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Introduction

Special optical fibers known as Photonic Crystal Fibers (PCFs) have attracted con-
siderable attention of research communities and industries for peculiar propagation
characteristics and prove to have wide range of applications, such as security, sensing,
high power fiber laser, and communications. PCFs can be designed to work in wide
range of frequency range from lower frequency regions (visible to infrared wave-
length range) to high frequency of THz region. The optical properties of materials in
PCF can be controlled by proper design of the fiber cross-section to have waveguid-
ing properties that are very different from those of the conventional optical fibers. The
PCFs consist of an optical guiding central core surrounded by an ordered arrangement
of air holes in the cladding region. The holes occur in a regular or periodic pattern
or "crystal" that extends along the length of the fiber. PCFs with solid core exhibits
index guiding in which the optical energy propagates through the core by total inter-
nal reflection in a manner similar to conventional step index optical fiber. PCFs with
the hollow (air) core can exhibit two kinds of waveguiding mechanisms: photonic
band-gap (PBG) and inhibited coupling (IC). PBG prevents the propagation of a cer-
tain wavelength in the cladding by proper design geometry to the microstructure. IC
fibers guide via inhibited coupling (IC) between the cladding modes and the guided
core modes. In this waveguiding mechanism the confinement relies on a strong re-
duction of the coupling between core modes and cladding modes. Inhibited coupling
mechanism exhibits broader transmission bandwidth but with a relatively higher loss

than photonic band-gap.

The design of complex Photonic Crystal Fibers requires the numerical analysis



2 Introduction

to understand the light guiding mechanism, rather than an analytical one. Techniques
from traditional fiber theory are inadequate due to the complex geometry of the PCFs.
The Finite Element Method (FEM) is useful to provide the numerical solution which
is suitable for the complexity of PCF structure. The basic idea of FEM is to split the
2D domain of electromagnetic problem, in this case it is represented by the optical
cross-section, in a large number of triangular elements called by mesh. Over the mesh
the differential electromagnetic problem can be discretized, locally linearized and

finally solved.

Among wide area of PCF applications, the PhD activity mainly focus on two
interesting applications of PCF: high power fiber laser in IR region and low-loss
waveguiding in THz region. The applications will be presented in relation with the
kind of PCF designs. Large Pitch PCF, short called by Large Pitch Fiber (LPF), a
hexagonal PCF structure, enable the large mode area and achieves the delocalization
property of higher order modes, granted high output power and good beam quality.
The properties are maintained even by scaling the whole structure to obtain the large
mode area. In the mid-infrared range of 2 ym - 3 yum, the double cladding silica based
PCF with 80 um-core and reduced cladding symmetry has been investigated, aiming
to obtain robust single mode guiding even at high power load of fiber lasers. Single
mode propagation with effective area larger than 2500 um? has been demonstrated
at heat load of 340 W/m. For THz region, the PCF obtained by arranging N dielectric
tubes made by Zeonex plastic material in a circular pattern has been designed and
optimized for flexible low-loss waveguiding of terahertz application. The fibers guide
through inhibited coupling. Using the FEM, the scaling laws of confinement loss and
absorption loss of the fibers have been numerically investigated with the purpose to
obtain design guidelines for small and flexible low loss THz waveguides. By choosing
the a total reference value of 10 dB/m, a remarkable transmission band of about an
octave, ranging from 0.7 THz to 1.3 THz, is obtained with N = 16. By reducing the
reference loss value as low as 1 dB/m the maximum band of 280 GHz is obtained with
N =14, ranging from 0.94 THz to 1.22 THz. The bandwidth can be further increased
significantly in higher frequency range with lower minimum loss at the expense of

the slightly loss of the bandwidth in lower frequency by reducing the tube thickness
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and applying the touchless cladding tubes. Around one and half larger bandwidth is
obtained for about 400 GHz range from 0.97 THz to 1.37 THz using this approach
with N = 14 using the reference loss of 1 dB/m.

The doctoral thesis consists of the following outline. Chapter 1 will present a brief
introduction of photonic crystal fiber, Chapter 2 presents Large Pitch Fiber (LPF) for
their properties of delocalization of higher order modes which are useful for high
power fiber lasers. Chapter 3 presents numerical analysis of Tm-doped DC-PCF using
a full-vector modal solver based on the finite-element method with integrated thermal
model to analysis the influence of thermal effect on the delocalization properties of
the fiber. The design of Symmetry-Free cladding (SF-PCF) and a core diameter of
80 um to achieve a single mode operation even in the high thermal load fiber laser
will be investigated and compared with LPF one. Chapter 4 presents Circular Tube
Lattice Fiber (CTLF). The chapter presents numerical analysis of scaling laws of
the fiber losses with the purpose to obtain design guidelines for small and flexible
low loss waveguides. Small fiber diameter of CTLF then will be presented for low-
loss THz waveguiding. Conclusion and the synthesis of results will follow. In overall
analysis of PCF types, a full-vector modal solver based on the finite-element method
will be used.






Chapter 1

Photonic crystal fiber

Since the first development of photonic crystal fiber (PCF) by Philip Russel in the
mid 1990s [5], PCFs have attracted a tremendous attention from research commu-
nities and industries for their peculiar characteristics. Unlike conventional optical
fibers, which use different core and cladding materials, PCFs can be made from a
single material by exploiting huge variety of air-holes arrangement that run along the
fiber length. PCFs provide high degree of freedom in their cross-section design for
controlling fiber properties such as different fiber structure, hole shape, hole size, the
separation between the air-holes, the air-hole arrangement, and different fill. Mod-
ification of those parameters allows to obtain desirable optical properties such as
endlessly single mode operation [6], tailorable dispersion [7], large optical nonlin-
earity [8], high birefringence [9], large mode area [10][11]. As such, PCFs offer a
wide range of applications such as creating white light supercontinuum sources, po-
larization maintaining fibers, high-power fiber optics, fiber biosensing and medical
applications. Great design flexibility of PCFs combined with large choice of single
dielectric material beyond the silica, creates a wide possibility for PCFs to work in
a wide range of frequency regions from lower frequencies (from visible and near-
infrared telecommunication window, to mid and far-infrared region) and high fre-

quency of THz region.

PCFs consist of solid-core PCFs and hollow-core PCFs. Solid core PCFs rely on
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one of the following guidance mechanisms: a modified total internal reflection (index
guiding), or photonic bandgap (PBG) guidance. The former mechanism is similar to
the usual step-index fiber in which the refractive index of the core is larger than that
of the cladding. Solid core photonic bandgap fibers consist of an array of high index
circular rods embedded in a low index background. The spectral properties of such
solid core PBG fibers can be described analytically by use of a so-called antiresonant
reflecting optical waveguide (ARROW) model [12]. The fiber guides light in a low-
index core if it is in antiresonance with the high-index inclusions (isolated circular
rods) in which the light is reflected back into the core. In the case of resonance with
the high-index inclusions the spectral regions have high confinement loss. It might
be noted that the frequency positions of the transmission windows depend mostly on

the index contrast and the diameter of the inclusions rather than the lattice constant.

Hollow core PCFs work in two types of waveguiding mechanism: photonic band
gap (PBG) or inhibited coupling (IC). It must be noticed, however, that for both of
these mechanisms the confinement of the electromagnetic radiation inside the core
region is not perfect due to the loss which can be divided into two terms: absorp-
tion loss due to the dielectric materials used in the waveguide, and confinement loss
due to the non perfect confinement of the electromagnetic radiation inside the core
region that causes part of the power radiates out of the waveguide. PBG fibers work
by exploiting the physics of photonic bandgaps (PBGs). These fibers consist of an
optical-guiding central air-core surrounded by a lattice of hollow microchannels (a
two-dimensional photonic crystal) running along its length. A periodic arrangement
of the refractive index in the cladding in such a way can obtain a frequency dependent
core-cladding reflection for the electromagnetic radiation that is confined inside the
hollow core. PBGs offer very low loss around 1.2 dB/km at telecoms wavelengths
[13] over restricted wavelength bands, e.g. 100-200 nm, which is useful in applica-

tions requiring long-distance transmission.
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1.1 PCFs in infrared regions

Much amount of research works with PCFs has been concentrated on the near in-
frared (IR) telecommunication bands (around 1300 nm and 1550 nm). In these bands
PCFs are usually made from silica fibers which can work from visible to IR. How-
ever, silica fibers start attenuating very heavily beyond ~2 um. It can be realizable
that by using different core materials PCFs will be able to push the wavelength perfor-
mance into the mid IR and beyond. Conventional fibers are available that can transmit
beyond ~2 um. They use zirconium fluoride that can work from 0.45-5 m, chalco-
genide fibers from 2-11 pum and silver halide fibers from 4-18 pum, but these fibers

have significant absorption features and more expensive than similar silica fibers.

The example of PCFs applications working in wideband operation from visible
to near-infrared is endlessly single-mode photonic crystal fibers [6]. The fibers are
undoped silica fibers that use a triangular pattern of air holes to form the cladding.
Since the index contrast between the core and the cladding, An, is determined only by
the geometry of the air holes, it is possible to fabricate fibers with a very small and ac-
curate An, and thus obtain very low numerical apertures and the effective normalized
frequency can be kept below 2.405 (single-mode regime). Furthermore, this type of
fiber is single-mode over a very broad wavelength range, starting from recommended
wavelength of around ~450 nm to 1550 at least. The fibers use smaller holes with
air-hole diameter to pitch ratio, d/A, less than or equal 0.15. At short wavelengths, the
fibers’ performance is limited by macro-bending losses, which determines the practi-
cal wavelength range for applications. Another important PCF application is the effi-
cient generation of broadband white light. The key advantage of such sources is that
the light is spatially coherent, which means that it can be focused down to an almost
diffraction-limited spot across its entire spectrum. This broadband supercontinuum
(SC) generation is one of the most important development emerged from PCFs. The
applications of this SC are found in wide area such as optical coherence tomogra-
phy, frequency metrology, fluorescence lifetime imaging, optical communications,
and many others. Other emerging PCFs applications are in sensing from chemical,

biological, medical, to environmental, and high-power lasers and amplifiers.
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Photonic crystal fibers optimized for single mode operation combined with a
relatively large modal area are preferable to transmit high optical powers. Double-
cladding concept has been used, where the pump cladding is surrounded by an air-
cladding region. Due to the very large contrast of refractive index, the pump cladding
can have a very high numerical aperture (NA), which can exploit inexpensive low-
cost multimode diode as pumping device. Such PCF designs can also have very large
mode areas of the fiber core while guiding only a single mode for diffraction-limited
output, and are thus suitable for very high output powers with excellent beam quality.
The core region can be doped by rare-earth dopant such as Erbium (Er), and Ytter-
bium (Yb), that works in near-infrared regions (at around 1060 nm for Yb-doped
and 1550 nm for Er-doped). However, high power in fiber laser can induce thermal-
effect which exhibits the internal temperature gradient in rare-earth-doped core that
can influence the modal properties of the fiber which can affect especially the modal
discrimination between the fundamental mode and higher order modes that is nec-
essary for single mode operation. The proper PCFs fiber design is worth explored to

overcome the thermal-effect to maintain the single mode operation of the fiber laser.

