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This year not only commemorates the 60th anniversary of nonlinear optics with the
seminal experiment of second harmonic generation [1], but it is also the 30th anniversary
of the invention of the photonic crystal fiber (PCF) [2]. Following their first practical
demonstration in 1996 [3], PCFs [4,5] have rapidly evolved into an established platform for
applications in both academic and industrial environments. Their unique ability to confine
light in a far more versatile way than possible with conventional optical fibers facilitated
the expansion of the multifaceted world of PCF to cover not only nonlinear optics [6],
but also many other disparate fields such as interferometry [7], beam delivery [8], laser
science [9], telecommunications [10], quantum optics [11], sensing [12,13], microscopy [14],
and many others.

More recently, there has been a great interest in the design, fabrication, and application
of specialty PCFs with otherwise inaccessible and exotic properties far beyond the capabili-
ties of standard fibers. These include, but are not limited to, the close-to-real fulfilment of
the long-standing dream of lowering the minimum attenuation achievable in current fibers
for communications [15], the use of glasses other than silica to manufacture PCFs with
an enhanced performance in originally forbidden spectral regions such as the ultraviolet
(UV) [16] or the mid-infrared (MIR) [17], or the three-dimensional engineering of fibers
to open new horizons in fundamental science [18,19]. Furthermore, specialty PCFs have
also jumped into real-world applications, playing a key role in the development of, e.g.,
the new generation of high-power fiber lasers [20] or constituting a new paradigm in
photochemistry [21,22].

This special issue in Crystals is intended to provide an overview of the state-of-the-art
in specialty PCF technology and its multiple applications, combined with an optimistic
outlook to what lies ahead. It comprises six original research papers and one review from
different leading research institutions worldwide.

The review Application of Hollow-Core Photonic Crystal Fibers in Gas Raman Lasers
Operating at 1.7 um [23] by the Changsha Environmental Protection Vocational College, the
National University of Defense Technology, and the State Key Laboratory of Pulsed Power
Laser Technology (China) focuses on the detailed description of the origin and development
of near-infrared narrowband pulsed laser sources based on stimulated Raman scattering
in gas-filled hollow-core PCFs. It includes a thorough revision of the literature on this
technology, which has successfully been applied through the years in many spectral regions
from the UV [24,25] to the visible [26,27] and infrared [28,29]. In addition, the research
paper Hydrogen Molecules Rotational Stimulated Raman Scattering in All-Fiber Cavity
Based on Hollow-Core Photonic Crystal Fibers [30] by the same group reports on the
implementation of a laser cavity to enhance rotational SRS in a hydrogen-filled hollow-
core PCE.

The original research paper Geometrical Scaling of Antiresonant Hollow-Core Fibers for
Mid-Infrared Beam Delivery [31] by the Nanyang Technological University (Singapore) reports
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a detailed theoretical analysis of the influence of the structural parameters on the MIR per-
formance of novel anti-resonant hollow-core fibers. Interestingly, a resonant-like coupling
between core modes and modes localized in the glass capillary walls is predicted to occur
in the long-wavelength edge of the fundamental transmission band [32], which might have
practical implications on the generation and guidance of MIR light. In this regard, chalco-
genide glasses are particularly attractive as they present a very broad MIR transmission
window extended up to 18 pum, thereby covering the so-called “molecular fingerprint-
ing” region, of crucial importance in spectroscopic and defense applications. Therefore,
the paper from NTU Singapore is perfectly complemented by the original research work
presented by the University of Rennes and the University of Aix-Marseille (France). In their
joint paper, they present an Investigation on Chalcogenide Glass Additive Manufacturing for
Shaping Mid-Infrared Optical Components and Microstructured Optical Fibers [33]. An initial
step, presented here, is to identify a glass that is suitable for 3D printing. The preform of
anti-resonant hollow-core fibers is then printed and subsequently drawn into a fiber. An
important aspect presented in this work is that the printing process does not seem to affect
the properties of the glass itself. Although imperfections in the printing procedure can
however yield additional losses, the presented work certainly shows the potential of the
approach, which would greatly ease the fabrication of complex micro-structures.

Specialty PCFs are excellent vehicles for the spectral broadening of a pump laser by
exploiting the delicate interplay of third-order nonlinear effects with a tailored disper-
sion landscape. More recently, the investigation of the polarization properties of these
broadband sources [34] has attracted significant attention because of their potential use
in spectroscopy [35]. As it is often the case in nonlinear optics, dispersion management
holds the key to efficiency, and even gas-filled hollow-core PCFs can yield extremely
broad supercontinua [36,37] despite their weak nonlinear material response. In particular,
by filling a broadband-guiding hollow-core PCF with noble gases and pumping it with
near-infrared ultrashort pulses, it is possible to generate tunable UV radiation via soliton
self-compression [38] and resonant dispersive wave emission [39,40]. The original research
paper Photoionization-Induced Broadband Dispersive Wave Generated in an Ar-Filled Hollow-
Core Photonic Crystal Fiber [41] by the State Key Laboratory of High-Field Laser Physics and
CAS Center for Excellence in Ultra-Intense Laser Science, the Center of Materials Science and
Optoelectronics Engineering, and the R&D Center of High Power Laser Components (China)
reports on the experimental observation of the spectral broadening of multi-peaked UV
dispersive waves via plasma-induced soliton blue-shifting. When the intensities attained
upon temporal self-compression of the pump pulses are high enough to cause partial
strong-field ionization of the gaseous core, the resulting free-electron cloud strongly modi-
fies the dispersion landscape and affects the nonlinear propagation dynamics [42,43]. This
effect is enhanced when the UV emission matches the high-loss bands of the fiber [44].

By contrast with the pressurization of a hollow-core PCF with gas to adjust the
dispersion, filling the air channels of a standard solid-core PCF guiding light by modified
total internal reflection can drastically affect its guidance mechanism. For example, an
endlessly single-mode solid-core PCF can then be turned into a photonic bandgap fiber [45].
In their research paper Understanding Nonlinear Pulse Propagation in Liquid Strand-Based
Photonic Bandgap Fibers [46], a team from the University of Jena (Germany) explores the
effects of injecting liquid carbon disulfide (CS;,) in the air channels of a silica-made PCF
on the guidance and nonlinear properties of the resulting hybrid fiber, which exhibits
distinct transmission bands as previously shown in photonic bandgap fibers [47]. They
then generate broad supercontinua in the CS,-filled fiber, reporting a strong influence of
the location of the pump wavelength with respect to the band edge on the dynamics.

Another application of the third-order nonlinearity is the development of sources
based on four-wave mixing yielding discrete sidebands, with applications in, e.g., quantum
optics. The original research paper Polarization modulation instability in dispersion-engineered
photonic crystal fibers [48] by the Universidad de Valencia (Spain) reports the use of various
liquids to fill the air channels of a solid-core PCF to achieve specific conditions, such as an
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optimal dispersion landscape, for the observation of sidebands created through polarization
modulation instability. The thorough experimental demonstration of the phenomenon is
supplemented by a rigorous theoretical description providing a solid understanding of
the results.

In summary, this special issue showcases the widespread interest that specialty PCF
technology still sparks 30 years after its inception. Owing to their current level of maturity
and multidisciplinary nature, specialty PCFs are expected to play a key role in multiple
scientific, industrial and societal advances in the years to come.

Author Contributions: D.N. and N.YJ. contributed to the preparation of this manuscript. All authors
have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A 1.7 um pulsed laser plays an important role in bioimaging, gas detection, and so on.
Fiber gas Raman lasers (FGRLs) based on hollow-core photonic crystal fibers (HC-PCFs) provide a
novel and effective method for fiber lasers operating at 1.7 pm. Compared with traditional methods,
FGRLs have more advantages in generating high-power 1.7 um pulsed lasers. This paper reviews
the studies of 1.7 um FGRLs, briefly describes the principle and characteristics of HC-PCFs and
gas-stimulated Raman scattering (SRS), and systematical characterizes 1.7 pm FGRLs in aspects of
output spectral coverage, power-limiting factors, and a theoretical model. When the fiber length
and pump power are constant, a relatively high gas pressure and appropriate pump peak power are
the key to achieving high-power 1.7 pm Raman output. Furthermore, the development direction of
1.7 um FGRLs is also explored.

Keywords: stimulated Raman scattering; hollow-core photonic crystal fibers; fiber lasers; gas lasers

1. Introduction

In recent years, lasers operating in the 1.7 um band (1650-1750 nm) have received
much attention due to the growing number of promising applications, such as bioimag-
ing, gas detection, medical treatment, and mid-infrared laser generation. Compared
with other types of lasers, 1.7 um fiber lasers have been more intensively studied due to
good stability, compactness, and beam quality. However, reported works mainly involve
1.7 um continuous-wave (CW) fiber lasers [1,2], and the pulsed fiber lasers operating in
this wavelength region have not been researched fully, though they have unique advan-
tages in some applications. For example, in bioimaging applications such as multiphoton
microscopy [3,4], optical coherence tomography [5], and spectroscopic photoacoustic (PA)
imaging [6,7], 1.7 um pulsed lasers can be used to realize three-dimensional (3D) volumetric
imaging by time-resolved ultrasonic detection [7]. Similarly, in methane detection, the 3D
distribution of the CHy4 concentration in space can be measured by using the time-of-flight
ranging method to analyze the temporal characteristics of pulsed lasers when the pulsed
lasers are in the 1.7 um band used as the detection signal [8]. In fact, whether in bioimag-
ing or gas detection, high-power 1.7 um pulsed lasers are conducive to achieving higher
sensitivity and deeper penetration/detection [7,9]. Thus, it is important and necessary to
increase the output power of 1.7 pm pulsed fiber lasers.

The traditional methods of realizing 1.7 um pulsed fiber lasers can be mainly classified
into two categories. One is based on population inversion to generate 1.7 um pulsed
lasers by using rare-earth-doped fibers, such as thulium-doped fibers [6,7,10,11], thulium-
holmium-codoped fibers [12,13], and bismuth-doped fibers [14-16]. The other is based
on nonlinear effects in solid-core fibers to realize a frequency conversion, such as soliton
self-frequency shift [17-20], four-wave mixing [21-23], self-phase modulation [7,24,25], and
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stimulated Raman scattering (SRS) [26]. Recently, fiber gas Raman lasers (FGRLs) based
on hollow-core photonic crystal fibers (HC-PCFs) have opened a new opportunity for
1.7 um pulsed fiber lasers [27-30]. The principle of FGRLs is to realize a frequency conver-
sion by gas SRS in HC-PCFs. The output average powers and corresponding pulse widths
of reported 1.7 um pulsed fiber lasers are plotted in Figure 1.
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Figure 1. The output average powers and corresponding pulse widths of reported 1.7 pm pulsed
fiber lasers.

It can be seen that the pulse widths of 1.7 um pulsed lasers based on solid-core fibers
are mostly in femtosecond and picosecond regions and their output average powers are
mostly less than 1 W. Only a pulsed Raman fiber laser can achieve an output power of up
to 23 W [26], but its pulse width is at the millisecond level. Thus, it is very challenging
to obtain high-power 1.7 um pulsed lasers with a short pulse width based on solid-core
fibers. The 1.7 um FGRLs fill this gap and achieve nanosecond pulsed lasers with an out-
put average power of over 3 W [30]. In fact, 1.7 pm nanosecond short pulsed lasers have
more advantages in bioimaging. To realize volumetric imaging with higher resolution, the
pulse duration should be around 10 ns or even shorter [7]. Furthermore, 1.7 um FGRLs
with continuous wavelength tunability and narrow linewidth also have more advantages
in gas detection. Continuous wavelength tunability is conducive to the detection of dif-
ferent kinds of gas molecules, and narrow-linewidth pulsed lasers can not only accurately
distinguish the absorption peaks but also have a longer coherent distance that is helpful in
long-distance detection [9]. Therefore, compared with traditional 1.7 um pulsed fiber lasers,
1.7 um FGRLs have unique advantages and strong competitiveness due to the characteristics
of high power, high efficiency, continuous wavelength tunability, and a narrow linewidth.

In this paper, we review the studies of 1.7 um FGRLs based on HC-PCFs. Section 2
briefly introduces the classification, light guide mechanism, and development of HC-
PCFs. In Section 3, a comparison of gas SRS in free space and in HC-PCFs is made
and the characteristics of candidate Raman gas media for 1.7 um FGRLs are discussed.
Section 4 describes the typical experimental structure of 1.7 um FGRLs and characterizes
1.7 um FGRLs in aspects of output spectral coverage, power-limiting factors, and a theo-
retical model. When the fiber length and pump power are constant, a relatively high gas
pressure and appropriate pump peak power are the key to achieving high output Raman
power in 1.7 um FGRLs. In Section 5, we discuss the future development of 1.7 um FGRLs
based on HC-PCFs.
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2. Hollow-Core Photonic Crystal Fibers

HC-PCFs are the core components of FGRLs, which provide a platform for the inter-
action of laser and gas. The fiber core of an HC-PCF is an air hole, so the refractive index
of the fiber core is less than that of the fiber cladding and the law of total reflection is not
suitable for HC-PCFs. According to the light guide mechanism, there are two major classi-
fications of HC-PCFs, namely photonic bandgap hollow-core fibers (PBG-HCFs) [31-35]
and anti-resonance hollow-core fibers (AR-HCFs) (or inhibited-coupling fibers) [36—-49].

2.1. Photonic Bandgap Hollow-Core Fibers

In 1999, Russell et al. demonstrated the first PBG-HCFs [31], the schematic cross
section of which is shown in Figure 2a. It can be seen that the fiber core is a larger air
hole and periodic small air holes are distributed in the cladding of the PBG-HCFs. These
periodic air holes in the cladding form a two-dimensional photonic bandgap, so light
cannot pass through the cladding and be confined in the fiber core when the wavelength of
light is located in the photonic bandgap. Since then, HC-PCFs have been developed toward
lower loss and greater bandwidths. In 2004, the University of Bath demonstrated low-
loss PBG-HCFs of 1.72 dB/km at 1565 nm [32], the schematic cross section of which
is shown in Figure 2b. In 2005, they further reduced the fiber loss to 1.2 dB/km at
1620 nm [33], which is currently the lowest loss of PBG-HCFs. Figure 2c shows the
schematic cross section of PBG-HCFs with a broad transmission band and low loss demon-
strated by the Beijing University of Technology in 2019 [34]. The minimum loss of
6.5 dB/km at 1633 nm and a 3 dB bandwidth at 458 nm were achieved, which is the
broadest bandwidth in PBG-HCFs. The main factors affecting the loss of PBG-HCFs are
the scattering caused by the surface roughness of the fiber core boundary [33] and the
coupling between the core and the surface modes [35]. Moreover, the coupling also causes
multiple loss peaks in the transmission band, affecting the transmission bandwidth of the
PBG-HCFs.
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Figure 2. The schematic cross section of HC-PCFs. (a) The first PBG-HCF [31], (b) low-loss PBG-
HCEF [32], and (c) broadband PBG-HCEF [34].

2.2. Anti-Resonance Hollow-Core Fibers

The Kagome HCFs reported in 2002 are the first AR-HCFs [36], the schematic cross
section of which is shown in Figure 3a. Compared with PBG-HCFs, the cladding struc-
ture pitch of Kagome HCFs is larger, which can widen the optical transmission band [37].
Furthermore, there is no complete photonic bandgap in the Kagome hollow fiber, and its
light-guiding mechanism can be explained by inhibited coupling [38] or the anti-resonant
reflection optical waveguide (ARROW) [39]. According to the inhibited-coupling mech-
anism, a core-guide mode can be strongly inhibited from channeling out through the
cladding by a mismatch between the core and cladding modes [40]. According to ARROW,
the microstructure in the cladding is similar to a Fabry—Perot cavity. The light that meets the
cavity resonance conditions will leak out through the cladding, while the light that cannot
resonate in the cavity is prevented from leaking from the cladding and confined to the fiber
core [41]. Figure 3b shows the schematic cross section of hypocycloid Kagome HCFs, and
the design of the fiber core boundary with negative curvature reduces the transmission
loss of the fiber [42]. With further study of the light-guiding mechanism of AR-HCFs,
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it has been found that the transmission performance of AR-HCFs is mainly determined
by the first ring microstructure of the fiber core boundary. Subsequently, AR-HCFs with
simpler microstructures and better optical performance have emerged [43—49], and all of
these AR-HCFs obey the ARROW guiding mechanism. Figure 2c presents the schematic
cross section of the first tube-structure AR-HCFs reported in 2011, the cladding of which
is composed of single-ring tubes [44]. The attenuation of the single-ring AR-HCFs in the
mid-infrared band is much lower than that of the silica glass solid-core fiber. Figure 3d
shows the schematic cross section of ice-cream-type AR-HCFs [45], the transmission band
of which is located in the mid-infrared band and the minimum loss of which is 34 dB/km
at 3050 nm. With further study of AR-HCFs, it has been found that the touching points
of adjacent capillaries in the cladding behave as independent waveguides supporting
their own lossy modes, which would introduce additional transmission loss [50,51]. Thus,
nodeless single-ring AR-HCFs were first demonstrated in 2013 [46]. In addition, it was
demonstrated that the elimination of the tube’s contact point helps to reduce the bending
loss [47]. In 2019, nodeless nested AR-HCFs with the attenuation of 0.65 dB/km in the C
and L telecommunications bands were demonstrated, which means this was the first time
that HC-PCFs realized a loss comparable to that of silica glass solid-core fibers [48]. The
attenuation of nodeless nested AR-HCFs was further recued to 0.28 dB/km in 2020 [49].

Figure 3. The schematic cross section of HC-PCFs. (a) The first AR-HCF [36], (b) hypocycloid
Kagome AR-HCFs [42], (c) single-ring AR-HCFs [44], (d) ice-cream-type AR-HCF [45], (e) nodeless
single-ring AR-HCFs [46], and (f) nodeless nested AR-HCFs [48].

Compared with PBG-HCFs, the mode field of AR-HCFs overlaps the silica glass of
the fiber core boundary less [52]. Thus, the surface scattering loss of AR-HCFs is lower
than that of PBG-HCFs, which means that AR-HCFs have advantages of realizing lower
loss and reducing the nonlinearities caused by silica glass. Furthermore, although both
AR-HCFs and PBG-HCFs are multimode, the attenuation of high-order modes in AR-HCFs
is higher than that of PBG-HCFs, which means that with AR-HCFs it is easier to obtain a
fundamental mode guidance at a short fiber length [53].

3. Gas Stimulated Raman Scattering
3.1. Traditional Gas Raman Lasers Versus Fiber Gas Raman Lasers

Since gas SRS was first reported in 1963 [54], gas SRS has been considered as a
significant method to realize a laser of a new wavelength by frequency conversion. Gas SRS
can cover the ultraviolet-to-infrared band [55,56], which is an effective extension of the laser
output band. Figure 4a is a simplified schematic diagram of the interaction between lasers
and gas in traditional Raman gas lasers. Owing to the diffraction effect of laser transmission
in free space and some other factors, the gas SRS in free space has a short interaction length

8
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and low intensity, leading to an extremely high Raman threshold. Normally, traditional gas
Raman lasers require pump pulsed lasers with megawatt peak power to reach the Raman
threshold. Moreover, there would be many Stokes waves generated, so it is difficult to
realize efficient conversion of a single Stokes wavelength in traditional gas Raman lasers.
These problems limit the applications of traditional gas Raman lasers. However, for FGRLs,
gas SRS occurs in HC-PCFs, and a simplified schematic diagram of the interaction between
lasers and gas in FGRLs is shown in Figure 4b. HC-PCFs can confine lasers to the small
core for long-distance transmission, so an extremely low Raman threshold can be achieved.
Furthermore, the output Stokes waves can be controlled by designing the transmission
band of HC-PCFs. Thus, HC-PCFs provide an ideal environment for efficient gas SRS,
meeting the requirements of strong interaction intensity, a long interaction length, and a
controllable Raman gain spectrum at the same time.

(a)

Low intensity
Free

space LR
Short interaction length
(b)

HCFs Strong intensity

Long interaction length

Figure 4. The simplified schematic diagram of the interaction between lasers and gas in (a) traditional
gas Raman lasers and (b) fiber gas Raman lasers.

3.2. Candidate Gas Media for 1.7 ym Raman Wavelength

For gas SRS, the Raman frequency shift is due to the energy-level transitions of gas
media. Thus, different output Raman wavelengths can be flexibly realized by changing the
gas media or using different energy-level transitions of one gas medium. Because hydrogen
(H) and deuterium (D,) are the main candidate gas media for 1.7 um FGRLs, Figure 5a,b
present the schematic diagrams of the energy-level transitions of Hy [57] and D, SRS [58],
respectively. It can be seen that Hy molecules’ vibrational SRS has a Raman frequency
shift coefficient of ~4155 cm~! and the rotational SRS of different energy levels has Raman
frequency shift coefficients of ~587, ~354, and ~814 cm 1. Dy molecules’ vibrational SRS
has a Raman frequency shift coefficient of ~2988 cm~!, and the rotational SRS of different

energy levels has Raman frequency shift coefficients of ~179, ~297, and ~415 cm 1.
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Figure 5. The schematic diagram of the energy-level transitions of (a) H [57] and (b) D, [58] SRS.

The relationship between the pump wavelength, Raman frequency shift coefficient,
and Raman wavelength is given by

1 1
Aw = /'Tp N 1)
where Aw is the Raman frequency shift coefficient and Ap and Ag are the pump wavelength
and Raman wavelength, respectively. When the pump wavelength is set in the 1 or 1.5 pm
band, H; or D, SRS can realize different output Raman wavelengths, as shown in Table 1.
It can be seen that when the pump wavelength is set in the 1.5 pum band, the output Raman
wavelength at the 1.7 um band can be realized by H, or D; rotational SRS.

Table 1. Different pump wavelengths, Raman frequency shift, and corresponding output Raman

wavelengths.

Gain Gases Raman Frequency Raman Wavelength Raman Wavelength
Shift Pumped at 1064 nm Pumped at 1550 nm

4155 cm 1 1907 nm 4354 nm

H 814 cm—1 1165 nm 1773 nm

2 587 cm—1 1135 nm 1705 nm

354 cm ! 1106 nm 1640 nm

2987 cm~! 1560 nm 2886 nm

D 415 cm™! 1113 nm 1656 nm

2 297 cm 1 1098 nm 1625 nm

179 cm~! 1084 nm 1594 nm

4. Fiber Gas Raman Lasers Operating at 1.7 pm
4.1. Typical Experimental Setup

Figure 6a presents the typical experimental setup of 1.7 um FGRLs, comprising mainly
a pump source, HC-PCFs, a gas cell, and a set of lenses. The pump laser is a 1.5 um pulsed
erbium-doped fiber amplifier (EDFA), the pigtail fiber (Corning, SMF-28e) of which is
fusion-spliced with the HC-PCFs (NKT Photonics, HC-1550-02) due to a similar mode
field area and numerical aperture, and the theoretical minimum loss can be as low as
1.3 dB [59]. The output end of the HC-PCFs is sealed in a gas cell with a glass window, and
the HC-PCFs can be filled with a gas medium through the gas cell. The output lasers being
transmitted through the glass window are collimated and are filtered by a set of lenses.

10
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Figure 6. (a) The schematic diagram of a typical experimental setup of 1.7 um FGRLs and (b) the
transmission spectrum of the used HC-PCFs. Insert: optical micrograph of a cross section of the used
HC-PCFs [57].

Figure 6b presents the transmission spectrum and optical micrograph of a cross section
of HC-PCFs [57]. The low-loss transmission band of HC-PCFs is from 1415 to 1740 nm,
covering both the 1.5 pm pump wavelengths and the 1.7 um output Raman wavelengths.
Furthermore, it can be seen from the insert that the used HC-PCFs are PBG-HCFs with a
multilayer microstructure in the cladding. Compared with the AR-HCFs with a single-ring
microstructure in the cladding, fusion splicing has less impact on the optical performance
of the used HC-PCFs. Thus, mature commercial HC-PCFs (NKT Photonics, HC-1550-02)
are very suitable for 1.7 um FGRLs.

