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An overview of the progress on pulse-preserving, coherent, nonlinear fiber-based supercontinuum generation is
presented. The context encompasses various wavelength ranges and pump sources, starting with silica photonic
crystal fibers pumped with 1.0 pm femtosecond lasers up to chalcogenide step-index and microstructured fibers
pumped from optical parametric amplifiers tuned to mid-infrared wavelengths. In particular, silica and silicate-
based all-normal dispersion (ANDi) photonic crystal fibers have been demonstrated for pumping with femto-
second lasers operating at 1.56 pm with the recorded spectra covering 0.9-2.3 pm. This matches amplification
bands of robust fiber amplifiers and femtosecond lasers. The review therefore focuses specifically on this wave-
length range, discussing glass and nonlinear fiber designs, experimental results on supercontinuum generation up
to the fundamental limit of oxide glass fiber transmission around 2.8 pm, and various limitations of supercon-
tinuum bandwidth and coherence. Specifically, the role of nonlinear response against the role of dispersion profile
shape is analyzed for two different soft glass ANDi fibers pumped at more than 2.0 pm. A spatio-temporal
interaction of the fundamental fiber mode with modes propagating in the photonic lattice of the discussed
AND:i fibers is shown to have positive effects on the coherence of the supercontinuum at pump pulse durations
of 400 fs. Finally, the design and development of graded-index, nanostructured core optical fibers are discussed.
In such structures the arbitrary shaping of the core refractive index profile could significantly improve the en-
gineering flexibility of dispersion and effective mode area characteristics, and would be an interesting platform to
further study the intermodal interaction mechanisms and their impact on supercontinuum coherence for sub-
picosecond laser pumped setups. © 2017 Chinese Laser Press

OCIS codes: (190.4370) Nonlinear optics, fibers; (060.5295) Photonic crystal fibers; (320.6629) Supercontinuum generation.
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1. INTRODUCTION

The development of light sources delivering ultra-short pulses
of ultra-high quality is stimulated by imaging applications [1],
by the generation of ultra-stable optical frequency combs [2],
and by other areas concentrated on processes occurring over
very short timescales or with very low repeatability [3]. Such

within the normal dispersion range of wavelengths of the
nonlinear fiber, allows increasing the imaging penetration
depth and improving the signal-to-noise rate (SNR) by
10 dB [5]. Similar advantages are obtained with a broadband
source operating at a wavelength of around 2 pm and longer
for OCT imaging of non-biological matter [6]. A coherently
broadened 3.1 ps pulse was used as a seed for an optical

sources should be characterized with high brightness, broad
spectral coverage of generated radiation, and—what is of
paramount importance—high phase coherence and spectral
coherence. Imaging of biological tissue in optical coherence
tomography (OCT) benefits from the change of probing wave-
length from 1.3 to 1.7 pm, where the scanning beam experi-
ences less scattering and avoids water absorption peaks [4].
Moreover, application of a shot-to-shot repeatable supercontin-
uum (SC) light source, delivering spectrum contained entirely
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frequency comb, in one of the first reports, enabling C-band
coverage with 365 lines (3.64 THz bandwidth) within 6 dB
dynamical range. Results were also published demonstrating
nearly a factor of 20 increment of the number of channels
and in a twice narrower bandwidth, also in the third telecom-
munication window [7]. The benefits of stability of a broad-
band, pulsed source were also demonstrated in the context
of phase shift keying (PSK) communications [8]. Bit error
rate (BER) was compared here in a transmission experiment,
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where a frequency comb source used as the reference was
pumped with either anomalous dispersion-pumped SC or
an all-normal dispersion (ANDi) SC. The use of the latter
source resulted in negligible influence of BER on PSK
transmission.

In this work, we provide an overview of the most recent
results and state-of-the-art in coherent pulse-preserving SC
generation in nonlinear optical fibers. We begin with the fun-
damentals on SC generation with emphasis given to noise-
seeded and self-seeded operation. While a broad scope of silica,
silicate, and non-oxide glass ANDI fibers are recalled in the
context of either numerical or experimental SC generation
throughout the work, particular attention is given to lead-
silicate and boron-silicate soft glass ANDi photonic crystal fi-
bers (PCFs) now routinely fabricated by the Glass Department
group at the Institute of Electronic Materials Technology
(ITME). The introduction is followed by a detailed descrip-
tion of these glasses and PCF structures used throughout
rest of the work. Complete information on critical optical
parameters and geometric dimensions of physically fabricated
fibers are provided. Next, SC generation in ANDI fibers is ad-
dressed directly, beginning with nonlinear modeling and discus-
sion of a typical, femtosecond pulse-pumped sequence of
nonlinear processes leading to the formation of high-quality,
coherent SC pulses. An overview of experimental results of
AND:i SC results is given, indicating glass of the fiber, pump
pulse duration, and wavelength, as well as the recorded spec-
tral width.

Coherence and pulse preservation in ANDi SC are related in
the sense that self-seeded nonlinear processes are required to
dominate formation of the SC pulses. Femtosecond pumping
is generally regarded as required to assure that. In order to
explore the possibilities to soften this requirement, a new means
of coherence preservation is proposed—one exploiting deter-
ministic seeding interaction between the lattice modes of the
discussed all-solid ANDi PCFs and their nonlinear, fundamen-
tal mode of the core.

The final section of our review highlights the introduction
of nanostructures in the fiber core as a new means towards
engineering the graded-index fibers. The proposed method,
fundamentally rooted in the effective medium theory [9],
allows the design and fabrication of fibers with arbitrary core
refractive index profiles, not confined to circular or elliptical
shapes imposed by the current vapor deposition technologies.
In the ANDi SC context, this new approach potentially opens
up routes to separate the interdependence of the dispersion pro-
file and the effective mode area and design both independently
up to a certain degree. This could have a positive effect on the
strength of the nonlinear response in the final fibers while still
maintaining full control over the dispersion profile.

2. SC GENERATION FUNDAMENTALS

SC generation was demonstrated for the first time in 1970 by
Alfano and Shapiro in a bulk boron-silicate glass [10], and since
then it has started to play an increasingly pronounced role
in nonlinear optics [11]. The medium of choice for SC gen-
eration in the past two decades has been the optical fiber,
and in particular the PCF (microstructured fiber), for reasons
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including good spatial confinement enhancing nonlinearity and
facilitating spatial coherence of the pump laser, as well as en-
abling significant flexibility in the dispersion design of the
fiber [11,12].

The phase coherence of an SC source is a distinct problem in
the area of nonlinear fiber optics research. Existing state-of-the-
art draws a clear relation between SC phase coherence and the
duration of the pump pulse [13]. The sign of the chromatic
dispersion profile in the wavelength range covered by the
SC also has a share of influence over this property [11].

Optical pumping with pulses lasting 100 fs or less, centered
at a wavelength of anomalous dispersion of the nonlinear
medium, typically favors processes of self-phase modulation
(SPM) and soliton fission (SF), as well as the solitons’ gradual
(along the propagation direction) decrease of frequency due
to Raman scattering [soliton self-frequency shift (SSES)].
The resulting spectrum maintains high phase coherence in a
bandwidth of hundreds of terahertzs [13]. In general, every
continuous-wave signal with sufficiently high intensity of
the electric field experiences break-up into a train of pulses
due to modulation instability (MI) [14]. The combined effects
of soliton dynamics and MI are crucial to the high efficiency
in terms of the spectral width of such sources, despite their
phase incoherence [11,13]. In fibers made from unconven-
tional glasses, such an approach enabled SC generation stretch-
ing from around 1 pm up to the mid-infrared around 5 pm
(tellurite glass fibers [15] or fluorozirconate, ZBLAN-type glass
fibers [16]) or even up to 13 pm in multimode fibers made
from chalcogenide glasses [17]. Broadband solitonic supercon-
tinua across the near-infrared have also been demonstrated
in PCFs designed and fabricated at ITME with lead—bismuth—
gallate oxide [18,19] or tellurium oxide glasses [20].

