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With the full-vector plane-wave method (FVPWM) and the full-vector beam propagation method (FVBPM), the
dependences of the band-gap and mode characteristics on material index and cladding structure parameter in anti-
resonance guiding photonic crystal fibres (ARGPCFs) are sufficiently analysed. An ARGPCF operating in the near-
infrared wavelength is shown. The influences of the high index cylinders, glass interstitial apexes and silica structure on
the characteristics of band-gaps and modes are deeply investigated. The equivalent planar waveguide theory is used for
analysing such an ARGPCEF filled by the isotropic materials, and the resonance and the anti-resonance characteristics
can be well predicted.
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1. Introduction

Because of the air holes distributed along the lon-
gitudinal direction in the cladding region, the light en-
ergy is confined mainly in the solid core region by total
internal reflection at the interface between the silica
core and holey cladding. Hollow-core photonic crystal
fibres' =8 (HC-PCFs) guide light through Bragg scat-
tering effect,!”) and the band-gaps are formed by res-
onance effects of different cladding structures. Anti-
resonance guiding photonic crystal fibres!10—12] (ARG-
PCFs) with a periodic array of high index cylinders
in the cladding cannot guide light by total inter-
nal reflection due to the inverted index contrast.!'?]
With the model of anti-resonance guiding reflecting-
optical waveguide (ARROW), proposed by Yariv and

[9]

Marom, ) Litchinister et al.l'¥ theoretically investi-
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gated the transmission characteristics of ARROW,
where they established a simple model and predicted
Birks et al.l'?
analysed the formation mechanism of band-gaps in
ARROW with an approximate method, and they
showed that the confinement of high index cylinders

the band-gap and mode properties.

on the light energy was similar to the scattering effect
of single plane waveguide. In previous reports,!'415]
Litchinister and Birks et al. considered primarily the
influence of single high index cylinders on the char-
acteristics of band-gaps and modes. Recently, Couny
et al.'%! described the existing characteristics of Bloch
modes, and showed three kinds of resonances for band-
gap formation in cladding structures including the
glass interstitial apexes, the silica structure for joining
the neighbouring apexes and air holes.
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Here, the dependences of the band-gap and the  ture on the characteristics of band-gap and mode are
mode characteristics on the material index and struc- deeply investigated. The equivalent planar waveg-
ture parameter in ARGPCF are sufficiently analysed.  uide theory can be used for well predicting the res-
Based on a designed ARGPCF, the influences of high ~ onance and the anti-resonance characteristics of such
index cylinder, glass interstitial apex and silica struc-  an ARGPCEF filled by the isotropic materials.

2. Band-gap and mode characteristics

The cross section of photonic crystal fibre (PCF) is shown in Fig. 1(a). Insert of Fig. 1(a) shows the triangle
arrange lattice where the hole diameter d, pitch A, glass interstitial apex and the silica structure are labeled.
Figure 1(b) shows the three-dimensional propagation field of Gauss-like pulse, and the insert corresponds to the
transverse field distribution of fundamental mode, which shows that a doublet of degenerate mode reaches its
maximum at the centre of the fibre core and monotonically decreases with the distance from the fibre centre.
The parameters are as follows: d = 1.5 pym, A = 2.5 um, air filling fraction f = 0.6, and the silica and air
indices are 1.45 and 1.0 respectively.
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Fig. 1. (a) Cross section of solid core PCF, and (b) propagation field of Gauss-like pulse. Inserts on the right-
hand sides of panels (a) and (b) show the triangle arrange unit and transverse field distribution of fundamental
mode respectively.

2.1. Dependences of band-gap and mode on material index

The ARGPCFs can be obtained by filling higher index materials into the cladding holes. The plots for
normalized frequency kA as a function of normalized propagation constant A with different filled materials are
presented in Fig. 2 with the full-vector plane-wave method (FVPWM).[17:18]
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Fig. 2. Plots for normalized frequency kA as a function of normalized propagation constant A with material

indices are (a) 1.5, (b) 1.7, (¢) 1.9 and (d) 2.1.

