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Abstract: All-normal dispersion supercontinuum (ANDi SC) generation in a lead-bismuth-
gallate glass solid-core photonic crystal fiber (PCF) with cladding air-holes infiltrated with
carbon tetrachloride (CCl4) is experimentally investigated and numerically verified. The liquid
infiltration results in additional degrees of freedom that are complimentary to conventional
dispersion engineering techniques and that allow the design of soft-glass ANDi fibers with an
exceptionally flat near-zero dispersion profile. The unique combination of high nonlinearity and
low normal dispersion enables the generation of a coherent, low-noise SC covering 0.93–2.5 µm
requiring only 12.5 kW of pump peak power delivered by a standard ultrafast erbium-fiber laser
with 100 MHz pulse repetition rate (PRR). This is a much lower peak power level than has been
previously required for the generation of ANDi SC with bandwidths exceeding one octave in
silica- or soft-glass fibers. Our results show that liquid-composite fibers are a promising pathway
for scaling the PRR of ANDi SC sources by making the concept accessible to pump lasers
with hundreds of megahertz of gigahertz PRR that have limited peak power per pulse but are
often required in applications such as high-speed nonlinear imaging, optical communications, or
frequency metrology. Furthermore, due to the overlap of the SC with the major gain bands of
many rare-earth fiber amplifiers, our source could serve as a coherent seed for low-noise ultrafast
lasers operating in the short-wave infrared spectral region.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Supercontinuum generation (SCG) in optical fibers with high brightness, coherence, and large
spectral bandwidth has been used for a wide set of applications, such as optical coherence
tomography [1,2], frequency metrology [3,4] and frequency comb generation [5]. In particular,
SCG with high temporal coherence can be used in nonlinear pulse compression [6,7], time-
resolved spectroscopy in multibeam pump-probe techniques [8], two-dimensional white-light
spectroscopy [9] or multimodal biophotonic imaging [10,11]. In this context, optical fibers with
an all-normal dispersion (ANDi) profile are particularly attractive as they strongly suppress the
gain of noise-amplifying incoherent nonlinear effects, such as stimulated Raman scattering or
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modulational instability, resulting in lower noise and higher temporal coherence than could be
achieved with their conventional, soliton-driven counterparts under most pumping conditions [12].
In addition, ANDi SC typically exhibits flat spectral profiles with high spectral power densities,
and preserve a uniform pulse shape with relatively simple spectral phase in the time domain,
which is easily compressible to the few-cycle regime [6,7]. Thus, the further development of
ANDi SC sources is expected to benefit especially those applications in which spectral uniformity,
the temporal profile or the stability of the SC is of importance and that have hence struggled to
incorporate the noise-sensitive and complex conventional SC sources [13].

However, ANDi SC sources usually require more powerful pump lasers than conventional,
soliton-driven SC sources for the generation of equal spectral bandwidths [12]. Typically, peak
powers in the order of 100 kW are necessary to obtain octave-spanning SC spectra when using
silica as the nonlinear fiber material [14–16]. Consequently, the substantial benefits of ANDi SCG
have been out of reach for the nonlinear spectral broadening of ultrafast lasers with hundreds of
megahertz or gigahertz repetition rate, which are often required in applications such as high-speed
nonlinear imaging, optical communications, or frequency metrology, but have limited peak power
per pulse.

An attractive route of reducing the peak power required for ANDi SCG is the use of nonlinear
fibers made of soft glasses with large nonlinear refractive indices, such as silicate, tellurite
and chalcogenide glasses [17]. However, these materials typically exhibit relatively long zero-
dispersion wavelengths and steep normal dispersion in the near-IR, which severely limit the
flatness of the dispersion profile achievable with conventional dispersion engineering methods,
and consequently also the obtainable ANDi SC spectral bandwidth.

