
power compared to what was obtained in the fixed-diameter
case (0.021 mW). The power in the 3.5 – 3.75 µm window is also
boosted to 0.166 mW, and the average power across the entire 3 –
4 µm region is 0.8 mW, which is sufficient power for use in prac-
tical spectroscopy applications. It is also considerably higher
than the 0.3 mW level which has been produced with other sys-
tems that are pumped with < 10 kW, such as aluminium nitride
photonic chip waveguides [25]. The overall SC spans 1.4 octaves,
from 1.6 – 4.18 µm, with a total average power of 11.8 mW.

Fig. 6(d) shows how the average power in the four 0.25 µm
bands covering the 3 – 4 µm range evolve along the taper profile,
shown in Fig. 6(e). It is clear that the first three bands are largely
generated in the up-taper section, before being transferred to the
target range in the end facet.

Fig. 6(f) compares the spectral output from the fixed-diameter
fiber (1125 nm) with maximum output in the 3.75 – 4 µm range
with the optimized output from the taper. Again, it is clear that
the taper design introduces new phase-matching conditions that

are not otherwise available, allowing for effective redistribution
of the spectrum to the target region.

C. 4 – 4.25 µm target range with 3 kW pulses

For input pulses with a 3 kW peak power (54 mW average
power), the power transfer to the 4 – 4.25 µm region attainable
with a fixed diameter fiber is limited to 0.015 mW, so this is
the range we wanted to boost. However, with this level of in-
put power, we found that increasing the input facet diameter
alone was not sufficient to limit the amount of spectral power
crossing the ZDW before the taper waist was reached, and thus
we also increased the waist diameter to 1875 nm in order to
push the ZDW further from the pump. With the input facet
diameter set to 5100 nm, and the larger waist, this resulted in
controlled broadening until the pump entered the up-tapered
region where the FWM processes dominate. The output facet
was increased to 3000 nm to optimize the phase-matching con-
ditions for transfer to the 4 – 4.25 µm range. With this design,
the average power transferred to the target range was boosted
to 0.221 mW, as shown in Figs. 7(a-c). Again, this represents
an order-of-magnitude improvement in average power over
the fixed-diameter result. The power evolution and spectral
comparison with the fixed-diameter result are shown in Figs.
7(d-f).

Fig. 8. 5 kW (90 mW) pulses. (a) Output spectrum. (b) Temporal evolution. (c) Spectral evolution. (d) Evolution of average power in
0.25 µm spectral ranges between 3 and 4.5 µm. (e) Taper profile. (f) Comparison of taper output with fixed diameter fiber (2975 nm)
at length where power in the 4.25 – 4.5 µm range is highest. Red dashed lines in (a) and (c) and green dashed lines in (f) highlight
the target wavelength region.
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D. 4.25 – 4.5 µm target range with 5 kW pulses
The maximum output average power achievable in the 4.25 –
4.5 µm spectral window with a fixed diameter fiber is 0.039 mW,
which was obtained in a fiber with a diameter of 2975 nm and
a peak pump power of 5 kW. To boost this range, we increased
the taper input diameter to 5500 nm and the waist to 2175 nm,
and set the output facet diameter to 3150 nm to optimize phase-
matching to the target region. The pulse evolution is shown in
Fig. 8(a-c), from which we find that the output average power in
the target region is boosted to 0.159 mW, a fourfold improvement
over the fixed-diameter case. The overall SC extends from 1.6
– 4.7 µm (1.5 octaves), as shown in Fig. 8(a). This would be
useful for greenhouse gas spectroscopy, as there is good spectral
density across the entire 3 – 4.5 µm range, with > 0.1 mW of
average power per 0.25 µm at the output, as shown in Fig. 8(d).

E. Discussion
Table 2 summarizes the results in this section. It shows that
with a low input peak power (1 kW), the taper design offers a
threefold improvement in the average power conversion to the
target wavelength range. With 2 – 3 kW, the improvement is
more significant, up to an order-of-magnitude. The wavelength
conversion with a 5 kW input is more modest, as at these power
levels nonlinear losses have a clamping effect, but nonetheless
the average power transferred to the target region is still a four-
fold improvement over that achievable with a fixed diameter
fiber. However, it is clear that for higher input powers, the taper
design offers limited scope for improvement. Thus we expect
that our designs will be much more useful for integration with
lower power sources, where the efficiency of power transfer to
longer wavelengths can be significantly improved. Hence the
use of a taper is ideal for a use-case where laser power is limited.

