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Using three-layer vector field model, the dispersion characteristics and spectral response of long-period fiber gratings

(LPFGs) with different cladding radii are analyzed. Both the numerical and experimental results demonstrate that LPFG’s

resonant wavelengths shift towards much longer wavelength and the transmission depth is strengthened significantly by

decreasing cladding radius. When the cladding radius is less than 20 um, only a single resonant peak over a wavelength

range of 600 nm (from 1200 nm to 1800 nm) is achieved, and the sensitivity of LPFG to external refractive index is en-

hanced significantly.
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In recent years, long-period fiber grating (LPFG) has
found many potential applications in optical communica-
tion!"! and optical fiber sensor™!. LPFG is a photosensi-
tive or hydrogen-loaded single-mode optical fiber with the
core inscribed by axially periodic refractive index modula-
tion. It couples light from core mode to co-propagating
higher-order cladding modes which are primarily guided
by fiber cladding. Therefore, the structure of fiber plays a
very important role on LPFG’s transmission spectrum!*.
Although there are several studies about the effect of clad-
ding radius on LPFG’s characteristics” ", most of them are
focused on the resonant coupling between the core mode
and the lower-order cladding mode under the cladding
radius larger than 50 wm, and only demonstrate the wave-
length shift for different cladding radii. However, the
characteristics of LPFG here mean not only the resonant
wavelength but also its transmission depth. Therefore, in
this paper, by using three-layer vector field model, we
make a complete theoretical and experimental investiga-
tion for the effects of cladding radius on both resonant
wavelength and transmission depth of LPFG. And an ul-
tra-sensitive LPFG to the surrounding refractive index is
achieved by reducing the cladding radius.

Based on coupled-mode theory™, the pth resonant wave-
length 4, of LPFG is specified by the phase-matching con-
dition between core mode and cladding mode of fiber:
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where A is the grating period, S, and S are the propa-
gating constants of fiber’s core mode and cladding mode,
and n.g.o and negp are the effective indices of core mode

and cladding mode. The corresponding transmission depth
is
T(A,)=cos’(k,L), ()

where £, is the coupling coefficient, and L is the grating
length.

Due to the structure dependency of the propagating
constants, when the cladding radius is changed, the cen-
tral resonant wavelength is tuned”. At the same time,
both the wavelength shift and the cladding radius varia-
tion lead to the change of the coupling coefficient, which
is determined by the overlap integration between core
mode and cladding mode. Thus, the transmission depth
can also be adjusted correspondingly. In order to make a
detailed investigation about the effect of cladding radius,
the precise dispersion equation describing the three-layer
waveguide modeling should be derived firstly. Based on
the Maxwell equation, the longitudinal field components
of e, and 4, must satisfy the Helmoholtz equation in the
cylindrical coordinate system as!'”
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where complex amplitude ¥(r, ¢, z) represents the elec-
tric or magnetic field components, ky=27/1 is the wave
vector in free space, n; (i=1, 2, 3) is the refractive index
of each layer, and m is the azimuthal order. Utilizing the
relationship between transverse components and longitu-
dinal components, the transverse field components can
be obtained from longitudinal components, which can be
expressed in matrix format as follows: in the fiber core,
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where a; and a, are the radii of fiber core and cladding,
respectively, U=(ko’n—p%a’, and W*=(*~ky’n?)a*. J,,
N, 1., K,, are the Bessel functions of the first kind, the
second kind and the modified Bessel functions of the
first kind, the second kind, respectively.

In the fiber cladding layer, the field matrix has the
same format as above except that the field elements are
written in the function of J,,, N,,, J,, and N,,’ when kn,>f
or I,,, K, I,,;) and K, when kn,<p.

Based on the continuous boundary conditions, both the
propagation constants and the coupling coefficients can
be calculated.

In the following numerical simulations, fiber parame-
ters are used as n,=1.462, n,=1.457, a;=4 pm, the LPFG
is fabricated with ultraviolet (UV)-induced peak index
modulation An=1x10", and grating period is A=510 pm.

