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We study the shift of a long period grating’s resonance wavelength with UV induced refractive index
changes in an all-solid photonic bandgap fiber. A long period grating is mechanically imprinted in an
all-solid photonic bandgap fiber with Germanium doped silica high-index rods in a lower-index silica
background. The index of the high-index rods is modified through UV exposure, and we observe that

the long period grating’s resonance shifts with the bandgaps. With a sensitivity of 21,000 nanometers
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per refractive index unit and a 8.8 nm resonance width changes of refractive index of 3 x 107 are in prin-
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1. Introduction

Solid core photonic band gap fibers (SC-PBGFs) are photonic
crystal fibers [1] in which a solid core of refractive index nq, is sur-
rounded by a cladding consisting of a periodic arrangement of
inclusions having a refractive index (np;gn) higher than that of the
background (nye) (Fig. 1). SC-PBGFs can be made either by infil-
trating high-index fluids into holey fibers [2], or by incorporating
high-index Germanium doped silica inclusions in a lower-index
silica background at the preform stage [3], leading after drawing
to all-solid SC-PBGFs. The light guidance for SC-PBGFs can equiva-
lently be explained in terms of antiresonant reflecting optical
waveguide (ARROW) or bandgap effects [4-8]. In particular, SC-
PBGFs have high and low transmission wavelength bands, which
are delimited by the cutoffs of the high-index inclusions’ modes
[4,5], and are thus sensitive to the refractive index of the high-in-
dex inclusions [9]. This sensitivity, in particular when the inclu-
sions are high-index fluids, can be used to create refractive index
sensors [10] or temperature tunable filters [9]. While the wave-
length shift of transmission bands can be quite dramatic with
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refractive index changes, the edges of the bands are not very sharp,
so that the smallest detectable refractive index changes are not
necessarily competitive with other sensing techniques [11]. By
introducing sharper features in the transmission spectrum of SC-
PBGFs this limitation could be overcome, under the condition that
these features also shift with the transmission bands of the SC-
PBGF with changes in refractive index.

Steinvurzel et al. showed that long period gratings (LPG) can be
used for that purpose [12]. LPGs are corrugations of the refractive
index or geometry of a fiber with a period much longer than the
wavelength, of the order of hundreds of micrometers [13]. LPGs
couple light between co-propagating modes, typically between a
core mode and a cladding mode. When in a SC-PBGF, resonant
wavelengths at which such coupling occur have a sensitivity to
refractive index changes similar to that of the SC-PBGF’s transmis-
sion bands themselves. Steinvurzel et al. predicted that this could
lead to LPGs having extreme refractive index sensitivities when
Thigh — Miow 15 small [12], and in particular to sensitivities that ex-
ceed those possible in index guiding LPGs [14] thanks to an almost
perfect overlap of the cladding mode with the high-index
inclusions.

In this paper, we verify Steinvurzel et al’s prediction that LPGs
in low-index-contrast SC-PBGFs have extreme sensitivities. We
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Fig. 1. (a) Principle of the experiment; and (b) optical micrograph of the SC-PBGF used in the experiment. Dimensions are given in the text.

do this using an all-solid silica SC-PBGF in which high-index re-
gions are Germanium doped silica with an index-contrast of only
2%. We imprint a microbend LPG in these fibers and then expose
the grating to intense UV light to modify the high-index inclusion’s
refractive index. We observe that the LPG resonances indeed shift
with UV exposure, and with a sensitivity of 2.1 x 10* nm per
refractive index unit (nm/RIU) we infer a detection limit of the or-
der of 3 x 107® RIU [11].

2. Experimental setup

The principle of the experiment is illustrated in Fig. 1. A micro-
bend LPG is imprinted on an all-solid SC-PBGF (Fig. 1b) using a
threaded rod. The refractive index of the SC-PBGF's Germanium
doped high index rod is then altered through exposure to intense
UV light, while the transmission spectrum of the LPG is measured.
The change in index of the high index rods causes the transmission
bands of the SC-PBGFs and the LPG’s transmission dips to shift in
wavelength.

