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ABSTRACT

This thesis is a collection of studies on a distributed sensor based on Brillouin
scattering using polarization maintaining (PM) fibers as well as single mode fibers.

With a specially designed optical fiber circuit consisting of two polarizing beam
splitters and polarization controllers, PM fibers were successfully used as sensing media
for the Brillouin distributed sensor developed at the University of Ottawa. The use of a
single axis of a PM fiber minimizes polarization effects and therefore improves the signal
to noise ratio of the Brillouin spectrum and hence, the measurement resolution. The strain
and temperature dependence of Brillouin frequency, intensity and bandwidth of three
types of commercial PM fibers: PANDA, Bow-tie and Tiger were investigated. The main
findings from these investigations are as follows: 1) in a PM fiber, the temperature
dependence of the Brillouin frequency in the slow axis is the same as that in the fast axes,
and so is the strain dependence, 2) the Brillouin spectrum bandwidth is strain and
temperature dependent, and 3) PANDA PM fiber shows the greatest promise for use in
sensing applications and Tiger fiber is not suitable for Brillouin sensing. The feasibility of
simultaneously measuring strain and temperature using PM fibers was examined.

The 2™ order partial derivative of the Stokes intensity with respect to frequency and
position shows a maximum or minimum at the boundary between two different strained
sections. This idea was used to locate the boundary between different strain regions. This
provides a spatial location accuracy between 5 cm to10 cm, which is better than the 20 cm
pulse length used in the experiment.

The influences of transient phonon (defined as when pulse width is shorter than the
phonon relaxation time) relaxation on the Brillouin loss spectrum have been observed and
investigated. The transient phonon field lasts longer than the nature phonon lifetime ( ~10
ns). This transient phonon relaxation time is pump power and probe ER dependent, and it

affects the strain, temperature, and location measurement accuracy.



STATEMENT OF ORIGINALITY

My research work presented in this thesis was carried out under the supervision of Dr.
Xiaoyi Bao and Dr. Liang Chen in the Department of Physics, University of Ottawa.

The Brillouin sensor system used in the research was designed and constructed by the
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The original results have been published in five papers by the refereed journal OPTICS
LETTERS. They are summarized as follows:

1. Idesigned an optical circuit to use polarization-maintaining fiber as a sensing medium.
The optical circuit guarantees that the input light wave is highly polarized, aligned and
launched into one of the two principal axes.

2. Iexperimentally studied the temperature and strain dependence of Brillouin frequency,
intensity and bandwidth of PANDA, Bow-tie and Tiger PM fibers using a single polarization
axis. Simultaneous measurement of temperature and strain was conducted.

3. I proposed a 2" derivative approach for identifying strain boundaries. With this
approach, the start and end positions of a uniform strain can be determined with a location
accuracy better than the pulse width.

4. Tobserved and investigated influences of transient phonon relaxation on the Brillouin
loss spectrum. The transient phonon relaxation time is pump power and probe ER depend, and

it affects the measurement accuracy.
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Introduction

1. Optical fiber sensors

Optical fibers were developed for transmitting information in telecommunications
due to their large bandwidth and low attenuation. Their unique properties also make them
applicable as sensing media. Currently, a variety of sensors based on optical fibers have
been used for monitoring strain, temperature, vibration, displacement, rotation, pressure,
sound, flow, viscosity, and light intensity, as well as chemical, biomedical, and electrical
variables [Udd, 1995; Kersey, 1996; Krohn, 2000]. The continued advances in research
and technology have improved the performance of fiber sensors considerably. Meanwhile,
low attenuation, high performance fibers and optoelectronics devices are becoming
affordable, making optical fiber sensors more popular in scientific research, biomedical,
civil engineering and other industries.

An optical fiber sensor is a device in which light transits into and out of the fiber to
reach a sensing region where an environmental effect is converted into a light signal
within the fiber. The basic configuration of an optical sensor consists of a light source, an
optical fiber serving as a sensing element, and a receiver. According to the spatial
distribution of the parameters to be measured, fiber optical sensors can be classified in
two groups: point sensors and distributed sensors.

A point sensor takes the measurements at a single location (point) in space,
although many point sensors can be arranged in series or in matrices to enable ‘quasi’
distributed sensing. There are a variety of point sensors. The most common point sensors
are interferometric types such as Fabry-Perrot sensors [Udd, 1991] and Bragg grating
sensors [Othonos and Kalli, 1999].

A distributed sensor measures the parameters of interest with a certain spatial
resolution at any position along a single optical fiber. The fiber itself serves as a sensing
medium. Examples include systems based on Rayleigh, Raman and Brillouin scattering.
Distributed sensors are particularly demanded in applications where monitoring of

parameters is required at a large number of points or on a continuum.
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2. Rayleigh scattering and optical time domain reflectometry (OTDR)

Rayleigh scattering arises as a result of random microscopic variations in the
refractive index and dopant concentration fluctuations of the optical fiber core [Lines,
1984].

Rayleigh scattering was first used for distributed sensing with the invention of
optical time domain reflectometry (OTDR) [Barnowski et al. 1976, Bamowski et al.
1977] in which its concept became the foundation for all distributed sensors. In an
OTDR, a laser pulse is launched into a fiber. A fraction of the light is backscattered and
detected. The basic principle is shown in Fig.1-1. By monitoring the variation in the
backscattered intensity, spatial variations in the fiber scattering coefficient or cross
section, or attenuation can be determined. The spatial information is obtained by
measuring the ‘flight’ time of the pulse in the fiber. For this reason, the spatial resolution
of distributed sensors is commonly determined by the duration of the optical pulse.
OTDR is widely used for characterizing optical fibers for intrinsic attenuation, splice
losses, and fault location in fiber communications applications. For a known attenuation,

it can measure the length of optical cable over 100-200km.

‘ ‘ Optical Fiber
_._>
Pulsed laser O

-
/- Coupler
v

Detector

Fig. 1-1 Basic principle of an OTDR

Rayleigh scattering sensors have also been used for temperature sensing. Using the
temperature dependence of the Rayleigh scattering intensity in a liquid-core fiber, Hartog

achieved a H°C temperature resolution and a spatial resolution of a few meters [Hartog,
1983].
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A Rayleigh scattering sensor is simple and inexpensive. However, its temperature
dependence of the Rayleigh scattering in a glass fiber is too weak to permit sufficient
temperature sensing. The temperature coefficient of the Rayleigh scattering intensity was
measured as 0.015%/°C, only 1/17 that of Brillouin scattering intensity (0.26%/°C) in a
glass optical fiber [Li, et al. 2003a].

3. Raman scattering sensor

Raman scattering is an inelastic scattering process in which incident light is
scattered by molecular vibration in the optical fiber. The frequency of the scattered light
suffers an down-shift (Stokes) and up-shift (anti-Stokes) from that of the incident light.
The intensity of the anti-Stokes shift is dependent upon the population of optical phonons
and therefore is temperature dependent. By measuring the ratio of anti-Stokes to Stokes
intensity in the scattered light the temperature can be deduced. Because the Raman
frequency shift (THz) is large compared to that for Brillouin scattering (GHz) the two
components can be easily separated from each other (and from the Rayleigh scattering
peak) by use of optical filters.

Farries et al. demonstrated the first successful distributed Raman sensors [Farries
et al. 1984]. Kersey demonstrated that 1°C of temperature and 1 meter of spatial
resolutions were achievable along a 10 km sensing length [Kersey, 1996].

Recently Raman and Brillouin sensors were combined for temperature
compensation. A temperature resolution of 6 °C and a strain resolution of 150 ue with a
spatial resolution of 10 m for a range of more than 23 km were demonstrated with this
technique [Alahbabi et al. 2005].

Raman scattering is only sensitive to the temperature change, not strain change.
Another drawback to the Raman sensor is the low scattering coefficient, which results in
Raman scattered powers some 30 dB less than Rayleigh and 10 dB less than Brillouin
scattering [Dakin et al. 1985, Horiguchi, et al. 1995]. For this reason, high power lasers

and long acquisition times are needed.
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4. Brillouin scattering sensor

A Brillouin sensor is based on Brillouin scattering. The incident light is
backscattered by acoustic phonons in the fiber. The backscattered light experiences a
Doppler frequency shift related to the speed of the acoustic waves in the fiber. Since the
frequency shift depends linearly on changes in physical conditions, such as strain and
temperature, these conditions can be measured by analyzing the Brillouin loss or gain
spectrum of the fiber. The principle of Brillouin sensing will be discussed in detail in
Chapter 1 of this thesis. A variety of Brillouin sensing techniques developed over the
past years are briefly reviewed in Chapter 2.

The Brillouin scattering sensor is one of the most promising distributed sensors due
to 1) low input power (a few mW) requirement, 2) high sensitivity to both strain and
temperature, and 3) large measurement range from —270°C to 800°C for temperature
[Fellay, et al. 2001, Li, et al. 2003b], and a few pe to 20,000 pe for strain [DeMerchant,
2000].

5. Thesis objectives

This thesis reports my research work on the distributed sensing system developed at
the University of Ottawa, which is based on Brillouin loss using polarization-maintaining
(PM) fibers. To the best of my knowledge, this was the first time PM fibers were studied
for Brillouin sensing with a single axis in the fibers.

The objectives of this thesis are:

(1) To investigate the temperature and strain dependence of Brillouin frequency,
intensity and bandwidth in PM fibers. In order to achieve this objective, an optical circuit
was designed and added to the Brillouin sensor system allowing the use of PM fiber. Use
of this modification made it possible to obtain the Brillouin spectra from the slow and
fast axes respectively. The temperature and strain response of the Brillouin spectrum for
the PM fibers was investigated. Simultaneous measurement of temperature and strain was

conducted.
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(2) To explore a practical method to accurately measure spatial location of boundaries
of stained sections.

A 2™ derivative method was developed to identify the boundary of two strained
sections, particularly when the strain difference between the two sections is small. The
spatial location accuracy can be better than the probe pulse width.

(3) To study the influence of transient phonon relaxation on the Brillouin loss
spectrum and the physics underlying the phenomena.

In order to observe prolonged phonon relaxation time, the two-(or three-)
strain/temperature-section method was used. The phonon relaxation times at the different
CW (continuous wave) power and pulse extinction ratios were experimentally estimated.
This result helps us to understand the physics of Brillouin loss signal cross-talk

phenomena between two adjacent sections of sensing fiber.

6. Thesis outline

Chapter 1 discusses the basic principles of Brillouin distributed sensing. Chapter 2
reviews the state of the art distributed sensing technologies based on Brillouin scattering.
Next, Chapter 3 introduces PM fibers and the design of the optical circuit for the
Brillouin sensing system using PM fiber.

Chapters 4 and 5 detail the temperature dependence and strain dependence of
Brillouin frequency, bandwidth and intensity in three commercial PM fibers: PANDA,
Bow-tie and Tiger. Chapter 6 presents simultaneous strain and temperature
measurements with PM fibers and their error analysis.

Chapter 7 introduces a 2™ derivative method to identify the strain spatial location,
which leads to a location accuracy better than the pulse width, and high strain accuracy.

Chapter 8 presents the observations and investigations of transient phonon
relaxation, and its influence on the Brillouin loss spectra.

Finally, Chapter 9 gives the conclusions and proposed future work.

Note that Chapters 4, 5, 6, 7 and 8 were directly adapted from the papers published
in OPTICS LETTERS with minor changes.
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Chapter 1

Principles of distributed sensors based on Brillouin scattering

1.1 Nonlinear Optical phenomena

As derived from Maxwell’s equations, the equation for electromagnetic wave

propagation in a medium can be written as [Agrawal 1995]:
2 2
VZE—%%—;:%%:—, (1-1)
where E is the electric field, ¢ is the speed of light in vacuum, and y, is the magnetic
permeability in vacuum, respectively. P is the field-induced polarization of electric
dipoles in a dielectric medium.

The polarization is expressed generally as a power series of the electric field given
by

P=g[y" E+ y?:EE+ ¥ 'EEE + -], (1-2)
where &is the vacuum permittivity and 7% (j =, 2, -)is /™ order susceptibility and a
tensor of rank j-+. The linear susceptibility 3/” accounts for “linear optics” phenomena
such as refraction and birefringence. The second-order susceptibility ¥ is responsible
for second-harmonic and sum-frequency generation. However, it is nonzero only for
media that lack an inversion symmetry at the molecular level. y vanishes for silica
optical fibers due to that SiO; is a symmetric molecule. The third-order susceptibility y
is related to third harmonic generation and phenomena such as the Kerr effect, Raman
scattering and Brillouin scattering [Agrawal 1995].

Raman scattering has been used for distributed temperature sensing, whereas
Brillouin scattering has been used for both temperature and strain sensing. In the
following sections, discussion is mainly focused on Brillouin scattering. Since Raman
scattering sensing was combined with Brillouin sensing in some of the cases, however, a

brief discussion on Raman scattering is presented.
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1.2 Spontaneous light scattering from a medium

Spontaneous light scattering occurs as a consequence of fluctuations in the optical
properties of a material medium. There are four types of spontaneous light scattering:
Rayleigh, Rayleigh-wing, Raman and Brillouin scattering.

Rayleigh scattering arises when photons encounter static inhomogeneous refractive
index (and hence density) fluctuations. Rayleigh scattering is an elastic process, i.e., the
frequencies of the incident and scattered light are equal. Rayleigh-wing scattering [Boyd,
2003] is scattering from fluctuations in the orientation of anisotropic molecules. Since the
molecular reorientation process is rapid, this component is spectrally very broad.

Raman scattering results from the interaction of light with optical phonons that are
the vibrational modes of the molecules constituting the scattering medium. Raman
scattering is highly inelastic; the scattered frequency is three orders of magnitude higher
than that of Brillouin scattering.

Brillouin light scattering is named after Léon Brillouin who predicted light
scattering from thermally excited acoustic waves [Brillouin 1922].

Acoustic waves are propagating pressure waves, which create periodic density
waves, hence refractive index waves in a medium. Brillouin scattering can also be
equivalently considered to be the scattering of light from acoustic phonons. The photon-
phonon inelastic interaction in silica optical fiber leads to a frequency shift (e.g. ~13 GHz
and ~11 GHz for input light 1310 nm and 1550 nm respectively) of the scattered light
that depends on the velocity of the sound wave, which is a function of strain and
temperature. This frequency shift can also be considered as the Doppler shift of an optical
beam incident on a mirror moving at the velocity of sound [Yariv 1996].

Brillouin scattering is subdivided into two processes: spontaneous and stimulated. A
light scattering process is spontaneous if the fluctuations of the refractive index that cause
the light scattering are thermally excited. Conversely, a light scattering process is

stimulated when the fluctuations are induced by the presence of a light field [Boyd, 2003].
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In order to make a visual comparison, Fig. 1-1 is presented to illustrate the spectrum
of the Rayleigh-center, Rayleigh-wing, Raman and Brillouin spontaneous light scattering,

in most general circumstances.

I Rayleigh

Brillouin Brillouin

Raman Raman

Rayleigh wi

—\ Il
\J 1

Vo
Stokes 4——|—> Anti-Stokes

Fig. 1-1 A typical spontaneous light scattering spectrum [Boyd 2003].

1.3 Acoustic wave and Spontaneous Brillouin scattering

1.3.1 Acoustic wave propagation in a medium

Acoustic waves come from pressure (hence density) fluctuations in the medium. In
this section we discuss acoustic wave propagation in the specific medium of an optical
fiber.

Assume an optical fiber is isotropic, viscous and compressible. The corresponding
dielectric permittivity fluctuations of the fiber under a density variation can be expressed

as:

ae=Ep, (1-3)
op

where p is the density of the medium.

The mean squared fluctuation in the dielectric constant is

(as?)=7 <A7p>- (1-4)

0

where
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}/e:p—- (1-5)

is defined as the electrostrictive constant.

The density variation can be presented by

ap=| 2 Ap+(-a-£) As, (1-6)
dp ), os J,

here pressure p and entropy s are the independent variables. The first term describes
adiabatic density fluctuations (acoustic waves), which leads to Brillouin scattering. The
second term describes adiabatic fluctuation (entropy or temperature fluctuation), which
leads to Rayleigh scattering [Boyd 2003]. In thermal equilibrium, thermally generated
phonons are the main source of internal pressure variations, which are usually small. This
is why spontaneous Brillouin scattering is weak.

An optical fiber can be considered to be a thin and long cylinder. The pressure
fluctuations involve small displacements of a unit volume along the fiber. The

relationship between pressure and volume is given:
Ap=-K—, 1-7
P ” (1-7)

where K is the bulk modulus. This pressure transmitted to adjacent volume elements

propagates according to the d’Alembert wave equation:

d*p
vip_P%P . 1-8
Pk o 18
Since K=7.37x10'" Pa and p=2.21 x10° kg/m® for fused silica at room temperature
and atmospheric pressure, the acoustic wave velocity is v, = \/z =5775 m/s.
P
The density variation induced by the pressure wave has the form

Ap = —%[p(z,t)ei(“"’"k"z) +cc) (1-9)

where w;g is the angular velocity and & the wave vector of the acoustic wave.
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1.3.2 Light wave scattered by acoustic wave

When an incident light wave of frequency v, (wave vector k,) strikes an acoustic
wave with frequency vz (wave vector kg) the incident wave scatters from the acoustic
wave at a new frequency v; (wave vector k), which satisfies the Bragg condition for

energy and momentum conservation:

Vp—Vs =V, (1-10)
k,—ks=k;. (1-11)
@ . .
where the dispersion relations are k, =—%n,, k, = g—ns and k, -—-%’—; c is the velocity
c c 4

of light and ¥ is the acoustic wave velocity.
In general, the thermally induced acoustic wave has no preferred propagation

direction. The three waves have a relation as shown in Fig. 1-2.

Scattered wave

ks . kB
- Acoustlc wave W
k, b kp kg k,

Incident wave

(@) (b)
Fig. 1-2 Momentum vector representations of the photon-phonon interactions in Brillouin
scattering. The subscripts p, s, and B denote the incident, scattered and acoustic waves,

respectively.

From the triangle relation we have
. (8
Wy =V, |ks|= 2V, lkplsm(—z-). (1-13)

An optical fiber is a waveguide, which guides light along the longitudinal axis of
the fiber. Based on Eq.(1-13) the Brillouin shift is zero at 8 =0 (forward scattering) and
can only happen at & = 7 (back scattering). Therefore,
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po=@ 2V, (1-14)
B or A

1.4 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) was first observed by Chiao et al, who
discovered that the acoustic waves that initiate Brillouin scattering could be produced
from incident light waves [Chiao et al. 1964]. This was the start of extensive studies in

SBS.
1.4.1 Electrostriction and stimulated Brillouin scattering

Electrostriction is the tendency of materials to become compressed in the presence of
an electric field [Boyd 2003, p.411].

The electrostrictive pressure can be expressed as a function of the electric field

2
pelz—}/e-E;’ (1-15)
87

where 7, is the electrostrictive coefficient having the form

oe )
Ve =Py =n'c Py’ (1-16)
op

where py is the average density of the material, n is the refractive index, & is the
dielectric constant and p;; is the longitudinal photo-elastic coefficient, which is important
for Brillouin scattering as it relates the mechanical strain in the axial direction to the
radial electric field.

The pressure within an optical fiber generated by an inhomogeneous electric field
results in periodic fluctuations, which correspond to periodic refractive index fluctuations
in the medium. The density fluctuations result from a pressure variation Ap = KAp/ p and

a variation of the dielectric susceptibility
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ap=tede (1-17)

& P

Stimulated Brillouin scattering is due to the density variation of the optical fiber
induced by the input light waves. Fig. 1.3 shows such a SBS process in the probe-pump
configured Brillouin sensor. The probe wave (Stokes wave) v is launched into one fiber
end A and the pump wave v, is launched into the opposite fiber end B. They counter-
propagate and interfere to generate a propagating acoustic wave. As the waves interact
and propagate, the amplified Stokes wave is detected at end A while the depleted pump
wave is detected at end B.

The bottom part of Fig.1.3 illustrates the processes in the fiber. The interference of
the pump and probe contains a frequency component at the difference frequency v, - v
(the so-called “beat frequency”). If this beat frequency matches the sound wave
frequency, then the sound wave amplitude dramatically increases via the electrostriction
effect. Probe and pump waves interact with the acoustic wave (which functions like a
moving Bragg grating) through Bragg diffraction. Meanwhile the pump wave combined
with the sound wave tends to reinforce the Stokes wave. Therefore, the Stokes wave is

‘amplified’ and the pump wave is ‘depleted’ by such positive feedback.

Stokes Amplified
wave v, » > Stokes
. . wave
A| Sensingfiber |g —=
Depleted |« <« Pump
cw wave wave v

v

Probe and pump B
interference Beat signal | Electrostriction| Acoustic | Bragg Diffraction
Vp= Vs= Vg I wave vg -_———»

Fig. 1-3 Stimulated Brillouin scattering process in a probe-pump Brillouin sensor.
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Figurel-4 illustrates that the interaction between the probe (Stokes) and pump

waves ultimately generates an acoustic wave through electrostriction.

E(vy)

Stokes wave

WAVAYAVAY

+
MAVVAMAY i
| WAVAVAVATAY
i Pump wave
' y E(v,)+ E(vy)
-< «——
3 N Interference

4p(vy)

Electrostriction

Acoustic wave

Fig. 1-4 Generation of an acoustic wave by electrostriction.

1.4.2 Coupled wave equations

The physical process of Brillouin amplification can be thought of as a nonlinear
interaction between the probe and pump waves through an acoustic wave. The beat field
resulting from the interference of pump and Stokes waves enhances the thermally
induced acoustic wave through the process of electrostriction. The acoustic wave
periodically varies the refractive index along the fiber, which scatters the pump wave
through Bragg diffraction. The scattered light suffers a frequency up or down shift
depending on its direction due to the Doppler effect induced by the index grating
traveling at the acoustic velocity.

