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We demonstrate, numerically, the generation of supercontinuum using a high-power ultrafast source at
1.06-um wavelength and a nonlinear hollow-core fiber. We yield a system that is less sensitive to noise by
pumping in the normal-dispersion regime, yet still achieves enhanced spectral broadening by exciting an
optical soliton in the midinfrared region. The pump pulse goes through a series of nonlinear effects leading
to a supercontinuum output that spans across the midinfrared, 0.5-4.2 um.
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I. INTRODUCTION

Supercontinuum (SC) generation is a nonlinear optical
process that allows light with a superbroad bandwidth to
be obtained. It has a wide range of implications in many
areas of science and technology, including telecommuni-
cations [1], microscopy [2], metrology [3], and medicine
[4]. While techniques for generating SC in the visible and
near-infrared regions are well established and such sources
have become commercially available [5], progress in the
midinfrared (mid-IR) or far-infrared regions is lacking,
with many challenges that need to be addressed. The main
difficulty lies in both the availability of efficient pump
sources as well as suitable nonlinear media. As for the
pump source, there are only a handful of ultrafast laser sys-
tems to choose from for pumping in the mid-IR [6]. For a
nonlinear medium, soft-glass materials, such as fluoride-
and chalcogenide-based materials, have been largely suc-
cessful for generating SC in the mid-IR [7,8], but their low
material-damage threshold and poor mechanical strength
impose ultimate limits on the achievable output power of
SC.

An approach lacking these deficiencies is to use a non-
linear hollow-core fiber [9]. In a hollow-core fiber, light is
tightly confined and guided in the central hollow region,
allowing the transmission of a high-power beam along
the fiber over a much broader spectral region deep into
the mid-IR [10]. The nonlinear phase shift and the cor-
responding spectral broadening can be induced by filling
the fiber with a nonlinear medium, such as high-pressure
xenon [11,12]. Several recent studies have shown that this
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alternative approach can generate SC reaching the mid-IR
region [12—14].

One of the decisive parameters that determines the
propagation dynamics of ultrashort pulses in nonlinear
dispersive media and hence the SC output is the sign
of the dispersion at the pump wavelength. Most of the
SC-generation sources studied so far, as well as the
commercial SC sources, utilize pumping in the anomalous-
dispersion regime. They take advantage of the rich
optical-soliton dynamics to obtain superbroad spectra [15].
The other possibility is to pump in the normal-dispersion
regime. This scheme, although not widely adopted yet, is
very attractive because of its stable and coherent SC output
that is not sensitive to the noise in the system [16].

In this article, we demonstrate, numerically, how the
advantages of both dispersion regimes can simultane-
ously be utilized in SC generation in a nonlinear hollow-
core fiber. Namely, we yield a system that is less
sensitive to noise or input-pulse fluctuations by pump-
ing in the normal-dispersion regime, yet still achieves
exceptional spectral broadening, particularly toward the
long-wavelength edge, by exciting an optical soliton in
the anomalous-dispersion regime. At the same time, we
present an alternative pathway to generate ultrashort mid-
IR pulses efficiently by pumping in the near-infrared, i.e.,
in the one-micron region where many compact, robust,
high-power, and high-beam-quality ultrafast-fiber lasers
are readily available. The development of high-average-
power ultrafast mid-IR sources is currently of great inter-
est due to their various applications, including remote
sensing [4], thermal imaging [17], medical surgery [10],
and military applications [18]. Most of the existing high-
power mid-IR sources are based on parametric frequency
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conversions, which are often very susceptible to the opera-
tion environment, requiring constant alignment and main-
tenance [6]. A compact and robust alternative, such as the
fiber-based mid-IR source that we present herein, offers an
attractive solution.

I1. LIGHT-GUIDING PROPERTIES OF
XENON-FILLED HOLLOW-CORE FIBER

Recent investigations have shown that among many
different types of hollow-core fibers, negative-curvature
fibers exhibit superior light-guiding properties [19]. There-
fore, we consider a simple negative-curvature fiber with
six cladding tubes, as shown in the inset of Fig. 1. We
set the core diameter D = 80 um, the cladding-tube diam-
eter d = 60 um, the glass-web thickness 7, = 0.35 um,
and the perimeter gap between two adjacent cladding tubes
g =10 um.

Figure 1 shows the transmission loss of the fiber’s fun-
damental mode, as well as its percentage power fraction
in the glass region, which we obtained using the finite-
element method. Particular attention should be paid to the
mid-IR, as the silica material is highly absorbent in this
region. The figure shows that the mode has a transmis-
sion loss of less than 8 dBm™' and a light-glass overlap
of less than 0.03% over the entire spectral range pre-
sented (0.9—4 wm), making it a good candidate for mid-IR
guidance over a length scale of a few centimeters.

