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Abstract: Octave spanning all-normal dispersion supercontinuum generation (SCG) was
experimentally demonstrated in a solid, suspended-core fiber (SCF) infiltrated with water.
Replacement of air with water in the cladding air-holes leads to a dramatic modification of the
dispersion profile of the fiber, significantly flattening the characteristic over the visible and much
of the near-infrared wavelength range at normal values. In such a fiber infiltrated with water,
all-normal dispersion supercontinuum was generated with the spectral coverage from 435 nm
to 1330 nm using femtosecond pumping with the output peak power of 150 kW and 800 nm
central wavelength. The SCF without water infiltration — air in the cladding region — had a
zero-dispersion wavelength at 760 nm and enabled the generation of the anomalous dispersion
dynamics-based SCG in the wavelength range from 450 nm to 1250 nm. We also numerically
calculated the coherence of simulated supercontinuum pulses with one-photon-per-mode noise
seeds and point out that the all-normal dispersion SCG in suspended-core fiber infiltrated with
water has the potential for high temporal coherence, while the fiber without water infiltration
shows gradual decoherence of generated supercontinuum pulses with increasing pump power,
over similar peak power range.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Supercontinuum generation (SCG), that is pulse broadening as a result of nonlinear optical
phenomena in transparent materials, was first presented by Alfano and Shapiro in 1970 [1].
Afterwards, it has gained significant scientific interest due to possibility of SCG using photonic
crystal fibers (PCFs), invented by Knight ez al. in 1996 [2—4]. Supercontinuum sources that offer
broad spectral bandwidth and high-power output have found applications, e.g. in metrology,
telecommunication, spectroscopy, and pulse compression [5—7]. It is now a recognized and
well-established technology with plenty of solutions, including commercial ones.

In the last years, different approaches for generation of broadband SCG spectra have been
presented. Timmers et al. obtained an infrared spectrum with the wavelength range 4-12 um
based on intra-pulse difference frequency generation [8]. Optical fluoro-tellurite fibers based
on soft glasses allow for SCG across visible (VIS) and mid-infrared (mid-IR) range as wide
as 0.4-5 pm [9]. SCG in the range from near-IR up to 14 um was obtained in fibers made of
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chalcogenide glass [10,11]. Introduction of liquids or gases into hollow-core fibers has also
become a promising approach for SCG from ultra-violet (UV) to mid-IR [12—14].

However, most of SCG sources based on long-pulses (i.e. nanosecond order durations) are
noise-driven and do not exhibit time coherence. The general, commonly applied method to obtain
SCG is to use short pulses injected into nonlinear optical fibers. The central pulse wavelength is
usually close to a zero-dispersion wavelength (ZDW), in the anomalous regime of dispersion. In
such a case and when femtosecond pulses are used at input, SCG bandwidth is broadened rapidly
by soliton dynamics and here another decoherence mechanism can come into play, in particular,
related to breakup of the input pulse due to soliton fission. Any small intensity fluctuations
of resulting fundamental solitons give rise to wavelength fluctuations through Raman soliton
self-frequency shift (SSFS). They are then transferred into time domain, because supercontinuum
pulses experience chromatic dispersion as they propagate in a fiber. As a consequence, anomalous
dispersion-pumped SCG pulses are characterized by a complex temporal profile, considerable
intensity variations, and low coherence (spectrally resolved modulus of the complex degree of
first-order coherence at zero path difference) [4,15].

A typical approach for temporally coherent SCG is to use femtosecond laser pulses launched
into all-normal dispersion (ANDi) fibers to mitigate the noise and to improve the temporal
coherence characteristics. Difficulties in this field are related to the fact that much higher peak
power of pulses is required than in the case of modulation instability- or soliton fission-based
SCG [16].

To this day several solutions have been reported for broadband ANDi SCG. For example, soft
glass fibers made from chalcogenide or telluride glasses have been used, since these glasses
have high nonlinearity and normal material dispersion up to mid-IR [12,17-19]. However, it
is challenging to design a fiber with near-zero flat normal dispersion, because highly negative
material dispersion of these glasses dominates. Moreover, soft glasses are mechanically weak
and tend to crystalize what makes the development of complex structures problematic [20].