Pulse duration is not the sole indicator distinguishing be-
tween a coherent or incoherent spectral broadening process
in a nonlinear optical material. In case of some anomalous
dispersion-pumped, octave-spanning spectra, a considerable
drop of coherence has been anticipated numerically for
pump pulses as short as 50 fs [13]. For the estimation of co-
herence properties, the characteristic length scales of SF and
MI in a fiber have to be considered, which are defined as
follows [21]:

L = Lp/ILai, Ly ~ 16y, Lp = £5/15s),
N =Lp/Ly, and Ly, = 1/(yPy), (1)

where Lg is the SF characteristic length scale, Ly is the MI
characteristic length scale, Lp is the dispersive characteristic
length scale, Ly is the nonlinear characteristic length scale,
t, is the time duration of the pump pulse, f, is the group veloc-
ity dispersion at the pump center wavelength, y is the nonlinear
coefficient, and Py is the pump pulse peak power. Depending
on the relation of Lg and Ly, either coherent SF-driven or
incoherent noise-driven SC are generated [11].

In the wavelength range with normal dispersion, where
solitons are not supported, MI and related decoherence can
also take place [22]. In such a case, Raman scattering is dom-
inant, while four-wave mixing (FWM) and MI is only phase-
matched due to the presence of the former. The two effects
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merge into one effective noise-amplifying nonlinear process
[23]. Fiber birefringence has also been identified as a possible
source of normal dispersion SC instability [24,25].

Phase coherence and spectral stability of SC can be facili-
tated with different means. Pumping with very short pulses
(<50 fs)—taking into account the length of the nonlinear
medium in relation to the characteristic length scales [Eq. (1)]
and the input soliton order—is the most straightforward solu-
tion. A low-power seed signal can also be in-coupled to the fiber
(often a continuous-wave signal) at a wavelength corresponding
to SC fragments affected by MI amplification of noise. The pur-
pose of the seed signal is delivering spectral components with
pulse-to-pulse deterministic phase [26-28]. An alternative way
is the use of a tapered fiber as the nonlinear medium [29]. In
such a fiber, the broadening begins in the part of fiber with
anomalous chromatic dispersion at the pump wavelength.
The dispersion profile then evolves along the structure towards
normal dispersion, before soliton-pumped amplification of noise
can take place under the pump conditions intended for such a
structure at the design stage. Results of numerical simulations
suggest that pulse-to-pulse SC decoherence can be substantially
reduced in just a slightly tapered fiber pumped with self-
similarity pre-compressed pulses [30]. This would in turn enable
pumping with a relatively simple picosecond laser system.
However, so far this concept cannot be demonstrated experimen-
tally. Yet another alternative is containing of the SC spectrum
entirely within the wavelength range, where there is normal
dispersion in the nonlinear medium (ANDI). Together with
femtosecond pumping, a coherent SC with a flat spectrum span-
ning over octave bandwidths has been demonstrated in the
near-infrared [31-36] in silica or lead-silicate glass fibers or in
chalcogenide glass fibers in the mid-infrared up to 5-6 pm
[37-39]. Compared to solitonic and especially MI-driven super-
continua, its ANDI counterparts are generally considered less
efficient in terms of obtainable spectrum for similar pump pulse
energy and duration. This can be explained with the following;
while MI-driven, soliton SC relies simply on spectrally abundant
background noise as the seed signal, the femtosecond ANDi SC
is intrinsically self-seeded. Under femtosecond pumping, a
coherent SC can be readily obtained when the pump wavelength
falls into anomalous dispersion, and, apart from SPM, the
soliton/dispersive wave dynamics contribute to spectral broaden-
ing and the spectrum usually has broader bandwidth compared
to ANDI generation [40,41]. The true advantage of femtosec-
ond-pumped ANDI SC therefore stems from its pulse-preserving
feature, related to the fact that the dispersion profile of fiber does
not change the sign (remains normal) across the SC wavelengths.
Pulse preservation and low contribution of higher order
dispersion terms into the ANDI broadening opens the route
to robust, fiber-based sources of ultra-short pulses, at the order
of below two optical cycles duration, with applications in highly
time-resolved measurements of bio-chemical or physical proc-
esses in matter [42—44]. It is notable that ANDi SC produces
very flat and uniform spectra, compared to conventional, anoma-
lous dispersion-pumped SC. The coherence property will also be
maintained under pumping with pulses much longer than tens
or low hundreds of femtoseconds, although the spectral width
will be much below an octave.

3. GLASS AND FIBER DESIGN

The main limitation of the “classic” air-hole lattice/
microstructured PCFs in the context of dispersion engineering
boils down to the limits set out by the material dispersion of
used glass. With the air refractive index reasonably assumed as
wavelength-independent, it is the fixed material dispersion that
has to be compensated with the waveguide contribution tail-
ored by the PCF microstructure layout. Gases or liquids can
be introduced into the lattice to extend the design flexibility
[45,46], but at a significant cost of robustness and handling
convenience.

All this can be worked around if the air holes of the “classic”
PCF lattice are substituted by inclusions made of a different,
thermally matched glass. In such all-solid glass PCFs made of
two thermally matched glasses, there is also a possibility to in-
fluence the chromatic dispersion profile by manipulating the
material dispersion contribution. A PCF with an all-solid glass
structure was demonstrated for the first time by Feng ez al. [47].
Construction of an all-solid structured fiber requires at least
two glasses with different refractive indices, but with thermal
properties matched as close as possible. It is especially impor-
tant to assure similar values of the thermal expansion coeffi-
cients and the characteristic temperatures. Such structures,
designed specifically with coherent SC generation in mind,
were first demonstrated by Buczyniski and co-workers [48].
They had their core and lattice made of the commercially avail-
able F2 glass (Schott). The lattice inclusions were made of
boron-silicate glass developed in-house and melted in the
Glass Department laboratory at ITME. The composition of
this glass labeled NC21A is as follows: (mol.%) SiO,,
56.84; B,O;, 23.19; ALOs, 0.61; Li,O, 6.23; Na,O, 9.51;
K,0, 3.63. The refractive indices measured at a wavelength
of 1550 nm for the two glasses are np, = 1.59487 and
nncaia = 1.51130, respectively. Therefore the fiber guides
light by total internal reflection. The glass transition
temperatures for the two glasses are 7gp, = 569°C and
Tancaia = 492°C. Nonlinear refractive indices, measured
at 1240 nm [49], are 7, = 2.9x 1072 m?/W (F2) and
n, = 1.1 x 10720 m?/W (NC21A).

A variant of this PCF lattice type was demonstrated recently
[35] with the use of solely commercial glasses F2 (lattice inclu-
sions and surrounding tube) and SF6 (core and hexagonal
lattice), both from Schott. A typical image of the PCF micro-
structure is shown in a scanning electron microscopy (SEM)
image in Fig. 1. An obvious advantage of the new design
is the use of highly nonlinear SF6 glass for the core with
ny = 21 x 10729 m? /W—measured at 1500 nm [50]. The
transition temperature of SF6 is Tggr, = 423°C; therefore
it is thermally matched to F2. The linear refractive index
of SF6 measured at a wavelength of 1550 nm is 7ngps =
1.764133, allowing for index-guiding fiber designs with F2
glass. None of the three glasses (NC21A, F2, SF6) is thermally
matched to a lead—bismuth—gallate oxide glass (PBGOS),
which was used for the development of nonlinear PCFs for
noise-driven SC across the near-infrared [18,19]. The compo-
sition of this glass is as follows: (% mass) PbO, 39.17; Bi, O3,
27.26; Ga, 03, 14.26; CdO, 5.26; SiO,, 14.6; Tg = 484°C.

Interestingly, its transmission window extends from below
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(b)

Fig. 1. SEM images of all-solid soft glass ANDi PCFs. (a) NL21
series: core and hexagonal lattice (light color) made of F2 glass, lattice
inclusions and lattice surrounding made of NC21A glass. (b) NL38
series: SFG in the core and lattice, F2 in the inclusions and the
surrounding tube.

0.5 pm to around 5.0 pm; however, a strong and difficult to
eliminate OH™ absorption band at 2.8-3.1 pm has hindered
the utilization of this potential in optical fibers. This glass
can be thermally matched to a UV-extended silicate-based glass
with the following composition: (% mass) SiO,, 53; K, 0O, 7.5;
Na,O, 5; Li,O, 5; B,O3, 28; AL,O3, 1.5; Tg = 495°C, la-
beled UV710. This rather unusual combination would allow
us to exploit the PBGO8 high nonlinear refractive index
ny = 43 x 102° m? /W, exceeding that of SF6 glass. The lin-
ear refractive indices of the glasses, measured at a wavelength
of 1550 nm, are nppges = 1.88772 and nyy710 = 1.51065.

