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A photonic crystal fiber (PCF) made of fused silica glass, infiltrated with carbon tetrachloride (CCly), is pro-
posed as a new source of supercontinuum (SC) light. Guiding properties in terms of effective refractive index,
attenuation, and dispersion of the fundamental mode are studied numerically. As a result, two optimized
structures are selected and verified against SC generation in detail. The dispersion characteristic of the first
structure has the zero-dispersion wavelength at 1.252 pm, while the dispersion characteristic of the second
structure is all-normal and equals -4.37 ps - nm™ . km™! at 1.55 pm. SC generation was demonstrated for the
wavelengths 1.064 pm, 1.35 pm, and 1.55 pm. We prove the possibility of coherent, octave-spanning SC
generation with 300 fs pulses with only 0.8 nJ of energy in-coupled into the core with each of the studied
structures. Proposed fibers are fully compatible with all-silica fiber systems and PCFs with wide mode area,
and can also be used for all-fiber SC sources. The proposed solution may lead to new low-cost all-fiber
optical systems. © 2018 Optical Society of America

OCIS codes: (060.5295) Photonic crystal fibers; (320.6629) Supercontinuum generation; (260.2030) Dispersion; (060.4370)
Nonlinear optics, fibers.

https://doi.org/10.1364/A0.57.003738

1. INTRODUCTION

Photonic crystal fibers (PCFs) or holey optical fibers have been
intensively studied for more than two decades, due to their
unique properties compared to bulk media or conventional
fibers, that lead to many applications, including fiber light
sources [1,2] and sensors [3]. Modifications of the shape, sizes,
and positions of air-holes in the microstructured cladding along
with the proper choice of a base material allow for the control of
dispersion, transmission, and even nonlinear properties of the
fibers as well [4,5].

The internal structure of a PCF governs its dispersion char-
acteristic. Several aspects of the exclusive dispersion behavior in
PCFs have been already identified, including ultra-flattened

Once a solid PCF is fabricated, it is usually difficult to
modulate its optical properties to make it a tunable optical de-
vice. Infiltration of PCFs with liquids adds a degree of freedom
that enhances the range of possible applications [9,10].
Particularly, the dispersion properties of such fibers can be
tuned by a selective hole filling [11,12]. Further modification
of guiding properties of the fibers is possible when the temper-
ature is changed, leading to a change of the refractive index of a
liquid on the fly [13,14]. For example, in Ref. [14], for a PCF
fiber infiltrated with water-ethanol mixture, a 62 nm shift of
the zero-dispersion wavelength (ZDW) by changing the tem-
perature or/and the concentration of the water-ethanol mixture
was shown.

dispersion characteristic [6], zero-dispersion wavelength shift
[7], and chromatic dispersion optimization [8].
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Owing to the higher nonlinear refractive index of a number
of liquids in comparison to fused silica, it is possible to observe
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nonlinear phenomena with a lower peak power than in classical
solid fibers. For example, the nonlinear refraction index 7,
of carbon tetrachloride (CCly) equals 1.53 x 10717 m?/W
@1.064 pm [15], while in the case of fused silica it is equal
t0 2.74 x 102 m? /W @1.053 pm [16]. The high nonlinear
refractive index is also crucial with respect to the one of the most
interesting optical phenomena that is supercontinuum (SC).

A number of works report the possibility of SC generation in
liquid-infiltrated PCFs [10,17-25]. In most papers the ultrafast
Kerr nonlinearity of such liquids as carbon disulfide (CS,), tol-
uene, CCly, or chloroform (CHCI;) were utilized. Apart from
the nonlinear refractive index 7, higher than fused silica, up to
200 times for CS,, mentioned liquids are transparent in the
visible (VIS) and near-IR (NIR) wavelength range. However,
because of high toxicity as well as explosive, carcinogenic,
and volatile properties of CS,, other liquids (ethanol, toluene,
CHC I3, or CCly) are preferred in real applications.

Different glasses can be used as a base material for PCFs,
allowing for efficient SC generation in mid-IR. In Ref. [10] a
numerical study of the dispersion characteristic modification of
PBG-08 soft glass-based PCFs infiltrated with different liquids
was shown. This glass has the light transmission window in the
range of 0.4 pm to 5 pm and higher refractive index than fused
silica. For a developed fiber, two SC spectra were modeled, for air-
hole PCF and toluene-filled PCF, for the pump wavelength
1.55 pm, 100-fs-long pulses and the in-coupled pulse energy
0.5 nJ. The SC spectrum in toluene-filled PCF was redshifted
and wider (1.1 pm at 10 dB level) with respect to the air-holes PCF.