4.2. Spectral Coverage

A pulsed fiber amplifier with a wavelength tuning range of 1535-1565 nm was used
to pump 20-m-long HC-PCFs filled with D; or Hj, and the output spectra are shown in
Figure 7a [27] and Figure 7b [28], respectively. It can be seen that one pump line in the
1.5 um band is converted into one Raman line in the 1.7 um band (415 and 587 cm~! Raman
frequency shift coefficients of D, and Hy, respectively), which greatly improves the power
conversion efficiency. This is not difficult to explain. Take D, SRS as an example; if the pump
wavelength is 1550 nm, because the 2886 nm Raman line generated by vibrational SRS (with
a Raman frequency shift of 2987 cm™!) is located outside the low-loss transmission band, it
is strongly suppressed. Moreover, because the Raman gain of the 1656 nm rotational Raman
line (with a Raman frequency shift of 415 cm™!) is higher than that of 1625 and 1594 nm
rotational Raman lines (with Raman frequency shifts of 297 and 179 cm™ 1, respectively),
the 1550 nm pump line will first be converted into a 1656 nm Raman line, and the residual
pump power is too low to generate 1625 and 1594 nm Raman lines. The explanation of the
output spectrum of H, SRS is also similar. Therefore, the output Raman wavelengths are
determined by the gas media, pump wavelength, and fiber attenuation.

11
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Figure 7. The output spectra of 1.7 um FGRLs based on (a) D;-filled [27] and (b) Hj-filled HC-
PCFs [28] when the pump wavelength is from 1535 to 1565 nm and the fiber length is 20 m.

4.3. Power-Limiting Factors

Compared to the solid-core fiber, only less than 1% of the mode field energy overlaps
the silica glass of the fiber core boundary when the lasers are transmitted in HC-PCFs. So
HC-PCFs have a higher damage threshold, which means that HC-PCFs are more capable
of transmitting comparatively higher power and energy. In this section, the influence of the
pump wavelength, gas pressure, repetition frequency of the pump pulse, and fiber length
on the output Raman power is fully discussed based on the reported experimental results
of the 1.7 um fiber deuterium gas Raman laser [27,29], and the key factors for achieving
high-power 1.7 um FGRLSs are analyzed.

Figure 8a shows the output Raman power as a function of coupled average pump
power at different pump wavelengths when the fiber length is 20 m [27]. The maximum Ra-
man power decreases toward the long wavelength. It can be attributed to the amplification
performance of the pump source. The output power of the pump source is slightly reduced
as the wavelength increases. In fact, when the fiber attenuation in the pump band and
output Raman band is basically unchanged, the wavelength change has little effect on the
output Raman power. Figure 8b shows the output Raman power as a function of coupled
average pump power at different gas pressures when the fiber length is 20 m [27]. Since the
molecular density of the gain gas in the HC-PCFs can be adjusted by the barometer of the
gas cell, this provides new freedom in the optimization of the 1.7 um FGRL performance
for high-power laser emission. When the gas pressure is too low, the Raman threshold is
relatively higher due to the small Raman gain [60], thereby affecting the output Raman
power. While the Raman gain is saturated at a high gas pressure level, the contribution of
increasing gas pressure to the Raman gain becomes extremely small. Therefore, it can be
seen from Figure 7b that when the gas pressure is higher than 15 bar, the Raman power
does not increase obviously.

Figure 9 presents the experimental results of using a higher-power pump source [29],
and cascaded Raman conversion is more likely to occur under high pump power.
Figure 9a presents the output Raman power as a function of the coupled average pump
power at different repetition frequencies of the pump pulse when the fiber length is
20 m and the gas pressure is 16 bar. It can be seen that the repetition frequency has a
great influence on the output Raman power, and there is an optimal repetition frequency
to achieve the maximum output Raman power. This is because when the fiber length
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and the gas pressure are constant, the Raman threshold of the pump peak power is also
constant. Thus, it is necessary to adjust the repetition frequency to obtain a suitable
peak power so that the peak power is much higher than the first-order Raman thresh-
old but does not exceed the second-order Raman threshold. When the peak power is
much higher than the first-order Raman threshold, more pump pulse energy can undergo
Raman conversion. When the peak power does not exceed the second-order Raman
threshold, the first-order to second-order cascaded Raman conversion will not occur,
which means that the first-order Raman power will not fall at the high pump power level.
Figure 8b presents the output Raman power as a function of the coupled average pump
power at different fiber lengths when the repetition is 1.5 MHz and the gas pressure is
16 bar. It can be seen that the Raman threshold increases with a decrease in the fiber
length, which means that less pump pulse energy is converted into Raman pulse energy,
so the maximum output Raman power also decreases. Therefore, when the fiber length
is reduced, a higher peak power of the pump pulse is required to improve the power
conversion efficiency.
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Figure 8. The output Raman power as a function of coupled pump power at different (a) pump
wavelengths and (b) gas pressures when the fiber length is 20 m [27].
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Figure 9. The output Raman power as a function of coupled pump power (a) at different repetition
frequencies of the pump pulse when the fiber length is 20 m and the gas pressure is 16 bar and (b) at
different fiber lengths when the repetition frequency is 1.5 MHz and the gas pressure is 16 bar [29].

4.4. Theoretical Model

Because there are many adjustable experimental parameters in 1.7 um FGRLs, it is
necessary to establish a corresponding theoretical model to guide the actual experiment to
obtain a higher output Raman power. In fact, the 1.7 pm fiber hydrogen Raman laser has the
following characteristics: First, there is only a pure rotational SRS process in the HC-PCFs;
second, there is only one rotational Raman line generated by the rotational SRS; and third,
there is only one second-order Raman line generated by the cascade Raman conversion.
Therefore, the theoretical model is greatly simplified, and a steady-state coupled wave
equation considering cascaded Raman conversion and pulse shape is established [57].

dI
ﬁ = gsplsals1 —asylsy
S1

v
T =8silsily —asilst — $2gsalsnlst 2)
dl v
T = —oa8silsilp —aplp

where Iy is the intensity, ay is the fiber loss, vy is the frequency, and gy is the steady-state
Raman gain coefficient (x means S1 for the first-order Stokes wave, S2 for the second-order
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Stokes wave, and P for the pump wave); z is the position of the fiber along the propagation.
The boundary conditions of Equation (2) are set as follows [57]:

2
Ip(z=10) = Le 22

hvg A
Is1(z=0) = 705'};;,@

®)

where Ij is the initial pump intensity, / is the Planck constant, Avy is the Raman linewidth,
Aegt is the mode field area of the HC-PCFs, ¢ is the variance of the Gaussian distribution,
and t is the pump pulse width.

The above theoretical model is used for simulation, and simulation parameters
such as fiber length, pump power, and Raman gain are set according to actual exper-
imental conditions. The simulation and measured results of pulse shapes are shown
in Figure 10 [57]. Figure 10a,b present the pulse shapes in the condition of no cascaded
Raman conversion, and the simulation results reproduce the measured results very well.
The center part of the pump pulse is converted into a Raman pulse, so there is a dip in
the middle of the residual pump pulse. When the peak power is extremely high, the
first-order Raman light is converted into second-order Raman light, so there is also a dip
in the middle of the first-order Raman pulse, as shown in Figure 10c,d. The difference
between the simulation and the measured results of the Raman pulse shape is caused by
the gain accumulation [61], and the gain accumulation is not considered in the simulation
as the pump pulse builds up.
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Figure 10. (a,c) Measured pulse shapes of pump light, first-order Raman light, and residual pump
light; (b,d) corresponding simulation results [57].

Similarly, the simulation evolution curves of the output power with the repetition
frequency of the pump pulse are calculated when the fiber length, gas pressure, and
average pump power are constant [30], as shown in Figure 11a. The simulation and
measured results are plotted using dotted lines and solid-core patterns, respectively. It
can be seen that simulation results can find the optical repetition frequency relatively
accurately. Furthermore, the simulation evolution curves of the output power with the
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fiber length are also calculated when the pump power and gas pressure are constant [57],
as shown in Figure 11b. It can be seen that the measured results are basically consistent
with the simulation results. Thus, the theoretical model is relatively reliable and can have
an important guiding role in achieving high-power 1.7 um FGRLs.
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Figure 11. (a) The output power as a function of repetition frequency of the pump pulse when the
fiber length, gas pressure, and average pump power are constant, and the dotted lines and solid-core
patterns represent simulation and measured results, respectively [30]; (b) the output power as a
function of fiber length when the pump power and gas pressure are constant [57].

5. Summary and Outlook

In summary, we reviewed the studies of 1.7 pm FGRLs based on HC-PCFs. We
briefly described the principle and characteristics of HC-PCFs and the gas SRS process
and systematically characterized 1.7 pm FGRLs in aspects of output spectral coverage,
power-limiting factors, and a theoretical model. There are two important facts to improve
the output Raman power for 1.7 um FGRLs when the fiber length and pump power are
constant. One is to keep the gas pressure at a high level to ensure Raman gain saturation in
the HC-PCFs. The other is to adjust the parameters of the pump pulse so the peak power is
of an appropriate value, that is, the peak power is much larger than the first-order Raman
threshold and slightly smaller than the second-order Raman threshold.

We believe that 1.7 pum FGRLs will develop toward higher power and an all-fiber
structure. There is no Raman power saturation in the current works, so if more pump
power were coupled into the HC-PCFs, a higher output Raman power would be obtained.
A useful way is to use a higher-power 1.5 um pump source and introduce transition fibers
to reduce the fusion-splice loss between HC-PCFs and solid-core fibers [62]. To realize an
all-fiber structure, it is necessary to solve the problem of HC-PCFs being fusion-spliced
with the solid-core fibers in the gas-filled state, which may face the danger of gas leakage
and combustion [63]. Furthermore, a 1.7 um all-fiber gas Raman laser with a Fabry—Perot
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cavity is also one of the development directions, and the introduction of the Fabry—Perot
cavity can further reduce the Raman threshold [64]. However, because H, molecules and
D, molecules are extremely small, they can penetrate the silica glass and overflow from the
HC-PCFs, which could affect the long-term reliability of the 1.7 um FGRL. This problem
also needs to be further studied and solved.

Author Contributions: Conceptualization, Z.W.; software, H.L.; investigation, ].L. and H.L.; writing—
original draft preparation, J.L.; and writing—review and editing, H.L. and Z.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Outstanding Youth Science Fund Project of the Hunan
Province Natural Science Foundation (2019]J20023), the National Natural Science Foundation of
China (NSFC) (11974427, 12004431), and the Fund of State Key Laboratory of Pulsed Power Laser
Technology (SKL 2020 ZR05).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Burns, M.D.; Shardlow, P.C.; Barua, P.; Jefferson-Brain, T.L.; Sahu, ]J.K.; Clarkson, W.A. 47 W continuous-wave 1726 nm thulium
fiber laser core-pumped by an erbium fiber laser. Opt. Lett. 2019, 44, 5230-5233. [CrossRef] [PubMed]

2. Zhang, Y, Song,].; Ye,J.; Xu, J.; Yao, T.; Zhou, P. Tunable random Raman fiber laser at 1.7 um region with high spectral purity.
Opt. Express 2019, 27, 28800-28807. [CrossRef]

3.  Cheng, H; Tong, S.; Deng, X.; Liu, H.; Du, Y.; He, C. Deep-brain 2-photon fluorescence microscopy in vivo excited at the 1700 nm
window. Opt. Lett. 2019, 44, 4432-4435. [CrossRef] [PubMed]

4. Horton, N.G.; Xu, C. Dispersion compensation in three-photon fluorescence microscopy at 1700 nm. Biomed. Opt. Express 2015, 6,
1392-1397. [CrossRef] [PubMed]

5. Kawagoe, H.; Ishida, S.; Aramaki, M.; Sakakibara, Y.; Omoda, E.; Kataura, H. Development of a high-power supercontinuum
source at the 1.7 um wavelength region for highly penetrative ultrahigh-resolution optical coherence tomography. Biomed. Opt.
Express 2014, 5, 932-943. [CrossRef]

6. Li, C;Shi,J.; Gong, X.; Kong, C.; Luo, Z.; Song, L. 1.7 um wavelength tunable gain-switched fiber laser and its application to
spectroscopic photoacoustic imaging. Opt. Lett. 2018, 43, 5849-5852. [CrossRef]

7. Li, C.; Shi, J.; Wang, X.; Wang, B.; Gong, X.; Song, L. High-energy all-fiber gain-switched thulium-doped fiber laser for volumetric
photoacoustic imaging of lipids. Photonics Res. 2020, 8, 160-164. [CrossRef]

8. Li, B; Zheng, C.; Liu, H,; He, Q.; Ye, W.; Zhang, Y.; Pan, J.; Wang, Y. Development and measurement of a near-infrared CHy
detection system using 1.654 pm wavelength-modulated diode laser and open reflective gas sensing probe. Sens. Actuators B
Chem. 2016, 225, 188-198. [CrossRef]

9. Yin, T,; Qi, Z.; Chen, E; Song, Y.; He, S. High peak-power and narrow-linewidth all-fiber Raman nanosecond laser in 1.65 pm
waveband. Opt. Express 2020, 28, 7175-7181. [CrossRef]

10. Li, C; Kong, C.; Wong, K.K.Y. High Energy Noise-Like Pulse Generation from a Mode-Locked Thulium-Doped Fiber Laser at 1.7
um. IEEE Photonics J. 2019, 11, 1-6. [CrossRef]

11. Li, C; Wei, X,; Kong, C.; Tan, S.; Chen, N.; Kang, ]J. Fiber chirped pulse amplification of a short wavelength mode-locked
thulium-doped fiber laser. APL Photonics 2017, 2, 121302. [CrossRef]

12. Du, T; Ruan, Q; Yang, R.; Li, W.; Wang, K.; Luo, Z. 1.7-pm Tm/Ho-Codoped All-Fiber Pulsed Laser Based on Intermode-Beating
Modulation Technique. J. Lightwave Technol. 2018, 36, 4894—4899. [CrossRef]

13.  Noronen, T.; Okhotnikov, O.; Gumenyuk, R. Electronically tunable thulium-holmium mode-locked fiber laser for the 1700-1800
nm wavelength band. Opt. Express 2016, 24, 14703-14708. [CrossRef]

14.  Noronen, T; Firstov, S.; Dianov, E.; Okhotnikov, O.G. 1700 nm dispersion managed mode-locked bismuth fiber laser. Sci. Rep.
2016, 6, 24876. [CrossRef] [PubMed]

15.  Khegai, A.; Melkumov, M.; Riumkin, K.; Khopin, V.; Firstov, S.; Dianov, E. NALM-based bismuth-doped fiber laser at 1.7 um. Opt.
Lett. 2018, 43, 1127-1130. [CrossRef]

16. Thipparapu, N.K;; Wang, Y.; Wang, S.; Umnikov, A.A.; Barua, P; Sahu, J.K. Bi-doped fiber amplifiers and lasers [Invited]. Opt.
Mater. Express 2019, 9, 2446-2465. [CrossRef]

17.  Fang, X.; Wang, Z.Q.; Zhan, L. Efficient generation of all-fiber femtosecond pulses at 1.7 um via soliton self-frequency shift. Opt.
Eng. 2017, 56, 046107. [CrossRef]

18. Nguyen, T.N,; Kieu, K.; Churin, D.; Ota, T.; Miyawaki, M.; Peyghambarian, N. High Power Soliton Self-Frequency Shift with
Improved Flatness Ranging From 1.6 to 1.78 um. IEEE Photonics Technol. Lett. 2013, 25, 1893-1896. [CrossRef]

19. Wang, K.; Xu, C. Tunable high-energy soliton pulse generation from a large-mode-area fiber and its application to third harmonic
generation microscopy. Appl. Phys. Lett. 2011, 99, 071112. [CrossRef]

20. Zach, A.; Mohseni, M.; Polzer, C.; Nicholson, ].W.; Hellerer, T. All-fiber widely tunable ultrafast laser source for multimodal

imaging in nonlinear microscopy. Opt. Lett. 2019, 44, 5218-5221. [CrossRef]
17



Crystals 2021, 11, 121

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Becheker, R.; Tang, M.; Hanzard, PH.; Tyazhev, A.; Mussot, A.; Kudlinski, A. High-energy dissipative soliton-driven fiber optical
parametric oscillator emitting at 1.7 um. Laser Phys. Lett. 2018, 15, 115103. [CrossRef]

Qin, Y.; Batjargal, O.; Cromey, B.; Kieu, K. All-fiber high-power 1700 nm femtosecond laser based on optical parametric
chirped-pulse amplification. Opt. Express 2020, 28, 2317-2325. [CrossRef] [PubMed]

Tang, M.; Becheker, R.; Hanzard, PH.; Tyazhev, A.; Oudar, ].L.; Mussot, A. Low Noise High-Energy Dissipative Soliton Erbium
Fiber Laser for Fiber Optical Parametric Oscillator Pumping. Appl. Sci. 2018, 8, 2161. [CrossRef]

Zeng, J.; Akosman, A.E.; Sander, M.Y. Supercontinuum Generation from a Thulium Ultrafast Fiber Laser in a High NA Silica
Fiber. IEEE Photonics Technol. Lett. 2019, 31, 1787-1790. [CrossRef]

Chung, H.Y,; Liu, W.; Cao, Q.; Kartner, EX.; Chang, G. Er-fiber laser enabled, energy scalable femtosecond source tunable from
1.3 to 1.7 um. Opt. Express 2017, 25, 15760-15771. [CrossRef] [PubMed]

Grimes, A.; Hariharan, A.; Sun, Y,; Ovtar, S.; Kristensen, P.; Westergaard, P.G.; Rako, S.; Baumgarten, C.; Stoneman, R.C,;
Nicholson, J.W.; et al. Hundred-watt CW and Joule level pulsed output from Raman fiber laser in 1.7-um band. In Proceedings of
the SPIE 11260, Fiber Lasers XVII: Technology and Systems, San Francisco, CA, USA, 21 February 2020.

Cui, Y,; Huang, W.; Li, Z.; Zhou, Z.; Wang, Z. High-efficiency laser wavelength conversion in deuterium-filled hollow-core
photonic crystal fiber by rotational stimulated Raman scattering. Opt. Express 2019, 27, 30396-30404. [CrossRef]

Huang, W.; Li, Z; Cui, Y.; Zhou, Z.; Wang, Z. Efficient, watt-level, tunable 1.7 um fiber Raman laser in H;-filled hollow-core
fibers. Opt. Lett. 2020, 45, 475-478. [CrossRef]

Li, H.; Huang, W.; Cui, Y.; Zhou, Z.; Wang, Z. 3W tunable 1.65 pum fiber gas Raman laser in D,-filled hollow-core photonic crystal
fibers. Opt. Laser Technol. 2020, 132, 106474. [CrossRef]

Li, H.; Pei, W.; Huang, W.; Cui, Y.; Wang, M.; Wang, Z. Highly efficient nanosecond 1.7 um fiber gas Raman laser by H;-filled
hollow-core photonic crystal fibers. Crystals 2021, 11, 32. [CrossRef]

Cregan, R.F,; Mangan, B.J.; Knight, J.C.; Birks, T.A.; Russell, P.S.].; Roberts, P].; Allan, D.C. Single-Mode Photonic Band Gap
Guidance of Light in Air. Science 1999, 285, 1537-1539. [CrossRef]

Mangan, B.J.; Farr, L.; Langford, A.; Roberts, PJ.; Williams, D.P,; Couny, F.; Lawman, M.; Mason, M.; Coupland, S.; Flea, R. Low
loss (1.7 dB/km) hollow core photonic bandgap fiber. In Proceedings of the Optical Fiber Communication Conference, Los
Angeles, CA, USA, 22 February 2004.

Roberts, PJ.; Couny, F; Sabert, H.; Mangan, B.].; Russell, P.S.]J. Ultimate low loss of hollow-core photonic crystal fibres. Opt.
Express 2005, 13, 236—244. [CrossRef] [PubMed]

Zhang, X.; Gao, S.; Wang, Y.; Ding, W.; Wang, X.; Wang, P. 7-cell hollow-core photonic bandgap fiber with broad spectral
bandwidth and low loss. Opt. Express 2019, 27, 11608-11616. [CrossRef] [PubMed]

Smith, C.M.; Venkataraman, N.; Gallagher, M.T.; Muller, D.; West, ].A.; Borrelli, N.E,; Allan, D.C.; Koch, K.W. Low-loss hollow-core
silica/air photonic bandgap fibre. Nature 2003, 424, 657-659. [CrossRef] [PubMed]

Benabid, E; Knight, J.C.; Antonopoulos, G.; Russell, P.S.]. Stimulated Raman scattering in hydrogen-filled hollow-core photonic
crystal fiber. Science 2002, 298, 399-402. [CrossRef]

Couny, E; Benabid, E; Light, P.S. Large-pitch kagome-structured hollow-core photonic crystal fiber. Opt. Lett. 2006, 31, 3574-3576.
[CrossRef]

Couny, F; Benabid, F.; Roberts, PJ.; Light, P.S.; Raymer, M.G. Generation and photonic guidance of multi-octave optical-frequency
combs. Science 2007, 318, 1118-1121. [CrossRef]

Pearce, G.J.; Wiederhecker, G.S.; Poulton, C.G.; Burger, S. Models for guidance in kagome-structured hollow-core photonic crystal
fibres. Opt. Express 2007, 15, 12680-12685. [CrossRef]

Debord, B.; Amsanpally, A.; Chafer, M.; Baz, A.; Maurel, M.; Blondy, ].M.; Hugonnot, E.; Scol, E; Vincetti, L.; Gérome, F.; et al.
Ultralow transmission loss in inhibited-coupling guiding hollow fibers. Optica 2017, 4, 209-217. [CrossRef]

Litchinitser, N.M.; Abeeluck, A K.; Headley, C. Antiresonant reflecting photonic crystal optical waveguides. Opt. Lett. 2002, 27,
1592-1594. [CrossRef]

Wang, Y.Y.; Wheeler, N.V.; Couny, F. Low loss broadband transmission in hypocycloid-core Kagome hollow-core photonic crystal
fiber. Opt. Lett. 2011, 36, 669-671. [CrossRef]

Gérome, F; Jamier, R.; Auguste, J.L. Simplified hollow-core photonic crystal fiber. Opt. Lett. 2010, 35, 1157-1159. [CrossRef]
[PubMed]

Pryamikov, A.D.; Biriukov, A.S.; Kosolapov, A.F.; Plotnichenko, V.G.; Semjonov, S.L.; Dianov, E.M. Demonstration of a waveguide
regime for a silica hollow-core micro structured optical fiber with a negative curvature of the core boundary in the spectral region
>3.5 um. Opt. Express 2011, 19, 1441-1448. [CrossRef] [PubMed]

Yu, F; Wadsworth, W.J.; Knight, J.C. Low loss silica hollow core fibers for 3—4 pum spectral region. Opt. Express 2012, 20,
11153-11158. [CrossRef]

Kolyadin, A.N.; Kosolapov, A.E; Pryamikov, A.D.; Biriukov, A.S.; Plotnichenko, V.G.; Dianov, E.M. Light transmission in negative
curvature hollow core fiber in extremely high material loss region. Opt. Express 2013, 21, 9514-9519. [CrossRef] [PubMed]

Gao, S.F; Wang, Y.Y,; Liu, X.L. Bending loss characterization in nodeless hollow-core anti-resonant fiber. Opt. Express 2016, 24,
14801-14811. [CrossRef]

18



Crystals 2021, 11, 121

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bradley, T.D.; Jasion, G.T.; Hayes, J.R. Antiresonant Hollow Core Fibre with 0.65 dB/km Attenuation across the C and L
Telecommunication bands. In Proceedings of the 45th European Conference on Optical Communication, Dublin, Ireland, 26
September 2019.

Jasion, G.T.; Bradley, T.D.; Harrington, K.; Sakr, H.; Chen, Y.; Fokoua, E.N.; Davidson, I.A.; Taranta, A.; Hayes, ].R.; Richardson, D.J.
Hollow Core NANF with 0.28 dB/km Attenuation in the C and L Bands. In Proceedings of the 2020 Optical Fiber Communications
Conference and Exhibition, San Diego, CA, USA, 8 March 2020.

