Vol. 6, No. 6 / June 2018 / Photonics Research

Research Article

601 |

®

PHOTONICS Research

Ultraflat, broadband, and highly coherent
supercontinuum generation in all-solid
microstructured optical fibers with
all-normal dispersion

CHunLEl Huang,? MEeisonG Liao,™* Wansun Bi,"? Xia Li,' Liu Hu,' LonGg ZHANG,' LongFEl WANG,'
GuansHI QIN,® TiIaNFENG XUE,"? DaNPING CHEN,' AND WEIQING GAo*

'Key Laboratory of Materials for High Power Laser, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Shanghai 201800, China

2University of Chinese Academy of Sciences, Beijing 100049, China

3State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun 130012, China
“School of Electronic Science & Applied Physics, Hefei University of Technology, Hefei 230009, China

*Corresponding author: liaomeisong@siom.ac.cn

Received 26 January 2018; revised 13 April 2018; accepted 14 April 2018; posted 17 April 2018 (Doc. ID 320692); published 23 May 2018

High flatness, wide bandwidth, and high-coherence properties of supercontinuum (SC) generation in fibers are
crucial in many applications. It is challenging to achieve SC spectra in a combination of the properties, since
special dispersion profiles are required, especially when pump pulses with duration over 100 fs are employed. We
propose an all-solid microstructured fiber composed only of hexagonal glass elements. The optimized fiber pos-
sesses an ultraflat all-normal dispersion profile, covering a wide wavelength interval of approximately 1.55 pm. An
SC spectrum spanning from approximately 1030 to 2030 nm (corresponding to nearly one octave) with flatness
<3 dB is numerically generated in the fiber with 200 fs pump pulses at 1.55 pm. The results indicate that the
broadband ultraflat SC sources can be all-fiber and miniaturized due to commercially achievable 200-fs fiber
lasers. Moreover, the SC pulses feature high coherence and a single pulse in the time domain, which can be
compressed to 13.9-fs pulses with high quality even for simple linear chirp compensation. The Fourier-limited
pulse duration of the spectrum is 3.19 fs, corresponding to only 0.62 optical cycles. © 2018 Chinese Laser Press

OCIS codes: (060.2280) Fiber design and fabrication; (060.5295) Photonic crystal fibers; (060.4370) Nonlinear optics, fibers;
(820.5520) Pulse compression; (320.2250) Femtosecond phenomena; (320.6629) Supercontinuum generation.
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1. INTRODUCTION

Comprising various dispersive and nonlinear effects, supercon-
tinuum (SC) generation in fibers is a very active field of research
that provides a high-brightness broadband optical source for a
wide set of applications, such as optical coherence tomography,
ultrashort pulse generation, and optical frequency metrology
[1-3]. The high flatness, wide bandwidth, and high-coherence
properties of SC are essential for some applications and are
dominated by chromatic dispersion, pump pulse duration,
and the spectral broadening mechanism [1,4]. Significant

zero-dispersion wavelengths in MOFs [12-14]. Therefore,
MOFs are particularly suitable for SC generation, and many
impressive results have been achieved [15-17]. In general, SC
generation in MOFs has been extensively explored using pump
pulses in the anomalous dispersion regime [1,3,18]. The broad-
ening mechanism is mainly dominated by soliton dynamics,
dispersive waves, stimulated Raman scattering, and modulation
instability. Soliton dynamics and dispersive wave effect can lead
to fine structures in spectra, while stimulated Raman scattering
and modulation instability can amplify the pulse noise [19-21].

research efforts have been devoted to improving the proper-
ties [5-8].