Firstly, the effect of cladding radius on the effective
index is shown in Fig.1. Although the core mode is al-
most unchanged with the decrease of cladding radius, the
radius dependency of the effective index of cladding
modes is very obvious, especially the higher-order clad-
ding modes. Since LPFG’s resonant wavelength is de-
termined by the difference of effective index according
to Eq.(1), the effective index change of cladding modes
leads to the resonant wavelength shifting towards much
longer wavelength. As can be seen from Fig.2, for the
Sth-order cladding mode (v=5), the resonant wavelength
shifts from 1430 nm to 1610 nm when the cladding ra-
dius decreases from 62.5 um to 45 pm. Another feature is
that the number of resonant wavelengths is reduced, and
only a single resonant wavelength is left in the wave-
length range of 1200-1800 nm if cladding radius is less
than 20 pm.
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To have an overall insight into the LPFG’s characteris-
tics of resonant wavelength and transmission depth for
different cladding radii, Fig.3 gives LPFG’s spectral re-
sponses for the cladding radii of 20 um, 30 pum, 45 um
and 62.5 pm. Obviously, the transmission depth varies
and the wavelength shifts with the change of cladding
radius. For example, corresponding to the 1st-order clad-
ding mode (v=1), the depth strengthens from —1 dB to
—16 dB when cladding radius decreases from 62.5 um to
20 um. It verifies the analyses about the dependency of
coupling coefficient on the resonant wavelength and the
cladding radius mentioned above.
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Fig.1 The effect of cladding radius on effective index
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Fig.2 The resonant wavelength versus cladding ra-
dius
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Fig.3 LPFG’s spectral responses under four cladding
radii
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One important application of LPFG is as an external
refractive index sensor!'"'?. The external refractive in-
dex sensitivities of two LPFGs with cladding radii of
62.5 pum and 45 um are given in Fig.4(a) and (b), respec-
tively, where the external media are water with refractive
index of n;=1 and alcohol with refractive index of n;=1.362.
We can see that the sensitivity is enhanced with the de-
crease of cladding radius.
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Fig.4 Influence of cladding radius on the LPFG sensi-
tivity to the external refractive index

Finally, in order to testify the numerical results above,
two LPFGs are fabricated in boron and germanium
(B-Ge) photosensitive fiber by using 248 nm UV beam
with output power of 15 mlJ, frequency of 45 Hz and
scanning speed of 0.15 mm/s. Both the grating lengths
are 50 mm with period of 520 pm. Then, one of them is
immersed into hydrogen fluoride (HF) acid for about 20
min so that its cladding radius is reduced to 45 um. The
spectrum characteristics are measured using an LED
light source and the optical spectrum analyzer with reso-
lution of 0.1 nm. Fig.5 gives the measured transmission
spectra for the Sth-order cladding mode resonance (v=5).
Fig.5(a) and (b) show the results for LPFGs without and
with HF etching, where the cladding radii are 62.5 pm
and 45 pum, respectively. From the comparison, we can
see that the central resonance wavelength shifts by about
130 nm towards the longer wavelength and its transmis-
sion is deepened. In addition, when LPFG is immersed
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into different external media (water or alcohol), the wave-
length variation is enhanced from about 0.5 nm in LPFG
without HF etching to about 5 nm in LPFG with HF
etching. Therefore, the sensitivity to external medium is
better for LPFG with thinner cladding radius, which is in
good agreement with our numerical calculations.
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Fig.5 Experimental results about the influence of
cladding radius on the sensitivity of the 5th-order
cladding mode in LPFGs

From the numerical analyses and experimental results,
we demonstrate that the resonant wavelength and trans-
mission depth can be tuned and the sensitivity to external
refractive index can be enhanced significantly by chang-
ing the cladding radius of LPFG. Therefore, by choosing
proper fiber parameters, LPFG can offer more desirable
and feasible characteristics in the chemical sensor.
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