We use an all-solid SC-PBGF. The cladding of this fiber consists
of a hexagonal array of high-index inclusions made out of 20% Ger-
manium doped silica, in a silica background (Fig. 1). The fiber has a
centre to centre distance between inclusions of 4 ~ 6.7 um, and
rod diameter d ~ 3.2 pm. Since Ge-doped silica is photosensitive,
the refractive index of the high index regions can be tuned after
fabrication by exposing the fiber to UV light [15].

Each Ge-doped inclusion has a cylindrical graded refractive in-
dex distribution described by

n(r) = | Maiea - (14 An - (1= (/o)) 1 <1
nsilica r>=r,

(1)

where r is the distance from rod’s center, o ~ 4.7, Ang; ~ 0.0203 and
o~ 1.6 pm. The transmission spectrum of the fiber before any UV
exposure is shown in Fig. 2, and displays the typical high- and
low-transmission windows of bandgap fibers. In the remainder of
the article we will concentrate on the lowest order high-transmis-
sion window, above 1200 nm.

Two experiments were carried out: In the first experiment, we
simply demonstrated our ability to modify the refractive index of
the Ge-doped rods through exposure to UV light, which was ob-
served through the resulting wavelength shift in the transmission
bands. For this, we exposed an 18 cm long section of hydrogen-
loaded [16,17] SC-PBGF to UV light using a frequency doubled con-
tinuous-wave Argon-ion laser (244 nm, ~80 mW). The laser light
was focused with a cylindrical lens on the fiber so as to have a spot
size of the same size as the fiber diameter. The laser spot was then
swept a number of times over a length of 10.5 cm of the fiber using
a translation stage. Total exposure after each sweep was calculated
using the sweep time, measured laser power and measured spot
size.

In the second experiment, a new piece of hydrogenated SC-
PBGF was placed between a stainless steel threaded rod and an alu-
minium frame, and butt-coupled to a supercontinuum source and
an optical spectrum analyzer (Fig. 3). The threaded rod creates a

5 cm long microbend LPG with 0.7 mm periodicity. The SC-PBGF
was then exposed to UV using the same method as in the first
experiment, but with sweeps covering the length of the LPG only.

3. Results

Fig. 4 shows the results for our first experiment, in which we
measure the evolution of the edge of the lowest order transmission
window with total UV exposure, without an LPG. Each sweep lasts
23 min, with an estimated deposited energy of ~55 J/cm? per
sweep. A shift of ~119 nm is obtained for a total UV energy of
~500 J/cm? after nine sweeps. The shift in bandgap is due to the
UV-induced refractive index change in SC-PBGF, and is consistent
with previous results [15], demonstrating our setup can success-
fully tune the refractive index of the Ge-doped rods. As noted in
Ref. [15], with UV exposure the short wavelength edge of the trans-
mission bands are red-shifted, while the long wavelength edge re-
mains constant to first order. This is because the fiber is exposed to
UV light only over about half the total fibre length; the unexposed
parts of the fiber have low transmission at wavelengths longer
than the unperturbed band edge. We also note that the band edges
become slightly less sharp with successive exposures. This may
indicate that the exposure across the fiber is inhomogeneous, an
effect that is expected from the absorption of the UV light across
the fiber.

Fig. 5 shows the transmission spectrum of the SC-PBGF with the
microbend LPG, before any UV exposure and after successive
sweeps of 41 min duration, each corresponding to an energy of
approximately 75 J/cm? per sweep. The dip in transmission due
to the LPG shifts in wavelength with successive sweeps, at a rate
comparable to that of the edge of the band. However, the feature
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Fig. 2. Transmission spectrum of the unexposed SC-PBGF, without grating. Dashed
vertical lines are the cutoff-wavelengths of the lowest order modes of a single high-
index inclusion (cf. text).
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Fig. 3. Schematic of the experimental setup. Bottom left, detail of the threaded rod applied to the SC-PBGF to generate the microbend LPG.
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Fig. 4. Left: shift of transmission bands of the SC-PBGF with successive exposures to UV light. Top curve: transmission of unexposed fiber; bottom: after nine exposures of
55 J/cm? each. Successive curves are shifted by —20 dB for clarity. Right: detail of the transmission around the short wavelength edge of the first gap, for successive exposures.