Among silica fibers, a number of solutions for ANDi SCG, using different fiber types, have been
proposed in the last years, which is summarized in Table 1. The main drawback of silica, besides
the limited transmission in IR, is relatively low nonlinearity. Since the nonlinear coefficient v is
inversely proportional to the effective mode area, small-core silica fibers are required to achieve
an efficient SCG, as a general rule.

Table 1. State-of-the-art experimental results for all-normal dispersion SCG in silica fibers.

Pulse duration Pump Peak power Spectral
Fiber type [fs] wavelength [nm] [kW] bandwidth [nm] Ref.
step-index 110 1690 20 1100-2100 [40]
step-index 712 1552 16 1400-1725 [41]
polarization-maintaining 229 1041 23 750-1300 [42]
650 22 425-900
PCF 50 790 250 540-1420 [43]
1050 156 600-1500
PCF 350 1064 114 700-1400 [44]
PCF 3800 1055 1 930-1230 [16]
PCF 125 1550 9 1340-1820 [45]
PCE 170 1064 50 750-1400 (46]
235 1064 35 750-1350
silicate PCF 500 1550 130 975-2075 [47]

suspended-core tapered 50 625 26 370-895 [48]
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A promising approach is to use suspended core fibers (SCFs) that are fibers composed of
small cores, suspended on thin glass bridges [21]. In these fibers, the light is strongly confined
in the core what results in high vy [22]. A number of papers presenting SCG in silica and soft
glasses-based SCFs have been published [23-26], although the control of dispersion and the
possibility to achieve all-normal dispersion regime in SCFs is limited [27,28].

Several works related to fibers infiltrated with liquids for ANDi SCG have been presented.
With high nonlinearity of liquids, the liquid-core fibers offer broad ANDi SCG [29-34]. Another
idea is to use liquids filling air-holes in the photonic cladding to modify dispersion of PCFs.
Both numerical and experimental results were reported [35,36].

Possibility of using SCFs infiltrated with liquids for SCG has also been considered [37-39]. In
the work by Xuan et al., a theoretical possibility of dispersion modification in SCFs was analyzed
[38]. They showed that filling the air-holes with water can change a typical SCF dispersion
characteristic into all-normal near-zero flat dispersion characteristic in the wavelength range
700-1500 nm, for a core diameter of 1.32 um. In the paper by Sharafali et al. numerical analysis
of a suspended liquid-core (filled with carbon tetrachloride) fiber for SCG with femtosecond
pump laser was presented [39]. This fiber offers octave-spanning SCG with as low input peak
power as 5 kW.

In this paper, we verify the above concept experimentally. We compare the dispersion
characteristics of a similar SCF developed in-house with the cladding holes containing air and
the same SCF with the holes filled with water. Next, we test the possibility and the properties of
SCG in both fibers. We also numerically calculate the coherence characteristics of SCG in these
fibers and anticipating that ANDi SCG in SCFs infiltrated with water would have the potential
for high coherence. We use water because in spite of high absorption and low nonlinearity it has
properties that are crucial for splicing SCFs with standard fibers to build all-fiber systems. Water
is non-flammable, non-toxic and its evaporation rate is lower than for popular solvents used in
PCFs. Since only a small portion of the guided mode is located in water the guided mode loss is
still low and we do not exploit the nonlinearity of water, but use water to change the dispersion
characteristic.

2. Development of SCF

First, we numerically studied the influence of the core diameter dcoe On the fundamental mode
dispersion characteristic in SCFs using the commercial software Lumerical MODE based on the
finite-difference eigenmode method [49]. A structure with three air-holes in the cladding has
been assumed in the simulations. Material dispersion and attenuation of water were employed
after Ref. [50].