Microstructured optical fibers (MOFs) offer remarkable
design flexibility in modifying nonlinear coefficients and chro-
matic dispersion [9-11]. Numerous designs have involved the
possibility of dispersion profiles with none or more than one
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Therefore, it is difficult to generate highly coherent and ultra-
flat SC spectra in the anomalous dispersion regime. In contrast,
fibers without zero-dispersion wavelengths over the entire re-
gion of interest, known as all-normal dispersion (ANDI) fibers,
are also currently employed as the nonlinear media [19,22].
SC generation in ANDi fibers is particularly appealing, as
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the spectral broadening is mainly dependent on self-phase
modulation (SPM) and optical wave-breaking (OWB). Both
of the effects are self-seeded processes and can maintain smooth
phase distribution as well as the integrity of the pump pulses in
the time domain [23-25]. The intrinsic broadband noise owing
to input shot noise and spontaneous Raman scattering can be
successfully suppressed by using an ANDI fiber with maintain-
ing polarization [26]. Therefore, SC generation in ANDI fibers
feathers broadband flattop spectral profiles and high coherence.

Previous research has also demonstrated that SC generation
in ANDi fibers can be characterized by flattop, broadband, and
highly coherent properties. Heidt ez a/. demonstrated that co-
herent octave-spanning SC spectra with the flatness of better
than 2 dB can be numerically achieved with a combination
of a 50-fs pulse train at 1.08 pm with an air/silica glass fiber
[19]. Another octave-spanning smooth SC spectrum (<3 dB)
with 100-fs pulses at 1.55 pm was theoretically identified by
Miret et al. [27]. The fiber, based on lead silicate glass, had
many air holes with two different diameters; thus, it was
difficult to precisely maintain the structures of the fiber during
fabrication. Sukhoivanov ez a/. numerically investigated the op-
timization of dispersion profiles through multiorder dispersion
engineering to generate broadband ultraflat SC spectra with
100-fs pulses at 1.55 pm [28]. Nevertheless, the dispersion
profile of optical fibers designed was not well-matched for
the target. Chatterjee ez al. analyzed the effects of multiorder
dispersions on the flatness of SC spectra and indicated that tai-
loring dispersion was important to generate ultraflat and broad-
band SC spectra [29]. Moreover, the octave-spanning SC with
flatness <5 dB was theoretically achieved with a pulse width of
75 fs at 1.55 pm. Diouf ez a/. recently demonstrated a numeri-
cal work to generate a coherent mid-infrared SC covering from
2900 to 4575 nm at -3 dB in a chalcogenide fiber with 50-fs
pulses [30]. Klimczak ez al. reported an octave-spanning SC
spectrum at -7 dB was generated in the honeycomb-lattice
fiber pumped by 75-fs pulses at 1.55 pm [31,32]. Coherent
SC spectra up to more than 2 pm have been achieved in an
ANDi silica fiber with a germanium-doped core [33,34].
The pump pulse durations in the above research are not beyond
100 fs. It is worth noting that the bulky chirp compensation
grating pair is essential in pump lasers with pulse durations be-
low 100 fs [35]. In this case, the SC sources are clumpy and
cannot be all-fiber systems, which are limited for many appli-
cations. However, the flatness of SC spectra degrades with an
increase of pump pulse duration. A special ANDI could be an
approach to achieve ultraflat SC generation with broader pump
pulse duration, according to previous research [28,29].

In this paper, we propose an all-solid microstructured fiber
with a hexagonal cladding composed only of high-index and
low-index glass hexagons, which is impossible in air-glass
MOFs. Based on a couple of silicate glasses, the optimized fiber
exhibited ultraflat ANDI, covering a wide wavelength interval of
approximately 1.55 pm. The experimental spectrum generated
at 1.06 nm agreed well with that of the numerical simulation,
despite the peak around the pump wavelength. A broadband SC
spectrum with flatness <3 dB, spanning approximately 1030 to
2030 nm (corresponding to nearly one octave), is numerically
generated in the fiber with 200-fs pump pulses at 1550 nm.