Table 1.
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Although not demonstrated yet physically, linear simulations
for selected topologies designed with this pair of glasses suggest
similar linear properties to fiber designed with the pairs
NC21A/F2 and F2/SF6. Together with the high nonlinear
refractive index of PBGO08, this glass combination is very prom-
ising for applications in ANDi PCF development.

All three designs of fibers share a hexagonal lattice design, as
shown in Fig. 1. Geometrical parameters of the lattice of se-
lected fabricated fibers are summarized in Table 1 and include
the NL21 series (NC21A/F2 glasses) and the NL38 series PCFs
(F2/SF6 glasses). Table 1 also includes lattice parameters of
PCFs potentially possible to draw using UV710 and PBG08
glasses—these are labeled with digits representing three individ-
ual simulations. The dispersion profiles calculated for these
parameter sets are shown in Fig. 2.

In the case of all glass pair combinations, the larger the lat-
tice parameters, specifically the core diameter and the lattice
inclusion relative size (see Table 1), the flatter the “saddle sec-
tion” of the dispersion profile. For the NL21C2 fiber, it is
within £10 ps/nm/km over 900-2600 nm wavelengths
(2600-2700 nm is the practical limit of the fiber’s transmission
window). While this would be beneficial for the optical wave
breaking (OWB) process constituting the spectral broadening
of ANDi SC (due to low FWM component offset), it is to be
noted that this fiber’s effective mode area at 2200 nm is already
more than 10 pm?. Dispersion of the PCF nonlinearity, rea-
sonably assuming wavelength-independent nonlinear refractive
index, can be controlled by manipulation of the wavelength-
dependent effective mode area. The nonlinear coefficient of an
optical fiber is expressed as y = 7, - @y /(¢ - Aeg); therefore it
scales approximately as y ~ A 4'; i.e., the nonlinear coefficient
drops linearly with the increase of the effective mode area [21].
Hence, there is a tradeoff between chromatic dispersion flatness
and effective nonlinearity for all fibers summarized in Table 1,
as increasing the core diameter flattens out the dispersion, but
also increases A.¢ and consequently reduces y. Comparing the
wavelength dependence of effective mode areas in the fibers,
it can be noticed that the NL21 series shows the strongest
variation of all types. In this fiber, Ay grows rapidly already
at 2500 nm, while the potential UV710-PBGO08 design labeled
“3” should have relatively flat A ¢ profile up to about 3000 nm,
which is already beyond the fiber’s transmission window.

Overview of Lattice Parameters of All-Solid Soft Glass PCFs with Engineered Normal Dispersion Profiles

NL21 Series

Outer Diameter [pim]

Core Size [pm]

Inclusion Size d [pum]

Relative Inclusion Size d/A

C2 155.0 2.46 2.3 0.90
C3 148.4 2.46 2.2 0.90
C4 142.8 2.46 2.16 0.89
NL38 Series Outer Diameter [pim] Core Size [pm] Inclusion Size 4 [pim] Relative Inclusion Size d/A
Cl 126.0 2.36 1.30 0.79
C2 132.5 2.53 1.39 0.77
C3 132.6 2.49 1.33 0.77
C4 135.4 2.44 1.38 0.77
UV710 + PBG08 Concept PCF Outer Diameter [pim] Core Size [pum] Inclusion Size d [pim] Relative Inclusion Size d/A
1 125.0 3.84 0.94 0.40
2 125.0 3.00 1.00 0.50
3 125.0 2.49 1.33 0.77
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Fig. 2. Dispersion profiles and effective mode areas obtained in
numerical simulations for the all-solid glass ANDi PCFs: (a), (b) NL21
series; (c), (d) NL38 series; (e), (f) UV710 + PBGOS fibers.

The tradeoff between chromatic dispersion flatness and effec-
tive nonlinearity and their influence on the obtainable SC
bandwidth has been recently discussed using simulations
and measurements SC in the NL21 and NL38 series fi-
bers [35].

4. ANDI SC MODELING

A rigorously parametrized generalized nonlinear Schroedinger
equation (GNLSE) model enables us to predict the perfor-
mance of ANDi nonlinear fiber with impressive precision.
The sequence of nonlinear processes composing the spectral
formation in femtosecond-pumped ANDi SC has been dis-
cussed in detail [51,52]. The entire process can occur fast over
typical nonlinear fiber lengths, as shown in Fig. 3(a). At the
initial stage, the spectrum broadens due to SPM—it is mani-
fested by the characteristic “S” shape of the time-wavelength
profile; see the numerical spectrogram in Fig. 3(b). The next
phase begins with modulation at the leading and trailing edges
of the propagating SC pulse (in the time domain), which is
generally assigned to the effect of OWB. In the spectral
domain, this corresponds to the beating between the new

(a) (b) (c) (d)
~ 1000 ~

E 1200 F
= 1400

B 1600 5
S 1800
3 2000
= 2200

2.5 5 -5 0 2 15 0 2 15 0
Propagation length in fiber (cm) Delay (ps) Delay (ps) Delay (ps)

2

Fig. 3. Sequence of physical processes broadening the ultra-short
laser pulse in an ANDI fiber. (a) Evolution of the spectrum along
the entire nonlinear fiber length. (b)—(d) Numerical spectrograms.

OWSB features and the parts of spectrum where OWB is yet
to occur (or the other way, depending on the direction of wave-
length shifting) [Fig. 3(c)]. From the time domain perspective,
mixing takes place between the SPM components and pulse
front or pulse tail, which contains the original center frequency
of the pulse. The results are the OWB sidebands completing
the spectrum [Fig. 3(d)].

Notably, the ANDi nonlinear process described above
occurs fast—that is, over the initial centimeters of the fiber
length. This is achieved by such a selection of the geometrical
parameters of the photonic lattice that there is a proper balance
between the linear effects (dispersion) and the nonlinear effects
(SPM and OWB initiated FWM). The short propagation
length, over which the spectrum is formed, has tremendous
meaning to PCFs drawn from soft glasses, as these fibers usually
suffer from larger attenuation compared to silica fibers.
Fluoride fibers would be an exception in that their loss is usu-
ally very low. However, dispersion engineering in fluoride glass
fibers is challenging due to the difficult glass technology, and
very few ANDi SC results in fluoride glasses have been reported
[38]. Attenuation of the NL21 series fibers is at the level of
2-3 dB/m. The discussed process occurring under pumping
such as the one used in the works [53,54] is coherent in
the sense that it is phase-preserving from shot to shot. This
is because the SPM and OWB processes are intrinsically
self-seeded. The roughly 70 fs pump pulse duration is short
enough so that the Raman response of the fiber glass, which
is delayed against the Kerr nonlinearity response, does not sig-
nificantly influence the spectral broadening in the perspective
of the pump pulse duration. The all-solid glass PCF designs,
summarized in the preceding section, offer a new solution
allowing them to influence and potentially to control the
coherence properties in SC generation.

5. ANDI SC GENERATION IN PHYSICAL FIBERS

A. Review of State of the Art

This work treats SC generation mainly from the soft glass
perspective, and it is important to begin reviewing the state-
of-the-art by stressing the motivation for selecting this material
platform. Despite inferior mechanical properties compared to
silica, soft glass fibers have the advantage of much broader
transmission windows, covering the mid-infrared wavelengths.
Moreover, in nonlinear optics applications, the high values
of the nonlinear refractive index of most soft glasses usually
more than compensate for their higher background loss com-
pared to silica fibers. Indeed, extensive research has resulted in
reports on SC generation covering the near- and mid-infrared
wavelengths from about 1 pm up to even 15 pm in either
step—step index or suspended core chalcogenide glass fibers
[16,17,55,56]. Owning to the high nonlinearity and the com-
bination of visible and mid-infrared transmission in certain
chalcogenide glasses, hybrid chalcogenide—tellurite glass fibers
have been demonstrated for tunable third-harmonic genera-
tion [57]. Tellurite oxide glass fibers, having narrower transmis-
sion windows than chalcogenides, but benefitting from better
mechanical properties, have also been investigated for mid-
infrared SC generation up to about 5 pm [15,58-61], as well
in fiber parametric amplifiers [62]. It is worth noting that
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Table 2. Coherent, Pulse-Preserving SC Generation in ANDi Fibers®