Figure 1 shows the dispersion profile of SCFs with different d.or. In the case of unfilled SCFs,
the increase of d¢qre leads to a shift of ZDWs towards long wavelengths. When d.qe changes
from 1.3 um to 1.7 um, ZDW shifts from 685 to 755 nm. For the water-filled SCFs, the increase
of d¢ore results in blue-shifting of ZDW. For d.ore = 1.6 um and 1.7 um, their ZDWs are 1010 nm
and 1100 nm, respectively, and thus, these fibers are not suitable for ANDi SCG. The fiber with
dcore = 1.3 um has ZDW at 1650 nm, while for d.ore = 1.45 ZDW equals 1450 nm. However, in
the case of a sub-micron de, Obtaining high coupling efficiency is a challenge.

The selected silica SCF was developed using the standard stack-and-draw method [51]. In
the first step, a triangle-shaped preform consisting of 3 central capillaries and 120 rods made of
silica (Ohara SK-1310) has been stacked. Diameters of the capillaries and the rods were 0.92 mm.
Next, the preform has been embedded in an outer tube and drawn using a standard drawing tower
to form a subpreform with the diameter approx. 3 mm. The subpreform has fully integrated
structure with 3 holes surrounding a small core. From this subpreform the final fiber was drawn.
To achieve the suspended core structure with large holes and thin glass bridges, pressure to the
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Fig. 1. Numerically obtained dispersion characteristics with various d¢ore for (a) unfilled
SCF and (b) water-filled SCF.

subpreform has been applied. The final fiber diameter was in the range 120-125 pm. As shown in
Fig. 2, the thickness of the bridges 7 is approx. 106 nm, while the core diameter dop is 1.47 pm.

(a) (b)

f =106.6 nm

Fig. 2. Scanning electron microscope (SEM) images of the developed SCFs.

The fiber with air-holes was labeled #F, and the fiber with the holes infiltrated with water was
labeled #F,.

The liquid pumping system with a standard syringe pump New Era Pump System NE-300 was
used to infiltrate the SCF with distilled water. The pump was connected to the custom-made
metal reservoir with SCF mounted in the reservoir’s wall, as shown in Fig. 3. The metal reservoir
is fully filled with water, and the water is pumped at a continuous infusion rate 2 uL/min. The
infiltration of a 60 cm—long fiber sample takes about 1 minute.

The evaporation of water is negligible if measurements are performed with fiber samples of
lengths of tens of centimeters and within few days. Additional measurements of SCG after 1 h,
24 h, 48 h, 72 h, and 120 h, have shown that the spectral width of SCG is maintained within the
dynamics of 5 dB and the intensity of SCG lowers by approx. 5dB during at least 72 hours,
while after that time the structure and the width of SCG changes. If the fiber is expected to work
for longer than 72 h the reservoir should be used for continuous water refilling, what comes at
a cost of lower coupling efficiency and system complexity. In such a case we achieved in our
experiment the coupling efficiency of 17% a 40x objective was used (Newport M-40X) and 10%
for the objective 10x (Newport M-10X).
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Fig. 3. (a) Schematic of the pump system used to infiltrate SCF with water, (b) a photograph
of the fiber and metal reservoir.

The dispersion characteristics of #F; and #F, were verified using a setup based on Mach-
Zehnder interferometer, as shown in Fig. 4. Koheras SuperK, emitting white-light in the range
450-2400 nm, was used as a source. The source beam is collimated by the micro-objective MO,
and then divided into two beams by the 50/50 beam splitter BS;. The signal beam is coupled
into the investigated fiber using the micro-objective MO;. The output beam from this fiber is
collimated by the micro-objective MO3 and then changes the direction by the use of the mirror
M;. Next, this beam propagates toward the beam splitter BS,. The intensity of the reference
beam is controlled by the variable neutral density filter NDF. The length of the optical path
in this arm is controlled by the translational stage containing the mirrors M3 and My that are
mounted on a micro-positioner. The positions of these mirrors and the corresponding spectral
signals are recorded. All the components, i.e., micro-objectives, variable intensity filters, etc.,
were characterized and their influence on the dispersion measurement of the fiber have been
taken into account. The interference fringes were recorded using the VIS spectrometer Ocean
Optics Red Tide with the wavelength range 350-1000 nm and the IR spectrometer Avantes
AvaSpec-NIR256/512-1.7 with the wavelength range 900—1700nm.