It is worth noting that -3 dB of spectral intensity corresponds
to slightly higher than the half of the maximum spectral inten-
sity; thus, the width at -3 dB of the maximum spectral intensity
almost corresponds to the full width at half-maximum spectral
intensity. The fiber lasers with 200-fs pulses are already commer-
cially achievable; thus, the broadband ultraflat SC source can
potentially be used in all-fiber systems. The SC spectrum pos-
sesses high coherence and preserves a single pulse in the temporal
domain, which was well suited for pulse recompression. The SC
spectrum allows the compression to 13.9-fs pulses (2.69 optical
cycles) with high quality by only linear chirp compensation.
The Fourier-limited pulse duration of the spectrum is
3.19 fs, corresponding to only 0.62 optical cycles.

2. FIBER DESIGN AND CHARACTERISTICS

Before the fabrication of the all-solid MOF, it is necessary to care-
fully select thermally and mechanically compatible glasses to
avoid cracking at the core-cladding interface. In our experiment,
we considered the development of the all-solid MOF with pairs
of silicate glasses, labeled as G1 (62.5Si0,-13.3Ca0O-6.4Na, O-
6.4Ba0-2.3Ti0,-4.4K,0-4Zn0-0.7A1,03, mol. %) and G2
(82.18i0,-7.5K,0-9.8Na, 0-0.6BaO, mol. %), respectively.
The glasses exhibit outstanding properties of resistance to recrys-
tallization in thermal processing. It is striking that the glasses
selected have similar thermophysical properties, thus being ther-
mally and chemically compatible, as shown in Table 1.
In the Table, 7, denotes the refractive index at 587.6 nm; 7,
and 7; are the transformation temperature and the softening
point of glass, respectively, and « is the linear thermal expansion
coefficient for the temperature range 100°C-300°C. From these
properties, we can see that G1 and G2 glasses have good com-
patibility and are appropriate in drawing fiber. Therefore, crack-
ing at the core-cladding interface can be avoided.

The transverse cross section of the typical MOF proposed in
this paper is schematically shown in Fig. 1(a), where low-index
regions are shown in white, high-index regions are shown in
dark gray, and they alternate. The structure is composed of
hexagonal elements, shown by the blue lines in Fig. 1(a). The
microstructured cladding is hexagonal and composed of peri-
odic structures, including one high-index ring and one low-
index ring, denoted as pitch A. The core is formed by one
high-index region, including a few rings considered as a defect,
which is characterized by the number of rings 7. Therefore, the
fiber is characterized by three parameters: the pitch A, the num-
ber of rings included in the core 7, and the number of periodic
structures in the microstructured cladding N. Figure 1(b)
shows the refractive index profiles along with the x axis of
the fiber cross section. The guidance mechanism is the total
internal reflection effect. In the fiber, G1 glass with higher re-
fractive index was considered as the core, and the high-index

Table 1. Some Critical Parameters of G1 and G2

Glass ny T, (°C) T, (°C) a (107 /K)
Gl 1.56883 581 642 90
G2 1.51680 560 620 95
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Fig. 1. (a) Schematic cross section and (b) refractive index profile of
the all-solid microstructured fiber. The blue lines show the hexagonal
elements. (c) Refractive index curves of G1 and G2 glasses.

hexagonal rods in cladding structures. G2 glass was used for the
background.

In order to analyze optical properties of the fiber related to
geometrical parameters, the numerical model of the fiber was
built. The modes were calculated using a finite-difference ei-
genmode solver. Field distribution, chromatic dispersion,
and confinement loss of the modes were calculated using the
full-vectorial finite-difference method based on perfectly
matched layer boundary conditions. As shown in Fig. 1(c),
the measured refractive indices of both glasses were fitted to
the Sellmeier formula [36]:

3 B. /12
2 _ 7
”M)‘l_;zz_c,f (1)

Here, 7(4) is the refractive index, 4 is the wavelength in
micrometers. B; and C; are the Sellmeier coefficients, which
are tabulated in Table 2.