Up to date, the highest power fiber lasers have been achieved by Yb-doped silica
fibers that operate at around 1 um. But lasers in this wavelength range are invisible
and can give a serious hazard if their power reach onto the retina. This can be a prob-
lem for some laser applications which facilitate the direct interaction with humans.
Therefore, the thulium-doped silica fibers are preferable to be used due to their op-
eration in the eye-safe wavelength region (> 1400 nm), where optical absorption by
water in the eye prevents power from reaching the retina. To obtain high power laser,
in principle, the same guidelines used for Yb-doped PCFs can be applied to Tm-
doped PCFs. However, Tm-doped PCFs for fiber laser much suffers from quantum
defect which is the energy difference between the pump and laser photons that causes
a stronger refractive index gradient along the cross-section, which favors higher or-
der modes (HOM) confinement, thus make it difficult to preserve the single mode
operation. Therefore, a robust PCFs design is mandatory for high-power very large
mode-area Tm-doped fibers. One interesting design solution, which has been recently

applied to both air silica and all-solid LMA fibers with good results, is to break the
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Cey symmetry of the fiber cladding to improve delocalization of the most detrimental
HOMs, while keeping the Fundamental Mode (FM) confined in the doped core.

1.2 PCFs in terahertz regions

The THz frequency range located midway between microwaves and infrared spectral
regions in the region between 0.1 and 10 THz (3 mm to 30 um), presents a virtu-
ally unexplored region of the electromagnetic spectrum. Therefore, this bandwidth
is also known as the THz gap. THz research science and technology can be found
either in the field of electronics or optics, or the combination of both. As the work-
ing wavelength is reasonably small, THz is preferable choice for imaging application
due to the achievement of the resolutions up to sub milimeter. Moreover, THz photon
energy is relatively small (E, < 12.4 meV for f < 3 THz) which causes that THz
radiation is safe without any concern of ionization of the sample. THz signatures
of large macromolecular materials, such as drugs, explosives, and proteins [14][15],
allowing them to take their unique fingerprint identification, including absorption
frequencies, amplitude and phase [16]. As such, THz imaging has great potential in
security screening, biosensing, quality control, forensic and medical applications.

The growth in scientific applications at THz frequencies has been driven by the
development of Time domain THz spectroscopy (TDS) during late of 80’s and Quan-
tum cascades laser (75 THz in 1994 and 4.4 THz in 2002) [17][18]. These two inven-
tions have played an important role in the eventual translation of THz applications
from the research lab to the real world and have sparked a rapid growth in the field
of THz. Despite the fast growth in THz technology, many supporting components
are still in early stage of development. One of them is the availability of a broad-
band low-loss waveguide. Metal or solid core dielectric waveguides can not be used
for this purpose due to the limited conductivity of metals and the prohibitively high
absorption of dielectrics in the THz range.

Dielectric waveguides at optical frequencies take many forms and have been in-
vestigated at THz frequencies. Amongst the earliest examples were simple plastic

ribbon waveguide [19], single crystal sapphire fibres [20] and sub-wavelength diam-
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eter plastic fibres [21]. Guiding mechanisms in these structures take place by total
internal reflection (TIR) at the core-air boundary with a significant fraction of the
wave extending into the air. After the invention of photonic crystal fiber, the attention
has been switched to apply this kind of fiber for THz waveguiding. PCFs were first
developed in silica for near infrared applications and thanks to the excellent physi-
cal properties of silica, they can be produced with a precision at the wide variety of
nanoscale forms. At THz frequencies, silica is very lossy. A variety of reasonably
low loss polymers adaptable to fibre drawing can be substituted for short propagation
lengths. THz polymer PCFs are fabricated using a similar processing with that used
for silica PCFs. A macroscopic scale of the diameter (cm-diameter version), called
a preform, is created by stacking tubes, either inside a jacket or the jacket is added
later. The preform is then fused together and drawn down, extending its length and
reducing its diameter to mm size with pressure applied to the core and capillaries
to prevent tubes collapsing. The extrusion process have also been applied, enabling
the formation of structures not readily attainable by stacking capillaries. The choice
of polymer is very important because dielectric loss at THz frequencies is generally
large. The lowest loss materials of choice are currently cyclic olefins, such as those
with the trade names Zeonex and Topas, which have absorption coefficients of order
0.2 cm~! at 1 THz. The transmission loss can be reduced further for long-length THz
wave deliveries by considering the use of dry air in hollow-core PCFs designs with
the goal to maximize the amount of field that propagates in air at the expense of that
in the dielectric. PBG Hollow-core PCFs offer lower loss, but in limited bandwidth.
However, in order to achieve the band gap effect for the guided core mode, the fun-
damental lattice that constitute the cladding needs to be repeated several times. This
limits the minimum fiber size that can be achieved for the waveguide that affects its
flexibility in THz setups. Since most of the applications proposed for the terahertz
range require wide transmission bandwidths and flexibility, most of the waveguides
that have been proposed in the literature rely on the IC confinement mechanism. In
contrast with PBGs, an IC PCF doesn’t exhibit any photonic bandgap and the confine-
ment relies on a strong reduction of the coupling between core modes and cladding
modes. This fibers allow ultra broadband guidance, although with relatively higher
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Figure 1.1: SEM images of inhibited coupling PCFs (a) Classical Kagome fiber [1]
(b) Hypocycloidal kagome fiber [1] (c) Circular tube lattice fiber for THz [2] (d)
Non-touching capillaries CTLF for mid-infrared region [3].

losses, typically 1 dB/m, than HC-PCFs with PBGs.

Fig.1.1 shows the inhibited coupling HC-PCFs. The third image (fig. (c)) is In-
hibited coupling fiber for THz applications, while (d) is the example of inhibited
coupling fiber for mid-infrared applications. The first inhibited coupling fiber intro-
duced was the Kagome fiber which is the type of hollow core fiber with an inverted
curvature of the optical core boundary. The guidance properties of Kagome Fibers
depend on the thickness of the glass webs forming the cladding structure. The prop-
erties of Kagome fibers mainly depend on the first silica layer surrounding the optical
core [22]. The hypocycloid-like contour in Kagome core-shaping has proved for fiber
loss reduction. Fig.1.1(b) shows hypocycloidal kagome fiber with high curvature (ex-
pressed with high b-parameter [1]) than classic kagome fiber in (a) with O curvature.
The hypocycloid-like contour with high curvature can be set to minimize the core
and cladding mode coupling which further allows a significant reduction of the fun-
damental mode confinement loss. Fig.1.1(c) shows the first prototypes of circular
tube lattice fibers (CTLFs) which consist of a hollow core surrounded by a circular

arrangement of polymethylmethacrylate tubes [2].






Chapter 2

Large pitch fiber

2.1 Introduction

A great industrial demand for the high power laser has stimulated a great research
effort for the improvement of the fiber laser technology in the last two decades. Fiber
lasers are currently the most preferable solid-state laser concept due to their high
efficiency, beam quality, and easy thermal management. Unfortunately, higher pulse
energies in high-power fiber-lasers are accompanied by higher peak powers that cause
nonlinear effects. To circumvent these nonlinear effects, fiber lasers require large ef-
fective mode area (LMA), while maintaining single mode operation. One approach
that provides large mode areas and single-mode operation is fiber designs that allow
high losses for the higher order modes. This capability of delocalizing the HOMs
from the core causes the fiber to propagate only the fundamental mode after some
length, thus the fiber laser provides single-mode operation. Large Pitch Photonic
Crystal Fiber, short called by Large Pitch Fiber (LPF) [11], has their pitch A, i.e.
hole-to-hole distance, is larger than 10 times the operating wavelength A. The fibers
have hexagonal PCF structure, with the core can be surrounded by one, two or three
rings of air holes [23]. These fibers have large mode area (LMA) and achieve the
delocalization property, and consequently HOMs suppression, granted high output

power and good beam quality.
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LPFs use large holes approach and this kind of fiber design introduces the *'modal
sieve’ concept with propagation loss for each mode [24]. Some different design pa-
rameters that define the structure of LPFs are: the hole-to-hole distance or pitch A,
the relative hole size d/A, the number of missing holes creating the core, and the
number of rings of holes forming the cladding. In this fiber design, the modal dis-
crimination mechanism is defined by differential propagation losses. As the spatial
size of the transverse modes decreases with higher modal order, these higher-order
modes can escape from the guiding structure more easily and exhibit an increased
propagation loss than the fundamental mode. Effective single-mode operation can be
thus obtained by modifying fiber parameters to the fiber length and to the required
higher-order mode suppression. In the case of double-cladding LPFs, the modal dis-
crimination can be determined by the difference of the overlap integral between the
fundamental mode and the higher order modes. In this kind of fibers, the two rings
design provides based compromise between modal discrimination, i.e. the HOM sup-
pression, and beam quality [23].