According to the optical waveguide theory, the
effective refractive index of guided-mode n.g = (/k
should satisfy ny < neg < ni, where ny and ny are
respectively the indices of silica material and space
filling fundamental mode, determined by the complex
topology structure of cladding region and the higher
index material filled. The out-plane band-gaps (above
silica line, as shown in Fig. 2) are primarily consid-
ered. In Fig. 2(a), when the material index is 1.5, the
band-gap district in a kA range from 8 to 16 corre-
sponds to that in a §A range from 10.5 to 24. The
material index is chosen as 1.7 in Fig.2 (b), the band-
gaps intersect with the silica line, and the positions of
band-gaps distinctly shift toward longer wavelengths
with 64 increasing from 5.6 to 19 and kA increasing
from 4 to 12. As shown in Figs. 2(c) and 2(d) with
material indices 1.9 and 2.1 respectively, the positions
of band-gaps shift toward below the silica line, and the
input light energy will entirely leak into the cladding
structures. Moreover, the band-gap district becomes
narrower as the kA increases, and the mode num-
bers in band-gap will gradually decrease and shrink
to a series of degenerate states. With the full-vector
beam propagation method (FVBPM),™ the trans-

verse field distributions of propagation modes corre-
sponding to Figs. 2(a)-2(d) are shown in Fig. 3.

In Fig. 3(a), the light energy is distributed all over
the cross section, and reaches up to 40% of the total
energy in the core region. The intensity ratio between
the high index cylinders and silica structure is about
2:1 in the cladding region, indicating the integrated
influence of three kinds of resonances on band-gap
transmission. In the weakly-guided approximation in
Fig. 3(a), the Bloch-modes exist in the cladding re-
gion, and it agrees well with the experimental obser-
vation of the cladding Bloch-modes in the near-field
and Fresnel-zone.'®. In Figs. 3(b)-3(d), as the ma-
terial index increases from 1.7 to 2.1, the light energy
is primarily confined in the high index cylinders, and
the energy intensity in the core region gradually de-
creases. When the material index reaches up to 1.9
and 2.1, the energy is distributed only in the inner
several rings, and no energy is observed in the core re-
gion. The high index cylinders as plane optical waveg-
uide plays a primary role due to enhanced index con-
trast between the cladding and core region, at some
time the influences of glass interstitial apex and silica
structure can be neglected.
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Fig. 3. Transverse field distributions of propagation modes over 1-mm distance.

2.2. Influences of structure parameter
on band-gap

The structure parameters are crucial for the light
energy propagating in the band-gaps. The relations
between relative position (1/)) and hole diameter (d),
between relative position (1/)) and pitch (A4), and be-
tween relative position (1/A) and material filling frac-
tion (f) are presented in Figs. 4(a), 4(c) and 4(d) re-
spectively.

As shown in Fig. 4(a), the positions of band-gaps
shift from 1.98 um to 2.22 um as d increases from
0.5 pm to 4 pm, and the slope is nearly a constant of
—0.45. The high index cylinders become much closer
to each other with a larger d value, and the photonic
crystal cladding appears like a two-dimensional waveg-
uide structure, which can be treated as a homogeneous
material at longer wavelengths. The light energy will
be distributed all over the high index cylinders, glass
interstitial apexes and silica structures. In Fig. 4(b),
the up-boundaries of band-gaps shift from 0.6 to 0.52
with A increasing from 3 ym to 5.5 um, but the down-
boundaries keep nearly invariable. The positions and
widths of band-gaps take on lesser fluctuation after

5.5 um. The primary reason is considered as follows:
when A increases to a certain value and \/A < 1, the
high index cylinders appear more like an array of in-
dividual waveguide, and the light energy is primarily
confined into the cylinders. Thus, it shows insensitive
to A. The relation between the relative positions of
band-gap and f is shown in Fig. 4(c). The positions
of band-gap change from 2 pym to 2.247 pm in the f
range of 0.1 to 1.0, and the corresponding slope effi-
ciencies are about —55% and —40% with f changing
from 0.1 to 0.4 and 0.4 to 1.0 respectively. The chang-
ing trend is similar to that in Fig. 4(a) except that the
bending direction of up-boundary is contrary (curva-
ture > 0 in Fig. 4(a) and curvature < 0 in Fig. 4(c)).
The contrary curvature arises from the wave-vector in-
verse induced by fluctuations of structure parameters,
and it will give rise to variation of boundary condition
of electromagnetic field when the plane waves are ex-
panded in the first Brillouin zone. When f reaches up
to 1.0, it can be equivalent to the step-index profile.
The characteristics of band-gaps completely depend
on the complex properties of higher index material
such as absorbing and scattering.

024213-4



Chin. Phys. B

Vol.

20, No. 2 (2011) 024213

)\_1//1,11’1_1

)\Al/ﬂm41

0 Wlmmmmmuﬂmmm%

Fig. 4. Relative positions versus (a) hole diameter of
band-gap d, (b) pitch A, and (c) material filling fraction
f

3. Design of ARGPCF in near-
infrared wavelength

Based on the above analysis, an ARGPCF in
near-infrared wavelength is designed. The ARGPCF
with background silica and filled material indices of
1.45 and 1.6 has the same cladding structure as that
shown in Fig. 1(a). The structure parameters are
d =12 pym, A = 2.0 pm, and core diameter D =
5.3 pm. As depicted in Fig. 5(a), the material in-
dex is distributed symmetrically along the transverse
direction and the longitudinal direction. The corre-

sponding part of transverse dielectric constant profile
at z = 0 is shown in Fig. 5(b).
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Fig. 5. (a) Distribution of material index along longitudi-
nal direction, and (b) part of transverse dielectric constant
profile at z = 0.