From Maxwell’s equations and the Navier-Stokes equation for the acoustic field in
the optical medium, we can derive three equations to describe the SBS process using the
slowly varying envelope approximation [Kaiser and Maier 1972; Horiguchi et al. 1989;
Afshaarvahid and Munch 2001]
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0 10\ _i0E —LaE (1.18-1)
(62 cﬁt) p =80~ 5ok,
0 nod . 1
O 0\ - i OE +—aE. 1.18-2
(6Z+cat) =TRQE, ok (1.18-2)
0 . .
(5+F)Q= —1g2EpEs , (1.18-3)

where E,, E; and Q are the pump, Stokes, and acoustic fields, respectively; o is the linear

fiber attenuation coefficient, and g; and g; are coupling coefficients related to the

. The complex detuning parameter is I' =", +iI',,

Brillouin gain coefficient g, = __Zgllg 2

1
[= % is the damping rate, 7 is phonon lifetime (10ns for silica fiber). I', = 27(v-v;)

is the detuning frequency, and v is the beat frequency.
The SBS dynamics in a single mode fiber can be described by the following

equations for the pump and the Stokes intensities [Chen and Bao 1998]

n(o0) 0
L) 2| -tamsa i, 19
n(0) 0
{;(é—t')—gg:lls ——(—a+g3 Is)Ip » (1'19'2)

where I, and I, are the pump and Stokes wave intensities in the fiber.
Neglecting the time dependence of the system and the dynamic response of acoustic
waves, we can derive the steady state coupling equations as follows [Pannell et al.1993]:
dl,

= -al,-g, I1,, (1-20-1)
‘;IZS —al,-g, L1, (1-20-2)

Agrawal has presented an incorrect solution for the above in his book “Nonlinear
Fiber Optics” [Agrawal 1995]. Chen and Bao gave the correct solutions for the steady
state SBS both analytically and numerically [Chen and Bao 1998]. The exact solution is

left in integral form since there was no closed form solution for the integral:
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5(2) = \/(zj _Ag)exp{(g% )[A(z)—AO]}+A2(z) : (1-21-1)
dx

r(z) =-az ,
- Al

where 4=1I, - I; and X' = I,+I;, 49 and 2 are the corresponding values at the origin (z = 0).

(1-21-2)

1.4.3 Brillouin spectrum

The diagram in Fig. 1.5 illustrates how a Brillouin spectrum is acquired. During the
measurement, the probe frequency is fixed and the pump frequency is scanned. For every
beat frequency, a time domain waveform along the entire fiber is obtained. The Brillouin

frequency spectra are collectively formed by those waveforms.

Tuning pump wave frequency Vystan) t0 Vp(end) _ Acquiring Brillouin loss
(scanning beat signal v,- vs= vg) time domain waveform [~ spectrum

Fig. 1-5 Acquisition of Brillouin loss spectra from SBS process.

Since the Brillouin scattering process is not instantaneous, the scattered intensity
varies over a frequency range that is symmetric about the Brillouin frequency v
(Equation 1-14). The maximum scattered intensity occurs at the Brillouin frequency v,
which is determined by fitting the raw data points with a profile [Bao et al. 1993a;
Horiguchi et al. 1995].

For low-intensity, continuous-wave input light waves, the resulting Brillouin gain

spectrum has a Lorentzian shape given by
_ Esma (1-22)

2 9
1+4 Y=Y
Av,

g,(v)=

The maximum gain coefficient is
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2
LV : (1-23)
csoz}tppoAvB V,n

gBmax

where 1, is the laser wavelength, py is the unperturbed fibre density, V4 is the acoustic
velocity in silica, and Avp is the Brillouin linewidth.
A Brillouin spectrum is shown in Fig. 1-6. The maximum gain coefficient is

normalized to 1.

- 12
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N 1 \
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:‘E‘ 0.4 g T AVB
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_g 02} l
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Frequency(MHz)

Fig. 1-6 A Lorentzian shaped Brillouin spectrum.

1.5 Temperature and Strain measurement through Brillouin spectrum

analysis

It was found that the Brillouin frequency shift increases linearly with strain
[Horiguchi et al. 1989a] and temperature [Kurashima, et al. 1990a]. The relation is
generally described by the following equations [Horiguchi, et al. 1995]:

T=C,plvs—Vsol+Ty, (1-24)

£=C,_[v,~Vpl+a, (1-25)
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. . ovy | .
where £ and T are the strain and temperature, respectively. C = T is the
&

temperature coefficient and C,, =|i—av—3] is the strain coefficient. The initial strain &,
€ Ir

and temperature 7, are usually determined experimentally for a specific fiber being used.
The measurable parameters from a Brillouin scattering spectrum include
¢ Brillouin frequency: v,,
¢ Brillouin spectrum linewidth: Av,,
e Brillouin intensity: B oc gp
As previously mentioned, v, is the frequency corresponding to the peak intensity of
the spectrum. It is the most accurately measurable parameter. The Brillouin
linewidth,Av, , is the full width at half maximum (FWHM) of the spectrum.

Besides the parameters of the Brillouin spectrum, another important parameter is
the location of a point of interest along the sensing fiber. Location Z can be determined
by measuring traveling time Az of the pulse in the fiber:

_At-c
2n

where c is the speed of light in vacuum and # is the refractive index of the optical

Z , (1-26)

fiber. In the Brillouin sensing system, Z depends on the time for a pulse to reach that
location plus the return time to the detector. Therefore, the !4 factor means that light
requires only Y At to reach position Z.

An example of strain measurement (at room temperature) on a PANDA PM fiber is
shown in Fig. 1-7. Two Brillouin spectra were plotted. vg; is the Brillouin frequency at 0
pe, and vg; is the Brillouin frequency under an applied strain. The Brillouin frequency

was up-shifted about 9.6 MHz as the response to a 125 pe strain applied to the fiber.
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Fig.1-7 Brillouin frequency shift due to a strain applied in a PANDA
fiber.
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Chapter 2

Review of Distributed Brillouin Sensing Technologies

2.1 Brillouin optical time domain analysis (BOTDA)

Horiguchi and his colleagues reported the first distributed sensor [Horiguchi, et al.
1989a; Horiguchi and Tateda 1989] based on Brillouin scattering. A relevant patent was
filed by Nippon Telegraph and Telephone (NTT) in the same year [Horiguchi, ef al.
1989b, US patent number 4,997,227]. They showed a linear dependence of the Brillouin
frequency shift of an optical fiber to an applied strain. It combined the techniques of
OTDR and an early Raman distributed sensor [M.C.Farries et al. 1984], and applied them
to stimulated Brillouin scattering. The method was named Brillouin optical time domain
analysis (BOTDA). The system included two Nd:YAG CW lasers operated at 1319nm. A
short pump pulse was generated through an Acoustic-Optic Modulator (AOM)). During
the measurement the pulse was sent into one end of the sensing fiber and a CW wave into

the other end as shown in Fig.2-1 while the frequency difference

Sensing fiber

L ()
Laser-1 AOM o Laser-2
\ VO

vo +vp

Signal Amplified
Detection —L CW signal

Detector

Fig. 2-1 Gain based BOTDA configuration

between the two beams was tuned across a range of several GHz, the CW wave
experienced power amplification when the beat frequency of the two light waves matched
the Brillouin frequency of the fiber. The gain as a function of fiber position was
determined by the time dependence of the detected CW light wave. With the BOTDA

approach, Kurashima et al. demonstrated distributed temperature measurement on a 1.2
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km long optical fiber with a 3°C temperature resolution and a 100 m spatial resolution
using NTT’s BOTDA system [Kurashima, ef al. 1990]. Culverhouse et al. reported a
linear dependence of Brillouin shift due to temperature in a single mode fiber using a
Fabry-Perot interferometer at the University of Kent in England. They found that two
different fibers, which had different core refractive indices, had different temperature
frequency coefficients, 6.4 MHz/°C and 2.67 MHz/°C [Culverhouse, ef al. 1989]. Bao et
al. at the University of Kent significantly improved the performance, achieving a 22 km
sensing distance with a 1°C temperature resolution and a 10 m spatial resolution [Bao, et
al. 1993a].

A milestone in the development of BOTDA was the use of Brillouin loss based
distributed sensing rather than Brillouin gain. In the loss-based approach [Bao, e al.
1993b}, the pulsed beam amplifies at the expense of the CW wave; therefore the intensity
of the CW wave is reduced. The pulse amplification enables sensing of much longer
fibers with equivalent or possibly better signal-to-noise ratios.

Using the Brillouin loss technique, Bao et al. measured a 32 km sensing length with
a 1°C temperature resolution and a 5 m spatial resolution. Shortly afterward, they
achieved a 5 m spatial resolution and a 20 pe strain resolution in a 22 km optical fiber
[Bao, Webb and Jackson 1994a). They also first reported the Brillouin loss based
simultaneous strain and temperature measurement using two side-by-side parallel optical
fiber sections; one section subjected to both strain and temperature while the other was
subjected to temperature only [Bao, et al. 1994a). The corresponding strain, temperature,
spatial resolutions were 20 pe and 2°C and 5 m respectively. Finally, Bao ef al. measured

a record-setting 51 km sensing length with a 5 m spatial resolution and 1°C temperature

measurement resolution [Bao er al. 1995].

2.2 Brillouin optical time domain reflectometry (BOTDR)
Kurashima and colleagues at NTT introduced a configuration known as Brillouin

optical time domain reflectometry (BOTDR), which uses coherent detection of

spontaneous Brillouin scattered light rather than detecting a Brillouin amplification signal.
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A spatial resolution of 100 m and a frequency accuracy of 3.6 MHz (corresponding to ~
3°C) was reported [Kurashima et al. 1992; Horiguchi et al. 1992]. In their system
configuration, a fraction of pump light provided a local oscillator signal in the coherent
detector. The Brillouin scattered light is beat against a local oscillator light wave, and the
beat signal is observed by means of an electrical spectrum analyzer. Since the output beat
signal is proportional to the scattered light intensity as well as to the local oscillator light
intensity, a high signal to noise ratio can be obtained. The configuration is illustrated in
Fig.2-2.

The system had the advantage of requiring access to only one end of the sensing
fiber. The drawback is that the spontaneous Brillouin scattering signal is much weaker
than that of BOTDA.

l | Sensing fiber
— Coupler
CW Laser AOM/EO

Brillouin Back-
Scattered Signal
Local Oscillator
I'IJ I'I" Signal
Coherent
Detector

Fig. 2-2 BOTDR coherent detection system.

Shimizu er al. at NTT modified their early BOTDA to BOTDR by adding a
frequency shifter and a second acoustic-optic modulator (AOM) in a ring configuration.
By shifting the frequency at the Brillouin frequency, a lower bandwidth detector could be
used in the BOTDR system [Shimizu, ef al. 1993]. The advantages were: lower cost and
better frequency stability due to one laser and minimization of signal distortion from
pump depletion or pulse amplification [Horiguchi, et al. 1995].

The BOTDR system proposed by NTT [Horiguchi, et ol 1989b] was
commercialized as the AQ8602 Optical Fiber Strain/Loss Analyzer by Ando Electric
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Company, Ltd. (the latest model is AQ8603). The unit has a 40 pe strain measurement
resolution and 1 m spatial resolution [Technical Data Sheet of AQ8603, Ando Electric
Co., Ltd. 2005]

2.3 Single laser BOTDA

Niklés et al. at the Metrology Lab (MET-EPFL) of the Swiss Federal Institute of
Technology, Switzerland, developed a distributed Brillouin sensor consisting of a single
laser [Niklés, et al. 1994, Niklés, et al. 1996]. A LiNbO; intensity electro-optic
modulator (EOM) was used in the design. The light source was a 1.32 um diode-pumped
single frequency Nd: YAG laser. Through a coupler the light was divided into two
portions. One was sent into the sensing fiber while the other one was launched into the
EOM, which was driven by a microwave generator.

When a single frequency lightwave is modulated at a frequency vy, the modulation
gives new frequency lines symmetrically distributed around the incident light or carrier
frequency vo in the spectrum, called modulation sidebands. When the modulation
frequency vy, is equal to the Brillouin frequency vg, the first-order sidebands can interact
with the incident lightwave through a Brillouin scattering process, provided that they
propagate in opposite directions [Niklés, et al. 1997].

The researchers of the MET-EPFL replaced the 1.32 pm laser with a 1.55 pm laser.
Therefore an Erbium-Doped Fiber Amplifier (EDFA) could be deployed in the system.

Sensing fiber

Single Z
Frequency ?
Laser
Reflective End
Microwave
Generator J Detector
Pulse Data
Generator Acquisition

Fig. 2-3 Single laser, single-ended BOTDA system
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They also designed the system using a single ended sensing fiber [Fellay, e al. 1997].
1°C temperature resolution, 20 ue strain resolution, and 1 m spatial resolution were
reported for a 10 km sensing fibers. The simplified configuration of this system is shown
in Fig.2-3.

2.4 Brillouin optical frequency domain analysis (BOFDA)

Figure 2-4 shows the configuration of a distributed fiber optic sensor based on a
Brillouin optical frequency domain analysis (BOFDA) system reported by the Lehrstuhl
fiir Allgemeine Elektrotechnik und Elektrooptik (AEEO) at Ruhr-University, Germany
[Garus, et al. 1997].

BOFDA is based on the measurement of a complex baseband transfer function,
which relates the amplitudes of counter-propagating pump and Stokes waves along a
sensing fiber. The lasers and fibers are the same as in the previously described
approaches. An amplitude EOM was used to modulate the light of the probe laser with a
variable modulation frequency f,,. The output signals were fed to a network analyzer to
determine the baseband transfer function of the sensing fiber. The digitized output signal
of the network analyzer was fed to a signal processor to get the inverse fast Fourier
transform (IFFT). It was reported that the initial test results with the BOFDA system on a
1 km sensing fiber were 3 m spatial resolution, 1.5°C temperature resolution and 40 pe
strain resolution [Garus, ef al. 1997].

A BOFDA system is similar to a BOTDA system in sensing length and spatial
resolution. Since the discrete Fourier transform induces additional averaging effects for
uncorrelated noise signals, the noise level of a BOFDA system is lower than that of a
BOTDA system for the same total measurement time. Two drawbacks of the BOFDA
system include the relatively long measurement time (since BOFDA system needs more
effective averaging time) and the requirement that temperature and strain must be

constant during the measurement, which is impossible to achieve in a field test.
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Fig. 2-4 Basic BOFDA configuration.

2.5 Spontaneous Brillouin scattering-based distributed temperature

sensing systems

Using a short-pulse-width laser source at a wavelength of 1.5 pm, a 35 cm spatial
resolution and 4.3 °C temperature resolution were achieved over a 1 km single mode fiber
with distributed temperature sensing based on spontaneous Brillouin scattering system as
reported by Kee et al. at the Optoelectronics Research Center (ORC), University of
Southampton, UK, in 2000 [Kee et al. 2000b]. They measured the temperature
dependence of the Landau—Placzek ratio (the ratio of the intensities of the Rayleigh and
the spontaneous Brillouin signals) in their system. In 2001, Maughan et al. at ORC
reported a calibrated 27-km distributed fiber temperature sensor based on microwave
heterodyne detection of spontaneous Brillouin backscattered power. It had a spatial
resolution at 20m and a temperature resolution of 3.4°C over 27 km of optical fiber
[Maughan et al. 2001a].
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2.6 Correlation-based Brillouin sensing approach

Researchers at the University of Tokyo introduced a technique to improve the spatial
resolution for distributed Brillouin sensing [Hotate and Hasegawa 1999, Tanaka and
Hotate 2002]. This is the so called Correlation-Based Continuous-Wave technique
[Hotate and Tanaka 2001]. It used simultaneously frequency-modulated lightwaves
instead of pulsed lightwaves for locally exciting stimulated Brillouin scattering. SBS was
generated at a position where the two lightwaves are highly correlated. A spatial
resolution of 1 cm (for 1000 pc) has been reported [Hotate and Tanaka 2002].

The basic measurement system is shown in Fig.2-5. A CW 1.55 um distributed
feedback (DFB) laser diode was used as light source for both probe and pump. The laser
was modulated by a sinusoidal wave with a frequency f,.. The output light beam from the
laser was divided by a 50:50 coupler into two beams: the first beam entered EOM-1 as
probe, and the second entered EOM-2 as pump. These two counter propagating beams
created a series of beat peaks (called correlation peaks) along the fiber as they were
modulated with an identical frequency, f,.. The distance between the adjacent two peaks
was du= vg/2fm. dn can be changed by varying the modulation frequency f,, of DFB laser.

The first beam was modulated by EOM-1 at microwave frequency v,, to generate
two modulation sidebands around the optical frequency vy of the DFB laser [Nikles,
1996]. The lower sideband at vy . v,, serving as the probe, propagated against pump in the
fiber and reached the detector, while the upper sideband was eliminated by the optical
filter.

The second beam was chopped by EOM-2 (for lock-in purpose) and amplified by
passing through an erbium-doped fiber amplifier (EDFA) before entering the sensing
fiber. There was a delay line added in after EOM-2 to keep the two beams in phase.

Through changing the frequency v,, of the probe modulator, the system creates a
Brillouin gain spectrum. By varying the modulating frequency f, to the laser source, the
correlation peak was shifted along the fiber, and Brillouin gain spectrum was obtained as
a function of position [Hotate and Tanaka 2002]. At the position where the correlation
peak takes place, the frequencies of the two beams change synchronously and the

frequency difference between two beams was kept constant. In this case, the Brillouin
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gain spectrum takes the same shape as an intrinsic spectrum without the modulation. On
the other hand, at another position where the correlation is low, the frequency of the
probe relative to the pump changes continuously, and that results in suppression of the
gain. Stimulated Brillouin scattering (SBS) was only triggered by interference at
locations in the fiber where the sensing fiber was under strain, so that high correlation
occurs between the probe and pump lightwaves at that location [Hotate and Hasegawa
1999].

The pump and probe light are launched oppositely to each other into a fiber under
test. The probe obtained gain from the pump. A part of the probe passes through a 10-dB
coupler and an etalon filter, which is used to eliminate light except for the probe, and is
detected by a photodetector (PD). The electrical signal from the PD consists of the ac
element, caused by the chopping of the pump, and the dc element. The former is
extracted by a lock-in amplifier and the latter by a low pass filter. During the
measurement, the following operation was repeated under the control of a computer: (1)
obtain a Brillouin gain spectrum by sweeping the frequency (v,,) of microwave applied to
the EOM-1 and store the data of the gain in an oscilloscope, and (2) change the frequency
fm that determines the distributed measurement by using a nonzero correlation peak

scanning a strained section.

Microwave vy,
Correlation

Polarization
controller Probe Pump
v———- e

Fiber under test

1550nm
DFB
Laser

generator

Delay

g LOCk-iIn Chopper
Data AC | Amplifier |-e

acquisition
<] LowPass |
DC Filter

Photodiode Etalon

Fig. 2-5 Distributed Brillouin sensing based on the correlation technique.
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Since in this technique there was no pulse being used to give location information,

th» weak is the position at which

it used “zero™ peak position as a reference (The “zero
the difference of the optical path length between the pump-and-probe from the light
source is equal to zero.)

The drawbacks of this approach are short sensing range and long testing time (on
the order of an hour for a few meters of fiber). Because of the delay line, it would be

thss

difficult to determine the exact location of a stain section since the “zero™ peak position

could vary.

2.7 Dark pulse approach

Brown et al. reported a distributed sensing technique based on dark-pulse Brillouin
scattering [Brown et al. 2005]. The sensing system was a two-laser BOTDA. In that
configuration, two counter-propagated CW laser beams were used. The probe was
created by switching one of the CW lightwave off for a short duration. This duration of
the extinction of the Stokes light was called a “dark pulse”. A 0.5 ns pulse for a 6 pe
strain resolution on a 100-m fiber was reported. The drawback of this approach was
apparent: the large CW power levels involved may result in stimulated Brillouin
scattering (SBS) if long fibers are used. A quasi-CW power of 80 mW will exceed the

SBS threshold for standard fibers that are over a few hundred meters in length.

2.8 BOTDA system at the University of Ottawa

The BOTDA system at the University of Ottawa was originally designed and built
by the team headed by Dr. Bao at the University of New Brunswick (UNB). It was rebuilt
by the fiber optic team at the University of Ottawa in 2001.

The configuration is shown in Fig. 2-6. The light sources are two tunable Nd:YAG
(neodymium-doped yttrium aluminum garnet) lasers operating at 1319 nm. The optical

pulse is created by use of an electro-optic modulator (EOM) driven by a pulse generator
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over a wide range of pulse widths (1 to100 ns, equivalent to 10 cm to 10 m spatial
resolution). The time-domain signals are detected at certain frequency intervals to
produce the Brillouin loss spectra by use of a 1-GHz bandwidth receiver and acquired via

signal averaging by a 1-Gb/s digitizer.

PULSE
GENERATOR

Circulator

LASER-1 . > _@ —

EOM

Detector

LJ

Sensing fiber
DIGITAL

SCOPE

COMPUTER

Detector

FREQUENCY
MEASUREMENT

LASER-2 — —1 _/

Isolator
Fig. 2-6 Brillouin loss based BOTDA system developed by our group.
The system was modified by attaching two polarizing beam splitters, which made
the use of polarization-maintaining fibers possible. Three major commercial PM fibers
were characterized as sensing media for the first time. The resolution was 0.5°C for

temperature and 7 ue for strain using PANDA PM fiber [Yu et al. 2004a] [Yu et al.
2004b). Details will be discussed in Chapter 3, 4 and 5.

2.9 Simultaneous strain and temperature measurement

Due to the cross sensitivity of Brillouin frequency to strain and temperature, it is

impossible to directly differentiate strain from temperature if one only monitors the
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Brillouin frequency. Early solutions to this problem suggested placing a second fiber,
isolated from strain effects, adjacent to the strain-sensing fiber [Bao et al. 1994b]. This
fiber would be used for temperature monitoring, and the frequency shift resulting from
any temperature effects could then be subtracted from the combined frequency shift to
determine the strain on the structure.

