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This paper investigates the guided-mode characteristics of hollow-core photonic band-gap fibre (HC-PBGF) with

interstitial holes fabricated by an improved twice stack-and-draw technique at visible wavelengths.

Based on the

simulation model with interstitial holes, the influence of glass interstitial apexes on photonic band-gaps is discussed.

The existing forms of guided-mode in part band gaps are shown by using the full-vector plane-wave method. In

the experiment, the observed transmission spectrum corresponds to the part band gaps obtained by simulation. The

fundamental and second-order guided-modes with mixture of yellow and green light are observed through choosing

appropriate fibre length and adjusting coupling device.
discussed.

The loss mechanism of guided-modes in HC-PBGF is also
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1. Introduction

Hollow-core  photonic crystal fibres (HC-
PCFs)!h2 have attracted lots of attention over the
past decade due to unique characteristics such as low
propagation loss and high nonlinear threshold and so
on. The exceptional characteristics have promoted
many recent advances in gas-laser interactions such
as ultra-low threshold stimulated Raman scattering
in Hy-filled HC-PCFsl®) and electromagnetically in-

4 and nonlin-

duced transparency in molecular gases
ear optics of ultrashort pulses.l®6 These fibres guide
light of um scale wavelength over kilometer scale dis-
tance through the light trapping in an air defect core
relying on out-of-plane photonic band gap created
by two-dimensional photonic crystal cladding struc-
ture or a low density of photonic states in Kagome-

lattice structure.l”8! The mode spectrum of hollow-
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core photonic band gap fibres (HC-PBGFs) arise
from the waveguide properties of identified structural
cladding constituents where the intersection between
the guided-modes and cladding modes takes place,
while the guided-modes in Kagome-lattice photonic
crystal fibres (KLPCFs) occupy the same effective in-
dex space as the cladding modes without appreciably
interacting with them.

Compared to KLPCFs, the characteristics of
guidance and guided-modes in HC-PBGF's have been
intensively investigated in theory and experiment.
Cregan et al. first reported the air core guidance in
higher-order band gaps lying in visible wavelengths in
HC-PBGFs.l”) Bouwmans et al. analysed the mode
properties of HC-PBGF at 850 nm, where the ex-
isting forms of different order guided-modes in the

fundamental band gap were experimentally shown.!*%!
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Konorov et al. reported the dynamic propagation pro-
cess of visible light in HC-PBGFs and showed the
transverse field distributions.!"] Couny et al. deeply
investigated the forming mechanism of band gaps and
achieved the experimental visualization of the Bloch-
modes in HC-PBGF's, where the relation between the
guided-modes and cladding modes was indicated.!'?
However, in the above reports, there were no inter-
stitial holes existing in the cladding regions of HC-
PBGF's and the influences of them on band-gap and
guided-mode characteristics had not been involved.
The guided-mode characteristics of HC-PBGF's with
interstitial holes from near-infrared to visible wave-
lengths were analysed by us,['*~17] but more details
of modes could not be distinguished because of longer
fibre length and higher propagation loss. In this paper,
guide-mode characteristics of HC-PBGF with intersti-
tial holes at visible wavelengths are investigated. The
transverse field distributions of different order guided-
modes are theoretically shown and the corresponding
propagation fields of fundamental and second-order
guided-modes with yellow-green light are experimen-
tally observed. The loss mechanism of guided-modes
in band-gaps is elementarily discussed.

2. Simulation and experiment

The cross section of HC-PBGF designed and
fabricated by the improved twice stack-and-draw
technique'®9 is shown in Fig. 1. As shown in
Fig. 1(a), the whole cross section of HC-PBGF in-
cludes the outer cladding structure with diameter
D, = 305 wm, which can couple the light energy
into inner cladding region and decrease the leaky
loss and the inner cladding structure with diameter

Dy = 75 um, which can confine light energy in the air
core. Figure 1(b) shows the amplified inner cladding
structure and the corresponding structure parameters
are as follows: the average cladding air hole diameter
d = 3.91 um, pitch A = 4.03 um and core diameter
D = 15.2 um. Because of fluctuations of temperature
and surface tension in the process of fabrication, the
irregular cladding and interstitial holes are formed.

