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Soft Glass Equiangular Spiral Photonic Crystal
Fiber for Supercontinuum Generation

Arti Agrawal, Member, IEEE, N. Kejalakshmy, B. M. A. Rahman Senior Member, IEEE

and K. T. V. Grattan

Abstract— An Equiangular Spiral Photonic Crystal Fiber (ES-
PCF) design in soft glass is presented that has high nonlinearity
(y>5250 Wtkm? at 1064nm and y>2150 Wlkm™ at 1550nm)
with a low and flat dispersion (D~0.8 ps/km.nm and Dispersion
slope ~-0.7ps/km.nm? at 1060nm). The design inspired by nature
is characterized by a full-vectorial finite element method. The ES-
PCF presented improves over the mode confinement of triangular
core designs and dispersion control of conventional hexagonal
PCF, combining the advantages of both designs; it can be an
excellent candidate for generating supercontinuum (SC) pumped
at 1.06um.

Index Terms- Equiangular spiral (ES), finite element method,
photonic crystal fiber (PCF), Supercontinuum Generation (SCG).

I. INTRODUCTION

hotonic Crystal fibers (PCF), with a microstructure of air

holes around a solid central core, guide light through

modified total internal reflection. Tailoring the air hole
arrangement can yield properties such as anomalous dispersion
at wavelengths shorter than the zero material dispersion
wavelength. It is possible to obtain a tightly confined optical
mode with small effective area and large non-linearity which
coupled with flat, anomalous dispersion has led to successful
broadband Supercontiuum Generation (SCG) in PCF [1].

At present, expensive and bulky Ti-sapphire laser sources
are used to pump SCG. Replacing these by Yb doped fiber
laser sources has the potential to make SC systems more
compact and inexpensive. Therefore much effort has been
expended to generate SC pumped at 1.06um by Yb doped fiber
laser cavities. One aspect of the effort is to increase y in the
PCF (y =2,/ AAy , by decreasing A¢; where Agy; : effective

area, n, : Kerr non-linear coefficient, or by increasing n,). The
Kerr nonlinear coefficient in silica limits the maximum
possible y in conventional PCF. Soft glasses, however, offer
higher refractive indices and n, values than silica and lower
processing temperatures that allow fabrication through
extrusion. These developments have led to extensive research
on PCF in compound glasses [2-8]. Design optimization to
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increase y has led to designs such as tapered PCF similar to
nano-wires [7] and Triangular Core fibers (TC) [6] that are the
closest approximation to jacket Air-Suspended Rod (ASR)
fibers [9]. The ASR design has the smallest possible A
(largest y) however, it is a theoretical concept and in practice
TC fibers are the closest in design and performance to ASR
that can be fabricated, and we shall compare our results with
those for TC fibers. Nano-wires [7] have the issues of
mechanical stability and collapse of air-holes during
fabrication. While in the TC [6] fibers decrease in core size
beyond a certain point leads to decrease in y as the mode does
not remain confined within the core. For such designs some of
the highest values of y reported in the literature lie in the range
~2000-2200 W' km™ at 1550nm for core diameters in the
range 0.6-1.0 um [6,8].

Lead silicate glasses exhibit good thermal and crystallisation
stability, with the highest y exhibited by SF57. Therefore this
letter focuses on PCF design with commercially available
Schott SF57 glass for SCG. In the literature the highest y
reported in SF57 glass PCF is ~1860 W™.km™ 1550nm for core
diameter ~0.95 um [6]. The same group has also reported a
PCF with core diameter~1.3um and a Zero Dispersion
Wavelength (ZDW)~1.06m and dispersion slope~1ps/nm?.km
[6]. In this letter the ES-PCF design exhibits y>5250 W™.km™
at 1064nm (y > 2150 W.km™ at 1550nm). In addition, the ES-
PCF design has a flat dispersion at 1060 nm with D~0.795
ps/nm.km.