Subsequently, simultaneous strain and temperature measurement using single fiber
has been an active research area since 1997 when Parker et al. resolved strain and
temperature effects by simultaneously measuring noise-initiated Brillouin scattering
power and frequency shift in optical fibers [Parker et al. 1997a, Parker et al. 1997b;
Parker, et al. 1998]. To normalize the spontaneous Brillouin signal, they presented a new
technique that mathematically combines the Stokes and anti-Stokes powers to produce a
linear effective power. Using their technique, Parker er al. reported 100 pe strain
resolution, 4°C temperature resolution, and 40m spatial resolution over a 1.2 km sensing
fiber in 1998 [Parker, et al. 1998].

Bao’s group achieved strain and temperature resolutions of 178 pe and 3.9°C
respectively at a spatial resolution of 3.5 m on a 50 m PM fiber using stimulated Brillouin
scattering [Smith 1999; Smith et al. 1999a].

The NTT group reported results of 260 pe strain and 11°C temperature resolutions
and a 1m spatial resolution over a 100 m fiber [Ohno et al. 1999]. They used a BOTDR
system to detect the spontaneous Brillouin scatting.

Simultaneous measurement of strain and temperature was demonstrated also by the
Optoelectronics Research Center (ORC), University of Southampton, UK. They obtained
290 pe and 4°C resolution and a 10 m spatial resolution on a 15 km fiber length [Kee et
al. 2000a]. They used the Landau-Placzek ratio (the ratio of the intensities of the
Rayleigh and the spontaneous Brillouin signals) and cascaded Mach-Zehnder
interferometric filters to measure both the intensity and the frequency changes in the
Brillouin backscattered signal. Recently the same group reported a new approach using
spontaneous Raman and Brillouin scattering to measure strain and temperature
simultaneously. The magnitude of the intensity of the anti-Stokes Raman signal was used
to determine the temperature. Once the temperature has been determined the strain can

then be computed from the frequency measurement of the Brillouin signal. They have
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achieved a temperature resolution of 6°C and a strain resolution of 150 pe with a spatial
resolution of 10 m for a range of 23 km [Alahbabi et al. 2005].

Lee et al. at National Chiao-Tung University (NCTU) in Taiwan used a large-
effective-area nonzero dispersion-shifted fiber (LEAF) to demonstrate the simultaneous
measurement of strain and temperature. A LEAF fiber has compound compositions in its
core. The muitipeak structure in Brillouin spectrum of this optical fiber is arises from the
different acoustic velocities, which are due to different compositions or doping
concentrations in the core. The two main peaks in the Brillouin spectrum were used due
to the fact that they have different strain and temperature coefficients. The test results
gave 5°C and 60 pe resolutions and 2 m spatial resolution in a 3.7 km fiber [Lee et al.
2001].

Zou et al. in our fiber optic group at the University of Ottawa demonstrated
simultaneous measurement of strain and temperature using photonic crystal fiber (PCF)
[Zou et al. 2004a]. A PCF has a small, solid-silica core with multiple air holes typically
arranged in a hexagonal lattice about the core to act as a cladding. The Brillouin spectrum
of PCF showed multi-peaks due to waveguide and antiwaveguide types of sound
propagation. The two main peaks in the Brillouin spectrum have different strain and
temperature dependence attributed to the scattering from longitudinal acoustic waves in
the Ge-doped center region and the solid pure-silica region of the core of the PCF. 1.3°C
temperature resolution and 15 pie strain resolution were obtained with a spatial resolution

of 15 cm.

2.10 Work done by the Fiber Optics Group at the University of Ottawa

The distributed sensor based on Brillouin loss at the University of Ottawa was
based on the work done at the University of New Brunswick (UNB) by Dr. Bao and her
students [DeMerchant et al.1998; Brown et al. 1998]. It was an automated version of a
two-laser BOTDA system rooted in the research of Dr. Bao at the University of Kent
[Bao et al. 1993b] [Bao et al. 1995].
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At the University of Ottawa, the Brillouin sensor was re-constructed in 2001. Over
time, some components were introduced into the system such as the free space tunable
attenuator. The damaged laser was repaired and the defective circulator was replaced
with a new one. Most of the ST (Straight Tip) connectors on the components, which
have a poor repeatability in nature, were replaced with FC/PC (Face Contact/Physical
Contact) connectors.

The system has been used for field tests as well as for experimental studies in the
lab, and many interesting results were published. Here I just mention a few: By using our
system, strain in a nuclear reactor concrete wall [Zeng et al. 2002b] and a concrete bridge
[Zeng et al. 2002c] were monitored. A steel pipeline was tested for its strain under
elevated pressure [Zou et al. 2004a). As for sensing technology research and
development, the effect of optical phase on a distributed Brillouin sensor at centimeter
spatial resolution was studied [Bao ef al. 2004b]. Subpeaks in the Brillouin loss spectra
were explained [Wan e al. 2005]. Simultaneous measurement of strain and temperature
using photonic crystal fiber was examined [Zou et al. 2004a]

The BOTDA system was modified by the author to use PM fiber as a temperature
and strain sensing medium in 2003. Numerous interesting results were obtained and
published in Optics Letters [Yu et al. 2004a, Yu et al. 2004b, Bao ef al. 2004, Yu et al.
2005, Bao et al. 2006]. Those works will be discussed in detail in this thesis.
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Chapter 3
Polarization Maintaining Fibers and Their Application for

Brillouin Scattering Sensing

In the stimulated Brillouin scattering process, the electric fields from the probe and
pump waves interfere with each other to establish a beat pattern. The Fresnel-Arago
Laws state in part that it is not possible for two orthogonal polarization states to interfere;
hence it is only the parallel components of two coherent light waves that generate
interference [Hecht 1990]. If the two fields are in randomly varying polarization states,
the interference pattern also varies and exhibits reduced contrast. This could create a
varying Brillouin signal intensity [Brown 2000]. In Brillouin sensing, that means the
measurement accuracy is affected by the polarization states of the pump and probe light
fields [Horiguchi et al. 1989¢; Deventer and Boot 1994]. In particular, because the
refractive index in (SM) single-mode fibers is inhomogeneous and sensitive to the
environmental change, the polarization states of the propagating light fields are not stable.
Using a polarization mode scrambler can reduce but not eliminate the polarization noise
in Brillouin sensing [Zeng 2002]. Therefore, use of polarization maintaining fiber is of a

great interest to improve the performance of Brillouin sensing.

3.1 Structure of SM fiber and PM fiber

3.1.1 Single mode fiber
A single mode (SM) fiber contains two distinct layers: the core (GeO; doped SiO;)
and the cladding (Si0;). The core contains 80-90% of the transmitted light whereas the

cladding transmits the rest. On the outside of the cladding there is a buffer coating layer
(usually acrylic) to provide a bendable mechanical support and a protective barrier for the

fiber. The most commonly used SM fiber is Corning SMF-28 as shown in Fig. 3-1
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Fig.3-1 SMF-28 single mode fiber.

3.1.2 Polarization Maintaining Fibers

A polarization maintaining (PM) fiber is a highly birefringent fiber. The
birefringence is induced by an internal stress either by means of an elliptical core, an
elliptical cladding or with stress rods located on opposite sides of the core. Many PM
fibers with different structures were designed and tested in the early days of PM fiber
development [Noda et al. 1986]. However, only a few PM fibers have been successfully
commercialized. The most commonly available PM fibers are: PANDA, Bow-tie, Tiger
(elliptical cladding) and elliptical core. Since the elliptical core PM fiber has an elliptical
mode field that is troublesome in mode matching to our sensing system, it was excluded

from our experiments.

PANDA (Polarization-maintaining AND Absorption-reducing) fiber

PANDA fiber is fabricated by adding two stress applying rods at either side of the
core as shown in Fig. 3-2 (a). The cladding is pure silica glass and the core is made of
GeO;, doped silica glass. The stress-rods contain B,O; and GeO, doped silica glass.
PANDA'’s slow axis passes along the center of the two stress rods whereas the fast is
perpendicular to the slow axis as shown in Fig. 3-2 (b). Light travels slower along the
slow axis than it does along the fast axis.

PANDA fibers are usually manufactured in the following processes [Sasaki et al.

1983]: First, the preforms of the stress-rods are made by the MCVD (modified chemical
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vapour deposition) method. Then, two stress-rods are inserted into the two holes pre-drilled in the
core preform. Finally, the assembled preform is heated to a high temperature and drawn into a fiber.
Since the thermal expansion coefficient of the rods is larger than that of the core and the
cladding, a stress is created as the fiber cools during the pulling process [Hosaka et al.
1981, Shibata et al. 1983]. The PANDA fiber used in our experiment was provided by
Fujikura.

Cladding
125pum

Stress Rods T
a) Structure of PANDA fiber.
GCO3 ——Sio: ! SIO'_7
=== Slow axis

B203 —GCOQ—SiO

[}
Fast axis

b) Cross section of a PANDA fiber.

Fig. 3-2 PANDA fiber

Bow-tie Fiber

Bow-tie fiber is similar in structure to PANDA fiber except that the stress-rods have
a “bow tie”’-shaped cross section as shown in Fig.3-3. The stress rods in Bow-tie fiber
are made by a gas-phase-etching process. First, a B,O; layer is deposited on the inside of

a silica tube by MCVD. Second, the part of the layer on either side of the tube is removed
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by gas etching. Third, a layer of pure silica is deposited on the top of partially B;O3
etched tube. Fourth, the tube is heated up to high temperature, and the tube collapse into a
solid preform. The partially etched B,O3 doped region forms the bow-tie shaped stress
rods [Stolen et al. 1982, Birch et al. 1982]. The Bow-tie fiber was commercialized by
Fibercore Ltd., in Southampton, England in 1983.

GCO3 —Si02 | SiO,

-—-= Slow axis

B,0; -Si0;

]
Fast axis

Fig. 3-3 Cross section of a bow-tie fiber.

Tiger Fiber (Elliptical cladding fiber)

Elliptical cladding fiber is one of the oldest PM fibers [Ramaswamy et al. 1979].
Tiger is the commercial name of elliptical cladding fiber manufactured by 3M [Data
sheet, 3 M 2001]. It features circular core and cladding sections, surrounded by a second

cladding (an elliptical stress-applying region), with a circular outer diameter. The

structure is as shown in Fig.3-4.

Stress afplying region ! Si0;
(2™ cladding)
8102 ~B203-GCOZ-P205

-=-=Slow axis
Core
S10,-GeO, Cladding
1 SiOz-P205
Fast axis

Fig. 3-4 Cross section of a Tiger fiber.
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Tiger fiber is made by a so-called “shaped cladding” method [3M catalog 2001}. A
circular layered preform is prepared by the MCVD. Then the cross section of the preform
is made into a drum-like shape by removing part of the material on the opposite side of
the preform. The preform then is then heated and pulled into a thin, long fiber. The
second cladding has a lower softening point than that of the core and the first cladding
layer. Therefore it is pressed into an elliptical shape during the heating and pulling
process because the outsider glass is forced to be a circular shape by its surface tensions.
The thermal expansion coefficients are different for core and claddings therefore the core
is subject to a stress resulting in birefringence.

Table 3.1 Listed birefringence and transmission loss of the selected PM and SM
fibers [Noda et al. 1986].

Table 3-1 Birefringence and Transmission Loss of Selected PM and SM fibers.

Types Birefringence Loss Wavelength
(dB/km) (nm)
PANDA 59x10* 0.3 1300
Bow-Tie 6.7 x 10" 1.0 820
E“ipﬁﬁ'i é:'f)'d‘“"g 47x10% 1.0 633
Single mode fiber 10 0.4 1310

3.2 Properties of Polarization Maintaining Fibers

Owing to birefringence in the PM fibers’ core induced by stress rods or the
elliptical cladding, PM fibers maintain the polarization state of linearly polarized light
that is launched into the fiber core along one of its principal axes as shown in Fig. 3-2(a).
If the input light beam is aligned off-axis, the output polarization state will be arbitrary as
shown in Fig. 3-2(b). Consequently, both the linearly polarized probe and pump waves

must be aligned with either the slow or fast axis for Brillouin sensing applications.
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Linearly polarized light o o
launched at slow axis Polarization Maintained

Fig. 3-5 (a) Linearly polarized light aligned with slow axis.

Off-axis launch Polarization Arbitrary

Fig. 3-5 (b) Linearly polarized light aligned off-axis into PM fiber.

The important parameters of PM fibers are [Agrawal 1997]:

Birefringence, defined as

B=

no=n,|. 3-1)
where n_and n, are the refractive indices of the two principal axes.

Beat length, defined as

L, =%, (3-2)

where B=10°~10" and B=5x10"*in SM fiber and PM fiber, at =1319 nm, Lz is ~1.3-13
m and ~1 cm for SM fiber and PM fiber, respectively.
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Extinction ratio (ER), defined as

ER(dB) =10xlog, (f)‘“—“") , (3-3)
where Ppax and P, are the maximum and minimum transmitted powers respectively
after light passes a rotating polarizer. Commercial PM fibers usually have an ER of about
40dB. If they are connectorized, their ER drops. For most applications, including sensing,
20dB ER is a minimum requirement. ER is a measure of how well the fiber can maintain

the linearity of the polarized light wave.

3.3 Polarizing Beam splitter

In our BOTDA system, two pigtailed polarizing beam splitters were used in order to
use PM fibers. A polarizing beam splitter (PBS) is formed by coating the hypotenuse
face of an isosceles right angled prism with a number of thin-film dielectric layers and
then cementing it to an identical prism as shown in Fig. 3-6(a). The optical thickness of
each layer and the refractive indices of the thin-film materials are chosen such that the
reflectance of the p-polarized component of the electric-field vector approaches zero
while the reflectance of the s-polarized component remains high [Pezzaniti and Chipman
1994]. The cube is pigtailed by butt coupling a single-mode fiber input and two PM fibers

outputs. The pigtailed polarization beam splitter used in our sensing system is illustrated
in Fig. 3-6(b).
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Fig. 3-6 (a) Structure of polarizing beam splitter cube;
(b) Pigtailed polarizing beam splitter.
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3.4 Optical circuit attached to the BOTDA for using PM fibers

Figure 3-7 shows the BOTDA configuration for using PM fibers in our lab. On the
left-side of the dashed line is the standard configuration (see Fig. 2-6 in Chapter 2) for
using an SM sensing fiber. The right side is the optical circuit attached for using a PM
sensing fiber. The input of the PBS was an SM fiber. Two outputs were PM fibers. One
of the connector’s key-ways was aligned with the slow axis, and the other was aligned
with the fast axis. The polarization controller rotated the light into s-polarization or p-
polarization corresponding to transmission or reflection of the PBS. A pair of PBS at
each side of the sensing fiber guarantees that the probe and pump light waves had the

same polarization when counter-propagating in the PM fiber.

Pol. controller @

PBS
SMF @ )

BOTDA for single mode fiber

(See Fig. 2-6) PM sensing fiber

——

PBS @

Pol. controller

SMF

Fig. 3-7 Configuration of BOTDA using PM fiber as the sensing medium.
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3.5 Comparisons of SM and PM fiber in Brillouin scattering

The residual birefringence in single-mode fibers along with environmental
variations such as temperature and strain both cause the light polarization to vary
randomly along the fiber. Therefore, a polarization scrambler is needed to reduce the
polarization mode dispersion effect if one uses single mode fiber.

For PM fiber, if the polarizations of the two counter-propagated beams are aligned,
the Brillouin scattering efficiency is maximum and uniform along the fiber. Fig. 3-8
shows the waveforms of an SM fiber (in grey) and a PM fiber section (in black) inserted
in the middle of an SM fiber. Compared with the single-mode, the Brillouin loss profile

of PM fiber clearly shows a more uniform loss over its fiber length.
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Fig. 3-8 Waveforms of SM and PM fiber (in a 10 m section).
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Chapter 4
Temperature dependence of Brillouin frequency, intensity and
bandwidth in PANDA, Bow-tie and Tiger PM fibers

[This chapter is adapted from the paper published in OPTICS LETTERS, 29, 17-19 (2004)]

4.1 Introduction

A distributed Brillouin sensor can be used for structural health monitoring to
measure the cracks in civil structures. In field tests, both temperature and strain are
unknown. If only the Brillouin frequency is measured, two fibers are needed [Bao e al.
19941, one to detect the temperature and the other to detect the strain. In practice, it is
difficult to install a second temperature-sensing fiber that is totally isolated from the
strain.

A few studies on measuring temperature and strain simultaneously in one fiber with
a distributed fiber sensor have been reported [Parker ef al. 1997, Smith et al. 1999, Kee et
al. 2000]. A hundred to a few hundred micro-strain and a temperature resolution of a few
degrees with a spatial resolution of a few to a few tens of meters have been achieved. One
of the major limitations in spatial, temperature, and strain resolution is related to the
intensity fluctuation induced by variation of the polarization states along single-mode
fibers, which is caused by polarization mode dispersion (PMD), unless the principal state
of polarization (PSP) is launched. However, the PSP changes with temperature, strain,
and stress along the fiber length. This introduces higher-order PMD. As a result, the
Brillouin interaction between two counter-propagating beams fluctuates along the various
positions of single-mode fibers. The polarization-maintained fibers can be considered as a
fiber with only a first-order PMD effect in the fiber. Its two polarization-maintaining
(PM) states are equivalent to two PSPs. If we launch into one of the PSPs of the PM
fiber, there is no polarization variation and less power fluctuation, and the PSP is a weak
function of temperature. Even with the temperature and strain variations along the PM

fibers, the intensity fluctuation caused by the variation of the polarization states from
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temperature and strain is not as strong as in the case of the single-mode fiber. With the
Brillouin intensity and frequency shift measurements, we can achieve simultaneous
temperature and strain sensing with high accuracy.

Although Smith ef al. used a PM fiber (3M Tiger) as a sensing fiber [Smith et al.
1999a] no polarizing device was used for the connection between the single-mode and
PM fibers. The Brillouin gain signal fluctuated as in the single-mode fiber. In this study
we launched the input light along one PM axis of a PM fiber to propagate pump and
probe waves. The three most common PM fibers, PANDA, Bow-tie, and Tiger PM fibers
were used in this experiment to characterize the dependence of the Brillouin loss
spectrum on temperature for its frequency, intensity, and bandwidth.

For PM fibers the refractive index of two orthogonal axes, i.e., the slow axis and the
fast axis, is different. The difference in the Brillouin frequency shift for the slow axis and

the fast axis can be described as
2V
AV, = -f(ns,ow — P ) @.1)

where ngq, and ng are the refractive index of slow axis and fast axis respectively. V, is
the speed of the acoustic wave. A is the optical wavelength. Take A=1310 nm, ¥, ~6000
m/s, An=ngow-Npas =4x10'4, then Avgy =3.66 MHz. This number is similar to what we
measured in PANDA, Bow-tie and Tiger fibers.

4.2 Experiment setup

The Brillouin sensing system was described in Fig. 3-5. The PM fibers under test
were placed in a bench-top environment chamber (ESPEC ETC-3) which has a
temperature constancy of 40.5°C. The experimental setup is as shown in Fig. 4-1.

All PM fibers used in our experiment have been tested to have ER >25 dB. When
the PM fiber was connected to the system, the polarization was measured to yield an ER
of 20 dB for each connector and each axis. For each type of PM fiber, two pieces of fiber
were tested in the experiment. The input power for the cw beam was 5 mW, and the pulse
power was 6 mW. The pulse width was 2 ns, which is equivalent to a 20-cm spatial

resolution.
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Fig. 4-1 Set-up for Brillouin scattering measurement of PM fibers

4.3. Results and discussion

Figure 4-2 shows the Brillouin frequency shift versus temperature for three PM
fibers. The temperature coefficient is C,r =1.37MHz/° C for PANDA fiber at both the
slow and the fast axis. The frequency difference between the fast and the slow axis is
Avpgr =3.6 MHz. The spectrum bandwidth is shown in Fig. 4-3. The bandwidth decreases
from 49.5 MHz at —-60°C to 292 MHz at 80°C, corresponding to Av/AT= -
0.146MHz/° C. The normalized Brillouin scattering intensity increases with temperature
as shown in Fig. 4-4. Both Figs. 4-3 and 4-4 show the dependence of the slow axis for
PANDA, fast axis for Bow-tie and Tiger. The behavior of the slow axis is the same as
that of the fast axis.
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Fig. 4-2 Temperature dependence of Brillouin frequency shift of PANDA, Bow-tie
and Tiger PM fibers at fast axis.
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Fig. 4-3. Temperature dependence of Brillouin bandwidth in PM fibers (slow axis
for PANDA, fast axis for Bow-tie and Tiger).
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Fig. 4-4 Temperature dependence of Brillouin intensity (The maximum intensity at 80°C
is normalized to 1) for the three PM fibers (slow axis for PANDA, fast axis for Bow-tie

and Tiger).

It was noticed that the Brillouin frequency shift of the Bow-tie PM fiber was lower
than that of the single-mode fiber (12.6 versus 12.8 GHz at 209C). The temperature
coefficient C,r =2.30 MHz/° C was almost twice that of the single-mode fiber for the
same wavelength. One can see that for Bow-tie fiber, there is a deviation of Brillouin

frequency from linearity at low and high temperature. That was caused by the polyvinyl
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chloride jacket. One of the PANDA fibers in a loose tube showed similar behavior for
Brillouin frequency measurement. Among the three PM fibers, only the Bow-tie fiber had
a thick jacket (0.9-mm polyviny! chloride).

To show the relationship between the slow axis and the fast axis, the Brillouin
frequency shift was measured from O to 40°C, as shown in Fig. 4-5. Two straight lines

are parallel with the same slope of 2.34 MHz/° C and are separated by 2.9 MHz.
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Fig. 4-5 Temperature dependence of Brillouin frequency shift of Bow-tie fiber

between fast and slow axis.