Figure 2 shows the numerical dispersion profiles for various
values of pitch A, while three periodic structures were employed.
Three rings are included in the core in Fig. 2(a), and four are
included in Fig. 2(b); thus, » = 3 and 7 = 4, respectively. It
can be readily observed that the increase in pitch A results in
uplifting of the chromatic dispersion profiles, and the saddles in
the profiles become flatter and broader. In Fig. 2(a), the
dispersion of the fiber in the structure with A < 2.24 pm is
all-normal and the local maximum dispersion wavelengths
are redshifted as the pitch A increases. The dispersion

Table 2. Sellmeier Coefficients of G1 and G2

Glass B1 Bz B3 Cl Cz C3

Gl 1.172  0.2552 1.6380 0.005661 0.02447 117.2
G2 1.045 0.2196 0.7548 0.005207 0.02722 176.5
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Fig. 2. Calculated spectral dependence of chromatic dispersion for
all-solid MOF structures with various parameters of (a) A =

1.64-2.44 pm, n = 3 and (b) A = 1.06-1.86 pm, » = 4.

becomes anomalous for the structure with A = 2.24 pm at
the wavelength near 1.5 pm, which was not expected. As shown
in Fig. 2(b), the chromatic dispersion profiles of the fiber with
n = 4 also upshift with an increase of the pitch. Note that the
fiber with 7 = 4 presents flatter dispersion profiles than the fiber
with # = 3. In the structure with A = 1.46 pm, the dispersion
ranges from -3.3 to -13 ps/(nm - km), covering from 1.2 pm
to above 2.35 pm.

Although the fiber has flat dispersion, only three factors of
tailoring dispersion limit design flexibility, which does not allow
fine engineering of the dispersion and generating ultraflac SC
spectra. In order to enhance the design freedom of the fiber to a
large extent, we considered breaking the periodicity of the
cladding rings, since every ring in the structure profoundly
influences the dispersion. Figures 3(a) and 3(b) show two
typical structures in which two and four diagonal low-index
hexagons in the first inner ring are replaced by high-index
hexagons, labeled as fiber #A and fiber #B, respectively. The
pitch is 1.84 pm and 7 = 3. The dispersion profiles of fiber
#A and fiber #B are presented in Fig. 3(c). For comparison,
the dispersion of the fiber with a normal periodic structure
is also shown, and other parameters were considered the same.
Compared to the normal fiber, dispersion of fiber #A and fiber
#B appears flatter.

By trial and error, we selected one structure, shown in
Fig. 4(a), labeled as fiber #C. In this structure, all low-index
hexagons at the vertices in the first inner ring are replaced by
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Fig. 3. Schematic cross section of (a) fiber #A and (b) fiber #B;
(c) calculated spectral dependence of chromatic dispersion of fiber
#A and fiber #B.
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Fig. 4. (a) Schematic cross section of fiber #C; (b) calculated chro-
matic dispersion and confinement losses of fundamental mode and the
first HOM; (c) calculated values of dispersion slope and effective mode
area of fundamental mode; (d) electric field distribution of the
fundamental mode at 1550 nm.

high-index hexagons, and all high-index hexagons at the verti-
ces in the second inner ring are replaced by low-index hexagons.
The pitch is 1.91 pm. The chromatic dispersion of the fiber is
presented in Fig. 4(b). The local maximum dispersion at a
wavelength of 1.65 pm is -6.7 ps/(nm - km). The dispersion
profile remains ultraflat, with dispersion values between -5 and
-9 ps/(nm - km) from 1.45 to 2.14 pm. The dispersion slope
is shown in Fig. 4(c). In the fiber, we achieved a low dispersion
slope, between -0.02 and 0.1 ps/(nm” - km) from 1.2 to
2.4 pm. The confinement losses of the fundamental mode
and the first higher-order mode (HOM) with respect to wave-
length are shown in Fig. 4(b). The confinement loss of the fun-
damental mode is below 1 dB/m over 0.8-2.4 pm, while the
loss of the first HOM is beyond 10 dB/m at 1.5 pm.
Therefore, the fiber can be considered as a single-mode fiber
over 1.5 pm. The effective mode area with respect to wave-
length is presented in Fig. 4(c), and the electric field distribu-
tion of the fundamental mode is also presented in Fig. 4(d).
The effective nonlinear coefficients of the fiber at 1.06 and
1.55 pm are approximately 19 and 9.5 W' . km™! for nonlin-
ear refractive index 7, = 3.9 x 1072 m? /W according to the
Boling—Glass—Owyoung model [37,38]:

ny(10°12 m?2 /W)
68 (n, - 1)(n3 + 2)*

= ) D . (2)
2.387 x 108 ny v, [1.517  ZatDlna0a] 05

6ny

Here, v, is the Abbe number, and 7, is the refractive index

at 587.6 nm.