3.1. Band-gap characteristics

The propagation diagram for such an ARGPCF is
shown in Fig. 6. Insert corresponds to the symmetry
point configuration in the first Brillouin zone.

Figure 6 shows the out-plane band-gaps with kA
changing from 5.5 to 17, which corresponds to the
wavelength range of 0.74 um to 2.485 ym. As the nor-
malized wave-vector kA decreases, the upper allowed-
bands (below silica line) will shrink to an extremely
narrow region, and the light energy is well localized
within high index cylinders. On the contrary, the light
energy will diffuse into the glass interstitial apexes and
silica structure. Insert (on the right-hand side) shows
the symmetric points I, M, and K in first Brillouin
zone, which play different roles in band-gaps forma-
tion. At the I'-point of the reciprocal lattice Brillouin
zone, the modes below silica line may be symmetric or
anti-symmetric. The symmetric form is characterized
by the fields in all cylinders being in-phase with one
another, whereas the field changes sign between the
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nearest neighbour apexes for anti-symmetric modes.
The symmetric modes are the fundamental space fill-
ing mode and form the upper boundary in-plane band-
gaps (below silica line). Correspondingly, the anti-
symmetric modes form the upper boundary of out-
plane band-gaps (above silica line), and the high in-
dex cylinders are considered as the most important
optical resonators associated with the upper band-

gaps edge. The lower edges of band-gaps are formed

from the trajectories of two cladding modes with dif-
ferent symmetries in apexes and silica structure, cor-
responding to K-point and M-point within the Bril-
louin zone. Comparing with HC-PCF, there exist no
structures for connecting the high index cylinders in
ARGPCFs. Most of light energy are confined in high
index cylinders, and the anti-crossing events of guided-

modes with glass features decrease.[2021]
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Fig. 6. Normalized wave-vector kA as a function of normalized propagation constant GA.
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Insert (on the

right-hand side) shows the first Brillouin zone symmetry point configuration.

3.2. Mode characteristics

Assuming that the light pulses of Gauss-like shape are launched into the core region at z = 0, the transverse
field distributions and the existing mode forms of part of band-gap in high index cylinders over 1-mm distance

are shown in Fig. 7.
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Fig. 7. (a) Transverse mode field distribution over 1 mm; (b) effective indices of modes in higher index cylinders

as functions of normalized propagation constant SA; and figures (c), (d), (e), (f), (g), (h), (i) and (j) show the
existing forms of HE11, TEg1(TMo1), HE21, HE31, HE12, HE41, HE22, and HE5; modes, respectively.

In Fig. 7(a), 40% and 60% mode field energies
are distributed in the core and the cladding region
respectively. The properties of light confined in the
core region are introduced within an arrangement of
cladding structures including the high index cylinders,
glass interstitial apexes, silica structure. In particu-
lar, a strong confinement is related to the Fano reso-
nance effect!??) caused by the interferences of different
multi-pole components in the scattered field. Birks

et al.[t9]

took into account the electromagnetic cou-
pling between high index cylinders in the cladding re-
gion, and provided information about the width of
cladding pass-bands. Sun et al.[?3! analysed the trans-

mission dips in the transmission spectrum which were

determined by the resonance of an individual high in-
dex cylinder and coincided with the mode cut-offs in
the cylinders. Considering the complex cut-off char-
acteristics of modes, the anti-resonance effect and the
resonance effect of different order modes in cladding
structures correspond to the high transmission win-
dow and the high loss dip respectively. Figure 7(b)
shows the plots for the effective index versus nor-
malized propagation constant A for different order
modes, i.e. HE11, TE01 (TMOl), HEQl, HE31, HE127
HE41, HE95, and HE5; modes in the high index cylin-
ders, and the effective index range from 1.1 to 1.6 with
BA changing from 6.5 to 12.5 is mainly considered.
The anti-resonances and resonances between different
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order modes in cladding structures emerge because of
the more dispersive modes of high index cylinders in-
tersecting with the modes in low index region. These
resonance frequencies correspond to the transmission
dips induced by the phase and loss matching between
modes in different regions. For the lower-order mode
such as HEq1, TEg; and TMg; modes which are well
confined in the high index cylinders, the increases of
effective indices are quite slow, and the relevant trans-
mission dips are relatively broad. For HEs;, HE3q,
HEi5, HE4;, HE2> and HE5; modes, the changes of ef-
fective indices are noticeable. Only narrow wavelength
ranges need to leap from transmission dips to trans-
mission windows. Moreover, these stopbands depend
on the cut-off characteristics of modes in the whole
cladding structures.l?42% Figures 7(c), 7(d), 7(e), 7(f),
7(g), 7(h), 7(i) and 7(j) show the existing forms of
HE;1, TEq: (TMo1), HEg1, HE3;, HE 2, HE4;, HE9,,
and HE5; modes with the effective index n.g values of
1.5812, 1.5335, 1.5265, 1.4925, 1.4855, 1.4635, 1.4385,
and 1.4265 at A = 12, respectively.
show discrepant characteristics of split cut-off at ap-
pointed 4. The HE;; mode shows a Gauss-like shape
and the higher order modes show diverse symmetrical