Here, we show that a simple post-processing step in the form of infiltrating the cladding
air-holes of solid-core soft-glass photonic crystal fibers (PCF) with liquids results in additional
degrees of freedom that overcome these limitations and that can be exploited to design soft-glass
ANDi fibers with exceptionally flat and near-zero dispersion profile. The unique combination of
high nonlinearity and low dispersion gives rise to strong nonlinear spectral broadening dynamics
and allows the reduction of the peak power to the 10 kW level while maintaining spectral
bandwidths exceeding one octave.

We report ANDi SCG in a lead-bismuth-gallate (PBG) glass PCF infiltrated with carbon
tetrachloride (CCl4). While the air-filled fiber has a ZDW in the near-IR, we show that simple
infiltration of the cladding air-holes with CCl4 shifts its chromatic dispersion into the low and flat
all-normal dispersion range. Our approach combines a host material with nonlinear refractive
index 10× higher than silica [18,19] with the high transparency of CCl4 from the visible to mid-IR
[20], and thus overcomes the limitations observed in earlier studies using silica PCF infiltrated by
water [16]. We numerically and experimentally study SCG in the air-filled and infiltrated fibers,
and show that the infiltrated fiber generates a high-quality, coherent ANDi SC with a -10 dB
spectral bandwidth covering 0.9–2.5 µm requiring only 12.5 kW pump peak power delivered by a
standard commercial Er:fiber femtosecond laser system operating with 100 MHz repetition rate.

2. Fiber layout design and dispersion engineering

2.1. Fiber development

We consider a solid core PCF with regular hexagonal lattice of air-holes in the cladding region,
which are all infiltrated with CCl4. As shown in Fig. 1, the cladding consists of 9 rings of holes,
where the fiber dispersion is predominantly determined by the diameter of the holes in the first
ring (d1). The diameter d2 of holes in the second ring is larger than others in order to reduce the
confinement losses. Thus, the preliminary simulation to optimize the dispersion characteristics
considers only the variation of d1 and lattice constant Λ1 of the first ring, while the size of holes
in the outer rings is kept constant. The value of d2, d3, and Λ3 are 1.7 µm, 1.4 µm, and 1.75 µm,
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respectively. A similar, unfilled fiber design has been studied in context of soliton fission-based
SCG in previous work [18], and is generally based on the concept proposed by Saitoh et al. [21].

Fig. 1. The schematic of the structure of the analyzed PCF. All of the holes in the cladding
region are infiltrated with CCl4.

The substrate of the fiber is an in-house developed lead-bismuth-gallate glass. Figure 2 displays
its refractive index and transmission as well as the refractive index of CCl4 [18,19,22].

Fig. 2. (a) The refractive index of PBG glass and CCl4, taken after [18,22]. (b) Transmittance
of a 2 mm thick PBG glass sample.

The dispersion of the PCF with various values of Λ1 and d1 is numerically simulated using the
Finite Difference Eigenmode method (FDM). Λ1 and d1 are varied in the range of 1.2 -1.7 µm and
0.6–0.9 µm, respectively. The possibility of controlling the lattice constant and the diameter of
the holes in the cladding region allow the precise shaping of the dispersion characteristics in the
investigated wavelength range. As shown in Fig. 3, almost all of the unfilled fibers have anomalous
dispersion from near-IR towards longer wavelengths. The unfilled fiber with Λ1 = 1.2 µm and
d1 = 0.75 µm has all-normal dispersion, but the dispersion shape is not flat, which limits the
possible spectral broadening during SCG. On the contrary, the CCl4-filled PCF have all-normal
and flat dispersion in the near- and mid-IR range, according to our calculations. In particular, the
CCl4-filled PCF with Λ1 = 1.5 µm and d1 = 0.75 µm has a flat near-zero all-normal dispersion
profile in the investigated wavelength range. Therefore, the fiber with those parameters is selected
for further analysis as it has the potential for broadband ANDi SCG.

After the preliminary fiber design, the optimized PCF structure was fabricated using the
conventional stack-and-draw method [23]. The fabrication procedure involved two main stages.
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Fig. 3. Simulated dispersion profiles of unfilled PCF with varying Λ1 (a) and varying hole
diameter d1 (b). Simulated dispersion profiles of CCl4-filled PCF with varying Λ1 (c) and
varying hole diameter d1 (d).