Vincetti, L.; Setti, V. Extra loss due to Fano resonances in inhibited coupling fibers based on a lattice of tubes. Opt. Express 2012,
20, 14350-14361. [CrossRef]

Jaworski, P; Yu, F; Maier, R.R.J.; Wadsworth, W.]J.; Knight, ].C.; Shephard, ].D.; Hand, D.P. Picosecond and nanosecond pulse
delivery through a hollow-core Negative Curvature Fiber for micro-machining applications. Opt. Express 2013, 21, 22742-22753.
[CrossRef]

Bufetov, L A.; Kosolapov, A.F,; Pryamikov, A.D.; Gladyshev, A.V.; Kolyadin, A.N.; Krylov, A.A.; Yatsenko, Y.P.; Biriukov, A.S.
Revolver Hollow Core Optical Fibers. Fibers 2018, 6, 39. [CrossRef]

Komanec, M.; Dousek, D.; Suslov, D.; Zvanove, S. Hollow-Core Optical Fibers. Radioengineering 2020, 29, 417-430. [CrossRef]
Minck, R.W.; Terhune, RW.; Rado, W.G. Laser stimulated Raman effect and resonant four-photon interactions in gases Hy, D,
and CHy. Appl. Phys. Lett. 1963, 3, 181-183. [CrossRef]

Brink, D.J.; Proch, D. Efficient tunable ultraviolet source based on stimulated Raman scattering of an excimer-pumped dye laser.
Opt. Lett. 1982, 7, 494—496. [CrossRef] [PubMed]

Loree, T.R; Cantrell, C.D.; Barker, D.L. Stimulated Raman emission at 9.2 um from hydrogen gas. Opt. Commun. 1976, 17, 160-162.
[CrossRef]

Li, H.; Huang, W.; Cui, Y.; Zhou, Z.; Wang, Z. Pure rotational stimulated Raman scattering in Hy-filled hollow-core photonic
crystal fibers. Opt. Express 2020, 28, 23881-23897. [CrossRef]

Teal, G.K.; MacWood, G.E. The Raman Spectra of the Isotopic Molecules Hy, HD, and D,. J. Chem. Phys. 1935, 3, 760-764.
[CrossRef]

Aghaie, K.Z.; Digonnet, M.].F;; Fan, S. Optimization of the splice loss between photonic-bandgap fibers and conventional
single-mode fibers. Opt. Lett. 2010, 35, 1938-1940. [CrossRef]

Bischel, W.K,; Dyer, M.]. Wavelength dependence of the absolute Raman gain coefficient for the Q(1) transition in Hp. J. Opt. Soc.
Am. B 1986, 3, 677-682. [CrossRef]

Benabid, F.; Antonopoulos, G.; Knight, J.C.; Russell, P.S.]J. Stokes amplification regimes in quasi-cw pumped hydrogen-filled
hollow-core photonic crystal fiber. Phys. Rev. Lett. 2005, 95, 213903. [CrossRef]

Gao, S.; Wang, Y.; Tian, C.; Wang, P. Splice Loss Optimization of a Photonic Bandgap Fiber via a High V-Number Fiber. [EEE
Photonics Technol. Lett. 2014, 26, 2134-2137. [CrossRef]

Benabid, F.; Couny, F.; Knight, J.C.; Birks, T.A.; Russell, P.S. Compact, stable and efficient all-fibre gas cells using hollow-core
photonic crystal fibres. Nature 2005, 434, 488-491. [CrossRef]

Couny, E; Benabid, F,; Light, P.S. Subwatt threshold cw Raman fiber-gas laser based on H;-filled hollow-core photonic crystal
fiber. Phys. Rev. Lett. 2007, 99, 143903. [CrossRef]

19






crystals

Article

Hydrogen Molecules Rotational Stimulated Raman
Scattering in All-Fiber Cavity Based on Hollow-Core
Photonic Crystal Fibers

Wenxi Pei 1'2, Hao Li 1'2, Wei Huang '3, Meng Wang 2% and Zefeng Wang

check for

updates
Citation: Pei, W,; Li, H.; Huang, W.;
Wang, M.; Wang, Z. Hydrogen
Molecules Rotational Stimulated
Raman Scattering in All-Fiber Cavity
Based on Hollow-Core Photonic
Crystal Fibers. Crystals 2021, 11, 711.

https:/ /doi.org/10.3390/ cryst11060711

Academic Editors: David Novoa and
Nicolas Y. Joly

Received: 22 May 2021
Accepted: 18 June 2021
Published: 21 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

College of Advanced Interdisciplinary Studies, National University of Defense Technology,
Changsha 410073, China; peiwenxi@nudt.edu.cn (W.P.); lihaol8c@nudt.edu.cn (H.L.);
cuiyulong@nudt.edu.cn (W.H.); wangmeng@nudt.edu.cn (M.W.)

Hunan Provincial Key Laboratory of High Energy Laser Technology, Changsha 410073, China
State Key Laboratory of Pulsed Power Laser Technology, Changsha 410073, China
Correspondence: zefengwang@nudt.edu.cn

Abstract: Here, we report the rotational stimulated Raman scattering (SRS) of hydrogen molecules in
an all-fiber cavity based on hollow-core photonic crystal fibers (HC-PCFs). The gas cavity consists of
a 49 m long HC-PCF filled with 18 bar high-pressure hydrogen and two sections of fusion spliced
solid-core fibers on both ends. When pumped by a homemade 1064 nm pulsed fiber amplifier, only
rotational SRS occurs in the gas cavity due to the transmission spectral characteristics of the used
HC-PCF, and 1135 nm Stokes wave is obtained (Raman frequency shift of 587 cm~1). By changing
the pulse width and repetition frequency of the pump source, the output characteristics are explored.
In addition, a theoretical model is established for comparison with the experimental results. This
work is helpful for the application of gas Raman laser based on the HC-PCFs.

Keywords: photonic crystal fiber; hollow-core fiber; fiber gas laser; stimulated Raman scattering

1. Introduction

Since the first demonstration in 1963 [1], stimulated Raman scattering (SRS) in gases
has been considered as an effective way of generating lasers at unobtainable wavelengths.
Due to the large Raman shift and high Raman gain coefficient, light sources based on the
SRS in gases can obtain tunable, narrow linewidth lasers, especially for the lasers in the
ultraviolet and infrared spectral range [2,3]. However, the SRS in the gas cell has a short
interaction length, which requires very high pump peak power, usually up to megawatt
level. Besides, there are always more than one Raman line generated and the Raman
conversion efficiency is quite low for the lasers at the desired wavelength. The appearance
of hollow-core fibers (HCFs) provides an effective solution to these problems and gives
birth to a new kind of fiber lasers, namely, fibers gas Raman lasers (FGRLs). The gas cell
based on HCFs can greatly enhance the interaction between the pump laser and the gas
molecules. The interaction length can be also greatly extended by increasing the length
of the HCFs. What is more, the final gain spectrum of various orders of Stokes waves can
be controlled by wavelength-dependent fiber attenuation in the HCFs, which can provide
much higher conversion efficiency of the desired wavelength. Gaseous hydrogen is the
most commonly used Raman gain medium in gas cells. The first demonstration of the SRS
of hydrogen molecules in HCFs was in 2002 [4], then a lot of work has been done based on
various HCFs [4-15]. However, in almost all reported FGRLs, the pump laser is coupled
into the HCFs through free space, which is quite inconvenient and limits the applications
of the FGRLs. Thus, in 2004 [13], Benabid et al. first reported an all-fiber gas cell spliced
by an expensive special fiber fusion splicer (Vytran FFS-2000-PM, America), which is an
effective but not common way. In 2007 [6], Couny et al. reported an all-fiber gas cavity,
but the pump laser was coupled into the cavity through free space. Therefore, they did
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not realize the experimental system with all-fiber structure. In our previous work [11,15],
we reported the 1.7 um quasi all-fiber FGRL, and the optical isolators were introduced
to avoid Fresnel reflection damage to the pump source. The fiber laser was used as the
pump source and the pigtail was spliced to the input end of the HC-PCF, which greatly
improves the stability of the system. However, the output end of the HC-PCF is still sealed
in the gas chamber, making the experimental system still bulky. Chen et al. reported a
1135 nm FGRL with all-fiber structure in 2013 [14], but the power is less than 1 mW and
the conversion efficiency is only 2.69%, meaning poor performance, and it is quite difficult
to explore the applications.

In this paper, we report the hydrogen SRS in an all-fiber cavity based on HC-PCFs.
The gas cavity is fabricated by splicing the HC-PCFs with two sections of solid-core fibers
at each end using arc fusion technique [16-18]. When pumped with a pulsed 1064 nm fiber
laser amplifier, a 1135 nm Stokes wave is generated by pure rotational SRS of hydrogen
molecules due to the transmission loss spectrum of the HC-PCFE. The output characteristics
are explored with different pump pulse widths and repetition frequencies. When the
width is 4 ns and the repetition frequency is 20 MHz, the maximum Stokes power of
289 mW is achieved with a power conversion efficiency of 28.5%, which can be greatly
enhanced by improving the splicing loss and optimizing the HCF’s length in the future. A
theoretical model is established, and the experimental result is in good agreement with the
simulation result.

2. Experimental Setup

Figure 1 shows the experimental setup of pulsed 1 um all-fiber Raman laser. The
pump source consists of a seed which is a 1064 nm optical pulse machine (OPM; a laser
diode with adjustable pulse generator, pulse driver, and efficient TEC controller) with
multi-longitudinal modes and a homemade double-cladding ytterbium-doped fiber ampli-
fier (YDFA). The pulse width of the seed can be adjusted form 1 ns to 6 ns and the repetition
frequency tuning range is from 4 kHz to 25 MHz. The maximum average output power of
52.42 mW can be achieved when the seed is at the pulse width of 4 ns and the repetition
frequency is 20 MHz. Figure 2a presents the measured fine spectrum with an OSA resolu-
tion of 0.02 nm in this power, and it can be seen that there are four longitudinal modes. In
YDFA, there are 5 m ytterbium-doped fibers (YDF; Nufern double clad optical fiber, USA)
with the absorption coefficient of 4.95 dB/m at 976 nm and the core diameter is 10 ym. The
YDF is pumped by a 976 nm laser diode (LD) with the maximum output power of 3.28 W,
which is coupled into the YDF by the fiber combiner. YDFA is fused with an optical isolator
(the insertion loss is 0.46 dB, the isolation is 38.5 dB) to avoid the disturbance caused by
the backward laser. The maximum output power of 1.51 W is achieved with the 3.28 W
pump power at 976 nm when the pulse width of seed is 4 ns, and the repetition frequency
is 20 MHz. The measured fine spectrum of the YDFA in Figure 2b keeps the characteristics
well, and the corresponding wavelengths are 1063.94 nm, 1064.38 nm, 1064.83 nm, and
1065.27 nm, respectively. The output fiber of the isolator is fused with a fiber coupler (the
measured coupling ratio is 99.83:0.17) to monitor the output power of the pump source
in real time. The main output fiber of the coupler is fused with the all-fiber gas cavity. A
convex-plane lens is placed at the output end of the gas cavity to collimate the laser. Two
silver mirrors can help monitor the output spectrum. Besides, the residual pump laser and
Stokes laser are separated by adjusting the flippable long-pass filters, which is helpful to
measure the power.

For the gas cavity, a 49 m long HC-PCF (NKT Photonics HC-1060-02, Denmark) filled
with 18 bar hydrogen is spliced to a solid-core fiber (Corning HI1060, USA) as the pump
injection end and the other end of the HC-PCF is spliced to another solid-core fiber (SM-
GDF-10/125-15FA) as the output end. In our work, the end as the pump injection is spliced
first and the other end of the HC-PCF is sealed into a specially designed gas chamber, which
can keep the HC-PCF vacuumed and fill it with hydrogen. After standing for 10 h, the
HC-PCF is taken out from the gas chamber and spliced with the solid-core fiber quickly. By
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calculating the amount of gas leakage in the fusion splicing process [16], the gas pressure
in the all-fiber gas cavity is estimated to be 18 bar. Besides, the fusion loss of mode field
mismatch can be reduced by using these different solid-core fibers, and the fusion losses of
splicel and splice2 is 1.56 dB and 0.45 dB, respectively. Figure 3a presents the cross-section
of the HC-PCF under the electron microscope (the core diameter is 10 pm), and Figure 3b
presents the transmission loss and dispersion curves (from the product manual provided
by NKT Photonics). It can be seen that the losses at 1064 nm and 1135 nm are ~0.083 dB/m
and ~0.012 dB/m, respectively.
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HC-PCF

1 Coupler [

Splice2 Splicel

|
-~ o0sA

Mirror

Figure 1. Experimental setup: ISO, optical isolator, LD, laser dioxide, PM, power meter, OSA, optical spectrum analyzer.
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Figure 3. (a) The schematic cross section of the HC-PCF and (b) the transmission loss and dispersion curves of the HC-PCF,
both from the product manual provided by NKT Photonics.
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3. Experimental Results and Discussion

The output spectrum is measured when the pump source is at the maximum output
power of 1.51 W, as shown in Figure 4a. The width of the pump pulse is 4 ns and the
repetition frequency is 20 MHz. It can be seen that besides the pump line at 1064 nm, there
are two lines in the spectrum. The line at 1135 nm is the first-order Raman line, and it is
converted from 1064 nm pump line by the rotational SRS of hydrogen molecules in the gas
cavity (the corresponding Raman frequency shift is 587 cm~!). The line at 1217 nm is the
second-order Raman line converted from 1135 nm first-order Raman line with the same
Raman frequency shift. Figure 4b—d presents the fine output spectrum of the residual pump
laser, the first-order Stokes wave, and the second-order Stokes wave, respectively. The
spectrum of the residual pump laser is similar to the output spectrum of the pump source in
Figure 2b, but the intensity of some wavelengths has changed. The lines at 1064.38 nm and
1064.83 nm become weaker as they are strong enough to be converted into the first-order
Stokes waves; it can be well verified from Figure 4c. There are two lines at 1135.32 nm and
1135.86 nm in the spectrum, which represent two different longitudinal modes. They are
generated by the rotational SRS of hydrogen molecules pumped by the lasers at 1064.38 nm
and 1064.83 nm, respectively. For the second-order Stokes wave at 1217 nm, there is only
one Raman line in the spectrum as shown in Figure 4d. It is converted by the first-order
Stokes wave of 1135.86 nm as it is strong enough.
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Figure 4. (a) The total output spectrum of 1 um all-fiber FGRL. (b—d) The fine spectrum of the
residual pump laser, the first-order Stokes laser, and the second-order Stokes laser, respectively.

To explore the impact of the pulse width on the output characteristics of the all-fiber
FGRL, we change the pump pulse width from 4 ns to 2 ns and keep the repetition frequency
at 20 MHz. Figure 5a shows the output spectrum of the pump source with the maximum
output power. It can be seen that there are many longitudinal modes. Figure 5b presents
the output spectrum of the FGRL. There are mainly two lines in the output spectrum: a
1064 nm pump line and 1135 nm Raman line. Therefore, only the first-order Stokes wave
is generated by the rotational SRS of hydrogen molecules, which is quite different from
the case when the pump pulse width is 4 ns. There is a very weak line at 1106 nm that
can only be detected by the highly sensitive OSA. It is also the first-order Stokes wave
converted by the 1064 nm pump laser, and the corresponding Raman frequency shift is
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354 cm L. The corresponding Raman gain of 1106 nm is weaker than that in 1135 nm [19],
so the pump laser is converted into a 1135 nm Stokes wave first, and only a few pump
lasers are converted into 1106 nm Stokes waves. Figure 5c,d shows the fine spectrum of the
first-order Stokes waves at 1135 nm and 1106 nm, respectively, which indicates that only the
pump lasers at 1064.38 nm and 1063.94 nm are converted into the first-order Stokes waves
(the Stokes wave at 1106.1 nm is converted by the pump laser at 1064.38 nm). Due to the
accuracy of spectrometer, the linewidth of these lasers cannot be measured accurately, and
some Stokes waves are too weak to be measured. Compared with the pump source with
the pulse width of 4 ns, there are more longitudinal modes in the pump source when the
pulse width is 2 ns, which may lead to the dispersion of power and the Raman conversion
is not as sufficient as the case with the pulse width of 4 ns when the pump power is the
same. The absence of the second-order Stokes wave indicates that the first-order Stokes
wave is not strong, which also means the conversion is not sufficient.
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Figure 5. (a) The output spectrum of the pump source at the maximum output power when the pulse
width of the pump laser is 2 ns and the repetition frequency is 20 MHz. (b) The total output spectrum
of 1 um all-fiber FGRL in this case. (¢,d) The fine spectrum of the first-order Stokes waves at 1135 nm
and 1106 nm, respectively.

To display more clearly the power components of longitudinal modes, the spectral
intensity in Figures 2b and 5a is represented by a linear scale, as shown in Figure 6a,b. It
can be seen that although the output spectrum contains many longitudinal modes when
the pump pulse width is 2 ns, the power spectrum mainly contains four components
with different wavelengths. The pump lines at 1064.38 nm and 1063.94 nm take up the
dominant position with the ratio of 77.85% of the total output power. The power spectrum
in Figure 6b indicates that when the pulse is 4 ns, the output power has only two main
pump lines, and both can be converted into Stokes waves. By calculation, the lines at
1064.83 nm and 1064.38 nm account for 90.03% of the total output power, which is much
higher than the case with the pulse width of 2 ns. Therefore, when the pump source is in
the same output power and the pulse width is 4 ns, there are more pump lines with higher
power participate in Raman conversion. This also explains why the second-order Stokes
wave is not generated with the same pump power when the pump pulse is 2 ns.
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Figure 6. (a,b) The power spectrums of the pump source at the maximum power with the pulse
width of 2 ns and 4 ns, respectively.

The output power characteristics of the FGRL with different pulse width of pump
laser are measured, as shown in Figure 7a—c. The solid and hollow patterns in Figure 7a,b
represent the Raman power and residual pump power, respectively. Moreover, the coupled
pump power is the actual power that transmitted into the gas cavity after the Splice 1. It
can be seen that with the increase in the coupled pump power, the Raman power with the
pulse width of 2 ns is detected first. This is because the pump pulse with width 2 ns is
narrower, which means the corresponding peak power is higher than the pulse with the
width of 4 ns when the pump power is the same and exceed the Raman threshold earlier.
Both the Raman powers with different pulse widths increase linearly. The residual pump
power with the pulse width of 4 ns drops when the coupled pump power exceeds the
Raman threshold, while it keeps increasing when the pulse is 2 ns. It indicates the Raman
conversion is not sufficient when the pulse width is 2 ns in the case. The corresponding
Raman efficiency (the ratio of coupled pump power to Raman power in the gas cavity) is
calculated, as shown in Figure 7c. The maximum Raman efficiency 28.5% is obtained with
the maximum coupled pump power and the pulse width is 4 ns. Besides, the Stokes pulse
energy and the coupled pulse energy are explored in the Figure 7d. It can be seen that the
Stokes energy with the pulse width of 4 ns is higher in general.

Furthermore, we measured the output power characteristics of the FGRL with dif-
ferent repetition frequencies and the same pulse width of 4 ns. Except for the repetition
frequencies, the characteristics of the pump pulse like duration and spectral content are
the same. Figure 8a,b presents the evolution of Raman power, residual pump power, and
Raman efficiency with the increase of coupled pump power, respectively. It can be seen
from Figure 8a,b that the curves with different repetition frequencies show similar trends.
All the Raman powers increase linearly, while all the residual powers increase at first and
then drop when the coupled pump power exceed the Raman threshold. Obviously, the
optimal repetition frequency is 20 MHz with the lowest Raman threshold and the highest
Raman power among the five repetition frequencies. When the repetition frequency is less
than 20 MHz, the peak powers of the pump pulse and Raman pulse will become higher,
which is conducive to the conversion of the second-order Raman laser. When it is higher
than 20 MHz, less energy of pump pulses that exceed the first-order Raman threshold are
converted into Raman pulses. Both situations will reduce the first-order Raman conversion
efficiency. Figure 8c depicts the Raman efficiencies with different repetition frequencies.
The maximum Raman efficiency is 28.5% in 20 MHz as mentioned earlier, which is more
efficient than the previous work [14]. The corresponding Raman power is 289 mW, which
is the maximum output Raman power. Compared with the previous work [14], the output
power is increased by an order of magnitude. The pulse energy of Stokes pulse and coupled
pump pulse is explored as shown in Figure 8d. It can be seen when the repetition frequency
is 20 MHz, the Stokes pulse has the highest energy.
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Figure 9a—d presents the shapes and the series of the pump pulses and the Stokes
pulses when the pump power is maximum and the repetition is 20 MHz. It can be seen
that the frequency of the Stokes pulses is 20 MHz, which is the same as the pump pulses.
The pulse widths are measured, as shown in Figure 9a,c. It can be seen that the width of
the Stokes pulse is narrower than that of pump pulse. This is not unexpected, because only
the center part of the pump pulse that is higher than Raman threshold can be converted
into the Stokes pulses.
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Figure 9. The temporal characteristic of the FGRL when the pump source is at the maximum power and the repetition is
20 MHz. (a,b) The shapes and the series of the pump pulses. (c,d) The shapes and the series of the Stokes pulses.

For the single FGRL in our work, the process of the rotational SRS that generates the
first-order and the second-order Stokes waves obey the rules as follows [15]:

dP A
e _/\i;gsﬂ’sﬂ’P —aplp @
dP, A
751 = g51P51Pp — DCS]PS‘l - TSZgSZPSZPﬂ (2)
Z s1
dP.
sz = 852Ps2Ps1 — a5oPso ®)

where the subscripts of P, S1, and S2 represent the pump wave, the first-order Stokes wave,
and the second-order Stokes wave, respectively; z is the coordinate of the HC-PCF length;
A is the wavelength; g is the steady-state Raman gain coefficient; P is the intensity; and « is
the fiber loss. The boundary conditions can be given [11]:

Py

Pp(z=0) = A7

4)
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herrAvg

Pa(z=0) = ©)

As1Aeff
where P is the peak power of the coupled pump pulse in the HC-PCFs; A.f is the
mode field area of the HC-PCFs; h is the Planck constant; c is the light speed Avg; is
the Raman linewidth. A simple steady-state theoretical model can be established by the
formulas above.

In our work, Figure 10a presents the simulation result of the pump pulse shape and
the first-order Stokes pulse shape based on the theoretical model. Here Avg is 3.1 GHz [20].
And gg; is 0.35 cm/GW and gs; is 0.18 cm/GW, which is estimated and adjusted slightly
from in [10,11,18]. The mode field diameter of the HC-PCFis 7.5 pm and A, ¢ is 14.067 um?.
The pump pulse width is 4 ns and the repetition frequency is 20 MHz. It can be seen the
Stokes pulse width is ~2.8 ns, which is in good agreement with the experimental results.
Figure 10b shows the simulation results of the output power characteristics in the same
case. For better comparison, the experimental results are plotted with solid patterns, while
the simulation results are plotted with dotted lines. We can find that both the results show
the similar trend and with the increase of the coupled pump power, the experimental
results are in good agreement with the simulation results at first, then there is a deviation
between them. We speculated that the homemade pulsed YDFA may has some continuous
wave components which are useless in the Raman conversion and its power increases with
the increase of coupled pump power. We hypothesize that by optimizing the performance
of the amplifier, we can achieve better agreement between the experimental results and the
simulation results.
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Figure 10. The simulation results of (a) the pump pulse shape and the first-order Stokes pulse shape and (b) the output

power characteristics.

4. Conclusions

We have demonstrated the rotational SRS of hydrogen molecules in an all-fiber cavity
based on HC-PCFs. The all-fiber gas cavity is fabricated by fusion splicing 49 m long
HC-PCFs filled with 18 bar hydrogen and two sections of solid-core fibers. When pumped
by a homemade 1064 nm YDFA, the pure rotational SRS of hydrogen molecules occurs in
the gas cavity. The output characteristics of the FGRL with different repetition frequency
and pulse width are explored. The maximum output power with 289 mW of the first-order
Stokes wave at 1135 nm is obtained and the corresponding Raman efficiency is 28.5%.
A steady-state theoretical model is established, and the experimental results are in good
agreement with the simulation results. This work makes a further exploration for the
applications of the FGRLs.
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Abstract: We numerically investigate the effect of scaling two key structural parameters in antireso-
nant hollow-core fibers—dielectric wall thickness of the cladding elements and core size—in view of
low-loss mid-infrared beam delivery. We demonstrate that there exists an additional resonance-like
loss peak in the long-wavelength limit of the first transmission band in antiresonant hollow-core
fibers. We also find that the confinement loss in tubular-type hollow-core fibers depends strongly
on the core size, where the degree of the dependence varies with the cladding tube size. The loss
scales with the core diameter to the power of approximately —5.4 for commonly used tubular-type
hollow-core fiber designs.