The possibility of selective hole infiltration makes further
shaping of a PCF’s dispersion characteristic viable. Vieweg ez 4.
[17] have shown a two-photon direct-laser writing technique
that allows for closing of individual air-holes in a PCF and dem-
onstrated SC generation for a PCF infiltrated with CCly, when
a femtosecond pump was used (210-fs-long pulses at a center
wavelength of 1.03 pm). For the beam power of 100 mW a
600-nm-wide SC spectrum was obtained.

A flat dispersion characteristic is crucial for efficient SC gen-
eration. A special design of a liquid-filled PCF was presented,
where only the first ring of holes surrounding the core was filled
with a liquid [18]. It resulted in near-zero ultra-flat dispersion
as small as 0 & 0.41 ps/nm/km for a broad wavelength range
of approx. 400 nm, although given within the dynamics of
more than 100 dB and with a hypothetical liquid.

A PCF with the central core filled with CHCl; was also pro-
posed [19]. For a particular design of the PCF’s cross-section, a
normal dispersion profile in the VIS-to-NIR region was modeled
numerically, where the dispersion in the vicinity of 1.06 pm
pump wavelength was in the range from -20 ps/nm/km to
-50 ps/nm/km. As a result, a flac SC with high degree of co-
herence spanning near 2 octaves, from 340 nm to 1360 nm at
-20 dB level was predicted, when 100 fs pulses are launched in
the 0.01-m-long fiber (with 47 kW peak power).

Churin ef al. modeled numerically and confirmed experi-
mentally the possibility of SC generation in a CS,-filled 16-
cm-long PCF [20]. The PCF was pumped with compact
mode-locked fiber lasers pumping at 1.56 pm and 1.91 pm
and the SC spanned the wavelength ranges 1.46 pm to
2.1 pm and 1.79 pm to 2.4 pm at 20 dB level.
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Recently, a possibility of SC generation in a PCF with the
central core filled with toluene was demonstrated. The spectral
range of the SC was from 1.0 pm to 1.75 pm, for 450-fs-long
pulses, 3 nJ pulse energy, and pump wavelength 1.55 pm [21].

In the paper by Bozolan ez al. [22] SC generation was dem-
onstrated in a 5-cm-long water-core PCF pumped near water’s
ZDW. Up to 500-nm-wide spectrum within 20 dB dynamics
was achieved, over 4 times more than with a bulk setup, when
pumped at 0.98 pm with 100-fs-long pulses. Later, SC gener-
ation in the mid-IR wavelength region in 5 pm and 10 pm core
diameter capillary fibers filled with CS, was also shown [23],
allowing for a spectral width of over 1.2 pm and 1 pm, at pump
wavelengths of 1.03 pm, 1.51 pm, and 1.685 pm, and with
450-fs-long pulses.

Latterly, a detailed analysis and experimental verification of
hybrid soliton dynamics as an important mechanism of SC gen-
eration was presented by Chemnitz ez al. [24], for a capillary
fiber filled with CS,, pumped in the anomalous dispersion re-
gime by a 460 fs laser operating at 1.95 pm. An octave-
spanning SC was obtained in the range 1.1 pm to 2.7 pm
at 14 nJ pulse energy. It was also shown that existing dispersion
does not properly account for the strong absorption of CS, at
mid-IR wavelengths. Subsequently, soliton-fission mediated in-
frared SC generation in liquid-core capillary fibers using highly
transparent carbon chlorides (CCly, C,Cly) were presented
[25]. In particular, the C,Cly-core fiber showed octave-
spanning bandwidths (1.1 pm to 2.4 pm) with the broadening
starting at pulse energies as low as 0.5 n]J, using 270 fs pulses at
1.92 pm wavelength. Generation of vector vortex beams with a
liquid core optical fiber was also presented [26].

Further change of the guiding properties of a PCF is possible
by the change of the temperature of a liquid or by an external
electric field [27,28]. Tunable PCFs can be used, for example,
in waveguide sensors [29] or ultrafast couplers [30]. Recently,
tunable parametric amplifiers based on PCFs infiltrated with
liquids were studied both theoretically [31,32] and experimen-
tally [33].