We obtain the group-velocity dispersion (GVD) and the
effective area of the fiber’s fundamental mode by apply-
ing the empirical formulas presented in Ref. [20]. We can
achieve the sufficiently high nonlinearity required for the
spectral broadening by filling the fiber with a heavy gas,
such as xenon at high pressure [12]. This compensates for
the loss of intensity due to having a relatively large mode
area, which is necessary for a low-loss guidance in the mid-
IR. Figure 2 presents the GVD and the nonlinear parameter
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FIG. 1. The transmission loss (red solid line) and percentage

power fraction of light in the glass (blue dashed line), calculated
for the fundamental mode in the fiber using the finite-element
method. The inset shows an idealized cross section of the silica-
based negative-curvature fiber. D =80 um, d = 60 um, f, =
0.35 um, and g = 10 pum.
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FIG. 2. The group-velocity dispersion (GVD, red solid line)
and nonlinear parameter (y, blue dashed line) in a negative-
curvature fiber filled with xenon at 35 bar. The inset shows the
intensity profile of the fundamental mode. ZD and X, denote the
zero dispersion and the pump wavelength, respectively.

y when the fiber is filled with xenon at 35 bar pressure.
There is a zero-dispersion wavelength (ZDW) at around
2.1 um, with the normal-dispersion regime on the short-
wavelength side and the anomalous-dispersion regime on
the other side.

III. NONLINEAR PULSE PROPAGATION AND
FREQUENCY CONVERSION

The propagation of femtosecond pulses in a nonlin-
ear dispersive medium, such as a xenon-filled negative-
curvature fiber, can be modeled using the generalized
nonlinear Schrédinger equation [9,21]:

n+1 "4 P 5
1+ ——)|4]°4, 1
-3 (14 2k

where A4 (z, T) is the complex envelope of the optical field
at propagation distance z; 7 = ¢ — B,z is time in the frame
moving with the group velocity of the pulse v, = 1/p;
By is the nth-order Taylor-series expansion coefficient of
the wave vector 8 (w), evaluated at the carrier frequency
wop; and yq is the nonlinear parameter at the pump wave-
length, which is determined by the filling gas species and
its density. The time derivative in the nonlinear opera-
tor represents the effect of self-steepening characterized
on a time scale 1/wy. For an atomic gas such as xenon,
we can drop the Raman effect in the nonlinear term. Note
that xenon may be subject to photoionization at high opti-
cal intensities. However, this has a negligible effect in our
examples and Eq. (1) captures all the major effects of the
femtosecond-pulse propagation studied below.

We consider the propagation of a 15-uJ pump pulse with
a 30-fs duration in the near-infrared at 1.06-um wave-
length. Such a pulse can be obtained by compressing the
output of a high-power fiber-laser system that is now made
available commercially [22]. The pump wavelength in this
example is deep in the normal-dispersion regime of the
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FIG. 3. The (a) temporal and (b) spectral evolutions of a 30-

fs pump propagating in a xenon-filled negative-curvature fiber.
The pump is centered at 1.06-um wavelength and has an energy
of 15 wlJ. The vertical dotted line in (b) indicates the ZDW,
where A and N denote the anomalous- and normal-dispersion
regimes, respectively. (c) The normalized spectral intensity, 7,
at z = 1 cm. The spectral band formed as a result of a dispersive
shock wave (DSW) is marked with a vertical arrow. (d) The total
energy in the anomalous-dispersion regime, £4, as a function of
the propagation length.

xenon-filled fiber, with its ZDW (2.1 um) almost an octave
away from the pump, as shown in Fig. 2. One major advan-
tage of pumping in the normal-dispersion regime is that the
output SC spectrum is relatively less sensitive to the fluc-
tuations of the pump [16]. Figures 3(a) and 3(b) show the
temporal and spectral evolutions of the pump propagating
along a 15-cm length of the negative-curvature fiber. Note
the exceptional spectral broadening, which covers a wide
spectrum, 0.5—4.2 um. In particular, strong radiations are
observed in the mid-IR in the later stage of the propagation.

Soon after the launch of the pump, the combined effect
of the self-phase modulation and the normal dispersion
causes the low- (high-) frequency components generated
in the central part of the pulse to advance (lag) toward
the leading (trailing) edges of the pulse, respectively. This
results in the pulse shape becoming rectangular, with steep
edges on the sides. Then the self-steepening effect becomes
significant, which further enhances the steep edge in its
tail. As a result, the pulse becomes highly asymmetric
in time, leaning toward its trailing edge. Further steepen-
ing leads to breaking of the trailing edge at z ~ 0.40 cm,
with an oscillation forming at the back of the pulse. We
can also describe the same phenomena in the frequency

domain. The self-steepening introduces an asymmetric
spectral broadening that enhances the short-wavelength
side. In Fig. 3(b), we can see that the asymmetric extent
of the spectrum significantly enhances the development
of a separate sideband radiation known as a dispersive
shock wave (DSW) [23] at 560 nm at z ~ 0.55 cm. This
coincides with the appearance of the time-domain shock
indicated by the arrow in Fig. 3(a). The pulse spectrum
at z = 1 cm in Fig. 3(c) clearly shows the formation of a
DSW at 560 nm. As we shall see, a phase-matched four-
wave mixing (FWM) process is responsible for the DSW
formation.