The objective of this chapter is to provide a numerical analysis based on finite
element method to investigate the delocalization properties of LPF family. This chap-
ter will cover simple analysis of modal properties and overlap integrals of the fiber
design structures to investigate their delocalization properties. This chapter will not
cover the influence of index depression in the core region due to the rare-earth dop-
ing in the active core region and the thermal effect due to high energy power in fiber
laser that will effect the modal properties and modal discrimination, thus the delo-
calization properties of the fiber. These discussions will be the subjects of the next
chapter. Results show that the LPFs possessing the core formed by one missing-holes
provide delocalization properties of higher order modes. Scaling these kinds of fibers
to obtain larger mode area, the fibers maintain the delocalization properties. On the
contrary, obtaining larger mode area, by additional missing-holes forming the core of
the LPFs, e.g. with 7-missing holes, the fibers exhibit poor delocalization properties,

due to the higher order modes become more confined in the core.
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2.2 Finite Element Method

The complex geometry of PCF structures, make them difficult to analyse mathemati-
cally. Standard optical fiber analyses do not help. In practice, it is preferable to solve
Maxwell’s equations numerically, rather than analytically. In particular, to achieve the
solutions of the Maxwell equations in the PCFs, the Finite Element Method (FEM) is
useful. The basic idea of FEM is to split the 2D domain of electromagnetic problem,
in this case it is represented by the optical cross-section, in a large number of triangu-
lar elements called by mesh. Over the mesh the differential electromagnetic problem
can be discretized, locally linearized and finally solved. The well-known curl-curl

equation:

Vx(pVxH)—kig=0 2.1)

being H the magnetic field, ko the wavenumber of the vacuum, p the inverse of rela-
tive permittivity tensor, g the relative permeability tensor, can be transformed, using
the variational Rayleigh-Ritz approach (after Walther Ritz and Lord Rayleigh) and

the Webb edge elements formulation [25], into a generalized eigenvalues problem:
([T]+ngsr[SD{R} =0 (2.2)

being [S] and [T] large, sparse, symmetric and not positive matrices, and the eigen-
values are the square of the effective index. In this chapter an in-house developed
full-vector modal solver, based on FEM, has been used to analyze the LPFs. The
solver software can obtain both real and complex solutions of electromagnetic prob-
lem, implementing the Perfectly Matched Layers [26] in the domain boundary. The
solver can also calculate the effect of bending in the structure and solve overlap inte-
grals. The validity of the simulation results obtained by the software have been tested
in comparison with a commercial one [27]. The performed tests show that the de-
veloped solver achieves correct solutions for the electromagnetic problem in optical
devices with the different results in the level of 1077, The software also achieves

excellent performance in term of required memory space and execution time.
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Figure 2.1: LPF (a) SEM pictures [4] (b) LPF parameters

2.3 Structures

Fig. 2.1(a) shows the comparison of a 135-um core LPF (left) with a 7-um core
step index fibre (upper right) and a conventional rod-type PCF (lower right), in the
same scale of SEM pictures. This picture illustrates the enormous core area scaling
of LPF with the simplicity of the structure. The core area of the LPF is comparable
with the 125-um outer cladding of the step-index fibre. The rod-type PCF was the
representative of VLMA fibres, which achieved an active core diameter as large as
80 um from which single-mode emission could be extracted. With its arrangement of
tiny air holes which is a necessary condition for the effective single-mode operation
of these kinds of fiber, the reproducible fabrication is extremely challenging. This
reproducibility issue results in a low yield, which increases the costs.

For a step-index fibre and a rod-type PCEF, all of the transverse modes have signifi-
cant overlap with the core area, which means all of the modes are confined in the core.
As seen in the picture, the inner structure of a LPF is rather open as a results of large
air holes and pitch. Strong deformations of the higher order modes results in weak
overlap with the core region. Thus only the fundamental mode with the Gaussian-like

profile has a substantial overlap with the core.
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(a)

(c)
Figure 2.2: LPF (a) LPF-30 (b) LPF-30 modified (c) LPF-45

The fiber structures under investigation are described in Fig. 2.2 and Fig. 2.3 with
the fiber parameters described in Fig. 2.1-(b). Only one quarter of the fiber structures
are needed to be simulated due to symmetry properties of LPFs. LPF-30 has the pitch
A =30 pm, and the ratio between air hole and pitch d /A = 0.22, where d is the hole
diameter. The core area is formed by 1-missing hole, and the fiber has air-cladding
with the radius of 89.07 um. The fiber is then modified by enlarging the core (see
Fig. 2.2-(b)), and in this way enlarging the modal area, with 7 missing air-holes, and
consecutively added with external air holes rings to maintain the two rings of air-holes
in the cladding. The fiber has been called by LPF-30 modified with the air-cladding

(a) (b)

Figure 2.3: LPF without air-cladding (a) LPF-45 (b) LPF-30 modified.
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Description LPF-30 LPF-30 Modified LPF-45
The normalized hole-diameter, d /A 0.22 0.22 0.22
The pitch, A 30 pum 30 um 45 pum
Formation of the core 1 missing-holes 7 missing-holes 1 missing-holes
Number of air-holes ring two oo two
(taken from 3" and 4" original rings)
The core hexagonal edge 25.84um 38.76 um 38.6um
The large hexagonal edge 78.52um 111.89 um 117.78 um
Air-clad inner radius and width 89.07 um, 5.88 um 117.06 um, 5.88 um 133.6 um, 9.1um
Materials Silica, neff = 1.45 Silica, Neff = 1.45 Silica, Neff = 1.45

Table 2.1: LPF Characteristics

radius 117.06 pum. Fig. 2.2-(c) shows LPF-45 which is the scaling version of LPF-30
by maintaining d/A to obtain a structure with a pitch of 45 yum, air cladding radius
117.78 pm. Table 2.1 describes the detail parameters of the fiber structures. The fiber
structures without air-cladding and with the same parameters are evaluated for LPF-
30 modified and LPF-45 to investigate the propagation loss comparison between the
two structures. These fibers are described in Fig. 2.3 with Perfectly Matched Layers
(PML) have been applied as the absorbing boundary.

2.4 Results and Analysis

Graph in Fig. 2.4 shows the effective index versus wavelength for a range of 960-
1100 nm of the Double-cladding LPFs described in Fig. 2.2. Despite of the fiber
structures, the effective indices have a linear relation with the wavelength both for
the fundamental modes and the first higher order modes. The overlap integral has
been used to investigate the modal discrimination between the fundamental mode
and the first higher order mode of the two approaches of enlarging the large mode:
removing the 7 missing-holes in core or scaling the fiber structures while maintaining
the normalized hole-diameter, d/A = 0.22. The overlap integral I" over the core area

has been calculated according to the expression

F://i(x,y)dxdy, (2.3)
S
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Figure 2.4: Effective index of LPF

being i(x,y) the mode normalized intensity distribution and S the core region [28].
The modal discrimination AI" between the FM and the most confined HOM, which is
the difference of the overlap integral values, has been used to asses the single mode
(SM) properties. A value of AI" higher than 0.3 has been assumed to be sufficient
to provide enough suppression of the HOMs in the gain competition to ensure SM
guiding [29][30]. From the results, LPF-30 modified exhibits higher overlap inte-
gral for the first HOM than LPF-45, while the overlap integrals of the fundamental
modes for both fibers are similar. As an example at A = 960 nm, the first HOM of
LPF-30 modified has 0.64 overlap integral while the LPF-45 one has 0.22. In this
wavelength, the fundamental modes for both fibers have 0.84 of overlap integral. The
modal discrimination between the FM and the first HOM of LPF-30 modified (AI')
is around 0.20, thus lower than the sufficient value to provide the HOM suppression.
On the contrary, LPF-45 experiences the modal discrimination of around 0.60 which
is much higher that the sufficient value. Clearly, the LPF-45 structure promises as a

suitable PCFs design for large modal area fibers, while maintaining the single mode
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Figure 2.5: Overlap integral of LPF

operation. These kinds of fibers are suitable for high power fiber laser applications.

Air-cladding in PCFs have been used to confine pump light to the multimode
pump core, which is the fiber area inside the air-cladding. The large index contrast
between the air-cladding and the material inside enables higher numerical apertures
for the coupling of pump light into the pump core, determined by the bridge-width in
the air-cladding. In term of cost point of view, the fibre laser can exploit the relatively
low-cost multimode diode as pumping device. Here, the multimode pump core is
suspended by very thin struts in the air-cladding, through which the pump light cannot
escape. In the simulation, the air-cladding is approached by neglecting the strut by
applying the air as the overall material. Fig. 2.6 shows the magnetic field modulus
of LPF-30 modified and LPF-45. Despite of the structures, the fundamental modes
are confined in the core. On the contrary, the first HOM of LPF-45 is evident less
confined than the LPF-30 modified one. The fundamental modes of both fibers have
the overlap integral around 0.84, while the overlap integral of the first HOM of LPF-
45 is 0.22 less than the one of LPF-30 modified, which is 0.64 (see Fig. 2.5). The
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leakage of the field of LPF-45 is also evident from the two peaks of magnetic field
modulus outside the cladding area, near the air-cladding. The fields cannot escape
from air-cladding due to the high index contrast between cladding and air-cladding.

In order to investigate the fiber loss, the air-cladding have been removed and the
Perfectly Matched Layers have been applied to LPF-30 modified and LPF-45. Fig. 2.7
shows effective index n.rr of LPF-45 and LPF-30 modified. LPF-30 modified has
higher effective index for FM and HOM than LPF-45, with the difference of effective
index of FM is more evident than the first HOM one. Removing the air-cladding
has been highlighted that the modes in LPF-45 have important losses as described in
Fig. 2.8, including the fundamental mode. The FM of LPF-45 has a significant loss
around 2.5 dB/m. The figure also confirm that the first HOM of LPF-45 with PML
has high significant loss than LPF-30 modified, for example the loss achieves 95.96
dB/m for LPF-45 at A = 960 nm, while for LPF-30 modified, the loss for the first
HOM at the same wavelength is only 1.13 dB/m. The LPF-30 has very lower loss for
fundamental mode, for example at A = 960 nm the FM has a = 0.085 dB/m. Fig. 2.9
shows the magnetic field modulus of the FM and the first HOM of both both fibers.
Here, it is clear that the first higher order mode of LPF-30 modified is more confined
in the core region, thus the fiber exhibits lower modal discrimination between the FM
and the first HOM.
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Figure 2.6: Magnetic field modulus of LPF-30 modified (top): (a) FM (b) First HOM
; LPF-45 (bottom): (c) FM (d) First HOM.
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Chapter 3

Symmetry-free PCF

3.1 Introduction

Several applications requiring long range propagation such as remote sensing, com-
munication, industrial processing and defense, are currently pushing the research of
high power sources in the 2 um - 3 um range, which also attractive thank to the eye-
safe nature of the scattered light at these wavelength [31]. Thulium-doped fiber lasers
are of particular interest for these applications, being able to combine high brightness,
premium beam quality and compactness, together with the possibility to obtain emis-
sion on a relatively wide band, spanning from at least 1.86 pm to around 2.09 um,
when pumped with established diode lasers emitting at 0.79 um. Thulium-doped
fiber lasers are also interesting for medical applications due to the strong absorption
of water at 1.94 um.

The constraint to produce the highest possible power of fiber laser with diffraction-
limited output has stimulated a huge research effort for the improvement of high
power fiber lasers in the last decade. The fiber laser have changed the attraction
of research communities and industries beyond the telecommunication application
stimulated by the invention of double cladding concept for multimode pumping that
enable to boost the fiber laser power into watt level. But then fiber core diameter

in truly single mode fibers limits fiber output power beyond 100 W [32]. Large
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mode area (LMA) fiber designs investigated around the year 2000 enable immense
growth of output power up to 1 kW output in ~1 um exploiting the excellent spectro-
scopic properties of Yb [33]. Greater core area known as very large mode area fibers
(VLMA), being mode field diameter greater than 50 pm, have further been proposed
implementing leakage channel fiber concept [34] and large pitch PCF (LPF) [23] to
increase the fiber laser power while maintaining the single mode operation by delo-
calizing the higher order modes. Using LPF with mode field diameter ~105 pum fiber
based ultrashort pulse laser have achieved 3.8 GW peak power [35] when combined

with chirped-pulse-amplification technology.