Pump Pump Pulse SC Spectral Reported Year of
# Fiber Glass Wavelength [nm] Duration Width [nm] Dyn. Range [dB] Ref. Publication
1. AsSe; /As,Ss 2700 200 fs 2200-3300 35 [39] 2016
2. Ge:SiO, 1560 23 fs 1100-2200 30 [36] 2016
3. As, S5 3830 300 fs 3000—4800 20 [37] 2015
4. SiO,, PM fiber 1041 229 fs 750-1300 — [25] 2015
5. F2/NC21A 2160 60 fs 950-2550 10 [35] 2015
all-solid glass PCF
6. SF6/F2 2160 60 fs 1100-2700 20 [35] 2015
all-solid glass PCF
7. F2/NC21A 1550 75 fs 950-2300 <10 [54] 2014
all-solid glass PCF
8. SiO, 1064 350 fs 700-1400 10 [31] 2011
9. SiO, 650/790/1050 50 fs 600-1500 20 [32] 2011
425-900
10. SiO, 625 50 fs 370-895 20 [68] 2011
11. SiO, 1690 110 fs 1100-2100 20 [33] 2007
12. SiO, 1552 712 fs 1400-1725 20 [69] 1998
13. BK-7 (bulk glass) 530 4-8 ps 400-700 - [10] 1970

“Experimental Results; PM, polarization maintaining.

tellurite glasses are a particularly versatile group of materials for
fibers. Tellurite optical fibers have been reported having two
embedded metal electrodes, thus combining optical and elec-
trical functionalities [63]. Various fluoride non-oxide glasses,
including ZBLAN, are currently and unquestionably the most
important materials for mid-infrared SC generation in fibers
[16,64,65]. Recently, a PCF made of ZBLAN glass was re-
ported with enhanced performance of SC generation in the
ultraviolet wavelength range [66]. Despite the fact that their
nonlinearity is comparable to silica and their transmission win-
dow in optical fibers limits practical SC generation to usually
4-5 pm, ZBLAN fibers enabled the introduction of mid-
infrared SC sources as commercially available devices by several
vendors [67].

Coherent and pulse-preserving SC generation is particularly
dependent on the strength of the nonlinear response of the en-
tire system. From the fundamental perspective of the physics
of the process, it requires pumping with femtosecond laser
pulses. Nevertheless, the high nonlinearity intrinsic to most soft
glass fibers has also been shown to be very supportive in extend-
ing such SC spectra towards the red [35].

Table 2 lists a selection of the most important results in re-
cent literature on coherent SC generation in ANDI fibers. Most
results to date have been obtained in PCFs, the result reported
by Kadenburg ez al. on mid-infrared ANDi SC being an excep-
tion in this lineup [37,39,52]. Femtosecond pump sources in
these experiments were typically complex, tunable optical para-
metric amplifiers (OPAs), which deliver pulses lasting around
50—100 fs with ample energy. In the case of chalcogenide fibers,
the wavelength tunability of OPAs was necessitated by the lack
of alternatives in mid-infrared femtosecond laser systems. In the
cases of near-infrared pumping of silica and silicate glass ANDi
fibers, the strengths were often convenience and availability
for particular experiments, while femtosecond lasers at fixed
wavelengths compatible with these fibers were available as well.
While Table 2 shows experimental data, a significant number

of theoretical (numerical) simulations on ANDi SC generation
have been published as well, and a reading list could include
SC generation in silica PCFs [51,70], Ge-doped silica PCFs
[71,72], and chalcogenide glass PCFs or waveguides [39].
Pulse-preserving ANDi SC spectra spanning at least an
octave are readily obtained under pumping with a range of
sub-picosecond laser sources. Pure silica glass enables dispersion
engineering for the Tisapphire and ytterbium laser wave-
lengths (790 nm and around 1050 nm), although PCF designs
compatible with erbium pump lasers have also been demon-
strated (1560 nm and Raman-shifted 1560 to 1690 nm).
Oxide soft glass PCFs, including the designs recalled in detail
in this work, are compatible with erbium laser wavelengths, as
well as with the emerging thulium lasers (1900-2100 nm).
These fibers enable us to cover wavelengths from the visible
to around 2800 nm, which is the limit of transmission of silica
and silicate-type glasses. Mid-infrared pulse-preserving super-
continua can be realized in chalcogenide fibers as shown
in recent years—see Table 2. However, chalcogenide glass
has a very steep normal dispersion slope at wavelengths of typ-
ical, efficient mode-locked fiber lasers, specifically ytterbium,
erbium, and thulium (1.0, 1.5, and 2.0 pm), and octave-
spanning, femtosecond SC generation in these PCFs—
although  possible—requires mid-infrared  pump
wavelengths available only from OPA systems. In the lineup
shown in Table 2, the all-solid oxide soft glass PCFs demon-
strate a convenient compromise of at least three practical fea-
tures: the transmission window, the nonlinear response, and the
material dispersion enabling design of PCFs compatible with
standard laser wavelengths. In other words, although the
mid-infrared part of the spectrum is inaccessible with these ma-
terials, the fibers made from these glasses enable further reach
into the infrared than silica PCFs and still under pumping with
typical wavelengths available from fiber-based mode-locked
lasers, which are becoming a standard [73,74]. Almost all of
the results listed in Table 2 were reported in polarization

exotic
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non-maintaining fibers, and the polarization context has indeed
been omitted in the bulk of ANDi SC research.

Form birefringence of ANDi PCFs has been found to
influence the coherence properties of ANDi SC [24,25,75].
Birefringence as small as 10~ stemming from PCF structure
imperfections introduced during fiber drawing has been iden-
tified to hinder ANDi SC pulse recompression, which was not
observed in a polarization maintaining (PM) ANDi PCF SC
investigated for reference [75]. Although no significant phase
decoherence has been observed in these experiments, it was
later reported that spectral instability, not detectable in PM
fiber ANDI SC, could be recorded even in weakly birefringent
fibers [24]. It has been further determined that form
birefringence-related noise in ANDi SC was seeded by random
field distributions between the two orthogonal polarizations of
the PCF [25].

B. Pulse-Preserving SC in Soft Glass Fibers Pumped
at 1560 nm

A comprehensive report on ANDi SC generation in soft glass
PCFs was delivered in the work [54]. The structure of the fibers
used corresponded to the all-solid hexagonal lattice PCFs dis-
cussed in the preceding section. Through the change of geo-
metrical parameters, such as the diameters of the core and
the photonic cladding, the pitch, and the relative inclusion size,
the team designed a family of fibers with chromatic dispersion
shown in Fig. 4. The geometrical parameters of the fibers in
that particular series are listed in Table 3.
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Table 3. Geometrical Parameters of the Series
of All-Solid Glass PCFs with ANDi, as used
in Ref. [54]

Outer Lattice

PCF Diam. Diagonal Width of the Inclusion

No. [pm] [um] Core [pum] Diam. [pm] d/A
Bl 143.0 35.61 2.43 2.15 0.91
B2 140.3 35.06 2.40 2.13 091
B3 136.6 34.65 2.37 2.11 091
B4 131.0 33.33 2.25 1.99 0.91
B5 128.8 31.55 2.13 1.93 0.91

The fabricated fibers have almost flat dispersion profiles in a
wide range of wavelengths. The change of the lattice geomet-
rical parameters (decrease of overall lattice size) results in the
change (increment) of the absolute value of dispersion of
the flattened section of the dispersion profile, as well as a
red-shifting of its local maximum. Detailed studies of these
dependencies were conducted earlier [76]. The family of SC
spectra, recorded in the fabricated fibers under pumping with
70 fs pulses centered at 1550 nm, is shown in Fig. 5(a). The
pump source in these experiments was an OPA. In the best case
(fiber B1) the spectrum spanned a wavelength range from
900 to 2300 nm. These results are comparable and exceed only
slightly the SC widths reported in air-hole silica or silica—
germanium PCFs pumped with femtosecond pulses around
1.5-1.6 um [33,36].