One of the potential applications of PCFs is optofluidics, a
combination of microfluidic devices and optics, and is a prom-
ising and rapidly developing technology [34]. In this case PCFs
are a good choice leading to practical applications, including
waveguides [35] and SC as a light source [306].

In this paper we propose and analyze a PCF made of fused
silica glass, infiltrated with CCly, for use as a NIR SC source
pumped with low-energy pulses. Guiding properties in terms of
effective refractive index, attenuation, and dispersion of the
fundamental mode are studied numerically. As a result, two set-
ups are analyzed in detail. Next, using generalized nonlinear
Schrédinger equation (GNLSE), SC generation is demon-
strated for both setups. Finally, the advantages of these fibers
are discussed.

We have chosen CCly because its linear refractive index is
similar to fused silica, resulting in similar linear properties, and
the difference between those two materials can be attributed
mainly to the nonlinear refractive index. Hence, it is possible
to achieve high coupling efficiency when splicing with
fused silica-based fibers having similar core diameters, without
the need of using special connectors, something favorable in
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all-fiber systems based on fused silica. The nonlinear refraction
index of CCly is higher than or comparable to a number of
highly nonlinear soft glasses [37]. Although some soft glasses
have even higher nonlinear refractive index, splicing then with
fused silica is problematic due to huge difference between ther-
mal expansion coefficients [38]. Moreover, transmission losses
in soft glasses can be much higher than in the case of liquid-

filled PCFs.

2. NUMERICAL MODELING OF THE PCF

The schematic of the geometrical structure of the modeled PCF
(cross-section) is shown in Fig. 1, where only three rings of air-
holes of the photonic cladding are shown for clarity. The ac-
tually modeled PCF consists of eight rings of air-holes ordered
in a hexagonal lattice, surrounding the central liquid-filled hole.
The linear filling factor of the cladding is defined as / = 4/A,
where 4 is the diameter of a single air-hole, and A is the lattice
constant. We assume that PCF is made of fused silica glass
(SCHOTT Lithosil). The central hole is filled with CCly.
The characteristics of the real and imaginary part of the refrac-
tive index of CCly are shown in Fig. 2 [39]. CCly is transparent

Fig. 1. Schematic of the modeled PCF structure, where D, is the
diameter of the liquid-filled core.
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Fig. 2. Characteristics of the real () and imaginary (%) part of the
refraction index of CCly for the temperature of 20°C [39]. The black-

dashed line denotes 7 of fused silica.
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Table 1. Sellmeier’s Coefficients for the Materials Used

Coefficient Value
Fused silica

B, 0.6694226

B, 0.4345839

Bj 0.8716947

C, 44801 x 103 pm?
c, 1.3285 x 102 pm?
Cs 95.341482 pm?
Carbon tetrachloride

B, 1.09215

C, 0.01187 pm?

in a broad range of VIS and NIR wavelengths. The high ab-
sorption peak at 1.396 pm reaches £ value 6.68 x 1078, The
attenuation « at this wavelength equals 2.6 dB/m, calculated
from the relation below, where 1 is the wavelength

a = 10 log[e“*/1)], (1)

The refractive index of CCly is close to that of fused silica,
and the difference between those two materials is attributed
mainly to the nonlinear refractive index. The refractive index
characteristics are modeled using a Sellmeier’s equation as given
below, where the C; coefficients have dimensions of microm-
eters squared (pm?),

B | B | B
2_c, Tl c, 2-cy

The Sellmeier’s coefficients for fused silica and CCly are pre-
sented in Table 1.

3. MODELING MODAL AND DISPERSION
PROPERTIES OF THE PCF

First, preliminary numerical simulations were conducted for the
lattice constants equal to 0.7 pm, 1.0 pm, 1.5 pm, 2.0 pm,
3.0 pm, 4.0 pm, 5.0 pm, and 6.0 pm, and for the filling factors
0.35, 0.4, 0.5, 0.6, and 0.8. As a result, 40 simulation runs were
conducted at this stage. For each simulation run the diameter of
the core was calculated from the equation D, = 2A - 1.24. The
smallest core diameter was 0.73 pm for A = 0.7 pm and
f =0.8. The biggest core diameter was 9.48 pm for A =
6 pmand f = 0.35. A commercial-grade simulator, eigenmode
solver, and propagator was used to perform the calculations in
the case of modal and dispersion properties of the PCF [40],
with the assumption that CCly exhibits negligible losses. This
does not influence the dispersion characteristics.