Up to date, the highest power fiber lasers have been achieved by Yb-doped silica
fibers that operate at around 1 um. But lasers in this wavelength range are invisible
and can give a serious hazard if their power reach onto the retina. This can be a
problem for some laser applications such as soft-tissue medicine which facilitates the
direct interaction with humans. Therefore, the thulium-doped silica fibers are prefer-
able to be used due to their operation in the eyesafe wavelength region (> 1400nm),
where optical absorption by water in the eye prevents power from reaching the retina.
To obtain high power laser, in principle, the same guidelines used for Yb-doped PCFs
can be applied to the design of Tm-doped fibers [36][37], with the advantage that
operation at longer wavelengths allows SM propagation with larger effective area,
therefore pushing the threshold for nonlinear phenomena towards higher power lev-
els. Nevertheless, the development of PCFs with robust single-mode operation and
very large mode-field diameter, preferably exceeding 50 um, for high peak power
pulsed sources is hindered by the much larger quantum defect of Tm ions with re-
spect to Yb, that causes remarkable heating of the doped core at relatively low pump
power. The consequent thermal gradient along the fiber cross-section is responsible
for an increase of the refractive index with a parabolic shape in the core and a loga-
rithmic decay in the cladding, which severely alters the modal properties [38], allow-
ing propagation of High-Order Modes (HOMs). A mitigation of the quantum defect
and an increase of the laser efficiency can be obtained by exploiting cross-relaxation
[39], but the high Tm concentration required for these process to occur results in an

increased index contrast between the core and the cladding, which is detrimental to
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SM properties [31].

As a consequence of the strong thermal effects, the adaptation of active PCFs con-
ceived for operation at ~1 um to Tm-doped devices is not straightforward, and new
design approaches are worth exploring. One interesting solution, which has been re-
cently applied to both air silica and all-solid LMA fibers with good results, is to break
the Cgy symmetry of the fiber cladding to improve delocalization of the most detri-
mental HOMs, while keeping the Fundamental Mode (FM) confined in the doped
core [40][41]. In this paper the design of a Tm-doped DC-PCF with Symmetry-Free
cladding (SF-PCF) and a core diameter of ~80 pm is presented, and the fiber guiding
properties are thoroughly analyzed by means of a full-vector modal solver based on
the finite-element method [42]. Moreover, a thermal model is applied to investigate
how thermally-induced refractive index change affects the SM properties [43]. The
results are compared with those obtained for a Large-Pitch Fiber (LPF) with simi-
lar core size, which represents the current state-of-art of large-mode area Tm-doped
fibers [44].

3.2 Thermal effects modelling

The guided modes for the fiber design have been calculated using a FEM based full-
vector modal solver. The refractive index of the triangle element has been set accord-
ing to the thermo-optic properties of silica. Silica has linear temperature dependence
of the thermo-optics effect. Heat equation is obtained by approximating the actual
PCF cross-section with simple four concentric layers corresponding to core, inner
cladding, air-cladding and outer cladding. Fig. 3.1 shows the model and the graph of
An. Each layer has isotropic thermal conductivity k; and radius r;. Heat power density
Qo [W/m?] is generated from the core, which is related to the heat load per unit length

¢ according to
61/ = Qo-Acore; (3.1

being A, the doped core area.
The steady state heat equation can be solved by considering only the transverse

coordinates, and further simplified into a function of the distance r from the core
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where the generated heat density Q is Qp in the core and 0 elsewhere, being 7'(r) the
local temperature. Thermal conductivity ks;0, = 1.38 W/(m.K), which is the one of
fused silica, has applied in the core, inner cladding, and outer cladding regions. The
contribution of air-holes to the overall heat transfer is assumed to be negligible due
to their relative small sizes. On the contrary, the air-cladding requires the definition
of thermal conductivity k4c because of its relative large size with respect to the silica

struts according to:

Nowks;
kue = kyip 4+ 2 ESi0_y, (13 (3.3)
2717(1’3 — }’2) mn

being kyi = 0.02 W/(m.K) the thermal conductivity of air, N and w are the number

and width of air-cladding struts, r and r3 the inner and outer air-cladding radii, re-
spectively. The value of k4¢ has been found to be 0.087 W/(m.K) for the fiber design.
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Heat dissipation has been assumed to apply at the outer fiber boundary, with co-
efficient 2 = 2000 W/(m?>.K) corresponds to water-based quenching cooling system.

Using Newton’s law of cooling:

AT(r=R)  h

o = Tyg, Ten ~T(R) (34)

where R outer fiber radius and the fiber external temperature is 7,,, = 14°C. The
refractive index change An,, of silica and doped silica due to thermo-optical effect
is finally obtained as An;;, = B[T(r) —T,], being B = 1.16 x 107> 1/K the thermo

coefficient of silica and 7, = 25°C, ambient temperature.

3.3 SF-PCF Analysis

The schematic of the considered SF-PCF cross-section is reported in Fig. 3.2(a). The
inner cladding is obtained from a common triangular lattice where several air-holes
have been removed to form two hexagonal layers, rotated with respect to each other.
Three more air-holes, marked with arrows in the picture, have been kept to further
weaken symmetry of the cross-section, similarly to what was done with the all-solid
fiber in [29]. The 19 innermost unit cells are replaced with Tm-doped silica ele-
ments to obtain the active core. The DC SF-PCF considered in the simulations is
shown in Fig. 3.2(b), where the key parameters are also indicated. All the consid-
ered symmetry-free fibers have a underlying lattice pitch Agrr = 14.4 pum, which
is also the distance between closest air-holes. The fiber core has a corner-to-corner
distance d.. of about 80 um, which would be the distance between corner air-holes if
the structure were not rotated with respect to the triangular lattice, and the edge a of
resulting doped hexagonal region is 36 um. A 6 um-thick air-cladding with inner ra-
dius of 260 pum surrounds the cross-section, to provide pump guiding. To assess the
advantages provided by the SF-PCF over current state-of art fibers, the simulation
results have been compared with those obtained with the LPF shown in Fig. 3.2(c),
which is characterized by hole-to-hole spacing Azpr = 45 pm, core corner-to-corner

distance d.. ~ 81 um and doped region with edge a = 31.5 um [44]. Down-doping of
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the active region to compensate for the thermally-induced refractive index increase

has been taken into account for both fibers.

Figure 3.2: (a) Schematic of the cross-section of the symmetry-free PCF. Cross-
sections of the simulated (b) symmetry-free and (c) large-pitch fibers.

The degree of confinement of the guided modes has been evaluated considering
their overlap integral I" over the doped area. The modal discrimination A" between
the FM and the most confined HOM, which is the difference of the overlap integral
values, has been used to asses the SM properties. The same assumptions of a AT’
value higher than 0.3 has been taken to provide enough suppression of the HOMs in
the gain competition to ensure SM guiding.

Both the SF-PCF and the LPF have been assumed to be 1 m-long rod-type fibers,
with outer diameter of 1.7 mm. Convection cooling with forced water flow at the
temperature of 14° C and convective transfer coefficient 1 = 2000 W/(m? .K) has been
applied as boundary condition at the outer fiber edge. Temperature gradient on the
fiber cross-section is generated by quantum defect-heating of the active core, which

is responsible of a heat load ¢’

1—107%% A
q':dL'<1‘f)'P’ (3.5)

being & = 9 dB/m the pump absorption, A, = 793 nm the pump wavelength, A, the
emission wavelength, dL the fiber length where the average optical to heat energy
conversion is calculated and P the pump power [45]. Heat load is related to heat den-

sity Qo by the relation in Eq. 3.1. ¢’ values between 0 W/m and 340 W/m have been
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Figure 3.3: Overlap integral difference AI" between the FM and the most detrimental
HOM of the SF-PCEF, as a function of the normalized air-hole diameter and heat load,
obtained with (a) no core down-doping, (b) with core down-doping An = —10~*, and
(c) with An = —2-10~*. Same results obtained for large-pitch fibers are reported in
(d) for no core down-doping, (e) for An = —10~* and (f) for An = —2- 10~*. White
lines are drawn at AI' = 0.3.

considered for the simulations, which correspond to the average heat load obtained
from Eq. 3.5 in the last 10 cm of the fiber closer to the pumping end, for a coupled
pump power P between 0 and 300 W.

3.4 Single mode regime

In order to optimize the SF-PCF design to provide the best SM properties in differ-
ent operating scenarios, the A" value has been calculated for different choice of the
air-hole diameter d between 0.18Asrr and 0.30AsrF, taking into account heat load

values spanning from 0 W/m to 340 W/m. A =2 um has been considered as operat-
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ing wavelength and 80 modes have been calculated for each parameter combination
to find the most confined ones. The simulation results are shown in Fig.3.3(a)-(c), for
a core down-doping An =0, —10~* and —2 - 10~*, respectively. The same procedure
has been applied to the large-pitch fiber for d/App values between 0.16 and 0.22,
and the results are shown in Fig. 3.3(d)-(f).

Clearly, none of the considered designs of the SF-PCF or LPF is able to provide
SM guidance over the full range of considered heat load values. All fibers show a
similar temperature dependent behavior, which is more evident in down-doped fibers.
At low heat load values, for example approximately below 80-100 W/m for the SF-
PCFs with An = —10~* of Fig. 3.3(b), the confinement of the FM is poor and its
overlap integral is close the one of the HOMs, which is below 0.4 in most cases. In
some extreme conditions, corresponding to the black areas of Fig.3.3(b) and 3.3(c),
the overlap integral of the most confined HOM is even higher than the one of the FM.
All the modes propagate mostly outside from the doped core, and poor amplification
efficiency is expected. As the heat load increases the FM becomes significantly better
confined than the HOMs, and the modal discrimination increases up to the maximum
value, which is found at about 150 W/m for the SF-PCFs with An = -10~*. After that
point, any further increase of the core temperature decreases the modal discrimination
by providing better confinement to the HOMs, up to the point where AL is again

below 0.3 and the fiber operates in multimode regime.

