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ABSTRACT

We review our recent progress in the developmenteall silicate glass fibers with high
nonlinearity and tailored near-zero dispersioref@dommunication wavelengths, encompassing
holey, all-solid microstructured and W-type fibees@yns. The fabrication techniques and
relative merits of each fiber design are describeddetail. The optical properties of the
fabricated fibers are assessed both experimerdatliythrough accurate numerical simulations.
The significant potential of lead silicate highlgminear fibers for all-optical signal processing
at telecommunication wavelengths is shown via abermof key experimental demonstrators.

1. Introduction

Highly Nonlinear Fibers (HNLFs) with tailored chratic dispersion are of extreme interest for
many photonic applications, ranging from supercantm generation to all-optical signal
manipulation and optical parametric devices. Gdlyersupercontinuum generation applications
require a shifted chromatic dispersion profile, that the zero-dispersion wavelength of the
nonlinear fiber is accurately positioned to matadt tof the pump source. This allows the relative
strength of nonlinear effects to be maximized aad give rise to extreme spectral broadening
even in a short fiber length [1]. Optical signabeessing applications on the other hand, such as
wavelength conversion which is a crucial operation high speed wavelength division
multiplexed (WDM) optical networks, often requiibdrs with even tighter specifications. Four-
wave mixing (FWM) in fibers in particular, is reg&d as one of the most promising wavelength
conversion mechanisms, due to its transparenogrmst of both modulation format and bit rate.
By combining a strong pump wave at an angular fegy () with a signal at another
frequency () in a highly nonlinear fiber, parametric gain danachieved [2]. At the same time,
a converted idleri§) will be generated at the frequen@=2uy,-0x. In order to obtain efficient
and broadband FWM, it is necessary to phase-ma&kwaves involved in the process along the
full length of the fiber. Therefore, fibers thatngbine a high effective nonlinear coefficient with
low dispersion, low dispersion slope and a shoopagation length are typically required for
such applications.

The effective nonlinear coefficientof a fiber is the primary parameter used in order t
gauge its performance for nonlinear device apptoat and can be expressed as:

y=2m, I(MAg) | (1)
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where A is the wavelength of light, & is the effective mode area, ang ia the nonlinear
refractive index of the glass, respectively. Acaogdto Eq.(1), a high nonlinearity can be
achieved by choosing a high glass as the host material and/or by targetingsthallest
possible effective mode areasAwhich is typically obtained in a wavelength-siz#aer core
with sufficiently large index contrast with the dting). The second key optical property of a
fiber is its dispersion profile, which characteszthe wavelength dependence of the group
velocity of the guided mode. The total dispersidn ¢f a fiber can be expressed, to very good
approximation, as the sum of the material dispergo,) (see Fig.1(a)) and the waveguide
dispersion (), i.e., D = Dm + Dw' For many parametric-based telecommunicationscdsvi

one would ideally like to design the waveguide disppn in such a way that it exactly
compensates the material dispersion over a braaxtrgpprange, to generate a perfect dispersion-
less fiber, as schematically shown in Fig.1(b)haligh a wideband dispersion-less behavior is
extremely challenging to achieve in practice, bixzantl, near-zero dispersion profiles have been
obtained by exploiting the novel holey or microstrued fiber designs discussed here.
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Fig. 1. (a) Schematic example of the material dispersfanwptical glass; the wavelength scale shown avoul
normally span over several 100s of nanometerddéal waveguide dispersion (B -D,,) for achieving a flat and
near-zero dispersion profile over a broad wavelenghge.

In this work, we review our progress towards theigle and fabrication of a highly nonlinear
dispersion-flattened optical fiber based on higlex lead silicate glass and designed for
operation at around 1.pE. Material aspects are discussed as well as thévee merits of
various optimized fibers. The first promising re@suwdn the use of our fibers in short-length fiber
based nonlinear devices for all optical processiiligalso be discussed.

2. Structure and material aspectsfor dispersion-tailored highly nonlinear fibers
2.1 Fiber structures

Over the past decade and a half [3, 4], single-nadteoley fibers (HFs), often also referred to
as photonic crystal fibers (PCFs) or microstruaduagptical fibers (MOFs), have attained
considerable technological maturity. These fibepero up the possibility for much higher
nonlinearity and better flexibility for dispersi@ontrol than is possible using conventional fiber
technology, particularly for realizing flat, neagrp dispersion profiles over a broad wavelength
range. HFs exploit the large index contrast betwaeand glass, while taking full advantage of
the design flexibility of wavelength-scale featuiesheir ‘holey’ or microstructured cladding.

Fig.2 shows the schematics of four types of typicdéx-guided nonlinear optical fibers: (a)
HF with an air-suspended core (ASC), (b) HF withcamplex two dimensional (2D)
microstructured cladding, and (c) MOF with an allid one-dimensional (1D) microstructured
cladding. The fourth design (Fig.2d) is not typigallassified as a MOF and comprises a W-type
step-index profile with high index-contrast; thissthn is quite common in the development of
germanium-doped silica highly nonlinear fibers. the following sections the fiber design,
fabrication techniques and fiber characterizatialh ve discussed in detail for each fiber type.
Some key applications achieved with these fibetlsalgo be discussed.
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Fig. 2. (a) ASC HF; (b) HF with complex two dimensionaD{2microstructured cladding; (c) all-solid 1D
MOF; and (d) W-type step-index profile fiber witigh index-contrast.