First, the capillaries and rods were stacked to make a perform, which was then drawn to a
sub-preform using low pressure to reduce the gaps between the capillaries and rods. Second,
the final fiber structure was drawn from the sub-preform, where a selective choice of pressure
and temperature scaled down the size of capillaries to those of the designed fiber structure.
SEM images of the final PCF are shown in Fig. 4 and the geometrical parameters are listed in
Table 1. The core diameter (dcore) is measured to approx. 2.12 µm. The deformations of the
air-holes visible in the second cladding ring of the fiber stem from gradients of pressure and
temperature in the air-holes during fiber drawing. They result in a moderate shift of the dispersion
characteristic with respect to the designed profile. Using numerical simulations we estimated
the impact of those deformations and found them to shift the dispersion profile by a maximum
of ±15 ps/nm/km around D= -15 ps/nm/km at the wavelength of λ= 2000nm, assuming that
the second-ring air-hole diameter changes within ±0.2 µm around d2 = 1.6 µm. Notably, these
deformations do not affect the dispersion flatness and the entire characteristic remains normal
across all wavelengths of interest.
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Fig. 4. SEM image of the fabricated PBG-glass PCF subsequently used for CCl4 infiltration
and SCG experiments.

Table 1. The geometrical parameters for the final fiber
selected for CCl4 infiltration and SCG experiments.

Parameter Value

Lattice constant of the first ring Λ1 [µm] 1.48

Hole diameter d1 [µm] 0.74

Hole diameter d2 [µm] 1.8

Hole diameter d3 [µm] 1.4

Lattice constant of the outer rings Λ3 [µm] 1.8

Core diameter (dcore) 2.12

2.2. Chromatic dispersion and attenuation measurements

The dispersion characteristics of the fabricated air-filled and CCl4-filled PCF are measured using
a Mach-Zehnder interferometer setup, as detailed in [24]. Details regarding the filling of the
fiber and the liquid pump system used during the experiments with the CCl4-filled fiber are given
in Section 3.2. Figure 5 compares the simulated and measured dispersion characteristics of
air-filled and CCl4-filled PCF. The experimental results match very well with the simulation.
The air-filled PCF has a ZDW at 1.4 µm, i.e., it exhibits anomalous dispersion in the near-IR and
mid-IR range. The dispersion varies from -280 ps/nm/km to 87 ps/nm/km in a wavelength range
of 1.0–2.1 µm. The liquid infiltration significantly shifts the dispersion to the normal regime over
the entire investigated wavelength range and flattens the dispersion profile. The dispersion varies
from -280 ps/nm/km to -15 ps/nm/km in a wavelength range of 1.00–2.5 µm.

In contrast to earlier ANDi fiber designs compatible with 1560 nm femtosecond pumping, e.g.
all-solid soft glass PCFs [25] or air-hole lattice Ge-doped silica core PCFs [26], where fiber
engineering effectively shifted the entire dispersion profile across the dispersion axis, the CCl4
infiltration of this fiber shifts and flattens mainly the long-wave IR part of the dispersion profile,
leading to enhanced spectral broadening towards longer wavelengths in the ANDi SCG dynamics
[27]. This reveals the additional degree of freedom in chromatic dispersion design obtained
when using liquid infiltration of a PCF lattice, which is complementary to techniques involving
all-solid glass lattices or double-period lattices demonstrated earlier [16,21]. The introduction
of the liquid can be considered an alternative to an all-solid glass PCFs in cases where it is
challenging to thermally match two glass types. When used with a double-period air-hole lattice
PCF, liquid infiltration extends the dispersion shaping flexibility substantially.