The comparison of experimental and numerical results
reported for soft glass NL21 series PCFs in [54] is shown in
Fig. 5(b). The discrepancy between experiment and simulation
around the pump wavelength was assigned to unconverted
pump pulse energy guided in the photonic cladding, which does
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Fig. 5. (a) SC spectra recorded for the ANDI fibers listed in
Table 3, measured under pumping with 70 fs centered at
1550 nm, and (b) broadest recorded spectrum in the NL21B1 fiber,
its numerical reconstruction with a GNLSE model and measured
pump laser spectrum [54].
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not participate in the nonlinear broadening process under these
pump pulse durations (<100 fs). For longer pump pulses, the
interaction between the lattice-confined, unconverted pump
radiation and the nonlinearly guided mode in the core has been
found to mitigate SC decoherence [77,78]—which will be

discussed in the following section.

C. Pulse-Preserving SC in Soft Glass Fibers Pumped
at >2000 nm

Ultra-fast femtosecond lasers based on Tm, Tm/Ho, or
Ho-doped fibers operating at 1.9-2.0 pm and beyond are
becoming available, not only at laboratories [73,74,79,80]
but also at major vendors [41]. Available literature often points
out applications of such laser systems in SC generation, espe-
cially that pump wavelengths around 2 pm are compatible with
fluoride glass fibers and enable solitonic SC generation across
near-infrared and mid-infrared wavelengths. With the flattened
“saddle” section of the soft glass PCFs discussed here, extending
from below 1.0 pm up to the transmission cutoff of silicate
glasses at about 2.8 pm, these fibers are natural candidates
for these new 2.0 pm femtosecond lasers and extension of
pulse-preserving SC generation towards the mid-infrared. In
order to explore these possibilities, SC generation in NL21
and NL38 series fibers has been investigated under pumping
with femtosecond pulses at wavelengths exceeding 2 pm
[35]. Specifically, an OPA system delivering 60 fs pulses tuned
to a wavelength of 2160 nm has been used. Two types of
fibers from each PCF family have been used in experiments;
their geometric and optical parameters are summarized in
Tables 4 and 5. SC spectra obtained in 30-cm-long samples
are shown in Fig. 6. Optical power values refer to average
powers incident on the fiber input facet in each case. The
NL38 fibers proved much more resistant to optical power
damage and could be pumped stronger than the NL21 series,

Table 4. Geometrical Parameters of NL21 and NL38
Series Fibers used in Experiments with Femtosecond
Pumping at a Wavelength >2.0 um

Fiber designation NL21C2 NL21C4 NL38A2 NL38A4

Inclusion size [pm] 2.3 2.2 1.25 1.2
Lattice constant [pm] 2.56 2.41 1.55 1.54
Core diameter [pm] 2.46 2.46 2.27 2.21
Lattice diameter [pim] 38.0 35.6 25.3 24.6
Outer diameter [pm] 155 143 120 117
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Fig. 6. SC spectra measured in the all-solid soft glass ANDi PCFs
under 2160 nm femtosecond pumping. (a) NL21C2, (b) NL21C4,
(c) NL38A2, and (d) NL38A4 [35].

although similar results to those shown in Figs. 6(c) and 6(d)
were obtainable at incident average power levels comparable to
those indicated for the NL21 fibers. It is notable that only
NL38 fibers exhibit any red-shifted spectral broadening, with
the broadest spectrum reaching the transmission cutoff of
the fiber at about 2800 nm. In the NL21 fibers, the red-shifted
part of spectrum turned out to be practically limited to the
extent of the pump spectrum.

The explanation of these differences in spectral broadening
efficiency is related to the tradeoff of dispersion flatness and
nonlinearity already discussed in the previous section. The fiber
attenuation was ruled out as a decisive factor on its own [35].
Figure 7(a) shows calculated effective mode areas and Fig. 7(b)
the dispersion profiles of the two types of fibers. Due to higher
index contrast between the glasses of NL38 PCFs than between
constituent glasses in the NL21 lattice, the NL38 fibers have
roughly half the effective area at 2400 nm than the NL21 fi-
bers. On the other hand, NL21 fibers enabled us to engineer
flacter dispersion profiles due to similar curvatures of the
material dispersion profiles of the constituent glasses [81].

Nonlinear simulations based on a GNLSE similar to the one
described in preceding sections were performed for the follow-
ing scenarios: wavelength-dependent effective mode area and
fiber loss included in the model, model including fiber loss
but with A fixed to the value at the pump wavelength,

Table 5. Nonlinear Optical Parameters of the NL21 and NL38 Type ANDi Fibers at Wavelengths Compatible with

Erbium- and Thulium-Doped Laser Systems

1550 nm 2160 nm
Fiber A [pm’] y [W'km™] A [pm’] y [W'km™]
NL21C2 6.2 13.6 11.5 7.6
m* =29 x 10720 m? /W
NL38A2 4.0 213.7 6.5 133.1

m' =21 %1020 m?/W

“F2 glass, taken after Ref. [49], measured at 1240 nm.
’SFG glass, taken after Ref. [50], reported for 1500 nm.
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Fig. 8. Reconstruction of experimental results with numerical sim-

ulations: (a) NL21C2 fiber, (b) NL38A2 [35].

and a model with a fixed A g in a lossless PCF. Results for both
PCF types are shown in Fig. 8, and the nonlinear optical
parameters of the two fibers are given in Table 5.

More than an order of magnitude difference in the nonlin-
earity of the NL21 and NL38 series of fibers leads to a situation
in which the spectral broadening in the NL21 series is miti-
gated by fiber attenuation at the long-wavelength edge of
the pump laser spectrum. In the NL38 fibers, on the other
hand, the nonlinearity is strong enough for the broadening
to continue up to the fundamental limit of the fiber’s transmis-
sion window.

6. NEW METHODS OF ENHANCEMENT
OF THE COHERENCE PROPERTIES OF
SC GENERATION

ANDI coherence properties deteriorate with increasing pump
pulse duration, due to an increasing contribution of Raman
scattering [23,82]. The rate of this deterioration will depend
on the contribution of delayed Raman response to the Kerr
nonlinearity. Furthermore, Raman scattering is usually accom-
panied by FWM [82-84], and even with solitons not sup-
ported, the energy is rapidly transferred to the anti-Stokes
and Stokes Raman bands of the pump wavelength, and these
new components act as pumps in a noise-seeded FWM. Thus
noise is amplified even when the nonlinear medium has normal
dispersion across all wavelengths of interest.

The phase coherence—that is, phase fluctuation occurring
in SC generation from shot to shot—can be evaluated with
a standard Michelson type interferometer with unequal
path lengths. Results of typical interference measurements
for anomalous dispersion-pumped PCFs (NL24 series) and

AND:i fibers (NL21 series) are shown in Fig. 9 for different
pump powers. The modulus of the complex degree of coher-
ence, carrying the information on the pulse-to-pulse phase vari-
ability across a wavelength range, is mathematically defined in
the following form:
(E1(4 1) Ey (4 1))
(£ £)PHIE2 (A 1) )]V
2
The coherence degree was simply inferred from the interfer-
ence fringe contrast. The pump conditions in all phase-
coherence measurements were the same—erbium fiber laser
with chirped pulse amplification (CPA), 4g = 1560 nm, 7y =
400 fs [85]. The SC pumped into anomalous dispersion
(NL24 fiber) reveals phase-coherence properties consistent with
expectations. For the smaller input pulse energy [Fig. 9(a)], over
a fixed length of fiber the characteristic length scales for nonlin-
earity and for the MI are favorable for the SPM and SF, rather
than for noise amplification. For the larger pump pulse energy
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Fig. 9. Results of interference measurements of SC spectra and pro-
files of spectral degree of coherence: (a) anomalous dispersion-pumped
PCF, coupled pump pulse energy Ej, =2 nJ; (b) anomalous
dispersion-pumped PCF, E;, = 5 nJ; (c) ANDi PCF, E;, = 2 nJ;
and (d) ADNi PCF, E;, = 5 nJ [78].
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this situation is reversed and noise can be amplified earlier over
the fiber sample length; hence the SC experiences decoherence
[Fig. 9(b)] [13]. Pumping of SC in the ANDi PCF (NL21) re-
sults in coherent SC formation across the complete spectral
width and for all investigated input pulse energies, as shown
in Figs. 9(c) and 9(d).