2.2. Fiber materials

Eq.(1) indicates that using a glass with high[$)6] will result in a higher fiber effective
nonlinearity,y. According to material chemistry, the linear refree index, n, and the nonlinear
refractive index, 5 of a dielectric material are both attributed e tpolarizability and the
hyperpolarizability of the constituent chemical Soj7-9]. Thus glasses consisting of ions with
heavy atomic weight and/or large ionic radii widrgerally exhibit high values of n and fig. 3
illustrates the relation between n andaf various optical glasses, including fluoride g¥les,
silica, lead silicate glasses, tellurite glassabero heavy metal oxide (HMO) glasses, and
chalcogenide glasses. It can be seen that theneanlirefractive indexnincreases with the
linear refractive index n, in agreement with theperoal prediction of Miller’'s rule: the
nonlinear optical response of a material is relavetls linear response. In particular, high-index
HMO glasses and chalcogenide glasses (based oe, an® Te) possess a nonlinear refractive
index, n, which is 1-3 orders of magnitude higher thancailglass (2.5xI8 n?/W). This
indicates that by choosing a high-index glass ashtist material for a nonlinear fiber, the fiber
nonlinearityy can be enhanced by 1-3 orders of magnitude. Intiadd glasses of higher
refractive indices have higher glass/air index @stt thus allowing for better mode confinement
in the core and smaller effective areas to be a&elieConsequently, the maximum nonlineayity
of a holey fiber based on a high-index glass camadehigh as 010> times higher than
conventional silica fibers. The use of such fibepens up the possibility for extremely efficient
and compact nonlinear fiber devices with meter autgtmeter lengths.
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Fig. 3. Relation between the linear (n) and nonlinearaative index (g) of various optical glasses
2.3 Understanding refractive index and material dispersion of optical glass

When an electromagnetic wave at optical frequentigsgacts with the bound electrons of a
dielectric medium, such as a glass, the linearomesp of the medium in general depends on the
optical frequency,w. This effect, often referred to as chromatic dismen of the dielectric
material, is characterized by a frequency- (or wength-) dependent refractive indexu((or
n(A)). On a fundamental level, the origin of chromatispersion is related to the characteristic



resonance frequencies at which the medium absdwselectromagnetic radiation through
oscillations of bound electrons. At wavelengthsffam these resonances, the refractive index
can be approximately expressed by the well-knowim®er equation [10]:

m B(D.Z

n(@)=1+ Y —— ()

izlLUi -
wherew is the resonance frequency andsBthe strength of i-th resonance. In practices itery
difficult to precisely determine all the resonargéduencies, and an approximate model is often
used, which is based on an average electronic ptiisorbandgap and an average lattice

absorption bandgap. This leads to the simplified-psle Sellmeier equation [10]:

2 2
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wherewy, is the resonance absorption frequency of the releict transition,w, is the resonance
absorption frequency of the vibration transitiond ay and wy, typically lie in the ultraviolet (UV)
and in the infrared (IR) region, respectively.dhdB, are the corresponding resonance strengths.
Eg. (3) can be formulated as a function of the lengthA:
2 2

N2y = A+—A_, CA 4)

B2 2o p2
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whereA; andA; are the absorption wavelengths in the UV and Wiores, respectively; A, B, C

are the constants concerned with the absorptiengtn, and\; ;=2mc/wy 2 [11].
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Fig. 4 Schematic dispersion curve of refractive indeX) mnd transmission curve X)(of a dielectric material in the
optical wavelength range.

Fig.4 shows a schematic of the refractive indeX) rdnd of the transmission X) of a

dielectric material at optical frequencies. The enal dispersion is then defined as:
2
p_=-AgnA) (5).

m o} CMZ
According to Eq.(5), the wavelength of zero matattiapersion\, falls at the inflection point
of n(A), indicated by the circle in Fig.4. From the viewmt of material science, the position of
Ao is determined by the combined effect of both therage electronic absorption bandgap and
the average lattice absorption bandgap, as modldde two-pole Sellmeier equation, Eq.(4).
Table 1 shows a summary &f, A1 andA; for various optical glasses. It is clear that tbeijpon
of Ao depends on the positions of the resonance pedke idV and the IR\; andA,, as well as
on the refractive index. For most high-index, higinlinearity glasses such as lead/bismuth



silicate glasses (HMO, Sihased) and pure HMO glasses (non-,3@sed), including tellurite
(TeO, based), germanate (Gg(hased) and gallate (g2 based), the zero dispersion
wavelength Ao, typically falls between 2 andug&. The material dispersion of such glasses at
1.55um is therefore always large and normal. An optithér with a flat and near-zero
dispersion profile in the ‘extended’ telecommunicat window (1.3-1.Am) requires a
significant amount of waveguide dispersion to congage for the material dispersion, which can
only be achieved with a high index contrast betwéerfiber core and the cladding.

Table 1 Summary o\, of various types of optical glass

Glass M Ao A Refer ences
Low_redfractlve Silica <~0.2um 1.27um <5um [12]
index
(n<1.7) Fluoride <~0.2um 1.5-1.7im 5-1@m [13]
HMO-silicate 0.3-0.4m ~2um <5um [14]
HMO non-
. . silicate glass:
High refractive .
index (n>1.7) e.g., tellurite, 0.3-0.um 2-3um 5-1@m [15, 16]
germanate,
gallate
Chalcogenide 0.6-0.9im 5-7um > 1Qum [13]

2.4 Properties of selected commercial high-index lead silicate glasses

In this work we focus on lead-silicate glasses,clvhiepresent an attractive family of glasses due
to their superior thermal and crystallization dsliabiand less steep viscosity-temperature
characteristic curves as compared to most compglagt alternatives [17]. In particular, we
employ three commercially available lead silicatasges, Schott SF57, SF6, and LLF1, to
fabricate various HNLFs with tailored dispersiontelecommunication wavelengths. Table 2
shows the basic thermal and optical propertiebi@de three glasses. In particular, it can be seen
that SF57 and SF6 glasses have high nonlineareisdic of 41x10°° and 22x1G° nf/Ww,
respectively.

Table 2 Summary of basic physical properties of SF57, &b LLF1 glasses [14, 18, 19].