Keywords: hollow core fiber; optical waveguide design; mid-infrared beam delivery

1. Introduction

Antiresonant hollow core fibers (AR-HCFs) have attracted significant attention from
researchers in optics community in recent years. The ability to guide light in the hollow
region with only small overlap with the surrounding dielectric material is their main
appeal [1-3]. It enables guided optics without many of the limitations imposed by intrinsic
optical properties of the waveguide material. In this regard, guiding mid-infrared (mid-IR)
beam is one of the key potential applications of AR-HCFs [4-7]. Being guided in the hollow
region, the core modes in AR-HCFs can bypass high absorption loss in silica in mid-IR
and permit fiber guidance beyond 2.4 um wavelength [8,9]. For example, Ref. [10] reports
AR-HCF transmission loss of 18 dB-km ™! at 3.1 um and 40 dB-km~! at 4 um. Ref. [11]
demonstrates low-loss guidance over a broad mid-IR spectral band spanning 2.5-7.9 um.

For low-loss mid-IR operation, the cross-sectional geometry of AR-HCF needs to be
scaled up from those that guide near-infrared or visible. This is because the waveguide
effect remains roughly the same when both the geometry and wavelength are scaled by
the same amount [12,13]. Our question is then how the guidance in mid-IR is influenced
by the scaling of individual structural parameters. There are two key fiber parameters
that are crucial in this respect. The dielectric cladding wall thickness is one of them. It
dictates the spectral limits of the transmission bands in AR-HCF. However, its effect on
the guidance in the long-wavelength limit of the first transmission band, which is the
region most relevant to its mid-IR operation, has not yet been discussed in detail. The core
size is the other parameter that has tremendous effect on mid-IR guidance. This is clearly
reflected in past mid-IR-guiding AR-HCF demonstrations, where the core diameters are
usually much larger than those designed for near-infrared or visible regions, measuring up
to 119 um [11].

In this work, we investigate numerically the geometrical scaling of AR-HCFs and its
influence on the confinement loss. We focus on studying the loss in the long-wavelength
limit and identify factors that need to be considered when designing low-loss AR-HCFs for
mid-IR applications. As we shall see, the wall thickness must be kept thicker than approxi-
mately a quarter of the wavelength to achieve low-loss guidance in mid-IR. Moreover, our
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NANF

results show that the confinement loss in tubular-type AR-HCF becomes more strongly
dependent on the core size when the cladding tube size is optimized for low loss.

2. Design and Its Geometrical Formalism

One of the most successful branches of AR-HCFs is the tubular type where the central
hollow core is surrounded by a small number of thin-wall tubular cladding elements [5].
The tubular hollow-core fiber (THCF) with its simple geometry is relatively easy to fabricate,
yet it can still exhibit transmission loss as low as just a few tens of dB-km~1[10,14]. An
idealized cross-sectional structure of a six-element THCF is presented in Figure 1a, where
gray shades correspond to the regions of dielectric medium, and white regions are hollow.
D is the core diameter which is defined as the diameter of the largest circle that fits in
the middle hollow region; d is the exterior diameter of the tubular cladding elements;
and f is their wall thickness. The size of the tubular cladding elements in THCF is often
characterized in terms of the ratio d/D. The range of possible d/D is then set by the number
of cladding elements, N, i.e.,, 0 < d/D < sin(7r/N)/(1 —sin(7t/N)) [15].
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Figure 1. Idealized cross-sections of (a) a six-element tubular hollow-core fiber (THCF) and (b) a six-element nested

antiresonant nodeless fiber (NANF). Gray shades correspond to the regions of dielectric medium, and white regions are

hollow. D is the core diameter which is defined as the diameter of the largest circle that fits in the central hollow region.

t is the dielectric wall thickness of the cladding elements. d is the exterior diameter of the cladding elements in THCF,

and d; and d, are those of the outer and inner cladding tubes, respectively, in NANE. (c) Confinement loss of silica-based

six-element THCF and NANF calculated using finite-element method. The structural parameters are D = 60 pm, t = 0.6 um,

and d =dq = 2dp =39 pm.

A variant of THCEF, called nested antiresonant nodeless fiber (NANF), has additional
smaller tubular elements of the same wall thickness nested inside the original cladding
tubes of THCEF, which provide one more antiresonant reflection layer to enhance the light
confinement [16,17]. Their presence substantially reduces the loss, and NANFs that exhibit
ultra-low loss—comparable to the loss in telecommunication fibers—have been reported
in recent years [18,19]. Figure 1b is an idealized structure of a six-element NANE. In
this design, the cladding elements are characterized by the exterior diameter of the outer
cladding tubes, d;, and that of the inner tubes, dy. The core size, D, and dielectric wall
thickness, ¢, are defined in the same way as in THCFE.

Figure 1c presents the confinement loss of the fundamental core mode in silica-based
THCF and NANF calculated using finite-element modeling. We apply a 20 um thick
perfectly matched layer at the boundary of our calculation domain. We set D = 60 pm,
t=0.6 pm, and d = d; = 2dp = 39 pm in both fibers. Their loss spectra consist of low and high
loss regions, where in the low-loss regions, NANF outperforms THCF by approximately
two orders of magnitude. The locations of the high-loss bands in AR-HCFs are dictated by
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the dielectric wall thickness of cladding elements. This gives rise to presence of the peak
seen at around 1.25 um in both geometries. At this wavelength, dielectric wall essentially
acts as a Fabry—Perot resonator, and light can easily escape from the core resulting in
leakage loss. The resonant wavelengths are given by [20,21]:

2t
M= /21 1)

where t is the wall thickness, and 7 is the refractive index of the dielectric material, silica. m
is a positive integer which represents the order of the resonance. Hence, the loss at 1.25 pm
is the first resonant band, i.e., m = 1, and the low-loss region on the long-wavelength side
of it is the first transmission band.

Two most influential structural parameters that govern the light guidance in AR-
HCEF are the dielectric wall thickness of the cladding elements and core diameter. We can
express them in terms of the operating wavelength to generalize our investigation for all
wavelengths, and study individually effect of each on the confinement loss. For this, we
first introduce normalized frequency, F, which represents dielectric wall thickness relative
to the wavelength. This is given by:

F— %m @

Where A is the wavelength. We assume for now the refractive index of silica, #, is
fixed at 1.45 in all calculations to follow. The consequence of its large variation near the
silica material resonance at around 8 um shall be discussed in the later part in Section 3.
In Equation (2), F naturally follows the high-loss and low-loss bands in AR-HCF. That is,
F close to an integer value (F ~ m) corresponds to a resonant band while F close to a half
integer value (F ~ m — 0.5) implies a transmission band, where m =1, 2, 3, ... is the order
of the resonant or transmission band. Next, the core diameter, D, can also be standardized
and expressed in terms of A by introducing the normalized core diameter, G, which is
given by:

D

G- )

Our comprehensive literature survey indicates that G in the range of 25-35 is used
the most often, as it strikes a good balance between the confinement and bending-induced
loss [1,13].

It is important to note when the entire cross-sectional structure of AR-HCF and
wavelength are scaled by the same factor, the imaginary part of effective indices of the
core modes—responsible for the confinement loss in respective modes—remain the same.
We corroborate this assertion in Figure 2a with a plot of the imaginary part of effective
index of the fundamental core mode, 3 (1), in a six-element THCF versus the scaling
factor, f. Here, the calculations are carried out for the wavelength, fA, on the fiber geometry
characterized by fD, fd, and ft as illustrated in Figure 2b. Namely, the parameters used in
the calculation are A =1.06 um, D = 26.5 um, d = 17.2 um, and ¢t = 0.26 um. The confinement
loss, agp, expressed in dB-m~! and (1) are related through [22]:

21 21
agg = 20log, (exp(A%(neff)>) ~ 8.686<A%(neff)) 4)
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Figure 2. (a) Imaginary part of effective index of the fundamental core mode, (1), in a six-tube THCF versus f when the

fiber structure depicted in (b) and wavelength are both scaled by f. The parameters used in the calculation are A = 1.06 pm,
D=265um,d=17.2 um, and t = 0.26 pm.

Figure 2 and Equation (4) elucidate that a4p is not conserved when the fiber geometry
and wavelength are scaled by the same amount. Rather, a4p varies inversely with A since
S(negr) is the quantity that is conserved.

3. Results and Discussions

Figure 3a presents the imaginary part of the effective index of the fundamental core
mode, (1), as a function of the normalized frequency, F, in a six-tube THCF when
G=25and d/D =0.65. Note d/D = 0.65 is the ratio that gives the lowest loss in a six-tube
THCEF [15]. We illustrate the excellent scalability of our study by repeating the calculations
for four different values of t = 0.4, 0.6, 0.8, and 1 pm. The results are accurately reproduced
in all four calculations, including the highly oscillatory behaviors in the high-loss regions
in Figure 3a. Thus, F allows us to carry out the study in the most general manner.

The presence of the transmission and resonant bands can be seen clearly in Figure 3a.
The loss peaks are shifted slightly from the integer values and placed at F ~ m + 0.1, while
the lowest (#e) in the mth-order transmission band appears at F =~ m — 0.5 indicated
with dashed-vertical lines. The small shift of the loss peak from the integer F values has
also been noted in several past numerical studies [3,23]. A comprehensive encounter of
the origin behind the shift is presented in Reference [23]. We note that the widths and
lowest (ne5) values are roughly the same across all transmission bands. Moving in the
direction of decreasing F from the lowest & (#¢) point in each transmission band, we begin
to observe an oscillation and rise in the loss at F ~ m — 0.6. They appear in remarkably
similar manner in all transmission bands with distinctive small peaks that are located near
the red-edges indicated by dotted-vertical lines. The high loss regions, or the mth-order
resonant bands, are in m — 0.1 < F < m + 0.2. The loss gradually increases towards the
band edges of transmission bands. As F approaches a resonance, the index mismatch
between the fundamental core mode and dielectric cladding modes decreases, while their
spatial field overlap increases, resulting in strong coupling between them. This leads to
large light leakage in the core and corresponding rise in the confinement loss [23,24].

To give an idea on how Figure 3a translates to the actual loss in dB-m~! and wave-
length, we plot, in Figure 3b, the corresponding confinement loss in the case of two different
t values, 0.6 and 0.8 um, with the equivalent wavelengths for the two cases shown in the
upper horizontal axis. For long wavelength operation, light guidance in the first trans-
mission band, i.e., F < 1, is of high relevance. In particular, the confinement loss at small
F values—in the gray-shaded regions in Figure 3a,b—reveals how THCF is expected to
operate in mid-IR. For instance, F < 0.4 corresponds to the wavelength longer than 3.15 um
when ¢t = 0.6 um. One striking observation which we discuss for the first time is how
the resonance-like loss starts to show up below F ~ 0.4, in a much similar fashion to
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how it happens around the resonances at F = 1, 2, and so on. In other words, after the
minimum confinement loss is reached at F = 0.5, the loss increases again as if there is
another t-induced resonance located at F = 0. Even the small peaks at the red-edges of the
transmission bands, marked with vertical-dotted lines at F = 2.26 and 1.23, are replicated in
the first transmission band at F = 0.21. Considering that F corresponds to the number of half
wavelengths that fits in the thickness of the dielectric cladding tube wall, it is interesting to
note that a Fabry—Perot-like resonance still exists when the thickness of the dielectric wall
approaches zero. This suggests that the dielectric wall thickness in THCF must be increased
accordingly to ensure F > 0.2 and achieve low-loss guidance in the long wavelength limit.
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Figure 3. (a) Imaginary part of the fundamental core mode index, 3(11.¢), as a function of F in a six-tube THCF when G = 25
and d/D = 0.65. The calculation is carried out for four different t values, 0.4, 0.6, 0.8, and 1 um, to illustrate the scalability of
the results. (b) Corresponding confinement loss versus wavelengths when t = 0.6 and 0.8 um. Gray-shaded regions in (a,b)
mark the long wavelength region, e.g., wavelength longer than 3.15 um when t = 0.6 um. (c) Fractional optical power in the
dielectric medium in the same THCFE.

Figure 3c shows the corresponding fractional optical power that overlaps with the
dielectric medium in the fiber. Its qualitative features are identical to the loss. In the
resonant bands, a large portion of light leaks out into the dielectric medium, while overlap
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is very small in the transmission bands. The overlap becomes smaller as the order of the
transmission band is decreased. This quantity is among the most decisive factors that
determine the performance of mid-IR guidance in silica-based AR-HCFs. A fiber design
that ensures minimum fractional power in silica must be chosen to mitigate the dramatic
increase in silica’s absorption beyond 2.4 um. Figure 3c implies that this can be achieved
by placing the mid-IR wavelength near F = 0.5.

We use the same approach and calculate 3(7ef), #qp, and fractional optical power
in the dielectric medium in a six-element NANF as a function of F. These are shown in
Figure 4a—c, respectively. The structural parameters are kept the same as in Figure 3, i.e.,
G =25, d1/D = 0.65. The ratio between the exterior diameters of the outer and inner
cladding elements, d; /d, = 2 is used in all calculations. In Figure 4b, we set t = 0.6 pm
to evaluate the corresponding confinement loss and wavelength. The same quantities
for THCEF, identical to those presented in Figure 3, are plotted together in Figure 4 for
comparison. The reduction of over two orders of magnitude is evident in the transmission
bands, clearly demonstrating its superior performance. Towards both edges of each
transmission band in NANF, the loss rises rapidly and reaches the same level as in THCF
beyond the vertical-dotted lines. This happens when F < m — 0.75 in the long- and F > m
in the short-wavelength edges. On the other hand, NANF does not further reduce the
light-glass overlap as shown in Figure 4c. Therefore, NANF does not offer additional
benefit when it comes to mitigating the high material absorption in mid-IR. Furthermore,
NANTF also exhibits a resonance-like loss in the long-wavelength side of its fundamental
transmission band, i.e., as F approaches 0, just like that seen in THCF in Figure 3. This
appears to be a feature that is universal to all AR-HCFs.

Thus far, we adopted D correspondingly as F is varied such that G = 25 is maintained,
which eliminates the effect of core size on the confinement loss in our study. Let us now
look at how the core size, D, influences the mid-IR guidance in AR-HCFs. Generally, the
loss decreases with increasing core size due to larger glancing angle of light incident at the
core boundary, which results in higher Fresnel reflection reducing the attenuation [1]. We
start from the Marcatili and Schmeltzer model which presents an analytic expression for
the mode attenuation in an idealized capillary that consists of a circular core surrounded by
infinitely thick homogenous non-absorbing dielectric medium. In this model, the imaginary
part of the fundamental core mode index can be expressed as [22]:

A2 n?+1
S(nefr) = (rcD) uzz\/ﬁ ®)

Here, u = 2.405 is the first zero of the Bessell function Jy. The loss per unit length
in a dielectric capillary can then be obtained through Equation (4). It indicates that the
confinement loss in a dielectric capillary scales with the inverse cube of D. For a thin wall
dielectric capillary, Zeisberger and Schmidt analytically showed that the loss becomes
proportional to D~# [25]. This scaling changes to D~*® in THCF when the tubular cladding
elements are in contact with each other, i.e,, d/D = sin(n/N)/(1—sin(7r/N)), as
demonstrated numerically in Reference [26]. In this regard, we highlight that the two
of the cases discussed above—the capillary with infinitely thick dielectric medium and
THCF with touching cladding elements—represent two extreme values of d/D in THCF.
On one end, we have the dielectric capillary when d/D = 0 where the loss scales with
D to the power —3, while on the other end, we arrive at THCF with touching cladding
elements when d/D is at its maximum where the loss scales with D to the power —4.5.
An interesting question is then how this scaling changes between the two limiting cases.
Knowing that the confinement loss of a six-element THCF remains relatively flat and low
when 0.5 <d/D < 0.8 [27,28], understanding how the loss scales with the core size in this
range is of particular interest.
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Figure 4. (a) Imaginary part of the fundamental core mode index, $(n.), as a function of F in a six-tube NANF when

G =25and d;/D =0.65, and dq = 2d,. (b) Corresponding confinement loss versus wavelength when t = 0.6 um. (c) Fractional

optical power in the dielectric medium in the same NANF. The same quantities for THCF with the identical geometrical

parameters are plotted in gray-dashed lines for comparison.

Figure 5 presents our comprehensive encounter of the core size investigation. We
calculate 3(n1e¢) in THCF as a function of G. Other structural parameters that influence
the guidance are varied one-by-one independently to give a clear overview of how the
guidance changes with the core size under different conditions. First, we consider the case
where N and d/D are fixed at 6 and 0.65, respectively, and calculate the loss as a function of
G for five different values of F, i.e., F = 0.4, 0.5, 0.6, and 0.8 in the first transmission band and
1.5 in the second transmission band. The results are plotted in Figure 5a. It shows that for
all F considered, the loss reduces with increase in G at almost the same rate. By fitting the
data numerically using least squares method, we work out that (n.g) is proportional to
G4, This translates to the confinement loss being proportional to A*4/D># via Equation
(4). Similarly, the changes in J(.¢) as a function of G for THCF with different number
of cladding elements, while fixing F = 0.5, i.e., at the center of the first transmission band,
are presented in Figure 5b. For each N, the cladding tube size that exhibits low loss, as
determined in Reference [15], is used in the calculations. These are d/D = 0.79, 0.65, 0.6, 0.5,
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0.45for N=5,6,7, 8,9, respectively. We find that the rate of reduction against G does not
vary much with change in N when d/D that gives low loss is chosen in each N. In fact, we
obtain the same loss decay rate of 5.4 from Figure 5b. This demonstrates that the dielectric
wall thickness and number of cladding elements do not have significant impact on the rate
of reduction in (1) with increase in the core size.
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Figure 5. 3(neff) versus G in THCEF for different structural parameters. (a) For F = 0.4, 0.5, 0.6, 0.8, 1.5, while N = 6 and
d/D =0.65. (b) For N=5,6,7,8,9, while F = 0.5 and d/D is set at a value that gives low loss in each N as identified in
Reference [15]. (c) For d/D = 0.4, 0.5, 0.6, 0.65, 0.7, 0.8, 0.9, 0.99, while N = 6 and F = 0.5.

On the contrary, it turns out that the size of the cladding tubes has a major impact.
Figure 5¢ shows the change in (#n.¢) against G for different sizes of the cladding tubes,
while F and N are set at 0.5 and 6. The rate of reduction varies significantly depending on
the size of the cladding tubes. This is in accordance with the fact that the two limiting cases
of the d/D in THCF, i.e,,d/D=0and d/D = sin(t/N)/(1 —sin(rt/N)) have largely
different rates, G2 for the former and G5 for the latter.

Having identified that cladding tube size is the key factor affecting the rate of change
of the loss when the core size is varied, we now study in detail how the rate changes
against the cladding tube size. Figure 6 reveals the decay rate, x, of J(#.¢) on G versus
the standardized cladding size, (d/D)’, when N = 6, 7, 8, and F = 0.5. Here, the decay
rate, x, means that (ne) is proportional to G™, which implies through Equation (4)
that agp is proportional to A¥~1/D*. At each data point in Figure 6, x is numerically
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Decay rate, x

calculated by fitting the J(#1,¢) versus G plot using the least squares method in the range
20 < G < 40. Moreover, since the possible range of d/D in THCF depends on N, i.e., from 0
to (sin(r/N))/ (1 —sin(r/N)), we introduce a new parameter (d/D)’ to standardize the
cladding size for all N for easy comparison. This is defined as:
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Figure 6. Confinement loss decay rate, x, versus the standardized cladding size, (d/D)’, for THCF when N =6, 7, 8, and

F = 0.5. The decay rate, x, means agg is proportional to A*~1/D*. At each data point, x is calculated by fitting the S (114¢)
versus G plot using the least squares method in the range 20 < G < 40. The standardized cladding size, (d/D)’, is obtain
by normalizing d/D to its respective maximum, sin(7t/N) /(1 — sin(7r/N)). Example geometries at three different (d/D)’
values when N =7 are illustrated in the insets for reference. The colored crosses mark (d/D)’ values that give the lowest loss

in each N which coincides with the largest decay rate.

The lines have remarkably similar shapes for all N. The decay rate does not vary
monotonically with d/D. They all start at 3 when (d/ D) =0, and rise to values between
4 and 4.5 when (d/D)’ is around 0.15-0.2. Upon further increase in (d/D)’, they quickly
dip and remain at around 3 in the range 0.2 < (d/D)’ < 0.4. Beyond 0.4, the rates rise and
plateau in between 5 and 5.5. This is the range most relevant as majority of THCFs have
(d/D) of 0.6-0.9 [15]. They decrease rapidly near the maximum (d/D)’ of 1, arriving at
4.5. We believe this non-monotonic variation of x is mainly due to the presence or lack
thereof airy modes in the space in-between the cladding tubes depending on (d/D)’, as
well as the influence of the large bulk of dielectric material in the outer jacket tube that
grows as (d/D)’ decreases. One striking observation in Figure 6 is that the largest decay
rate in each N coincides with (d/D)’ that gives the lowest loss. These are indicated with the
crosses in Figure 6. In other words, the confinement loss in the best performing THCF has
the strongest dependence on the core size.

From the results presented so far, it is made clear that the dielectric wall thickness
must scale proportionately with the wavelength such that F ~ 0.5 is maintained even in
the mid-IR region. Moreover, the core size must be sufficiently large and carefully chosen
since the confinement loss increases proportionally to approximately A*4/D># in low-loss
THCFs. However, there is another important design aspect which we have not brought
up in this work, i.e., the index of the dielectric material. This also needs to be carefully
considered for realizing low-loss mid-IR guidance in AR-HCFs. One interesting aspect
in this regard is that the refractive index of silica can drop below 1 in mid-IR at around
7.3 um [29]. While we can imagine that this may lead to a unique situation where the
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hollow-core fiber exhibits index guidance, its performance will be severely restricted by
the high material absorption in this spectral region [9,11,29]. Therefore, other compound-
glass materials that are transparent in this range, such as chalcogenide glass, should be
considered as the waveguide material for guidance at around 8 um wavelength.

4. Conclusions

In this work, we present comprehensive numerical study on the effect of scaling
two key structural parameters of AR-HCFs—dielectric wall thickness of the cladding
elements and core diameter—in view of low-loss mid-IR beam delivery. We show for the
first time the appearance of resonance-like loss peak in the long-wavelength limit of the
first transmission band in AR-HCEF. This indicates that the dielectric wall thickness of the
cladding elements must be increased to at least a quarter of the wavelength to ensure
low-loss guidance in the long wavelength region. Furthermore, we reveal that the rate of
loss reduction with increase in the core diameter in THCF depends on the cladding tube
size. The loss depends most strongly on the core size when the cladding tube diameter is
optimized for low loss. It increases proportionally to approximately A**/D>* when (d/D)’
is in the range 0.6-0.96.
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Abstract: In this work, an original way of shaping chalcogenide optical components has been
investigated. Thorough evaluation of the properties of chalcogenide glasses before and after 3D
printing has been carried out in order to determine the impact of the 3D additive manufacturing
process on the material. In order to evaluate the potential of such additive glass manufacturing,
several preliminary results obtained with various chalcogenide objects and components, such as
cylinders, beads, drawing preforms and sensors, are described and discussed. This innovative 3D
printing method opens the way for many applications involving chalcogenide fiber elaboration, but
also many other chalcogenide glass optical devices.

Keywords: chalcogenide glasses; 3D printing; mid-infrared fibers; photonic crystal fibers

1. Introduction

In recent years, a growing interest has been developed for optical materials and fibers
for the mid-infrared (mid-IR) region, especially for chalcogenide glasses [1,2]. Such interest
originates from societal needs for health and environment for instance, and also from the
demand for military applications [3,4]. Indeed, the mid-IR spectral region contains the
3-5 um and 8-12 um atmospheric transparent windows, where both military and civilian
thermal imaging can take place [5,6]. Compared to oxide-based glasses, vitreous materials
containing chalcogen elements, i.e., S, Se and Te, show large transparency windows in
the infrared. Depending on their chemical composition, chalcogenide glasses can be
transparent from the visible up to 12-18 pm [7-9]. In this context, we have investigated
an alternative approach based on a 3D printing process for fabricating mid-IR optical
components such as preforms, optical fibers, sensors and beads.