BS:
(:G N Investlgated \
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Supercontinuum MO
source MO: MO>

Variable
NDF

M /
Mz
Spectrometer

\ g\[
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Fig. 4. Schematic representation of the Mach-Zehnder interferometer system to measure
dispersion characteristics of the investigated fibers.

The dispersion characteristics of #F; and #F,, obtained experimentally and from the numerical
simulations, are shown in Fig. 5. The experimental results are in good agreement with the
numerical data. They confirm that #F; has anomalous dispersion in the near-IR range and
ZDW around 760 nm (Fig. 5(a)). The dispersion value changes from —400 to 140 ps/nm/km
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in the wavelength range 500—1300 nm. The fiber #F, has normal dispersion in the visible and
the near-IR range and ZDW at 1400 nm. The dispersion profile of #F; is flatter than that of
#F, in the near-IR range. The dispersion values of #F; vary from —50 to 140 ps/nm/km in the
wavelength range 680-1300 nm, while the dispersion of #F, changes from —50 to 50 ps/nm/km
in the wavelength range 820—1720nm.
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Fig. 5. Dispersion characteristics obtained numerically and experimentally, (a) #F, (b)
#F;.

With the anomalous dispersion profile #F; enables soliton-fission-driven SCG of low coherence,
while #F, can provide SCG in all-normal dispersion regime, with flat spectrum and high potential
for temporal coherence.

The loss of the investigated fibers was measured using the cut-back method. The schematic of
the method is shown in Fig. 6. The white-light emitted from SCG source in the wavelength range
450-2400 nm is collimated by the micro-objective MO; and then coupled into the fibers using the
micro-objective MO,. The output light from the fibers is collected by a commercial multimode
fiber integrated with a spectrometer. We used the optical spectrum analyzer YOKOGAWA-
AQ6370D in the wavelength range of 600—1700nm and the spectrometer Ocean Optics Red Tide
in the wavelength range 350—-1000 nm. The losses L are calculated according to equation

10 P,
L=— log—, 1
- log (1)
where /; denotes the length of the cut-off fiber section, P; and P, are the output powers for the

long and short fiber samples, respectively. In this setup, /; = 110 cm and 36 cm, for #F; and #F,,
respectively.

XYZ stage Spectrometer

I —HR{l

) MO:
Supercontinuum Multimode

source " XYZ stage D fiber

Fig. 6. Schematic of the setup used to measure the losses in the investigated fibers.

Measured attenuation characteristics of the investigated fibers are shown in Fig. 7. The fiber #F
has losses approx. 4 dB/m in the visible and near-IR wavelength range. For longer wavelengths
the loss is higher and reaches the maximum of 9 dB/m at approx. 1350 nm. The losses of #F; are
higher than that of #F; in almost entire analyzed spectrum, with two main peaks reaching approx.
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18 dB/m, at 960 nm and 1150 nm. The higher loss of #F, relates to high attenuation of water in
the air-holes. In such a case the mode is less confined in the silica core, and a larger fraction of
the light energy propagates in the water cladding. However, with the small d.o. and the resulting
small mode area A.g the fiber #F; has still high nonlinear coefficient y, which allows for SCG
with broad spectral bandwidth in few centimeters-long propagation lengths. Therefore, the losses
of this fiber do not reduce the spectral broadening significantly.
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——#F, fiber
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Fig. 7. The losses in the analyzed fibers as a function of the wavelength.