The attenuation of the investigated fibers is measured using the cut-back method and the results
displayed in Fig. 6. Since CCl4 has high transparency from the visible to the near-IR range, the
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Fig. 5. Simulated and measured chromatic dispersion of the unfilled PCF and CCl4-filled
PCF.

attenuation of the CCl4-filed fiber is similar to that of the unfilled fiber. Both fibers have a high
attenuation in the visible range below 0.8 µm due to the high absorption of the PBG glass. The
attenuation decreases in the near-IR range to 9.7 dB/m and 9.5 dB/m at the pump wavelength
of 1.56 µm for the CCl4-filled and unfilled fibers, respectively. In the long-wavelength range (λ
> 2 µm), the attenuation increases due to confinement losses. While these attenuation figures
are relatively high compared to silica PCF, we note that these fibers are intended for SCG using
femtosecond pumping, which allows the use of short fiber lengths.

Fig. 6. Measured loss of unfilled and CCl4-filled fiber.
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3. Supercontinuum generation in developed PCF

3.1. Numerical modelling

Supercontinuum generation in the unfilled and CCl4-filled PCF are simulated by numerically
solving the standard nonlinear Schrödinger equation (GNLSE) in the frequency domain,

∂zÃ − iβ̃(ω)Ã −
α̃(ω)

2
Ã = iγ

(︃
1 +
ω − ω0
ω0

)︃
ÃF

[︂
∫
∞
−∞ R(T ′)|A(T − T ′)|

2dT ′
]︂

, (1)

where Ã (ω, z) is the spectral amplitude function of the pulse. The left side of Eq. (1) contains
the effects of dispersion (β̃) and loss (α̃), where we use the measured values presented in Figs. 6
and 7. The right side of Eq. (1) contains the nonlinear terms, where the nonlinear coefficient
γ(ω) = 2πn2/(λAeff (ω)) depends in the nonlinear refractive index of the PBG glass, n2 = 2 ×

10−19 m2/W at 1064 nm [18,19], and the effective mode area Aeff . Compared to the unfilled fiber,
the infiltration of the cladding holes with CCl4 leads to a reduction of the refractive index contrast
between cladding and core. Consequently, the CCl4-filled fiber has larger effective mode area for
the fundamental mode and a lower nonlinear coefficient than the unfilled fiber, as shown in Fig. 7.
Nevertheless, due to the high nonlinear refractive index of PBG glass both filled and unfilled
fibers have a relatively high nonlinear coefficient γ of 206 W−1km−1 and 250 W−1km−1 at the
wavelength of 1560 nm, respectively.

Fig. 7. (a) The effective mode area and (b) nonlinear coefficient of unfilled and CCl4-filled
PCF.

The Raman response function R(T) in Eq. (1) is modelled by a single Lorentzian line and is
given by

R(T) = (1 − fR)δ(T) + fR
τ2

1 + τ
2
2

τ1τ
2
2

exp
(︃
−T
τ2

)︃
sin

(︃
T
τ1

)︃
Θ(T), (2)

where fR = 0.05, τ1 = 5.5 fs, and τ2 = 32 fs have been determined for PBG glass [18]. δ(T) is the
Dirac delta function, and Θ(T) is the Heaviside step function. In the model we assume that only
the glass as core material contributes significantly to the Raman response of the liquid-filled fiber.

We numerically investigate the coherence characteristics of SCG by making use of the usual
definitions of first-order degree of coherence |g(1)12 (ω)| and average coherence |g(1)12 |, as described
e.g. in [28,29]. In our model, we take into account the effects of vacuum noise (shot noise) and
the pulse-to-pulse relative intensity noise (RIN). The shot noise is introduced by the addition
of one photon with a random phase per each simulation bin [29], while RIN is defined as the
fluctuation of the amplitude and duration of individual laser pulses compared to their mean value.
This noise is determined by the pump laser characteristics. We follow the formalism recently
proposed in [30] to calculate the coherences with the presence of shot noise and pulse-to-pulse
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noise for a set of 20 simulations with independent noise seeds. We do not consider the effects of
polarization noise as this is expected to have only minor influence at the short pulse durations
used in our experiments [31].