Il. EQUIANGULAR PCF DESIGN

Figure 1 shows the air-hole arrangement in the ES-PCF
design, which mimics the ‘spira mirabilis’ (Equiangular Spiral-
ES) and appears in nature in nautilus shells and sunflower
heads. It leads to efficient feature growth/packing of seeds and
the growth of this type of curve does not alter the shape of the
curve. In the ES-PCF, each arm of air holes forms a single ES
of radius r,, angular increment 0, and the radius of each air
hole is fixed (r). In the ES, the radii drawn at any equal
intervals of @ are in a geometric progression, therefore, the
pitch (distance between air holes) in a ring increases with the
ring number. The design therefore has several parameters to
optimize y and dispersion. In addition, a small defect air-hole
with radius r; is introduced at the centre of the structure to
flatten the dispersion [10]. We expect that the ES-PCF can be
fabricated by the new extrusion techniques that are being
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applied to realise challenging structures in soft glass such as
nano-wires [7] and TC fibers [6].

A full-vectorial finite element method [11] has been used
to characterize the ES-PCF design. About 43944 second order
triangular elements arranged in an irregular mesh have been
used to represent the structure. A single simulation run on a 64
bit quad-core Intel Pentium desktop computer took about 60s.
Results are reported for two optimized structures with 7 arms,
4 rings, r,=0.525 um, 0=26°, (Design A: r=0.1375 um, T
~34nm) and (Design B: r is same as Design A, except for the
third ring where »=0.125um, r.~20nm,). The minimum hole-
to-hole separation is 130nm for A (average value~750nm) and
180nm for B (average value~760nm) while in TC fibers the
fine struts that support the core have thickness < 250nm [6]. In
computing the dispersion of the ES-PCF, material dispersion
has been taken into account by using the Sellemeier equation
to generate the refractive index of SF57 at different
wavelengths; in  computing y for the ES-PCF,

n, =4.1x107°m? /W has been used similar to [6]. A
calculations are based on the definition in [12].

I1l. RESULTS

Table 1 shows the y and A values for the ES-PCF with
varying r. at operating wavelengths of 1550nm and 1064nm.
First we note that if the number of elements is increased from
43944 10162508, the A values (for the case r, ~Onm, Design
A) do not change, this indicates convergence and the mesh
with 43944 elements gives sufficient accuracy. The maximum
y value is attained when the defect hole is not present in the
structure (Design A {Design B}: 5583 {5558} W'km™* at
1064nm and 2307 {2205} W'km™ at 1550nm). However,
even with the defect air hole (~34nm for A and 20nm for B) a
very large y~5261{5426} W™ .km™ at 1064nm and y> 2150
{2155} W'.km™ at 1550nm are obtained. These values are
much larger than 1860 W .km™ at 1550nm reported so far
[6,8] and exceed the maximum limit of y values for PCF with
similar core diameters. The TC geometry usually provides the
smallest possible A (largest y) therefore, the ES-PCF yielding
a larger y (than the corresponding TC) is unexpected.

This surprising result is an outcome of the fact that in the
ES-PCF each ring of air holes is rotated with respect to the
previous one, therefore the outer air holes block the field from
escaping into glass regions which the previous ring could not
effectively stop (see Fig. 2a). Furthermore, the design has
several parameters (angular increment of each spiral arm,
number of spiral arms and rings, size of air holes) to optimize
the location of air holes for field confinement which are not
present in TC designs. For a TC design in a particular material,
there is a minimum core size (core diameter dp,) beyond
which further decrease leads to cut off and the field expands
rapidly leading to a large Ag and small y [8]. The ES-PCF
design offers the potential to find a set of spiral parameters to
get smaller Ay than the TC fiber for values of the core
diameter that are comparable or smaller than d.,. For
operation at 1550nm, the ES-PCF Agfmin~0.710 ,um2 and for
operation at 1064nm Agffmin~0.347 ,umz which is smaller than
the Agmin In the TC fiber [6].Therefore, the ES-PCF design

has efficient air hole packing which provides superior field
confinement compared to the TC design. In addition, the ES-
PCF design also provides better control over dispersion than
the TC design.