The first ring of air-holes surrounding the core has the main
influence on dispersion properties of the fiber, while other rings
are responsible for mode attenuation, especially for higher
modes. For the modeling we used a constant filling factor
for all rings to simplify the future fiber development. At this
stage we do not verify if the selected fiber is a single-mode
or a multimode fiber. This analysis is performed for optimized
fibers.

In Fig. 3 the characteristics of dispersion for the fundamen-
tal mode are shown for the wavelength range 0.5 pm to 2 pm.
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Fig. 3. Characteristics of the fundamental mode dispersion for various filling factor f values equal (a) 0.8, (b) 0.6, (c) 0.5, (d) 0.4, and (e) 0.35.
The dotted line denotes zero dispersion. Note: the x-axis limits are set constant for all plots to better show the shift of the characteristics, while the

y-axis limits vary.

Fora given f value, the characteristics are shifted toward longer
waves and flattened with increasing A. The same applies to
ZDWs. Moreover, for a given A, ZDW is usually shifted
toward longer waves with decreasing f. For A equal to
0.7 pm or 1.0 pm, characteristics are steep and not flat. For high
values of A the dispersion is lower than 10 ps - nm™ - km™ over
the range of 150 nm or more for wavelengths bigger than ZDW.

The optimization criteria aimed at generation of SC at
selected wavelengths (1.064 pm, 1.35 pm, 1.55 pm) and fol-
lowed the analysis in Ref. [41], including the flatness and the
sign of the dispersion characteristic, material attenuation, and

distance from ZDW if located in the analyzed wavelength
range.

On the basis of preliminary calculations we selected
two PCFs, namely #F1 (A = 4.0 pm; /' = 0.8) and #F2
(A =2.0 pm; /= 0.35). These fibers have optimum
dispersion characteristics for SC generation, due to the achieved
flatness of the anomalous dispersion profile of the #F1 structure
as well as to an interesting, all-normal #F2 structure dispersion
profile, which is compatible with pumping with either
1.064 pm or 1.55 pm existing femtosecond lasers. The proper-
ties of both structures are studied in detail. The material losses
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Fig. 5. Characteristics of attenuation of the fundamental mode for
the fibers #F1 and #F2.

shown in Fig. 2 were incorporated in calculations. Dispersion
characteristics of these two fibers are shown in Fig. 4. Fiber #F1
has ZDW at 1.252 pm and the dispersion at 1.35 pm is equal
to 12 ps- nm™! . km™!, while #F2 exhibits all-normal dispersion
in the whole analyzed wavelength range and the dispersion at
1.55 pm equals -4.37 ps-nm™' - km™'. The dispersion of
PCF #F2 is flat at 1.55 pm.

In Fig. 5 attenuation characteristics of the fundamental mode
as a function of the wavelength are shown. It is clear that the
attenuation characteristics follow the bulk material losses of
CCly, playing the major role. For the wavelength of 1.4 pm
the losses reach the highest values, 0.0185 dB/cm and
0.0158 dB/cm, for #F1 and #F2, respectively. The modal area
of the fundamental mode increases almost linearly with the
wavelength. For the wavelength of 0.5 pm the modal area equals
9.97 pm? for #F1 and 5.946 pm? for #F2, while for the wave-
length of 1.55 pm the modal area equals 11.83 for #F1 and
10.58 pm? for #F2. For #F1 the mode area is higher than
for #F2 as a consequence of the bigger structure of the fiber.

4. SIMULATIONS OF SC IN SELECTED FIBERS

To investigate the influence of the infiltration by liquid of the
PCF on its nonlinear performance for both discussed fibers #F1

and #F2, we performed numerical simulations of SC genera-
tion. The simulations employed numerical solutions of the gen-
eralized nonlinear Schrodinger equation (GNLSE), based on
the split-step Fourier method.