Fig. 1. (a) The whole cross section of HC-PBGF and (b)
the amplified inner cladding structure.
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Fig. 2. (a) The cross-section structure of the model and (b) the normalized frequency KA as a function of the normalized

propagation constant 3A. The 1st and 2nd photonic band gaps (PBGs) associated with the circles correspond to the

different order band gaps considered, the lower-order band gap labeled by circle is unconsidered and the solid line

represents the air line. Insert displays the first Brillouin zone symmetry point nomenclature.
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All cladding and interstitial holes are considered
to be regular circularity with the same sizes in or-
der to simulate conveniently. Because of symmetri-
cal structure, a quarter of the model cross-section is
shown in Fig. 2(a). The chosen structure parameters
are the cladding air hole diameter d = 3.91 um, the
interstitial holes diameter dj,; = 0.65 pum, the pitch
A = 4.03 um and the core diameter D = 15.2 pum.
Based on the above model, the relation between nor-
malized frequency KA and normalized propagation
constant (A is presented in Fig. 2(b) by using the
full-vector plane-wave method (FVPWM).[20:21]

As presented in Ref. [13], the resonance effect of
glass interstitial apexes plays an important role in the
forming of band gaps. With higher air filling fraction
(above 95%), the interstitial apexes can be considered
to be a series of isolated points distributing periodi-
cally in air and the light energy with the same wave-
length scale will be scattered back into the air core.
The characteristics of band gaps and guided-modes
are primarily dependent on the interstitial apex sizes
and the position of band-gaps will gradually shift to
shorter wavelengths due to the existence of intersti-
tial holes (the relation between the positions of band
gaps and air filling fraction is shown in Ref. [13]). In
Fig. 2(b), K A is an approximately linear function with
BA varying from 32 to 56, the lower-order band gap
is beyond consideration and the 1st and 2nd PBGs
labeled are primarily considered. As presented in
Fig. 2(b), the parts lying above air line of two PBGs
with KA > (A (the valid band gaps) exist in the
KA ranges of 38.6 to 49.5 and 47 to 52.3 and the
corresponding wavelength ranges are from 511 nm to
656 nm and 484 nm to 536 nm. The photonic en-
ergy located in these valid PBGs can be propagated
along the longitudinal direction in defect core due to
existence of true photonic states. Furthermore, the
propagation at a low loss in these valid PBGs, which
arises from waveguide properties of identified struc-
tural cladding constituents, shows similar mode spec-
trum of the fibre cladding. However, while KA < GA
is satisfied (below air line), the photonic energy in
PBGs will be distributed over the whole cladding re-
gion including air holes and glass structures, existing
in the form of Bloch-modes because of weak guiding
approximation. As shown in Ref. [11], different points
of the reciprocal lattice in the first Brillouin zone have
different contributions to the upper and down-edge
forming of band gap. Because of two glass apexes ex-
isting within a primitive unit cell of the cladding crys-
tal, the cladding modes at the I'-point (as shown in in-
sert of Fig. 2(b)) include symmetric or anti-symmetric

modes. The symmetric modes (known as the modified
fundamental space filling modes) form the upper-edge
of the in-of-plane band gaps (below the air line) and
are characterized by the fields in all the apexes be-
ing in-of-phase with one another. For anti-symmetric
modes, they form the upper-edge of out-of-plane band
gaps (above the air line). Instead of the whole PBGs,
the guided-mode characteristics in part of 1st PBG,
corresponding to the wavelength range of 575 nm to
589 nm (BA changes from 43 to 44), is shown in Fig. 3.
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Fig. 3. The existing forms of different order guided-
modes with BA changing from 43 to 44. The dot line
stands for the fundamental (HE11), second-order (TEg1
(TMo1)) and third-order (HE31) guided-mode and the up-
and down-triangle line stands for upper- and down-edge of
band gap.

