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Abstract: We taper a 90% air-fill fraction, air core, photonic crystal fiber and observe a multitude ofpartial
band gaps along the length of the taper. We simulate this geometry with the FDTD and plane wave
expansion methods.
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1. Introduction
Photonic crystal fibers (PCFs) usually contain a periodic matrix of air inclusions around a core. Guidance can be
achieved through resonant reflection from these inclusions (the photonic band gap effect) or total internal reflection
[1]. Of particular interest are hollow core PCFs which have low non-linearity and easily engineered dispersion.
Combined with a high air fill fraction microstructure design, low loss has been demonstrated in these geometries [2].

When combined with fiber tapering, PCFs can form a number of useful devices [3]. Using tapering it is
possible to modify the region of band gap guidance in PCFs [4], create silica nano-wires for small scale coupling
and sensing [5], or create highly dispersive media for super-continuum generation [6]. The nature of the taper
microstructure may be non-destructively probed from outside the fiber using the transverse probing method [7]. This
way the whole taper may be sampled to observe the reproduction ofthe PCF microstructure.

In this paper, we show that very high air fill fraction PCFs (90%) can be tapered by a factor of 6 whilst
preserving the microstructure. We non-invasively characterize the taper through transverse probing, observing a
multitude of partial band gaps. The experimental geometry is simulated using the plane wave expansion and the
Finite-Difference Time-Domain (FDTD) techniques. We explore the effects of the finite nature of the photonic
crystal using FDTD and reconcile experiment with the predictions of the plane wave method.

Fig. l(Ieft): Schematic of the trasverse probing method. Light is incident on the left from a SMF, where it interacts with
the micro-structure of the transverse fiber, then is collected by another. (middle and right) A scanning electron microscope
(SEM) cross section of the PCF studied, which has air-fill fr-action 0.9. Middle is the un-tapered fiber (pitch 3.49 gim) and
on the right, the waist of the tapered fiber (pitch 0.7 gim). Scale is indicated at lower.

2. Experimental
Figure 1 (left) details schematically the transverse orientation optical probing used in this experiment. The taper to
be probed sits between two single mode fibers (SMFs). One SMF brings light from a broadband source, which is
polarized, then the other SMF collects the scattered light which is taken to an optical spectrum analyzer. Figure 1
(middle) is a scanning electron micrograph (SEM) of the face of the untapered fiber, outer diameter 135 p.m. The
photonic crystal has 10 rings of holes (diamneter 3.15 pm) arranged in a hexagonal crystal lattice with pitch 3.50 g.m.
Indicated on the micrograph are the high symmetry points of the photonic crystal. We only consider the F-M
direction, as scattering off the large, irregular inclusions at the K symmetry point detract from the observation of
resonant effects. Figurei (far right) shows an SEM of a taper with outer diameter 22em: the microstructure is well
preserved through the tapering process, discussed further below.
3. Theory and Numerical Techniques
We use two numerical techniques to simulate the experiment: the plane wave expansion method and the FDTD
method. Since the plane wave expansion method can only simulate regular, infinite crystals, the results of this
calculation may only be used as an approximate guide as to the behavior of the photonic crystal. On the other hand,
the FDTD calculation domain is the digitized SEM of the PCF microstructure, leaving only the two dimensional
representation of the experimental geometry as the only approximation.

692



CTuD3 2005 Conference on Lasers & Electro-Optics (CLEO)

TM Polarization

-10
`OD =27.0 -*1.

.OD =27.61m

10
-OD -28.5 mtm

o -1)

Ut:OD = 29.0 om cc
g2

-10
OD 30.6pm 1)... s g ~~~~-10
:OD 31.9m.tm

1.0 1.2 1.4 13
Wavelength (tan)

TE Polarization

-10
/20
.30
.10

_20

-310

m -10

g.1011 /0o
IC)
0

101

C 30

iC 12 1,4'I. (6
Wavelength (lm)

TM Polarization

0

320
co 10
-20
..q0

o 10
cn O

C)
a}~~~~~~~~~~~~-20

-30
..j0

.23<

0 20

.1 t0
-30

1.2 1'4 1.6
Wavelength (@m)

TE Polarization

e )D-=-39-51,m

jOl$=45.0 AM
I0=:5im -I - Y

-0O = X7.5 gm

-OD =449p[m

...