3. FIBER FABRICATION

The fiber #C was fabricated. During fiber drawing, we
employed the stack-and-draw method because the method is
common, low-cost, and easy to operate. First, we put a high-
index rod of 20-mm diameter into a furnace and draw into rods
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Fig. 5. DPictures of cross sections of (a) the fabricated cane under an
optical microscope and (b) the fiber under scanning electron micro-
scope; (c) measured propagation loss of the fiber.

with 1-mm diameter, and we did the same for a low-index rod.
Then, we used the small rods to stack the objective structure and
draw the cane with 1-mm diameter. The cross section of the cane
is shown in Fig. 5(a). Note that all the glass rods become hex-
agonal. In the stacked structure, there was a small space among
three adjacent circular rods, and the spaces were equally filled by
the rods during the heating process. In addition, the cladding
structure in the cane distorted slightly, but the distortion only
has a very minute influence on the dispersion, which is negli-
gible. Next, the cane was stacked with low-index glass rods,
which is a preform. Finally, the preform was placed in a furnace
and drawn into fiber. The cross section of the fiber is shown in
Fig. 5(b). The structure was well maintained, and the diameter
of the fiber is 300 pm. The propagation loss of the fiber was
measured by the method of cutting back, as shown in Fig. 5(c).
The measured loss was at the level of 1.5-4 dB/m at wave-
lengths covering from 0.8 to 2.4 pm, while the strong loss peaks
at 1.38 and 2.2 pm are 5.6 and 18.2 dB/m attributed to
hydroxyl group OH absorption, respectively [34]. The relative
strength at 1.38 and 2.2 pm is approximately identical to that
given by Humbach ez al. [39]. Although the preform was isolated
from atmospheric water during fiber drawing in the nitrogen gas
atmosphere, the hydroxyl group OH in the fiber cannot be com-
pletely removed due to the limited conditions in our laboratory.
The propagation loss was expected to decrease down to a low
level by removing the hydroxyl group OH and optimizing
the fabrication procedure.

4. SC GENERATION

The ANDi fiber #C was considered to generate a broadband
ultraflat SC spectrum. The evolution of the ultrashort pulse
propagating along the fiber in the time domain can be de-
scribed by the generalized nonlinear Schrodinger equation [36]:
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where A is the pulse envelope, z is the distance of propagation,
Py is the dispersion coefficients, 7" is the co-moving frame at
the envelope group velocity, @ is the linear loss, and y is
nonlinear coefficient. In this paper, the constant nonlinear
coefficient at the pump wavelength was used [22]. Shock term
Tgock = 1/@q is also included. R(z) is the Raman response
function,

2+ t t

R(t) = (1- fr)8 L2 -— ] sin( —).

(1) = (1- fRo() + fr TIT% exp ( Tz) sin (ﬁ)
(4)
We employed the Raman response parameters from Schott
glass SF57, namely £, = 5.5 fs, £, = 32 fs [40]. The fractional
contribution of the delayed Raman to nonlinear polarization

is 0.1.