According to the difference of effective refractive
index neg = BA/KA, the air guided-modes can be
classified into the fundamental (HEq;), second-order
(TEo1 (TMp1)) and third-order (HE3;) guided-mode.
As illustrated in Fig. 3, when A changes from 43.2
to 44, the HE{; mode with n.g above 0.985 can be
well confined in air core and propagate along the lon-
gitudinal direction. When A changes from 43 to
44, the TEp (TMp;) mode with neg below 0.975
has higher leakage loss with the increasing propaga-
tion distance.[22:23] Compared to the HE;; and TEg;
(TMp;) modes, the HE3; mode with neg below 0.967
within 64 changing from 43 to 44 can distribute at
the boundary between the air core and cladding region
and it will constantly leak into the cladding region and
attenuate through coupling with surface mode and
resonating with the cladding structures. The corre-
sponding two-dimensional transverse electric field dis-
tributions of guided-modes at appointed A of 43.6
are shown in Figs. 4(a), 4(b), and 4(c), respectively.
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Fig. 4. The transverse electric field distributions of differ-
ent order air guided-modes at appointed 8A of 43.6, (a),
(b) and (c) displaying the distributions of HE11, TEq1
(TMo1) and HE3; modes, respectively.

As shown in Fig. 4(a), the transverse electric field
distribution of the HE;; mode with neg 0.987 shows
a Gauss-like shape consisting of a degenerate pair of
quasi-uniformly polarized states (the doublet of HE;
mode) and the intensity reaches up to maximum at the
centre of the fibre core, monotonically decrease with
the distance from the centre. In Figs. 4(b) and 4(c),
the electric field distribution of TEg; (TMp;) mode
with neg 0.971 consisting of a degenerate pair of two-
lobed modes (four-fold degenerate state including the
doublet of HEs; mode and TEy and TMg mode with
similar form but different frequencies) splits into two

parts, while the HE3; mode with neg 0.964 splits into
four parts and has more complex degenerate case. Be-
cause of interstitial holes’s existence, the weak guid-
ance theory can be well satisfied and the propagation
characteristics of guided-modes are also similar to that
of Bloch-modes. Especially the higher-order guided-
modes (TEg;, TMp; and HE3; mode), which will con-
stantly couple with the surface modes and leak out
into the cladding region as the propagation distance
increases and distribute over the whole cross section
including holes and glass structure, exist in the forms
of Bloch-mode.

Compared to the HE;; mode, the intensities
of higher-order guided-modes in core region become
weaker, diffuse toward the boundary between the air
core and cladding region and tend to be noisier with
more energy in the cladding structures. The setup of
propagation experiment is shown in Fig. 5(a).

In the experiment, the tungsten—halogen lamp
with the continuous spectrum range of 400 nm to
1700 nm and lower output intensity is used as a steady
light source, as shown in Fig. 5(b). The lens system
and coupling device are used to increase the coupling
efficiency and a linear coupled charge device (CCD)
is responsible for monitoring the output state. The
pinhole diaphragm only permits the energy in air core
to enter into the OSA. The length of HC-PBGF is
0.55 m and the propagation loss is measured about
0.045 dB/m at 600 nm by the cut-back method. With
the OSA having a resolution of 0.1 nm, the transmis-
sion spectrum with wavelength range of 400 nm to
1200 nm is shown in Fig. 5(c). As shown in Fig. 5(c),
the 3-dB transmitted intensities of 1st and 2nd PBGs
labeled correspond to the wavelength ranges of 565 nm
to 593 nm and 489 nm to 528 nm, which lay in the part
band gaps of Fig. 2(b) (the corresponding wavelength
ranges of 1st and 2nd PBGs in Fig. 2(b) are from
511 nm to 656 nm and 484 nm to 536 nm). Moreover,
comparing Fig. 2(b) with Fig. 5(c), we find that some
different band gaps exist, the main reasons are consid-
ered to be due to the discrepancies between simulation
model and actual structure including the shape and
size of holes and interstitial holes and the uniformity
of transverse structure along lognitudinal direction.

