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ABSTRACT

Thermal stability of mean wavelength is crucial for sources to the high precision Sagnac
sensor measurement, because that the thermal drift of mean wavelength of light source de-
creases the linearity of scale factor of the sensor measurement. A method for designing and
fabricating a temperature compensated long-period fiber grating for Er** superfluorescent fiber
source (SFS) has been proposed. For SFS an improved thermal stability of 0.2 ppm/°C was
achieved by means of CW UV laser fabricated LPG.
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I. Introduction

Thermal stability of mean wavelength is crucial for
sources to the high precision Sagnac sensor
measurement. Typical navigational sensors demand the
thermal stability to be less than 1 ppm/°C. Using an Er-
doped fiber source backward pumped by a laser diode
(980 nm), Hall et al. [1] achieved an optimum value of
3 pp/°C by careful adjustment of related parameters,
such as fiber length, power, and wavelength of the pump-
ing source. Lefevre and co-workers [2] suggested that
the sensitivity of the thermal drift could be further re-
duced by means of a pumping source with narrow-band
filter. In this context, the long-period fiber grating (LPG)
is a practical component in compensating the thermal
drift of mean wavelength for Er*® SFS. This may be
easily done by inserting LPG at the SFS output of the
fiber path while keeping the other components at ambi-
ent temperature. Although such technique has been dem-
onstrated by Patrick et al. [3], the spectrum is unique
for each SFS. The characteristics of SFS spectrum are

dependent on the configuration of the source [4], the
pump power and the wavelength, the length and doping
of the fiber and the polarization state [5]. Several tech-
niques have been used to reshape the spectrum and in-
crease the linewidth [6], in order to meet the require-

.ments for inertial navigation applications. Therefore

different SES could require different compensation. In
this work, we concern the universal method of the opti-
mum of compensation for all kinds of SFS.

The optimum is carried out by using a predesigned
LPG, made by ‘point-by-point’ exposure of a controlled
dual bands (325 and 441 nm) CW He-Cd laser, in com-
pensating the wavelength thermal drift for high-stabil-
ity Er** doped SFS.

I1. Theory
A. Sagnac Sensor Theory

The optical scale factor of a Sagnac sensor, which

is correlated to the induced phase shift ¢ and rotation...
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rate Q, is inversely proportional to the mean wavelength

A of the source by

Mg =220 @ (n

where D and L respectively represent the diameter and
length of sensing fiber coil. C is the speed of the light.

The mean wavelength A and the spectral line width
AA of SFS can be determined by [1]
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For practical applications, a stable mean wavelength
less than 1 ppm/°C, and a bandwidth more than 30 nm
are required.

B. Coupled mode theory of Long Period Fiber Grat-
ing

The phase matching condition of the long period
gratings between the fundamental mode and the clad-
ding modes, can be expressed by [7]

Bor —ﬁ(cr;)=2Tﬂ “)

where By, and B,/ are the propagating constants of the
fundamental mode and the clad mode respectively. A
is the grating periodicity required to couple the funda-
mental mode to the nth-cladding mode.

Moreover, the wavelength separation between the
two nearest modes p and p+1, can also be approximated

by [7]
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where a,; is the radius of the cladding and A.,. is cut-off
wavelength. From Egs. (5) and (5), the grating period-
icity and the wavelength separation between any two
modes can be calculated for a specific designed
spectrum.

C. Thermal Drift Compensation Method

The methodology for compensating the wavelength
thermal drift is accomplished by inserting the LPG at
the SFS output of the fiber path. The spectrum for SFS
can thus be obtained at various temperatures.
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Consequently, the difference between two spectra at
separate temperatures which Sggg(r)) is temperature T;
and Sggg(r,) is temperature T, can be expressed by

ASspsr,-T,) = SsFs(ry = SsFs(ry) (6)

Similarly, the variation of LPG transmittance with
temperature can be expressed by

ASGmn’ng(Tl—Tz) = SGrating(Tz) - SGrating(Tl) @)

where Sgrating(t D and SGrmng(Tz) respectively represent
the spectra at temperature T, and T,. A stable mean
wavelength in this system could be achieved only if the -
following condition is fulfilled.

ASsrsr,-1,) = ~ASGrating(r-1,) ®)

The implementation of the compensation in the
equation above is crucial for the design of LPG. In this
work, a commercial software package, namely
IFO_GRATING (Integrated and Fiber Optical Grating
Design.), was used for the design of LPG. Another
software, Erbium Doped Fiber Amplifier- Design
(Optiwave Co.) is used to simulate the characteristics
of SFS. The transmittance of LPG and the spectrum of
SFS obtained from the experiments can thus be fitted

by Eqgs. (6)-(8).
I11. Experimental Setup

The schematic of the experimental setup is shown
in Fig. 1. A fiber pig-tailing 980 nm laser diode
(maximum output 130 mW) was passed through a nar-
row band Bragg fiber grating to pump an Er** doped
(3%) fiber (length 70 m) via an IWDM (Wavelength
Division Multiplexer with Isolator). As the backward
light of Er* doped fiber reflected back through IWDM,
the output of SFS is obtained. The pumping light source

980 nm
Brag fiber
grating
980 nm
Laser diode Hn .
TWDM Er** Fiber
Temp.
control
Cuorrent
control
0sA I

Fig. 1. The SFS light source.
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can be optimized by careful adjustment of the pumping
current. At constant temperature, the pumping source
can be easily maintained at a steady level of less than 5
pm/°C. Subsequently; the thermal stability of the light
source can be examined while the system was subjected
to thermal treatment in a temperature-controlled oven.