Tailoring the dispersion to achieve flat, anomalous
dispersion with small slope and a zero crossing near/at the
pump wavelength is an extremely important aspect in SC
generation in PCF [13]. Design engineering has to be
performed to balance the effects of enhancing non-linearity
and flattening dispersion. The optimized ES-PCF has low
(Design A{Design B}: D~0.795{0} ps/nm.km) and flat
dispersion at 1.06 wm (dispersion slope ~-0.751{-
0.9}ps/nm*km at 1.06 um). This dispersion is smaller and
flatter than the values possible with present state of the art TC
design [6]. In TC designs due to small core and large index
contrast, the effective modal index of the guided mode changes
rapidly with wavelength, yielding large dispersion slope that
can be difficult to flatten with the limited number of design
parameters. Conventional PCF designs can allow for better
dispersion control through engineering of the cladding
microstructure, but with lower non-linearity. However, the ES-
PCF can simultaneously yield large non-linearity with flat and
small, anomalous dispersion.

Figure 3 shows the dispersion variation of the ES-PCF
with wavelength (as r. is varied) with and without the central
defect air-hole. The ES-PCF without the defect air-hole (dash-
dot line) has normal dispersion in the entire range visible in
Fig. 3 all though the dispersion peaks close to zero at 1~1.0
um. At the short wavelength end the dispersion increases with
wavelength as the field spreads in the central glass region and
effective index (nes) decreases rapidly due to the field
interacting with the first ring of air-holes (see, Fig. 2a). As the
field spreads out farther and interacts with the glass in the
region beyond the first ring of air-holes, the change in neg
slows down and dispersion becomes somewhat flat (A~1.0
um).With further increase in wavelength, the field sees the
influence of the second ring of air-holes (see Fig. 2b) which
accelerates the change in ng and leads to large normal
dispersion.

The defect hole compensates for the material dispersion
[10] since the field in the central core region enters the defect
hole and interacts with air. A larger size of the defect air-hole
pushes the flat dispersion region towards more negative
values. Thus by optimizing the size of the defect hole it is
possible to obtain very flat dispersion near the pump
wavelength of 1.06 wm for pumping SCG.

IV. CONCLUSIONS

In conclusion a novel Equiangular Spiral PCF (ES-PCF)
design in SF57 glass has been presented that has high non-
linearity y>2150 W*.km™ at 1550nm and y>5250 W'km™ at
1064nm) which exceeds the maximum y values possible in
existing PCF designs. Also, the ES-PCF has low and flat
dispersion with D~0.8 ps/km.nm and Dispersion slope ~-
0.7ps/km.nm? at 1060nm. This design achieves large non-
linearity along with very flat dispersion that can be tailored
according to requirements. It combines the advantage of better
dispersion control (seen in hexagonal PCF) which is not
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possible with triangular core geometry with smaller A and

higher y

(better or similar to TC designs).The ES-PCF is

extremely well suited for SCG pumped at 1.06um.
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Fig. 1. Schematic of the ES-PCF with defect
air-hole at the centre.

(a) 2=0.8um (b) A=1.55um

Fig. 2._Contour plots of the fundamental modal field in the
ES-PCF (not to scale).

Table 1 y values for the ES-PCF at 1064nm and 1550nm. *-
43944 elements, #-162508 elements, “-Design B.

1064nm 1550nm
re(nm)
YOWKkM™) | Aeium®) | Y (WKkmM?) | Acri(um?®)
0 5585 0.4337 2307 0.7206
0* 5585 0.4337 2307 0.7206
34 5261 0.4604 2177 0.7637
48 5032 0.4814 2065 0.8047
0 5558 0.4356 2205 0.7536
20 5426 0.4462 2155 0.7714
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Fig. 3. Dispersion variation with wavelength for the ES-
PCF.