Both the PANDA and the Bow-tie PM fibers have a linear temperature dependence
on the Brillouin bandwidth and intensity, as shown in Figs. 4-3 and 4-4.

From Figs. 4-2 to 4-4 we see that the Tiger fiber had higher fluctuation in
frequency, intensity, and bandwidth than PANDA and Bow-tie fiber. Tiger fiber had a
temperature coefficient of C,r =1.66 MHz/° C, the difference between the slow and fast
axes was 4.3 MHz (averaged). If taking a close look at the Brillouin frequency versus
distance plot as shown in Fig. 4-6, one can see that the Brillouin frequency of Tiger fiber
goes up and down over the distance. However, the Brillouin frequency versus distance
for the PANDA and Bow-tie is relative flat and smooth although the three fibers were

tested under the same conditions.
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Fig. 4-6 Comparison of time traces (at 20°C) flatness for the three PM fibers (Bow-
tie is up shifted 214MHz for comparison)

Fig. 4-7 shows the normalized Brillouin spectra at 20C for PANDA (peak at 12795
MHz; BW=34 MHz), Bow-tie (peak at 12581 MHz; BW=41 MHz) and Tiger (peak at
12798 MHz; BW >300 MHz) fibers. We found that the Brillouin spectrum of the Tiger
fiber was asymmetric so that its peak frequency obtained by curve fitting was higher than
that apparent in Fig.4-7. Its peak intensity is only half that of the Bow-tie and PANDA
fibers and the BW is 7-9 times broader than those of Bow-tie and PANDA fibers. This
unique feature of Tiger fiber may be attributed to its elliptical cladding structures.

As we learned from a reported study [Yu ef al. 2002] on a circular double cladding
SM fiber, the thermal stress (due to differences in thermal expansion coefficients of the
layers) across the double cladding fiber could induce a local distribution of longitudinal
acoustic waves and densities, which in turn affects the behavior of the Brillouin
frequency shift and Brillouin bandwidths. Tiger fiber’s structure is more complicated
than that of the double cladding SM fiber. It is believed that because of the irregular
transverse shape of the second cladding (Fig.3-4) in a Tiger fiber, there exist many
acoustic modes corresponding to very close Brillouin frequencies. Thus the laser beam

excites all acoustic modes at the same time. Each of these acoustic modes has its own
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Brillouin frequency and bandwidth. Therefore, a Brillouin spectrum of Tiger fiber shows

a broad bandwidth with low peak intensity.
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Fig. 4-7 Normalized Brillouin spectra of unstrained PANDA, Bow-tie and Tiger fiber at
20<C.

The asymmetry of the Tiger fibre's Brillouin spectrum can be attributed to input
power drift. For the spectrum of Tiger fiber in Fig.4-7, it took 9 minutes to scan the beat
frequency from 12400 MHz to 13400 MHz with a step of 5 MHz. During that period of
time, the input pump (or probe) power drifted. As a result, an asymmetric Brillouin
spectrum was obtained. Compared to Tiger fiber, the time to obtain the spectrum of
PANDA or Bow-tie fiber was much shorter (with same step size), requiring only 1 to 3
minutes (depending on the frequency range).

The deviation from the linear fit for the Tiger fiber is the largest among the three
PM fibers for the Brillouin frequency, intensity, and bandwidth measurement, as shown
in Tables 4-1 and 4-2. The Bow-tie fiber is the most promising candidate for distributed
Brillouin temperature sensing. Its temperature measurement uncertainties for the
Brillouin frequency are ~1.5 C at a 20 cm spatial resolution, as shown in Table 4-2. The

thick jacket induces the high error at low and high temperatures for the Bow-tie fiber.
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Table 4-1 Temperature dependence of frequency 4vp, intensity ratio
and bandwidth BW.

PANDA Bow-tie Tiger

PM fiber type (slow axis) (fastaxis) (fast axis)
vguiow) (MHz) at 20°C 12799.2 12584.0 12799.6
Vggasy (MHz) at 209C 12794 .8 125810 12793.6

V(sion) - Vgas) 36 29 43

C,r MHz/°C) 137 230 1.66
Intensity ratio (Pyger=1) 19 59 1

Cor (%/°C) 0.26 0.23 0.04

BW at 20°C (MHz) 337 415 300

Cpyr (MHz/°C) 0.15 0.20 0.20

Note: C,ris the intensity coefficient and Cp,r is the bandwidth coefficient.

Table 4-2 Standard error (StdErr) of measurement (- 40°C to + 80°C) and the

equivalent temperature uncertainty 47 for PM fibers.

PM fiber type PANDA Bow-tie Tiger
(slow axis) (fast axis) (fast axis)

StdEm of BS Freq. (MHz) 0.56 320 3.14
AT (°C) 03 14 1.9
StdErr of BS Freq. (MHz) (0 ~40°C) 03 0.3 2.7
AT (C) 02 0.1 12

StdExr of Normalized Pg 1.5% 03% 43%

AT (C) 58 13 106

StdErr of BW (MHz) 0.82 0.83 6.92

AT (%C) 55 42 772
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4.4 Summary

The temperature dependence of the Brillouin loss spectrum for three PM fibers has
been studied for their temperature coefficients of the Brillouin frequency shift, intensity,
and bandwidth for the first time to our knowledge. The highest temperature measurement
uncertainty for the Brillouin frequency shift is 0.3°C (PANDA), for Brillouin intensity it
is 1.3°C (Bow-tie), and for the Brillouin bandwidth it is 4.2°C (Bow-tie) at a 20 cm
spatial resolution. The Brillouin frequency at 20°C for the fast axis of the PANDA, Bow-
tie, and Tiger PM fibers is 12794.8, 12581.0, and 12793.6 MHz, respectively. The
Brillouin frequency difference between the fast and slow axes among the three PM fibers
is between 2.9 and 4.3 MHz.
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Chapter §
Strain dependence of Brillouin frequency, intensity, and

bandwidth in polarization-maintaining fibers

[This chapter is adapted from the paper published in OPTICS LETTERS, 29, 1065-1067(2004)]

5.1 Introduction

In this chapter we present experimental results on the strain dependence of
frequency, intensity and bandwidth (BW) of the Brillouin loss spectrum for the PM fibers
in the temperature range 0 to 50°C.

In single-mode fibers the Brillouin frequency and intensity have been found to be
linearly proportional to both strain and temperature [Bao et al. 1994b, Alahbabi et al
2004]. The Brillouin spectrum’s bandwidth, however, was reported to be unchanged with
strain [Nikles et al. 1997].

In our experiment, it was found that these parameters, frequency, intensity, and
BW, are linearly dependent on strain for PANDA and Bow-tie PM fibers. Our results
suggest that all three parameters of a Brillouin spectrum may be used with either a slow

or a fast axis for distributed strain measurement.
5.2 Experiment

The Brillouin loss sensing system is described in Chapter 3. The setup of the strain-
temperature test is shown in Fig.5-1. The PM fiber was wound around two pulleys. One
pulley was fixed, and the other was movable along a rail. The fiber was glued onto the
movable pulley and was pulled away from the fixed pulley during the strain
measurement. The pulleys and PM fiber on the rail were sealed in a temperature chamber.
For temperatures below room temperature we used dry ice and for temperatures above

room temperature we used an electrical heating strip.
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Fig. 5-1. Setup for strain measurement of PM fibers using Brillouin sensor.

We used 20-dB extinction ratio PM fibers to preserve the linear polarization state of
the input light. The pulse width was 2 ns, corresponding to 0.2 m spatial resolution. The
average number of time traces to produce a 25-30 dB signal-to-noise ratio (SNR) for
measurement of the Brillouin loss spectrum was 2000.

The PM fibers used in this experiment are the same fibers used for the temperature
dependence measurement as discussed in Chapter 4. The length of the strained fiber was
1.57 m, and the input powers were 5 and 6 mW for cw and pulsed beams, respectively.
Both PANDA and Tiger fibers were 0.25 mm bare fibers (acrylate coated), and the Bow-
tie fiber was a 0.9 mm jacketed fiber. We verified the extinction ratio of the PM fibers
during the test and no ER change was observed while the fibers were strained (by as
much as 500 pe for PANDA and Tiger fibers and 1200 pe for Bow-tie fiber). The pulse
width was 2 ns, and the average number of time traces was 2000 to produce a 25-30 dB

signal-to-noise ratio (SNR) for measurement of the Brillouin loss spectrum.

5.3 Results and discussion

The Brillouin frequencies of the slow and fast axes in the PANDA fiber are linearly
dependent on strain with the same slope (0.07740.002 and 0.07510.002 MHz/ue,
respectively), as shown in Fig. 5-2. Thus either the slow or the fast axis can be used for

strain measurement.
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Fig. 5-2 Strain dependence of Brillouin frequency at slow and fast axis of PANDA

fiber at room temperature 23°C.

The Brillouin frequency of the fast axis of the PANDA fiber is measured as a
function of strain in the temperature range 0°C to 50°C (Fig.5-3(a)); it shows a linear
relationship, with an average slope of 0.077 £0.002 MHz/ue. Similarly, the Bow-tie fiber
(Fig.5-4(b)) Brillouin frequency in the temperature range 0°C to 43°C shows an average
slope of 0.024 £0.002 MHz/pe.
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Fig. 5-3 Strain dependence of Brillouin frequency at different temperatures for
(a) PANDA fibers at fast axis; (b) Bow-tie fiber at fast axis.

Like the Brillouin frequency, the BW and the intensity of the Brillouin profile
exhibit a linear relationship to the strain over the same temperature range, as shown in
Fig. 5-4. Although the BW and the intensity of the Brillouin spectrum have a linear
relationship to the strain for both Bow-tie and PANDA fibers, the trend of the Bow-tie
fiber is quite different from that of PANDA fiber. The intensity increases and the BW

decreases with strain over the temperature range 0°C to 43°C, as shown in Fig. 5-5.
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Fig. 5-4 In a PANDA fiber: (a) Strain dependence of intensity normalized to
biggest value at 50°C; (b) Strain dependence of BW.
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Fig. 5-5 In Bow-tie fiber: (a) Strain dependence of intensity normalized to biggest
value at 43°C; (b) Strain dependence of BW.

The slopes of intensity—strain linear curves are the same (within experimental error)
in the range of temperatures used in the experiment. The strain dependence of the
Brillouin intensity for the slow axes of PANDA and Bow-tie fibers resembles a similar
linear relationship with the same slope (within experimental error) for the fast axis, as
demonstrated in Fig. 5-6. In Fig. 5-6, to show the linear trend we averaged the intensity—
strain results for the slow and the fast axes of PANDA and Bow-tie fibers over the
temperature range. For both fibers the intensity values that correspond to the slow axis
were bigger than those of the fast axis, a result that we attribute to the extra connector and
polarizing beam splitter insertion loss of the fast axis. Note that the unstrained BW of the
Bow-tie fiber in Fig. 5-5(b) is bigger than that in zero strain (see Fig. 4-7,Chapter 4)
because of the residual strain in the poly(vinyl chloride) jacket of the Bow-tie fiber after
the first elongation. However, this outcome does not affect our measurements because
only the slope and the variation with respect to a reference condition are measured in our

system.
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Fig. 5-6 Strain dependence of Brillouin intensity (normalized to highest value in
Bow-tie slow axis) averaged over the range of temperature for PANDA and Bow-tie
fibers.
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As we can see from Figs. 5-4(a) and 5-5(a), the intensity of Brillouin spectrum of
the Bow-tie fiber increase while the PANDA fiber’s intensity decrease with strain. One
can understand this result by examining the structures of the PANDA and the Bow-tie
fibers (as depicted in Fig. 5-8) and the ways in which these structures change under stress.
When a PANDA fiber is stretched, the mode confinement factor is affected because the
two stress rods are pressed into the core. The rods degrade the guiding properties and
boundary conditions for mode field propagation, leading to increased attenuation. In the
case of Bow-tie fiber, the penetration of the two rods into the core is more nearly uniform

because of the circular shape of the internal surface of the two rods (Fig. 5-7 (b)).

(a) PANDA. (b) Bow-tie.
Fig. 5-7 Structure of PANDA (a) and Bow-tie (b) PM fibers and their stress
applying parts. Applied forces are shown for elongated fiber.

Thus the pressure does not change the boundary conditions for mode field propagation
but simply decreases the core’s cross section as the fiber is elongated if the stress is not
large, as in our experimental condition. These constant boundary conditions result in
higher power density and accordingly in higher Brillouin loss for strained Bow-tie fibers.
Assuming that for low-power input pump and pulse the integral of the Brillouin spectrum

over all frequencies is a constant [Nikles et al. 1997]

Ph.D. Thesis — Q. Yu 56 Chapter 5



Av, 2
sdv=r g, Av,
v-n ) (222

where g, is the peak gain (or loss), Av, is the bandwidth.

Jes ) av=z,

The decrease (increase) of intensity in the PANDA (Bow-tie) fibers as a function
of strain results in an increase (decrease) of Brillouin BW, as shown in Figs. 5-4 and 3-5.
This result indicates that the Brillouin intensity and the BW are not independent
parameters and that the linear relationships in Figs. 5-4 and 5-5 are valid only for a
limited range of strain or temperature.

It was noticed that the ratio of strain to Brillonin intensity showed more
fluctuations than that of strain to Brillouin frequency. This was because the laser we used
was frequency stabilized (with a drift of a few tens of kilohertz), i.e., the laser intensity
fluctuates to compensate for frequency drift to produce high-frequency stabilization
[Lipson et al. 1995].

The strain coefficients (slopes) of Brillouin frequency, intensity ratio, and BW for
three PM fibers are listed in Table 5-1. For comparison, the results for single-mode fiber
[Alahbabi et al 2004] are also included.

Table 5-1 Average Strain Coefficients of Brillouin Frequency, Normalized Intensity
and Bandwidth (0°C to +50°C).

Fiber type PANDA Bow tie Tiger SM
0.077 0.024 / 04
C* (MHz /s) 0 0.091 0.048
10.002 10.002 10.005 10.03
. -0.027 0.020 001 -0.0009
Cr (( %lue)
40.002 40.003 40.004
0.058 -0.031

C* (MHz/ ; .
5 (MHZ/jie) 10.003 10.002
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No strain dependence on BW of Tiger fiber was observed because of the broad
Brillouin spectrum. The standard errors of measurements and corresponding strain
uncertainties are listed in Table 5-2. Overall, the PANDA fiber has the highest strain
measurement accuracy, i.e., 7,25, and 19 pe for Brillouin frequency, BW, and intensity,

respectively.

Table 5-2 Average Standard Errors of Measured Parameters and Corresponding

Strain Uncertainty (0°C to +50°C).

Fiber type PANDA Bow-tie Tiger
StdErr Frequency (MHz) 054 0.85 1.57
Strain uncertainty (ug) 7 36 19
StdErr Normalized Intensity (%) 0.7 24 12
Strain uncertainty (ug) 25 124 110
StdErr BW (MHz) 1.1 1.6 -
Strain uncertainty (u€) 19 53

5.4 Summary

The strain dependence of the Brillouin gain—loss spectrum for PANDA, Bow-tie,
and Tiger polarization-maintaining fibers has been studied in the range 0°C to 50°C. We
found a linear relationship between the strain and the Brillouin frequency, intensity, and
bandwidth for PANDA and Bow-tie fibers. For PANDA fiber at 20 cm spatial resolution,
Brillouin frequency gives 7 pe uncertainty, which is the highest accuracy among three
parameters, whereas the Brillouin bandwidth gives 19 pe uncertainty. Tiger fiber is not a

good candidate for strain sensing using Brillouin sensor due to its broad bandwidth.
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Chapter 6
Simultaneous strain and temperature measurements with PM

fibers and their error analysis

[This chapter is adapted from the paper published in OPTICS LETTERS, 29, 1342- 1344 (2004)]
6.1 Introduction

In chapter 4 and 5, the temperature and strain dependence of Brillouin frequency,
intensity, and bandwidth in PM fibers have been studied. Once the temperature and strain
coefficients become available, with the measured parameters in Brillouin spectra we can
obtain the strain and temperature simultaneously with PM fibers.

Brillouin frequency shift is sensitive to changes in both temperature and strain in
SM fibers [Bao et al. 1994]. This leads to a problem common in many sensors: one
cannot distinguish a change in the strain or the temperature experienced by the fiber.
Neglecting the temperature effect leads to substantial errors in strain measurements. For
simultaneous measurement of temperature and strain, a few results have been reported in
SM fibers with Brillouin frequency and intensity [Park et al. 1998, Smith et al. 1999, Kee
et al. 2000]. However, because of polarization mode dispersion (PMD) [Chen et al. 1999,
Yu et al. 2004a] of SM fiber, the polarization state varies randomly along the SM fiber. It
is impossible to separate the state of polarization changes induced by the temperature and
strain from the dynamic features caused by PMD. As a result, the intensity measurement
uncertainty increased in addition to the laser power fluctuation for simultaneous
temperature and strain measurement with SM fiber using intensity and Brillouin
frequency.

It is known that PM fibers allow the light to travel in one polarization state if the
input light is launched into one of the PM fiber axes. As a result, the PMD-induced
fluctuation can be minimized, and the power fluctuation is attributed only to the laser
source. Because of the minimization of polarization fluctuation in the power, we can

possibly achieve a spatial resolution on the scale of centimeters for simultaneous
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temperature and strain sensing with PM fibers. SM fibers can have a spatial resolution
only on the scale of meters for simultaneous temperature and strain sensing.

We have used three types of PM fiber, PANDA, Bow-tie and Tiger, to measure
strain coefficients at various temperatures for the Brillouin intensity, frequency, and
bandwidth as presented in Chapter 4 and 5, and then we calculated the temperature and
strain uncertainty. With three measurable parameters for the Brillouin scattering
spectrum—intensity, bandwidth, and frequency—there are three options for simultaneous
temperature and strain sensing: (1) intensity and frequency, (2) intensity and bandwidth,
and (3) bandwidth and frequency. For the second option the Brillouin intensity integral
over frequency is a constant over the complete frequency range if the input power is not
very high (below the stimulated Brillouin scattering threshold), so the intensity and the
bandwidth are two related parameters. However, within a limited temperature and strain
range (within our measurement range) we can ignore the correlation between the intensity
and the bandwidth; hence the intensity and the bandwidth can be considered two
independent parameters for simultaneous temperature and strain sensing. Although we
have learned that Tiger fiber is not be a good candidate for sensing, for comparison

purpose we still list results for the Tiger fiber in this chapter.

6.2 Simultaneous measurement of strain and temperature

First, we used intensity and frequency shift as known parameters, which yielded the

following for temperature and strain variation [Smith et al. 1999]:

AT Av-C5-Cf-AP
CCECT-CECL (6.1-2)
T_ T
AV'CP—CV'AP
Ae = —g—r—s—r
G C,—C,C, (6.1-b)

where Av and AP are the frequency and relative intensity variations induced by strain

and temperature change and csz[ﬂ] , T =[a—"} , c;:[fﬁ] and c,?:[f] are the
o |, aT |, 2 )r aT |,
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temperature and strain coefficients of the frequency and intensity. If we ignore the
uncertainty in the temperature and strain coefficients for Brillouin frequency and
intensity, and account for only the uncertainty induced by the Brillouin frequency and
intensity, we can determine the maximum errors for the temperature and strain

measurements as follows:

5 [5(av)cal+|cs-s[ar]
AT)max = ICf-C};—Cf,-Cf , (6.1-c)

500 ‘5(Av)-C£I+ cT.5(AP)
E) ax = -CfC,C-Cf)-Cﬂ ) (6.1-d)

If we assume that the probability distributions for AT and Ae are Gaussian functions,
we can calculate the rms values for AT and Agas follows: in all the rms value

calculations we ignored the uncertainty of temperature and strain coefficients for

Brillouin frequency, bandwidth and intensity.

2 2
E £
AT)= rms(avyChp || _Cprms(ap)
el -cEch chcl-ctch) | (6.1
2 2
—_— rms(Av)-CT CT-rms(AP)
rms (Ag)= 4 [| 2o | | Curmsap)
chcl-cich cpel-cich) . (61D

Similarly, using frequency and bandwidth we have:

Av-C4-C{ -AB
cét.cr-cg-ch . (6:2-3)

AT

Av-CE-CI-AB

Ag =
Cl-cy-ct.cl (6.2-b)
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where AB are the variations of the Brillouin bandwidth due to temperature and strain.

C; = (a%s)r and C; = (aB 6T)g are the temperature and strain coefficients of the

bandwidth. The maximum errors and rms values for the temperature and strain

measurements are given by the following:

ls(avycsllcs-s(a)|
5 (A7), = |c;§- T ] , (6.2-c)
‘5(Av)-C£|+ cl.5(AB),
5 (86) ey = iC5 .Cgﬂcvr.cg‘ , (6.2-d)
2 2
— (Av)-CE CE -rms (AB)
rms (AT) =4 [| o2 |+ | 8
(AT) c;?-cg—cg.c,? c;?-cg—cg-CVT , (6.2-¢)

2 2
T T
I‘ms(Aé‘) —_— ( rms (Av)-Cp J n ( Cy rms (AB) )

ct.ck-cg.cl ct.ch-cgcl (6.2-)
If we use bandwidth and intensity, we have
AT AB-CIf—CgAP
- crcy-czch (6.3-a)
A, _ AB-CI-CI.AP
- cE.cr-cs.ct . (6.3-b)

The maximum errors and rms values for the temperature and strain measurements

as follows:

[5(aB)cil|cs-s(ap)
max = lea-Cﬁ—Cg-C%l , (6.3-¢)

s (ar)
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s (aBY)CFl+|c o (aP)

o (Ae = -
( )max |C; C}; _CE'CITJ . (63 d)
2 2
AB)-C& cé. AP
rms (AT) = || e | o | B

2 2
. T Tl
rms (Ag)= (———imS(TAB)fPTj + (————? 9’"“5’2}
. . CPCB —CB'CP . (6.3‘f)

6.3 Experiment and results

The experiment setup was described in Fig.5-1, Chapter 5.

