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Abstract - The effect of the cladding region on coupling
transversely-launched light into the core of a photonic crystal
fibre (pcf) is studied experimentally and using a multipole based
computer model. The model verifies the experimental observa-
tions of the preferred core coupling rotation angles and illus-
trates the importance of correctly selecting the angle of inci-
dence in a pcf grating writing geometry.

I. INTRODUCTION

Photonic crystal fibres that employ an air-cladding re-
gion are of great interest in many fields in fibre-based
photonics. Often, it is desirable to combine the unique modal
properties of the fibres with grating structures to increase
their functionality [1], with the literature containing several
reports ofUV written Bragg grating structures [2,3,4] having
been inscribed in such fibres.

The fabrication of these optically induced gratings in a
PCF presents a unique challenge in that the microstructured
cladding serves to scatter the light incident on the fibre, re-
ducing the intensity in the (often weakly photosensitive)
fused silica core. Consequently, the writing of gratings in
PCFs requires long exposure times or complex steps such as
tapering the fibre to collapse the air holes.

We have recently investigated the effect of fibre rotation
on transversely (side) coupled UV laser light into the core of
a PCF with the aim of reducing grating writing times. By
studying the photoluminescence (PL) from the fibre core in a
grating writing geometry, it is clear that there exist preferred
angles of incidence to the hexagonal lattice of holes. Our
computational modelling of the diffraction caused by the
PCF microstructure closely replicates these findings and
demonstrates that selecting the correct PCF rotational angle
is critical for enhancing the coupling of light to the fibre
core.

II. EXPERIMENTAL SETUP

Measurements of transverse coupling into the fibre core
under conditions of changing rotational incidence angle were
achieved though the use of two fibre optic chucks that had a
short piece of ESM-12-01 PCF (Crystal Fibre) threaded
through them. This allowed the fibre to be rotated from one
end and observed at the other without linear movement. The
red 1.9 eV PL band observed when fused silica is exposed to
ultra-fast UV laser light [4] was used as the metric of the

transverse coupling and the photoluminescence (PL) signal
generated by the UV light coupled into the core was meas-
ured using a microscope objective based CCD beam profiling
system. Frequency tripled (267 nm) light from a 800 nm 120
fs laser was cylindrically focused into the fibre core using the
system described in [4] with the phase mask removed. Fig. 1
displays a schematic diagram of the experimental setup.
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Fig. 1 Schematic diagram of the optical fibre arrangement and pho-
toluminescence detection system. The PCF is attached to a 360°
rotation stage (ROT) before passing through two fibre capillaries
(FC) that prevent lateral movement of the fibre while allowing rota-
tion. The fibre luminescence is imaged by a microscope objective
(OBJ) onto a CCD camera (CCD). A cylindrical lens (CYL) fo-
cuses the incident laser beam (in grey) on the fibre.

II. THEORY AND IMPLEMENTATION

The model used in this study is based on the foundations
of the multipole method [5, 6] developed for modelling the
propagation of leaky modes in PCFs. Both 2D (scalar) and
2.5D (vector/conical) models, respectively modelling in-
plane and out-of-plane transverse scattering, have been im-
plemented, although, for simplicity and brevity, we describe
only the 2D model here.

Because of the short (UV) wavelength of the laser light
and the large size of the structure, the computational model-
ling is quite challenging in that it would overwhelm conven-
tional numerical techniques, e.g., finite difference and finite
element methods or at least require access to large memory
parallel computer systems. To put this in context, for the
(free space) wavelength of A= 267nm, the ratio of wave-
length (in the glass) to the period of the PCF is
Aglass A =0.0223. Since our aim was to implement the model-
ling on a standard desktop workstation, the use of a multipole
formulation became a natural choice.

The model considers a cladding containing air holes ar-
ranged in some pattern, outside of which there exists a source
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located in the external (infinite) medium. Inside the clad-
ding, the field is expressed in a Wijngaard expansion.

V(r) = E E BIH (k Jrr )eInarg(r r)

1=1 n=-o (1)

+ E A,Jn (k r -r 1)einarg(r-rj)

the first term of which represents outgoing waves sourced on

each cylinder 1, and the second of which represents the stand-
ing wave field that is sourced at the cladding boundary, and
which is incident on each of the cylinders. In (1), kc denotes
the cladding wavenumber.

In the near vicinity of cylinder I, the field is represented
in terms of a local multipole expansion that comprises outgo-
ing waves from that cylinder (given by the I th term of first
expression in (1), and the regular part of the local field which
is written in the form ZA'Jn (kc r ,-r )eeinarg(r-rl)

This 'regular' (i.e., nonsingular) term is sourced by ra-

diation that is outgoing from all other cylinders and incoming
from the cladding boundary, a construct that leads to the key
field equation. Combining all of the equations in a matrix
notation and denoting by A, a partitioned vector of multi-
pole coefficients A', and similarly with B = [Bl ], A can be

expressed as A =HB + JLOAO, in which H and JLO per-

form the necessary changes of basis. The outgoing fields at
each cylinder B are regarded as reflections of the incoming
fields, i.e., B = RA, while the field sourced at the interior
boundary, AO = R'B° + TQ, is a reflection ( R') of the sum

of all outgoing fields within the cladding B° = JOLB and a

transmission (T ) of the exterior sources Q, which, immedi-
ately exterior to the cladding boundary, is expressed by the
multipole expansion E Q J (k Jr-r)einarg(r r) In the

case considered here, we model the source by a Gaussian
beam and then express this in the global coordinate system to
obtain the source coefficients Q. This approach leads to a

system of linear equations for the multipole coefficients

B = (I -RH - RJLOR JOL)-1 RJLOTQ, (2)

from the solution of which the field can be reconstructed
everywhere in the cladding using equation (1). The field in
the inside of the I th cylinder can be calculated using the Bes-
sel multipole series