These modes

forms, existing in different polarization and degener-
acy states. As seen from Fig. 7(b), the discrepancies
of neg between different order modes are remarkable
at lower 8/, and the higher order modes especially
HE,;, HE9, and HE5; modes (neg < 1.45) propagate
mainly in the silica core. However, the discrepancies
become less as A increases, and all modes will be
The band-gap
districts diminish gradually, and the mode numbers

confined in the high index cylinders.

will shrink to a series of degenerate states.

4. Discussion

The optical characteristics of the filled materials
can be anisotropic or isotropic. For the anisotropic
materials, the characteristics of band-gaps and modes
are polarization-dependent, because the band-gap
splitting and the polarization behaviour of the pho-
tonic state are induced by strong anisotropy of ma-
terials. Here only the isotropic materials are consid-
ered. For the isotropic materials, the polarization-
dependent characteristics of band-gaps and modes can
be neglected, and the multiple reflections from the
high index materials and silica interfaces are used to
analyse the mechanism of band-gap formation and vi-

sualize the propagation characteristics of modes. The

transmission band frequencies are determined primar-
ily by the geometries and the properties of the high
index cylinders, and the high index cylinders can be
equivalent to a series of planar waveguides.

The model of ARGPCF is considered as shown in
Fig. 5(a). The periodic transmission tips and windows
are determined by the characteristics of resonance and
anti-resonance between modes in the low index core
cylinders and the high index cylinders, which come
into forming the phase and loss matching of modes.
The mode characteristics of such an ARGPCF mainly
depend on the mode structure in high index cylinders.
The eigenmode equations for HE,,,, TEq,, and TMg,
modes are described as

Jm-1(U) (W)

Udn(0) ~ WK (W) 0

J1(U) (W)

UJ0<U> * WK0<W> =0 @)
J1(U) K,(W)

Tre@) + R =" ®)

where U2 = (K2 — K,)(d/2)%, W2 = (2, — k?)(d/2)%
U2+ W2 = (k2 — k2)(d/2)*, k, and k; are the wave-
vectors in the high-index cylinders and silica struc-
tures, kp. is the longitudinal component of kj, while
Jo, J1, Jm—1, Jm and Kq, Ky, K,,_1, K,, correspond
to the Bessel and transformative Bessel functions of
0,1, m—

The corresponding cut-off equation is given as

1, and m orders, respectively.

d
I (k%) =0, m>0. (4)

Here, kj, corresponds to the transverse term of kj,.
When kp,d/2 > m, the cosine approximation leads

to
d 2 d mmr 7
m k x k TS T o T 4
(i) = g s (g -5 )
d mr w (2 -7

sziiii_ i l: ’1’2"

Mg T T2 g 2 0 5)
The resonance wavelength and the anti-

resonance wavelength are obtained to be A\, =
2dy/n3 —n3/(m+1/2) and ., = 2d\/n3 — nl/m
where d is the cylinder diameter, n; and no are the
effective indices of silica structure and high index
cylinders, m = 1, 2, .... For the fundamental mode
and higher-order modes, A\, and \,; correspond to the
narrower transmission dip and the broader high trans-
mission window respectively. Thus, the resonance and

the anti-resonance characteristics are well predicted,

024213-8



Chin. Phys. B Vol. 20, No. 2 (2011) 024213

5. Conclusions

The filled material index and the cladding struc-

ture parameters have important influences on the
characteristics of band-gap and mode in ARGPCEF.
Based on the designed ARGPCF operating at the

near-infrared wavelength, the influences of high index

cylinders, glass interstitial apexes and silica structure

are also analysed. By the equivalent planar waveguide

theory, the resonance and anti-resonance characteris-

tics can be well analysed.
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