The Brillouin frequency was measured as a function of strain over the temperature
range 8°C to 50°C for the fast axis PANDA fiber. It showed a linear relationship with an
average slope of 0.077 MHz/pe in Fig. 5-3(a). The same test was done for fast axis of a
Bow-tie from 0°C to 43°C, with an average slope 0.023 MHz/ue as shown in Fig. 5-3(b).
The bandwidth and intensity of the Brillouin spectrum exhibited a linear relationship with
respect to strain over the same temperature range, as shown in Figs. 5-4 (a) and (b) for
the PANDA fiber. When the same measurement was done for the Bow-tie fiber, it was
observed that the Brillouin intensity increased, but the bandwidth decreased as a function
of increasing strain as shown in Fig. 5-5 (a) and (b).

Clearly the three parameters of the Brillouin spectrum are linear functions of
temperature and strain, so that Eqs. (6.1) to (6.3) are valid. The temperature and strain

coefficients of Brillouin frequency, intensity ratio, and bandwidth for three PM fibers
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were measured and calculated as shown in Table 6-1. The strain coefficients were

averaged over the measurements in the temperature range 0°C to 50°C. By substituting
the parameters in Table 6-1 and the directly measured frequency, intensity, and

bandwidth values into Egs. (6.1) to (6.3), we obtained rms and maximum error values for

the temperature and strain of all three PM fibers. The average strain and temperature

uncertainties are listed in Table 6-2 and are calculated as shown in Figs. 5-4 and 5-5 for

the measured temperature and strain. The temperature range is 0°C to 50°C, and the strain
range is 0-408 pe for PANDA, and 0-1021 pe for Tiger fiber. As expected, the calculated

rms values for temperature and strain using the intensity, bandwidth, and frequency are

similar to the strain and temperature uncertainties, which are derived from the strain and

temperature measurements in Figs. 5-3(a) and (b).

Table 6-1 Temperature and Strain coefficients of Brillouin frequency, intensity and

bandwidth.
PM fiber type PANDA Bow-tie Tiger
; 137 230 166
C, (MHz/C)
.007 .05 .07
or 026 023 0.04
P (%) .03 1001 10.09
r 0.15 020
Cp (MHz/C) 10.02 .02 )
e 0077 0.024 0.091
v (MHz /) 19.002 19,001 10.005
e 0027 0.020 001
P (oly) .003 40,002 .004
€5 itzhe) 0058 -0031 ]
40.004 40.002
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Table 6-2 Uncertainties of Temperature and Strain Calculated with Measured

Brillouin Frequency (F), Intensity (P) and Bandwidth (B).

PANDA Bow-tie Tiger
Property F-P F-B P-B F-P F-B P-B F-P
Ui i f
noertainty 0 8 2 38 4 3 38 16
temp. (°C)
Uncertainty of
153 39 135 237 126 195 598
strain (ue)
Max error of AT
10 4 58 12 7 137 78
(O
Max error of Ae
331 82 249 741 490 1096 1308
(ue)
ms(AT) (C) 2 2 40 8 4 73 38
rms(Ag) (ug) 221 43 149 414 152 567 926

6.4 Discussions

By using PM fibers we had hoped to achieve better frequency and intensity
measurement accuracy, i.e., better temperature and strain measurement accuracy.
However, we found relative large uncertainty with a combination of intensity and
frequency. We believe this is due to the nonlinear Brillouin amplification fluctuation
induced by the laser power. In a SM fiber the polarization state varies randomly along the
fiber length, the Brillouin loss takes the average effects between the pump and the probe
polarization state variation. When the laser power fluctuates, its effect on the Brillouin
loss is not obvious because of the average Brillouin loss effects induced by PMD. While
in a PM fiber, the polarization directions of the pump and the probe beams remained
parallel when they were launched in the same state. As a result, the Brillouin loss, i.e.,

nonlinear amplification, grows exponentially along the fiber length because no PMD-
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induced polarization state variations existed. When the laser power varies, it causes
relative larger fluctuation in the Brillouin loss.

It must be pointed out that all experiments discussed in this thesis were done at
well-controlled conditions in our lab; therefore, the correlation between temperature and
strain has been neglected. In the field application, however, sensing fiber must be
attached to the structure. It is possible that temperature effect is coupled with strain
effect. For example, a structure temperature change may generate a strain due to structure
expansion (or contract). In this case, the thermal-induced strain must be taken into

account.

6.5 Summary

The stain and temperature were simultaneously measured with PANDA, Bow-tie
and Tiger PM fibers using frequency, intensity and BW for the first time. The expressions
for simultaneous temperature and strain sensing and the maximum errors and rms values
of temperature and strain measurements are derived with three combinations of the
parameters: (1) intensity and Brillouin frequency, (2) bandwidth and Brillouin frequency,
and (3) bandwidth and Brillouin intensity. The experiments demonstrate that
simultaneous temperature and strain sensing at 20-cm spatial resolution for Brillouin
frequency combined with bandwidth the strain/temperature resolutions are 39 pe/2°C
(PANDA), 126 pe/3°C (Bow-tie), and 598 ue/16°C (Tiger); for the Brillouin frequency
combined with intensity the strain/temperature resolutions are 153 ue/8°C (PANDA) and
237 ue/4°C (Bow-tie); and for the bandwidth combined with intensity the
strain/temperature resolutions are 135 ue/38°C (PANDA) and 195 ue/38°C (Bow-tie).
PANDA shows the best performance.
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Chapter 7
Identification of the spatial location to better than the pulse

length with high strain accuracy

[This chapter is adapted from the paper published in OPTICS LETTERS, 30, 2215-2217(2005)]

7.1 Introduction

In Chapter 4, 5 and 6, we have studied the temperature and strain dependence of
Brillouin scattering spectrum of PM fibers; by using the PM fiber we obtained higher
(comparing to SM fiber) measurement accuracy and resolution in terms of temperature
and strain simultaneously. On the other hand, identifying the location of a strain
section accurately in a field test is sometimes more important than just measuring the
strain changes. In this chapter we propose a novel method to identify spatial location of

the boundary between two strain sections.

In a Brillouin-loss-based distributed sensor, the location information is obtained
by measuring the travel time of the pulse reflected from a specific position in the
sensing fiber. The location accuracy is defined as the spatial interval for a signal change
from 10% to 90% or 90% to 10% of the rise or fall time, respectively. Normally, this is
longer than the pulse length because of the noise involved in the signal. The minimum
detectable strain or temperature length depends on a short rise or fall time, the pulse
length, and the SNR (signal and noise ratio). A shorter pulse requires broadband
detectors and electronics. This leads to a low SNR and poor strain accuracy. If a
broader pulse is used, the strains within the pulse length may not be uniform for a small
strain length. This leads to a low SNR and poor strain accuracy. Hence the Brillouin
spectrum involves multiple peaks (for relative large Brillouin frequency variation) or a
broadened Brillouin profile (small Brillouin frequency variation). Thus finding the

boundary of two strained sections is a difficult task.
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7.2 Methods used by others for strain boundary determination

Brown proposed the two-equal-height-peak method by finding the position where
the Brillouin spectrum shows two equal-heights [Brown et al. 1999]. This position is
defined as boundary between two strained sections. This method introduces errors for
short pulses due to the fact that the location of the two-equal-height spectrum depends
on the input power level and the CW component (base) of the pulse (This issue will be
discussed in the next chapter).

A frequency modulation method was used to deconvolute the Brillouin spectrum.
For instance, Hotate and Tanaka [Hotate et al. 2001] reported 1 cm spatial resolution
with a correlation-based Brillouin sensor. A strain of 1000 pe was applied with a
Brillouin frequency uncertainty of 5 MHz to 6 MHz, equivalent to 100 ue to 120 pue,
over a limited sensing length (0.3 m).

Shi [Shi et al. 2003] used a 10 ns pulse, equivalent to 1 m, to get a spatial
resolution of 0.2 m with a frequency bandwidth method. They used the maximum
bandwidth (convolution of the Brillouin peaks from two strained sections) as the
criterion to determine the boundary of two strained sections. Using this method they
obtained a ~100 ue uncertainty for a 750 ue measurement. The method is actually
similar to Brown’s method where the difference of the two Brillouin frequencies is not
big enough to show the two peaks.

A deconvolution method for a two-peak Brillouin spectrum was proposed by
Afshar [Afshar et al. 2005a]. Because one peak Brillouin spectrum fitting represents
only uniform strain or temperature. However, the measured spectrum near the boundary
is the overlap of two or multiple peaks, which form a non-symmetric and broadened
peak for small Brillouin frequency variation. If we use one Lorentzian peak to fit a
distorted spectrum (an overlap of muitiple Brillouin peaks), we will get an offset peak-
frequency from the real peak-frequency. Using a multiple-peak function to fit the
spectrum near a boundary of different strain sections is possible if one knew the
number of peaks in the Brillouin spectrum in advance. Often this is not the case. In
addition, the experimental data contains noise such as power fluctuates. It is difficult

and time consuming to use a multiple-peak function to fit a distorted spectrum.
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7.3 The second-order partial derivative method

Theoretically for a noiseless signal, the first-order derivative of signal with
respect to position would be able to reveal the boundaries of the strained sections.
Based on Brillouin loss signal changes with strain, we calculated the Brillouin loss
versus position at the peak Brillouin frequency and its first-order derivative with
respect to location with uniformly strained sections by use of the coupling wave
equations (Eq. 2-10-1 and Eq. 2-10-2 in Chapter 2), as shown in Fig. 7-1. It can be seen
that the first-order derivative of the position reveals the boundaries of the strained
sections at positions of 1.0, 2.0, and 3.0 m. In the theoretical calculation, no noise is

included; hence the first-order derivative is adequate.
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Fig.7-1 Brillouin loss (solid line) and its 1* order derivative (dashed line).

For experimental data, we propose a mixed second-order partial derivative of the
Stokes intensity (Brillouin loss signal) with respect to frequency and location to
identify the boundary for different Brillouin frequencies. The second-derivative
procedure has been used in spectroscopic signal processing to find the peaks of a
spectrum (second derivative of amplitude with respect to frequency). Here, the
derivative is relative to frequency and location, rather than frequency alone, because the
distributed Brillouin sensor needs both location and spectrum information related to
strain or temperature. The reason for using the mixed second order derivative is to
remove the noise from intensity fluctuations. Detailed discussion will be presented in

the section 7.5.

Ph.D. Thesis—- Q. Yu 69 Chapter 7



7.4 Experiment setup and considerations

A PANDA fiber was used in the experiment as the strain-sensing fiber. The fiber
was passed around a pulley with bearings and wrapped and glued to a post. The post
was pulled away from the pulley to create a uniform strain on the fiber as shown in Fig.
5-1. The length of the strained sections was physically measured to be 157 cm. The
pulse width was 2 ns.

For PM fiber, we can get a 30 dB SNR (signal to noise ratio) by averaging 2000
waveforms for pulses of 1-3 ns. This can resolve a minimum Brillouin frequency shift
of 1-1.5 MHz. If a single mode fiber were used, the minimum detectable strain would
be larger than that of the PM fiber, unless more averaging is introduced, which adds to
the measurement time. For a SM fiber at the same power level and averaging number
(2000), we could get a SNR of only 25 dB. This means a minimum Brillouin

frequency of 2 MHz, unless we increase the number of waveforms averaged.

7.5 Results and analysis

As the spectrum evolves from unstrained to strained fiber, there is a maximum
change in Brillouin frequency and Stokes intensity at the strain boundary. At the peak
frequency of the unstrained section of 12,800 MHz, the Stokes intensity drops from the
unstrained section to the strained section. Fig. 7-2 shows Stokes intensity in three
experiments: Strain-1, Strain-2, and Strain-3. The corresponding Brillouin frequency
differences between the strained and the unstrained sections are 1.2, 8.4, and 15.4 MHz,
respectively. In principle, the first-order derivative of the Stokes intensity with respect
to the position at a given frequency is able to reveal the boundary. However, its SNR is
low due to the Stokes intensity fluctuation caused by digitizer quantization (rounding)
error and input laser power fluctuation.

To minimize the error in finding the boundary, we first calculated the relative
change for two consecutive frequencies, the first-order derivative of the Stokes

intensity with respect to frequency:

Pv+Av,_ ,2)—-P(v,z)

Av >

scan

a(v,z) =

(1.1)

where P(v,z) is the Stokes intensity near peak frequency and P(v+A4vyc,,) is the
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Fig. 7-2 Stokes intensity vs. position for Strain-1, Strain-2 and Strain-3.

intensity at v +Avgcan. Avsean S the laser frequency scanning step size. Obviously, a(v,z)
has much smaller fluctuation as shown Fig. 7-3. Note the Avga, was 5 MHz in our

experiment.

400

300 —e— Strain-2

200 ’*‘ —¥—Strain-3
o e

-100 W

-200 : s
180 190 200 210 220 230 240

Position(ns)

-0 Strain-1

Alpha(power unit/MHz)

Fig. 7-3 Alpha (1% derivative of Stokes intensity respect to frequency) versus position

for Strain-1, Strain-2 and Strain-3.

Then we calculated the 2™ order partial derivative of the Stokes intensity with

respect to frequency and position:

Aa(v,z) _ alv,z+Az)—a(v,z)
AZ ?

Bv,z) = 72)

where Az is the step size of the digitizer. The plot of S(v, z) versus position z is shown

in Fig. 7-4 for Brillouin frequency for Strain-1, Strain-2 to Strain-3 corresponding of
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1.2, 8.4 and 15.4 MHz respectively. We see a positive peak (a(v, z) increasing), and a
negative peak (a(v ,z) decreasing) corresponding to the start and end of the strained
section. The SNR of B(v, z) is about 6 dB, much higher than that of the first-order
derivative of Stokes intensity with respect to position. We used a quadratic fitting
method to find the peak position at both sides of the maximum, so that it gives a more
accurate location. The first boundary location was measured as 200 ns for the three
strain cases, and the second boundary location was measured as 216.5 ns for Strain-1
and 216.0 for both Strain-2 and Strain-3. Knowing the two boundaries, the length of the
strained section was thus calculated as 16.5 ns (=165 cm) for Strain-1 and 16 ns (160
cm) for both Strain-2 and Strain-3. Comparing to the actual length of the strained
section, 157 ¢cm, we see that the accuracy is within one to two digitizing steps, which is
equivalent to S cm to 10 cm.

Once two boundaries were found we then applied one peak fitting method for the
Lorentzian shape of the Brillouin spectrum at the middle point of two boundaries. This
will allow us to find the central Brillouin frequency and to get the strain for this section.
It is assumed that between two boundaries the strain is uniformly distributed. The
accuracy of the boundary measured by this method depends on the SNR, the scanning
frequency step, Avsean , the digitizing step Az and the frequency variation dv between
the two sections. For a large scanning frequency increment, Avge,, >>8v, the accuracy
in evaluating a(v, z) decreases. Although it is commonly believed that the spatial
resolution is determined by pulse width, the digitizer step is the ultimate resolving
factor in this method, since the recorded spatial information within the pulse width is

updated at every digitized step.
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Fig. 7-4 (v, z) versus position for Strain-1 Strain-2 and Strain-3.
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Figure 7-5 shows the strain distribution measured by a sensor with the boundary
identification method as Strain-1, Strain-2, and Strain-3 corresponding to strain levels
of 16, 108 and 200 pe. The dial-gauge measurements are also plotted as Strain-1’,

Strain-2’ and Strain-3’ corresponding strain levels 19, 114 and 217 pe.
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Fig. 7-5 Strain distribution Strain-1, Strain-2 and Strain-3 measured by sensor using
boundaries identification method and the dial-gauge measurements Strain-1’, Strain-2’
and Strain-3’.

Note that the strain measurement accuracy of the dial-gauge is 6 pe. The
distributed sensor has a frequency measurement accuracy of 1.2 MHz, equivalent to 13
pe. The difference between the distributed sensor and dial gauge reading is within the
sum of uncertainties (321 ue) attributed to both methods. Since this method is not
iterative but a rather simple calculation (all the peak fitting methods use iteration

approach), it is suitable for implementation to the real time measurement.

7.6 Summary

The second-order partial derivative of the Stokes signal with respect to frequency
and position shows a maximum or minimum at the boundary between two different
strained sections. This idea is used to locate the boundary of different strain regions.
Using this method can improve the location accuracy to % to 1/4 of the pulse length
with a 1.2 MHz minimum detectable Brillouin frequency between the two sections.
This method is relatively simple, and therefore can be deployed in the sensing system

to detect the location of a boundary between two strained sections.
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Chapter 8
Influence of transient phonon relaxation on the

Brillouin loss spectrum of nanosecond pulses
[This chapter is adapted from the paper published in OPTICS LETTERS, 31, 888-890(2006)]

8.1 Introduction

In this chapter, we study the influence of transient phonon relaxation on the
Brillouin loss spectrum, and the physics of Brillouin signal cross talk near the boundary
of two strained sections. The transient phonon is observed when the pulse width is shorter
than the phonon relaxation time in a Brillouin scattering sensing system.

For a pump-probe based distributed Brillouin sensor system, when the probe signal
consists of the pulse and DC component, the Brillouin loss spectral width can be much
narrower than the pulse spectrum [Bao et al. 1999, Lecoueche et al. 2000]. The
advantage of this approach is a high signal-to-noise ratio, which leads to better
temperature-strain accuracy. To our knowledge there has been no research conducted on
the phonon relaxation time (or the acoustic field decay time) affected by the DC level of
the probe signal and pump power in the Brillouin loss spectrum at a pulse width shorter
than the natural phonon lifetime ( ~10 ns).

We conducted experimental and theoretical studies of the effects of the pump and
the DC levels of the probe on the acoustic field for a short pulse (~10 ns), by studying the
Brillouin loss spectrum at the boundaries of two or three temperature and strain sections
in the sensing fibers. We demonstrated, for what is believed to be the first time, that when
a 2 ns pulse is used the probe and the pump interact with the acoustic field, resulting in a
longer relaxation time. This induces an AC power increment in the Brillouin loss
spectrum in the next fiber region with a distance much larger than the pulse length. This
can cause a problem for a distributed sensor in determining the strain-temperature
boundary, and for central Brillouin peak fitting to a multiple peak convolution, and it

affects temperature and strain accuracy. The measured saturation power of the pump and
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probe waves of nanosecond pulses is ~4 mW, which is much lower than the stimulated
Brillouin scattering threshold.

The prolonged phonon relaxation time, defined as Tgecay, depends on the pump and
DC levels of the pulsed probe signal. This was detected by an AC coupled optical
receiver. Tqecay Was measured with two temperature sections of a PANDA fiber at the end
of the first fiber section from the maximum Brillouin loss signal (v~v,=vg;), decreasing
to minimum Brillouin loss in section-2 (v;—v.#vg;). The boundary was determined using
the second-order derivative described in Chapter 7. Note that v;and v, are the
frequencies of the pump and probe lasers, respectively. vg; and vg; are the Brillouin
frequencies for fiber sections-1 and -2, respectively. The Brillouin loss signal shows
saturation of 4 mW for pump power at 2 ns pulse width with a power of 2.5 +0.5 mW
for the probe.

For the DC level effect on the acoustic field, we have found a minimum phonon
relaxation time corresponding to a moderate DC level, if the DC level is higher or lower
than this value, then the relaxation time is increased for single-mode (SM) fiber. The
same trend is found for increasing pump power; a minimum phonon relaxation time

occurs at 3 mW.

8.2 Observation of the transient phonon field and its decay

Consider two PM fiber sections with different Brillouin frequencies vg; and vgs.
When the pump and probe frequency difference is vg;, a strong phonon field is created as
the pulse propagates along section-1. Even after the pulse passes section-1 and goes to
section-2, the phonon field at vg; is still sustained by the interaction of the probe DC
level and pump signals. When the CW power or the DC level is increased, the acoustic

wave does not decay naturally. Rather, it is driven by the CW pump and the DC level of
the probe after passage of the pulse. This process can be seen in the Brillouin loss signal
when vi— v, =vp,; (Fig.8-1): the vg; component is seen at time 228 ns (section-2), which
is 12 ns from the boundary at 216 ns. This time difference is larger than the 2 ns pulse
width and the natural phonon lifetime of ~10 ns.
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Fig. 8-1 Brillouin loss signal versus position for a PM Panda fiber when vi—v, =
vp1=12830 MHz. The strained section is between 200 and 216 ns.

The experimental setup [Yu et al. 2005] was similar to that described in chapter 5.
The DC level was determined by the extinction ratio (ER), the pulse/DC level ratio, an
ER of 14 dB, power Ppmbe 2.5 mW, and Ppump=3 mW. 1.6 m Panda PM fiber was
stretched by 400 us, with a small strain gradient between the strained and loose fiber. The
equivalent Brillouin frequency shift was ~31 MHz. The acoustic field at section-1
interacts with the CW pump before reaching the minimum Brillouin loss at 240 ns, which

ZIVES Tgecay as 240-216 ns=24 ns.

8.3 The effect of the CW pump power to the transient phonon

relaxation

We also studied the correlations between the CW pump power and the acoustic
field relaxation, as well as the pump power saturation and the Brillouin loss signal. A 10
m Panda PM fiber with a loose 1.2 mm tube was used in two sections: length ;=5 m in
an environment chamber of —45°C (15;=12670 MHz), and length Z,=5 m at room
temperature (vgz =12790 MHz). The Brillouin loss signal versus position at different
pump powers is plotted in Fig. 8-2. The small positive peak at the input end is due to the

reflection at the connector. At low pump power, the reflection of the probe pulse is added
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to the pump power as a positive peak. As the pump power increases for a fixed probe
power, the reflection of the probe is smaller than the pump power. The Brillouin loss
signal shows saturation at a pump power of ~4 mW. Note that this saturation power is
much lower than the stimulated Brillouin scattering threshold for a 2 ns pulse, which
occurs at a few hundred milliwatts. This means that the optimized pump power for the

distributed sensor should be ~4 mW for a pulse width of 1 ns to 5 ns.
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Fig. 8-2 Brillouin loss signal versus position at vg; =12760 MHz with different pump

powers for a 2 ns pulse.