The light source was hooked to a HP71451B Opti-
cal Spectrum Analyzer, where signal was obtained and
processed by a home-designed LabVIEW program. In
order to change the temperature of the source, either the
whole system (including the pumping diode, IWDM and
the Er** doped fiber) or part of the system (IWDM or
the Er*? doped fiber) was placed in the oven. The varia-
tions in mean wavelength, also monitored by the
LabVIEW program, were recorded during both raising
and lowering the temperature. All collected data were
then processed and analyzed by a PC.

The experimental setup for the fabrication of LPG
is shown in Fig. 2. A photosensitive fiber [8, 9] must be
subjected to hydrogen treatment for at least 7 days. Prior
to the experiments, 50 mm of the fibers was stripped off
at both ends. Then, one end of the fiber was launched
by Tungsten global source (0.3 W), while the other end
was adapted to optical spectrum analyzer. To fabricate
a precise LPG for compensating the thermal drift of SFS
mean wavelength, a He-Cd laser was used. In an earlier
study, we have stated [8] that in addition to the absorp-
tion at 248 nm, germanosilicate glass is also sensitive
to the near UV region (at 330 nm). Thus, in this work,
a stable LPG was obtained by ‘point-by-point’ expo-
sure of the dual-bands (325 and 441 nm), CW He-Cd
laser, which was operated at a total output power of 100
mW and was focused by an objective lens. The output
power for the 325 and 441 nm band was 20 and 80 mW,

HeCd LASER
l 2

computer controlled
valve

eflecting mirror

focus lens
N F g

S e e

OPTICAL
SPECTRAL
ANALYZER

tungsten .
teme ‘—_-\\?-____
50 um aperture
Photo sensitive fiber™ e sscicesnsasae ._____//,
5 } controlle
T T stage

Fig. 2. LPG fabrication setup.
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respectively.

The target fiber was exposed behind the objective
lens. Fiber grating was formed when exposed to He-Cd
laser light; a shutter automatically triggered by the PC
controlled the step of each periodicity. The process is
completed when a desirable number of grating steps was
reached. The LPG was followed by annealing treat-
ment in an oven by slowly raising the temperature to
120°C, then maintained at the temperature for 6hrs be-
fore it was finally brought down to room temperature.
Such annealing treatments were repeated at least three
times.

IV. Results

Optimization and allocation of the best focus posi-
tion for the laser spot on fiber is crucial in fiber grating.
By proper adjustment of the focus location, the trans-
mittance of LPG with a grating period A = 200 um was
successfully achieved (Fig. 3).

The optimized condition for a fiber grating formed
for 100 periods; the absorbance can be reached to 15dB.
The absorbance becomes more stable after annealing
treatments for three times. Before the LPG was inserted
in the fiber path, a typical spectrum of the laser diode
pumped Er** doped fiber is depicted in Fig. 4, showing
a mean wavelength of 1541.35 nm with spectral line
width of 41.2 nm. The spectrum affected by thermal
drift in the absence of LPG is shown in Fig. 5. The
difference between two spectra of SFS at 25°C and 70°C
exhibits an asymmetric sinusoidal feature, as shown in
Fig. 6. On the other hand, the difference between spec-
tra 25°C and 70°C of LPG shows an asymmetric sinu-
soidal function (Fig. 7) reverse to that of SFS. Due to
each SES having unique spectrum, the variation of spec-
trum under different temperatures vary with the SES.
To obtain optimum compensation, the compensating
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Fig. 3. LPG transmittance with A=200um grating perfic;)'d.'y,  1 S
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LPG should be designed to fit the asymmetrical sinu-
soidal feature, width, depth and reflecting point as Fig.
6. The transmittance spectrum of LPG depends on the
characteristics of the fiber, grating periodicity, grating
length, and exposure time [5]. Therefore the fabrica-
tion parameters can be estimated using the IFO-Grating
software, SFS mean wavelength stability could be
obtained.

Thus, a long-period grating was designed and fab-
ricated to compensate the thermal drift of SFS mean
wavelength. As a result, the correlation between the
mean-wavelength and temperature is displayed in Fig.
8, showing an overall slope of only 0.2 ppm/°C, as
expected. Clearly, by inserting the designed LPG to
SFS, the thermal drift of the mean wavelength was
largely reduced. Moreover, as far as the packing of LPG
is concerned, straight and unbendable housing is gener-
ally considered the only possible way. However, in this
study, we also found that the variation rate of mean
wavelength with temperature increasing and lowering
1s 0.028 nm/°C and 0.032 nm/°C respectively for the
LPG without housing. It keeps at 0.032 nm/°C with
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Fig. 4. The spectra of the laser diode pumped Er** doped fiber.
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Fig. 5. The spectra of the mean wavelength drift vs. temperature.
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package regardless with temperature increasing or
lowering. In other words, the LPG packing applied in
this study may merits important impact and practical
applications.
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Fig. 6. The difference between two spectra of SFS at 25°C and
70°C.
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Fig. 7. The difference between two spectra of LPG at 25°C and

70 °C.
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V. Conclusion

This paper illustrated the methodology for achiev-
ing thermal stability of mean wavelength of Er** SFS.
For SFS, a compensated wavelength thermal stability
of less than 0.2 ppm/°C can easily be obtained. This
was achieved by cooling the pumping source with TE
cooler and keeping WDM thermally isolated, while the
other components, such as LPG, erbium-doped fiber,
and isolator were in a non-thermal controlled
environments. The technique for fabricating LPG pre-
sented in this study should be useful in compensating
the thermal drift of mean wavelength of high precision
fiber sensors.
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