A. SC Generation at 1060 nm
In order to verify the calculated dispersion, we carried out an
experiment on SC generation at 1.06 pm and made compar-
isons with the numerically simulated results. Excitation pulses
with a pulse width of 50 fs for the fiber are provided by a laser
with an average power of 2.2 W and a repetition rate of
70 MHz. The laser was coupled into the fiber with an aspheric
lens. The output SC light was launched into a large-mode-area
optical fiber connected with an optical spectrum analyzer
(Yokogawa, AQ6370C). The output power was measured
by a power meter. The coupling efficiency was ~10%.
Figure 6 shows the experimentally recorded SC spectrum
generation in a 20-cm long piece of the fiber, plotted on a log-
arithmic scale. The fiber length supported the spectral broad-
ening sufficiently, as well as avoided the fiber loss having an
influence on the SC spectrum. Note that there was a strong
peak around the pump wavelength in the recorded spectrum,
which was assigned to the partial pump energy propagation in
the cladding. We also plotted the spectrum of the pump pulse
propagation in the cladding of the fiber. The profile and
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Fig. 6. Experimentally recorded and simulated SC spectra after
20 cm of the optical fiber. The pump pulse duration was 50 fs at
1.06 pm in both cases.

location of the spectrum of the pump pulses were in agreement
with those of the peak. The SC spectrum covered from 830 to
1460 nm and agreed well with that of the numerical simula-
tion, despite the peak around the pump wavelength. The small
discrepancies between the profiles arise from the fact that the
pump pulses are slightly different from the simulation.

B. SC Generation at 1550 nm

Previous research has shown that pumping near the local maxi-
mum dispersion was required to achieve optimal spectral width
and flatness [19,22]. Having no access to an ultrashort pulse
laser of 1.55 pm in our laboratory, we numerically investigated
the SC generation in the fiber. In our simulations, we consid-
ered hyperbolic-secant input pulses at a wavelength of 1.55 pm
with a pulse duration of 200 fs and peak power of 100 kW.
The parameters of the pump pulses are already achievable in
commercial erbium-doped fiber lasers. The propagation length
was kept at 1 m. The nonlinear loss is not included.

Figures 7(a) and 7(b) show the spectral evolution process
with propagation distance on a logarithmic scale in the fiber.
In the initial propagation of the ultrashort pulse in the optical
fiber, spectral broadening exhibits deep oscillations, and the
achievable bandwidth is narrow, mainly dominated by SPM, as
shown in Fig. 7(c). With further propagation, as shown in
Fig. 7(a), two sidelobes occurred on both sides of the spectrum,
which is due to the OWB effect. New frequencies are dramati-
cally generated via a degenerate four-wave mixing effect related
to OWB on the trailing pulse edge and the leading pulse
edge in the time domain. It is worth noting that spectral broad-
ening occurred earlier in the high-frequency regime. The
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self-steepening effect is responsible for the earlier onset of
OWSB in the short wavelength region [19,41]. During these
processes, the spectral bandwidth is fundamentally saturated,
but the energy around pump wavelength is transferred to
the new frequency band. At the onset of OWB, the spectrum
is not symmetric and flat, as shown in Fig. 7(d). With further
propagation along the fiber, the energy is further transferred by
nonlinear and dispersive effects, and the spectra are smoother,
as shown in Figs. 7(e) and 7(f). It is worth noting that the en-
ergy is slowly accumulated in the short wavelength regime dur-
ing pulse propagation. For instance, the spectrum in Fig. 7(f) is
much flatter than that in Fig. 7(e); thus, the pulse propagation
distance affects spectral flatness. We can imagine that the
flacness will become worse when pulses further propagate over
a certain distance. In other words, there is a propagation
interval that supports the best flatness.

In Fig. 7(f), in a logarithmic scale, the spectrum profile
exhibits a smooth flattop and steep edges and is almost rectan-
gular. The SC spectrum shows high flatness with deviations of
less than 3 dB covering from approximately 1030 to 2030 nm,
corresponding to nearly an octave. Compared with results of
previous papers [19,27-29], the pump pulse duration is much
longer. As shown in the above section, the dispersion possesses
high flatness near the local maximum dispersion, and the local
maximum dispersion is slightly normal to balance nonlinearity
and dispersion effects. Therefore, the dispersion allows longer
pump pulse duration to generate the SC spectrum with the flat-
ness <3 dB according to Heidt ez a/. [42]. Because hyperbolic-
secant input pulses with a pulse duration of 200 fs and peak
power of 100 kW at 1.55 pm are achievable from the commer-
cially erbium-doped fiber lasers, the broadband ultraflac SC
sources may feather all-fiber properties. It is worth noting that
-3 dB of spectral intensity corresponds to slightly higher than
the half of the maximum spectral intensity; thus, the width at
-3 dB of the maximum spectral intensity almost corresponds to
the full width at half-maximum spectral intensity.