Due to the infiltration of water into the air-holes, the contrast of the refractive index between
the core and the cladding of #F, is smaller than that of #F;. Therefore, with the same d g the
fiber #F, has larger A.g than #F;. As shown in Fig. 8, A.g of #F; increases from 1.4 pmz for the
wavelength 400 nm to 2.3 um? for the wavelength 1500 nm, while of #F, increases from 1.62
um? to 4.1 um?. The nonlinear coefficient v of the investigated fibers is calculated according to
Eq. (2), where n; is the nonlinear refractive index of silica (n; = 2.74x1072° m?*/W at 1064 nm
[52]):

21 ny
= —— 2
Y= A, 2
Figure 8 shows vy of #F; and #F,. The fiber #F; has v from 155 W~-'km™' to 94 W~'km™!
when the wavelength changes from 400 nm to 1500 nm, while #F, — from 132 W~'km™! to 52
W-lkm™.
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Fig. 8. Numerically calculated (a) effective mode area A and (b) nonlinear coefficient y
for the investigated fibers.
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3. SCG in the developed fibers

SCG in the developed fibers was analyzed using a setup shown in Fig. 9. The pump source
was a Ti:Sapphire femtosecond solid-state oscillator ATSEVA LLC TIF-SP with the following
parameters: pulse duration 28 fs, central wavelength 800 nm, repetition rate (80 = 10) MHz, and
average output power 687 mW that corresponds to peak power of 510 kW. The input beam was
coupled into the investigated fibers using a 40x microscope objective MO;. The output beam was
collected with a 10x microscope objective MO, and directed into a large core multimode fiber
integrated with a spectrometer. We used an optical spectrum analyzer YOKOGAWA-AQ6370D
(range 600—1700nm), and Czerny-Turner compact spectrometer Ocean Optics Red Tide (range
350-1000 nm) to record the SCG spectra. The coupling efficiencies were also measured: 20%
and 30% for #F; and #F,, respectively. The length of #F; and #F, used in this part of the
experiment was 12 cm.

(@)

Microscope
objective MO,
Microscope
/ \ objective MO2
=D ——-2{)
J Investigated fiber /
Femtosecond laser Multimode fiber ~ Spectrometer

(b)

Fig. 9. (a) Schematic of the setup used to measure SCG spectra in the investigated fibers,
(b) a photograph of the all-normal supercontinuum generated in #F,, dispersed by a grating
and projected onto a screen.

The fibers #F; and #F, are multimode at A = 800 nm. In particular, based on numerical analysis,
#F can guide 7 modes while #F, can guide 3 modes. However, in our setup single-mode
operation is achieved by adjusting the coupling. Figure 10(a) shows the far-field optical image of
the output beam #F, made with a CCD camera. The radial beam intensity distribution with the
fitted Gaussian profile is shown in Fig. 10(b). The good agreement between the experimental
data and the fitted curve confirms the single-mode operation of the fiber.

We also numerically modelled SCG in the investigated fibers to verify the experimental results
and to analyze the nonlinear processes responsible for spectral broadening. In order to achieve
these goals we solved the general nonlinear Schrodinger equation (GNLSE) in the frequency
domain [4], and GNLSE used here is given in the following form:

0:A - Z—ﬂk() @A— 7(1+ )AS"'[/R(T)lA(T )T | 3)
k=2 “o

where A(z, w) is Fourier transform of the amplitude of a pulse A(z, T), and R(T) is Raman response
function.
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Fig. 10. (a) The far-field optical image of the output beam emitted from #F;, (b) radial
intensity distribution of the central section of the image compared to the Gaussian function
profile.

The left side of Eq. (3) describes linear propagation effects with & and 3 related to attenuation
and dispersion of the fiber, respectively. These linear parameters were obtained in the experimental
analysis of the linear properties of the fibers and were shown in Fig. 5 and Fig. 7.

The right side of the equation models nonlinear effects, which depend on the nonlinear
properties of silica. The term y(w) stands for frequency-dependent nonlinear coefficient and
this characteristic is shown in the wavelength scale in Fig. 8. Nonlinear response function
R(T) consist of instantaneous part originated from the electronic bound contribution and the
non-instantaneous contribution induced by molecular vibrations

R(T) = (1 = fr)6(T) + frhr(T), “

where fr =0.18 is the fractional contribution of delayed Raman response, 6(T) is Dirac delta
function, hg(T) represents the retarded response [53,54].
The form of hg(T) is defined from the experimental data and is given according to equation

72

+ 12 -T T
hg(T) = —2exp (—) sin (—) o(T), 5)
TIT, L) T1
where O(T) is Heaviside step function, t; = 12.2 fs, and 1, =32 fs [53,54].