The following form of GNLSE was used to simulate SC [42],

a(w)

= Hi- "2
Sl I G T

In Eq. (3) we used a time pulse envelope A(#) in the fre-
quency domain, A(w) = F(A(z)), where

[e]
FlA(1)] = / A(t)e ™ dr (4)
-0
denotes the Fourier transform. The linear term consists of a
propagation constant in a moving time frame f(w) =
P(w) - f(wy) - w0f(w = @) and an attenuation constant
a(w) including both material and modal fiber attenuation.
The nonlinear coefficient includes the nonlinear refractive index
n,y of CCly and the effective mode area A.¢. During the calcu-
lations we assumed that all power of the mode is confined inside
the liquid core and thus neglected the influence of the electric
field inside the cladding. This form of the nonlinear coefficient
allows us to use a frequency dependence in a straightforward
manner without introducing shock-time corrections. A semi-
classical noise is added to the system via one-photon-per-
mode noise [42]. The nonlinear response function R(z') is
different from functions typically used in SC simulations because
of different scattering mechanisms in liquids. Fortunately, in the
case of CCly all mechanisms except for the electronic response
and the collision-induced polarizability change are negligible,
thus nonlinear response function can be written in a simplified

manner [43]

R()—

where 6(¢' ) is the Dirac Delta functlon, O(¢') is the Heaviside
Theta function, 7, = 2n,; + n, is the nonlinear refractive index
mentioned earlier, and /V, is the normalization constant so that

/ N1 - et 1) ey = 1. 6)

The first term corresponds to the instantaneous electronic
response and depends on the electronic part of the nonlinear
coefficient 7,; only. The second term corresponds to nuclear
collisions and depends on the excitation time #,, the decay time
ts, and the nuclear part of the nonlinear coefficient 7,.

The GNLSE in our model accounts for dispersion terms up
to the ninth order and the frequency dependence of the effec-
tive mode area. Furthermore, the fiber loss was included in the
simulations, although it did not play a significant role after
0.3 m of the assumed fiber’s length. The pump pulse adopted
in the simulations was Gaussian-shaped and lasted 300 fs (com-
plex amplitude), and the in-coupled energy was ranging from
0.2 nJ to 0.8 nJ. Fractional Raman contribution to nonlinear
processes in CCly equals 0.18 [43]. Results of the numerical
simulations for the two considered structures are shown in
Figs. 6-8, and include numerically generated SC spectra,

e e, (8)
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Fig.6. PCF #F1 pumped with 300 fs, 1.35 pm pulses: (a) spectra of
the SC pulses for pump pulse energies of 0.2 nJ, 0.5 nJ, and 0.8 nJ,
and degree of coherence calculated from 20 individual pairs of spectra
generated with the random noise seed for 0.8 nJ pump pulse; (b) evo-
lution of SC spectrum along the fiber structure, and pulse spectro-
grams at three different locations along propagation, including
from left to right, self-phase modulation, soliton fission, and soliton
self-frequency shift accompanied by the dispersive wave generation.

the calculated first-order complex degree of coherence of the
generated SC pulses, and the spectral evolution of the pulses
along the fibers and in the time domain. Fiber #F1 ZDW
of 1.252 pm motivated the use of 1.35 pm pump wavelength
for solitonic SC generation, while the all-normal dispersion
fiber #F2 was investigated for pumping with standard wave-
lengths of available femtosecond lasers at around 1.064 pm
and 1.55 pm. The wavelength dependence of the coherence
degree was calculated from ensembles of the SC spectra (20
individual pairs) according to the formula [41,44]
(E7(411)E>(4,15))
(IE () PUIE (1) P2

Each numerically generated SC pulse in an ensemble had a
different random noise seed. The seed was the energy of a single
photon with random phase per each simulation bin (“one
photon per mode”). Since the femtosecond pump laser was
assumed as the initial (pump) pulse source, more sophisticated
noise models, like the phase diffusion model [45], have not
been used.

Results of the simulations are typical for both normal and
anomalous dispersion of PCFs. However, there are significant
differences between our CCly-filled PCF and both classical
silica fiber glasses and other nonlinear liquids. First, CCl; non-
linear refractive index 7, is several times higher than the one
measured for fused silica. This allows us to use low-energy
pulses. In fact, power of 2.5 kW is sufficient for broad SC gen-

eration and is lower than for both fused silica fibers and other

g At -1, =0)| = (7)
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Fig. 7. PCF #F2 pumped with 300 fs, 1.064 pm pulses: (a) spectra
of the SC pulses for pump pulse energies of 0.2 nJ, 0.5 nJ, and 0.8 n],
and degree of coherence calculated from 20 individual pairs of spectra
generated with the random noise seed for 0.8 nJ pump pulse; (b) evo-
lution of the SC spectrum along the fiber structure, and pulse spectro-
grams at three different locations along propagation, including from
left to right, self-phase modulation with onset of optical wave break-
ing, beginning of parametric sideband generation, and completion of
spectrum by the optical wave-breaking/parametric sidebands limited
by steepening dispersion profile at short wavelengths and by decreasing
nonlinearity (increasing mode area) at longer wavelengths. Dispersion-
related limitation of the spectral buildup at the blueshifted side is
pronounced (compare to 1.55 pm pumped case).