3.2. Experimental setup

The experimental setup to measure SCG in the investigated fibers is shown in Fig. 8. As a pump
laser we use an Er:fiber femtosecond laser system (C-fiber HP, Menlo Systems) with a central
wavelength of 1560 nm, pulse duration of 90 fs and repetition rate of 100 MHz. The maximum
average power was 350 mW, corresponding to maximum pulse energy of 3.5 nJ. The pump beam
first passed through the variable neutral-density filter to control the pulse energy coupled into
the fiber. The lens L1 with a focal length of 3.1 mm (Thorlabs- C330TME-C) is used to couple
the light into the tested fiber. A coupling efficiency of 20% and 30% is measured for unfilled
and CCl4-filled fiber, respectively. The output beam is collimated using lens L2 with a focal
length of 4.51 mm (Thorlabs C230TME-C) and then coupled into commercial multimode fiber
(Thorlabs-M122L01). The generated SC is recorded using two IR spectrometers: OSA (Hewlett
Packard, HP 71451B, wavelength range of 600-1700nm) and Ocean Optics NIRQuest512-2.5
(wavelength range of 900–2500 nm).

Fig. 8. Schematic of the experimental setup for SCG measurement in the CCl4-filled fiber.

In the case of CCl4-filled fiber, a microfluidic pump system maintaining a constant pressure of
10 kPa is used to minimize microbubble-related effects and suppress thermal effects in the liquid
in high-repetition rate pumping conditions. CCl4 is infiltrated into all air-holes in the cladding
region of the tested fiber by capillary action and the pressure of the liquid pump system. The
input end of the fiber was placed in a custom optical-liquid feed-thorough holder, while the output
end was fixed in a standard, bare fiber, free space holder. While this simplification allowing the
continuously pumped liquid to drip out of the fiber at the optical output is acceptable in these
proof-of-principle experiments, any practical application would require the introduction of a
second feed through at the fiber output in combination with a closed-loop system.

We note that manipulation of optical properties of air-hole lattice fibers using infiltration with
liquids can be challenging due to possible formation of air-bubbles. The complex structure
of the fiber lattice and the small hole diameter below the diffraction limit make it difficult to
monitor the filling of individual holes, e.g. using direct imaging or the scattered light method
reported previously [32]. Based on experiments reported in [33], we estimate that it takes
approximately 15 minutes to fully fill the fiber sample, and all experiments were conducted
following a corresponding delay after starting the liquid pump. Furthermore, a continuous flow
was maintained to average out the impact of any microbubble formation during experiments.

The investigated fibers are not single mode at pump wavelength 1560 nm. Based on our
numerical analysis, the unfilled fiber guides three modes (LP01, LP11, and LP21), while the
CCl4-filled fiber guides only two modes (LP01 and LP11). However, the effective refractive
index of the fundamental mode (LP01) is significantly different from that of the higher-order
mode (LP11) at λ= 1560 nm (∆neff = 0.055 for the CCl4-filled fiber), which prevents energy
transfer between the modes if the fundamental mode is selectively excited, which is achieved by
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modifying the position of lens L1. The single mode guidance in the CCl4-filled fiber is tested at
low pulse energies by imaging the far-field output on a CCD camera and comparing the intensity
distribution at the center of a beam with a Gaussian function, as shown in Fig. 9. The good match
between experimental data and the Gaussian function confirms the predominantly single-mode
guidance of the fiber.

Fig. 9. (a) Far-field image of the output beam from the CCl4-filled fiber. (b) Intensity
distribution at the beam center fitted with a Gaussian profile).

3.3. Discussion

3.3.1. Air-filled PCF

The bare PCF has a ZDW at 1.4 µm and anomalous dispersion at the pump wavelength. Therefore,
SCG in this fiber is determined by well-known soliton dynamics, which are summarized in the
numerical simulations in Fig. 10 for an input pulse energy of 0.12 nJ (peak power P0 = 1.3 kW)
and a fiber length of 16 cm, matching the experimental conditions. The SCG dynamics are
dominated by soliton fission occurring after approx. 2 cm. Consequently, the SC spectrum
is formed by the signatures of red-shifting Raman solitons on the long-wavelength edge and
phase-matched dispersive waves (DW) on the short-wavelength edge [34,35]. The spectrogram
after 16 cm of propagation follows the concave shape of the group velocity profile of the fiber,
showing clearly the individual soliton signatures as well as the long DW tail on the trailing edge.