. . Nonlinear
g?}ii:ggfg'? Softening Point, 1"° | Ao Riifégf(“r\]/e refractive
] 0, H
°C) (C) M) | (at 1.55im) '(”n‘fl'fl’i,‘v?
Schott SF57 | 414 519 197 1.80 41540
Schott SF6 423 538 193 1.76 22%10
Schott LLF1 | 415 628 154 1.53 6x10

The glass viscosity is paramount for every theresadjineering step involved in the fiber
fabrication, e.g. preform fabrication and/or fildnawing. Fig.5 shows the viscosity curves of
Schott SF57, LLF1, and SF6 glasses measured usengatrallel plate method [6]. Note that the
temperature corresponding to the viscosity df®iibise, To"® (shown in Table 2), is the glass
softening temperature, around which glass extrusambe performed. As will be demonstrated
in the following, despite the large difference iisoosity between these glasses at any given
temperature, we have consistently been able to diff@vent combinations of them into fibers.
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Fig. 5. Measured viscosity curves of Schott SF57, LLFH, 8R6 glasses.

3. Fiber design, fabrication, and characterization

In this section we review our recent progress ivettging highly nonlinear lead-silicate glass
fibers, including holey fibers, all-solid 1D MOFand W-type index profile fibers, with flattened
and near-zero dispersion profiles around [irb5

3.1 Air-suspended core holey fiber

A holey fiber is a single-material optical fiber &re light guidance is obtained through an
array of longitudinal air holes surrounding a sagjldss core. Holey fiber technology can achieve
high nonlinearity and tailored fiber dispersion éyploiting the large index contrast between
glass and air and by engineering wavelength-scadeostructures in the fiber cladding. In
particular, by suitably designing the size, shapd spacing of the air holes, the waveguide
dispersion and consequently the total dispersiadhefiber can be significantly modified.

Air-suspended-core (ASC) HFs [20-24], with a sngddiss core that is effectively suspended
in air, represent the simplest holey fiber desigig.6(a) shows the cross-section of a typical
ASC HF comprising a small glass core supported Hrget long and thin spokes. The core
diameter of an ASC HFl.re, is defined as the diameter of the circle enclosédin the outer
triangular core regiorntsoke IS the thickness of the spokes, dggle is the length of the spokes.
Because the supporting spokes are much smallenicgkness and much longer in length as
compared to the operational wavelength, such a &Fatmost be regarded as an optical fiber
with a solid glass core suspended in an air claddinis fiber structure provides the largest
possible air-filling fraction in the cladding, atiderefore the largest index contrast between the
core and the cladding. Hence, this particular fitbesign achieves the highest numerical aperture
(NA), the smallest effective mode areagAand consequently, from Eq.(1), the highest
nonlinearityy [24-27]. Moreover, due to the combination of thegest possible index-contrast
with a sub-wavelength-sized core diameter, thengst waveguide dispersion can be obtained
in an ASC HF, thus allowing the shortest possikel® alispersion wavelength (ZDW), which can
be as far as several hundred nanometers Xg)Gavay from the material ZDW,.
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Fig. 6. (a) Cross-section of a typical ASC HF. (b) Calcedatlispersion curves of SF57 ASC HFs with
ZDW at 1.5%m.

Commercial high lead-content silicate Schott SF&&g (SiQ-PbO, PbO >40mol.%), was
selected for the fabrication of a single-materi®HF with ZDW at 1.58m. As shown in the
simulation results of Fig.6(b), in order to obtaizDW of 1.5%m, the core diameter.gk of the
ASC HF should be either 4uh or 0.744m. However, the former HF is a highly multimoded
fiber, which is undesirable for most applicationsdan particular for all-optical processing
applications of telecommunication signals. In casity the smaller core structure achieves single
mode guidance in addition to a shifted zero-digparsvavelength within the telecom C-band
(1.53 to 1.56Fm) and an extremely high nonlineantycalculated to be around 2000 Wn™ at
1.55um. As will be shown in the following, however, aitigh fabrication of ASC HF with sub-
micron core dimensions is possible, the precisdéipaf the ZDW is extremely sensitive to the
core diameter, thus posing very stringent congsamterms of consistency of the core diameter
along the fiber length, which are very challengitg meet with the current fabrication
techniques.

The following procedure is generally employed ndey to fabricate a non-silica ASC HF
with a submicron core diameter: (1) a structysegform is extruded from a glass billet; (2) the
structured perform is elongated or drawn into a ~siradcane; and (3) the cane is inserted into
a jacketing tube and this preform assembly is tthexwn into afiber with the targeted core
dimension through a method very similar to the iptlibe technique [28]. A schematic of the
fabrication technique for the extrusion of struetlimon-silica glasgreforms is illustrated in
Fig.7(a). First the glass billet is heated to abthwe glass softening temperature (%1%or
SF57). Then pressure is applied through the ram tha glass, thereby forcing a viscous glass
flow through the structured die. The structuredfqma is then cooled down to room
temperature.

Fig.7(b) shows an optical photograph of the cmxsgion of the extruded 10mm outer
diameter (OD) SF57 preform. A Scanning Electronrescopy (SEM) image, Fig.7(b) and (c),
shows that the structured preform has a glass wihea diameter of 13@m, and three high
aspect ratio supporting spokes, about 1.45mm gtheand only {dm thick.
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Fig. 7. (a2) Schematic of extruding a soft glass structuredgonef (b) Optical photograph and (c) SEM photograph
of an extruded SF57 preform with 3188 core diameter and 10mm OD.

Fig. 8. SEM photographs of SF57 ASC HF with,gof 0.74um

The preform was then elongated into a small camki@serted into a jacketing tube with
suitable diameter. The ASC HF with a submicron @en core was then drawn. Negative
pressure was used during the fiber drawing in ot@@liminate the gap between the structured
cane and the jacket tube and avoid the presen@myofinterstitial holes. Fig.8 shows SEM
images of the HF with a core diameteg&=0.741m. The average thicknesgoke and length
Ispoke OF the three spokes are Opt@ and 4.Qum, respectively.

