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1. Introduction

The behavior of a temperature self-compensating, fiber, long-period grating (LPG) device is studied.
This device consists of a single 325-pm-period LPG recorded across two sections of a single-mode
B-Ge-codoped fiber—one section bare and the other coated with a 1-um thickness of Ag. This structure
generates two attenuation bands associated with the eighth and ninth cladding modes, which are
spectrally close together (~60 nm). The attenuation band associated with the Ag-coated section is
unaffected by changes in the refractive index of the surrounding medium and can be used to compensate
for the temperature of the bare-fiber section. The sensor has a resolution of =1.0 X 1072 for the
refractive index and 0.3 °C for the temperature. The effect of bending on the spectral characteristics
of the two attenuation bands was found to be nonlinear, with the Ag-coated LPG having the greater
sensitivity. © 2003 Optical Society of America
OCIS codes: 060.2370, 060.2310.

In general, problems can arise when one is using a

A fiber long-period grating (LPG) is an axially peri-
odic refractive-index variation with a period of typi-
cally a few hundred micrometers inscribed in the core
of a photosensitive single-mode optical fiber by ultra-
violet irradiation. Study of the LPG attenuation
bands has yielded many potential applications. One
important area is in fiber-optic telecommunications,
where LPGs have found use as wavelength-selective
filters for flattening the gain spectrum of Er-doped
fiber amplifiers.2 Also, over the past few years,
LPGs have found numerous applications in the field
of sensing because of their sensitivity to strain, tem-
perature, and the refractive index of the surrounding
medium.?5 LPG sensitivity can manifest itself in
two ways; first, through the spectral shift in the at-
tenuation band, which here we refer to as spectral
sensitivity, and, second, through a change in the
strength of the attenuation band.
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LPG that is written into a conventional step-index
single-mode fiber because of its sensitivity to various
external influences. One problem is distinguishing
between individual measurands; several papers have
been published addressing this problem.6-8 Various
discrimination schemes have been used to address
this problem, including a pair of fiber Bragg gratings
(FBGs),*12 a LPG working in series with a FBG,13 a
FBG working in conjunction with fiber Fabry—Perot
devices,'* and a sampled FBG.15

We report for the first time to our knowledge the
fabrication and characterization of a single LPG fiber
sensor that uses information from a limited spectral
region to distinguish between spectral variation
caused by changes in temperature and the surround-
ing medium’s refractive index. Therefore this LPG
fiber sensor can be used for simultaneous or separate
measurements of temperature and refractive index
with a single optical source. We have also studied the
bend sensitivity of this device. The device consists of
a single grating inscribed across the junction between
a bare single-mode fiber and a region coated with Ag.

2. Fabrication of the Long-Period Grating Sensing
Device

The fabrication of the LPG device was done in two
parts. First, a length of bare B—Ge-codoped step-
index single-mode fiber was placed into a sputter
machine. A section of the fiber (4 cm) was sputtered
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Fig. 1. Schematic of the fiber LPG sensing device.
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with a uniform layer of Ag with a thickness of 1 pm.
The uniform thickness of the Ag was achieved by a
mechanical rotational rig placed in the sputter ma-
chine. Second, the LPG was written into the fiber
with a point-by-point writing technique using a pro-
grammable shutter (a spatial period of 325 pm was
chosen) (see Fig. 1).

The wultraviolet beam was generated from a
frequency-doubled argon-ion laser, which was fo-
cused to a size of approximately 10 pm. The LPG in
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Fig. 2. (a) Transmission spectrum during fabrication of the LPG (period = 325 pm, length L = 4 cm) in 1-pm Ag-coated B—Ge-codoped
optical fiber. (b) Transmission spectrum during the fabrication of the LPG (period = 325 pm, L = 4 cm) in the bare-fiber section. Traces

offset for clarity.
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Fig. 3. Effect of temperature on the transmission spectrum of the LPG fiber device over a range 22—82 °C. Arrows show the direction

of increasing temperature.

the Ag-coated fiber was fabricated first, with a power
of 120 mW at a scan rate of 0.05 mm s~ '; the power
used for the LPG in the bare fiber was 90 mW at a
scan rate of 0.27 mm s~ !. Throughout the recording
process, the attenuation bands were monitored with
an optical spectrum analyzer (OSA). Figure 2(a) il-
lustrates the recording process in the coated fiber,
with the strongest stop band (~3 dB) occurring at a
wavelength of 1540 nm. Figure 2(b) shows the at-
tenuation bands forming during subsequent inscrip-
tion in the bare fiber.