Fig. 10. (a) Spectral evolution of SCG in unfilled fiber and spectrogram of the SC pulse
after 16 cm of propagation. (b) Temporal evolution of the pulse during propagation. An
input pulse energy of 0.12 nJ (1.3 kW peak power) and pulse duration of 90 fs are considered.
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Figure 11(a, b) compare the measured and simulated SC spectra with input pulse energies of
0.12 nJ and 0.7 nJ (1.3 kW and 7.8 kW peak power), respectively. In the low power case, the
-20 dB spectral bandwidth covers the range 0.96 µm - 1.97 µm, broadening to 0.8 µm - 2.5 µm
with higher pump power. In both cases, the simulated SC bandwidth matches very well with
the experimental data. The differences in the spectral structure are attributed to the pump pulse
shape: while the simulations use pump pulses with ideal (gaussian) shape, the pulses emitted by
the Er:fiber laser contain side-pulses and pedestals, which can have a significant influence on the
spectral and temporal fine structure of the generated SC [36].

Fig. 11. The simulated and experimental results of SCG in the unfilled fiber with (a) 0.12
nJ and (b) 0.7 nJ input pulse energy. Numerically simulated coherence considering only
shot noise or shot noise and additional input pulse RIN with (c) 0.12 nJ and (d) 0.7 nJ input
pulse energy. 16 cm fiber length, pump wavelength at 1560 nm, and pulse duration of 90 fs
are considered.

Figure 11(c, d) present the simulated coherence properties of the SC with the effects of
shot noise and RIN, where RIN is derived from the intensity fluctuations of input pulses with
root-mean-square (rms) of 0.5%. While in the low-energy case the coherence remains high with
⟨g1

12⟩ = 0.95, the coherence collapses for high-energy pumping, especially when the pump pulse
RIN is included (⟨g1

12⟩=0.11). This behavior can be understood by considering the characteristic
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length scales of the pulse broadening dynamics,

LD =
t20
|β2 |

LNL =
1
γP0

, N =
√︃

LD

LNL
, Lfiss =

LD

N
, LMI ≈ 16LNL, (3)

where LD, LNL, Lfiss, LMI are dispersion, nonlinear, soliton fission, and modulation instability
characteristics length, respectively. N is the soliton number. P0 and t0 are peak power and pulse
duration of the input pulse. Table 2 shows the corresponding length scales for both low- and
high energy pumping. For the low-energy case, Lfiss < LMI implies a dominance of the coherent
soliton fission over noise-amplifying incoherent MI dynamics. For the high energy case, MI
plays a more dominant role, which leads to the amplification of quantum noise and pump laser
noise which is uncorrelated from shot-to-shot, leading to the observed coherence collapse.

3.3.2. CCl4-filled fiber

The CCl4-filled fiber has an all-normal dispersion profile in the investigated wavelength range,
thus nonlinear spectral broadening dynamics dominated by self-phase modulation (SPM) and
optical wave-breaking (OWB) are expected. This is confirmed by the numerical simulations in
Fig. 12, which consider an input pulse energy of 1.1 nJ (12.5 kW peak power) and 10 cm fiber
length, matching the experimental conditions. While the initial propagation is characterized by
the multi-peak spectral structure of SPM, the SC is smoothened by the onset of OWB after 0.75 cm
and 4 cm on the short- and long-wavelength edges, respectively. This asymmetry is caused
by the dispersion profile of the fiber (Fig. 5), which is extremely flat on the long-wavelength
side, delaying the onset of OWB and enhancing the spectral broadening towards the mid-IR.
The spectrogram at the end of the fiber is typical for ANDi SC, with every spectral component
occupying a unique temporal position within the pulse. The strong chromatic dispersion of the
fiber at short wavelengths contributes to a pronounced temporal broadening of the trailing pulse
edge.