of the LPG is much sharper, allowing greater precision in detecting
shifts. The depth of the resonance dip decreases with increasing
exposure, which we attribute to imperfections in the uniformity
of the UV exposure, mostly as a result of the difficulty to maintain
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Fig. 5. Shift of the resonance of our microbend SC-PBGF LPG with successive UV
exposures of 75 J/cm? each. Top: unexposed LPG; bottom: after four exposures.
Successive curves are shifted by —10 dB for clarity.

the fiber at the same position in the UV beam during sweeps. Be-
low 200 J/cm? a very clear peak is maintained with a 3 dB width
below 10 nm. For an exposure of 150 J/cm? (third curve in Fig. 5)
we measure a shift of the resonance wavelength and of the band
edge of 18 nm and a resonance width of 8.8 nm.

4. Sensitivity

Our experiment demonstrate that the LPG resonance indeed
shifts with the bands, even for low-index-contrast SC-PBGFs where
that shift is very sensitive to refractive index change. For geome-
tries that would use this effect for refractive index sensing, it is
important to estimate the sensitivity of that shift, as well as the
resulting smallest detectable change in refractive index.

The sensitivity can be inferred from the shift of the edges of the
bands. According to the ARROW model [9] high-transmission
bands of SC-PBGFs are delimited by the cutoffs of high index inclu-
sions. Approximating the graded index profile by a step index rod,
the lowest bands are delimited by the cutoff of the lowest order
rod modes, having normalized frequency given by

2 2
B 2Troq/Np — 10

AL L @)

where 1y, = ngjica(1 + Ang;) and n; = ngjica, and where for the two
lowest order modes Z is a first zero of the Bessel function of order
0 or 1. The dashed lines in Fig. 1 show the corresponding cutoft-
wavelengths. Eq. (2) implies that when the refractive index of the
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rods ny, change by én, the cutoffs and thus the bands shift by 6/, re-
lated by

Ly ANy,
on— n —n? 3
Given that to first order the LPG resonance shifts with the bands
[12], Eq. (3) can also be used to estimate the shift in the LPG’s res-
onant wavelength. With our structure, we calculate a sensitivity de-
fined by Eq. (3) of 2.1 x 10* nm/RUI, meaning that the measured
band edge and LPG resonance shift of 64 = 18 nm after an exposure
of 300 J/cm? corresponds to on ~ 0.0025. Considering that the LPG
resonance dip has a 3-dB width of 8.8 nm (after exposure), the
detectable change of refractive index assuming a signal to noise ra-
tio of 60 dB would be 3 x 1076 [11].

This is comparable to the best published fiber-based refractive
index sensing devices, and can be improved in particular by
designing the LPG to have narrower resonances. Our results repre-
sent an order of magnitude improvement in sensitivity compared
to previous studies of LPGs in SC-PBGFs [12], due to the use of
smaller index-contrast high-index inclusions.

5. Conclusions

We have studied the wavelength shift of LPG resonances in an
all-solid, low-index-contrast SC-PBGF with induced refractive in-
dex changes. In agreement with earlier predictions [12], we have
demonstrated that LPG resonances follow the bands when the
refractive index of the high-index inclusion is modified, even for
small index-contrasts where the sensitivity of the bands to refrac-
tive index is very large. We demonstrated that this large sensitivity
in conjunction with the small resonance width of LPGs leads to
detectable refractive index changes as small as 3 x 1075, While
we have used an all-solid SC-PPBGF to explore the potential of
LPGs in low-index-contrast SC-PBGFs, the most promising applica-
tion lies in refractive index sensing, with high-index fluid infil-
trated photonic crystal fibers.
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