By comparing Fig.3.3(a)-(c) it is possible to notice that SM operation can be
shifted to significantly higher power levels by acting on core refractive index. Indeed,
the SF-PCF without core down-doping can provide SM propagation for heat load
between about 25 W/m and 180 W/m, while with An = —10~* the SM regime is
found between ~90 W/m and ~290W/m and from ~150 W/m up to more than 350
W/m for An = —2.10~*. This means that a SF-PCF with suitable core down-doping is
capable to maintain SM propagation even with a coupled pump power larger than 300
W. On the other side, the use of a too depressed core is detrimental for the operation
at low pump power, and therefore core refractive index must be chosen according
to the application. It is worth noting that in a real-world scenario the heat load is

not uniform along the fiber, being significantly lower far away from the pumping
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Figure 3.4: (a) Overlap integral of the most relevant guided modes of the SF-PCF as
a function of the heat load, calculated at A = 2 um. (b) AI" between the LPy;-like
and the LP;;-like modes of the SF-PCF (solid lines) and of the LPF (dashed lines).
Magnetic field modulus distribution of the (c) LPy;-like, (d) LP;-like, (¢) LPy,-like
and (f) LPy3-like modes of the SF-PCF.

end, that is at the seed side assuming a counter-propagating pumping scheme. As a
consequence, the FM is less confined and its overlap with the doped area is lower,
resulting in a decrease of the amplifier efficiency. Considering the results of Fig.3.3, it
is thereby preferable to choose a fiber design that allows operation close to the upper
edge of the SM region at the pumping end, so that FM confinement and SM regime
are preserved throughout most of the fiber length.

Air-hole size has a weaker impact on the guiding properties of the SF-PCF with
respect to down-doping, resulting in a small shift of the SM region towards lower
heat load values for increasing d /srr, that can be explained with the increased index

contrast of the fibers with largest air-holes.
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The main advantage of the SF-PCF approach is the possibility to provide very
high modal discrimination at high pump power levels. The maximum value of A
achieved is above 0.54 for all the three considered values of core down-doping, and
it is found at a heat load of about 100 W/m, 150 W/m and 200 W/m for the fibers
having An =0, -10~* and -2.10%, respectively. Remarkably, similar mode discrimi-
nation has been reported for the all-solid version of the symmetry-free fiber without
considering thermal effects [9], and is among the highest values reported so far for
any index-guiding LMA fiber design. By choosing a suitable level of core down-
doping it is possible to obtain SM guiding at high heat load also with the LPF, but
the index depression is detrimental to the modal discrimination, as can be inferred
by the comparison of Fig.3.4(d) and Fig.3.4(f). Indeed, with the LPF without core
down-doping it is possible to reach a Al value larger than 0.5 at about 50 W/m, while
a maximum overlap difference of only 0.42 is obtained with a core down-doping of
-2.107%,

To give a deeper insight on the effect of fiber heating on mode confinement,
Fig.3.4(a) reports the overlap integral of the four most relevant modes of the SF-
PCF, calculated at A =2 um for the fiber with d/spr = 0.24 and An = 2.107% as a
function of the heat load. Notice that when the fiber is relatively cold both the fun-
damental LPy;-like mode, whose field intensity distribution is shown in Fig.3.4(c),
and the LPy;-like one, shown in Fig. 3(d), are poorly confined, with I" values below
0.2. Under this heating conditions the mode with the highest overlap is the LP¢3-like,
shown in Fig.3.4(f), whose overlap integral may even exceed 0.5. This behavior is due
to core down-doping, which causes the modes that are naturally localized in the core
to be poorly guided due to the lower refractive index of the doped region with respect
to the cladding. The increase of the heat load compensates the core down-doping,
improving the confinement of the LPy;-like mode while decreasing the overlap inte-
gral of the LPy3-like one. The FM has the highest overlap integral for ¢’ higher than
120 W/m and its value rapidly increases with the heat load. Between ¢’ = 145 W/m
and ¢ = 200 W/m the role of the most detrimental HOM is played by the LPy,-like,
shown in Fig. 3(e), whose I value is anyway below 0.25. As a consequence, for ¢’ >
150 W/m the SF-PCF is SM. Finally, at very high power levels the thermally-induced
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refractive index gradient is so strong to force the fiber to behave effectively as graded-
index Cgy-symmetric waveguide. For ¢’ > 200 W/m the LP;;-like HOM becomes the
most detrimental one, its overlap integral increasing almost linearly with the heat load
beyond this heat load value. Finally, it is worth noting that this SF-PCF is not only
capable of providing strong delocalization of the HOMs even at high thermal load,
but also to guarantee tight FM confinement, with overlap higher than 0.9 at ¢’ > 225
W/m.

In order to demonstrate that the good HOM suppression properties of the SF-
PCF are maintained over the whole spectrum of interest for Tm emission, the modal
discrimination between the FM and the LP;;-like HOM has been calculated between
1800 nm and 2100 nm in two representative cases, and compared with the results pro-
vided by a LPF. Simulations have been performed on a SF-PCF with d/SFF = 0.24
and core down-doping An = -10~%, with ¢’ = 170 W/m, which roughly corresponds to
the condition where the maximum AI is observed at A =2 um, and on a SF-PCF with
the same pitch but An = —2.10~* at ¢/ = 340 W/m, which is the maximum value of
the heat load taken into account. The results have been compared with those obtained
for a LPF with d/LPF = 0.20 with An = -2.10%, operating with ¢’ = 340 W/m. The
overlap difference for both SF-PCF slightly increases with the wavelength, with a
variation of about 0.08 over the considered range. The SF-PCF operating at ¢’ = 170
W/m shows a remarkable overlap difference close to 0.5 over the whole band, with
maximum value of 0.54 at 2100 nm. Despite a lower AI', also the SF-PCF operating
at ¢ = 340 W/m is SM over the whole range, reaching An values between 0.33 and
0.4. These performances are better than those obtained by the LPF for the same heat
load, being its overlap difference close to the threshold for SM operation at AI' = 0.3

throughout the considered wavelength span.

3.5 Effective area

Fig.3.5(a) shows the effective area calculated at A = 2 um for the LPy;-like mode of
the SF-PCFs with the three considered values of core down-doping and d /spr = 0.24,

as a function of the heat load. The curves have been drawn only for values of ¢’
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Figure 3.5: (a) Effective area of the SF-PCF with d /Agrp = 0.24 and different values
of core down-doping, calculated at A = 2 um as a function of the heat load. Dashed
lines are used where fibers operate in multi-mode regime. (b) Effective area of the
SF-PCF with d/Agpr = 0.24 and An = —2- 10~ for a heat load of 340 W/m (red
line) and of the SF-PCF with d/Agpr = 0.24 and An = —10~* for a heat load of 170
W/m (blue line).

that ensure an overlap larger than 0.7, since lower values of I" are not suitable for
amplification, and are dashed where the fibers operate in multi-mode regime. The
intense heating of the fiber has a remarkable effect on A, , roughly halving its value
from about 5000 um? to about 2600 pm? at the maximum heat load allowed for SM
operation. Notice that down-doping does not affect these limits, but only determines
the heat load at which these values of A,y are obtained. For example, an effective
area of 3000 um is reached by the fiber without core down-doping at ¢’ = 120 W/m,
at ¢’ =200 W/m by the fiber with An =-10"* and at ¢’ = 280 W/m by the fiber with An
= -2.10~*. Notice also that the effective area shrinking due to heating is comparable
to the values that have been found experimentally for the Tm-doped fiber laser based
on the LPF with similar core diameter [44].

The effective area as a function of the wavelength of the two SF-PCFs already
considered in Fig. 3(b), with the same heat load conditions previously used, is re-
ported in Fig. 4(b). In both cases, the effective area change with the wavelength

has a similar slope, with an increase over the considered wavelength range of about
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350um?. When the maximum mode discrimination is achieved, that is by the fiber
with An = -10~% at q =170 W/m, Acrr 1s between 3100 ,urn2 at A = 1800 nm and
3400 um? at A = 2100 nm. On the other hand, by considering the fiber with A n =
-2.10* at ¢’ = 340 W/m, an effective area between 2400 um? at A = 1800 nm and
2700 um? at A = 2100 nm is found.






Chapter 4

Circular Tubes Lattice Fiber

4.1 Introduction

Hollow-core fibers (HCFs) have been studied and developed for several decades.
HCF consists of an optical-guiding central air-core surrounded by an arrangement
of dielectric tubes running along its length. HCF is extremely helpful in reducing the
propagation loss and absorption loss. HCF provides a new platform for light-gas in-
teraction study [46] and applications where material properties are a limiting factor
such as high power laser pulse delivery [47], mid, far-infrared and THz transmission
[48],[49]. There are two main families of HCF based on their guidance mechanisms.
The first HCF family guides via photonic band-gap (PBG) [24]. The PBG fiber holds
the potential for guiding light with attenuation theoretically lower than the funda-
mental limit of ~0.15 dB/km in conventional optical fibers [13], however it exhibits
a limited optical bandwidth. The other HCF family is still attracting for an intense
study and technological development, relies for guidance on a combination of inhib-
ited coupling to low density of states cladding modes and anti-resonance [46]. This
family of HCF is distinguished by its broadband optical guidance and the relatively
higher transmission loss-levels compared to the PBG guiding HCF. Fibers belong to
this family are called by Inhibited Coupling Fibers.

Circular Tube Lattice Fibers (CTLFs) are a particular kind of Inhibited Coupling
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Fibers composed of a ring of tubes surrounding a hollow core [50]. The low overlap
of a travelling power with the dielectric composing the tubes makes these fibers good
candidates for the transmission in the spectral ranges where low loss dielectrics are
not available. Several examples have been demonstrated both in infrared [51], [52]
and THz regions [2]. Cores greater than the wavelength are usually used in order
to reduce as much as possible the propagation loss. Big cores allow to reduce both
confinement loss (CL) and absorption loss (AL) being the latter proportional to the
field-Dielectric Overlap (DO). However multi-wavelength cores make this kind of
fibers big and hardly flexible. The knowledge of scaling laws correlating loss, work-
ing frequency, and core size could be very useful for an optimized design of them.
In this chapter the relationship between fiber loss, working frequency and core
size in the CTLFs are numerically analyzed. The analysis of the confinement loss of
the fundamental mode HE; versus the working frequency and the core size is a clas-
sical problem in literature and it has already been addressed for various hollow core
waveguides [53], showing different dependence for different kind of fibers. Numeri-
cal results show that CL exhibits a stronger dependence with respect to other hollow
core fibers such as an air hole immersed in infinite dielectric medium [54], a single
dielectric tube [55], and kagome fibers [56]. The AL dependence is weaker and it
can be the dominant contribution in overall loss for small core size. The small fiber

diameter of CTLF will be presented as a low-loss THz waveguiding.