Fluctuations of the spectral intensity from shot to shot were
resolved with the dispersive Fourier transformation (DFT)
method [86-88]. A carefully selected dispersive medium, for
example, a single-mode fiber or a pair of diffraction gratings
or prisms, can be used to stretch an optical pulse in the time
domain. With simultaneous limitation of the pulse energy de-
livered to the stretcher element, it is possible to avoid its non-
linear response and the pulse spectrum remains unchanged. The
chromatic dispersion of the stretcher element should not change
sign within the wavelength range covered by the spectrum being
resolved. If these conditions are met, then the temporal envelope
of the stretched pulse maps into its spectrum. The main com-
ponents of the used setup were the dispersive medium—1000 or
3700 m (depending on SC spectral width) of DCF-38 fiber with
normal dispersion up to about 1900 nm—a fast photodiode
with 20 GHz bandwidth, and a fast oscilloscope with 13 GHz
bandwidth. The result of the measurement is an oscillogram
picturing temporal envelopes of the consecutive pulses.

With maintained linear conditions of stretching in the disper-
sive element (no nonlinear perturbation of the spectrum of pulses),
the frequency scale (and thus the wavelength scale) is obtained
from the oscilloscope time-base according to the formula [87,88]

T(w) = Z%~ (@ - w,)". 3)
m=1 :

Using this scheme, the authors realized time-resolved mea-
surements of the output pulse spectra of the 400 fs pump laser
and of the SC pulses with durations of several picoseconds.

DFT measurements allow for linear stretching of pulses
originally much shorter than the rise and fall times of available
detectors (for the photodiode used in the experiments it was
about 140 ps), in the discussed case up to about 10 ns. The
length of the dispersion medium that stretches the investigated
pulse has to be selected such that the total introduced group
delay allows maintaining a satisfactory resolution of the spec-
trum retrieved from the oscillogram. The upper limit on the
stretching is imposed by the overlapping of consecutive pulses.
Here, the upper limit was set by the pump laser repetition rate
of 40 MHz, corresponding to 25 ns of pulse-to-pulse separa-
tion. It is to be noted that a DFT measurement loses phase
information and only the single-shot measurement of the pulse
spectrum is possible. Measurements of pulse-to-pulse interfer-
ence are thus required to assess the SC phase coherence.

Spectral intensity stability measurements in both types of
fibers, performed with the DFT method, were in agreement
with results of coherence measurements in a Michelson inter-
ferometer, in a way that there had been a correspondence be-
tween a coherent SC pulse and a shot-to-shot stable spectrum
[77,78]. In the DFT measurements, ensembles of more than
1200 spectra of consecutive SC pulses were recorded for the
NL24 and NL21 fibers. Figure 10 shows the dramatic differ-
ence in the shot-to-shot stability of the SC pulses. For the
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anomalous dispersion-pumped NL24 fiber, the spectral fluctu-
ations exceed 7 dB for most of the covered spectral range. The
ANDI spectrum in NL21 fiber also fluctuates, but the ampli-
tude of these variations is significantly smaller, and in almost
the entire investigated spectral range it remains below 1 dB,
which can be related to factors such as limited dynamic range
of the measurement setup (about 20 dB in this case). It is in-
teresting to note the shape of the SNR profiles for both fibers
(Fig. 10), which here are the measures of the shot-to-shot spec-
tral fluctuation. First, the SNR for both fibers is similar around
the pump wavelength. This is understandable, since higher or-
der modes and cladding modes are excited and the unknown
phase profile of the pump has the most influence. In the NL24
fiber the SNR does not improve with the detuning from the
pump. In the ANDI fiber the noise is quenched as the spectral
sidebands develop. Moreover, the profile of SNR in the NL21
fiber SC has a characteristic train of local maxima extending
towards the shorter and longer wavelengths from the pump.
For an in-depth analysis of these interesting phenomena, spec-
tral correlation analysis has been used to peek into the relative
dynamics among individual spectral components of the gener-
ated SC spectra. Spectral correlation analysis of SC has recently
been proposed by Dudley and co-workers from the Universite
de Franche-Comte in Besancon, France [87,88]. The correla-
tion in this approach is discussed using a map, calculated
according to
(1(A)1(4y)) - (1A {1 ()
V{PG)) - TAD)DTP(A) - (1(42))?)
@)
The map contains values from -1 to 1. The Cartesian co-
ordinates of the map represent each possible pair of wavelengths
in the SC. The value of 1 stands for full correlation—that is,
when the intensity at both correlated wavelengths either in-
creases or decreases at a given time. The value of -1 represents
a situation in which the two wavelengths are anti-correlated.
When the intensity at one of them increases, then that at
the other one decreases. The diagonal from the lower-left cor-
ner to the upper-right corner contains values of 1, which is a
trivial confirmation of every wavelength being at full correlation
with itself. The map is also symmetric against this diagonal.
Spectral correlation maps (or simpler “correlation maps”) often
enable us to observe subtleties in the SC dynamics that are
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otherwise impossible to record in ensemble averaging or even
in the averaging measurements retaining the phase informa-
tion [87]. The correlation maps calculated according to Eq. (4)
using the experimental data for the NL24 and NL21 fibers
are shown in Fig. 11.

The correlation map obtained from experimental data for the
NL24 fiber (pumping into anomalous dispersion) [Fig. 11(a)]
contains traces typical to soliton dynamics, dominated by SPM,
SE, and SSES, as well as dispersive wave generation. Two corre-
lation maps were calculated for the NL21 fiber. The process of
spectral formation, shown in Figs. 11(b) and 11(c), has been
shown for two different average pump powers of 350 and
390 mW (with the fiber in-coupling conditions unchanged).
The characteristic feature of both maps is the presence of a
jitter-like pattern [87]. For the lower pump power (350 mW)
[Fig. 11(b)], this pattern can be observed at the red-shifted wave-
lengths of the spectrum [77], and it appears at the blue-shifted
side of the spectrum in the higher pump power recording
(390 mW). In both cases these “foot-prints” are assigned to the
interaction of FWM and Raman scattering [21]. This pump
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Fig. 11. Spectral correlation maps obtained from DFT measure-
ment data. (a) Typical features of SPM, SF, and calculated location
of the dispersive wave (DSW) are indicated for the soliton-based
SC. (b), (d) ANDi SC correlation is shown indicating formation of
pump-seeded Raman components, first at Stokes-shifted wavelengths
(350 mW of average pump power), followed by (c), (e) anti-Stokes-
shifted wavelengths (390 mW of average pump power). SRS, stimu-
lated Raman scattering. (f) Spectral correlation of the pump laser is
shown in the bottom right [78].
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power-related differentiation of the correlation pattern dynamics
can be explained, because the anti-Stokes wing of the Raman
scattering signal is usually one to two orders of magnitude less
intense than the Stokes-shifted wing. The accompanying process
of FWM, in which the higher orders of Raman scattering of the
pump pulse act as FWM pump signals, makes the anti-Stokes
Raman wing strong enough so that it is only roughly 20%-30%
below the level of the Stokes-shifted wing. A clue to the iden-
tification of these correlation features can be proposed with the
spectral correlation patterns of the pump laser. Its correlation
map is shown in Fig. 11(f). Comparing this pattern with the
traces present in the long-wavelength and short-wavelength sides
of the ANDi spectrum [Figs. 11(d) and 11(e)] suggests a con-
tribution of the pump laser in the SC dynamics. This conclusion
may seem trivial, but the correlation map of the laser, shown in
Fig. 11(f), was calculated for the laser beam before its coupling
into the nonlinear fiber, while the ANDi SC correlation maps
were calculated from the data recorded at the output of the non-
linear fiber.

The structure of the NL21 fiber enables propagation of light
in the photonic lattice, not only in the core. In fact, this is sim-
ilar to the double clad fibers known from the fiber laser and
fiber amplifier technology. From the point of view of nonlinear
optics, it is important to distinguish between the core of the
NL21 fiber and its photonic lattice (photonic cladding) with
respect to the nonlinear response of the two areas. In the core,
the nonlinear processes are supported by strong spatial confine-
ment—that is, by a small effective mode area (see Table 5)—
while the photonic lattice has a diameter of about 35 pm.
Hence the nonlinear response of the lattice can safely be con-
sidered negligible, and the radiation in it is propagated only in a
dispersive manner. No nonlinear phase distortion of the pump
light takes place. Such an assumption is further supported by
linear simulations, which reveal that the lattice supports multi-
ple higher order modes. The electric field of these modes is
distributed with different patterns across the lattice, but usually
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Fig. 12. Numerically obtained mode field distributions.