previously considered nonlinear liquids. At the same time,
attenuation of CCly is smaller than that of nonlinear liquids,
such as water, toluene, ethanol, or chloroform [10] and, thus,
fiber length can be freely adjusted. Optimal length of the pre-
sented PCF is approx. 30 cm, which is more than enough for
the development of an octave spanning spectrum under femto-
second pump pulse and would be convenient in handling in a
physical experiment. Second, similarity of the refractive index
characteristics of fused silica and CCly allows for integration of
these two kinds of PCFs. Since the linear refraction index for
fused silica is 1.4496 and for CCly is 1.4504 (difference
0.0008) at the wavelength of 1.064 pm, for two PCFs with
the same geometry but different cores the numerical aperture
would be comparable. Additionally, these fibers are fully com-
patible with PCFs with wide modal area and can be used for
all-fiber SC sources. There is obvious advantage of the high
nonlinearity of the fiber structures, above the fact that SC
generation develops broadly already for low pump pulse
energies. In particular, in the case of #F1 fiber simulations,
shown in Fig. 6, it can be seen that the coherence of the
SC pulses is maintained up to the largest input pulse energy
investigated—0.8 nJ. The evolution of the pulse in the
spectral and time domains is otherwise typical, including initial
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Fig.8. PCF #F2 pumped with 300 fs, 1.55 pm pulses: (a) spectra of
the SC pulses for pump pulse energies of 0.2 nJ, 0.5 nJ, and 0.8 nJ,
and degree of coherence calculated from 20 individual pairs of spectra
generated with random noise seed for 0.8 nJ pump pulse; (b) evolution
of the SC spectrum along the fiber structure, and pulse spectrograms at
three different locations along propagation, including from left to
right, self-phase modulation with onset of optical wave breaking,
beginning of parametric sideband generation, and completion of
spectrum by the optical wave-breaking/parametric sidebands limited
by steepening dispersion profile at short wavelengths and by decreasing
nonlinearity (increasing mode area) at longer wavelengths.
Nonlinearity-related limitation of the spectral buildup at the redshifted
side is pronounced (compare to 1.064 pm pumped case).

self-phase modulation and extension of the spectrum, accom-
panied by the compression of the input soliton and its
subsequent fission. The spectrum is then completed by a sol-
iton self-frequency shift and accompanying dispersive waves
across ZDW—the spectrogram, shown in Fig. 6(b) takes the
characteristic “horse-shoe” shape with redshifting solitons
and blueshifted dispersive waves. The resulting SC spectrum
develops to well over an octave before modulation instability
and noise amplification take place; thus, the coherence is main-
tained. Unfortunately, this still comes at a cost of very complex
temporal structure of the pulse, as can be seen in the right-most
(output) spectrogram in Fig. 6(b).