It can be seen that, owing to the different recording
characteristics of the two regions, the attenuation
band of the eighth cladding mode in the bare section
is spectrally located close to the attenuation band of
the ninth cladding mode in the Ag-coated section
(~60 nm). This raises the interesting possibility of
using a single light source to interrogate this kind of
LPG device. The evolution of the attenuation bands
in both sections during fabrication was expected to be
different because the Ag coating modifies the
waveguide structure. The spectral behavior of the
attenuation bands reflects the behavior of the asso-
ciated cladding modes, which are dependent on the
material and geometry of the waveguide for their
effective indices and group refractive indices.16

3. Spectral Sensitivity of the Long-Period Grating
Sensor

A. Temperature Sensitivity

The LPG sensor was subjected to three measurands:
temperature, changes in the surrounding medium’s
refractive index, and bending. In all cases measure-
ments were performed by using an OSA with an in-
ternal broadband light source and with an accuracy
of 0.04 nm. The sensitivity to temperature was in-
vestigated by placing the sensor under a thermally
insulating cover and on a hot plate. The tempera-
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ture of the hot plate was measured by using a probe
with an accuracy of =0.1 °C. The spectral locations
of the central wavelengths of the attenuation bands
associated with the eighth cladding mode in the bare-
fiber section and the ninth cladding mode in the Ag-
coated section were monitored, and the results are
shown in Fig. 3.

It can be seen from Fig. 3 that the spectral sensi-
tivity of the two attenuation bands are dissimilar
even though they are spectrally close, this is expected
because each attenuation band is associated with a
different cladding mode. The spectral shift of the
center wavelengths of these two attenuation bands as
a function of change in temperature is shown in Fig.
4.

Over the temperature range of 22—-82 °C we ob-
served a total wavelength shift of —27.8 nm for the
bare section and —45.4 nm for the Ag-coated section,
giving temperature sensitivities of d\/dT = 0.4576 =
2 %X 1074 nm°C ! and d\/dT = 0.7282 = 4 x 10™*
nm °C™ 1, respectively. Comparing the experimen-
tal result for the eighth mode with the results for a
similar fiber described in Ref. 17 as 0.579 nm °C !
shows a lower sensitivity, this may be due in part to
the different spectral locations of the attenuation
bands. The temperature resolutions of the LPG de-
vice, defined as the root-mean-square deviations from
linearity, are 0.4 °C for the attenuation band asso-
ciated with the bare-fiber section and +0.3 °C for the
attenuation band associated with the Ag-coated sec-
tion.

B. Refractive-Index Sensitivity

The experimental apparatus used to measure the de-
pendence of the sensor’s spectral characteristics with
respect to external index n, was the same as that
used for the temperature measurement. However,
this time the LPG was placed in a V groove and
immersed in certified refractive-index (CRI) liquids
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Fig. 4. Spectral sensitivity of the two attenuation bands associated with each section of the LPG fiber device as a function of temperature

change. Linear fits to the points are shown.

(supplied by Cargille Laboratories, Inc.) that have a
quoted accuracy of +0.0002.

The LPG and V groove were carefully cleaned,
washed in methanol, then in deionized water, and
finally air dried before the immersion of the LPG into
a CRI liquid ranging from n, = 1.300 to n, = 1.452.
This cleaning procedure was adopted to minimize the
amount of salts deposited on the fiber by the chemi-
cals. The V groove was made in an Al plate and
machined flat to reduce bending of the fiber. The
plate was placed on an optical table, which acted as a
heat sink to maintain a constant temperature. This
was done to minimize thermally induced spectral
drift of the attenuation bands. The results are
shown in Figs. 5 and 6.
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Figure 5 shows that the attenuation band associ-
ated with the Ag-coated section is essentially unaf-
fected by n,. This was confirmed by immersing the
LPG device into a CRI liquid with a refractive index
n, = 1.70, which again produced no discernible shift.
This was to be expected, since the penetration depth
of Ag at a wavelength of ~1500 nm is ~10 nm.8
Therefore the E field of the cladding mode associated
with the attenuation band in the Ag-coated section
would be significantly attenuated in the 1-pm thick-
ness of Ag, so the n, has negligible effect. Note,

however, that the penetration depth in the region
from ~230 to ~300 nm varies from ~20 to ~0.1 pm,
making it possible to fabricate the LPG through the
1-pm Ag coating with a long exposure.
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Fig. 5. Effect of increasing refractive index of the surrounding medium on the transmission spectrum of the LPG fiber device.
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Fig. 6. Experimental spectral sensitivity of the attenuation band associated with the bare-fiber section of the LPG fiber device as a

function of n,.