Based on the fiber geometry obtained via high tegoi SEM images, the wavelength
dependent dispersion curve was calculated usirigvédtor Finite Element Method (FEM)
simulations [29]; the results are shown in Fig.Te ASC HF has a ZDW at 1/ and a
dispersion slope of 0.7ps/Afkm at 1.5%im. The nonlinearity of the fiber is calculated to be
1850 W'km™ at 1.5%m, close to the maximum theoretical value for SFE8 [23]. However,
Fig.9 also confirms that the dispersion of thisefilllesign is extremely sensitive to the core
diameter gy Which is the primary parameter used to contreldispersion profile in an ASC
HF. By reducing g by approximately 5%, from O.g4n down to 0.7Qam, the ZDW of the HF
shifts by over 100nm from 1.p®n to 1.4%m. This observation suggests that, in order toinbta
a ZDW within the C-band, the core diameter needsetoontrolled with an accuracy better than
10nm.
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Fig. 9. Calculated dispersion curves of the fabricated/3ftass ASC HF and the calculated dispersion curves
of idealized fibers with g,. of 0.70, 0.74 and 0.8®n.

It is worth noting that a significant differenceabserved in Fig. 9 between the dispersion
profiles calculated for an idealized ASC HF struetisee Fig.6) and the actual fabricated
structure with the same core diametgy.af 0.74um (Fig.8). This discrepancy is due to the fact
that the two structures have slightly different eageometries outside the enclosed circle
(Fig.6(a)) which arise as a consequence of thesertension on the submicron core during the
fiber drawing. For ASC HFs with a submicron-diametere, the guided mode will inevitably
expand beyond the glass core in the air holes mrbe transition area with the glass spokes.
Thus the dispersion of the real fiber is not ordystive to the core diameter but also to the



geometry of the transition area between the codetla® supporting spokes. This makes it very
difficult to precisely control the dispersion piefi e.g., the location of the ZDW, of the

submicron ASC HF. This difficulty, in spite of iextremely high nonlinearity, has to date
limited the practical use of this fiber type.

3.2 Holey fiber with complex microstructured cladding

A key requirement for several applications of HNLWW&sed on four-wave-mixing (FWM) is
that in order to satisfy exactly or approximatehe tphase matching condition over a broad
wavelength range the fibers should have both zespedsion and zero dispersion slope at the
required wavelength of operation, typically 1ud& [30]. In the case of applications requiring
short (i.e., meter or sub-meter) device lengthesehconditions can be somewhat relaxed and
near-zero dispersion and dispersion slope atin5are acceptable.

The air-suspended structure described in the pusvsection does not allow easy control of
both dispersion and dispersion slope independetitlys a different and more complex HF
structure is required [31,32] where additional @egrof freedom are available in engineering
these properties. We have therefore considerednatted centre-hole structure based on a
triangular lattice. Fig. 10 shows a schematic effther structure and an “optical property map”
displaying how the chromatic dispersion and theehsion slope depend on the structural
parameters in the case of a fiber made of SF57s gds1.5pm. The condition for zero
dispersion and zero dispersion slope is highligimetie graph and corresponds to a hole-to-hole
spacing {\) of 1.36um and a relative hole size (d/of 0.454. The fiber nonlinearity of this
particular fiber is predicted to be 470%m® at 1.5%im. By comparison, a silica highly
nonlinear HF with flattened and near-zero dispersio 1.55im only hasy~10-20W'km™ [32,

33].
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Fig. 10. Schematic of a HF based on a triangular lattideotés and a omitted centre-hole structure

and optical property map (at 1}58) for a SF57 HF. Dispersion (D) contours (in pskrm) are
shown as solid curves, while dispersion slope (EB}ours (in ps/nfikm) are shown in dashed
curves. The gray circle represents the cross jpbitte zero dispersion and dispersion slope.

The structure shown in Fig.10 has 5 rings of clagdioles, and this is required in order to
achieve a low confinement loss of the fundamentadienLR;. Even though reports show that
preform extrusion should still be possible for thbrication of such a structure [34], extruding
preforms for structures with a large number of nratidy sized holes (4~0.45) is considered
to be quite challenging, especially when the peesigze and overall shape of the structure is of
primary importance. However, the numerical simolatindicates that, (1) the dispersion of the
final holey fiber is mainly determined by the halenensions of the first and second ring of
holes around the solid core, consequently (2) awhth slightly graded hole sizes will still
provide similar flattening and a near-zero dispmrsprofile as a HF with all identical holes
would. Therefore we have investigated an altereatnethod, based on the Structured Element
Stacking Technique (SEST) [31, 35]. First, a prefavith three rings of holes was obtained by



extrusion (note that the complexity in extrudingstitructure is significantly lower than the
corresponding of the 5-ring structure of Fig.10h dptical microscope image of its cross section
is shown in Fig.11(a); the corner-corner lengthtteg preform is 16.2mm. It is important to
notice that, in order to pre-compensate for the-uoiform expansion of the holes that occurs
during the subsequent fiber drawing step, the tmgpacing ratio dX of the different rings of
holes needs to be graded.

(@ (b)

Fig. 11. (a) Optical microscope image of an extruded SF8&fopm with 3 rings of holes surrounding

a solid core. (b) SEM images of the final doubkddHF; the central structure is surrounded by a
further ring of expanded air holes.

The extruded stacked preform was then elongateddane and stacked at the centre of six
other thin SF57 capillaries inside an SF57 jackbet This assembled preform was then drawn
into a fiber. Fig.11(b) shows SEM images of therifdied HF, where the two different holey
claddings can clearly be identified. The first clady, immediately surrounding the core, has an
average hole spacing\{) of 1.6Qum; the hole diameter,f the first ring of holes is 0.56n,
and dA varies from 0.35 to 0.5 in the three rings compgdinis inner cladding. The outer
cladding, consisting of six large holes, exhibitdagge hole-to-spacing ratio,/?h,=0.85. The
dispersion of this HF is primarily determined bye thtructural parameters of the inner first
cladding, while the confinement loss of thepl. Bhode is mainly determined by the structure of
the outer cladding. Although numerical simulatiamdicate that this HF theoretically supports a
few modes, effective single-mode guidance was eéxatally observed at 1.hfn as
confirmed by analysis of near field modal profilég¢e speculate that this is due to a combination
of a good launch into the fundamental mode anddmighfferential loss of the higher order
modes. They value of this HF was measured as 27%W™" at 1.5%im, using the Boskovic
method [36], whereas the propagation loss was medsa be 3.0£0.1dB/m at 1.58.