Figure 8-3 represents the measured Tuecay at different pump powers for a pulse
power of 2.3 mW and an ER of 14 dB. As the Brillouin loss signal is proportional to the
acoustic wave, we can measure the Brillouin loss signal decay to obtain the relaxation
time of the acoustic wave. Acoustic waves decay as Brillouin loss signal P=Py exp(—¢
ITtdecay), Where Py is the maximum Brillouin loss signal at the boundary measured at
difference vi- vo=vg; =12670 MHz.

The slopes in Fig. 8-3 give the acoustic wave relaxation time at the different pump
powers shown in Table 8-1. At a pump power of 3 mW, we observed an -9 ns relaxation
time, which is equivalent to an ~39 MHz Brillouin bandwidth. This bandwidth value
matched well with our measured the Brillouin loss spectrum width of ~38 MHz at -45°C.
The bandwidth remains unchanged for pump power of 1ImW to 6 mW, as the ER is kept

constant.
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Fig. 8-3 Brillouin loss signal versus time at v;- vo=vg, for different CW pump powers.

Table 8-1 Phonon Relaxation Time Tgecay for PM Fiber

Pump Power (CW ,mW) 1 2 3 4 5 6
Tdecay (S) 180 113 9.0 94 248 90.1

The prolonged acoustic field was observed in the Brillouin loss signal by an AC-
coupled optical receiver in the form of AC power gain at vg; in section-2 (vg). In the v
section, the returned pump signal includes vg; and was added to the probe DC level
signal interaction with a prolonged acoustic field at vg;. Therefore vg; appeared in the
spectrum corresponding to a time delay at section-2 for a distance much longer than the
pulse length and the natural phonon relaxation time. vg; and vg; belong to different
locations, arrive at the same time, and became evident in the same Brillouin loss
spectrum. Hence the probe DC level interacts with the prolonged vg; field, acting as a
gain in this Brillouin loss signal at vg,. We refer to this as an AC power increment to
differentiate it from the peak Brillouin loss signal at vg;. This combined Brillouin loss
spectrum continues to exist during Teecay for the acoustic field in section-1. This process
was simulated with our theoretical model [Afshar et al. 2005b] for AC detection of the

Brillouin loss spectrum.
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8.4 The effect of the DC level of the pulse on the transient phonon field

The AC power increment was studied at different DC levels of the probe (the pulse
amplitude remains constant) by use of a 30 m SM fiber divided into three 10 m sections,
with Brillouin frequencies vg; =12785 MHz, vg,=12820 MHz (25°C), and vgz =12850
MHz. The maximum power for the probe signal is 7 mW. The CW pump power was
maintained at 4 mW. Fig.8-4 shows the Brillouin loss spectrum at section-2 for a DC
level corresponding to an ER of 10 dB to 20 dB with an AC power increment occurring
at 260 ns (the middle of section-2). It is clear that both the vg; and the vg: frequency
components appeared in the spectrum. If we fit the central peak with a Lorentzian profile,

then the Brillouin frequency will be shifted from the true peak position.
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Fig. 8-4 Brillouin loss spectra at the middle of section-2 (at time 260 ns) for different
ERs corresponding to probe powers of 0.1, 0.6, 3.3, and 7 mW; vg; =12780 MHz, vg;
=12820 MHz, and vp3=12850 MHz.

This effect may create a drawback to the distributed Brillouin sensing, namely,
fitting errors in the central Brillouin peak for the strain and temperature accuracy. Due to
the negative peak, the single-peak fit will be shifted from the positive peak, while the
multiple-peak fit will give two Brillouin frequencies for the related temperature and strain
for this fiber section. To solve this problem, one can use the position correlation in the

time domain, combined with the central frequency fitting method, and then find the
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maximum Brillouin loss and Brillouin frequency for each peak for the location, instead of
looking for the highest Brillouin loss signal among Brillouin peaks at a given location.
This allows the removal of the different section peaks.

To study the effect of DC level on the prolonged phonon relaxation time Tecay in
SM fiber, we measured Tgecay for different ERs when vi— v2=vg: =12820 MHz for a
pump power of 4 mW. We found a minimum Tgecay at @ moderate DC level. When the DC
level is higher or lower, Tgecay tends to be longer. This minimum relaxation time
equivalent DC level (~14 dB) is recommended for the sensing operation. The result is
shown in Table 8-2. The Brillouin loss spectral width increases with increasing ER
because of the increase of the pulse component [Lecoueche et al. 2000]. The decay time
uncertainty for SM fiber is higher than that for PM fiber because the polarization state
changes in the SM fiber, which induces a Brillouin loss signal variation. This translates to

decay time uncertainties of ~4 ns for SM fiber and ~1 ns for PM fiber.

Table 8-2 Phonon Relaxation Time Tgecay and Brillouin Loss Spectral
Width at Different ERs for SM Fiber

ER (dB) 10 12 14 17 20
Tdecay (ns) 23.8 240 20.6 34.5 452
Avg(MHz) 38 39 42 45 58

Figure 8-5 shows the calculated Brillouin loss signal at AC detection. It can be seen
that the prolonged phonon fields at vg; and vg; extend to sections-2 and -3 at lengths >10
and >0 m, respectively. The Brillouin loss also extends more than the natural phonon
lifetime. This agrees with the experimental observation shown in Fig. 8-3. Apparently the
interaction between the DC of the probe and pump contributes to this prolonged acoustic

field, which is attributed to a long phonon relaxation time. We noticed that a lower DC

level of the probe corresponds to a shorter phonon relaxation time of ~10 ns.
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Fig. 8-5 Calculated AC pump power (Brillouin loss signal) in 3-10 m section fibers with
ve1 =12750 MHz, vg;=12800 MHz, and vg3=12850 MHz (ER=10 dB, Pprobe=10 mW,

P pump=5 mW) .

8.5 Summary

We have demonstrated prolonged acoustic field relaxation time and its
dependence on the pump power and the DC level of the probe pulse, as well as its effect
on the Brillouin loss spectrum. Using two- or three-section sensing fiber and varying DC
levels of the probe and pump powers, we observed an AC power increment in the AC-
detected signal (Brillouin loss signal) as well as a prolonged acoustic field relaxation
process. This effect may create a drawback to the use of a distributed Brillouin sensor in
determining the boundary of two different Brillouin frequency sections and the

corresponding temperature or strain reading.

Ph.D. Thesis— Q. Yu 81 Chapter 8



Chapter 9

Conclusions and Future work

9.1 Conclusions

Based on experimental studies of the temperature and strain dependence of the
Brillouin loss spectrum for the three types of commercial PM fibers, it was found
that PANDA and Bow-tie fibers are feasible for simultaneously measuring strain
and temperature. Tiger fibers are not suitable for sensing applications. The
expressions for simultaneous temperature and strain sensing, the maximum errors
and RMS values of temperature and strain measurements have been derived using
combinations of 1) power and Brillouin frequency, 2) bandwidth and Brillouin
frequency, and 3) bandwidth and Brillouin power.

A 2™ derivative method was proposed for the identification of strain locations
with spatial location accuracy better than the pulse width. This method involves
only simple data processing, which can be implemented into the control and display
system in the Brillouin sensing system.

The observations and studies on the influence of the transient phonon
relaxation were presented. The transient phonon field lasts longer than the phonon
lifetime (~10 ns). A 90 ns phonon relaxation time for two temperature/strain
sections has been observed. This prolonged relaxation time depends on the pump
and probe powers, and it affects the use of a distributed Brillouin sensor in
determining the boundary of two different Brillouin frequency sections and the

corresponding temperature or strain reading.

9.2 Proposed future work

(1) To develop a numerical model for a deeper understanding of the transient
phonon relaxation process.

(2) To build a sensing system using polarization-maintaining components.
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(3) To use PM fibers for structural health monitoring as well as for early
failure alarm of critical structures which require high accuracy.
(4) To implement the second derivative method in the real-time test control-

display program to accurately identify strain locations.
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Appendix A

Statistics formulas

(Index from SigmaPlot® User’s Manual, 2001)

Mean

The arithmetic mean, or average, of all the cells in the column, excluding the missing values.

This is defined by: X= lz X,
_ ns

Standard Deviation
The sample standard deviation is defined as the square root of the mean of the square of the

differences from their mean of the data samples x; in the column. Missing values are ignored.

1 n
§= _‘Z(x:‘ -X )2
n-1ia
Standard Error
The standard error is the standard deviation of the mean. It is the sample standard deviation

divided by the square root of the number of samples. For sample standard deviation s:

s
StdErr = —
Jn

where 7 is the sample size.

Note: The standard errors are estimates of the uncertainties in the estimates of the regression_coefficients
(analogous to the standard error of the mean). The true regression coefficients of the underlying population

generally fall within about two standard errors of the observed sample coefficients.
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Temperature dependence of Brillouin frequency,
power, and bandwidth in panda,
bow-tie, and tiger polarization-maintaining fibers
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We report a study of the temperature dependence of the Brillouin gain and loss for three different kinds of
commercial polarization-maintaining fibers for the first time to our knowledge. The Brillouin frequency dif-
ferences between the fast and slow axes are independent of the temperature, varying between 2.9 and 4.3 MHz.
Using 2-ns pulses (equivalent to a spatial resolution of 20 cm), we find that the temperature coefficients for
the relative Brillouin power at a wavelength of 1310 nm are 0.26%/°C (panda fiber), 0.23%/°C (bow-tie fiber),
and 0.04%/°C (tiger fiber); the temperature coefficients for the Brillouin frequency are 1.37 MHz/°C (panda),

17

1.66 MHz/°C (tiger), and 2.30 MHz/°C (bow-tie).

width are 0.15 MHz/°C (panda), 0.20 MHz/°C (bow-tie), and 0.22 MHz/°C (tiger).

America

OCIS codes: 060.2370, 290.5830.

A distributed Brillouin sensor can be used for struc-
tural health monitoring to measure the cracks in
civil structures. In field tests, both temperature and
strain are unknown. If only the Brillouin frequency
is measured, two fibers are needed,! one to detect the
temperature and the other to detect the strain. In
practice, it is difficult to install a second tempera-
ture-sensing fiber that is totally isolated from the
strain.

A few studies on measuring temperature and strain
simultaneously in one fiber with a distributed fiber
sensor have been reported.>”* A hundred to a few
hundred microstrain and a temperature resolution of a
few degrees with a spatial resolution of a few to a few
tens of meters have been achieved. One of the major
limitations in spatial, temperature, and strain resolu-
tion is related to the intensity and power fluctuation
induced by variation of the polarization states along
the single-mode fibers, which is caused by polarization
mode dispersion (PMD), unless the principal state of
polarization (PSP) is launched. However, the PSP
changes with temperature, strain, and stress along the
fiber length. This introduces higher-order PMD. As
a result, the Brillouin interaction between two coun-
terpropagating beams fluctuates along the various
positions of single-mode fibers. The polarization-
maintained fibers can be considered the first-order
PMD effect in the fiber. Two polarization-maintain-
ing (PM) states are equivalent to two PSPs. If we
launch into one of the PSPs of the PM fiber, there is
no polarization variation and less power fluctuation,
and the PSP is a weak function of temperature. Even
with the temperature and strain variations along
the PM fibers, the intensity fluctuation caused by
the variation of the polarization states from tem-
perature and strain is not as strong as in the case
of the single-mode fiber. With the Brillouin power
and frequency shift measurements, we can achieve
simultaneous temperature and strain sensing.

0146-9592/04/010017-03$15.00/0
Ph.D. Thesis-Q.Yu

The temperature coefficients for the Brillouin gain band-

© 2004 Optical Society of

Although Smith et al.  used PM fiber as a sensing
fiber, no polarizing device was used for the connection
between the single-mode and PM fibers. The Bril-
louin gain signal fluctuated as in the single-mode fiber.
In this Letter we launch the input light to one PM
axis of PM fiber to propagate pump and probe waves.
The three most common PM fibers, panda, bow-tie, and
tiger PM fibers, are used in this experiment to char-
acterize the Brillouin gain spectrum on temperature
dependence for its frequency, power, and bandwidth.

For PM fibers the refractive index of two orthogonal
axes, i.e., the slow axis and the fast axis, is different.
The difference in the Brillouin frequency shift at the
slow axis and the fast axis can be described as

2v,
AVBSf = T (nslow - nfast) ’

where ng,w and ng. are the refractive indices of the
slow and the fast axis, respectively; v, is the speed
of the acoustic wave; and A is the optical wavelength.
Take A = 1310 nm, v, ~ 6000 m/s, and An = ngoew —
Neast = 4 X 107%; then, Avpsr = 3.66 MHz. This num-
ber is similar to what we measured in bow-tie, panda,
and tiger fibers.

The extinction ratio (ER) of a PM fiber is a measure
of the PM fiber’s ability to maintain the linear polar-
ization state of the input light. It is defined as ER =
~10 log(P../P,), where P, and P, are the minimum and
maximum power, respectively, measured through a po-
larizer. A low ER represents an elliptical polariza-
tion state. Through our experiments we maintained
an ER of >20 dB.

The experimental setup is modified from that of
Ref. 1 by the addition of two pigtailed polarizing beam
splitters for launching the light into either the slow
or the fast axis of the PM fibers, as shown in Fig. 1.
The wavelength of the light source is 1310 nm. One
of the connector’s key ways is aligned with the slow

© 2004 Optical Society of America
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P1 PBS1 cl
Brillouin % PM fiber
scattering
measurement
system P2
PBS2 @

Fig. 1. Setup for the Brillouin scattering measurement of
PM fibers. P1, P2, polarization controllers; PBS1, PBS2,
polarizing beam splitters; C1, C2, connectors.

axis, and the other is aligned with the fast axis.
When the PM fiber is connected to the system, the
polarization is measured to yield an ER of >20 dB for
each connector and each axis. With a polarization
controller the input optical power can be launched into
the sensing PM fiber at either the slow or the fast axis
for both the pulsed and the cw beams.

All PM fibers used in our experiment have an ER
of >25 dB. The temperature chamber’s accuracy is
+0.5°C. The input power for the cw beam is 5 mW,
and the pulse power is 6 mW. The pulse widthis 2 ns,
which is equivalent to a 20-cm spatial resolution.

Figure 2 shows the Brillouin frequency shift versus
the temperature for three PM fibers. The tempera-
ture coefficient is C,7 = 1.37 MHz/°C for panda fiber
at both the slow and the fast axis. The frequency
difference between the fast and the slow axis is
Avpgr = 8.6 MHz. The spectrum bandwidth is shown
in Fig. 3. The bandwidth decreases from 49.5 MHz
at —60°C to 29.2 MHz at 80°C, corresponding to
Av/AT = -0.146 MHz/°C. The normalized Brillouin
scattering power increases with temperature as shown
in Fig. 4. Both Figs. 3 and 4 show the dependence of
the fast axis only. The behavior of the slow axis is
the same as that of the fast axis.

The temperature dependence of the Brillouin fre-
quency is plotted in Fig. 2. The Brillouin shift of
the bow-tie PM fiber at 20°C is lower than that of
the single-mode fiber (12.6 versus 12.8 GHz). The
temperature coefficient C,r = 2.30 MHz/°C is almost
twice that of the single-mode fiber for the same wave-
length. The deviation from linearity at low and high
temperature is believed to be caused by the polyvinyl
chloride jacket, because one of the panda fibers is in
a loose tube that shows similar behavior for Brillouin
frequency measurement. Among the three PM fibers,
only the bow-tie fiber has a thick jacket (0.9-mm
polyvinyl chloride).

To show the relation between the slow axis and the
fast axis, the Brillouin frequency shift is measured
from O to 40 °C, as shown in Fig. 5. Two straight lines
are parallel with the same slope of 2.34 MHz/°C and
are separated by 2.9 MHz. Both the panda and the
bow-tie PM fibers have a linear temperature depen-
dence on the Brillouin bandwidth and power, as shown
in Figs. 3 and 4.

Tiger PM fiber is also called elliptical inner-clad
or oval inner-clad fiber, because it has an elliptical
cladding. From Figs. 2—-4 we see that the tiger fiber
has higher fluctuation in frequency, power, and band-
width than panda and bow-tie fiber. Tiger fiber has a

temperature coefficient of C,7 = 1.66 MHz/°C, the dif-
ference between the slow and fast axes is 4.3 MHz (av-
eraged). The Brillouin gain spectrum for the tiger PM
fiber is asymmetric and much wider (105 MHz) than
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Fig. 2. Temperature dependence of the Brillouin fre-

quency shift of panda, bow-tie, and tiger PM fibers at the
fast axis.
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Fig. 6. Comparison of time trace (at 20°C) flatness for
the three PM fibers (bow-tie is upshifted 214 MHz for
comparison).

Table 1. Temperature Dependence of the
Frequency Avg, Power Ratio, and Bandwidth

Panda  Bow-Tie  Tiger
(Slow (Fast (Fast
PM Fiber Type Axis) Axis) Axis)

Avgelow) (MHz) at 20°C 12799.2 12584.0 12799.6
Avggasyy (MHz) at 20 °C 12794.8 12581.0 12793.6
Avpeiow) — AVB(ast) 3.6 2.9 4.3
C,r MHz/°C) 1.37 2.30 1.66
Power ratio (Piger = 1) 1.9 59 1
Cor (%/°C)° 0.26 0.23 0.04
Bandwidth at 20°C (MHz) 33.7 41.5 105
Cpwr(MHz/°C)® 0.15 0.20 0.20
Average Avpsr(MHz) 3.6 2.9 4.3

%Cyr is the power coefficient.
bCpyr is the bandwidth coefficient.

Table 2. Standard Error (StdErr) of Measurement
(—40-80°C) and the Equivalent
Temperature Uncertainty AT for PM Fibers

Panda Bow-Tie Tiger
(Slow (Fast  (Fast
PM Fiber Type Axis) Axis)  Axis)

StdErr of Brillouin scattering  0.56 3.20 3.14
frequency (MHz)

AT (°C) 0.3 14 1.9
StdErr of Brillouin scattering 0.3 0.3 2.7
frequency (MHz) (0—40 °C)

AT (°C) 0.2 0.1 1.2
StdErr of normalized Py 1.5% 0.3% 4.3%
AT (°C) 5.8 1.3 106
StdErr of bandwidth (MHz) 0.82 0.83 6.92
AT (°C) 5.5 42 77.2

both the panda and the bow-tie PM fibers. The gain
spectrum resembles the superposition of many Bril-
louin spectra at the measurement point representing
0.5 ns in time and 5 cm in length. When we take a
close look at the Brillouin frequency versus location,
we notice the noiselike time trace in comparison with
the flat Brillouin frequency for the panda and bow-tie
PM fibers, as shown in Fig. 6, even though the tem-
perature is constant within this section of the fiber.

For a constant temperature we should get one Bril-
louin frequency, as in the cases of bow-tie and panda
fibers; however, with tiger fibers it seems to be an
inhomogeneous broadening, which may be induced by
the nonuniformity of the core and cladding materials
through the fabrication of the tiger fiber by the pressed
preform method.® This may also explain the nonlin-
ear relation of the Brillouin power and bandwidth to
the temperature.

As a result, the deviation from the linear fit for the
tiger fiber is the largest among the three PM fibers
for the Brillouin frequency, power, and bandwidth
measurement, as shown in Tables 1 and 2. The
bow-tie fiber is the most promising candidate for
distributed Brillouin temperature sensing; its tem-
perature measurement uncertainties for the Brillouin
frequency are ~1.5°C at a 20-cm spatial resolution,
as shown in Table 2. The thick jacket induces the
high error at low and high temperatures for the
bow-tie fiber. Although the panda fiber also has a
flat Brillouin frequency response, as shown in Fig. 6,
its Brillouin bandwidth and power uncertainties are
higher than those of the bow-tie fiber, which is caused
by the Brillouin frequency’s being close to that of the
single-mode fiber, because we use single-mode fiber as
the input and output transmission fibers, as shown in
Fig. 1. The bow-tie fiber’s Brillouin frequency is far
from that of the single-mode fiber. If we use panda
fiber for the input, output, and sensing fibers, we
should get similar temperature uncertainties for both
the panda and bow-tie PM fibers.

In summary, the temperature dependence of the
Brillouin gain and loss spectrum for three PM fibers
has been studied for their temperature coefficients of
the Brillouin frequency shift, power, and bandwidth
for the first time to our knowledge. The highest
temperature measurement accuracy for the Brillouin
frequency shift is 0.33 °C (panda), for Brillouin power
dependence it is 1.27 °C (bow-tie), and for the Brillouin
bandwidth it is 4.24 °C (bow-tie) at a 20-cm spatial
resolution. The Brillouin frequency at 20 °C for the
fast axis of the panda, bow-tie, and tiger PM fibers is
12.795, 12.581, and 12.794 GHz, respectively. The
Brillouin frequency difference between the fast and
slow axes among the three PM fibers is between 2.9
and 4.3 MHz.

Q. Yu’s e-mail address is ginrong_yu®@yahoo.ca.
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The strain dependence of the Brillouin gain—loss spectrum for PANDA, bow-tie, and tiger polarization-
maintaining fibers has been studied in the range 0 to 50°C. We found a linear relationship between the

strain and the Brillouin frequency, intensity, and bandwidth for PANDA and bow-tie fibers.

For PANDA

fiber at 20-cm spatial resolution, Brillouin frequency gives 7-ue uncertainty, which is the highest accuracy
among three parameters, whereas the Brillouin bandwidth gives 19-u¢ uncertainty. © 2004 Optical Society

of America

OCIS codes: 060.2370, 290.5830.