(a) Fundamental mode in the core. (b)—(d) Typical higher order modes
in the photonic cladding of the NL21 type ANDi fiber [77,78].
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away from the nonlinear core. Still, their overlap with the
fundamental mode in the core is non-negligible. Results of
these simulations in the form of selected mode distributions—
of the fundamental mode in the core and three higher order
modes from the photonic cladding—are shown in Fig. 12.
During the in-coupling of the pump laser radiation into the
core of the NL21 series fibers, a part of the energy excites higher
order modes in the lattice. The presence of these modes in
the lattice can have an influence on the SC dynamics of
the fundamental mode in the fiber core. Specifically, the
nonlinearly undisturbed pump laser light (only dispersively
stretched) propagated by the lattice around the nonlinear core
can deliver a spectral component with a deterministic phase to
the core through mode coupling. We note that this coupling
mechanism stems from geometric overlap between the core and
lattice modes of the discussed all-solid glass ANDi PCFs, and
from this point of view it is a linear coupling. This is not to be
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mistaken with cross-phase modulation, which is a strongly non-
linear process, requiring that both interacting modes experience
strong nonlinear response of the waveguide. The deterministic
phase component at every step of propagation seeds a four-
wave mixing process, pumped by the Raman components,
during the spectral broadening in the fiber core. The determin-
istic seed signal therefore substitutes any possible noise seeds,
thus enhancing the phase stability of the SC. Nonlinear propa-
gation simulations could be used to further support this sce-
nario. GNLSE simulations are usually applied to cases limited
to the fundamental mode propagation, because the GNLSE
is scalar. For this particular case of interaction between a
higher order mode from the photonic lattice and the funda-
mental mode in the core, a vector variant of the GNLSE
(MM-GNLSE—multimode GNLSE) has been used. The par-
ticular MM-GNLSE model (5) adapted in this study was taken
after Refs. [89-91]:
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where f; is the propagation constant, f; is the inverse of the
group velocity, 5, denotes the dispersion terms of the two
modes, the superscript “(»)” denotes the higher order mode
(78], and Qim, denotes the complex mode coupling coeffi-
cients. The remaining symbols are consistent with the scalar
GNLSE, where A stands for the complex field amplitude, z
is the propagation coordinate, 7" represents time, 7, represents
the nonlinear refractive index, ¢ represents the speed of light in
vacuum, @y represents the center angular frequency of the sim-
ulation window (usually also the center frequency of the pump
pulse), R represents the delayed Raman response, and 7, rep-
resents the self-steeping timescale, dependent on the effective
mode area.

The numerical load of the MM-GNLSE model is very large
and can be prohibitive even on modern, up-to-date computers.
For this reason the model was implemented with only the fun-
damental mode and one single higher order mode from the
cladding. The calculations were performed for two cases: (1) us-
ing a scalar GNLSE model with only the fundamental mode’s
chromatic dispersion of the fiber core of the NL21 ANDI fiber,
and (2) for the same fiber the MM-GNLSE (vector) model

taking into account the fundamental mode and one higher or-
der mode from the photonic lattice. The pump pulse energy
considered in the core of the fiber was the same in both types
of simulations. It was assumed also that during the in-coupling
of pump light into the NL21 fiber 25% of the pulse energy
coupled and continued propagation in the photonic cladding,
and the remaining 75% coupled and propagated in the core.
In order to meet the assumption of equal energies in the fiber
core in both simulation series, the total pump pulse energy
coupled to the fiber in the vector simulation was accordingly
increased. The results are shown in Fig. 13. Four simulations
were conducted with each of the models, taking in-coupled
pulse energies in the core of 2, 3, 4, and 5 n] (that is, respec-
tively, 2.85, 4.29, 5.72, and 7.15 n] total in-coupled energy
into the fiber in the vector simulations). SC in the scalar
simulation maintains high coherence, however, only for the
lower pulse energies, specifically when the spectrum is limited
to the self-seeded SPM. As soon as the sidebands begin to ap-
pear, noise is amplified across the spectrum, with the long-
wavelength part being especially affected, which can be assigned
to Raman scattering and has been observed before [92].
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Fig. 13. SC spectra obtained from numerical simulations using
modeling (a) scalar GNLSE and (b) two coupled modes (vector)
GNLSE. 500-shot realization with one photon per mode noise shown
at each plot. In-coupled pump pulse energies shown in each plot [78].

As can be seen in the individual plots in Fig. 13(a), the phase
fluctuations are accompanied by intensity fluctuations. The
SC generated in the vector simulations remains coherent for
all investigated pump pulse energies. Specifically, noise ampli-
fication is avoided, as in the experiment, even when the spec-
trum width exceeds SPM.

Correlation maps calculated for the ensembles of simulated
spectra (4 and 5.72 n] pulses for scalar and vector simulations,
respectively) differ as well, as shown in Fig. 14. While the map
for the scalar simulation data [Fig. 14(a)] clearly shows an area
of incoherent Stokes and anti-Stokes wings of FWM-Raman,
the vector simulation [Fig. 14(b)] contains a regular structure
of correlated spots, located at both the short-wavelength
and long-wavelength sides of the spectrum. The pattern in
Fig. 14(b) is different than in the maps from the experimental
DEFT data [Figs. 11(b) and 11(c)], but their common feature is
the presence of a rectangular grid structure of correlated areas.
The vector simulation included only one mode from the pho-
tonic cladding, which could be delivering the deterministic seed
signal. The real fiber structure simultaneously supports multi-
ple higher order modes with an overlap to the core. The cor-
relation pattern obtained from experimental data [Figs. 11(b)
and 11(c)] is therefore a result of a spatio-temporal average of
influence of many modes with different dispersion character-
istics and different group velocity mismatch with the core
mode, and that interact with the core mode at different frag-
ments of propagation along the fiber, with different mode
couplings.
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Fig. 14. Spectral correlation maps calculated for the ANDi SC using
(a) scalar GNLSE and (b) vector (two coupled modes) GNLSE [78].

7. NANOSTRUCTURING OF FIBER CORE AS
NEW MEANS OF DISPERSION AND EFFECTIVE
MODE AREA ENGINEERING

The recent results, in particular the comparison of the NL21
and NL38 series ANDi PCFs in pulse-preserving SC perfor-
mance, suggest a significant influence of the engineering of
the effective mode area dependence on wavelength, on par
with dispersion engineering. The changes of both characteris-
tics due to the manipulation of the transverse geometry of the
fiber structure are strongly related. This can be a limitation in
the designing of a nonlinear fiber for ANDi SC generation.
Moreover, there is a limited number of glass compositions
with a satisfactory refractive index contrast, which enable joint
thermal processing into all-solid glass structured fibers.

The ITME glass and optical fiber group recently reported a
world-first nanostructured core, graded-index optical fiber
[93]. The core of the fiber was composed of about 8000 glass
rods from two types of boron-silicate glasses with refractive in-
dices of np = 1.5273 and np = 1.5581. The technological
approach was based on the effective medium theorem. Here
the refractive index distribution experienced by the wave propa-
gated in the structure stems from an effective value of refractive
index shaped by the distribution of the structure’s constituent
elements, as long as these elements are sub-wavelength in size.
The team designed the distribution profile of the elements
in the structure according to the desired parabolic profile of
the refractive index. The structure topology and theoretical
refractive index profile are shown in Figs. 15(a) and 15(b). The
stacked fiber core preform is shown in Fig. 15(c). It was 6 cm
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Table 6. Geometrical Parameters of the Fabricated
Nanostructured Core Fibers [93]

No Outer Diameter [pm] Core Dimensions [ptm x pm]
1 74.2 6.9 x6.0
2 58.5 5.4 x4.9
3 122.2 4.0 x 4.4
4 110.3 3.7 x4.2
5 100.9 3.3x3.9
6 90.16 2.8x3.2

long at the longer diagonal, and a single rod was 0.6 mm in
diameter. The long diagonal contains exactly 100 rods. After
a first drawing step in a fiber drawing tower, the preform
had a diameter of about 2.5 mm (depending on a particular
sample and intended follow-up processing) [Fig. 15(d)].
Before drawing into the final fiber, this sub-preform was placed
in a lower-refractive index glass tube. The series of drawn op-
tical fibers comprised several samples with different diameters
of the nanostructured core, ranging from about 3 to 7 pm. The
outer diameters were in the range of 74 to 120 pm and de-
pended on the process conditions. Their variation from sample
to sample did not influence the dispersive properties of the
fibers. The geometrical parameters of the fabricated fibers
are presented in Table 6, and the SEM images of selected final
fibers are shown in Figs. 15(e) and 15(f).