00

V(r) = ,: Cl Jn (ki r-rO I)einr(-O
n=-oo

III. COMPARISON OF EXPERIMENT AND THEORY

Fig. 2 plots the measured photoluminescence signal
(measured every 10) against the computational simulation.
The measured data was observed to have the expected 60°
repeating cycle (due to the hexagonal symmetry), with a re-

flection about the midpoint. Both data sets are presented
over a reduced interval of 180° in Fig. 2, alongside the nu-

merical model data, with the latter corresponding to the field
intensity averaged over the whole of the core region.
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Fig. 2 PCF core photoluminescence intensity and multipole field
intensity as a function of the PCF rotation angle; (red) experiment,
(blue) theoretical curve.
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Fig. 3 The field intensity K') averaged over various concentric

fractions of the core as a function of the rotation angle 0. Blue
curve: intensity at the centre of the core. Green curve: average

intensity over half of the core area. Red curve: intensity averaged
over the entire core.

(3)

where the Cl coefficients are calculated from the boundary
conditions.

In the examples considered in this paper, there are up to
9,000 unknowns since the short wavelength requires the use

of a large number of terms in the multipole series. From our

convergence studies we have found that 151 multipole har-
monics per fibre are needed to ensure a well converged solu-
tion.

Fig. 4. Intensity plots calculated (left panel) at a rotation angle of
0=18° that couples poorly to the fibre core, (right panel) at an

angle 0= 26° that exhibits nearly optimal coupling to the fibre core.

The results of Fig. 2, for a free space wavelength of
k=267 nm are amplified in Fig. 3, in which we show the in-
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tensity (I) averaged over the various concentric fractions of
the core, and presented as a function of the rotation angle 0.
This shows clearly that there are a number of optimal con-
figurations that maximise the energy delivered to the core.

To further understand this, we plot, in Fig. 4, the inten-
sity distribution for two different angles: 0 = 18° and
0=26°, respectively corresponding to the maximum and
minimum averaged intensity that can be delivered to the core.
These intensity plots are quite informative in that they show
that in order to deliver the maximum intensity to the PCF
core it is necessary to avoid scattering by individual fibres
(see the right panel of Fig. 4). The intensity plots in Fig. 4
also reveal that for in this short wavelength limit, the field
appears to satisfy the laws of Geometrical Optics. Accord-
ingly, we are led to deduce that an optimal incidence angle
can be constructed geometrically by drawing a line that joins
the exterior of the cladding to the centre of the core, and
which avoids completely any intersection with an individual
fibre.

Fig. 5. Intensity plots calculated for the optimum rotation angle of
0 =26' but for beam shifts of (left panel) d5x O.2d that exhibits
poor coupling to the core, and (right panel) for x1 .Od which
has nearly optimal coupling to the core.

This point is further reinforced by the intensity plots in
Figs 5 and 6, where, in addition to the fibre rotation, we in-
troduce a lateral shift of the Gaussian beam in order to opti-
mise the intensity delivered to the core.
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Fig. 6. Intensity plots calculated for a rotation angle of 0 30' but
for beam shifts of (left panel) dx 1.Od that has poor coupling to
the core, and (right panel) for dx 0.45d which couples well to
the core.

The plots in Fig. 5 take the previously optimal rotational
angle and introduce a lateral shift to tune the delivery of
power to the core. In Fig. 6 we consider the sensitivity of the

choice of rotation angle and shift and use a different angle of
0=30 , which is close to the optimal angle (see the red
curve of Fig. 3) to compare the coupling efficiency.

While the results so far have been for the very short (free
space) wavelength of A = 267nm, we have also studied the
performance of the system at the longer wavelength of
A = 800nm. The intensity plots in Fig. 7 show the optimal
and worst case coupling into the core, respectively for
0= 25° and 0 =8.45°. Even though this is still a short
wavelength (in comparison with the feature size of the PCF),
diffraction effects are now evident, unlike the previous case
in which propagation was essentially determined by ray op-

Fig. 7. Intensity plots (for A = 800nm) calculated (left panel) at a
rotation angle of 0= 8.45° that couples poorly to the fibre core, and
(right panel) at an angle 0= 25° that exhibits good coupling to the
fibre core.

IV. CONCLUSION

To conclude, we have undertaken a comprehensive
analysis of transverse coupling into the core of a photonic
crystal fibre, both experimentally and theoretically, and have
identified preferred directions for optimal transfer of laser
power into the core of the PCF. Our simulations have re-
vealed that the preferred angle of incidence is approximately
parallel to FK, while the poorest coupling occurs approxi-
mately along the FM direction.
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