In single-mode fibers the Brillouin frequency and in-
tensity have been found to be linearly proportional to
both strain and temperature.’? The Brillouin spec-
trum’s bandwidth (BW), however, although it changes
with temperature, is reported to be unchanged with
strain.® Polarization-maintaining (PM) fiber, because
of its high birefringence, has been used as a polariza-
tion mode dispersion emulator.* We believe that the
birefringence property of PM fiber could be utilized for
a more sensitive distributed strain sensor compared
with regular single-mode fibers, particularly with a
Brillouin gain-loss-based distributed sensor because
of its matched polarization states for pump and probe
waves. Brillouin scattering in PM fibers has been
used to generate squeezed light with a fiber loop
mirror®, however, no strain or temperature of the
Brillouin spectrum was measured. We have studied
temperature properties of Brillouin loss spectra of
PM fibers.® With PM fiber we launched linearly
polarized light into the slow axis of PM fiber for
both pump and probe beams; because the PM fiber
preserves the polarization state, the Brillouin loss or
gain is maximum in every position of the PM fibers.

In this Letter we report our experiments on the
strain dependence of intensity, BW, and frequency
of the Brillouin loss spectrum for three PM fibers in
the temperature range 0 to 50°C. Brillouin loss is
measured with the pump signal after interaction with
the probe signal (pulsed).

We found that these parameters are linearly de-
pendent on strain for PANDA and bow-tie PM fibers.
We were able to obtain a strain accuracy of 7 ue
with PANDA fiber at 20-cm spatial resolution at the
Brillouin frequency. Our results suggest that all
three parameters of a Brillouin spectrum, i.e., fre-
quency, intensity, and BW, may be used with either a
slow or a fast axis for distributed strain measurement.

For the experiment we used a modified version
of the 1310-nm Brillouin gain—loss sensing system
described in Refs. 6 and 7 (Fig. 1). Two polarization
controllers, PC; and PC,, were installed to connect
two pigtailed polarizing beam splitters, PBS; and
PBS;, respectively. A polarizing beam splitter has
one input (single mode) and two output (PM) fibers to

0146-9592/04/141605-03$15.00/0

which the sensing fiber can be connected and aligned
to either the slow or the fast axis. This configuration
is designed to guarantee that both probe (pulse) and
pump (cw) light are launched into the same axis of PM
fiber, which will maintain the maximum Brillouin am-
plification in the PM fibers. The PM fiber is wound
around two pulleys. One pulley is fixed, and the
other is movable along a rail. The fiber is glued onto
the movable pulley and is pulled away from the fixed
pulley during the strain measurement. The pulleys
and PM fiber on the rail are sealed in a temperature
chamber. For temperatures below room temperature
we used dry ice and for temperatures above room
temperature we used an electrical heating strip.

We used 20-dB extinction ratio PM fibers to pre-
serve the linear polarization state of the input light.
The extinction ratio of PM fibers did not change while
the fibers were strained (by as much as 500 ue for
PANDA and tiger fibers and 1200 e for bow-tie fiber).
The pulse width was 2 ns, corresponding to 0.2-m spa-
tial resolution. The average number of time traces
to produce a 25-30-dB signal-to-noise ratio (SNR) for
measurement of the Brillouin loss spectrum was 2000.
The measurement time was 5 min.

The length of the strained fiber was 1.57 m,
and the input powers were 5 and 6 mW for cw
and pulsed beams, respectively. PANDA and tiger
fibers were 0.25-mm bare fibers, and bow-tie fiber
was a 0.9-mm jacketed fiber. Figure 2 shows the
normalized Brillouin spectrum at 20 °C for unstrained
PANDA (peak, 12795 MHz; BW, 34 MHz), bow-tie
(peak, 12581 MHz; BW, 41 MHz) and tiger (peak,
12798 MHz; BW, >300 MHz) fibers. We found that

PC, pBS, PM fiber under test

Brillouin
Scattering
measurement
system

Fig. 1. Setup for Brillouin scattering measurement of PM
fibers.

© 2004 Optical Society of America
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the Brillouin spectrum of the tiger fiber is asymmet-
ric, with a peak intensity that is only one half that
of the bow-tie and PANDA fibers and a BW that is
7-9 times broader than those of bow-tie and PANDA
fibers. Thus there is high uncertainty in determining
the Brillouin frequency, intensity, and BW of tiger
fibers. This unique feature of tiger fiber may be
attributed to the properties of the core and cladding
structures, material, and fabrication.

The Brillouin frequencies of the slow and fast
axes in the PANDA fiber are linearly dependent
on strain with the same slope (0.077 * 0.002 and
0.075 = 0.002 MHz/ue, respectively), as shown in
Fig. 3. Thus either the slow or the fast axis can be
used for strain measurement.

The Brillouin frequency of the fast axis is measured
as a function of strain in the temperature range 0 to
50 °C; it shows a linear relationship, with an average
slope of 0.077 = 0.002 MHz/ue (Fig. 4). Like the
Brillouin frequency, the BW and the intensity of
the Brillouin profile exhibit a linear relationship to
the strain over the same temperature range, as shown
in Fig. 5. Although the BW and the intensity of the
Brillouin spectrum have a linear relationship to the
strain for both bow-tie and PANDA fibers, the trend
of the bow-tie fiber is quite different from that of
PANDA fiber. The intensity increases and the BW
decreases with strain over the temperature range 0 to
43 °C, as shown in Fig. 6.

The slopes of intensity—strain linear curves are
the same (within experimental error) in the range of
temperatures used in the experiment. The strain de-
pendence of the Brillouin intensity for the slow axes of
PANDA and bow-tie fibers resembles a similar linear
relationship with the same slope (within experimental
error) for the fast axis, as demonstrated in Fig. 7.
In Fig. 7, to show the linear trend we averaged the
intensity—strain results for the slow and the fast axes
of PANDA and bow-tie fibers over the temperature
range. For both fibers the intensity values that cor-
respond to the slow axis were bigger than those of the
fast axis, a result that we attribute to the extra connec-
tor and polarizing beam splitter insertion loss of the
fast axis. Note that the unstrained BW of the bow-tie
fiber in Fig. 6(b) is bigger than that in Fig. 2 because
of the residual strain in the poly(vinyl chloride) jacket
of the bow-tie fiber after the first elongation. How-
ever, this outcome does not affect our measurements
because only the slope and the variation with respect
to a reference condition are measured in our system.
As we can see from Figs. 5(a) and 6(a), the intensity of

the bow-tie fiber increased while the PANDA fiber’s
intensity decreased with strain. One can understand
this result by examining the structures of the PANDA
and the bow-tie fibers (as depicted in Fig. 8) and
the ways in which these structures change under
stress. When a PANDA fiber is stretched, the mode
confinement factor is affected because the two stress
rods (silica doped with ByO3) are pressed into the
core. The rods degrade the guiding properties and
boundary conditions of the core—cladding surface,
leading to increased attenuation. In the case of
bow-tie fiber, the penetration of the two rods into the
core is more nearly uniform because of the circular
shape of the internal surface of the two rods (Fig. 8).
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Fig. 3. Strain dependence of Brillouin frequency at slow
and fast axes of PANDA fiber at room temperature, 23 °C.
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Fig. 8. Structures of (left) PANDA and (right) bow-tie PM
fibers and their stress-applying parts. Applied forces at
the core for elongated fiber are shown by the arrows.

Table 1. Average Strain Coefficients of Brillouin
Frequency, Normalized Intensity, and BW (0-50 °C)

July 15, 2004 / Vol. 29, No. 14 / OPTICS LETTERS

Fiber Type
Coefficient PANDA Bow-tie  Tiger SM
C,¢ (MHz/pue) 0.077 0.024 0.091 0.048
*0.002 *0.002 =0.005 =*0.03
Ci¢ (%] pne) -0.027 0.020 0.01 —0.0009
+0.002 *0.003 =*0.004
Cg® MHz/pue) 0.058 —0.031
+0.003 *0.002

Thus the pressure does not change the core—cladding
boundary conditions but simply decreases the core’s
cross section as the fiber is elongated if the stress
is not large, as in our experimental condition.
These constant boundary conditions result in higher
power density and accordingly in higher Brillouin
gain for strained bow-tie fibers. Assuming that for
low-power input pump and pulse the integral of the
Brillouin spectrum over all frequencies is constant,
the decrease (increase) of intensity in the PANDA
(bow-tie) fibers as a function of strain results in an
increase (decrease) of Brillouin BW, as shown in
Figs. 5 and 6. This result indicates that the Brillouin

1607

Table 2. Average Standard Errors of Measured
Parameters and
Corresponding Strain Uncertainty (0-50 °C)

Fiber Type PANDA Bow-tie Tiger
StdErr frequency (MHz) 0.54 0.85 1.57
Strain uncertainty (ue) 7 36 19
StdErr normalized intensity (%) 0.7 2.4 1.2
Strain uncertainty (ue) 25 124 110
StdErr BW (MHz) 11 1.6
Strain uncertainty (ue) 19 53

intensity and the BW are not independent parameters
and that the linear relationships in Figs. 5 and 6 are
valid only for a limited range of strain or temperature.

The ratio of strain to Brillouin intensity shows more
fluctuations than that of strain to Brillouin frequency.
This is so because the laser that we used was frequency
stabilized (a drift of a few tens of kilohertz), i.e., the
laser intensity is used to compensate for the frequency
drift to produce high-frequency stabilization; as a
result, the laser’s power fluctuation is greater than
the laser’s frequency fluctuation. The strain coef-
ficients (slopes) of Brillouin frequency, power ratio,
and BW for three PM fibers are listed in Table 1. No
strain dependence on BW of tiger fiber was observed
because of the asymmetry and the broad Brillouin
spectrum. The standard errors of measurements and
corresponding strain uncertainties are listed in
Table 2. For comparison, the results for single-mode
fiber? are also included. Overall, the PANDA fiber
has the highest strain measurement, i.e., 7, 25, and
19 we for Brillouin frequency, BW, and intensity,
respectively.
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Simultaneous temperature and strain measurement with a distributed Brillouin loss system is proposed
by use of the parameters Brillouin frequency, power, and bandwidth, for PANDA, bow-tie, and tiger
polarization-maintaining fibers for the first time to our knowledge. The expressions for simultaneous
temperature and strain sensing and the maximum errors and rms values of temperature and strain
measurements are derived with three combinations of the parameters: (1) power and Brillouin frequency,
(2) bandwidth and Brillouin frequency, and (3) bandwidth and Brillouin power. Our experiments
demonstrate that simultaneous temperature and strain sensing at 20-cm spatial resolution for Brillouin
frequency combined with bandwidth the strain/temperature resolutions are 39 pe/2 °C (PANDA), 126 ue/3°C
(bow tie), and 598 ue/16°C (tiger); for the Brillouin frequency combined with power the strain/temperature
resolutions are 153 ue/8°C (PANDA) and 237 ue/4°C (bow tie); and for the bandwidth combined with power

the strain/temperature resolutions are 135 ue/38°C (PANDA) and 195 u&/38°C (bow tie).

Society of America
OCIS codes: 060.2310, 060.2370.

Brillouin frequency shift is sensitive to changes in
both temperature and strain in single-mode (SM)
fibers.!™* This leads to a problem common to many
sensors: One cannot distinguish a change in the
strain or the temperature experienced by the fiber.
Neglecting the temperature effect leads to substantial
errors in strain measurements. It is important to
achieve simultaneous measurement of temperature
and strain. It has been reported in SM fibers with
Brillouin frequency and power.>™* However, because
of polarization mode dispersion® (PMD) of SM fiber,®
the polarization state in SM fiber varies randomly
along the fiber, as well as with environmental condi-
tions, such as temperature and strain induced by wind.
It is impossible to separate the state of polarization
changes induced by the temperature and strain from
the dynamic features caused by PMD. This sets the
power measurement uncertainty in addition to the
laser power fluctuation for simultaneous temperature
and strain measurement with SM fiber using power
and Brillouin frequency. In this Letter we propose
to use a polarization-maintaining (PM) fiber that
allows the light to travel in one polarization state if
the input light is launched into one of the PM fiber
axes. As a result, the PMD-induced fluctuation can
be eliminated, and the power fluctuation is attributed
only to the laser source. Because of the elimination
of state of polarization fluctuation in the power of
SM fibers, we can achieve a spatial resolution on the
scale of centimeters for simultaneous temperature and
strain sensing with PM fibers for the first time to
our knowledge, whereas SM fiber can have a spatial
resolution only on the scale of meters for simultaneous
temperature and strain sensing. We used three
types of PM fiber—PANDA, bow tie, and tiger—to
measure strain coefficients at various temperatures
for the Brillouin power, frequency, and bandwidth
using our sensor system, and then we calculated

0146-9592/04/121342-03$15.00/0
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the temperature and strain uncertainty. With three
measurable parameters for the Brillouin scattering
spectrum—power, bandwidth, and frequency—there
are three options for simultaneous temperature and
strain sensing: (1) power and frequency, (2) power
and bandwidth, and (3) bandwidth and frequency.
For the second option the Brillouin power integral
over the frequency is a constant over the completed
frequency range if the input power is not very high
(below the stimulated Brillouin scattering threshold),
so the power and the bandwidth are two related
parameters. However, within a limited temperature
and strain range we can ignore the correlation between
the power and the bandwidth; hence the power and
the bandwidth can be considered two independent
parameters for simultaneous temperature and strain
sensing.

First, we used power and frequency shift as known
parameters, which yielded the following for tempera-
ture and strain variation:

_ AuCj — CIAP

AT = ———"—>
CECT - C5Ch

(1a)

_ AWCE - CTAP
C:Cy — C3CT

Here Av and AP are the frequency and relative
power variations, respectively, induced by strain
and temperature change, and C: = (dv/de)r,CT =
(6v/8T)., C§ = (8P/9e)r, and CE = (9P /dT), are the
temperature and strain coefficients of the frequency
and power. If we ignore the uncertainty in the
temperature and strain coefficients for Brillouin fre-
quency and power and account for only the uncertainty
induced by the Brillouin frequency and power, we can
determine the maximum errors for the temperature
and strain measurements as follows:

© 2004 Optical Society of America
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[6(Av)CEl + |ICE8(AP)]
= R 1
S(AT ) max IC{,’C}; ZCser (1e)
|8(AV)CE| + ICT 8(AP)|
5(A max — :
(Ae) ICsCE — CCT

1d)
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If we use bandwidth and power, we have
ABCp — CEAP
AT = ———— (3a)
CECE ~ C3Ch
T _ (T
Ae = ABCp - CpAP . (3b)

If we assume that the probability distributions for AT
and Ae are Gaussian functions, we can calculate the
rms values for AT and Ae as follows: In all the rms
value calculations we ignored the uncertainty of the
temperature and strain coefficients for Brillouin fre-
quency, bandwidth, and power.

A Ce 2
rms(AT) = {[—_—_ngl:(_véegg]

£ 2y1/2
[ CZ rms(AP) ] } ) (1e)

CiCT — C:Ch

A CT 2

rms(Ag) = {[———C;?j(_véegg]
T 211/2

[ C, rms(AP) ]} ) (1n

CiCT - C:CF

Similarly, using frequency and bandwidth we have

_ AuCj — C:AB

AT = ————t =
CECT - CsCh

(2a)

AvCE — CTAB
Ae=—=—"B " w2, (2b)
C:C§ - CECT

where AB are the variations of the Brillouin band-
width due to temperature and strain. Cg = (0B/de)r
and Cg = (8B/aT). are the temperature and strain
coefficients of the bandwidth. The maximum errors
and rms values for the temperature and strain mea-
surements are given by the following:

5(A0CE + 1C25(AB)
(AT ) max = L ’
(ADmax = = e o — Cocl]

(2¢)

_|8(Av)CE) + ICT8(AB)|

S(As)max = |CSCIT;‘ _ C,TC§I 2d)

rms(Av)CE ]2

c:cf —cser

|: C? rms(AB) ]2}1/2
c:cl - cser

rms(AT) = {[

(2e)

rms(Av)CE ]2

rms(Ae) = {[CECE —CiCT

[ CT rms(AB) :12}1/2_

2
C:Ci — C5CT @D

~csct - cacl

The maximum errors and rms values for the tempera-
ture and strain measurements are as follows:

[6(AB)C5| + |Cg8(AP)|
(AT ) max = : ’
(AT)m IcsCE - CECEl

(3c)

5(Ae)e, = [PABICE] + [CAO(AP)
e IC5CF — C5Chl

(3d)
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Fig. 1. Strain dependence of Brillouin frequency at differ-
ent temperatures for (a) PANDA fiber and (b) bow-tie fiber.
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Fig. 2. Strain dependence of (a) power, normalized to the

largest value at 50°C, and (b) bandwidth (BW) in PANDA
fiber.

Table 1. Temperature and Strain Coefficients of
Brillouin Frequency, Power, and Bandwidth

PM Fiber Type PANDA Bow Tie Tiger

CT (MHz/°C) 1.37 2.30 1.66
*+0.007 *+0.05 *0.07

CE (%/°C) 0.26 0.23 0.04

: +0.03 +0.01 +0.09

cf (MHz/°C) —-0.15 -0.20 -
+0.02 +0.02

Ct (MHz/pue) 0.077 0.023 0.091
+0.002 +0.001 +0.005

C5 (%/ ue) -0.028 0.018 0.011
+0.003 +0.002 *0.004

C5 (MHz/ us) 0.058 -0.031 -
+0.004 +0.002
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Table 2. Uncertainty of Temperature and Strain Calculated with Measured Brillouin Frequency (F),
Power (P), and Bandwidth (B)

PANDA Bow Tie Tiger
Property F-P F-B P-B F-P F-B P-B F-P
Uncertainty of temperature (°C) 8 2 38 4 3 38 16
Uncertainty of strain (ue) 153 39 135 237 126 195 598
Maximum error of AT (°C) 10 4 58 12 7 137 78
Maximum error of Ae (ue) 331 82 249 741 490 1096 1308
rms (AT) (°C) 2 2 40 8 4 73 38
rms (Ag) (ue) 221 43 149 414 152 567 926

rms(AB)C§ TP As expected, the calculated rms values for tempera-

rms(AT) = {[—————CS cT _ce CT] ture and strain using the power, bandwidth, and

F~B B-P frequency are similar to the strain and temperature

CE rms(AP) T2)V/2 uncertainties, which are derived from the strain and

[—;T—;‘?] } ’ (3e) temperature measurements in Figs. 1 and 2.

CpCp — C3Cp As explained earlier, by using PM fibers we had

T 9 hoped to achieve better frequency and power mea-

rms(Acg) = {[ __an_s(Ai)C_P_] surement accuracy, i.e., better temperature and strain

C3Ci ~ C5CF measurement accuracy. However, we found higher

uncertainty with a combination of power and fre-

[ CT rms(AP) i|2}1/ 2_ 3f)  quency. We believe this is due to the nonlinear

cict - cyet Brillouin amplification fluctuation induced by the

The experimental setup is similar to that in Ref. 6,
except we designed a new high- and low-temperature
strain box that can pull PM fibers. The input power
for a cw beam is 5 mW and the pulse power is
6 mW. The pulse width remains 2 ns for all tests.
This corresponds to a spatial resolution of 0.2 m.,

The Brillouin frequency of the fast axis was mea-
sured as a function of strain over the temperature
range 8—50°C for PANDA fiber. It shows a linear re-
lationship with an average slope of 0.077 MHz/u¢ in
Fig. 1(a). The same test was done for a bow-tie fast
axis from 0°C to 43°C, as shown in Fig. 1(b). The
bandwidth and power of the Brillouin spectrum also
represent a linear relationship with the strain over the
same temperature range, as shown in Figs. 2(a) and
2(b) for PANDA fiber. The same experiment was done
for bow-tie fiber that also showed a linear relationship
with the strain, except the power increases and the
bandwidth decreases with strain.

Clearly the three parameters of the Brillouin spec-
trum are linear functions of temperature and strain,
so that Eqgs. (1)-(3) are valid. The temperature® and
strain coefficients of Brillouin frequency, power ratio,
and bandwidth for three PM fibers were measured
and calculated as shown in Table 1. The strain coef-
ficients were averaged over the measurements in the
temperature range 0—-50°C. Substituting the param-
eters in Table 1 and the directly measured frequency,
power, and bandwidth values into Eqs. (1)-(3), we
obtain rms and maximum error values for tempera-
ture and strain for all three PM fibers. The average
strain and temperature uncertainties are listed in
Table 2 and are calculated as shown in Figs. 1 and
2 for the measured temperature and strain. The
temperature range is 0—50°C, and the strain range is
0-408 pue for PANDA and 0-1021 ue for tiger fiber.

laser power. In SM fiber the polarization state varies
randomly along the fiber length, the Brillouin gain
takes the average effects between the pump and the
probe polarization state variation, which is very low.
When the laser power fluctuates, its effect on the
Brillouin gain is not obvious because of the average
Brillouin gain effects induced by PMD. While in a
PM fiber the polarization states of the pump and the
probe beams remained parallel when we launched
them in the same state, so the Brillouin gain, i.e.,
nonlinear amplification, grows at an exponential level
along the fiber length, because no PMD-induced po-
larization state variations exist; when the laser power
varies, it causes larger fluctuation in the Brillouin
gain, and so do the power changes induced by the
temperature and strain or the laser power.

This work was supported by a Discovery grant
from the National Sciences and Engineering Re-
search Council of Canada, the Intelligent Sensing for
Innovation Structures Canada Research Network,
the Canada Foundation for Innovation, and the
Canada Research Chair. Q. Yu’s e-mail address is
ginrong_yu@yahoo.ca.
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Simple method to identify the spatial location
better than the pulse length with high
strain accuracy
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The second-order partial derivative of the Stokes signal with respect to frequency and position shows a
maximum or minimum at the boundary between two different strained sections. This idea is used to locate
the boundary of different stress regions. Knowing the boundaries, we then fit the Brillouin spectrum at the
middle between them to get the strain value. This allows a location accuracy of between 5 and 10 em, which
is shorter than the pulse length of 20 cm used in the experiment. The lowest detectable Brillouin frequency
difference between two strain sections is 1.2 MHz. © 2005 Optical Society of America

OCIS codes: 060.2370, 290.5830.