Going one step further, we compared the generated spectra
for different pulse durations after 1-m propagation in fiber #C.
The pulse durations were set as 100, 200, and 300 fs. In all
cases, the peak power is 100 kW. The numerical results on a
logarithmic scale are shown in Fig. 8. It is clear that the flatness
of the spectrum with 300 fs duration is the poorest, while the
flacness with 100-fs pulses is better than the others. Note that
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Fig.8. SCspectrum profiles after 1 m of propagation with pumping
durations of 100 fs (blue dashed line), 200 fs (black solid line), and
300 fs (red dotted line). The peak power is 100 kW at 1.55 pm.
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Fig. 9. Influence of linear loss on SC generation after a fiber of 1 m
in length. The pump pulse durations are 200 fs at 1.55 pm. The peak
power is 100 kW and 150 kW, respectively.

the dip in the short wavelength interval near the pump pulses is
the main factor reducing the flatness. Increasing the pump
pulse duration results in deeper dip; thus, it is more difficult
to generate ultraflac SC spectra in ANDI fibers pumped with
broad duration pulses. In order to obtain ultraflat SC spectra, it
is crucial to tailor dispersion profiles to reduce the dip depth of
SC spectra.

We also analyzed the influence of the loss on the spectral
flatness, and the results are shown in Fig. 9. The spectrum gen-
erated in a fiber with loss is narrower and has much finer struc-
tures compared to the spectrum without loss. For a given fiber,
the generated spectral bandwidth is dependent on the peak
power of pump pulses. During broadening, the pulse intensity
is weakened due to the propagation loss, which dampens the
wavelength components generated. In addition, the strong loss
at 1.38 pm seriously affects the flatness of the SC spectrum.
The fine structures can be explained by the fact that the fiber
is long enough, and large fluctuation in the fiber loss becomes
significant. In order to obtain broadband SC with high flatness,
we performed numerical simulations of SC generation using
the peak power of 150 kW. The result is shown in Fig. 9.
Without considering the region at 1.38 pm, the spectral band-
width at -3 dB covers from 1030 to 2000 nm, which is approx-
imately identical to that of the SC generated in the fiber
without the loss with the peak power of 100 kW. The result
indicates that the influence of the loss on the bandwidth and
flatness of the SC spectrum can be to some extent weakened by
increasing the peak power of the pump pulses, while the strong
loss at 1.38 pm still seriously degrades the spectral flatness, and
the loss at 2.2 pm prevents spectral broadening for the long
wavelength regime. Therefore, for obtaining high spectral flat-
ness, the hydroxyl group OH should be removed, and the fiber
loss should have small fluctuation.

5. COHERENCE AND PULSE COMPRESSION

We also analyzed the coherence of the SC spectrum generated
in the fiber without the linear loss. The modulus of the com-
plex degree of coherence was used [43]. Input pulse shot noise
is semiclassically modeled by using one photon per mode, and
100 simulations in each series were performed. In this paper,
t; -ty = 0 is used.
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Fig. 10. (a) Computed modulus of the complex degree of coherence
of SC spectrum; (b) achievable pulse width only using linear
compression.

Figure 10(a) shows the modulus of the complex degree of
coherence after 1-m propagation distance in fiber #C. It is clear
that the modulus is equal to one covering the wavelength range
from 950 to approximately 2400 nm, corresponding to high
coherence. The high coherence is determined by SPM and
OWSB. During the SPM process, the intensity-dependent phase
shift generated new frequencies, and then the mixing of over-
lapping frequency components coming from SPM generated
other new frequencies in the OWB process. In both dynamics,
noise cannot be amplified, and the pulses maintain integrality.
Therefore, the SC spectra can maintain the coherence property
of the pump laser. Note that, as shown in Fig. 7(b), the pulse
can still preserve a single-pulse structure, which is crucial for
pulse compression.