We obtained an accurate estimate of the fiber dsgpe through numerical calculations
based on the actual fiber structure obtained b hegolution SEM images; the result is shown
in Fig.12. Measurements at 158 wavelength have confirmed a dispersion value of
-17ps/nm/km (indicated by a circle in Fig.12) andispersion slope of 0.10ps/Akm. Fig.12
also shows an optimized dispersion profile whichileiks minimal dispersion across the
wavelength range 1500-1600nm. A fiber with thesaratteristics would be ideal for
applications targeting parametric processes. lerai@ obtain this profile, it would be necessary
to (1) reduce the hole spacing in the first claddiiy, from 1.6Qum to 1.3¢um and (2) increase
the hole-to-spacing ratio in the first cladding/{/d, from 0.35 to 0.45. The second point is
particularly challenging to achieve in practicersEione has to carefully choose different values
of d/A for each ring of the extruded preform, in orderctompensate for the distortion of the
holey microstructure during fiber drawing, wheree tilifferent rings of holes generally
experience different expansion. Moreover, the dcamount of hole expansion is strongly
dependent on the detailed fiber drawing conditicugh as length/shape of the hot-zone of the
furnace, diameter of the preform and preform feate,r making it very hard to obtain a
consistent structure. We therefore concluded tfoat,this HF structure, it is currently very
difficult to obtain the target parameters requir@dorder to achieve near-zero chromatic
dispersion and dispersion slope at uB5 It is however possible that continued improvetsen
of the extrusion and fiber drawing processes mag te more consistent and usable fibers.



———calculated D curve
’g 10 + O measured D @1550nm _
;\c D curve of optimized design
E 01— —
g 10 - =]
e L <
g -20 A ///// O
(O] e
& 30 At
D 1450 1500 1550 1600 1650

Wavelength (nm)

Fig. 12. Calculated dispersion curve of the optimum SF57de§ign (dA=0.454,A=1.36um, solid
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and measured dispersion at 1.580(circle).

3.3 All-solid 1D microstructured fiber

We have seen in the previous sections that, whegeting a flattened and near-zero
chromatic dispersion at the ps/nm/km level at abb®8im in holey fiber structures, it is
necessary to achieve control of hole size and sgatw the sulpm level. This leads to two
fabrication-related problems: (1) suba control of hole size is very difficult to religbhchieve
in practice because of the complex interdependéeteeen temperature, surface tension and
internal pressure in the holes. This will almostvitably cause considerable deviations between
the initial structure, e.g. in an extruded prefawmcane, and the final fiber, which will in turn
cause a significant deviation from the targetegedision profile; (2) for hole dimensions below
the wavelength scale, the surface roughness @flétss at the holes, in conjunction with the high
index contrast between air and glass, will gengrakult in a high scattering loss at the air/glass
interface [4, 24].

An elegant solution to overcome these drawbacke igse a high index-contrast all-solid
microstructured optical fiber (MOF) rather than @aldy fiber: in these microstructured fibers
holes are replaced with solid regions of a secolassg which significantly reduces the
occurrence of structural deformations induced dythe fiber drawing and helps maintain the
original relative scale factor of high index/londax features when going from preform to fiber
[37-39]. Furthermore, any losses due to interfadtering can be substantially reduced in this
case by accurately polishing the surfaces of tlessgelements used to fabricate the preform.
Following this idea, we recently fabricated ansalid one-dimensional (1D) MOF with low
loss, high nonlinearity and low dispersion at &b [39]. Two chemically compatible
commercial optical glasses, SF6 and LLF1 (respelstitigh-index and low-index, see Table 2),
were used for this MOF. As shown in Fig.5, theraaisubstantial thermal mismatch in the
viscosities of the two glasses. Although such mismaaffects in principle both preform
extrusion (carried out at viscosity ranges of-10’ poise) and fiber drawing (£8-10* poise)
processes, we found that the two glasses are tinhfaanally compatible and that it was possible
to produce high optical quality preforms and fibéfge pursued a fiber design comprising a
number of alternating high- and low-index coaximigs with the layer thickness ultimately
determining the optical properties of the fiber.eT$tructured preform was fabricated by co-
extruding alternately stacked high- and low-inddxsg discs through a circular aperture (see
Fig.13). Note that all the glass discs used withim extrusion process were of high optical
quality with accurately and finely polished surfac&heco-extrusion method employed to form



the multiple coaxial ring structure in the extruda@form is explained in more detail in refs.
[38, 39].

applied high pressure

S3J

stacked
glass {
discs
extrusion
die
extruded
preform
with
coaxial
layers

Fig. 13. Schematic of the fabrication of a preform with xiakring structures by co-
extrusion of alternately stacked high- and low-indkass discs.

A structured preform with an outer diameter (OD)1®mm was elongated to a cane of
1.09mm diameter and then inserted into an extrU8lE@ glass jacket tube with an OD of
15.80mm and an inner diameter (ID) of 1.10mm. Fr@rsingle fiber draw, fibers with core
diameters of 5.0, 4.1, 3.7, and 323 have been fabricated with excellent yield of oi80m in
length. Fig.14(a) shows SEM images of the obtaMeé&, where the regions of different glass
are highlighted via a z-contrast technique: a hmglex glass has a higher brightness than a low-
index glass, as explained elsewhere [37]. The fdtewn has a 1%0n OD and a high-index
SF6 core of 3.Am in diameter. The core is surrounded by altergatioF1 and SF6 glass rings.
The three low-index rings have thicknesses of 0.8, and 0.gm, respectively. The two high-
index rings have thicknesses of 0.4 anduth3respectively. Fig.14(b) illustrates the profile
the refractive index of the 1D MOF, according te gtructural parameters obtained from high
resolution SEM images.