-OOD= 52.9 m

10 1 2 1 X
Wavelength ("om)

Fig. 2 (left two) The fundamental partial band gap and (right two) the second order partial band gap for both polarizations.
The taper diameter is given in the bottom left of each plot. Shown shaded are the predicted positions and widths of the
partial gaps from the plane wave expansion calculation. Notice the difference in scales between the left and right plots.
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Fig. 3 (left) The dispersion relation calculated by the plane wave method. (middle and right) Summary of the position of
the partial band gaps for the experiment (dots) and the plane wave expansion (line). The position is well predicted by the
plane wave calculation. There is a slight offset in the third order partial gap, arising from its higher dependence on spatial
perturbation of the crystal.

4. Results
Figurc 2 (left two panels) shows a series of spectra, in both polarizations, obtained over a range of incremental taper
diameters, from 27.0 to 31.9 pm. The feature seen here is the fundamental partial band gap. Shown shaded are the
positions and widths of the gap predicted by the plane wave calculation; the dispersion relation calculated by this
method is shown in Figure 3 (left), displaying a number of higher-order partial band gaps. Figure 2 (right two
panels) also shows a series of spectra obtained over a range of incremental taper diameters, from 27.0 to 31.9 gm.
The gap positions are predicted quite well by this calculation, despite the approximations outlined above. As the
taper outer diameter increases, and the photonic crystal periodicity with it, the partial band gaps move to higher
wavelengths. The regularity of this partial gap motion indicates that the microstructure is well preserved throughout
the taper. A summary of this behavior is shown in Figure 3. The position of the gap is found by taking the average of
the full-width halfminima of the feature.

Another effect is seen in comparing the plane wave expansion and experimental partial gap widths and
depths. It is expected that the fundamental partial gap is wider than the second order partial gap. In translating from
the infinite photonic crystal in the plane wave calculation to the finite photonic crystal of the experiment, the width
of the calculated partial gap translates to depth of the experimental partial gap. What is observed, however, is the
opposite: the second order partial gap is significantly broader and deeper than the fundamental. We examine the
origin of this effect using the FDTD method.
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Fig. 4 (left) FDTD simulation of light impinging upon the full sized PCF. (middle) Composite of FDTD simulations for
varying taper diameters. The wavelength in this plot has been sealed so as to match the plot on the right, for comparative
purposes. (right) As middle with a small input beam. From these simulations it can be seen that the anomalous depth of the
fundamental gap in the experiment is explained by the finite nature of the photonic crystal. Shown inset are face-on
schematic representations of the beam width and taper regimes. The shaded regions show the partial band gaps predicted
by the plane wave calculation.

5. Resolution of Gap Depth between Plane Wave Calculations and Experiment
Figure 4 (left) is the FDTD numerical spectral response of the untapered PCF. The fundamental partial gap (at
wavelength 7 pm) is broader and deeper than the second order partial gap (at wavelength 4 im), as expected from
the plane wave calculation. Inset are schematics of the beam width and taper regime.

Figure 4 (middle) is a composite of two FDTD simulated spectra for two different taper diameters. Here the
second order gap is deeper than the fundamental, reflecting the experimental behavior. In this plot, the wavelength is
scaled with taper diameter, so that the resonant features appear in the same place as those of the untapered fiber. It
should be noted that all simulations in the tapered regime were performed at wavelengths around 1.4 gm.

In going from the untapered to the tapered regime, two parameters of the experiment have changed: the
wavelength of the probe beam and the width of the probe beam, relative to the extent of the PCF microstructure.
Since the Maxwell's equations are scaleable in wavelength, the effect must be due to the size of the beam relative to
the fiber microstructure.

Figure 4 (right) shows a composite of spectra as in Figure 4 (middle), except that now the input beam is
scaled with the taper diameter. This scaling results in the beam being the same relative size to the microstructure as
for the untapered fiber. As can be seen, the fundamental partial gap is deeper and broader than the second order
partial gap. Thus, the resonance depth effect observed experimentally is due to the finite extent of the crystal relative
to the size of the input beam.

6. Conclusion
We have tapered a 90% air-fill fraction photonic crystal fiber by a factor of 6, with good preservation of the
microstructure. Using transverse probing we can access a broad range of photonic crystal dimensions by simply
probing along the length of the taper. We found good agreement between FDTD and experiment and reconciled
these measurements with the plane wave expansion simulation. This technique may be applicable to non-destructive
probing of the microstructure during the fiber draw process.
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