3D printing, more formally known as additive manufacturing, was firstly a shap-
ing technique widely used for polymer for rapid prototyping processes but it is now
more and more commonly employed for mass production and mass customization, as
well [10-13]. Very quickly, this technology was extended to metals [14], ceramics [15] and
even glasses [16-18]. The most common method for polymers is the fused filamentation
fabrication (FFF) method, also known as fused deposition modeling (FDM) [19,20]. It
involves the extrusion of a thermoplastic material through a heated die and accurate depo-
sition, layer by layer, until the desired three-dimensional object is obtained. It has been
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demonstrated that such filamentation techniques can be modified and applied to the 3D
printing of glasses with low glass transition temperature (Tg), also known as “soft glasses”,
such as chalcogenide glasses [21,22] and phosphate glasses as presented in reference [23].
In previous works, in reference [22], it has been shown that a microstructured optical fiber
can be obtained from a 3D printed chalcogenide glass preform. The present study is a more
complete investigation of the thermal and optical properties of the chalcogenide glasses
after the 3D printing process.

For this work, the 3D-printing set-up is based on a customized desktop RepRap-
style 3D printer running Marlin firmware [24]. This printer, typically used with polymer
filaments to produce plastic objects, was upgraded to reach a deposition temperature of up
to 400 °C required for soft glasses and the feeding mechanism was customized to suitably
handle brittle materials such as glasses.

Different physical and optical properties of the printed glasses such as density, thermal
expansion coefficient, refractive indices, and transmission have been investigated and
compared to the properties of classical melt-quenched glasses. By using this additive
manufacturing method, chalcogenide cylinders, pellets, beads, as well as microstructured
performs with complex designs can be fabricated in a single step with a high degree of
repeatability and an accuracy of the geometry. This original 3D printing method opens
the way for numerous applications, involving chalcogenide fiber manufacturing, but also
many other chalcogenide glasses optical devices.

2. Materials and Methods
2.1. Thermal and Physical Optical Properties of the Chosen Glass: TeygAszgSeso

The selected glass for printing shall present thermal properties compatible with
manufacture by fused filamentation fabrication. To begin, the use of a commercial extrusion
head usually utilized for conventional thermoplastics such as polylactic acid (PLA) requires
that the selected glass shows a low glass transition temperature (Tg). In addition, it would
be preferable that the glass is stable with respect to crystallization. In this context, the
TexoAszoSesy (TAS) chalcogenide glass that exhibits a T slightly below 140 °C appears
to be a good candidate [25]. Figure 1a shows the differential scanning calorimetry (DSC)
curve of the TAS glass measured with a DSC Q20 from TA instrument with a heating rate
of 10 °C/min. The glass exhibits a Ty close to 137 °C and no sign of crystallization are
observed up to 300 °C, which confirms that the glass could be compatible with the FFF 3D
printing process.
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Figure 1. Thermal properties of the Te;gAS3pSesg (TAS) chalcogenide glasses: (a) differential scanning calorimetry measure-
ment, (b) viscosity versus temperature curve.

The implementation of a filamentation process with this glass also requires a better
knowledge of its viscosity as a function of temperature. For this purpose, a TAS pellet was
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prepared in order to measure the viscosity. Both sides of the printed disk (15 mm diameter,
4 mm height) were polished to ensure that they were parallel. The viscosity of the glass
was measured above the glass transition temperature between 140 and 230 °C by using
a Rheotronic®parallel plate viscometer (Theta industries). This experimental set-up did
not permit one to measure viscosities lower than 10* Pa.s. This value is reached when the
temperature of the glass is equal to 230 °C. However, considering that experimental data
follow the VFT (Vogel-Fulcher-Tammann) law, the viscosity value can be estimated up to
300 °C using a fitting procedure from Equations (1) and (2) [26], as shown in Figure 1b.
This enables one to estimate the flow rate and, therefore to optimize the process.

A
IOgloT](T) = loglonoo + (T—TO) (1)
This equation can also be written as follows:

(logyon(Tg) — logyg noo>2
m( £ —1) + (10g191(Tg) — 10g1 )

where, logione, m and Ty are constants determined by the fitting procedure. They are
equal to —9, 35.9 and 413.15 K, respectively.

Commonly, the required viscosities for polymers in FFF processes are around
102-10° Pa.s [27,28]. According to Figure 1b, such viscosities are obtained when the tem-
perature gets to the 270-300 °C range, which confirms that the TAS glass is a suitable
candidate for FFF printing at reasonable temperatures.

The optical properties of the glass also have to be studied to ensure its suitability
for the targeted infrared optical applications, particularly for the realization of infrared
components and fibers.

The transmission of a polished 1-mm thick TAS glass pellet was measured with a
Fourier Transform Spectrometer (FTIR) (Bruker Tensor 37) from of 1 um to 22 pym. The
obtained transmission spectrum is shown in Figure 2. The transmission of the glass ranges
from 1.2 to 20 um, with a maximum of transmission of around 65%. Such moderate
transmittance is explained by strong Fresnel reflections due to the high refractive index of
TAS glass. Indeed, as presented in Figure 2, the refractive index of the TAS glass is close
to 3.

logyn(T) = logyne + 2
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Figure 2. Transmission and refractive indices of TeppAsggSesq chalcogenide glass in the mid-infrared

spectral region
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Refractive indices were measured for different wavelengths between 1.3 and 12 pm.
From 2 to 12 um, a homemade optical bench based on the minimum deviation method or
Littrow method [29] was utilized by using a TAS prism [30,31]. Due to the experimental
limits of our prism method (2-12 um), two other measurements have been achieved at
1.31 um and 1.55 um with a commercial Metricon device (Model 2010/M). The refractive
index of the TAS glass is equal to 3.073 at 1.31 pm and decreases to 2.902 at 12 um.

2.2. Additive Manufacturing Process

In this study, the 3D-printing set-up is based on a customized commercial RepRap-
style 3D printer (Anet A8) upgraded for soft glasses. The feeding mechanism is especially
customized for brittle materials. The extrusion head, made of copper, can reach temper-
atures up to 400 °C. As shown in Figure 2, TAS glass reaches the appropriate viscosity
when the temperature is above 270 °C. As a result, the temperature of the printer head was
set to around 300 °C. The width of the printed lines resulted from the size of the nozzle
diameter, which was mainly chosen at 400 um. However, we have shown that the printing
process can also use a 250 pm diameter nozzle. The chalcogenide glass was deposited on
a sodalime silicate glass bed heated to 140 °C, which ensured the good adhesion of the
printed sample. It can be noted that all the components printed in this study were extruded
using a layer thickness of 100 um, which corresponds to a z-pitch of 100 um for each layer.

The 3D printer was fed by 3 mm diameter TAS rods which were prepared from TAS
bars synthesized by the melt-quenching method. To save time and to ensure that the
printing process was possible with such a glass, the preliminary tests were performed with
unpurified TAS glasses. The different chemical elements, i.e., Te (5N), As (5N) and Se (5N),
were placed in a silica ampoule under a vacuum. The ampoule was then heated at 850 °C
in a rocking furnace for a few hours and finally the molten glass was quenched at room
temperature and placed in an annealing furnace at Tg +5 °C for 3 h and then slowly cooled
to ambient temperature.

After the validation of the additive manufacturing method for TAS, the raw material
rods were made from purified glass using a similar process to the one described in refer-
ence [32]. In this case, TeCly and Al (1000 ppm and 100 ppm, respectively) were added
during the glass synthesis. After the first melt-quench, the glass was distilled for the first
time under a dynamic vacuum to remove impurities such as CCly and HCI. The second
stage of static vacuum distillation made it possible to remove carbon, silica, alumina and
other refractory oxides, for example. The glass was then homogenized at 850 °C for a few
hours, then cooled to 550 °C and quenched in water before it was annealed at Tg +5°C.

Once removed from the synthesis silica tube, the TAS glass bars (also named TAS
preforms) were placed in an annular furnace within a homemade fibering tower to be
drawn into 3 mm diameter rods. Whether it was an unpurified or purified glass preform,
meters of fibers were also drawn in order to measure the optical transmission of the initial
glasses that would be used to feed the 3D printer (the details of these characterizations will
be presented in Section 3.2.). As an example, a 12 cm long glass bar gives about 2 meters of
TAS rod.

The rods were then fed into the printer’s head to be extruded. The printer movements
were controlled by using G-code programs especially computed for driving displacements
compatible with TAS glass. Firstly, as presented in Figure 3, simple objects such as cylinders,
disks, and beads were made to study the impact of the 3D printing process on the properties
of TAS glass such as density, thermal expansion coefficient, refractive indices and optical
attenuation. In a second step, more complex shapes were realized such as microstructured
preforms (studied in [22] and Section 3.3) and tapers.
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Figure 3. Chalcogenide 3D printed samples: (a) chalcogenide cylinder, (b) chalcogenide disk (c) chalcogenide bead.

3. Results
3.1. Physical Properties of the Printed Glasses

A 5 mm high TAS pellet with a 15 mm diameter was printed as shown in Figure 3b,
and polished before being analyzed to compare the physical properties of the initial
glass to those of the printed glass. The composition of the pellet was determined by
energy dispersive spectroscopy (EDS). The results are shown in Table 1. The comparison
with the initial composition of the glass indicates that there is no change in the chemical
composition during the printing process. The glass transition temperature (Tg), thermal
expansion coefficient («), density and X-ray diffraction pattern of the printed TAS glass
were also compared to a standard TAS glass (see Table 1 and Figure 4). Considering the
experimental error inherent to DSC measurements (DSC Q20 Thermal Analysis), the Ty of
the printed glass and the initial glass are similar. In addition, no crystallization peak was
observed in the DSC measurement of the printed glass (not shown). The thermal coefficient
measurements were carried out on a thermomechanical analyzer (TA Instrument, TMA
2940) with a heating ramp of 2 °C-min~!. The coefficient is 22.82-107¢ K~ for a classic
glass and 22.62:10-% K~! for a printed glass, respectively. Considering the measurement
error, both glasses have the same coefficient of expansion. The densities were measured by
the Archimedes method on a Mettler Toledo XS64 balance. It is noticed that the density
significantly decreases from 4.86 g-cm 2 for a quenched glass to 4.81 g-cm 3 for a printed
glass, meaning that the printed objects do not present the expected density of a bulk glass.

Table 1. Physical property comparison of a melt/quenched glass used as the initial glass and a

printed glass.
Initial Glass Printed Glass
Composition from EDS analysis (%) (£1) TepgAsszpSes Tep1Sepg Tes
Bulk transmission range (pm) 1-18 1-18
Fiber transmission range (um) 2-12 2-12
Ty (°C) (£2) 137 136
Coefficient of thermic expansion (1070 K1) (& 1%) 22.82 22.62
Density (g-cm™3) (4 0.02) 4.86 481

Finally, to ensure that the glass did not crystallize during the additive manufacturing
process, the initial and the printed TAS pellets were analyzed by X-ray diffraction (XRD).
XRD diagrams were recorded at room temperature in the 10-80° 26 range using a PAN-
alytical X'Pert Pro (Cu Ky, Ky radiations, Akaq = 1.54056 A, Ao = 1.54439 A, 40 kV,
40 mA, PIXcel detector 1D). Figure 4 shows that the two diagrams perfectly overlap and no
additional diffraction peak is detected for the printed glass.
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Figure 4. XRD diagrams of initial TAS glass (black curve) and printed TAS glass (purple curve).

3.2. Optical Properties of the Printed Glasses

In order to study the consequences of 3D printing on optical properties, 10 mm diame-
ter chalcogenide beads were 3D printed using concentric extruded layers as illustrated in
Figure 5a. Two beads were polished to obtain 1 mm-thick pellets, one along the XY plane
and the other one along the XZ plane. The latter, from the process aspect, is equivalent to
the plan YZ. It is important to remember that the Z axis is the axis of the layer stacking.
The transmission windows of the pellets recorded on a Fourier Transform InfraRed Spec-
trometer (FTIR, Bruker Vector 22), in the 1.25-22 um range are shown in Figure 5b. The
transmission spectra of the printed and initial TAS glasses are similar in terms of spectral
range. However, the maximum transmission of the extruded TAS is limited to 48% for the
XY plane and 39% for the XZ plane, compared to 65% for the initial glass.

To observe the effect of the successive addition of the different layers and lines, images
were recorded with an infrared camera working in the 7-13 um wavelength windows (FLIR
A655sc). The black frame photograph in Figure 5c corresponds to a TAS pellet made from
a melt-quenched glass (used as the initial glass for printing), which seems to be perfectly
homogeneous in the infrared range from 7 to 13 pm. The other two photographs are those
of the glass pellets printed either in the XZ plane for the blue frame or in the XY plane for
the red frame. Imperfections are present in both pads. For the XZ plane, it looks like a
periodic accumulation of points attributed to the cross-section of the printed lines while
for the XY plane the defects are placed in a circular way corresponding to the in-plane
printed lines.

After pellets and beads, two cylinders (or preforms) with an outer diameter of 8§ mm
were printed. One of the cylinders was obtained from an unpurified TAS glass rod while
the second one was obtained from a purified glass rod. These preforms were prepared
in order to be drawn and optically characterized with the aim to compare the optical
losses between initial glass fibers and printed glass fibers depending on the quality of the
initial glass.

Each preform was stretched on a drawing tower specifically designed for low Tg
glasses. Several meters of fibers with approximately a 400 pm diameter were obtained
and optically characterized using the FTIR and a MCT (alloy of mercury, cadmium and
tellurium) detector. Attenuation measurements were performed in order to compare the
optical transmission of the initial glass fibers and the “printed” fibers. The results are shown
in Figure 6. A significant increase in optical losses is observed for the “printed” fibers.
Thus, when the minimum attenuation of the initial unpurified glass is less than 10 dB/m,
and less than 1 dB/m for the purified glass, the minimum attenuation of the unpurified
“printed” fiber is around 28 dB/m and around 18 dB/m for the purified “printed” fiber.
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Figure 5. Optical transmission of printed beads: (a) numerical view of the 3D printing process, (b) initial glass transmission
compared to the transmission of 2 disks cut in the XY plan (red curve) and XZ plan (blue curve), respectively. IR camera
views in the 7-13 um window (c) initial TAS glass, (d) XZ plan, (e) XY plan.
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Figure 6. Attenuation spectra of the initial glasses (unpurified and purified glasses, red curve and
blue curve respectively) and the “printed” glass fibers (from an unpurified glass and from a purified
glass, purple and green respectively)
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3.3. Optical Components and Fibers Printing

The printed objects used for the previous characterizations were bulk in nature with
a concentric shape. It is therefore interesting to evaluate how the chalcogenide glass
behaves when the printed objects are thinner and mainly made up of a straight line, for
potentially making smaller components, such as sensors [33,34] by using this innovative
3D printing process.

First, a slot shape object has been printed, as shown in Figure 7a. The lines are around
400 pm wide and 700 pm high. The width corresponds to the diameter of the nozzle
(400 pm) and the height is the sum of seven printed layers (7 x 100 pm). The longest lines
are equal to 3 cm and the shortest to 1 cm. The second object, as shown in Figure 7b, is a
glass comb whose height is around 1 mm, the width of the teeth being close to 800 pum,
which corresponds to two printed lines. The length of the teeth is 3 cm.

Figure 7. Linear 3D printed chalcogenide glass: (a) 700 x 500 um slots shapes, (b) 1000 x 800 um
comb and (c) 1000 x 250 pm rectangular taper.

A third object was printed with a 0.25 mm diameter nozzle using the same thermal
conditions and feeding rods. It is a straight object with two wide edges of 1000 x 1000 pm?
over a length of 15 mm connected by a taper of 1000 x 250 um? over a length of 10 mm, as
shown in Figure 7c. For these small printed components, variations of about 10% in height
and width were measured. These results show that various shapes of chalcogenide glass
objects can be obtained by additive manufacturing and demonstrate the strong potential of
such a fabrication approach.

Finally, additive manufacturing was applied to the printing of fiber preforms as
previously shown in reference [22], with the printing of a hollow-core preform with a clad
and six capillaries. After this first proof of concept, more complex designs were printed as
shown in Figure 8a. The first preform is a hollow-core preform constituted by 8 capillaries
of 1.2-mm diameter. The preform had an outer diameter of 18 mm and a height of 15 mm.
This preform was too short to be drawn. A second preform, illustrated in Figure 8b, has
been drawn into fiber (Figure 8c). This printed preform was designed with eight half-
capillaries as illustrated in Figure 8b. The printing of a such geometry permits one to reduce
the diameter of the preform and consequently permits one to increase the printed preform
length by using the same volume of glass. The diameter of the semi-circles is 1.8 mm. The
overall diameter and height of the preform are 15.2 mm and 30 mm, respectively. This
design was realized also for showing the interest of 3D printing that can permit one to
obtain geometries that cannot be obtained by the stack and draw technique. However,
no light propagation in mid-IR was observed in the hollow core of the fiber drawn from
this preform. This is attributed to the final geometry of the as-prepared fiber (Figure 8c)
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10 mm

that needs to be optimized to allow mid-IR light transmission (core size, half-capillaries
thickness ... ).

(@) (b)

Figure 8. Printed preforms: (a) cross-section view of the chalcogenide printed 8 capillaries preform and (b) cross-section

view of the chalcogenide printed 8 half-capillaries preform (c) cross section of a hollow core fiber drawn from the preform

shown in (b).

4. Discussion

The aim of this work was, firstly, to study the impact of 3D printing by filamentation
on the properties of chalcogenide glasses, and secondly, to apply additive manufacturing
to produce optical objects and components for mid-infrared applications.

The comparison of the physical and thermal properties between the initial glass
and the printed glass, as presented in Table 1, shows no major differences. However,
the investigation of the optical properties showed a significant difference between the
two processes. Indeed, a significant decrease in transmission was observed both on bulk
printed glasses and printed fibers. The transmission of TAS glass obtained by the usual
melt-quench process exceeds 60% in the 2-18 pm window, whereas the transmission
along the Z axis, which corresponds to the axis of stacking of the layers, is below 40%,
and the transmission in a direction perpendicular to the Z axis is 50%. As illustrated
in Figure 5d,e, the images recorded with a thermal camera in both directions show the
presence of numerous inhomogeneities and scattering defects which are responsible of the
decrease in transmission. These inhomogeneities could be refractive index variations or
additional absorptions at the interfaces between the printed lines and the printed layers,
and could also be the results of small bubbles trapped within the glass, as already observed
in previous work [22]. The presence of small crystals in the printed pieces cannot be totally
excluded, even though XRD investigations have shown no sign of crystallization due to
the process (Figure 4). The infrared images also show that the interfaces between the lines
(along the Z axis, Figure 5e) present more defects than the interfaces between the layers
(Figure 5d). Indeed, the IR image, presented in Figure 5e, clearly shows concentric lines
that are related to the movement of the extrusion head for one printing layer (Figure 5a). In
order to improve the transmission of the printed chalcogenide glasses, this effect should be
considered in further studies, by changing the 3D printing parameters such as the nozzle
size, the layer thickness, the extrusion temperature, the extrusion, and printing rates, which
have not yet been investigated.

The study of the optical properties of fibers has also revealed significant differences
between the initial glass and the printed glass and in particular shows the impact of the
quality of the starting glass. The minimum of attenuation of the initial glass were measured
at around 8 dB/m and 1 dB/m for the unpurified glass fiber and purified glass fiber,
respectively. The minimum of attenuation of the “printed” fiber made from the unpurified
glass is close to 28 dB/m, whereas the preform realized with a purified glass permit one to
obtain propagation losses in the fiber lower than 18 dB/m. So, the quality of the printed
glass is clearly better when a purified glass is used for printing. However, it can be noticed
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that the additional losses induced by the printing process are similar. Indeed, the additional
losses induced by the 3D printing is 20 dB/m for the unpurified glass and 17 dB/m for the
purified glass, which indicates that the majority of the losses are induced by the 3D printing
process itself. In addition to the background losses, numerous other additional absorption
peaks are observed in the attenuation spectra of both printed glasses drawn into fibers: OH
groups and molecular HyO signatures at 2.9 pm and 6.3 pm respectively, C-H chemical IR
signatures at 3.3 pm, other undefined organic compounds signatures at 5.8 pm, 6.8 pm and
7.3 um, and finally oxidation signatures at 7.9 at 9.1 um. It is important to note here that
the 3D printing process is carried out in air. In these experimental conditions, the origin
of the additional absorption bands is probably due to the presence of moisture, oxygen
and possible traces of pollution by organic compounds in the printer’s enclosure. For the
fiber drawn with an unpurified printed preform, the strong increase in the Se-H bond IR
signature at 4.55 um is surprising in comparison to the purified glass fiber spectrum for
which the characteristic band of Se-H does not evolve. However, Se-H bonds are the result
of a chemical reaction between chalcogenide glass and hydrogen coming mainly from O-H
bonds and/or molecular water. In our case, before printing, the unpurified initial glass
shows high O-H and molecular water contents, at 2.9 um and 6.3 um respectively, whereas
the purified glass does not contain any water pollution. The most probable hypothesis is
that the water contained in the initial unpurified glass has reacted with the selenium of the
glass to form Se-H bonds during printing.

The main interests of additive manufacturing processes are the realization of complex
objects that cannot be obtained by other methods but also for mass production and for
mass customization with a significant cost reduction. In order to evaluate the potential of
our 3D printed method, various shapes and small objects were achieved.

Concerning the objects showing centimetric sizes, it has been shown that several
shapes such as disks, cylinders, and beads can be 3D printed with the selected chalcogenide
glass. However, the investigations have shown that improvements must be implemented
in order to reach the same optical transmission in a printed glass than in a glass synthesized
by the usual melt-quenching process. For future studies, the priority improvement should
be the use of an inert and dry atmosphere in the printed enclosure to prevent any defects
resulting from chemical pollution.

In the present experimental set-up, the resolution of one line (approximately equal to
the size of nozzle) is 250 pm or 400 um and the resolution along the Z axis is 100 pm, which
corresponds to the thickness of one layer. For preliminary results, these resolutions seem
to be sufficient for printing components with size smaller than 1 mm. These preliminary
results also show that it will be possible to exploit the properties of chalcogenide glasses to
make infrared sensors. In fact, the printed taper in Figure 7c exhibits a design very close to
that of infrared fiber sensors used commercially by DIAFIR company to carry out infrared
spectroscopy and medical diagnosis [33,34].

5. Conclusions

The investigations on the thermal properties between the initial glass and the printed
glass have shown no major difference. Indeed, the composition of the glass and the glass
transition temperature are the same before and after the printing operation. In addition, no
sign of a crystallization is reported in the printed glasses. The study has also shown that
improvements have to be achieved in order to increase the optical quality of the printed
glasses. For example, the use of an inert and dry atmosphere during the printing has been
pointed out and this should constitute the main future development axis.

Finally, this work clearly demonstrates that 3D printing could be an innovative ap-
proach for elaborating microstructured fibers. Especially, it allows one to obtain new
geometries that cannot be realized by any other methods such as stack and draw [35,36],
extrusion [37] or molding [38].
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This innovative 3D printing method opens the way to many applications involving
chalcogenide fiber manufacturing, but also many other optical devices based on chalco-
genide glasses, such as chalcogenide sensors for spectroscopy and medical diagnosis.
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Abstract: The resonance band in hollow-core photonic crystal fiber (HC-PCF), while leading to
high-loss region in the fiber transmission spectrum, has been successfully used for generating phase-
matched dispersive wave (DW). Here, we report that the spectral width of the resonance-induced DW
can be largely broadened due to plasma-driven blueshifting soliton. In the experiment, we observed
that in a short length of Ar-filled single-ring HC-PCF the soliton self-compression and photoionization
effects caused a strong spectral blueshift of the pump pulse, changing the phase-matching condition
of the DW emission process. Therefore, broadening of DW spectrum to the longer-wavelength side
was obtained with several spectral peaks, which correspond to the generation of DW at different
positions along the fiber. In particular, we numerically used the super-Gauss windows with different
central wavelengths to filter out these DW spectral peaks and studied the time-domain characteristics
of these peaks respectively using Fourier transform method. We observed that these multiple-peaks
on the DW spectrum have different delays in the time domain, which is in good agreement with our
theoretical prediction. More interestingly, we found that the broadband DW with several spectral
peaks can be compressed to ~29 fs after proper dispersion compensation. The results reported here,
on the one hand, provide some useful insights into the resonance-induced DW generation process in
gas-filled HC-PCFs. On the other hand, the DW-emission mechanism could be used to generate the
ultrashort light sources with a wide spectral range through using the proper design of the resonance
bands of the HC-PCFs, which has many applications in the ultrafast related experiments.