Position (um)



Fig. 14. (a) SEM images and (b) index profile of the sdi@F with 3.um core diameter.

Fig.15 compares the fiber structure to that of th@dmm OD cane from which it was
fabricated. As a visual aid, four rectangular franietween the cane and the fiber are also
superimposed on the images to mark the variousdarigs of the two glasses. Note that on the
cane a third high-index ring is present, which lbees merged with the outer jacketing glass
tube during the fiber draw. It is very obvious thia¢ shape and relative size of the high/low
index features in the cane and in the final fier @mpletely identical, even though the features
in the final fiber are micron-scale. This clearlgndonstrates the advantages of using all-solid
MOFs over air-filled HFs. The former can give faona predictable and reliable control of the
microstructure during the various fabrication stagend right up to the final fiber. This is
critically important when targeting MOFs with stgiy structure-dependent fiber properties.

Fig. 15. Comparison between the structural parameterseofdhe (left) and the final fiber (right) for thiesolid
MOF with coaxial-ring structure.

We calculated the optical properties of the soli@Massuming an idealized structure with
parameters matching those measured from high tesolSEM images. It was found that the
MOF shown in Fig.14 and 15 (3uih core diameter) supports a few higher-order mgdexVis)
at 1.5%m. The confinement loss of all HOMs is however@feral tens of dB/m and effectively
single-mode guidance was observed from this 1D M@ meter-scale lengths (see near-field
mode profile in Fig.16(a)). Fig.16(a) also shows tmtensity profile of the simulated
fundamental Ly mode. Using the cutback method, the propagatise tf the fundamental
mode was measured as 0.8+0.2dB/m at [in5for increased accuracy, the loss value was
determined with multiple cutbacks (the total cutbdength of 2.4m) (see Fig.16(b)). This
measured loss figure is very close to the bulkna#on deduced from the published data of
commercial Schott SF6 glass [14]. To the best afkmowledge, this loss figure is one of the
lowest ever reported in a non-silica glass MOF. d#eibute such a very low loss to the
following reasons: (1) the starting glass discsluse preform extrusion were finely polished to
ensure a high optical quality and (2) the extrusias optimized in terms of temperature and
speed to minimize the formation of any bulk aneiféce defects in the structured preform. By
contrast, conventional soft-glass HF fabricationgedures involving extrusion [18] or drilling
[4, 34], tend to produce significant surface rowggsand/or surface defects in the preforms,
which inevitably impact the quality of the air/géamterfaces in the final fibers and can give rise
to relatively high attenuation due to light scattgr
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Fig. 16. (a) Simulated (left) and observed (right)sL.ode of 1D MOF; (b) power transmission versusrfibagth
obtained from a cutback measurement, and linear fit

The effective nonlinearity of the 1D MOF was again measured using the Boskoathod
[36], which gave a value of 120Wm™ at 1.5%im. Based on the numerical modeling, the
effective mode area« was calculated to be i’ at 1.55m, which corresponds (using the

nonlinear refractive indices, of the two glasses) to a nonlinear coefficigmf 130Wkm™, in
good agreement with the measured value.

1. fabricated MOF (d_,,,=3.7um)
2. 1D MOF (d,,,=5.0sm)
3. 1D MOF (d,,.=4.1xm)
4. 1D MOF (d,,.=3.3um})
5. SMF28 fiber
6. material dispersion of SF6
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Fig. 17. Calculated dispersion curve and measured dispe{siarked by the cross at 115b)
of the 1D MOF with core diameteg,d=3.7um, dispersion curves of the fabricated 1D MOFs

with dy= 5.0, 4.1 and 3i8n, as well as dispersion of silica SMF28 fiber afidulk SF6.
Note that the left figure is corresponding to teetangular inset frame in the right figure.

The dispersion of the 1D MOF was measured to be5psZhm/km at 1.58n using the
FWM method [40] - this value is shown by a crossrig.17. The chromatic dispersion was
again determined numerically using the structuameters of the real fiber as input; we
employed a full vector finite-element (FEM) methardl independently confirmed the results via
a semi-analytic transfer matrix approach. The d&pa curve shown in Fig. 17 indicates that
this 1D MOF is in practice a dispersion-shiftedefibwvith a ZDW at about 1.4f and a



dispersion slope of 0.16ps/Atkm at 1.5%im. The calculated dispersion at 1u&% is in good
agreement with the measured value. For referemeedispersion curve of commercial silica
SMF28 fiber is also illustrated in Fig.17. At 186 the dispersion value of the MOF is close to
that of SMF28, even though the effective nonlinyaof the MOF is 120 times higher than the
SMF28. A few meters of this 1D MOF can thereforhibi a total nonlinearity equal to that of
several hundreds of meters of SMF28 whilst exmfitmuch less net dispersion - an important
property for many nonlinear applications such asMEWFig.17 also illustrates the material
dispersion of bulk SF6 glass and the calculatededson curves of the 1D MOFs with core
diameters of 50m, 4.Jum, and 3.m fabricated from the same cane. It can be seen tha
reducing the size of the wavelength-scale featurethe microstructured cladding generates
strong and positive waveguide dispersion, i.e. gppadn sign to the material dispersion of the
core glass, thus shifting the ZDW of the fiber tmier wavelengths. For instance, the ZDW
shifts from 1.5am to 1.441m when the core diameter is decreased frompra.® 3.3um.