Temporal coherence of SCG is determined by using the first-order coherence in the form [3]

ET(A,11)Ex(A, 1)
g0 —n=0) = L : (6)

1
[E(, 1) P Ex(A, )] /2

where angle brackets denote ensemble average over independently generated pairs of SCG spectra
[E1, E>] with one-photon-per-mode noise seeds. Here, we apply a noise model, in which the
input shot noise is modelled by addition of one photon with random phase per each simulation
bin (“one photon per mode”). In addition to that, we account for the intensity fluctuations of the
input pulse amplitude modelled with relative intensity noise (RIN) which was 0.1% (integrated
RIN, provided in the laser specification sheet). Our implementation of noise modelling follows
the formalism recently proposed by Genier et al. [55]. We note that the one photon per mode
noise model describes vacuum noise and is distinct from modulation instability decoherence [56].

In SCG simulations, we used one polarization model. The interaction between two polarization
modes will degrade the coherence of SCG spectrum. However, with the short pulse duration of
the input pulse, the polarization noise can be neglected [46].
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The experimental results of SCG in #F for various measured fiber output powers are shown
in Fig. 11(a) with solid traces. The length of the fiber was 12 cm. With the maximum output
power 40 mW SCG spectrum spanned the range 450—1300 nm within 20 dB dynamic range. For
the average output power 20 mW, the prominent features of the broadened spectrum include
a red-shifted soliton with the central wavelength of approximately 1100 nm and a dispersive
wave centered around 550 nm. Red-shifting of the soliton, accompanied by blue-shifting of the
dispersive wave can be observed for the increasing pump power (corresponding to the increase of
the observed output power).

o
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Fig. 11. (a) Experimentally obtained SCG spectra for various fiber output average powers
and numerically simulated SCG spectra for the input peak power 24 kW for reference.
(b) Numerically simulated pulse evolution in #F; with input peak power 24 kW and the
spectrogram of the output beam at 12 cm of propagation. (c) Coherence degree obtained
from 20 individual pairs of pulses with input noises and various input peak powers, for #F;.

The numerical results of SCG in #F;, shown in Fig. 11(a) with dashed lines, were calculated
for the pulse duration 28 fs and the propagation length of 12 cm. Influence of the microscope
objective for pulse broadening is neglected in our modelling since optical pathway in glass is very
short and it does not influence significantly on pulse length in our case. The peak power at the
input end of the fiber was assumed 24 kW, that matched the bandwidth of experimentally obtained
spectra with the average recorded output powers around 40 mW. The structure of simulated
SCG spectrum is different from the experimental one, and the input average power in simulation
(32 mW) is smaller than the actual power (approx. 43 mW).

We speculate that these discrepancies relate to the multimode operation of #F;. Moreover,
the interaction between these modes leads to the energy transfer from the fundamental mode
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into high-order modes, resulting in a reduction of the spectral bandwidth and in a change of the
structure of the output spectrum [57]. In addition to that, modulation instability at this peak power
level is also related to the appearance of some fine structure differences between the simulated
and measured supercontinuum spectra. This postulation is also supported by the evolution of the
computed degree of coherence of the generated SCG pulses, discussed in the following section.
When only the fundamental mode is excited, the high input peak power offers the high number of
solitons and soliton fission will occur at short propagation in the fiber. The soliton-red shifting
accompanied by a dispersive wave still plays the main role for spectral broadening at the edges of
the pulse. However, the input noise is also strongly amplified resulting in degradation of temporal
coherence of the SCG spectrum.