4.2 Waveguiding Mechanism in CTLF

In CTLFs the hollow core is obtained by arranging N dielectric tubes in a circular
pattern. Fig.4.1(a) shows the cross section of CTLFs and structure parameters. The
tubes have dielectric refractive index ng, thickness ¢, outer radius r,,;, core radius R,
and fiber diameter D. The background material is air. The fiber size depends on the

number and size of tubes:

— 1] .1
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Figure 4.1: Circular tube lattice fiber (a) geometries, (b) Core Mode, (c) Cladding
hole mode, and (d) dielectric modes with low (left) and high azimuthal dependence
(right).
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1
D= 2rext[m + 1] (42)

CTLFs support three different kinds of modes shown in Fig.4.1(bottom): core
modes, which confine the major part of their electromagnetic power inside the core
region; cladding hole modes, mainly confined in the inner part of cladding tubes;
and cladding dielectric modes, mainly confined in the dielectric material [50]. The
first two kinds of modes have effective index n.rr lower than air, whereas the latter
has 1 <n,¢r < ng. Conversely to PBG Fibers, in CTLF cladding supports modes at
any given wavelength. The waveguiding is guaranteed by the inhibited coupling (IC)
between core modes and cladding modes. Such coupling depends on two factors:
the difference between the effective indices, and the field integral overlap. The effect
of the former is maximized at the crossing point between the dispersion curves of
the two involved modes (phase-matching condition). Since the fibers work in the
large core regime, the effective index of the core mode is very close to 1, thus the
frequencies of the phase-matching condition can be well approximated by the cut-off
of the cladding dielectric modes. The second factor, the mode overlap, depends on
spatial variation of the cladding dielectric modes on the transverse plane: the faster
the variation, the lower the coupling.

Fig.4.2 shows the confinement loss (top) and dispersion curve (bottom) of the
fundamental mode (FM) HE; if a CTLF designed for THz applications, with N = 8§,
Fexr =0.873 mm, and t =0.131 mm, ny = 1.5207 (Zeonex at 1 THz). The confinement
loss shows an alternation of high and low loss regions. The bottom of the figure
shows the dispersion curve of the fundamental core mode. Inside low loss regions,

dispersion curve is well approximated by Marcatili’s formula:

1 uiic

M 11 2
— 1 _

feff 2 (271'ch0 )

4.3)

where uy] is the first root of the equation Jy(u) = 0. High loss regions and anticrossing

in the dispersion curve fall at integer values of the normalized frequency [50]:

2

C

F n, —1f (4.4)
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Figure 4.2: Confinement loss (top) and effective index (bottom) of the HE;; FM of
CTLF with N =8, t = 0.131 mm. Approximate of the FM, obtained with Marcatili’s
formula in Eq. (4.3), is also shown.



44 Capitolo 4. Circular Tubes Lattice Fiber

where c is the speed of light in vacuum, and f the absolute frequency. These fre-
quencies correspond to the cut-off of the low azimuthal dependent dielectric modes
of a single tube [50]. Between two consecutive high loss regions, there are only the
cut-offs of high spatial dependent cladding modes and the coupling is strongly inhib-
ited resulting in lower power leakage. These spectral regions will be called transmis-
sion windows (TWs). The spectral width of the high loss regions and thus the TWs,
also depends on the ratio between inner and outer radius of the tubes composing the

cladding and can be expressed as:

p=1-—— 4.5)

4.3 Losses in CTLFs

The losses in CTLF can be generally divided into the confinement loss (CL) and
absorption loss (AL). Confinement loss or leakage loss properties strongly depend on

the electromagnetic field confinement mechanism and can be expressed by:

f dB

cL= 8.6862%Im(neff)[ ] 4.6)

m
where Im(n,yy) is the imaginary part of the effective index of the fundamental core
mode.

The absorption loss takes into account the fraction of the power carried on by
the mode which is absorbed by the material composing the fiber. By assuming that
the absorption due to the air is negligible, the AL depends on the material and the
dielectric overlap (DO) according to [57][58]:

AL= & ,a,00, 4.7)
Ho

E|2dA
o uslE]

being o, the absorption loss of the dielectric bulk material, & and g the permittivity

where

(4.8)

and the permeability in vacuum, respectively, E the electric field, S, the z-component



4.4. CTLFs Scaling Law 45

of the Poynting vector, A, the total area of cladding dielectric tubes, and A the total
area of the fiber cross section. Dielectric overlap depends mainly on the fiber structure
parameters such as tube thickness, tube number, and tube size.

Fig.4.3(bottom) shows that the absorption loss has the similar profile with the
confinement loss which constitutes an alternation between high loss regions and low
loss regions. The absorption losses in the high loss regions are much higher due to
the strong coupling of the fundamental core mode with the cladding modes which

affect higher value of dielectric overlap.

4.4 CTLFs Scaling Law

The analysis of scaling laws correlating loss, working frequency and core size is

essential for the fiber design optimization. The scaling laws both CL and AL are

essential to determine the best trade-off between low loss and small fiber diameter.
According to other kinds of hollow core fibers, the CL scaling law might be

expressed as:

CL , p,gENT 4.9

1
RS
where p, and g are generic coefficients that must be determined.

The absorption loss depends on tube material (n4, 0¢;) and dielectric overlap. The
latter exhibits a very weak dependence on material whereas it strongly depends on
the fiber geometry. For this reason we focused our analysis on the dielectric overlap
scaling law instead of the absorption loss. The dielectric overlap scaling law might
be expressed as:

DO m,neN" (4.10)

1
Ry f*
where m and n are generic coefficients that must be determined.

4.4.1 Confinement Loss Scaling Law in CTLFs

The CL confinement loss for the fundamental core mode to a variation in the core
size and working frequency has been addressed for various hollow core fibers. Con-

finement loss scales with R =2 for an air hole surrounded by an infinite dielectric
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Figure 4.3: The confinement loss (top), and absorption loss (bottom) spectra. CTLF
with 7oy = 6.549 mm, ¢t = 0.131 mm, ny = 1.5207 (Zeonex), N = 8.
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medium [54]. In single tube fiber confinement loss scales with R;,4 £73[55], whereas

—3 in case of Kagome fibers [56].

it scales with R

Confinement loss of the CTLFs depends on tubes parameters. High loss region
bandwidth is inversely proportional to the p parameter. By reducing p, high loss
regions spread affecting low loss region bandwidths and their local minima. Conse-
quently, in order to investigate the CL. and DO dependence on R, and f, the p pa-
rameter must be kept constant. Fig.4.4 shows the CL of CTLFS with different value
of p of the fibers with the same tube thickness ¢. The bigger value of p means the

bigger tube size, and this affects lower width of the high loss regions. The depen-

1000 g
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CL (dB/m)
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0.0001 F

1e-005

1e-006

Figure 4.4: The comparison of the spectral width of high CL regions of the fibers
with different p parameter, same tube thickness of = 0.131 mm, N = 8.

dence of Scaling Law with R, is evaluated by increasing number of tubes, N, and
keeping p constant. As r,,, constant, according to Eq. (4.1), the R., depends only on
N parameter. Fig.4.5 shows the four windows of CL of the CTLF with r,,, = 0.873
mm, and # = 0.131 mm with N = 6-14. Core size, R.,, increases as N increases. In the
third TWs, the difference between the minima of CL of N = 6 and N = 14 is almost
three decades. The CL depends also on frequency. As the frequency increases, the
CL decreases. By passing from I to IV transmission band the minima of CL at N =

14 reduces more than three decades.
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Figure 4.5: The dependence of CL to R, and frequency (a) and the graph legend (b).
The CTLF parameters: t = 0.131 mm, 7., = 0.873 mm, N = 6-14.

CL depends on geometrical parameters such as the tube thickness and tube size.
Fig.4.6(a) shows the CTLF with N =8, t =#) = 0.131 mm. Maintaining the tube thick-
ness but using bigger cladding tubes, in this case rey2 = 2rex 1 as shown in Fig.4.6(b),
the spectral width of high CL regions become smaller. CL is lower as a result of big-
ger core radius. Fig.4.6(c) shows the CTLF with the same r,,;, thus the same core
radius, but with the smaller tube thickness. From the spectrum, it is shown that the
spectral position of high loss regions are shifted to the right. In the case of higher tube
thickness, the high CL loss regions would be shifted to the left. In order to determine
the value of p and ¢, frequency and core radius dependencies have been separately

investigated and have considered the geometrical parameters.

In Fig.4.7(a)-(b) confinement loss versus normalized frequency of two CTLFs
with ¢ = 0.131 mm, 7., = 0.873 mm, nyg = 1.5207 (Zeonex) and N = 8, N = 12
respectively are reported. The dashed line fitting curves of the minimum loss inside
TWs with Eq. K9, being K an arbitrary constant. By increasing the number of tubes
from N = 8 to N = 12 the core size increases and the loss decreases. Fig.4.7(c)-(d)
show the confinement loss spectra of a similar CTLFs with larger tubes composing

the cladding, having r.,; = 1.747 mm. Notice that the confinement losses are reduced
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Figure 4.6: The dependence of CL to CTLF parameters. The CTLF with N = 8 with
difference fiber parameters (a) tube thickness # = 0.131 mm, 7., = 0.873 mm, (b) ¢ =
0.131 mm, 7. = 1.747 mm, and (c) r = 0.1048 mm, r,,, = 0.873 mm.
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by about two orders of magnitude with respect to those shown in Fig.4.7(a)-(b). Fi-
nally, Fig.4.7(e)-(f) consider a couple of CTLFs with the same parameter of those
Fig.4.7(a)-(b) but with thinner tubes, being ¢ = 0.1048 mm. Since the high loss fre-
quencies depends on tube thickness through Eq. (4.4), the thinner tubes push high loss
peaks toward higher values of frequency f and once more loss reduces with respect
to Fig.4.7(a)-(b). Considering the variation of all geometrical parameters of CTLFs
(number of tubes, tube radius, and tube thickness) as shown in Fig.4.7, the numerical
results show a good agreement between the minimum values of the confinement loss
in the TWs and the fitting curve with g = 4.5.