The characterization results suggest that the 10FNMOsuitable for applications relying on
FWM in the 1.5%m band. To investigate this further we set up a FAded wavelength
conversion scheme, in which a cw wave and a pudséal signal (which acted as the pump) were
launched into a 1.5-m long piece of the 1D MOF.&llmand wavelength conversion with a -3dB
bandwidth of 17nm was observed, covering a subatgrart of the C-band [36]. Note however,
that a short length of fiber was used in orderdbieve a broad conversion bandwidth. This in
practice limited the conversion gain achieved amdl bt fully utilize the benefits of the
exceptionally low loss exhibited in this fiber. Eugr optimization of the dispersion properties is
required in order to improve the performance of fiber when considered for broadband
applications involving parametric effects. In orterfurther flatten the dispersion of these fibers,
a more accurate control of the ratio between the d@ameter and the thickness of the innermost
rings would be required. Although the all solid urat of these fibers allows to achieve a
remarkably low transmission loss (for a soft gl&49F) and excellent structural consistency
when drawing from preform to cane and finally ifitmer, it is still very challenging to control
the thickness of many rings in the preform indegenly using the co-extrusion method
described above. Therefore we considered a furéimetr simpler fabrication approach, as
described below.

3.4 W-type step-index profile fiber with high index contrast

We looked for a fiber design and a fabrication apph which would enable us to maintain the
desirable deformation-free properties of all-sdilters, while allowing a better control of the
overall structural features and dispersion proesertin an attempt to simplify the design, we
went back to the most basic optical fiber desigasyide, i.e. thestep-index design. Waveguide
theory shows that, for any given core materiais iilways possible, in principle, to engineer a
step-index fiber (with diameted and step indexin) such that, at a given wavelength, the
waveguide dispersion (f) exactly compensates for the material dispersidg) (in absolute
value anddope, thus creating an overall dispersion flattenediler¢41]. Modifying 4n can be
regarded as a ‘material’-based route to controffither dispersion, as opposed to the ‘structure’
based approach followed in HFs where the hole sazesmodified. Although the ‘structure’-
based route has the advantage of requiring onlygtass, as already discussed in the previous
sections, there are inherent difficulties in engimay the desired air hole dimensions with the
required precision.

In this work, we chose SF57 glass as the core mbatend systematically searched for a
suitable, compatible cladding glass generatingaa-mero dispersion profile around 1155 in a
step-index fiber structure. Combining practical en@l constraints with the results from
numerical simulations, we found that Schott LLFasgl is an excellent option as a cladding
medium [42]. When the core diameter is reduced &wvelength-scale dimensions, the SF57-



LLF1 combination provides a high enough index-casttiand hence a strong enough waveguide
dispersion to compensate for the core materialedsspn. As shown in Fig.18(a), such a step-
index fiber with a core diametep df 1.64-1.68m has a low dispersion D (|D|<5ps/nm/km) in

the wavelength range between 1.45 and {in@5According to our calculations, however, this

particular structure is predicted to support twade® as indicated from Fig.18(b).
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Fig. 18. Numerical simulation of (a) dispersion profile gl effective index g of the LR; and LR; modes of a
SF57-LLF1 step-index fiber.

In order to obtain single-mode operation in suctegp-index fiber, in analogy to the concept
used in conventional W-type silica fibers with lawdex-contrast [43], an outer cladding with a
higher index than the effective index of the;Lihode is introduced in the fiber structure. By
choosing an appropriate diameter ratio for the &irel second cladding, it is possible to impose a
very high confinement loss on the d:Anode, thus enabling effectively single mode openat
for a broad wavelength range. For the second atgddie chose Schott SF6 glass (n=1.76 at
1.55um), and found that the resulting SF57-LLF1-SF6 \petyfiber with @d=1.68um and
di=7.4um (see Fig.19), not only is single-moded but alas & dispersion profile very similar to
the SF57-LLF1 step-index fiber with the same caaengter (shown in Fig.18(a)).
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Fig. 19. Refractive index profile of the SF57-LLF1-SF6 W&yfiber.

In order to realize such a fiber design in practitee crucial issue is whether the three
proposed glasses exhibit sufficient thermal andyotal compatibility to allow for the fiber
fabrication process. As already discussed prewoasid shown in Fig.5, the three glasses



(Schott SF57, LLF1 and SF6) have a relatively larigeosity mismatch in the temperature range
for fiber drawing (viscosities of £6-10poise), indicating a challenge for the fabricatiBased

on previous experience and on preliminary testspre@ged however that with careful definition
of the drawing conditions, fibers with good optiead mechanical properties could nonetheless
be fabricated.

The W-type fiber was fabricated using the rod-iheumethod. The inner region was made
from a SF57 rod with OD 2.9mm inserted into an Llikhe with an ID of 3mm and an OD of
13mm. The rod surface and both inner and outerasesfof the tube were polished to optical
quality. A SF57-LLF1 cane with 0.8mm OD was theawvdn from this assembly and inserted
into a SF6 jacketing tube, from which the finaleiibvas drawn. Fig.20 shows SEM images of
the cross-section of the fabricated fiber. Therfibed a core diameter of 1{63 and a ratio of
core diameter to cladding diameter of 1:4.4, theesas the value of the initial preform and
matching exactly the original target. This straighward achievement of structural targets
clearly presents an advantage of our all-solidrfteehnology over the holey fiber counterpart.

20um 2um
Fig. 20. SEM images of the W-fiber withyaf 1.63um.

The propagation loss of the fabricated fiber wassueed to be 2.1+0.2dB/m at 1166
using the cutback method. We expect that this\adse can be reduced by further optimization
of the fabrication process to a value similar tattbf the 1D MOF described above. The
predicted effective single mode guidance was cowfd by analyzing the near-field mode

profiles of the fiber at 1.58n.
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Fig. 21. (a) Observed interferometric pattern of singleapmhtion broadband light propagating through théir;
(b) measured and calculated dispersion of W-filetts core diametersyf 1.63 and 1.7m.



Despite the inherent difficulties in measuring fieer’'s dispersion due to its low absolute
value and short effective length, we obtained & aecurate and broadband measurement using
a low-coherence Mach-Zehnder interferometric setg a supercontinuum source [44]. High
quality interferograms were measured for the twadamental polarization states, one of which
is shown in Fig. 21(a), from 1.30 to 168. The resulting dispersion curve, shown in Figo21(
is in excellent agreement with the numerical preains, and shows a flattened profile at telecom
wavelengths. In particular, dfl.52um the dispersion slope is zero and D=-2.6ps/nm/km.
Fig.21(b) also shows that by drawing a 2% largkerfi a region of small and flat anomalous
dispersion a few hundreds of nm wide can be actieve

The fiber effective nonlinearity at 1.55@um was measured to be 820Wn®, in good
agreement with a simulated value of 854 (effective area &=2um?). Note that this value
is 1.6 times higher than the predicted nonlineaoitythe SF57 dispersion flattened HF (zero
dispersion and zero dispersion slope at Imdbdiscussed in Section 3.2, which shows a second
advantage of the present design as compareddo/géass counterpart.