Keywords: hollow-core photonic crystal fiber; soliton; photoionization; dispersive wave

1. Introduction

The low-loss broadband-guiding gas-filled hollow-core photonic crystal fibers (HC-
PCFs), as ideal nonlinear platforms, are widely used for studying the soliton-related
dynamics such as soliton self-compression, soliton-plasma interactions and phase-matched
dispersive wave (DW) [1,2]. In particular, the phase-matched DW generated in gas-filled
HC-PCFs, arising from a nonlinear energy transfer from a self-compressed soliton [3-6],
has attracted great research interests in the past ten years [7]. The phase-matched DW
can not only be generated in a wide wavelength range such as ultraviolet (UV) [8] and
mid-infrared (MIR) spectral regions [9], but its wavelength can also be effectively tuned,
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which makes this kind of light sources have many applications, especially in ultrafast
spectroscopy [10,11].

In the gas-filled HC-PCFs, the combined effects of self-compressed soliton and high-
order dispersion can result in phase-matched DW generated in the UV region [1,7]. As early
as ten years ago, Joly et al. demonstrated the efficient emission of DW in the deep-UV region
by using an Ar-filled kagomé-style HC-PCF [8]. The generated bright spatially coherent
deep-UV laser source is tunable from 200 to 320 nm through varying the pulse energy and
gas pressure. Belli et al. used a short length of hydrogen-filled kagomé-style HC-PCF to
develop the generation of vacuum-UV (VUV) to near-infrared (NIR) supercontinuum [12].
The experimental result showed that a strong VUV DW emission generated at 182 nm on
the trailing edge of the pulse, and it also proved that kagomé-style HC-PCF works well in
the VUV spectral region. Simultaneously, Ermolov et al. reported on the generation of a
three-octave-wide supercontinuum from VUV to NIR region in a He-filled kagomé-style
HC-PCF [13]. The VUV pulses generated through DW emission is tunable from 120 to
200 nm, with efficiencies >1% and VUV pulse energy >50 n]. It should be pointed out that in
the strong-field regime, the plasma caused by gas ionization modifies the fiber dispersion,
allowing phase-matched DW generation in the MIR region. Novoa et al. first predicted the
generation of MIR DW and established a new model to explain it well [14]. Kottig et al.
first experimentally demonstrated the existence of MIR DW and realized a 4.7-octave-wide
supercontinuum from 180 nm to 4.7 pum, with up to 1.7 W of total average power [9].

The phase-matched DW can not only be generated in the UV and MIR spectral
regions, but also in the visible and NIR regions. Sollapur et al. experimentally reported
on the generation of a three-octave-wide supercontinuum from 200 nm to 1.7 um at an
output energy of ~23 pJ in a Kr-filled HC-PCF [15]. Simulations showed that the spectra
generated in the visible and NIR resonance bands are closely related to the emission of
the phase-matched DW. Tani et al. further proved that the narrow-band spectral peaks
generated in the resonance bands are based on the phase-matched DW emission due to
the anti-crossing dispersion [16]. Recently, Meng et al. demonstrated the generation of
NIR DW in the resonance bands of an Ar-filled kagomé-style HC-PCEF [17]. In our recent
experiments [18,19], we reported the high-efficiency emission of phase-matched DW in the
visible spectral region using a He-filled single-ring (SR) HC-PCEF. As the input pulse energy
increases, the central wavelength of the plasma-driven blueshifting soliton (BS) [20,21] is
close to the resonance band of the fiber, high-efficiency energy transfer from the pump light
to the DW can be triggered.

In this work, we experimentally demonstrated the photoionization-induced broad-
band DW in a 25-cm-long Ar-filled SR HC-PCE In a certain pulse energy region (from 1 pJ
to 1.5 ), we observed that soliton self-compression of the input pulse results in a spectral
expansion that overlaps with resonant DW frequencies, leading to a narrow-band DW
spectral peak in the first resonance band of the SR HC-PCFE. At high pulse energy levels
(from 1.5 pJ to 3.2 puJ), we observed that the plasma-driven BS can further excite multiple
DW peaks, which leads to the broadening of DW spectrum to the longer-wavelength side.
In addition, we theoretically investigated the time-domain characteristics of these spectral
peaks filtered by the super-Gauss windows using Fourier transform method, and numeri-
cally showed that via suitable dispersion compensation the DW pulses can be compressed
to ~29 fs.

2. Experimental Set-Up

The experimental set-up is shown in Figure 1. The 800 nm, ~45 fs, 0.3 m] pulses from a
commercial Ti:Sapphire laser system (Legend Elite, Coherent, CA, USA) were coupled into
a 1-m-long hollow-core fiber (HCF) by using a concave mirror with a focal length of 1 m.
The HCF has a core diameter of 250 um and was placed in a gas cell filled with 212 mbar Ar.
The spectrum of the pulses after propagating the Ar-filled HCF was broadened due to
self-phase modulation (SPM), and the energy transmission was measured to be ~70%.
Several pairs of chirped mirrors (CMs) were not only used to compensate the output pulses
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from the gas-filled HCF, but also to pre-compensate the dispersion introduced by some
optical elements, including half-wave plate (HWP), wire grid polarizer (WGP), and even
plano-convex lens (PCL) and the window at the input port of the second gas cell. The first
pair of CMs (Layertec) provides —40 fs? group delay dispersion (GDD) per bounce, and the
last three pairs of CMs (Thorlabs) offer —54 fs> GDD per bounce. The total GDD provided
by these CMs is about —564 fs?.

800 nm, 45 fs, 0.3 mJ, 1 kHz

m 212mbar Ar m

————

_‘_ 3250 pm, 1 m HCF -_

C2,f=1m

|SHG—FROG |

?24 pm, 25 cm SR-PCF
| 1 FMlp — - T
1 7 1 —
HWP WGP PCL,f=0.1m 1.4 barAr

Figure 1. Schematic of the experimental set-up (Visio 2013, Microsoft, WA, USA). M1-MS, silver
mirrors; C1-C2, concave mirrors; CMs, chirped mirrors; HWP, half-wave plate; WGP, wire grid
polarizer; FM, flipping mirror; PCL, plano-convex lens. The inset in the set-up represents SEM of the
SR-PCF with a core diameter of 24 um and a wall thickness of ~0.26 um.

In the experiments, we used a home-built second-harmonic-generation frequency-
resolved optical gating (SHG-FROG, Shanghai, China) to measure the input pulses in front
of the PCL. The retrieved trace with an error of 0.6%, as shown in Figure 2b, agrees well
with the measured trace in Figure 2a. The retrieved temporal and spectral intensities of
the input pulses and their phase are plotted in Figure 2¢,d. The measured input pulse
duration is ~18.7 fs [full width at half-maximum (FWHM)]. Then the compressed pulses
were launched into a 25-cm-long SR HC-PCF filled with 1.4 bar Ar using a coated PCL with
a focal length of 0.1 m. The insert in Figure 1 indicates the scanning electron micrograph
(SEM) of the SR HC-PCF that has a core diameter of 24 um and a wall thickness of ~0.26 um.
In Figure 2e, we plot the simulated (green solid line) and measured (purple solid line) fiber
losses of the fundamental optical mode HE; of the SR HC-PCF. The simulated fiber loss
was calculated by the bouncing ray (BR) model [22]. Figure 2f shows the dispersion curve
of Ar-filled SR HC-PCF at gas pressure of 1.4 bar calculated by the fully analytical model
created by Zeisberger and Schmidt (ZS) [23]. In both Figure 2ef, the cyan bars point out
the first resonance band of the SR HC-PCF.
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Figure 2. Plotted using the open source software Python(x,y). (a,b) Measured and retrieved SHG-
FROG traces of the pulses in front of the focusing lens. (c,d) Retrieved temporal and spectral profiles
(blue solid lines) and the corresponding phase (red solid lines). The green dotted line in panel (d)
represents the measured reference spectrum. (e) Simulated (green solid line) and measured (purple
solid line) fiber losses of the fundamental mode HE;; of the SR HC-PCE. (f) Simulated dispersion
(red solid line) of the SR HC-PCF filled with 1.4-bar Ar gas. The simulated fiber loss and dispersion
are calculated through the BR and ZS models, respectively. In both (e,f), the cyan bars show the first
resonant spectral region of the SR HC-PCF.

3. Experimental Results and Analysis

As show in Figure 3a, we measured the spectral evolutions after a 25-cm-long Ar-
filled SR HC-PCF (24 um core diameter and ~0.26 pm wall thickness) at gas pressure of
1.4 bar as a function of input pulse energy from 0.5 uJ to 3.2 uJ. Moreover, in order to
better understand the mechanism of photoionization-induced broadband DW generated in
the Ar-filled SR HC-PCF, we numerically simulated the propagation of ultrashort pulses
along the SR HC-PCF using the single-mode unidirectional pulse propagation equation
(UPPE) [24-26], the corresponding results are shown in Figure 3b. In the simulations, we
used the pulses measured by SHG-FROG as the input. The BR and ZS models were used to
simulate the fiber loss and dispersion, respectively. The gas ionization was also included in
the UPPE, calculated by the Perelomov-Popov-Terent’ev model [27]. The overall agreement
between numerical results and experimental results is qualitatively good. According to the
magnitude of incident pulse energy, we investigate the influence of the soliton compression
(SC) and plasma-driven BS on resonance-induced DW from four stages (marked as the
white Roman numbers i, ii, iii and iv), which are separated by white dashed lines.
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Figure 3. Plotted using the open source software Python(x,y). Measured (a) and simulated (b)
spectral evolutions after propagating a 25-cm-long SR HC-PCF with 24-um core diameter and 1.4-bar
Ar as a function of input pulse energy. In both (a,b), DW = dispersive wave, BS = blueshifting soliton.

At low pulse energy levels (from 0.5 pJ to 1 pJ), the pulses undergo the SC process due
to the combined effects of SPM and waveguide-induced anomalous dispersion. As shown
in Figure 4a,b, we plot the simulated temporal and spectral evolutions in a 25-cm-long Ar-
filled SR HC-PCF at input energy of 0.5 pJ. As the propagation distance increases, the peak
power of the self-compressed pulses increases rapidly, resulting in a rapid accumulation of
plasma [marked as the white circle lines in Figure 4b] due to gas ionization. In Figure 4c, we
can see that the simulated spectrum (red solid line) at the fiber output is in good agreement
with the experimental spectrum (green shaded region). At certain pulse energy levels (from
1 pJ to 1.5 pJ), the SC process leads to a wider pulse spectrum, which results in the frequency
to overlap with the linear wave, and then emits the phase-matched DW. At input pulse
energy of 1.1 pJ, the self-compressed pulses reach the maximum soliton compression point
(MSCP) at the position of ~7.5 cm. Meanwhile, the pulses obtain the maximum spectral
broadening and trigger the phase-matched DW generation, as shown in Figure 4d,e. The
simulated output spectrum still agrees well with the measured spectrum [see Figure 4f]. At
high pulse energy levels (from 1.5 uJ to 2.3 ), the plasma-driven BS not only enhances the
energy transfer from the pump light to the DW, but also causes the spectral redshift of the
DW spectrum, as shown in Figure 4g—i at input energy of 2 pJ. The central wavelength of
the BS is close to the resonance band of the SR HC-PCF, which leads to the phase-matched
DW in the long-wavelength region. This has been demonstrated in the recent experiments,
and a good explanation is given using the phase-matched condition between soliton and
linear wave [19]. In Figure 4i, we can observe that the shift of the blueshifting spectrum to
the shorter-wavelength region is smaller than the measured spectrum. This may be caused
by the spectral recoil effect [28]. As the propagation distance increases, the soliton emitting
DW gradually loses energy, transferring it to the DW. To conserve the overall energy of the
photons, the central frequency of the soliton is shifted to the opposite direction of the DW
radiation. Moreover, in the experiment, since the coupling efficiency drops rapidly due
to gas ionization effect at high pulse energy levels [21], the actual pulse energy launched
into the Ar-filled SR HC-PCF is less than the value in the simulation, resulting in the
spectral recoil effect in the simulation being greater than in the experiment. In addition, this
disagreement may also be due to the resonance band of the SR HC-PCF not being exactly
the same in the experiment and simulation. At a higher pulse energy region (from 2.3 yJ to
3.2 yJ), the plasma-driven BS can further trigger the broadening of DW spectrum to the
longer-wavelength side, which leads to an overlap between the blueshifting spectrum and
the DW [see Figure 4j-1 with an input energy of 2.6 pJ].
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Figure 4.

Plotted using the open source software Python(x,y). Simulated temporal (a,d,g,j) and spectral (b,e,h k) evolutions

in a 25-cm-long Ar-filled SR-PCF with 24-pm core diameter and 1.4-bar gas pressure at different input energies. (a-1)

correspond to input pulse energies of 0.5 pJ, 1.1 uJ, 2.0 uJ and 2.6 pJ, respectively. The measured (green shaded region)

and simulated (red solid line) normalized spectral intensities for different input energies at the output of the SR HC-PCF

are shown in (c,f,i,1). The white circle lines in panels (b,e,h k) point out the maximum plasma density. In (a), SC = soliton

compression, in (d), MSCP = maximum soliton compression point.

The phase-matched DW is usually generated in the positive direction of the time axis.
In Figure 5a, we used a super-Gauss window to filter out the leftmost DW spectral band
(marked as red dashed line, called DW-SB1), and the green solid line corresponds to the
simulated spectrum at the output of the SR HC-PCF with the input pulse energy of 2.6 pJ.
Through the Fourier transform of DW-5B1, the corresponding temporal profile in Figure 5b
is located on the right side of the time axis and shows a long pulse duration of ~198 fs at
FWHM due to a narrow spectral width. However, the plasma-driven BS located in the
anomalous dispersion region has a higher group velocity than input pulses, so that the
blueshifting pulses accelerate as the propagation distance increases. This causes the DW
radiation to approach the zero point of the time axis, and even appear in the negative
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direction, as shown in Figure 5c—f. The pulse durations corresponding to the DW-SB2
and DW-SB3 are ~171 fs and ~36 fs, respectively. In Figure 5h, we also plot the temporal
intensity of BS [see Figure 5g], and the pulse duration is about 13 fs. Figure 5j shows the
complete temporal profile of the output pulses. The main peak is the BS, and its peak
position is about 44 fs, consistent with Figure 5h. In addition, the left side of the main
peak is the existing pedestal of the incident pulses [see Figure 2c], while the oscillations on
the right side are the DW radiation and residual pump light. The self-compressed pulse
duration can be as short as ~6 fs. These results can also be observed in Figure 4j.
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Figure 5. Plotted using the open source software Python(x,y). The green solid lines represent the simulated spectrum

output of a 25-cm-long SR HC-PCF at an input energy of 2.6 pJ. In (b,d,f,h), the orange solid lines indicate the temporal

profiles of the pulses through Fourier transforming the spectral bands (marked as red dashed lines) filtered by super-Gauss

windows, and in (j), the temporal profile of the pulse obtained by Fourier transforming the entire output spectrum (i). In

(a,c,e), DW-SB = dispersive wave spectral band and in (g), BS = blueshifting soliton.

Figure 6a shows the broadband DW spectrum filtered from the output spectrum of
Figure 5i through using a super-Gauss window from 550 nm to 610 nm, and the corre-
sponding temporal profile after the Fourier transform is plotted in Figure 6b. Although the
pulse duration at FWHM is ~30 fs, the pulses exhibit long-decay pedestals on the trailing
edge due to the DW radiation generated at different positions in the fiber. We found that
after —4634 fs> GDD and —44,827 fs® third-order dispersion (TOD) compensation, these
pedestals can be compressed into the main peak, showing a clean pulse leading edge. The
compressed pulse duration is ~29 fs, which is very close to the Fourier transform limit
(FTL) of ~24 fs. It should be noted that the GDD and TOD compensation amounts in the
visible spectral region are both within the compensation range of the device called Dazzler.
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Figure 6. Plotted using the open source software Python(x,y). (a) The spectrum (green solid line)
filtered from the output spectrum of Figure 5i by using a super-Gauss window from 550 nm to
610 nm, and the corresponding phase is marked as red solid line. After GDD and TOD compensation,
the spectrum and phase are shown in panel (c). (b,d) The temporal profiles of the pulses by Fourier
transforming the corresponding spectra.

4. Conclusions

In conclusion, we experimentally and numerically demonstrated the photoionization-
induced broadband phase-matched DW with several spectral peaks generated in the
resonance band of a 25-cm-long Ar-filled SR HC-PCF with core diameter of 24 pm and gas
pressure of 1.4 bar. At certain pulse energy levels, the soliton self-compression process can
result in a narrow-band DW spectral peak generated near the wavelength of ~550 nm. At
high pulse energy levels, the plasma-driven BS gradually moves to the shorter-wavelength
region as the propagation distance increases, leading to the broadening of DW spectrum to
the longer-wavelength side. Theses experimental observations are well confirmed by the
numerical results simulated through well-known UPPE model. Moreover, through using
the super-Gauss windows to filter out the DW spectral peaks, we investigated the time-
domain characteristics of the DW and better understood the broadband DW generation
process. Furthermore, we found that after suitable GDD and TOD compensation, the
DW can be compressed together in the time domain, enabling a good pulse quality. The
compressed pulse duration is as short as ~29 fs, approaching to the FTL duration of ~24 fs.
These experimental results not only offer some useful insights into the resonance-induced
DW radiation in gas-filled HC-PCFs, but also provide a simple and effective method for
generating the ultrashort light sources in the visible region. Through properly designing the
resonance bands of the HC-PCFs, the resonance-induced ultrashort DW light sources could
be extended to UV /MIR spectral regions, which has many applications in the ultrafast
pump-probe experiments. In the future, we will pay more attention to the temporal and
spatial measurements of the broadband DW with multi-peak structure generated in the
resonance bands of the HC-PCFs.
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Abstract: Ultrafast supercontinuum generation crucially depends on the dispersive properties of the
underlying waveguide. This strong dependency allows for tailoring nonlinear frequency conversion
and is particularly relevant in the context of waveguides that include geometry-induced resonances.
Here, we experimentally uncovered the impact of the relative spectral distance between the pump
and the bandgap edge on the supercontinuum generation and in particular on the dispersive wave
formation on the example of a liquid strand-based photonic bandgap fiber. In contrast to its air-hole-
based counterpart, a bandgap fiber shows a dispersion landscape that varies greatly with wavelength.
Particularly due to the strong dispersion variation close to the bandgap edges, nanometer adjustments
of the pump wavelength result in a dramatic change of the dispersive wave generation (wavelength
and threshold). Phase-matching considerations confirm these observations, additionally revealing
the relevance of third order dispersion for interband energy transfer. The present study provides
additional insights into the nonlinear frequency conversion of resonance-enhanced waveguide
systems which will be relevant for both understanding nonlinear processes as well as for tailoring
the spectral output of nonlinear fiber sources.

Keywords: photonic bandgap fiber; dispersive wave; resonance; dispersion management; supercon-
tinuum generation

1. Introduction

Photonic crystal fibers (PCFs) [1,2] represent a sophisticated type of silica microstruc-
tured optical fibers that consist of air holes running along the fiber axis and are widely used
for supercontinuum generation (SCG) [3-5]. In case the cylindrical inclusions forming the
periodic lattice in the cladding include a material with a refractive index higher than that
of glass (established by fluids [6,7], or solids [8,9]) a photonic bandgap (PBG) structure can
form, which allows for light guidance in the low index core in selected spectral domains,
which are subsequently referred to as transmission bands. The wavelengths correspond-
ing to minimal core mode transmission (i.e., high loss peaks), named here as resonance
wavelength, can be estimated by the condition [10]:

Am =2 X Dygrana/(m + 0.5) X (Miquia” — Neore”)"> (m=1,23, ... ) (1)

Here, Dgirang is the diameter of the cylindrical strands. Due to the strong wavelength
dependence of this interference effect, PBG fibers (PBGFs) are highly suitable for the spectral
filtering of multiple selected wavelengths, with extinction ratios as high as 60 dB/cm [9],
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or for ultrahigh sensitivity sensors to measure temperature [11] or strain [12]. In addition,
the inclusion of resonances into the waveguiding system imposes a unique dispersion
landscape [13] that strongly differs from its non-resonant counterpart [14,15] and that
for instance leads to a massive increase in the group velocity dispersion (GVD) in close
proximity to the edge of the transmission bands. This allowed for the observation of
sophisticated nonlinear optical effects in PBGFs, examples of which include the extreme
deceleration of the soliton self-frequency shift (SSFS) or the cancellation of the SSFS at
the long-wavelength edge of the bandgap regions [16,17]. Within this context another
interesting phenomenon is the phase-matched dispersive wave (DW) generation across
high attenuation regions between adjacent transmission bands, which for instance has been
recently observed in gas-filled anti-resonant fibers [18]. In PBGFs established by high-index
fluids [19,20] or high-index germanium-doped inclusions [21], it has been experimentally
shown that it is not possible to extend the supercontinuum (SC) bandwidth beyond the
bandgap, irrespective of the pump wavelength or power. In a hybrid PCF [22,23] combining
the total internal reflection and the bandgap effect, however, DWs can be generated across
the resonance in a different transmission band, which was numerically demonstrated [24].
Despite the great success of the reported results, there has been no detailed study on how
the wavelength difference between the pump and resonance changes the SCG in PBGFs.

In this work, the impact of the relative spectral distance between the pump and
resonance on nonlinear pulse propagation was experimentally demonstrated by using a
carbon disulfide (CS;)-based PBGF. Moreover, the influence of third order dispersion on
energy transfer between different bandgaps is discussed. This experimental result and
discussion could be used for PBGF design to develop characteristic wavelength converters
and enhance the flexibility of SCG in the future.

2. Optical Properties of Liquid Strand Bandgap Fiber

The PBGF used in this work was established by a regular air-hole-based endlessly
single mode PCF that has been filled by CS;, which has a refractive index substantially
higher than that of silica. The used PCF (LMA-5, NKT photonics A/S, Blokken, Birkered,
Denmark, Figure 1a) has a pure silica core (core diameter approx. 5.4 um, refractive index
1.46 @ 0.7 um) surrounded by six rings of CS, strands (diameter Dgyang = 1.44 um, pitch
A =3.6 pm, refractive index 1.61 @ 0.7 um) that are arranged in a hexagonal lattice with
the central strand omitted, forming the defect core region. Since the CS,-filled strands
in the cladding have a higher refractive index than the silica core, the fiber shows the
PBG effect, i.e., yields spectral regions of high and low transmission. Three PBGs can
be identified in the range of 500 nm < A < 1200 nm from the measured loss spectrum of
the fundamental core mode (Figure 1b, filled area with green, cyan and yellow colors).
The modal loss of the core mode is determined through spectrally monitoring the filling
process, i.e., by selectively taking output spectra during filling process, defining a cutback-
like method. Specifically, white light from a broadband source (450-2400 nm, SuperK
COMPACT, NKT photonics, Blokken, Birkered, Denmark) is launched into the empty
fiber (length 12 cm) mounted onto optofluidic mounts on both sides, and the transmitted
signal is fed to an optical spectrum analyzer (OSA). After coupling and optimizing the
transmission through the empty fiber, the optofluidic mount on the output side is filled
with CS; leading to dynamically extending PBG-section starting at the output side with
the bandgap loss becoming more and more significant. During the filling process, selected
transmitted spectra are acquired via a LabVIEW (National Instruments, Austin, TX, USA)
routine. Taking into account the well-known viscosity of CS; [25] and the strand diameter
(Dstrand = 1.44 pm), Washburn’s equation [26] allows determining the filling length from
the file’s timestamp. As a consequence, the acquired spectra can be correlated to a particular
length of the PBG section and the modal loss can be retrieved via a linear fitting of the
transmission (in log scale)/filled length dependency for each wavelength. Here, the
data (Figure 1b) are smoothed by a 10 nm moving average for better visualization. The
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propagation loss of the PCF is neglected here and the scanning speed of the grating of the
OSA is not accounted for.