Previous results show that for a given frequency, CL also depends on geometrical
parameters like tube size r,,s and thickness ¢. In order to consider only the dependence
on the core size, different fibers with the same geometrical tube characteristics have
been considered. Since core size also depends on number of tubes through Eq. (4.1),
fibers composed by the same tube type but with different number of tubes N from 6
to 14 are here considered. Left and right column of Fig.4.8 shows that the CL versus
the core radius (i.e. different number of tubes), of CTLFs with different geometrical
parameters computed at two different normalized frequencies F' = 0.75, and F =2.75
respectively, corresponding to the minima in the first and third transmission window.
The dashed lines show the curve KR, with K an arbitrary constant. In all cases, the
values of CL are well fitted by the curve with p = 4.5. An exception is the case of
N = 6 where CL is higher than the prediction of scaling law. This could be due to
the extra coupling between the fundamental core mode HE; and the cladding hole
modes [50]. In fact, for N = 6 the core size is very close to the hole size of the tubes
resulting in a phase matching condition between the aforementioned modes. For N
> 6, the core size is significantly bigger than tube holes and the effective indices
differ enough to make this kind of coupling negligible. Fig.4.9(a) shows the effective
indices of core mode and cladding hole mode for N = 6, while Fig.4.9(b) shows the
same curves for N = 7. The value of effective index of cladding hole mode is closer
with the one of core mode for N = 6 than N = 7. From the inset figures of magnetic
field distribution of N = 6, the core size is similar to the tube size results a phase

matching condition between the Core Mode and the Hole Mode. It can be evidenced



4.4. CTLFs Scaling Law

51

10000

100

o (dB/m)

0.0001

0.01

o .
K*F9(q=4.5)

1e-006

0.5

100 -

o (dB/m)

0.0001

1e-006 [

001 |

cL
K‘F9(q=4.5)

0.5

1000

100

o (dB/m)

0.01 F

0.001 ¢

0.0001 £

1e-005

01 f ™

3.5

o (dB/m)

o (dB/m)

o (dB/m)

10000

100

0.01 |

0.0001

1e-006

T -
D I TY - S—

0.5

100 -

0.0001

1e-006

CL
KFA(q4b) e

1000

100

01 B

001 | ™

0.001

0.0001 ¢

1e-005

1e-006
0.5

15 2 25 3 35 4

Figure 4.7: Confinement loss versus F and fitting curve of frequency for three differ-
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ness). Top: t = 0.131 mm, ry; = 0.873 mm. Middle: ¢t = 0.131 mm, 7,,, = 1.747 mm.
Bottom: = 0.1048 mm, .y = 0.873 mm. Left column N = 8, right column N = 12.

Best fitting curve of frequency with g = 4.5
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by the existence of magnetic field distribution in the core region of the cladding hole
mode.

Fig.4.10 shows the normalized CL of CTLF in Fig.4.5 by applying the R, factor
(p) and the frequency factor (g) both equal to 4.5. The figure shows that minima of
CL in TWs are constant despite of core size and frequency, except for N = 6 which

the minima of CL does not fit and higher than prediction.

4.4.2 Dielectric Overlap and Absorption Loss Scaling Law in CTLFs

The AL scaling law can be represented by the scaling law of dielectric overlap (DO)
in Eq. (4.10). Fig.4.11(left) shows the dielectric overlap versus F of the CTLF ana-
lyzed in the previous section taken only for the first two TWs, for different geomet-
rical parameters ¢ and r,,, as well as number of tubes N is reported. The CTLFs here
considered have different high loss frequencies and core size according to Eq. (4.1)
and (4.4). Despite the geometrical parameter, the numerical results show that by using
the value m = 3 and n = 2 the curves of absorption loss scaling law in Fig.4.11(right)
for corresponding fibers are almost overlapped for all values of N.

Fig.4.12 shows the DO (left) and normalized DO (right) of three different CTLFs
in four transmission windows taken for number of tubes N = 6,8,10, and 14. Despite
of the fiber geometrical parameters the DO scaling law has a good agreement with
m =3 and n = 2 for a whole transmission windows. Although AL also depends on
dielectric absorption coefficient and thus on the material used to make the fiber, this
weaker dependence can potentially make the AL the main limiting factor in reducing
the total propagation loss of CTLF in mid infrared and THz spectral regions, where
material absorption plays an important role. Results show that in this kind of fiber the
dielectric overlap and the absorption loss have weaker dependance on the core radius

and the frequency with respect to the confinement loss.

4.5 Reduced CL with nested ring

Nested small rings are added with the same thickness as the outer ones and attached to

the cladding at the same azimuthal position, as shown in Fig.4.13. Fig.4.14 shows the
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Figure 4.10: The normalized CL of CTLF with ¢ = 0.131 mm, r,,, = 0.873 mm.

numerical analysis for CL and DO of the CTLF with nested ring. From Fig.4.14(left),
reduction in CL can be achieved by adding nested ring within the tube cladding. For
example the reduction of minimum CL is more than 10 times in the second transmis-
sion windows, despite the number of tubes while in the first transmission windows the
CL reduction is small. In the previous CTLF design (without nested small ring), the
field associated with the fundamental core mode is not completely confined within
the hollow core, but extends beyond the dielectric core boundary into the cladding
holes. By adding an additional ring within the cladding holes of the fiber, light can be
excluded from this area giving an improved confinement to the fiber core, results of
the reduction of the confinement loss. In principle, further reduction in the confine-
ment loss can be achieved by adding extra rings within the fiber cladding [59], for
example by adding two nested rings in the dielectric tube. The dielectric overlap of
the core mode is a critical parameter as it influences the absorption loss which can be
a lower bound in the total fiber loss. As we can see, despite adding additional nested
dielectric ring to the structure, the minimum dielectric overlap of the guided mode

remains almost exactly the same as shown in Fig.4.14(right).
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Figure 4.13: CTLF structure with nested ring with example of N =8, N = 10, and N
= 14.

4.6 CTLF for THz Transmission

In terahertz application, development of fibers with low loss, broad transmission band
and high free space coupling efficiency is still a hot and key issue [49][60]. The chal-
lenge in waveguide development is THz frequencies is poor characteristics of both
metal and dielectrics in this frequency region [61]. Metal, a good waveguide material
in radio frequency and microwave range exhibits high loss from the finite conduc-
tivity in THz frequencies. Dielectrics waveguides are flexible and with circular cross
sections, they are most used in optical frequencies, but in THz frequencies dielectric
waveguides suffer from high material absorption. Considering that dry air is almost
transparent for THz wave propagation, hollow core (HC) fibers are extremely help-
ful in reducing the propagation loss because only a small fraction of electromagnetic
power propagates in dielectric material. HC-CTLFs have proposed for a flexible low
loss THz waveguide [2]. They consist of a hollow core surrounded by a circular ar-
rangement of dielectric tubes. Dielectric tubes are in turn surrounded by a heat-shrink

jacket that allows the fiber to be flexible. The first prototypes made of polymethyl-
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methacrylate tubes have shown that propagation loss can be significantly reduced
with respect to the bulk material one over a wide spectral range. Moreover high cou-
pling coefficients, up to 95 %, can be obtained with a free space Gaussian beam [62].
However, in order to reduce confinement loss and absorption loss large core fibers
are usually used. Since the wavelength at terahertz regime is of some hundreds of
micrometers, this can significantly increase the fiber size and reduce its flexibility.

Consequently, a trade-off between low loss and small dimension is mandatory.

The CTLF design for flexible low loss waveguide for THz will be discussed. The
fiber is designed to work at the central frequency 1 THz with a diameter of 5 mm as
considered small enough to support a flexible waveguide for THz operation. Beside
that, in this fiber diameter, the minimum of absorption loss (AL) is relatively small
(between 0.1 dB/m and 1 dB/m) and in the same order of magnitude with the mini-
mum of confinement loss (CL). In the first step, the thickness of the tube have been
fixed to 100 pm for all number of tubes, thus the transmission windows position are
fixed despite of the number of tubes. This tube thickness is obtained by setting the
central frequency at 1 THz. We will investigate the fiber parameters (number of tubes,
thickness) that are suitable to provide the optimum Transmission Windows. We will
focus to investigate the first transmission where 1 THz is located in order to increase
as much as possible the loss spectral region of the fiber. The first transmission band is
roughly bounded between F' = 0.5 and F' = 1.0 with a minimum loss at F' = 0.75 [50].
We will work in the absolute frequency f rather than the normalized frequency F to
properly identify the optimum TWs at around 1 THz. As in practice, the length of the
fiber used in THz application is around 1 m, the maximum loss of 1 dB/m has been
considered sufficient to support the propagation of light in this fiber length. After ob-
taining the optimum TWs, the thickness can be optimized to obtain more bandwidth
gain. Results show that by using the number of tubes, N = 14, the CTLF possesses
the transmission window bandwidth around 280 GHz ranging from 0.94 THz to 1.22
THz. Further optimization can be performed by reducing the tube thickness to obtain
the additional bandwidth in the higher frequencies but with the expense of loss of

relatively small bandwidth in the lower frequencies.
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4.6.1 Structures

Figure 4.15: Circular tube lattice fiber (a) N =8, (b) N =14, and (c) N = 18.

Fig.4.15 shows the structures of designed CTLFs with the same fiber diameter
D =5 mm. The figure shows the example of cross-sections of CTLF with number
of tubes N = 8, N = 14, and N = 18.The grey regions represent air and the white
ones represent dielectric. All tubes have same outer diameter 2r,y, thickness ¢ and
refractive index ny. The tubes composing the fiber are made of Zeonex with refrac-
tive index ny = 1.5207 and bulk absorption coefficient ¢, = 0.93 dB/cm at 1 THz.
The number of tubes surrounding the core is changed in order to increase the core
size without effecting the overall fiber diameter. The spectral widths depend on the
p parameter. With the constant thickness, decreasing r,,; means reducing p that will
cause the increasing of high loss region spectral widths [50]. As in CTLFs the core
radius depends on number and size of tubes, by increasing number of tubes it is pos-
sible to increase core size without changing the fiber diameter D: 2R, = M .D, where
M = [1 —sin(g)]/[1 + sin(F)]. Fig.4.16 shows the relation between core diameter
(2R.,) and fiber diameter D (2R, = M .D). As number of tubes N increases, the core
diameter 2R, increases within the constant fiber diameter D. For example, CTLF
with N = 8 has the core diameter 0.45 times fiber diameter and CTLF with N = 18
has the core diameter around 0.7 of fiber diameter. Table 4.1 confirmed the situation
by providing the numerical values. From the table it is evident that by increasing the
tube numbers, the fiber will reduce the tube external radius r,,, but in the same time

it will increase the core radius R,,.
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Number of tubes  External tube radius, 7.y (in mm)  Core radius, R, (in mm)

8 0.692 1.113
10 0.590 1.316
12 0.514 1.467
14 0.455 1.585
16 0.408 1.678
18 0.370 1.754

Table 4.1: CTLF Parameters for D =5 mm, ¢ = 100 yum.