We performed further FWM-based wavelength conversxperiments using this latest fiber,
achieving markedly improved results in comparisonthose obtained with the 1D MOF
described in the previous Section. In these exparimma quasi-CW pump was placed in the
middle of the C-bandAumz=1550nm) while the CW signal was tuned across th&eerange
allowed by the sources we were using (1530-1570img)22 shows the results obtained for a
peak pump power of 35dBm and a fiber length of 2.2mearly flat conversion profile was
obtained across the full 40nm span that was availflom our sources, and a conversion
efficiency (defined as the ratio between the idled signal power) of 0dB was measured. Fig.22
also shows how the experimental results we obtamatth the simulated gain profile, which
suggests an overall 3dB conversion bandwidth ireexof 60nm can be achieved in this length
of fiber.
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Figure 22: Measured (red symbols) and simulated (solid bhe) curves for the FWM conversion efficiency
in the W-type fiber.

Using the same sample of the fabricated W-typerfine have also experimentally
demonstrated the simultaneous wavelength conveddithree 40 Gbit/s Differential Phase Shift
Keyed (DPSK) signals [45]. The unique fiber projartallowed for a uniform conversion
efficiency between the three wavelength convertgghass of ~-12dB and an excellent
performance in terms of their noise properties @sfioned through eye diagram and bit error
ratio measurements.

Finally, using a 3-m long sample of the same filwerhave demonstrated the generation of
high quality, high repetition rate pulses (>160GHased on parametric mixing of two phase-
locked narrow-linewidth tones and numerically imigested the potential of using such a fiber



for the generation of even higher repetition rgtdsIHz) [46].
4. Conclusion

We have reviewed our recent progress in the dewsdop of highly nonlinear lead silicate glass
fibers with a tailored near-zero dispersion profig telecommunication wavelengths.
Investigated fiber types include: (i) air-suspendmde holey fibers, (ii) holey fibers with
complex holey cladding, (iii) all-solid 1D microsttured fibers, and (iv) W-type step-index
fibers with high index-contrast. Various aspectsvant to the choice of fiber structure and of
the glass materials were discussed in detail, pattticular emphasis on the implications for the
fiber fabrication. The conclusions are summarizethe following.

(i) In Air-Suspended Core HFs, the maximum theoattnonlinearityy for a given glass can
be achieved, as well as a ZDW at 1/5%0 although in general with the penalty of a veighh
dispersion slope. The position of the ZDW is stigrdependent on the core diameter and also
on the fine details of the core shape, indicatimgt,tthough not impossible, it is practically very
challenging to engineer a precise dispersion @afibund 1.55m with such a fiber design.

(i) In small core HFs based on a triangular l&ttiof holes, a flattened and near-zero
dispersion profile can in principle be achievedha 1.5%m region. However, several rings of
holes, or complex double clad structures are reduin order to obtain low confinement loss.
Again this requirement makes it very challengingtecisely control the hole spacingand the
hole-to-spacing ratio &/ to the degree of accuracy required in order toiexehthe target
dispersion profiles. We believe that this appro&cimore promising than the ASC HF, and is
especially interesting for wavelength ranges wisentable pairs of compatible glasses cannot be
found. Further improvements of the fabrication msx are required in order to achieve
improved control in fibers with a complex structure

(i) All-solid 1D MOFs with a coaxial-ring structe can achieve sub-dB/m attenuation
levels at 1.5am, among the lowest ever reported for lead siligtesses fibers, by utilizing
finely polished glass discs and optimized fabrmatconditions. In contrast to the small core HF,
it is easy to accurately preserve the relative sizthe high/low index features in the all-solid
MOFs during the various stages of fabrication, geing from preform, to cane, and finally to
fiber. A difficulty is represented by the fact the initial aspect ratio of the glass discs is not
faithfully reproduced in the extruded preform, auatable correction factors are required.

(iv) High index-contrast, W-type fibers provide tHsest compromise between fiber
nonlinearity and accurate control of fiber struetamongst all the designs described here. We
have developed a fabrication technique that allmwsn extremely precise (submicron) control
of the fiber structure. Consequently, control ofazhatic dispersion to the ps/nm/km level can
be achieved in this fiber, and flattened and neao-zispersion profile around 15% have been
demonstrated. Reasonably low loss of 2.1 dB/m, highlinearity of 820Wkm™*, and single-
mode operation have been achieved. Thus, theses fdféer an overall better performance as
compared to all the other fiber types, including ttoaxial all-solid 1D MOFs. Numerical
simulations predict that fibers with a few percé&arger core diameter than the fiber reported
here would achieve a flattened and near-zero digpeprofile with around 200nm bandwidth of
anomalous dispersion in the telecom window, openipg the possibility for a host of
applications. The fabricated 1D MOF and the W-tfiper for FWM-based frequency were used
for frequency conversion experiments at Ww®H5 indicating the great potential of non-silica
highly nonlinear fibers for applications in all @@l processing at telecommunication
wavelengths.

In addition to working toward improving the variosteps involved in the fabrication of the
fibers presented here, we believe future work shaldo be targeted at other crucial aspects,
such as (i) reducing the fiber loss by lowering timpurities in the glass and bulk/interface
defects in the fabrication, (ii) connecting therfaséited non-silica glass fiber with commercial



silica fiber, e.g. by fusion splicing or mechanisglicing techniques, in order to improve the
usability of such fibers, and (iii) explore diffetecombinations of glasses offering higher
nonlinearity.
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