Numerically generated spectrograms of the output SC pulse
for the case of fiber #F2 pumped with either 1.064 pm or
1.55 pm pulses of 0.8 nJ energy show octave spanning, uniform
pulses typical for the self-seeded, femtosecond SC generation at
normal dispersion wavelengths. The majority of the energy is
contained within a 2 ps to 4 ps time interval. SC pulse pumped
at 1.064 pm develops over the shorter wavelengths where there
is more normal dispersion, thus the pulse is longer than in the
1.55-pm-pumped case. In each case, the spectrally central part
of the pulse is broadened due to self-phase modulation. The
temporal elongation as well as almost linear time-wavelength
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dependence stems from an almost flat chromatic dispersion
characteristic, as shown in Fig. 4. Optical wave breaking
(OWB) sidebands can be observed at the blueshifted (trailing)
edge of the pulse and the redshifted (leading) edge of the pulse.
In the 1.55-pm-pumped case (Fig. 8), the redshifted sideband
is strongly inhibited due to the decreasing nonlinearity of the
fiber, related to increasing of the effective mode area. In-
coupling higher pulse energy would have the effect of increased
intensity at the trailing edge, although a steep dispersion profile
at shorter wavelengths precludes any significant spectral broad-
ening further toward the blue. This can be already observed at
around 2.5 ps [Fig. 7(b)] and 1.5 ps [Fig. 8(b)] 1.2 pm area of
the output spectrograms, when the trace becomes horizontal
over the temporal coordinate (continued elongation in time
due to dispersion but no new wavelengths generated by
OWB). At the long-wavelength, leading edge, there is still po-
tential for further spectral broadening. However, the limitation
here is the increasing mode area, thus decreasing nonlinearity—
this can be compensated only by more energetic (or shorter)
pump pulses. Owing to the pulse continuity and highly linear
time-frequency dependence, the output pulse can be com-
pressed by means of a classical chirp compressor or an all-fiber
system [46]. In this specific context it is important to emphasize
that recompression down to single optical cycles would require
an octave spanning bandwidth and a preserved pulse profile. The
advantage of the low pump pulse energy requirement of the fiber
#F2, pumped with wavelength of 1.55 pim, can be demonstrated
with a simple comparison between the actually discussed struc-
ture and a hypothetical fiber structure, where a similar dispersion
profile and mode area would be achieved with a standard silica
core. This is shown in Fig. 9, for which a simulation shown ear-
lier in Fig. 8 (0.8 nJ of the input energy) is compared to a result
obtained for nonlinear refractive index value of CCly substituted
with that of silica glass. The resulting SC spectrum with such an
assumption hardly has any parametric sidebands developed and
is limited to self-phase modulation broadening within roughly
1350 nm to 1750 nm.

The proposed PCF has certain advantages over other types
of optical fibers dedicated to SC. Owing to higher nonlinearity
of CCly than fused silica, lower power of pulses is required than
in case of silica PCFs. At the same time the possibility of
dispersion engineering to achieve a flat dispersion characteristic
is preserved. The presented CCly-filled PCF can also be tuned
by means of temperature to modulate the dispersion character-
istic and match a given source wavelength. When compared to
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Fig. 9. PCF #F2 pumped at 1.55 pm for the case of CCly filling of
the core and for a hypothetical case of silica filling of the core.
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soft glass PCFs the proposed fiber has still higher nonlinearity
than a number of soft glasses. Moreover, attenuation of soft
glass is much higher than in the case of fused silica and bulk
CCly. This allows for free adjustment of a fiber’s length. The
advantage of using CCly as a filling medium is that its refractive
index is similar to the refractive index of fused silica; thus, it can
be easily incorporated in all-fiber optical systems.

5. CONCLUSIONS
A PCF made of fused silica glass, infiltrated with CCly, was

analyzed numerically. Guiding properties in terms of effective
refractive index, attenuation and dispersion of the fundamental
mode were studied to obtain flattened VIS-to-NIR SC spectra.
Two fiber structures for SC generation were selected and fur-
ther used for nonlinear modeling using GNLSE. The fiber #F1
has the lattice constant 4.0 pm and the filling factor 0.8. The
fiber #F2 has the lattice constant 2.0 pm and the filling factor
0.35. The dispersion characteristic of #F1 has ZDW at
1.252 pm. For #F2 the dispersion characteristic is all-normal
and equals -4.37 ps-nm™ - km™ at 1.55 pm.

SC generation was demonstrated for the wavelengths
1.064 pm, 1.35 pm, and 1.55 pm. Coherent, octave-spanning
SC generation was achieved with 300 fs pulses with only 0.8 nJ
of energy in-coupled into the core with each of the studied
structures. Even less energy, that is 0.5 nJ, was required for
a full octave with a solitonic SC generated in the fiber #F1,
although at the cost of the expected, complex temporal profile
of the output pulse. The all-normal dispersion profile of the
fiber #F2 allowed for coherent, full octave spectra to be
generated, while maintaining a uniform temporal profile,
enabling post-recompression. Importantly, with these struc-
tures, standard, fixed-wavelength femtosecond lasers operating
at 1.064 pm or 1.55 pm could be used as optical pumps. The
low pump pulse requirement, when compared to other types of
PCFs, presents an interesting perspective of the CCly-filled
PCFs in the easing of the output power requirements on
the femtosecond mode-locked lasers necessary to obtain octave

spanning bandwidths in fiber-based coherent SC.
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