It is important to note that the principles upon which the
taper design is based are general and do not depend on the
particular set of wavelengths which we have studied here. We
looked at these to give a concrete use-case (greenhouse-gas spec-
troscopy), but the design could be easily adapted for other mate-
rials, waveguide geometries and wavelength regions.

5. CONCLUSION

In this paper we have looked at four taper designs, each opti-
mized according to input power in order to boost the output
power on the long-wavelength side of the supercontinuum gen-
eration to a level that is not attainable with a fixed diameter
fiber. The simulations show that the principle of using a tapered
waveguide to extend the long-wavelength edge of a SC is sound.

In particular, we have shown that silicon-core tapered fibers
offer a solution which could generate a usable amount of out-
put power (of around 0.2 mW per 0.25 µm spectral band) in the
greenhouse-gas absorption region of the mid-IR (3− 4 µm), with
modest input powers and pulse widths that are readily available
in a portable set-up.

Although there have been various demonstrations of mul-
tiwatt average output powers in this absorption window, they
typically require very high peak powers of tens of kilowatts
and sub-100 fs pulses. Thus our design is unique in that we
can generate practical levels of mid-IR light using conventional
fiber-laser sources with� 10 kW peak power, offering a much
more efficient solution. Furthermore, the silicon-core fiber-based
design offers straightforward integration with standard glass
fiber components, as they can spliced directly together, allowing
for an all-fiber solution to mid-IR spectroscopy.

APPENDIX: POORLY OPTIMIZED TAPER

To demonstrate the problems caused by significant spectral
broadening in the input section, the simulation results presented
in Fig. 9 show propagation through a taper with the same waist
and output facet as the optimized taper for 2 kW pulses, but
with an input facet reduced to 3000 nm.

In Fig. 9(c), the spectral evolution plot shows spectral broad-
ening, due to soliton fission, extending down to 1.2 µm. This
happens shortly after SPM broadens the spectrum past the
1.85 µm point shown as a dashed red line. As a result, the
long-wavelength side of the spectrum also broadens too quickly,
and the spectrum breaks up before FWM can transfer sufficient
power to the target region. The output spectrum actually ex-
tends beyond the target region, but the power is not contained
and thus the maximum level reached in the 3.75 – 4 µm range is
0.08 mW. Furthermore, this occurs at a relatively short propaga-
tion length of 6 mm.

Fig. 9(d) shows how the power evolves within 0.25 µm ranges
between the 3 – 4 µm region along the taper profile in Fig. 9(e).
It shows that the two shortest wavelength ranges peak at the
same length, and then the longest wavelength range reaches a
lower maximum level than in Fig. 6. Thus, the cascading power
transfer to the target region does not happen very efficiently.

We found that, as a general rule, if too much spectral broad-
ening occurs at wavelengths < 1.85 µm, then there is insufficient
power contained in the central part of the spectrum. Therefore,
FWM is not able to transfer significant power to the longer wave-
length target region. So our designs attempt to contain the initial
broadening by increasing the input facet with increasing input
power. As such, when setting the output diameter to optimize

Input power Taper diameters (nm) Transfer to target

Peak
(kW)

Avg.
(mW)

Input Waist Output Wavelength
range (µm)

Power
transfer (mW)

Boost factor

1 18 3200 1700 2625 3.5 – 3.75 0.066 3

2 36 4475 1700 2800 3.75 – 4 0.23 11

3 54 5100 1875 3000 4 – 4.25 0.221 14.7

5 90 5500 2175 3150 4.25 – 4.5 0.159 4

Table 2. Summary of taper parameters used for each peak input power and the average power transferred to the target wavelength
range in each case. The boost factor is the improvement in power transferred to the target range over that obtained with a fixed
diameter length, as presented in Table 1.
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Fig. 9. 2 kW pulses in a taper with an input facet diameter that
is smaller than optimal. (a) Output spectrum. (b) Temporal
evolution. (c) Spectral evolution. (d) Evolution of average
power in 0.25 µm bands covering 3 – 4 µm. (e) Taper profile.

the phase-matching conditions, we only considered pumps with
wavelengths > 1.85 µm.
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