Through choosing appropriate fibre length and
adjusting the coupling device, two output near fields
with a mixture of yellow and green light in the wave-
length range of 565 nm to 593 nm, corresponding to
the 1st PBG labeled in Fig .5(b), are observed using a
line-array CCD by shielding the cladding region using
a small hole-diaphragm, as shown in Fig. 6.
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Fig. 5. (a) The experimental setup, panels (b) and (c) correspond to the spectrum of tungsten-halogen lamp

and the transmission spectrum observed by optical spectrum analyser (OSA).

(a)

Fig. 6. The two output near-fields observed in experiment, (a) and (b) corresponding to the wavelength range

from 565 nm to 593 nm.

The energy of output mode mainly comes from
air core due to the cladding region being shielded, as
shown in Figs. 6(a) and 6(b). In order to observe dif-
ferent order guided-modes, the fibre lengths are chosen
as 0.55 m and 0.3 m with the coupling efficiency be-
ing adjusted to be above 50%. The output near fields
of fundamental and second-order guided-modes cor-
respond to the mode field distributions as shown in
Figs. 4(a) and 4(b).

are not observed due to higher propagation loss, but

The higher-order guided-modes

plenty of guided-modes can be excited and propagated
due to larger core diameter and the existing case and

loss mechanism are also complicated.

3. Discussion on loss of guided-

modes

As discussed in Ref. [13], the loss limitations in
HC-PBGF are mainly as a result of holey interface
roughness scattering because of thermally excited sur-
face capillary waves and the anti-crossing between the
air guided-modes and surface modes.?*] The loss de-
crease in HC-PBGF guidance means the decrease of
field strength of propagating modes at the holey inter-
faces due to holey interface roughness appearing to be
an intrinsic property in the process of fibre drawing.
One approach for it is to increase the air core size,

which is limited by macro- or micro-bend loss2>:26]
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constraints imposed by the undesirable guided-modes
within the band gaps. With the increasing core size,
the undesirable guide-modes gradually increase. The
modal properties can be altered by proper design of
the fibre geometry with a given core size and the
most important one is the glass arrangement sepa-
rating the core and cladding regions. In the process
of fabrication, the thickness of core surround can be
appropriately increased to achieve anti-resonance and
the losses dominated by holey interface scattering can
be further reduced. However, when the holey inter-
face is smooth and the losses are dominated by mode
coupling between guided-modes and boundary mode,
the fibres with thicker core surrounds show an in-
creased number of mode anti-crossing events due to
larger amount of surface modes generated by trun-
cation of infinite photonic crystal, which increases
the coupling probability between the guided-modes
and surface modes due to nearly equivalent propa-
gation constants. The guided-modes will leak into
the cladding region and attenuate gradually through
resonating with the cladding structure including the
glass interstitial apexes, the silica structures joining
the neighbouring apexes and the air holes. In this
case, it is very important to reduce the influence of
surface modes. In our design and fabrication, the ar-
rangement of capillaries is designed to make trunca-
tion of infinite photonic crystal reasonable and the

electromagnetic boundary condition between core and
cladding regions will not come into breaking. More-
over, the cladding structures are composed of thin-wall
capillaries made of highly pure glass tube, the core is
formed by extracting seven capillaries and the thinner
core surround is beneficial to avoid surface modes. As
shown in Figs. 6(a) and 6(b), no surface modes are
observed. However, as a matter of fact, even if the
surface modes can be eliminated, the guided-modes
will also happen to leak due to finite cladding region
and non-strict periodicity of cladding structures.

4. Conclusion

In summary, the guided-mode characteristics of
HC-PBGF with interstitial holes fabricated in our
lab at visible wavelengths are theoretically and ex-
perimentally investigated. = The fundamental and
second-order guided-modes are observed in experi-
ment through choosing an appropriate fibre length and
adjusting coupling device. The discrepancies between
the simulation and experimental results are analysed
and the loss mechanism of guided-modes in HC-PBGF
is also discussed. The further works mainly concen-
trate on lowering the loss of such HC-PBGF to carry
out application research on high power gas-filled laser
and amplifier.
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