Figure 11(b) (left panel) shows pulse evolution in #F; during propagation, for the input peak
power 24 kW, the pump wavelength 800 nm, and the pulse duration 28 fs. At the beginning,
self-phase modulation (SPM) is the main contribution to the broadening dynamics. Soliton
fission appears at 4 mm of propagation. This is followed by soliton self-frequency shift (SSFS) at
the red-shifted wavelengths of SCG spectrum, which corresponds to the leading edge of the pulse
in the anomalous dispersion, while the dispersive waves, extending into the visible wavelengths,
can be observed at the trailing edge of the pulse. Figure 11(b) (right panel) shows the computed
pulse spectrogram at 12 cm of propagation. It takes a specific concave shape with red-shifting
solitons and blue-shifted dispersive waves, which is in agreement with the concave dispersive
characteristic of the fiber, shown in Fig. 5(a).

For the estimation of coherence properties, characteristic lengths of pulse broadening dynamics
in #F| were calculated, using the following set of formulas:

12 1 Lp Lp
Lp=-L Lyy=—, N=+|-2, Ly = 2, Lyy ~ 16Lyy, @)
D | ﬁ2| ‘NL y PO LNL Afiss N M1 ‘NL

where Lp, L, Lfss, Ly are dispersive, nonlinear, soliton fission, and MI characteristic length
scales, respectively. N is soliton number, Py and ¢y are peak power and pulse duration of an
input pulse (equal 28 fs). The parameter 8, represents the group velocity dispersion at the
central wavelength of the input laser pulse. For #F;, 8, =-0.0146 ps*/m, y =129 W~'.km™".
Furthermore, we put the characteristic length scale analysis into the context of coherence
properties of SCG generated in #F;. Figure 11(c) shows the calculated first-order degree of
coherence of the anomalous dispersion-pumped SCG with various input peak powers. The
coherence level of anomalous dispersion SCG significantly depends on relative length scales
associated with the processes of MI and soliton fission. In the case of the input peak power
24 kW, that corresponds to Lp =5.4 cm, Lyz =0.032cm, N = 12, Lgg, =0.42 cm, Ly =0.52 cm.
According to these calculations, soliton fission occurs not long before the onset of MI-related
noise which corresponds to the coverage of the MI gain bands with seed signal, which has not
experienced significant decoherence due to soliton dynamics. As a result, the supercontinuum
pulses obtained for the lowest considered peak power 24 kW are associated with high degree of
coherence, which is in agreement with the earlier numerical and experimental studies [3,58-60].
The increase of the input peak power leads to the reduction of MI length scale, which is
proportional to the reciprocal of peak power through the term Ly;. For instance, the input
peak power 60 kW corresponds to Ly, =0.02cm, N = 16, L =0.26 cm, Ly =0.21 cm. The
amplification of the input noise by MI would occur before the process of soliton fission in this
case [3]. Consequently, a gradual decoherence with the increasing peak power of the simulated
SCG is observed for 36 kW and 60kW peak power. These results also support our earlier
postulation that the increasing structuring of SCG spectra obtained experimentally is caused by
the increasing significance of MI in the broadening dynamics and not by the jitter introduced by
SSFS of fundamental solitons.
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An entirely different SCG dynamics is expected in #F, with normal dispersion characteristic
over much of the wavelength range of the interest in this study. The SCG spectra recorded in #F,
with various output average powers are shown in Fig. 12(a). The length of the fiber was 12 cm.
With the maximum output power 160 mW, the output spectrum spanned the wavelength range
435-1330 nm within 20 dB dynamic range. The numerical results of SCG in #F,, shown with the
dashed line in Fig. 12(a) were calculated with pulse duration 28 fs, propagation length 12 cm and
the input peak power 150 kW.

(a)
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Fig. 12. Experimentally obtained SCG spectra for various fiber output powers and the
numerically simulated SCG spectra with the input peak power 150kW, for #F,. (b)
Numerically simulated pulse evolution in #F, with the input peak power 150 kW and the
spectrogram of the output beam at 12 cm of propagation. (c) Coherence degree obtained
from 20 individual pairs of the pulses with input noises and peak power 150 kW, for #F,.