The refractive index profile in the fabricated fibers was sym-
metric against the axis of the fiber, but it is possible to create

(d)

(e) ()

Fig. 15. (a) Design of the core nanostructure, (b) theoretical distri-
bution of the refractive index in the core, (c) stacked preform of
fiber core, and (d) core preform drawn at a fiber drawing tower.
Typical SEM images of (e) final nanostructured core fiber-core area
and (f) detail of the core nanostructure [93].
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other, asymmetric topologies of gradient index fibers using the
same technological platform. In the fabricated test series of
fibers, the dispersion profile followed a reversed trend of evo-
lution with changes of the core dimension to what is known
from the existing literature. The zero-dispersion point was red-
shifting and then disappearing altogether (the dispersion profile
moving into the all-normal range of values—within the studied
wavelength range) along with decreasing of the core diameter,
as shown in Figs. 16(a) and 16(b). Results of energy-dispersive
X-ray spectroscopy (EDS) measurements on the fiber samples
revealed a process of selective diffusion of certain atoms of the
chemical composition of the core glasses. As a result, the spatial
profiles of distribution of atoms including barium, silicon, and
oxygen in the boron-silicate glasses are changed at the nano-
structure level, compared to the drawn preform of the core.
A further consequence is that in the final fiber there is a
change of the material dispersion contribution of the nano-
structure in the core. This hypothesis is confirmed by numeri-
cal simulations, in which the material dispersion profile was
modified within the nanostructured core area. Using one such
optimized material dispersion profile allowed the numerical
reconstruction of both the initially assumed parabolic distribu-
tion of the refractive index profile (shaped primarily by the
barium atom concentration) and the trend of evolution of
the fiber dispersion with the change of the nanostructured core
dimension. These results are shown in Figs. 16(c) and 16(d).

This demonstration shows that the traditional tradeoff
between effective nonlinearity and flatness of the chromatic
dispersion profile might be overcome by novel nanostructures
in the core region of the fiber. The experimental demonstration
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Fig. 16. (a) Chromatic dispersion estimated from the design of
the nanostructured core fibers based on numerical simulations.
(b) Measured dispersion profiles of the fabricated fibers. (c) Spatial
and spectral profile of the effective refractive index in the nanostruc-
tured core (dependence on the normalized diameter). (d) Chromatic
dispersion profiles calculated for the fibers with different core
diameters for an optimized material dispersion at the core nanostruc-

ture level [93].
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of refractive index profile shaping in an arbitrary manner, which
was constrained neither to any axial symmetry nor to any other
limitations known from the gradient index fiber technology, is a
first step in this direction. In the context of ANDi SC gener-
ation the design of normal dispersion profiles with robust core
sizes facilitating strong nonlinear response of the nanostruc-
tured fiber would be of interest. At the same time, nonlinear
mode self-cleanup, reported in standard multimode graded-
index fibers [94], could offer yet new solutions to manage
the mode structure of this type of ANDI fibers, answering
the concerns about the expected multimode operation inherent
to strongly confining fiber cores.

8. CONCLUSIONS

Advancements in femtosecond laser technology improve the
accessibility to coherent, broadband light sources. This is fur-
ther fortified by new developments in nonlinear optical fibers.
High-quality, octave-spanning, and pulse-preserving SC laser
setups have been reported in silica, silicate, and chalcogenide
glass fibers, at wavelength ranges covering the spectral region
from the UV up to 5 pm. In particular, with maturing of
the ytterbium and erbium fiber-based femtosecond lasers
(1.06 and 1.56 pm) and with the rapid progress in thulium
or thulium-holmium co-doped femtosecond systems (1.9—
2.1 pum), the entire near-infrared from about 0.7 to 2.8 um
can be covered with a single pulse-preserving SC using reliable
silica or silicate ANDi PCFs. Extending this coverage into the
mid-infrared over the 2.8-3.2 pm OH"™ edge of silica or silicate
glasses requires non-oxide glass fibers. While potential candi-
dates include standard step-index chalcogenide fibers, the
required pump wavelength is located in the mid-infrared,
and currently is available only from complex OPA systems.
From the application point of view, pulse-preserving SC in
the near-infrared is very attractive since its bandwidth matches
amplification bands of the three robust fiber amplifier systems
based on ytterbium, erbium, and thulium dopant ions, ena-
bling interesting possibilities in power scaling of high-quality,
ultra-short light pulses in relatively compact setups.

We have summarized the design, characteristics, and SC
generation performance in all-solid soft glass PCFs. Results
obtained with fibers on this glass platform remain generally
compatible with silica or silica—germanium fibers with the
attainable spectral band reaching out to about 2.2-2.4 pm with
1.56 pm femtosecond pumping. Comparative studies per-
formed with two families of soft glass ANDI fibers pumped
at wavelengths exceeding 2.0 pm suggest that the ANDi SC
bandwidth is significantly influenced by the strength of the
effective nonlinearity, a factor that can be influenced to a large
extent by the choice of glass composition. This gives an addi-
tional degree of design freedom in comparison to silica fibers,
where the SC bandwidth is usually determined by the flatness
of the ANDI dispersion profile.

Decoherence of normal dispersion-pumped SC pulses with
increasing pump pulse duration is an issue if means of softening
the requirements on the pump pulse parameters—and thus the
complexity of the pump source—should be considered. We
have experimentally compared the phase coherence and spectral
stability of solitonic, MI-driven SC and of an ANDi SC.

Coherence enhancement in the ANDi SC has been theoreti-
cally investigated using numerical modeling, supported by
spectral correlation maps calculated from measured shot-
to-shot resolved spectra. The suggested mechanism has been
assigned to the interaction between the fundamental mode
of the PCF core and the higher order modes from the surround-
ing photonic lattice. It is suggested that in this specific case of
ANDi PCF, where the lattice area supports index guiding, the
lattice modes deterministically seed the nonlinear process in
the core, mitigating any possible noise amplification effects.
The spatio-temporal approach to modification of the stochastic
properties of SC can be further exploited in nanostructured
graded-index core fibers, in which the mode areas and
dispersion profiles can be shaped by arbitrary designs of the
refractive index profiles. We have demonstrated nanostructured
core graded-index fibers using the silicate glass platform,
although the approach principally based on the standard
stack-and-draw procedure should be fully compatible with
the silica and non-oxide glasses as well.

The review contained in this work allows us to conclude
that in terms of further extending the spectrum of pulse-
preserving SC, the fiber material choices are practically ex-
hausted. In the near-infrared wavelengths, the silica or silicate
glass fibers enable covering wavelengths up to 2.8 pm under
pumping with standard femtosecond lasers. Extending the
spectrum further beyond the OH~ absorption band at this
wavelength requires a different glass. An immediate solution
is available even with a commercial mid-infrared fiber patch-
cord, but the required femtosecond pump laser wavelength
is currently obtainable only from a complex parametric ampli-
fier source [37]. Therefore from the fiber design perspective,
it would be desirable to obtain fibers with normal dispersion
profiles and mode area characteristics engineered for effi-
cient cascading of ANDi fibers. Thus the cascade would
begin with an ANDi PCF suitable for pumping with a mature
femtosecond laser operating at either 1.0 or 1.56 pm and then
continue extension of the spectrum in a following cascade stage
constituted by, e.g., a fluoride, tellurite, or chalcogenide fiber.
This approach has already been validated for the MI-driven,
anomalous dispersion SC [95].

While it cannot be reasonably expected that ANDi SC
would exceed solitonic, MI-driven sources in terms of band-
width for comparable pump powers, the noise suppression
property—in the fiber-based broadband sources unique to
ANDi SC—is the central property for a number of exciting
applications in photonics. In particular, the spectral compati-
bility of near-infrared ANDi SC with robust fiber amplifiers
and the associated opportunity of power scalability for high-
quality, intrinsically synchronized ultra-short coherent light
pulses makes for a convenient starting point for extending spec-
tral coverage into the mid-infrared. Such extension in the case
of phase-coherent SC would further serve many applications,
e.g., in the field of photochemistry pump-probe spectroscopy,
which presently require complex non-collinear optical paramet-
ric amplifier (NOPA) systems.
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