08 ! T I

0.2 | i i | | i
6 8 10 12 14 16 18 20

number of tubes (N)

Figure 4.16: Factor of the increase of Core Diameter to the increase of number of
tubes (M=2R_,/D).
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Figure 4.17: Confinement loss (left), absorption loss (right) of CTLF of Zeonex with
fiber diameter D = 5 mm and tube thickness # = 100 um. Insert picture is the magnetic
field modulus (power 0.1) for local peak spectrum for N = 16 at f = 0.91 THz.

4.6.2 Analysis

Fig.4.17 shows the CL and AL of CTLF for different number of tubes N = 6 - 14
(even). n and «, frequency dependences have been taken into account by fitting the
experimental values reported in [63]. The AL graphs are flatter than the correspond-
ing CL ones. By increasing N AL reduces, while CL has difference properties. Hav-
ing the greatest R., CTLF with N = 18 has the maximum CL. CTLF with N = 10
has minimum CL, while N = 8, 12, and 14 CL are roughly constant. Since the AL is
dominant with respect to CL, this will result in a total loss reduction. The reduction of
p in the increasing of N is evident by a blue shift of peak both in CL and AL. In fact,
by increasing N with D constant, the p parameter of the tubes reduces causing the
blue shift of the cut-off frequencies of the cladding mode with the azimuthal number
greater than one [50]. However the peak value reduces as N increases. The local peak
is due to the coupling between the fundamental core mode and the dielectric tube
mode that causes of fundamental core-mode leakage. The inset picture describes the
local peak of the fiber with N = 16 and takes place at the frequency f = 0.91 THz.

Fig.4.18 shows the total loss of CTLF which is the sum of AL and CL. Notice
that due to the dominant of AL, CTLF with N = 18 no longer has the maximum loss

as in CL, but minimum along with N = 16 and 14. By choosing the a total reference
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Figure 4.18: Total loss of CTLF of Zeonex with fiber diameter D = 5 mm and tube
thickness t = 100 um.
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value of 10 dB/m, a remarkable transmission band of about an octave, ranging from
0.7 THz to 1.3 THz, is obtained with N = 16. Notice that the external fiber diameter
is lower than 12 times the longest wavelength of the considered band. By reducing
the reference loss value as low as 1 dB/m the maximum band of 280 GHz is obtained
with N = 14, ranging from 0.94 THz to 1.22 THz.

Beside the number of tubes, further optimization can be performed by reducing
the tube thickness. Fig.4.19, Fig.4.20, and Fig.4.21 show the CL, AL, and Total Loss
of the CTLF with N = 18 with the thickness f = 100 um and ¢ = 90 ym. Reducing
the thickness from # = 100 um to t = 90 um, from Fig.4.21, the transmission window
gains the additional bandwidth for around 0.14 THz in the higher frequency (shifted
to the right from the frequency of 1.29 THz in# = 100 pum into f = 1.43 THz in ¢t =90
um). But, this gain of bandwidth obtained at the expense of the loss of bandwidth in
the lower frequency, although it is only a small value for about 0.03 THz. This loss of
TW bandwidth is due to the shift of the TW to the right from the minimum frequency
of 0.74 THz of the fiber with t = 100 um to f = 0.77 THz, which is the minimum
frequency of CTLF with # =90 um.

4.6.3 Touchless cladding tubes

The CTLF design optimization for THz waveguiding has been performed by reducing
the tube thickness. This approach obtained the significant gain of bandwidth in the
higher frequency at the expense of the loss of bandwidth in the lower frequency.
More than that, the local peak increases which might break off the TW bandwidth.
The dash-dot line graphs of reduced tube thickness (t = 90 ttm) in Fig.4.23 show the
same phenomenon of the increasing of local peak when compared with the dashed
lines of CTLF with # = 100 pum. The significant increase of local peak has been noted
in the absorption loss for CTLF with N = 16.

Fig.4.22 shows the modification of CTLF structure. The tube thickness is t = 90
um with the external tube radius has been kept constant according to the number of
tubes, in this case N = 14 and N = 16 (see Table 4.1). By enlarging the core radius
for about one thickness length, the cladding tubes are not touching each other. By

modifying in this way, the core radius and fiber diameter become slightly larger, for
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Figure 4.20: AL of CTLF with N = 18 with different tube thickness # = 100 wm and
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N =14 N =16

Figure 4.22: CTLF with touchless cladding tubes N = 14, R., = 1.675 mm, D = 5.170
mm (left) and N = 16, R, = 1.769 mm, D = 5.169 mm (right). Inset zoom picture
shows that the neighbor cladding tubes do not touch.

example for N = 14, the fiber diameter changed from D =5 mm to D = 5.170 mm.

The solid lines in Fig.4.23 describe the CL, AL, and Total Loss of CTLF with
touchless cladding tubes for N = 14 (left) and N = 16 (right). Despite of the number
of tubes, the local peaks decrease for CL, and AL refers to the dash-dot line. Refer
to the only thickness reduction, the obtained transmission windows band of CTLF
with touchless cladding tubes at N = 16 is the same for around 720 GHz range from
0.73 THz to 1.45 THz by applying the allowable loss of 10 dB/m. The touchless
cladding tubes have the benefit of reduction of total loss, for example it achieved
the minimum loss of 0.20 dB/m at 1.18 THz lower than 0.25 dB/m in only tube
thickness reduction approach at the same frequency. Another clear benefit of CRLF
with touchless cladding tubes is the reduction of local peak around 1.74 dB from
8.69 dB/m at 0.96 THz of dash-dot line to 6.95 dB/m at 0.93 THz. Here, the touchless
cladding tubes combine with the reduction of tube thickness is preferable to obtain the
optimum transmission band with lower fiber loss than only tube thickness reduction

approach.
Taking the allowable loss of 1 dB/m, for N = 14, here we don’t take the benefit
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Figure 4.23: Solid line is CTLF with touchless cladding tubes for N = 14 (left) and
N = 16 (right). Top: Confinement loss, Middle: Absorption loss, and Bottom: Total
Loss. CTLF with tube thickness = 100 um in dashed line, t = 90 um in dash-dot

line.
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of local peak reduction, but the gain of transmission band for 20 GHz in the lower
frequency (from 0.99 THz of dash-dot line to 0.97 THz solid line). The bandwidth
obtained is around 400 GHz range from 0.97 THz to 1.37 THz using the touchless
cladding tubes fiber design. The minimum loss achieved is 0.20 dB/m (at 1.12 THz in
solid line) which is lower than 0.27 dB/m (at 1.21 THz in dash-dot line). The achieve-
ment of bandwidth is around one and a half greater than the bandwidth obtained of
CTLF with t = 100 ym with lower minimum loss, for example 0.20 dB/m compared
with 0.35 dB/m at 1.06 THz of CTLF with ¢ = 100 pum.






Conclusion

The main motivation of the research activities is great design flexibility of Photonic
Crystal Fibers with the combination of large choice of single dielectric material pro-
vides a wide potential applications in different areas related with the working fre-
quencies. The first interested application is the demanding application in high power
fiber lasers which has attracted the industries for their efficiency, beam quality, and
easy thermal management. Here the applications are mainly working in infrared re-
gions. Beyond IR-region, THz technologies is very interesting for high resolution
imaging both for industrial and biological application. But, in this less-explored fre-
quency, the development of fibers with low loss, broad transmission band and high
free space coupling efficiency is still a hot and key issue. The challenge in waveguide
development in THz frequencies is poor characteristics of both metal and dielectrics
in this frequency region. PCF design explored during the PhD activities are Large
Pitch Fibers (LPF), Symmetry-free PCF (SF-PCF), and Circular Tube Lattice Fiber
(CTLF). The first two kinds of PCFs are suitable for high power fiber laser applica-
tions in IR regions while the latter is applicable for low-loss THz waveguiding due to
the exploitation of hollow-core PCF concept and low-loss dielectric material in THz
frequency. A full-vector modal solver based on the finite-element method has been
used for a whole analysis of the fibers under study during the PhD program.

Large Pitch Fibers show good delocalization properties useful for high power
fiber laser application when the core is formed by removing the central hole. Form-
ing the core by removing of 7 air-holes, a larger modal area is obtained but the first

higher order mode is more confined in the core. Removing the air-cladding has been
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highlighted that every modes, including the fundamental mode, have high losses. The
double cladding large mode area PCF of ~80 um-core between LPF and the design
of reduced cladding symmetry called by Symmetry-free PCF (SF-PCF) have been
investigated, aiming to obtain robust Single Mode guiding even at high heat load val-
ues, such as those generated during operation of high-power Tm-doped fiber lasers. A
full-vector modal solver based on the finite-element method with integrated thermal
model to calculate temperature-induced refractive index change has been applied to
analyze the effects of the main fiber design parameters on the modal discrimination
for different heating conditions. The results have shown that the SF-PCF is capable
of providing efficient suppression of the HOMs, with maximum overlap difference
between the FM and the most detrimental HOM larger than 0.5, even when rele-
vant heat load is assumed. SM propagation with A, s larger than 2500 pm? has been
demonstrated at heat load of 340 W/m. This result shows that SF-PCF provides the
better modal discrimination at the highest possible power for single-mode operation
of high power fiber laser than LPF. The latter shows a lower modal discrimination of

around 0.3 at the mid-infrared (around 2 um) in the same heat load of 340 W/m.

Scaling laws of the CTLFs losses have been numerically investigated with the
purpose to obtain design guidelines for small and flexible low loss waveguides. The
dependence of the confinement loss on core size, and working frequency are obtained.
Results have shown confinement loss exhibits a stronger dependence of core size and
frequency with respect to other kind of hollow core fibers such as Tube, Bragg, and
Kagome fibers since it scale as the 4.5 power of both frequency and core radius. The
dielectric overlap dependence is weaker than confinement loss both on core radius
and on frequency. Dielectric overlap scales with the factor of 3 and 2 for the core
radius and frequency, respectively. In AL the frequency dependence is further reduced
because of usually the absorption coefficient of dielectric materials ¢, increases with
frequency. CTLF with fiber diameter of 5 mm, tube thickness 100 m and number
of tubes N = 16 provides a remarkable transmission band of about an octave in THz
frequency, ranging from 0.7 THz to 1.3 THz considered only in the first Transmission
Windows when the allowable loss is set to 10 dB/m. By reducing the reference loss
value as low as 1 dB/m the maximum band of 280 GHz is obtained with N = 14,
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ranging from 0.94 THz to 1.22 THz. Optimized fiber designs with touchless cladding
tubes, one and half times of the bandwidth have been obtained around 400 GHz range
from 0.97 THz to 1.37 THz with lower minimum loss of 0.20 dB/m, compared with
previous 0.35 dB/m of CTLF with t = 100 um.
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