Based on the above analysis, the spectrum with 200-fs pump
pulses possesses high coherence and maintains integrality of
pulses, which determines the high compressibility of SC pulses.
Therefore, simulation of pulse compression was carried out. In
this simulation, we only considered second-order dispersion
compensation, which can be satisfied using a simple grating
or a prism pair [20,44,45]. The result is shown in Fig. 10(b),
where the pulses are compressed using a piece of fiber of 1 m in
length. The full width at half-maximum of the pulse is 13.9 fs,
corresponding to 2.69 optical cycles at a central wavelength of
1550 nm, and the pulse exhibits a relatively good quality.
Owing to the propagation length, both sides of the main pulse
are contained in a broad pedestal, since the wavelength com-
ponents experience a high amount of nonlinear chirp. Using
more sophisticated compression methods, such as a 4/ pulse
shaper, the pulse may be compressed to its bandwidth-limited
pulse duration of 3.19 fs, corresponding to only 0.62 optical
cycles [46]. This result shows that the SC generation in the
AND: fiber not only has high coherence and maintains a single
pulse in the time domain but exhibits broadband and ultraflat
spectral properties.

6. CONCLUSION

We proposed an all-solid MOF with a hexagonal cladding
composed only of hexagonal high-index and low-index glass
hexagons, which is impossible in MOFs with air holes. Such a
hexagonal structure appears to be attractive, as it offers simplic-
ity as well as great freedom in design flexibility to engineer
dispersion, which can easily be fabricated by a standard
stack-and-draw technique. Based on a couple of silicate glasses,
the optimized fiber exhibits ultraflac ANDI, covering a wide
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wavelength interval of approximately 1.55 pm. The experimen-
tal spectrum generated at 1.06 nm agreed well with that of the
numerical simulation. A broadband SC spectrum with flatness
<3 dB, spanning from approximately 1030 to 2030 nm (cor-
responding to nearly one octave), is numerically generated in
the fiber with 200-fs pump pulses at 1550 nm. It is worth not-
ing that -3 dB of spectral intensity corresponds to slightly
higher than the half of the maximum spectral intensity; thus,
the width at -3 dB of the maximum spectral intensity almost
corresponds to the full width at half-maximum spectral inten-
sity. The results indicate that the broadband ultraflat SC
sources can be all-fiber and miniaturized due to commercially
achievable 200-fs fiber lasers.

We also analyzed the influence of the loss on the spectral
flacness. The propagation loss dampens wavelength compo-
nents generated and seriously affects spectral flatness. Although
the influence of the loss on the bandwidth and flatness can be
to some extent weakened by increasing the peak power of the
pump pulses, the strong loss at 1.38 pm still seriously degrades
the spectral flatness, and the loss at 2.2 pm prevents spectral
broadening for the long wavelength regime. Therefore, for
obtaining high spectral flatness, the hydroxyl group OH should
be removed, and the fiber loss should have small fluctuation.

The ultraflat SC generation exhibits a high degree of coher-
ence and a single pulse in the time domain, allowing the com-
pression to 13.9-fs high-quality pulses considering only linear
chirp compensation. The Fourier-limited pulse duration of the
spectrum is 3.19 fs, corresponding to only 0.62 optical cycles.
The outstanding pulse compression capability in ultrashort
pulse generation is ascribed to great flatness and high coherence
of the broadband SC spectrum.

In addition, we also demonstrated that pump pulses with
durations beyond 100 fs result in deep dips; thus, it is difficult
for ultraflat SC spectra to be generated in ANDI fibers pumped
with broad duration pulses. To achieve ultraflac SC spectra, it is
crucial to tailor dispersion profiles to reduce the dip depth of
SC spectra.
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