The evolution of pulses during propagation in #F, is shown in Fig. 12(b) (left panel). At the
beginning of propagation, SPM is the main contribution to the spectral broadening. Optical wave
breaking (OWB) occurs first on the trailing pulse edge at 0.2 cm of propagation and gives rise to
a new wavelength band extending into the short wavelengths up to 435 nm. At the leading of
the pulse, OWB occurs at 3 cm of propagation with a new wavelength band generated around
1300 nm. During further propagation, the spectral broadening at the trailing edge of the pulse is
inhibited by the high slope of the dispersion profile. At the leading edge, there is the potential
for further spectral broadening. However, the limitation here relates to the increase of Ay at
the long wavelengths resulting in the decrease of the fiber nonlinear response y. Figure 12(b)
(right panel) shows the spectrogram of the pulse at 12 cm of propagation. The stretching of
this trace in the time domain with positive values of delay between around 1-3 ps corresponds
to a situation, when the pulse stretches in the time domain due to dispersion, but this is not
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accompanied by a further increase of the spectral width. The reason for this phenomenon is that
the adjacent spectral components overlap in time for too short period to contribute effectively to
further spectral broadening. The numerical analysis of first-order degree of coherence of the
simulated SCG pulses with the input peak power of 150 kW was calculated with 20 individual
pairs with different random noise seeds. The obtained degree of coherence characteristic is shown
in Fig. 12(c) and allows to anticipate high coherence of the supercontinuum pulses obtained in
#F, over the entire spectral width.

4. Conclusions

We experimentally investigated SCG in two SCFs. One is a fiber with the air-holes in the
cladding. The second one is the same fiber but with the holes in the cladding filled with water.
We confirmed that infiltration with water shifts ZDW to 1400 nm that allows for ANDi SCG
under pumping with a femtosecond laser delivering 28 fs—long pulses centered at a wavelength
800 nm. The SCG spectrum covered the wavelength range 435—-1330 nm within 20 dB dynamic
range, when the input peak power 150 kW is applied. This peak power level corresponds to the
pump pulse energy of just 2.5 nJ, covering the entire visible wavelength range with flat spectrum
of coherent laser pulses. We also measured anomalous dispersion-pumped SCG in the same fiber
without water infiltration. The obtained spectral bandwidth extended from 450 nm to 1300 nm.

With the unique properties of liquids, e.g., real-time dispersion modification, the use of SCFs
with liquid infiltration is a viable approach for SCG applications in the range from ultra-violet to
the near-IR wavelength range.

The presented setup for SCG is a proof-of-concept. Our primary goal is to achieve SCG
in fibers that can be spliced with standard optical fibers to create an all-fiber system. In our
experiments we have used a femtosecond Ti:Sapphire laser as a highly efficient laboratory source
for testing novel fibers, but in target system it can be replaced with fiber femtosecond laser. After
splicing, an all-fiber system does not require re-filling with water. We are also aware that splicing
liquid-filled SCFs with other fibers is challenging. However, local evaporation of liquid in the
close vicinity of a splice does not influence the dispersion characteristic or guiding properties in
case of a solid core, which is the case of suspended core fibers.

Compared to octave-spanning ANDi SCG in the previous works in Refs. [42,43], the use of
SCF with a small core allows to obtain a broad normal-dispersion SCG with the pump peak
power limited to the kW range. The peak power used in [43] was about 250 kW, corresponding
to a pulse energy 12.5 nJ, while the input pulse energy in our work is 2.5 nJ (peak power of
150kW). The water-filled SCF fiber can offer broad ANDi SCG with further lower input peak
power when the laser source with longer central wavelength is used.

The peak power used in this work is higher than that in Ref. [48]. However, a tapered SCF used
by the authors, which has all-normal dispersion in visible and NIR range, was suited for low pulse
energies around 1 nJ (peak power of 20 kW) due to pulse distortions over the adiabatic transition
section of the taper occurring at higher pulse energies. The SCF structure infiltrated with water
allowed to work around this bottleneck, yielding similar spectral coverage and increased output
power level. Importantly, light sources with such characteristics have played significant roles in
applications that demanded high photon flux [7].
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