In our nonlinear experiment, the pump laser wavelength (695-710 nm) located in the
second order PBG and its long-wavelength edge (—5 dB) at 715 nm is named A in the
following. As mentioned in the introduction, the resonant nature of the waveguiding mech-
anism in PBGFs gives rise to very sophisticated dispersion properties. The dispersion of the
fundamental core mode (examples of mode patterns within and outside the transmission
bands are given in Figure 1c,d) has been simulated using finite-element modeling (COM-
SOL Multiphysics, COMSOL Inc., Burlington, MA, USA) including material dispersion but
neglecting material loss for both silica and CS; (the material dispersion of CS; has been
taken from Reference [27]). Figure 1b shows the spectral distribution of the GVD parame-
ter By = 0> /0w? (with the propagation constant B = neg(w) x w/c, effective refractive
index nggf, angular frequency w, and speed of light in vacuum c) in three transmission
bands, which is essential for the SCG process and shows a characteristic evolution within
each band with a different sign of 3,. This type of behavior is in qualitative accordance
with the dispersion of anti-resonance hollow-core fibers [15,28] suggesting a conceptual
similarity that results from the general concept of including resonances into the waveguide
system for dispersion manipulation, which was also recently demonstrated on the example
of dielectric nano-films located on the core of an exposed core fiber [13]. In the present
case, the zero dispersion wavelengths (ZDWs) are 553, 689 and 962 nm within these three
transmission bands.
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Figure 1. (a) Sketch of the CS;- photonic bandgap fiber (PBGF) (green: hexagonal array of high-index CS; strands with
diameter Dgyqng = 1.44 pm and pitch A = 3.6 um; semitransparent dark green: silica; pink: light emitted from the silica core);

(b) measured loss spectrum of the fundamental mode (filled areas with green, cyan and yellow colors, left axis) and the
corresponding simulated group velocity dispersion (GVD) parameter 3, (orange, right axis). The orange dots indicate three
zero dispersion wavelengths (ZDWs). The two grey dashed vertical lines indicate the calculated resonance wavelengths
from Equation (1) with m = 2 and 3. The black dotted line indicates the bandgap edge (—5 dB) at 715 nm of the second
order PBG. The inset in (b) is the output beam profile captured by the CCD camera (image extension 265 um: 50 pixels

with each pixel size 5.3 um). The mode field patterns shown in (c,d) refer to the simulated mode profiles inside a selected

transmission band ((c) A = 700 nm, purple square in (b) labeled C) and inside a resonance region ((d) A = 800 nm, green

square in (b) labeled D).

3. Nonlinear Experiments—DW Generation

The experimental setup used for the nonlinear experiments is shown in Figure 2. Here,
a wavelength-tunable Ti:Sapphire laser system (Chameleon-VIS laser, Coherent, Santa
Clara, CA, USA, repetition rate 80 MHz, pulse duration 100 fs) acted as an excitation
laser allowing for adjusting the central pump wavelength between 695 nm < Ap < 710 nm
and thus enabling the investigation of the SCG process as a function of spectral distance
between the pump and bandgap edge of PBG AA = A — Ap. Note that even though the
tuning range of the laser is starting at 690 nm, the laser does not stably operates at this
wavelength, thus the investigation starts at 695 nm. Via a combination of a thin-film
polarizer and a half-wave plate inserted after the polarized pump laser, the input power
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launched into the fiber was controlled. The beam was coupled into the core area of the
CS,-PBGF (length 0.5 m) using an anti-reflection coated lens (A375-B, Thorlabs, Newton,
NJ, USA, focal length 7.5 cm, NA 0.3). A transmission efficiency of 40% (ratio of average
output power from the objective and input power before the lens) was achieved. This value
was kept constant for different pump wavelengths by slightly adjusting the position of the
input lens. The output beam from the fiber was collimated by a 10x objective and guided
by a multimode fiber to the spectrometer (AQ-6315A, Ando Electric, Kanagawa, Japan). To
monitor the pattern of the mode, a small fraction of the beam was reflected by a wedge
and monitored by a CCD camera (Thorlabs, Newton, NJ, USA).

empty holes endcap

et

‘ £ /

ulrafast | | , _(@_m
laser I N ‘ ED 7

CS,-PBGF
HWP lens objective
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Figure 2. Sketch of the ultrafast experimental setup to characterize the supercontinuum generation
process in the CS,-PBGF (HWP: half-wave plate; P: polarizer; OSA: optical spectrum analyzer). The
left top image is the SEM picture of the used PCF without fluid inside. The right top image shows a
microscopic image of the spliced endcap (the green part at the end of the CS,-PBGF, details in the
main text).

Note that the input side of the CS,-PBGF remains open to the environment, while the
output side is blocked by a home-made endcap. The endcap is a short piece of single mode
fiber (780-HP, Nufern, CT, USA, length 13 mm), spliced to the output side of the CS,-PBGF
to prevent the liquid from evaporating. The reason why there is no endcap at the input
side is that the damage of the fiber was observed at low input power in the experiment
when the CS;-PBGF was blocked by endcaps at both sides. We also want to stress that
mounting the fiber into optofluidic mounts on both sides [29] was not appropriate for this
case. After exposure to short pulses, some debris was observed on the surface of the solid
core, which caused the coupling efficiency to dramatically drop when the input power
was increased. We attribute this damage to the liquid-solid interface within the focal spot:
the liquid burns more easily on this interface compared to liquid—core fibers which show
only a transition from bulk liquid to liquid core. Therefore, from the practical perspective,
we leave the input side of the fiber open to the environment to prevent a liquid—solid
interface. This increases the damage threshold of the CS,-PBGF at the expense of fluid
evaporation. The evaporating rate of CS, is measured and the effective sample length
is calibrated accordingly (see Appendix A Figure Al for details). Although the damage
threshold can be increased effectively using the present method (the input side left free
and the output side blocked by an endcap), fiber damage is still observed at peak powers
around 2.5 kW (pulse energy 0.25 nJ).

In our previous numerical simulation work [30], we revealed that the spectral distance
between our pump and resonance plays a crucial role in the SCG process of PBGE. In
the present work, this impact is studied from the experimental perspective. Figure 3a—e
show the nonlinear dynamics of SCG process with an increasing pulse energy for different
spectral distances AA = A — A, between the pump A, and the bandgap edge A. of second
order PBG. The spectral distance AA has important influence on the formation of a DW,
which is emitted in the normal dispersion (ND) regime by a soliton that is formed from
the input pulse after initial self-phase modulation (SPM). When AA is decreased from 20 to
10 nm (Figure 3a—d), the generated DW blue shifts (spectral distance between the pump
and DW (AApw = A, — Apw) increases). This is accompanied by a higher threshold for DW
generation (Figure 3f), which is associated with the increasing spectral distance between
soliton and DW [31]. For the case AA = 5 nm, the pump energy is not high enough to
generate DW radiation. These experimental results can be supported by simulations of
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nonlinear pulse propagation based on the generalized nonlinear Schrodinger equation
(GNLSE) [32] (see Appendix A Figure A2 for details).
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Figure 3. (a—e) Measured energy/spectral evolutions of the supercontinuum generation (SCG)
process in the CS;-PBGF for various spectral distances AA= Ae — Ap between the pump A, and
bandgap edge A of second order PBG ((a—e) AA =20, 15, 12, 10 and 5 nm). The black dashed line
indicates A and the black dash-dotted line indicates Ap; (f) dispersive wave (DW) wavelength Apw
and threshold of the generated DW both as functions of AA.

The significantly different nonlinear pulse evolution for various values of A\ is caused
by the strongly changed dispersion landscape in the vicinity of the bandgap edge. The
behavior of DW can be explained particularly by the phase-matching (PM) condition of
soliton and DW as outlined in the following. DW generation results from the fission of a
higher order soliton into its fundamental counterparts, which release the excess energy
to DW. DW generation is most effective at the wavelength that fulfills the PM condition
defined by the following equation [4,31]:

ABDW(®) = B(@) — [B@san) + (@ — @Bl + 5 X ¥ X Pagl @

Here, w and wy, are the frequencies of DW and soliton, respectively, 31 501 = 93 /0w | wg(
is the inverse group velocity at wge, Py is the peak power of the assumed first soliton
(with input peak power Py and soliton number N, Pg; = (2 — 1/ N)2 x Pp) [31], and
Y = Wy X Np/c/Agg is the nonlinear coefficient (A is the effective mode area and n; is
the nonlinear refractive index). The condition ABpyw = 0 determines the phase-matched
spectral location of DW (Apw) in the case the soliton wavelength (Ay) is given or vice
versa. Note that in the experiments the observed Ay is located in close proximity to or
inside the resonant (high-loss) region and thus this wavelength cannot be unambiguously
determined, whilst Apyy is clearly visible in the energy/spectral evolutions (Figure 3a—d).
Therefore, the Ay, is calculated from the measured spectral position and the threshold of
DW (taken from its creation position, 667 nm at 0.04 nJ, 657 nm at 0.08 nJ, 654 nm at 0.11 nJ,
and 649 nm at 0.15 nJ corresponding to Figure 3a—d, respectively) via Equation (2) and is
shown in Figure 4. It can be seen that the solitons are located between 704 nm < A <713 nm
(marked as gray bar in Figure 4) for the cases of AA = 20, 15, 12 and 10 nm, which agrees
well with the experimental results in Figure 3a—e. It should be noted that in the dispersion
simulation, a small deviation in the hole diameter (2%) will cause a 10 nm deviation of ZDW
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and thus induce a significant discrepancy from the experimental results (see Appendix A
Figure A3 and Table A1 for details). While such structural asymmetries may only have
a minor effect on the transmission spectra of anti-resonant reflecting optical waveguide
(ARROW) PCFs, it is quite likely that they greatly affect the higher-order dispersion terms
that are important for ultrafast nonlinear frequency conversion.
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Figure 4. The calculated phase-mismatching rate of DW generation ABpyw in the same second order
PBG as the pump for different spectral distances AA (y = 6.5 W—1 /km, pulse: 100 fs, 80 MHz) using
Equation (2). The wavelengths of DWs are taken from the experiments and the Py is calculated from
the DW generation threshold. The corresponding soliton wavelengths are obtained by the crossing of
the individual curves with the zero line (Ap = 0), corresponding to DW-PM. The gray area means the
soliton wavelengths taken from experiment.

To clearly demonstrate that filling the PCF with CS; leads to a massive change of
waveguide dispersion and thus to the nonlinear frequency conversion, Figure 5 shows
the measured output spectra of the CS,-PBGF (blue) in comparison to the same PCF with
air holes (orange) both at the same pump peak power (1.5 kW) and pump wavelength
(Ap =700 nm). For the empty PCF, only SPM in close proximity to Ap can be observed,
whilst efficient DW generation is visible for the CS,-PBGF due to the entirely different
dispersion landscape. Note that the ZDW of the air-hole based PCF is ~1400 nm, which
is an unsuitable scenario for DW generation pumped at around 700 nm. The CS,-PBGF,
however, shows a ZDW at 689 nm which is induced by the inclusion of the resonance and
enables DW formation. The sharp spectral peak at around 690 nm which can be seen in
Figures 3a—e and 5 is a feature of the pump laser.
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Figure 5. Comparison of the measured nonlinear frequency conversion spectra in the CS,-PBGF
(blue) and air-hole based photonic crystal fibers (PCF) (orange) both for the same pump peak power
(1.5 kW) and pump wavelength (700 nm).

4. Discussion

To investigate the critical parameter that determines whether DWs can be generated
across the resonances (i.e., high attenuation regions) between different PBGs, the propa-
gation constant $(w) is expanded into a Taylor series around the soliton frequency wgq
and is inserted into the DW-PM condition (Equation (2)). We neglect the nonlinear phase
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which only plays a minor role here because of the low pulse power (confirmed in Figure 6),
leading to [23]:

ABDWO\) =2x (7'( X C/7\501)2 X O\sol/)\ - 1)2 X BZ +4/3 X (7'( X C/7\501)3 X O\sol/)\ - 1)3 X [33 (3)
where B = 32B/90w? | 4,501 and B3 = 3B /0w | 4501 are the group-velocity dispersion and

third order dispersion at wg,. Therefore, the estimated dispersive wave Apy, defined by
the condition ABpw(Apw) = 0, can be written as [23]
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Figure 6. (a) Analytical description of the phase-mismatching rate ABpw as a function of 33 in
the second order PBG with 3, = —20.4 ps?/km corresponding to AA = 20 nm case. The solid lines
indicate ABpw neglecting the nonlinear phase (Equation (3)) while the dashed lines indicate ABpw
with the nonlinear phase (Equation (2), y = 6.5 W~ /km, N = 1.6, Py, = 1 kW corresponding to DW
generation threshold in Figure 3b). The cyan bar indicates the second order PBG and the yellow bar
indicates the third order PBG of the sample. The green square corresponds to the AA = 20 nm case in
Figure 3b. The purple dots indicate the DW generated across the resonance band; (b) the estimated
DW wavelength for different combinations of 3, and 3 from Equation (4) (soliton wavelength
Asol = 699 nm corresponding to the AA = 20 nm case). The cyan area indicates the second order PBG
and the yellow area indicates third order PBG of the sample. The green square indicates the generated
DW in the experiment for the AA =20 nm case.

To demonstrate the critical impact of 3 and its interplay with 3, on the interband
DW-generation, the DW-PM condition (including Equation (2) and the simplified one
Equation (3)) and estimated DW wavelength from Equation (4) are shown in Figure 6,
taking the parameters of AA = 20 nm case (soliton wavelength Ay, = 699 nm). Figure 6a
shows the DW-PM condition for different values of 35 with fixed f, = —20.4 psz/ km
corresponding to AA = 20 nm case. Only when (33 is within the range of 0.06-0.1 ps®/km,
the PM condition can be satisfied for interband DW-generation. This can explain why no
interband DW-generation was detected in the experiment (3 = 0.65 ps®/km, see Table 1;
the DW generated in the experiment is indicated as the green square in Figure 6a). To
investigate the impact of 33 and its interplay with 3, on the interband DW-generation
further and give some insights into the fiber design in the future to realize the interband DW-
generation, the estimated DW for the different combination of 3, and (33 from Equation (4)
is plotted in Figure 6b (cyan area: second order PBG; yellow area: third order PBG).
It can be seen that only a small part of combinations of 3; and 3 can satisfy the PM
condition to realize the interband energy transfer from the second to third PBG. The
situation for the experiment conducted in this work (dispersion parameters (3, and (33 of
the sample) is shown in Table 1 and for the AA = 20 nm case, the DW is indicated as a green
square in Figure 6b, revealing that the established combinations of 3; and (33 prevent the
interband DW-generation.
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Table 1. Dispersion parameters (3, and (33 (3(w) come from the numerical simulation (COMSOL)) at
soliton wavelengths (taken from the experiments, Figure 3a—e) for different spectral distances AA.

AN 20 nm 15 nm 12 nm 10 nm 5 nm
Aol (Nm) 699 704 708 710 712
B2 (ps?/km) —20.4 —33.6 —4538 —52.3 —59.9
B3 (ps®/km) 0.65 0.76 1.00 1.13 1.15

5. Conclusions

Understanding the impact of dispersion on nonlinear frequency conversion is particu-
larly relevant within the context of ultrafast supercontinuum generation, which crucially
depends on the dispersive properties of the underlying waveguide. This impact is partic-
ularly strong for optical waveguides that include geometry-induced resonances, leading
to a significant modification of higher-order dispersion terms. Here, we experimentally
unlocked the impact of the relative spectral distance between the pump and resonance
on nonlinear pulse propagation through the example of a liquid-based PBGF. The PBGF
shows a sophisticated dispersive landscape leading to dispersive wave generation on the
short-wavelength side of the pump. Due to the dramatic change of the dispersion in close
proximity to the bandgap edges, an adjustment of the pump wavelength by a few nanome-
ters results in a different nonlinear pulse propagation situation, i.e., in the dispersive wave
to be generated at a different wavelength. This behavior is explained by phase-matching
considerations between the soliton and DW, additionally revealing the critical influence of
third order dispersion for interband energy transfer. The present study gives additional
insights into nonlinear frequency conversion of resonance-enhanced waveguide systems
which will be relevant for both understanding nonlinear processes as well as for tailoring
the spectral output of nonlinear fiber sources.
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Appendix A

The evaporation rate of CS; in PCF (NKT-5) at room temperature is measured with the
help of an optical microscope (the other side of PCF is closed with an endcap, PCF length
40 cm). As shown in Figure Al, the evaporation rate is high at the beginning but drops
dramatically after 50 min and stabilizes at 0.8 pm/s in 2 h. At the same time, the measured
fiber length, in which CS, has been evaporated, increases rapidly at first and then increases
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linearly at a lower rate. Since the nonlinear experiment in this paper is implemented in 2 h,
the effective sample length can be calibrated by the original length minus 1 cm.
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Figure A1. Measured evaporation rate of CS, in PCF (blue line) and the length of fiber in which CS,
has been evaporated (red line).

The simulated energy/spectral evolutions of the SCG process in the CS,-PBGF with
Dgtrand = 1.44 um for various spectral distances AA= A — Ap between the pump A, and
the bandgap edge A. of second order PBG (AA = 20, 15, 12, 10 and 5 nm) are shown
in Figure A2a—e. The simulation results show great consistency with experimental ones
(Figure 3a—e). These simulations of nonlinear pulse propagation are implemented based
on the generalized nonlinear Schrodinger equation (GNLSE) [32] with the parameters:
nonlinear coefficient y = 6.5 W1 /km, pulse: 100 fs, 80 MHz, sample length L = 0.5 m.
Note that the measured loss (Figure 1b) is included in the simulation.
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Figure A2. (a—e) Simulated energy/spectral evolutions of the SCG process in the CS,-PBGF with
Dstrand= 1.44 pm for various spectral distances A A= Ae — A, between the pump A, and bandgap
edge A of second order PBG (AA =20, 15, 12, 10 and 5 nm). Parameters used: y = 6.5 W-1/km, pulse:
100 fs, 80 MHz, sample length L = 0.5 m.

More details about the measurement error of strand diameters and the corresponding
impact on the difference between the simulation and experimental results are discussed in
the following. The measured diameter distribution of the air holes in the inner ring of the
fiber cladding ranges from 1.462 to 1.497 um, which we believe results from (i) measure-
ment errors in the SEM imaging (the typical deviation in measuring lengths with our SEM
instrument is at least 3%) and (ii) fabrication imperfections. It should be noted that a small
deviation in strand diameter (e.g., 2%) will cause a strong change of ZDW and calculated
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soliton wavelength according to the DW phase-mismatching rate (Equation (2)), which are
shown in Figure A3. To determine an average hole diameter required for the numerical cal-
culations, we compared the results of nonlinear pulse propagation simulations for different
air hole diameters with the experimental results, revealing that when Dgy,ng = 1.44 pm,
simulations (Figures 4, A2 and A3b) match well with the experimental results.

100 H T T T T 6
\\\\ 4 d
50 1 =
€ R 5 2 T
Ni‘ ZDW g
_& 0 a 0
N —1.42um S
: 1.44pm . -2 7
=50 1.45pm D < 144
——147ym St -4 Pstrang 1:45;‘12 1
1.49um —1.47pym
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Figure A3. (a) Simulated GVD parameter (3; and (b) calculated phase-mismatching rate of DW
generation ABpw in the second order PBG for different strand diameters (y = 6.5 W1 /km, pulse:
100 fs, 80 MHz) using Equation (2) of the manuscript. The wavelength of the DW (657 nm) and the
P, calculated from the DW generation threshold (0.08 nJ) are taken from the experiment (Figure 3b).
The corresponding soliton wavelengths are obtained by the crossing of the individual curves with
the zero line (AR = 0). Note that the green square in (b) indicates the measured soliton wavelength
in the experiment.

Table A1l. ZDWs and soliton wavelengths calculated by Equation (2) of CS,-PBGF assuming different
strand diameters (the percentage indicates the deviation from Dygy;,nq = 1.44 pm). The assumed diame-
ters roughly correspond to the intrinsic range of strand diameter deviation of the PCF used that needs
to be taken into account. Note that no soliton wavelength can be calculated for Dgyng = 1.49 um as
the pump pulse (700 nm) locates in the normal dispersion region.

Dgtrand (1m) 1.42 1.44 1.45 1.47 1.49
Deviation from 1.44 pm —1.4% 0% +0.7% +2.1% +3.5%
ZDW (nm) 683 689 693 700 706

Calculated Ay, with Equation (2)

694 704 709 719 -
(nm)
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Abstract: Generation of widely spaced polarization modulation instability (PMI) sidebands in a wide
collection of photonic crystal fibers (PCF), including liquid-filled PCFs, is reported. The contribution
of chromatic dispersion and birefringence to the net linear phase mismatch of PMI is investigated
in all-normal dispersion PCFs and in PCFs with one (or two) zero dispersion wavelengths. Large
frequency shift sidebands are demonstrated experimentally. Suitable fabrication parameters for
air-filled and liquid-filled PCFs are proposed as guidelines for the development of dual-wavelength
light sources based on PMI.

Keywords: photonic crystal fiber; polarization modulation instability; ANDI fiber; liquid-filled PCF

1. Introduction

In the last decades, great effort has been applied to take advantage of nonlinearity in
optical fibers for the development of new light sources as supercontinuum sources [1,2]
or four-wave mixing (FWM)-based light sources. Particularly, solid-core photonic crystal
fibers (PCF) [3] are an excellent platform for the generation of nonlinear processes, owing
to the large flexibility for fiber chromatic dispersion design, the strong optical density,
and the large interaction lengths available. FWM has attractive applications in different
areas of interest: parametric amplifiers [4], frequency combs based on cascade-FWM [5],
dual-wavelength light sources for special microscopy as coherent anti-Stokes Raman
spectroscopy [6,7], and novel nonlinear quantum applications as photon-pair sources [8].
FWM is a flexible, nonlinear parametric process in which two pump photons of different (or
identical) frequency interact with a nonlinear material to produce two photons frequency-
shifted from the pump, one with higher energy than the pump, called anti-Stokes photon,
and another with lower energy, called Stokes photon. The frequency shift obeys the energy
conservation relation and phase matching condition [9].

In the most common cases, FWM applications rely on the scalar FWM process, in
which the state of polarization of the involved photons is identical. Light sources with
specific characteristics of polarization can be of great interest in the area of optics. In
this sense, vector-FWM (V-FWM) can be exploited for the development of such light
sources. V-FWM is ruled by the interplay of the state of polarization of the involved
photons with the nonlinear medium. We find two different types of V-FWM processes,
named polarization modulation instability (PMI) and cross-phase modulation instability
(XPMI) [10]. XPMI can be generated in fibers with moderated birefringence. Linearly
polarized light oriented at 45°, with respect the principal fiber axes, produces two sidebands
with orthogonal polarization. PMI is mostly generated in very weakly birefringent fibers,
in which a linearly polarized optical pump signal with polarization oriented along one
fiber axis produces two sidebands with the same polarization state but orthogonal, with
respect to the polarization of the pump beam. PMI generation was extensively studied
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and experimentally demonstrated in standard optical fibers in the past [11-13]. In PCFs,
PMI was experimentally demonstrated for the first time by Kruhlak et al. [14] in a PCF
with normal dispersion at the pump wavelength and pumping near the zero dispersion
wavelength (ZDW). In recent works, we have reported experimental PMI generation in
all-normal dispersion (AND:i) fibers [15].

Filling the holes with optical materials has been demonstrated to be a useful postfabri-
cation technique for changing the dispersion properties of PCFs. Additionally, it enables
fine tuning of the chromatic dispersion, by using the sensitivity of the filling material
with external parameters, as, for example, temperature. Several applications related to the
nonlinear properties of liquid-filled PCFs have been reported [16-18]. In particular, we
demonstrated wide frequency tuning of strong PMI sidebands in ethanol-filled PCFs [19].