The attenuation band associated with the bare-
fiber section demonstrates the usual spectral charac-
teristics of a LPG with regard ton,. Thisis shown in
Fig. 6.

The linear-regression technique was employed on
several sets of experimental data to determine the
spectral response of the LPG device to changes in the
surrounding medium’s refractive index, which is in-
dicated by the error bars in Fig. 6. The deviation in
the experimental results yields a wavelength resolu-
tion of ~*0.066 nm for the eighth mode for the at-
tenuation band associated with the bare fiber around
arefractive index of 1.375. This translates to approx-
imate refractive-index resolutions (An,) of =9.6 X 10~*
in that region.

C. Bending Sensitivity

The third investigation was to obtain the sensor’s
spectral sensitivity to bending. This was achieved
with the experimental setup shown in Fig. 7.

The LPG device was clamped between two towers;
one of the clamps was mounted on a translation stage
that was moved inward to induce a bend in the optical
fiber. For this arrangement with the LPG midway
between the clamps, the sensor’s curvature, R, is
given in Ref. 19 as
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Fig. 7. Schematic of the bending apparatus.
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where L is the half-distance between the edges of the
two towers and d is the bending displacement at the
center of the LPG. The central wavelength of the
two attenuation bands was monitored with an OSA.
The results are shown in Fig. 8.

It can be seen from Fig. 8 that the wavelength
shifts of both attenuation bands are not a linear func-
tion of curvature; a quadratic gives a reasonable fit to
the experimental data, as shown in the figure. The
departure of the curves from the fitted polynomial
correspond to a wavelength resolution of ~*+0.2 nm
for the eighth mode and ~=*0.3 nm for the ninth
mode, which translate to approximate curvature res-
olutions of ~+0.037 and ~*0.04 m !, respectively.

It should be pointed out that the calculation of the
curvature assumes that the fiber has a uniform cross
section. In our case, the Ag-coated section will have
slightly higher rigidity than the bare fiber and hence
will have a slightly lower curvature. The larger val-
ues of wavelength shift exhibited by the coated sec-
tion are a result of the attenuation band’s being
associated with a higher-order cladding mode, which
leads in this case to a greater sensitivity.

4. Conclusion

We have described the fabrication and characteriza-
tion of a temperature self-compensating single LPG
fiber device based on a two-section LPG, with one
section of the fiber being Ag-coated before its fabri-
cation. The strength of this Ag-coated stop band
after fabrication was ~3 dB. The attenuation band
associated with the Ag-coated fiber is unaffected by
changes in the surrounding medium’s refractive in-
dex, which was tested up to n, = 1.7, and has a
temperature sensitivity of —0.728 nm °C~!. Thus it
can be used to compensate for temperature effects.
The scheme used to interrogate this sensor yields
resolutions of +1.0 X 102 for a refractive index in
the region of 1.375 and *0.3 °C for temperature.
This property is due to the penetration depth of Ag
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Fig. 8. Experimental central wavelength shift of the attenuation bands as a function of curvature subjected to the LPG device.

at a wavelength of 1500 nm, which is ~20 nm. Also,
the spectral response of the two attenuation bands to
bending was investigated, and it was found that there
was a significant difference between the attenuation
bands, with the Ag-coated section’s stop band having
a greater sensitivity at curvatures in excess of 3m ™.
This type of LPG may be used to overcome the
recoating problems caused by the sensitivity to exter-
nal refractive index of normal LPGs in step-index
fibers that are used for gain flattening in the telecom-
munications industry. Also, this sensor can be used
for simultaneous measurement of temperature and
the refractive index of the surrounding medium. Fi-
nally, the attenuation bands are spectrally close to
each other, allowing a single light source to be used to
interrogate the device, thus reducing costs.
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