Fig. 12. (a) Spectral evolution of SCG in the CCl4-filled fiber and spectrogram of the SC
pulse after 10 cm of propagation. (b) Temporal evolution of the pulse during propagation. An
input pulse energy of 1.1 nJ (12.5 kW peak power) and pulse duration of 90 fs are considered.

Table 2. Characteristic length scales of the unfilled fiber with input pulse energy of 0.12 nJ and
0.7 nJ.

Pulse energy (nJ) Peak power (kW) β2 (ps2/m) LD (cm) LNL (cm) N Lfiss (cm) LMI (cm)

0.12 1.3 0.05 16.5 0.28 8 2 4.6

0.7 7.8 0.05 16.5 0.046 19 0.86 0.74

Figure 13(a, b) compare the simulated and measured ANDi SC with input pulse energies of
0.4 nJ and 1.1 nJ (peak power of 4.5 kW and 12.5 kW), respectively. Similar to the case of the
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bare PCF, the bandwidth of measured and simulated spectra match very well, while we attribute
differences in the spectral fine structure to the non-ideal pulse shape emitted by the Er:fiber
laser [36]. At the -10 dB level, the SC spans the range 1.13 - 2.14 µm for the low power pump,
increasing to 0.93 - 2.5 µm for the 12.5 kW peak power pulses.

Fig. 13. Simulated and experimental results of SCG in the CCl4-filled fiber with (a) 0.4 nJ
and (b) 1.1 nJ input pulse energy. Numerically simulated coherence considering only shot
noise or shot noise and additional input pulse RIN with (c) 0.4 nJ and (d) 1.1 nJ input pulse
energy. 10 cm fiber length, pump wavelength at 1560 nm, and pulse duration of 90 fs are
considered.

The attenuation of the CCl4 fiber over a 10 cm long sample does not significantly influence
the average power level of the supercontinuum signal. Instead, the main limiting factor is the
relatively low coupling efficiency. The supercontinuum signal average power measured at the
output of a CCl4-infiltrated, 10 cm-long PCF was 50 mW.
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MI is suppressed in the ANDi regime, resulting in a significant improvement of the coherence
as compared to the bare PCF, as shown in Fig. 13(c, d) [34]. Although inclusion of pump laser
RIN causes a moderate decrease of the calculated coherence, it has been shown that this effect is
caused by a timing-jitter on a time-scale of < 100 attoseconds with no practical relevance for
most applications [37].

4. Conclusion

The generation of low-noise, Er:fiber-pumped ANDi SC with such a broad spectral coverage
at this low peak power level is quite remarkable and has not been achieved with comparable
silica or soft-glass “standard” fibers, i.e. not infiltrated with liquids [16,26,38–40]. From an
applications perspective, this development has far-reaching consequences. Firstly, it makes
octave-spanning ANDi SCG accessible to applications requiring high repetition rates, such as
frequency metrology or high-speed optical coherence tomography. While recent experiments
convincingly demonstrated the advantages of ANDi SC over conventional SC in these applications,
the scaling of the repetition rate to the typically required values has remained a long-standing
challenge to which liquid-cladding soft-glass PCF offer a promising solution, as we show with
this work. Secondly, ANDi SCG has recently been considered as a promising approach for
extending and power-scaling the excellent low-noise performance and robustness of ultrafast
Er:fiber technology to other wavebands. The ANDi SC described in this work spectrally broadens
our mode-locked Er:fiber laser to cover all gain bands of rare-earth dopants used in mature
optical fiber technology, and thus can serve as a non-solitonic (i.e. virtually noise-free), coherent
seed signal for multiple, temporally synchronized ultrafast amplifiers in the 1-2 µm wavelength
region with noise levels virtually identical to the Er:fiber seed laser, similar to Thulium- and
Thulium-/Holmium-doped amplifiers reported recently [41,42].
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