Here, we report theoretical simulations and a full experimental study of PMI effect,
investigated in a collection of air-filled, ethanol-filled, and heavy water (D,0O)-filled PCFs
with different structural parameters and chromatic dispersion characteristics. We used the
energy conservation and phase matching condition relations to explore the dispersion and
birefringence contributions to PMI frequency shift in ANDi fibers and in fibers with one or
two ZDWs.

2. Theoretical Modelling

In the context of optical fibers, PMI is a nonlinear parametric process, in which two
photons with linear polarization oriented to one of the principal fiber axes are annihilated
to give rise to two new photons with different frequencies, same polarization state, but
orthogonal, with respect to pump photons. PMI is generated in singlemode optical fibers
through coherent coupling of the two polarized eigenmodes HE;15x and HE;;y, whose
propagation factors are slightly different due to unintentional residual linear birefringence
present in the fiber. Depending on the polarization of pump photons, two PMI processes
can develop. In the first scenario, the polarization of pump photons is aligned with the
slow axis of the fiber, and the PMI photons are generated with polarization oriented to the
fast axis. This process is called PMI-SF. In the opposite case, PMI-FS, pump photons are
polarized along the fast axes, and the generated photons are polarized along the slow axes.

PMI-SF can produce two sidebands widely spaced and detuned from the pump, even
with low pump power. In contrast, PMI-FS presents a power threshold Py, = 3-An-Agg/2-1;
that needs to be reached before PMI generation, where An is the modal birefringence, Aeff
is the modal effective area and n, is the fiber nonlinear refractive index. PMI-FS features
are somehow more complex, due to the pump power requirements. If P < Py,, PMI is not
generated. When Py, < P < 2Py, PMI gain shows a maximum value at the zero detuning
with no sidebands generation. Only with P > 2Py, are sidebands generated close to pump,
but with gain remaining different from zero at zero detuning.

Spectral position of PMI sidebands can be calculated from the energy conservation
and net phase mismatch relation. The phase-matching condition for both PMI process are
described by the following phase equation [9],

An-(was+ws) 2 p (1)

2pp — Pas —PBs £
where Bp, Bas and Bg are the propagation factors of the fundamental mode at the pump
wavelength, anti-Stokes and Stokes wavelengths, respectively; was and wg are the fre-
quencies of the generated photons; ¢ is the speed of light in the vacuum; P is the pump
power and 7 is the nonlinear coefficient, defined as 7y = 1, kp/Ag, where k;, is the pump
wavenumber. In Equation (1) the upper sign stands for PMI-SE, while the lower sign stands
for PMI-FS. It can be seen in Equation (1) that both chromatic dispersion and birefringence
contribute to the linear phase term. Therefore, PMI frequency shift is strongly affected by
both fiber parameters.
We study theoretically the generation of PMI-SF in solid-core PCF with holes filled
with air, with ethanol and with heavy water. Figure 1 shows a simple scheme of a solid-core
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PCF cross-section showing the structural parameters (i.e., hole diameter d and pitch A).
First, the linear properties of the fibers were calculated using a fully-vector method [20].
Then, Stokes and anti-Stokes wavelengths were obtained from Equation (1) and the energy
conservation condition. Simulations of the PMI-FS process are not included, because it
was not investigated in the experiments due to the existence of a power threshold.

A

Figure 1. Scheme of cross-section of solid-core photonic crystal fibers (PCF).

The chromatic dispersion of air-filled PCF can be tailored just by changing the fiber
structural parameters. Several combinations of d and A can be suitable/nm for attaining
given dispersion requirements. Figure 2a shows the theoretical calculation of chromatic
dispersion for air-filled PCF as a function of the optical wavelength and the fiber pitch. A
fixed value of d/A = 0.36 was used in these simulations. The blue level curve in Figure 2a
indicates zero dispersion. For this specific air-filling fraction, we can distinguish two
different dispersion regimes: (i) when A < 1.8 pum the dispersion presents an ANDi profile,
and (ii) when A > 1.8 um the dispersion profile shows at least one ZDW. In the first regime,
fibers with A approaching 1.8 um show low dispersion values in the wavelength range
under study, increasing significantly as A becomes smaller.
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Figure 2. (a) Chromatic dispersion as a function of optical wavelength and fiber pitch for air-filled
PCFs. Numbers indicates dispersion levels in ps/km-nm. White dashed line indicates pitch of 1.8 pm.
(b) Frequency shift map of polarization modulation instability (PMI-SF); color bars are detuning
frequencies values in THz. Parameters used in the simulations: d/A = 0.36, P = 3 kW.

Figure 2b shows a frequency shift map of the PMI-SF process as a function of the opti-
cal pump wavelength and fiber pitch. Additional parameters used in PMI-SF simulation
are the following: pump power of 3 kW, phase birefringence An = 1 x 10~ and nonlinear
refractive index 11, = 2.7 x 10720 m2/W. In the case of ANDI fibers, i.e., dispersion region
(i), PMI-SF is generated in all cases. For low A values, the frequency shift is relatively small,
and it shows little dependence on the pump wavelength. The frequency shift increases
as the fiber pitch increases, and/or the dispersion at the pump wavelength decreases.
In dispersion region (ii), the result is more complex. For A slightly above 1.8 um and
pump wavelengths in which the dispersion is small and near to zero (pump wavelength
approaching ZDW), PMI-SF experiences a large frequency shift. Additionally, there is a
forbidden region where no phase matching solutions for PMI-SF can exist. PMI generated
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in fibers with one ZDW present a spectral turning point, beyond which the PMI phase
matching condition is no longer fulfilled. This occurs when the dispersion mismatch
cannot compensate for the contribution of nonlinear mismatch and residual birefringence
of the fiber.

The dispersion properties change after filling the holes of PCFs with material different
from air, due to the increase of refractive index in the fiber microstructure and the dispersion
properties of the new material. For our experiments, we chose ethanol and heavy water,
due their suitable refractive index and low absorption in the infrared region. Refractive
index characteristics of both liquids used for the theoretical simulations are taken from [21].
Their wavelength dispersion was taken into account in the calculations Figures 3a and 4a
show dispersions maps calculated for fibers filled with ethanol and D,O, respectively. A
value of d/A = 0.56 was chosen for D,O-filled fibers, and d/A = 0.58 for ethanol-filled fibers.
These parameters correspond to the mean values of structural parameters of fibers used
in the experiments. In both cases, the zero dispersion level occurs for larger wavelengths
and larger pitch lengths, compared to air-filled fibers. Figures 3b and 4b show the corre-
sponding frequency shift maps for PMI-SF produced in ethanol-filled and D,O-filled fibers,
respectively. As in the previous case, larger frequency shift occurs in fibers that exhibit low
dispersion at the chosen pump wavelength. The shift of zero dispersion that ethanol-filled
and D,O-filled fibers exhibit also causes the movement of the forbidden region of PMI to
longer wavelengths and larger pitch lengths.
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Figure 3. (a) Chromatic dispersion as a function of optical wavelength and fiber pitch for ethanol-
filled PCFs. Numbers indicates dispersion levels in ps/km-nm. (b) Frequency shift map of PMI-SF;

color bars are detuning frequencies values in THz. Parameters used in the simulations: d/A = 0.58,
P=3kW.
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Figure 4. (a) Chromatic dispersion as a function of optical wavelength and fiber pitch for D,O-filled
PCFs. Numbers indicates dispersion levels in ps/km-nm. (b) Frequency shift map of PMI-SF;

color bars are detuning frequencies values in THz. Parameters used in the simulations: d/A = 0.56,
P=3kW.
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3. Characteristics of the PCFs

We carried out several experiments to study PMI generation with sub-nanosecond
pump pulses in conventional PCFs with air holes and in PCFs filled with different optical
liquids. A collection of fibers was made of silica, following the stack-and-draw technique.
The PCFs comprise a microstructure with triangular lattice of air holes with a missing hole
at the center of the microstructure that acts as the fiber core. After the fibers were fabricated,
some of them were infiltrated with ethanol or with D,O through capillarity force and gas
pressure. All fibers were singlemode at the experimental wavelength range. Physical and
waveguiding characteristics of the fibers are described in the following sections.

3.1. Air-Filled PCFs

Air-filled PCFs were designed and fabricated to present a convex-ANDi profile in a
broad wavelength range. Figure 5a shows scanning electronic microscope (SEM) images of
the cross section of the fibers used in the experiments. The structural parameters of the
fibers were obtained from the SEM images and are summarized in Table 1. Chromatic
dispersion characteristics and effective area were calculated by the method described
in [20]. Figure 5b shows the chromatic dispersion as function of wavelength of the four
PCFs. Table 1 also includes dispersion values and effective area of the fundamental mode
at 1064 nm (i.e., the experimental pump wavelength). In all fibers, the maximum of the
curve, i.e., the minimum dispersion wavelength (MDW)), is close to the pump wavelength
and has a relatively small dispersion value, at 1064 nm.
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Figure 5. (a) SEM images of air-filled PCFs cross-section. (b) Chromatic dispersion of air-filled PCFs.
Dashed vertical black line indicates the experimental pump wavelength.

Table 1. Structural parameters, dispersion and effective mode area at 1064 nm of air-filled PCFs.

Fiber A (pm) dIA Dispersion (ps/km-nm) Aefy (um?)
A-PCF1 1.57 0.35 —19.9 7.2
A-PCF2 1.59 0.35 —20.8 7.5
A-PCF3 1.60 0.36 —-11.5 6.7
A-PCF4 1.57 0.37 —13.1 6.5

3.2. Ethanol-Filled PCF

A collection of PCFs with the appropriate dispersion characteristics for PMI gen-
eration with the microstructure holes filled with ethanol were designed and fabricated.
Figure 6a shows their SEM images taken before infiltration, and Table 2 gives the structural
parameters of the fibers. The guiding characteristics were calculated, taking into account
the refractive index of ethanol, including its wavelength dispersion [21]. Figure 6b shows
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the dispersion profile of the six fibers investigated. All of them exhibit normal dispersion
at 1064 nm. According with their dispersion characteristics, different types of fiber were
obtained. Three fibers showed an ANDi profile (E-PCF1, E-PCF2 and E-PCF3), with differ-
ent values of dispersion at the MDW and increasing values of dispersion at 1064 nm. Two
fibers (E-PCF4, E-PCF5) showed a dispersion profile that shows two ZDWs, the first near
to 1200 nm and second at 1600 nm, quite far from the pump wavelength. These two fibers
have very similar characteristics, although not identical. The results of both PCFs have
been included to show that PMI frequency shift can be very sensitive to the fiber properties.
Finally, we included in this study one PCF (E-PCF6) with a dispersion profile showing just
one ZDW (=1117 nm) in the vicinity of the pump wavelength and a small value of normal
dispersion at the pump wavelength. It is noteworthy that the chromatic dispersion of all
these six fibers having air in the holes are anomalous at the pump wavelength, with the
ZDW quite below the pump wavelength.

(a) (b) 50 —rro
{——E-PCF2
E-PCF3
'_E-PCFA
E-PCF5
251 i  E-PCF6
|
|
o+ --+4 o — =
|
-25 |
|
-50 —

: .
900 1050 1200 1350 1500 1650
Wavelength (nm)

Figure 6. (a) SEM images of ethanol-filled PCFs cross-section. (b) Chromatic dispersion of PCFs with
holes filled ethanol. Dashed vertical black line indicates the experimental pump wavelength.

Table 2. Structural parameters, dispersion and effective mode area at 1064 nm of ethanol-filled PCFs.

Fiber A (um) dIA :;;ji’;f?;‘;‘l‘) %15:;] Aggr (um?)
E-PCF1 2.66 0.43 —34.1 - 20.1
E-PCF2 2.76 0.54 —19.1 - 12.3
E-PCF3 2.83 0.57 —16.1 - 11.6
E-PCF4 2.90 0.59 —13.7 1208 11.2
E-PCF5 2.92 0.60 —13.4 1200 11.2
E-PCF6 3.97 0.75 -84 1117 13.1

3.3. Dy,O-Filled PCF

Figure 7a shows SEM images of the fibers that were infiltrated with D,O. Table 3 gives
their structural parameters as well as the chromatic dispersion and effective area at 1064 nm.
The guiding properties were calculated, taking into account the refractive index of D,O and
its wavelength dispersion [21]. Figure 7b shows their dispersion characteristics. All of them
exhibited normal dispersion at pump wavelength. One PCF (D-PCF1) showed an ANDi
profile, and the dispersion profile of the rest of PCFs showed one ZDW at different values
of wavelength, from 1092 nm to 1140 nm, and increasing dispersion values at 1064 nm,
from —9.1 ps/nm km to —3.9 ps/nm km.
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Figure 7. (a) SEM images of D,O-filled PCFs cross-section. (b) Chromatic dispersion of PCFs with
holes filled with D,O. Dashed vertical black line indicates the experimental pump wavelength.

Table 3. Structural parameters, dispersion and effective mode area at 1064 nm of D,O-filled PCFs.

Fiber A (um) dIA (]12 oo i?n‘l’;’ Ay (um?)
D-PCF1 2.68 0.44 ~19.9 - 15.0
D-PCF2 2.78 0.54 9.1 1140 10.9
D-PCF3 2.86 0.59 53 1102 9.9
D-PCF4 2.92 0.56 —6.6 1112 112
D-PCF5 2.95 0.58 —6.2 1107 10.8
D-PCF6 2.76 0.62 3.9 1091 9.0

4. Experimental Setup

Figure 8 shows the experimental arrangement scheme. The pump laser is a passively
Q-switched Nd: YAG microchip laser (TEEM Photonics SNP 20F-100) that emits pulses
at 1064.5 nm of 700 ps duration (FWHM), few kW of peak power, and a repetition rate
of 19.1 kHz. The laser emission is linearly polarized with a polarization extinction ratio
(PER) of 32 dB. The laser beam was delivered into the fiber under test (FUT). The length of
the fibers used in the experiments was about ~1 m. A half-wave plate (HWP) was used
to rotate the polarization plane of the pump beam. The light exiting the optical fiber was
collected and analyzed with an optical spectrum analyzer (OSA).

HWP

M
Pump laser

AL
FUT

—>
OSA
—>

Figure 8. Experimental arrangement. Half-wave plate (HWP). Mirror (M). Aspherical lens (AL).
Fiber under test (FUT). Optical spectrum analyzer (OSA).
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5. Experimental Results and Discussion

Light spectra from the fibers’” output were recorded when the polarization orientation
of the pump was aligned to the main fiber axes. Figure 9 shows the spectrum obtained
from fiber A-PCF1 for two orthogonal polarization orientations and the same pump power.
The black line corresponds to pump polarization, matching the slow axis of the fiber. Two
strong sidebands, centered at 991 nm and 1148 nm, are generated in the fiber. These two
sidebands refer to anti-Stokes and Stokes photons generated via the PMI-SF process. The
blue line shows the spectrum obtained after the pump polarization orientation was rotated
by 90° (i.e., fast-axis pumping). The strong sidebands described above are not present
anymore, and the rest of the spectrum remains practically the same. PMI-FS was not
observed in the experiment, as the pump power level (~2.4 kW) injected into the fiber was
below the power threshold required for PMI-FS to occur in this fiber (Py, = 6.4 kW). The
two secondary sidebands of lower amplitude, centered at 1016 nm and 1116 nm (frequency
shift ~13.2 THz) and shown in both spectra, are produced by Raman scattering (RS).

-32.0

PMI PMI

-44.5 - “

RS

-57.0
RS

Power (dB)

-69.5 +

-82.0 . T
900 1000 1100 1200

Wavelength (nm)

Figure 9. Light spectrum for two orthogonal polarization orientation of the pump. Pump polarization
oriented to the fast axis (blue line) and to the slow axis (black line). Both spectra were recorded at
pump peak power of 2.4 kW.

The polarization of the two strong bands shown in Figure 9 was experimentally
analyzed with a bulk linear polarizer (LP). First, the HWP was adjusted to optimize the
amplitude of the bands. The HWP was kept fixed during the experiment at this orientation.
Then, the LP was inserted after the fiber end, and it was rotated to obtain best transmission
of the bands. At this LP orientation, the amplitude of the PMI-SF bands was the maximum,
while the amplitude of the rest of the spectral components (i.e., the residual pump and the
RS bands) were attenuated a few tens of dB. When the LP was rotated 90° degrees from the
earlier orientation, the amplitude of both PMI bands decreased into the noise level, while
the rest of spectral components experienced an amplitude increase of a few tens of dB. This
behavior confirms that the polarization state of PMI-SF bands is orthogonal to RS and the
remaining pump light.

The generation of PMI-SF in the PCFs described in the Section 3 was investigated.
Figure 10 shows the resulting optical spectra from each sample. Notice that high orders
of PMI-SF were generated in some fibers. Table 4 summarizes the spectral position (and
frequency shift) of first-order PMI-SF bands generated in the fibers.
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Figure 10. PMI spectra generated in (a) air-filled PCFs (blue line), (b) ethanol-filled PCFs (red line) and (c) D,O-filled PCFs

(black line).

Table 4. Wavelength and frequency shift of PMI-SF bands generated in air-filled, ethanol-filled and
D,O-filled PCFs. Modal birefringence.

Fillin . Anti-Stokes Stokes Frequenc . .
Substar%ce Fiber (nm) (nm) Shif?t (THZ) Birefringence
A-PCF1 9914 1148.3 20.57 1.64 x 1075
Air A-PCF2 988.0 1153.8 21.81 1.72 x 1073
A-PCF3 985.0 1158.2 22.80 9.56 x 10°
A-PCF4 914.6 12729 46.14 6.41 x 1075
E-PCF1 1025.4 1106.0 10.57 6.28 x 107
E-PCF2 1000.0 1138.2 18.25 1.03 x 1075
Ethanol E-PCF3 993.7 1146.6 20.18 1.05 x 103
E-PCF4 974.1 1173.7 26.22 1.60 x 1073
E-PCF5 965.2 1185.8 28.83 1.80 x 10~>
E-PCF6 931.7 1242.0 40.28 224 x 107°
D-PCF1 1031.0 1100.0 9.10 1.55 x 10~
D-PCF2 1009.2 1126.7 15.56 1.91 x 10~°
D,O D-PCF3 1002.0 1136.0 17.74 7.0 x 1077
D-PCF4 995.0 1144.0 19.58 340 x 10°
D-PCF5 985.6 1157.8 22.71 3.79 x 10~°
D_PCFé6 952.8 1206.1 33.09 521 x 107°

As it will be shown later in detail, in the case of ANDi PCFs with convex dispersion
profile, the largest PMI shift was attained when the pump wavelength was close to the
MDW, and the dispersion at the pump wavelength was as small as possible. This is shown
experimentally in Figure 10, where the largest frequency shift (~46 THz) occurs in fiber
A-PCF4, with anti-Stokes and Stokes bands centered at 914 nm and 1273 nm, respectively.
When the pump wavelength is far from the MDW), so that the fiber dispersion at the pump
wavelength is larger, the frequency shift becomes smaller. As a representative example,
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fiber D-PCF1 generated PMI-SF bands centered at 1031 and 1100 nm, which corresponds
to a frequency shift of 9 THz, which was the smallest obtained in the experiments.

The frequency shift of PMI-SF generated in fibers with more conventional dispersion
profiles can also be very large when the pump wavelength is close to a ZDW and the
dispersion is small. From our experiments, we can investigate the generation of PMI in
fibers with one ZDW with different chromatic dispersion at the pump wavelength. For
example, the results obtained from the sequence of fibers E-PCF4, E-PCF5 and E-PCF6,
with dispersion values decreasing from —13.7 ps/(nm-km) to —8.4 ps/(nm-km), show PMI
frequency shift clearly increasing as the dispersion value decreases, from ~26 THz in the
case of E-PCF4 to ~40 THz for E-PCF6.

A similar trend can be seen if we consider the series of fibers filled with D,O, with the
exception of D-PCF1 that exhibits an ANDI profile. The largest frequency shift (~33 THz)
occurred in fiber D-PCF6, which is the fiber with lowest dispersion, while the fiber D-PCEF2
with largest dispersion showed the shortest frequency shift (=15 THz)

It is worth noting that, in some fibers with similar values of dispersion at 1064 nm,
PMI-SF produces bands with quite different frequency shifts. For example, the frequency
shift in ANDI fibers A-PCF1 and D-PCF1 is ~20 THz and ~9 THz, respectively. Similarly,
it happens for some fibers filled with D,O. Residual phase birefringence is the origin of
this apparent discrepancy. As stated in Equation (1), phase birefringence also plays a major
role in the phase matching condition and adds positively to the frequency shift. The larger
the birefringence, the more it contributes to the frequency shift.

The wavelengths at which the bands were generated varied accordingly with the
dispersion characteristics and residual birefringence of each fiber. In general terms, ex-
perimental results can be described appropriately with theoretical calculations of PMI-SF
wavelengths, taking into account the fibers’ properties. Fiber birefringence values stated
in Table 4 were obtained from fitting the theoretical calculations of frequency shift to the
experimental results. The resulting values of birefringence range from 107> to 10~7, which
are compatible with residual phase birefringence values in solid core PCFs. Figure 11
shows the theoretical results of PMI-SF frequency shift as function of pump wavelength
for the different fibers, along with the experimental data.

(a) (b) (c)
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Figure 11. PMI-SF frequency shift as function of pump wavelength calculated for (a) air-filled PCFs,
(b) ethanol-filled PCFs and (c) D,O-filled PCFs. Dots are experimental data. Peak power of 2.5 kW
for air-filled PCFs and 3 kW for both ethanol-filled PCFs and D,O-filled PCFs.

As mentioned before, it is shown that the frequency shift in fibers with one ZDW
shows a phase matching turning point at a wavelength close to the ZDW, so that PMI-SF
can no longer occur for pump wavelengths above it. Large frequency shifts can be attained
by pumping near the wavelength at which the turning point takes place, as it happens
for fibers E-PCF6 and D-PCF6. Operating near the turning point might have also some
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drawbacks: the large frequency shift slope is likely to cause the generation of broader bands.
Additionally, the parametric wavelengths are very sensitive to small fluctuations of the fiber
geometry, which, in practice, can lead to unwanted broadening of the generated bands.

In the case of PCFs with two relatively close ZDWs and ANDi PCFs, both showing
convex dispersion profile, the largest frequency shift is attained when the pump wavelength
is close to the MDW. Phase matching can occur regardless of the pump wavelength in the
first type, even under anomalous dispersion pumping. However, it is important to remark
that additional four-wave mixing processes, in particular, scalar FWM and modulation
instability, can happen in fibers with dispersion profiles showing one or two ZDWs, while
they are forbidden in ANDI fibers.

Finally, the strong dependence of PMI frequency shift on phase birefringence is shown
in the theoretical simulations. For instance, comparing fibers A-PCF3 and A-PCF4, with
rather similar dispersion characteristics, they show quite different PMI frequency shifts
(see Figure 11a), due to the different contributions of birefringence to the phase mismatch.

6. Conclusions

In summary, we have reported a detailed study regarding PMI generation in a collec-
tion of PCFs. Air-filled, ethanol-filled and D,O-filled PCFs featuring different chromatic
dispersion characteristics have been investigated using long pump pulses at 1064 nm. It has
been shown that PMI frequency shift can be very large in ANDIA fibers with low dispersion
values when they are pumped close to the MDW. The largest frequency shift observed in
our experiments for ANDI fibers was 46 THZ in a PCF with —13.1 ps/nm-km of dispersion
at the pump wavelength and phase birefringence of 6.4 x 107°. Large frequency shift is
also observed in PCFs with dispersion profiles with one ZDW (or two ZDW) that were
pumped near the ZDW. Frequency shifts of 40 THz and 32.9 THz were recorded for an
ethanol-filled PCF (E-PCF6) and a D,O-filled PCF (D-PCF6), respectively. In both cases,
fibers were pumped near the PMI phase matching turning point. Phase matching condition
and energy conservation were used to theoretically investigate the frequency shift of the
PMI-SF process in the fibers investigated experimentally, showing good agreement with
the experimental data.

In the present work, PMI has been investigated in a collection of fibers covering a
wide range of structural parameters and dispersion regimes. We hope that the results
reported here will be useful for future works that might involve optical fiber design for
PMI generation.
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