One important observation in Fig. 3(b) is that a sub-
stantial portion of the pump energy enters the anomalous-
dispersion regime during the early spectral-broadening
process. This, in fact, leads to further broadening of the
spectrum, deeper into the mid-IR range, in the later stage
of the propagation. Figure 3(d) shows that approximately
4.1% of the pump energy has entered the anomalous-
dispersion regime after the pump having propagated 7
cm of the xenon-filled fiber. We stress that this happens
despite having the ZDW far away—by almost an octave
span—ifrom the pump wavelength. Therefore, a simple
explanation of the pump tunneling into the anomalous-
dispersion region through self-phase modulation-induced
broadening, as has been suggested in a number of previous
reports where the pump was near the ZDW [24,25], cannot
fully clarify the case presented here.

The phase mismatch AB plotted in Fig. 4(a) reveals
how the conversion of the pump to two frequencies,
one in the form of a DSW and the other deep into the
anomalous-dispersion regime, occurs. The phase mismatch
is calculated as follows [13]:

AB = B () — {B (wo) + B1 (wo) [w — wo]

+ P [w/wol}, ()
where o is the angular frequency, with wy denoting that
of the pump. Py is the peak power of the pump pulse and
B (w) is the wave vector. The strong effect of the self-
steepening means that for an accurate determination of the
phase-matching wavelengths, we need to account for the
nonlinear-parameter dispersion by multiplying the y, by
w/wy, as given in Eq. (2) [13]. Note that while Eq. (2)
has been used widely for calculating the phase matching
between a soliton and a dispersive wave (DW), recent
studies have shown that the same equation can also be
applied to obtain the radiation frequency when the system
is pumped in the normal-dispersion regime [25,26].

In Fig. 4(a), the phase mismatch becomes zero at two
wavelengths, one at 560 nm and the other at 2.55 um,
which also correspond to the wavelengths at which the
radiation bands develop, as demonstrated in Fig. 4(b). Due
to its proximity to the pump wavelength, as well as the
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FIG.4. (a) The phase mismatch (Ag) as a function of the wave-

length. (b) The normalized spectral intensity, /,,, at z = 8.10 cm.
The inset shows the normalized time-domain intensity profile /;
of the green-shaded part of the spectrum.

blue-enhanced spectral broadening as a result of the self-
steepening effect, the DSW band at 560 nm forms in the
very early stage (z < 1 cm) of the pulse propagation. On
the other hand, the 2.55-um spectral band appears much
later (z > 7 cm), due to the fact that this phase-matching
wavelength is further out from the pump and hence it
requires a longer propagation distance for the low-intensity
tail in the pump to reach this point through self-phase
modulation.

Once the seed photons reach the phase-matching wave-
length at 2.55 pum, the conversion from the pump into
the anomalous-dispersion regime becomes highly efficient.
This is clearly noticeable in Fig. 3(d), where the energy in
the anomalous-dispersion regime increases rapidly in the
propagation length 5—8 cm. In fact, at z = 8.10 cm, the
energy in the 2.55-um spectral band, shown by the green
shaded area in Fig. 4(b), is sufficient to form a higher-order
optical soliton on its own. This spectral band translates
into a pulse with a 17.2-fs full-width-at-half-maximum
(FWHM) duration and a peak power of 25.55 MW in the
time domain, as presented in the inset of Fig. 4(b). Taking
into account the GVD and the nonlinear parameters of the
xenon-filled fiber at 2.55-um wavelength, this corresponds
to a soliton with N = 1.90.

Further spectral broadening takes place in the later stage
of propagation. In Fig. 3(b), the initial accumulation of the
light at 2.55 um leads to the formation of another spectral
band at around 3.71 pum. This is also clearly evident in
the spectrogram of the pulse at z = 8.2 cm presented in
Fig. 5(a). We can see that the energy is moving toward
longer wavelength and initiating the generation of another
radiation in the mid-IR. In fact, this occurs while depleting
the energy in the 2.55-um spectral band. We find that this
arises due to a degenerate FWM process. It satisfies the

conservation of photon energy and momentum [21]:

2w, = w; + w;, 3)
28, = Bs + Bi + I'nes “4)

where w,, w,, and w; are the angular frequencies of the
pump, signal, and idler photons involved in the degenerate
FWM process and B, B, and B; are the wave vectors at the
idler, pump, and signal, respectively. I'ny = 2y, P is the
nonlinear correction term, where y,, is the nonlinear coeffi-
cient at w,. A fixed-pulse peak power of P = 25.55 MW is
used, which is shown in the inset of Fig. 4(b). In the degen-
erate FWM process, two pump photons are annihilated to
create a signal-idler photon pair. Figure 5(b) is the phase-
matching diagram as a function of the pump wavelength. It
shows that for the 2.55-pum pump, the signal and idler pho-
ton pair are generated at 1.94 and 3.71 um, respectively. In
this study, the pump (2.55 um) and the signal (1.94 pm)
are presented at the early stage of the degenerate FWM
process. Consequently, an idler is generated at 3.71 um, as
shown in Fig. 5(a). Note that the photons involved in this
degenerate FWM process overlap at a delay of —0.1 ps.
This means that the process will occur over an extended
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FIG. 5. (a) A spectrogram at z = 8.2 cm. (b) The phase-

matching diagram of the degenerate FWM process as a function
of the pump wavelength. The figure represents a signal-idler pho-
ton pair that satisfies the phase-matching conditions in Egs. (3)
and (4). The peak power of 25.55 MW is used in the calculations.
wp, ws, and w; are the angular frequencies of the pump, the signal,
and the idler photons involved in the degenerate FWM process.
(c) A spectrogram at z = 9.0 cm. (d) The phase mismatch (Ap)
as a function of the wavelength for the pump at 2.55 pum.
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FIG. 6. (a) The group delay as a function of the wavelength. At
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at z = 15 cm. The inset shows the time-domain intensity profile
I; of the green-shaded part in the spectrum. (c) 7, for different
amounts of pump energy fluctuation. The solid and dotted lines
indicate the percentage increment and decrement in the pump
energy, respectively, except blue solid line.

length, thus enhancing the new spectral-band formation in
the 3.71-um spectral region.

In the presence of higher-order dispersion, the annihi-
lating soliton centered at 2.55 pum involves another new
radiation-generation process. Atz = 8.7 cm, a DW is gen-
erated in the normal-dispersion regime at approximately
1.1 um [27]. This is clearly evident in the spectrogram
taken at z = 9.0 cm, presented in Fig. 5(c). We can see that
the phase-matching condition given in Eq. (2) is met at the
wavelength of the DW, as shown in Fig. 5(d). It should
be mentioned that the energy in the DW is weak due to
the small spectral overlap between the soliton and the DW
and, therefore, it cannot be seen easily in Fig. 3(b). More-
over, since the soliton at 2.55 um and its DW have different
group velocities, they do not interact upon further propaga-
tion [28]. However, as we shall see, the DW contributes to
another process that takes place in the later stage.

After its formation, the spectral band at 3.71 um under-
goes a further red shift, reaching 3.85 um at z = 15 cm,
as shown in Fig. 3(b). We note from the group delay
B1 = 1/v,, plotted in Fig. 6(a), that the solitonlike radi-
ation at 3.71 um and the generated DW at 1.1 um have
similar group velocities. Moreover, when the 3.71-um
band forms at z = 8.40 cm, it marginally leads the DW, by
approximately 60 fs, with a slightly smaller group veloc-
ity. Consequently, they undergo a collision, which induces
the cross-phase modulation. In this case, the DW and the
solitonlike radiation are temporally locked and during this
time they copropagate along the fiber [29]. This results in
the energy of the dispersive wave being converted to the

mid-IR spectral band. The collision also causes both pulses
to decelerate [29], red shifting the frequency of the mid-IR
band while shifting the dispersive wave toward the blue, as
shown in Fig. 6(a). Figure 6(b) indicates that a big chunk of
the pump energy is in the 3.85-um spectral band, atz = 15
cm. The green-shaded area translates to a N = 1 soliton
with a 75.2-fs FWHM duration and a peak power of 4.96
MW in the time domain.

We also investigate the influence of the pump energy
fluctuation on the output spectrum at z = 15 cm, as shown
in Fig. 6(c). This study gives an indication of the experi-
mental tolerance, i.e., the system’s sensitivity to the pump
noise. Note that the output-spectrum change is insignifi-
cant up to £5% pump energy fluctuation, which clearly
shows that the system is highly robust against the presence
of noise in the pump.

IV. CONCLUSIONS

We find numerically a promising pathway to generate a
supercontinuum in a nonlinear hollow-core fiber, using a
high-power femtosecond pump source at 1.06-um wave-
length. We exploit the method of exciting a higher-order
soliton in the mid-IR by pumping in the normal-dispersion
regime, which further enhances the spectral broadening in
the mid-IR region while preserving the output coherence.
We show that a number of nonlinear optical effects, includ-
ing the dispersive shock wave, phase-matched four-wave
mixing, and soliton effects, are responsible for a wide spec-
tral output of supercontinuum generation spanning over
three octaves.
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