In a Brillouin-loss-based distributed sensor,"? the lo-
cation information is obtained by measuring the trav-
eling time of the pulse reflected from a specific posi-
tion in the sensing fiber. The location accuracy is
defined as the spatial interval for a signal increased
from 10% to 90% or 90% to 10% of the rise or fall
time, respectively. Normally, this time is longer than
the pulse length because of the noise involved in the
signal. The minimum detectable strain or tempera-
ture length depends on a short rise or fall time, the
pulse length, and the signal-to-noise ratio (SNR). A
shorter pulse requires breadband detectors and elec-
tronics. This leads to a low SNR and poor strain ac-
curacy. If a broader pulse is used, the strains within
the pulse length may not be uniform for a small
strain length. Hence the Brillouin spectrum involves
multiple peaks (for large Brillouin frequency varia-
tion) or a broadened Brillouin profile (small Brillouin
frequency variation). Thus finding the boundary of
two strained sections is a difficult task, especially for
a large strain gradient or a small strain change. With
unknown peaks and unknown parameters, it is diffi-
cult to get accurate location and strain information.
To overcome this difficulty, a frequency modulation
method was used to deconvolute the Bmlloum spec-
trum; for instance, Hotate and Tanaka® reported
1 cm spatial resolution with a correlation-based Bril-
louin sensor. A strain of 1000 e was applied with a
Brillouin frequency uncertainty of 5—6 MHz, equiva-
lent to 100--120 pe, over a limited sensing length
(0.3 m). Shi et al.” used a 10 ns pulse, equivalent to
1 m, to get a spatial resolution of 0.2 m with a fre-
quency bandwidth method. They used the maximum
bandwidth (convolution of the Brillouin peaks from
two strained sections) as the criterion to determine
the boundary of two strained sections. Using this
method they obtained an ~100 ue uncertainty for a
750 pe measurement,

In this Letter we propose a mixed second-order
partial derivative of the Stokes intensity (Brillouin
loss signal) with respect to frequency and location to
identify the boundary for different Brillouin frequen-
cies. The second-derivative procedure has been used
in spectroscopy signal processing to find the peaks of

0146-9592/05/172215-3/$15.00

a spectrum (second derivative of amplitude with re-
spect to frequency). Here, the derivative is relative to
frequency and location, rather than frequency alone,
because the distributed Brillouin sensor needs both
location and spectrum information related to strain
or temperature.

The reason to use the mixed second derivative in-
stead of the first derivative is to remove the intensity
fluctuation. We obtained location accuracy better
than the pulse length, yet with the lowest detectable
strain. We used a 2 ns pulse for the Brillouin-loss-
based sensor and scanned the laser frequency to map
the Brillouin spectrum at a step of 5 MHz, and we
found that the lowest detectable strain is 16 ue,
equivalent to 1.2 MHz at a location accuracy of
5-10 cm.

When the Brillouin frequency changes along the
position nonuniformly, the Brillouin intensity experi-
ences nonmonotonic changes within the pulse corre-
sponding to the Brillouin frequency contribution at
the strain point to a given time delay. We can find
those changes in the Brillouin loss signal versus po-
sition as the central Brillouin frequency, thus identi-
fying the boundary between strain sections. In prac-
tice, due to the power fluctuation of the lasers and
polarization state variation, the Stokes intensity
shows no change for a small Brillouin frequency
shift. Therefore, strain changing points are not ob-
servable in the Brillouin loss versus position. If we
use one Lorentzian peak to fit a distorted spectrum
(convolution of multiple Brillouin peaks), we will get
an offset peak frequency from the real peak fre-
quency. Because one peak Brillouin spectrum fitting
represents only uniform strain or temperature, the
true spectrum near the boundary is the overlap
of multiple peaks, which forms a nonsymmetric
and broadened peak for small Brillouin frequency
variation,

If the Brillouin frequency change is comparable to
the natural linewidth (35 MHz for single-mode fiber’,
SMF), the Brillouin loss signal around the central
Brillouin frequency versus position will show an ob-
vious jump because the Stokes intensity change is
larger than the power fluctuation.

© 2005 Optical Society of America
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Using a multiple-peak function to fit the spectrum
near a boundary of different strain sections is pos-
sible if we know the number of peaks in the Brillouin
spectrum in advance. Often this is not the case. Also,
with large strain gradients within a small fiber
section (less than the pulse length), many fitting
parameters would be required and they vary with po-
sition. In addition, the experimental data contains
noise such as power fluctuation or cross talk from a
strain—temperature gradient. It is difficult and time
consuming to use a multiple-peak function to fit a
distorted spectrum. Our proposed method can be em-
ployed to resolve the boundary location of two strain
sections with a large strain gradient over a small re-
gion (less than the pulse length), resulting in dis-
torted Brillouin profiles for positions close to the
boundary region.

Based on Brillouin less signal changes with strain,
we calculated the Brillouin loss versus position at the
peak Brillouin frequency and its first-order deriva-
tive with respect to location with uniformly strained
sections by use of a coupling wave equation,6 shown
in Fig. 1. It can be seen that the first-order derivative
of the position reveals the boundaries of the strained
sections at positions of 1.0, 2.0, and 3.0 m. In the the-
oretical calculation, no noise is included; hence the
first-order derivative is adequate.

We used polarization-maintaining and absorption-
reducing (PANDA) fiber as the strain-sensing fiber.
The advantage of using polarization-maintaining fi-
ber (PMF) is the elimination of polarization fluctua-
tion noise. If a SMF is used, the minimum detectable
strain will be higher than the PMF result, unless
more averaging is introduced, which adds to the sig-
nal processing time. For PMF, we can get a 30 dB
SNR with 2000 averages for pulses of 1-3 ns. This
can result in a minimum Brillouin frequency shift of
1-1.5 MHz. For the SMF at the same power level
and averaging number (2000), we can get a SNR of
only ~25 dB. This means a minimum Brillouin fre-
quency of ~2 MHz, unless we increase the number of
waveform averaging.

The fiber was passed around a pulley with bearings
and wrapped and glued to a post. The post was pulled
away from the pulley to create a uniform strain on
the fiber. The length of the strained sections was
physically measured to be 157 em (=15.7 ns). The
strain coefficient was measured as 0.077 MHz/ ue.
The system includes two tunable diode-pumped
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Fig. 1. Brillouin loss (solid curve) and its first-order de-

rivative (dashed curve).
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Fig. 2. Stokes intensity versus position for Strain-1,
Strain-2, and Strain-3.

Nd:YAG lasers operating at 1319 nm, an electro-optic
modulator driven by a pulse generator, a 1 GHz
bandwidth photodetector, and a 1 Gbit/s digitizer.

As the spectrum evolves from unstrained to
strained fiber, there is a maximum change in Bril-
louin frequency and Stokes intensity at the strain
boundary. At the peak frequency of the unstrained
section of 12,800 MHz, the Stokes intensity drops
from the unstrained section to the strained section.
Figure 2 shows Stokes intensity in three experi-
ments: Strain-1, Strain-2, and Strain-3. The corre-
sponding Brillouin frequency differences between the
strained and the unstrained sections are 1.2, 8.4, and
15.4 MHz, respectively. In principle, the first-order
derivative of the Stokes intensity with respect to the
position at a given frequency is able to reveal the
boundary. However, its SNR is low due to the Stokes
intensity fluctuation caused by digitizer quantization
(rounding) error and input laser power fluctuation.

To minimize the error in finding the boundary, we
first calculated the relative change of two consecutive
frequencies, the first-order derivative of the Stokes
intensity with respect to frequency:

(v.2) P + Avgegny2) ~ P(v,2) a
a\v, = ’
o Avgean )

where P(v,z) is the Stokes intensity near the peak
frequency and P{v+Avg,,) is the intensity at v
+ AVUgoan. AUgeq, 18 the laser frequency scanning step
size. Obviously, a(v,z) has much smaller intensity
fluctuation, as shown Fig. 8. Note the Av,,, was
5 MHz in our experiment.

Then we calculated the second-order partial
derivative of the Stokes intensity with respect to
position:

Aa(v,z) alv,z + Az) ~ alv,2)
Az Az ’

Blv,z) = (2)

where Az is the step size of the digitizer. The plot of
Blv,z) versus position (z) is shown in Fig. 4 for Bril-
louin frequency for Strain-1, Strain-2, and Strain-3
corresponding to 1.2, 8.4, and 15.4 MHz, respectively.
We see a positive peak [a(v,z) increasing] and a
negative peak [a(v,z) decreasing] corresponding to
the start and end of the strained section. The SNR of
B(v,z) is about 6 dB, much higher than that of the
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first-order derivative of the Stokes intensity with re-
spect to position. We used a quadratic fitting method
to find the peak position at both sides of the maxi-
mum, so that it gives a more accurate location. The
first boundary location was measured as 200 ns for
the three strain cases, and the second boundary loca-
tion was measured as 216.5 ns for Strain-1 and 216.0
for both Strain-2 and Strain-3. Knowing the two
boundaries, the length of the strained section was
thus calculated as 16.5 ns (=165 cm) for Strain-1 and
16 ns (160 cm) for both Strain-2 and Strain-3. Com-
paring the actual length of the strained section,
157 cm, the accuracy is within one to two digitizing
steps, which is equivalent to 5-10 cm. Once two
boundaries were found we then applied one peak fit-
ting method for the Lorentzian shape of the Brillouin
spectrum at the middle point of two boundaries. This
will allow us to find the central Brillouin frequency
and to get the strain for this section. It is assumed
that between two boundaries the strain is uniformly
distributed. The accuracy of the boundary measured
by this method depends on the SNR, the scanning
frequency step, Av,,,, digitizing step Az, and fre-
quency variation dv between the two sections. For a
large scanning frequency increment, Avg,, > &, the
accuracy in evaluating a(v,z) decreases. Although it
is commonly believed that the spatial resolution is
determined by the pulse width, the digitizer step is
the ultimate resolving factor in this method, since
the recorded spatial information within the pulse
width is updated at every digitized step.

Figure 5 shows the strain distribution measured by
a sensor with the boundary identification method as
Strain-1, Strain-2, and Strain-3 corresponding to
strain levels of 16, 108, and 200 ue. The dial-gauge
measurements are also plotted as Strain-1’, Strain-
2’, and Strain-3' corresponding to strain levels of 19,
114, and 217 ue. Note that the strain measurement
accuracy of the dial gauge is 6 pe. The distributed
sensor has a frequency measurement accuracy of
1.2 MHz, equivalent to 13 ue. The difference between
the distributed sensor and the dial-gauge reading is
within the sum of uncertainties (%21 ue) attributed
to both methods. Since this method is not iterative
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Fig. 3. Alpha (first derivative of Stokes intensity with re-
spect to frequency) versus position for Strain-1, Strain-2,
and Strain-3.
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Fig. 5. Strain distribution for Strain-1, Strain-2, and

Strain-3 measured by a sensor with a boundary identifica-
tion method and the dial-gauge measurements Strain-1’,
Strain-2’, and Strain-3’.

but a rather simple calculation (all the peak fitting
methods use the iteration approach), it is suitable for
implementation to real-time measurement.

In summary, using the intensity second-order par-
tial derivative of the frequency and position can im-
prove the location accuracy to 1/2-1/4 of the pulse
length with a 1.2 MHz minimum detectable Brillouin
frequency between the two sections.

Q. Yu’s e-mail address is ginrong_yu@yahoo.ca.
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Influence of transient phonon relaxation on the
Brillouin loss spectrum of nanosecond pulses
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For pump-probe stimulated Brillouin scattering with a probe pulse of a few nanoseconds duration and with
a finite DC level, the acoustic wave relaxation time varies with the pump power and the DC level. For a
pump power of 1-6 mW, the acoustic wave relaxation changes from ~9 to 90 ns for polarization-maintaining
fiber at a temperature of —~40°C for a 2 ns pulse width. When the pulse DC ratio of the probe varies from 10
to 20 dB, the acoustic relaxation time changes from 24 to 45 ns for single-mode fiber at 25°C. This induces
a power-increment spectral feature in the detected AC pump signal in the Brillouin loss spectrum of two
temperature or strain sections, where both spectral components appeared at positions far from those related
to the natural phonon relaxation time (~10 ns) equivalent length. The theoretical calculations confirm the
prolonged phonon relaxation. © 2006 Optical Society of America

OCIS codes: 060.2370, 290.5830.

Distributed fiber sensors based on Brillouin scatter-
ing have drawn increased attention because of their
capability of measuring strain and temperature con-
tinuously over a long distance.” For a pump—probe
based distributed Brillouin sensor system, when the
probe signal consists of the pulse and DC levels, the
Brillouin loss spectral width can be much narrower
than the pulse spectrum.®* The advantage of this ap-
proach is a high signal-to-noise ratio'g which leads to
better temperature-strain accuracy.” To our knowl-
edge there has been no research conducted on the ef-
fects of the phonon relaxation time or the acoustic
field decay time by the DC level of the probe signal
and pump power in the Brillouin loss spectrum at a
pulse width shorter than the natural phonon lifetime
(~10 ns).

Here we report experimental and theoretical stud-
ies of the effects of the pump and the DC levels of the
probe on the acoustic field for a short pulse
(<10 ns), by studying the Brillouin loss spectrum at
the boundary of two or three temperature and strain
sections in the sensing fibers. We demonstrate for
what is believed to be the first time that when a 2 ns
pulse is used the probe and the pump interact with
the acoustic field, resulting in a longer relaxation
time. This induces an AC power increment in the
Brillouin loss spectrum in the next fiber with a dis-
tance much larger than the pulse length. This can
cause a problem for a distributed sensor in determin-
ing the strain—temperature boundary, and for central
Brillouin peak fitting to multiple peak convolution,
and it affects temperature and strain accuracy. The
measured saturation power of the pump and probe
waves of nanosecond pulses is ~4 mW, which is
much lower than the stimulated Brillouin scattering
threshold.

The prolonged phonon relaxation time, defined as
Tdgecay» depends on the pump and DC levels of the
pulsed probe signal. This was detected by an AC-
coupled optical receiver. 7g.,, was measured with
two temperature sections of pofarization—maintaining
(PM) fiber at the end of the first fiber section (the
boundary was determined using the second-order
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derivative®) from the maximum Brillouin loss signal
(vq—vy=vp,), decreasing to minimum Brillouin loss in
section 2 (r;— vy # vpy), where v; and v, are the fre-
quencies of the pump and probe lasers, respectively,
vg: and vgy are the Brillouin frequencies for fiber sec-
tions 1 and 2, respectively. The Brillouin loss signal
shows saturation of ~4 mW for pump power at 2 ns
pulse width with a peak power of 2.5 + 0.5 mW for
the probe power.

For the DC level effect on the acoustic field, we
have found a minimum phonon relaxation time cor-
responding to a moderate DC level, if the DC level is
higher or lower than this value, then the relaxation
time is increased for single-mode (SM) fiber. The
same trend is found for increasing pump power; a
minimum phonon relaxation time occurs at ~3 mW.

Consider two PM fiber sections with different Bril-
louin frequencies of vy and vgy. When the pump and
probe frequency difference is vp;, a strong phonon
field is created as the pulse is propagated along sec-
tion 1. Even after the pulse passes section 1 and goes
to section 2, the phonon field at vg; is still sustained
by the interaction of the probe DC level and pump
signals. When the CW power or the DC level is in-
creased, the acoustic wave does not decay naturally.
Rather, it is driven by the CW pump and the DC level
of the probe after passage of the pulse. This process
can be seen in the Brillouin loss signal when v~y
=pp; (Fig. 1): the vg; component is seen at time 228
ns (section 2), which is 12 ns from the boundary at
216 ns. This time difference is larger than the 2 ns
pulse width and the natural phonon lifetime of
~10 ns.

The experimental setup was similar to that re-
ported in Ref. 5. The DC level was determined by the
extinction ratio (ER), the pulse/DC level ratio, an ER
of 14 dB, power Pp,qe~2.5 mW, and Pjym,=3 mW.
1.6 m Panda PM fiber was stretched by 400 us, with
a small strain gradient between the strained and
loose fiber. The equivalent Brillouin frequency shift
was ~31 MHz. The acoustic field at section 1 inter-
acts with the CW pump before reaching the mini-

© 2006 Optical Society of America
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Fig. 3. Brillouin loss signal versus time at vy—vg=1g; for
different CW pump powers.

mum Brillouin loss at 240 ns, which gives 7o,y as
240-216 ns=24 ns. '
We also studied the correlation of the CW pump
power with the acoustic field relaxation and the
pump saturation power to the Brillouin loss signal. A
10 m Panda PM fiber with a loose 1.2 mm tube was
used in two sections: length L;=5m in an
environment chamber of —45°C (vg;=12 670 MHz),
and length L,=5m at room temperature (vps
=12 790 MHz). The Brillouin loss signal versus posi-
tion at different pump powers is plotted in Fig. 2. The
small positive peak at the input end is due to the re-
flection of the connector. At low pump power, the re-
flection of the probe pulse is added to the pump
power as a positive peak. As the pump power in-
creases for a fixed probe power, the reflection of the
probe is smaller than the pump power. The Brillouin
loss signal shows saturation at a pump power of
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~4 mW. Note that this saturation power is much
lower than the stimulated Brillouin scattering
threshold for a 2 ns pulse, which occurs at a few hun-
dred milliwatts. This means that the optimized pump
power for the distributed sensor should be ~4 mW
for a pulse width of 1-5 ns.

Figure 3 represents the measured 74,.,, at different
pump powers for a pulse power of 2.3 m\X’ and an ER
of 14 dB. As the Brillouin loss signal is proportional
to the acoustic wave, we can measure the Brillouin
loss signal decay to obtain the relaxation time of the
acoustic wave, Acoustic waves decay as Brillouin loss
signal P=Pj exp(—t/ Tgecay), Where Py is the maximum
Brillouin loss signal at the boundary measured at dif-
ference vi=vy=vp;=12 670 MHz.

The slopes in Fig. 3 give the acoustic wave relax-
ation time at the different pump powers shown in
Table 1. At a pump power of 3 mW, we observed an
~9 ns relaxation time, which is equivalent to an
~39 MHz Brillouin bandwidth. This bandwidth
value matched well with our measured the Brillouin
loss spectrum width of ~38 MHz at -45°C. The
bandwidth remains unchanged for pump power of
1-6 mW, as the ER is kept constant. We also find the
maximum loss value is at ~3 mW pump power.

The prolonged acoustic field was observed in the
Brillouin loss signal by an AC-coupled optical re-
ceiver in the form of AC power gain at vg; in section 2
(vg2). In the vgy section, the returned pump signal in-
cludes v, and was added to the probe DC level signal
interaction with a prolonged acoustic field at vp;.
Therefore vz, appeared in the spectrum correspond-
ing to a time delay at section 2 for a distance much
longer than the pulse length and the natural phonon
relaxation time. gy and vp; belong to different loca-
tions, arrive at the same time, and became evident in
the same Brillouin loss spectrum. Hence the probe

Table 1. Phonon Relaxation Time 7gecay for

PM Fiber
Pump Power
(CW, mW)
1 2 3 4 5 6

Tdecay (NS} 18.0 11.3 9.0 9.4 24.8 90.1

Brillouin loss signal (a.u.)
ol
- &

:

12750 12850 12950
Brillouin frequency (MHz)
Fig. 4. Brillouin loss spectra at the middle of section 2 (at
time 260 ns) for different ERs corresponding to probe pow-

ers of 0.1, 0.6, 3.3, and 7 mW; »3,=12780 MHz, vpy
=12820 MHz, and vg3=12850 MHz.

12650
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Table 2. Phonon Relaxation Time 7yccqy and Bril-
louin Loss Spectral Width at Different ERs for SM

100+

Fiber
ER (dB)

10 12 14 17 20
Tdecay (BS) 238 240 206 345 452
Avg (MHz) 38 39 42 45 58
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Fig. 5. (Color online) Calculated AC pump power (Bril-
louin loss signal) in 3-10 m section fibers with g
=12750 MHz, vgy=12800 MHz, and vg3=12850 MHz. ER
=10 dB, Pp,ghe=10 mW, Py pp=5 mW.

DC level interacts with the prolonged vp; field, acting
as a gain in this Brillouin loss signal at vgy. We refer
to this as an AC power increment to differentiate it
from the peak Brillouin loss signal at vpy. This com-
bined Brillouin loss spectrum continues to exist dur-
ing Tgecay for the acoustic field in section 1. This pro-
cess was simulated with our theoretical model® for
AC detection of the Brillouin loss spectrum.

The AC power increment was studied at different
DC levels of the probe (the pulse amplitude remains
constant) by use of a 30 m SM fiber divided into three
10 m sections, with Brillouin frequencies vg;
=12 785 MHz, vgy=12820 MHz (25°C), and wps
=12 850 MHz. The maximum peak power for the
probe signal is 7 mW. The CW pump power was
maintained at 4 mW. Figure 4 shows the Brillouin
loss spectrum at section 2 for a DC level correspond-
ing to an ER of 10-20 dB with an AC power incre-
ment occurring at 260 ns (the middle of section 2). It
is clear that both the vg; and the vpy frequency com-
ponents appeared in the spectrum. If we fit the cen-
tral peak with a Lorentzian profile, then the Bril-
louin frequency will be shifted from the true peak
position.

This effect may create a drawback to the distrib-
uted Brillouin sensing, namely, fitting errors in the
central Brillouin peak for the strain and temperature
accuracy. Due to the negative peak, the single-peak
fit will be shifted from the positive peak, while the
multiple-peak fit will give two Brillouin frequencies
for the related temperature and strain for this fiber
section. To solve this problem, one can use the posi-
tion correlation in the time domain, combined with
the central frequency fitting method, and then find
the maximum Brillouin loss and Brillouin frequency
for each peak for the location, instead of looking for

the highest Brillouin loss signal among Brillouin
peaks at a given location. This allows the removal of
the different section peaks.

To study the effect of DC level on the prolonged
phonon relaxation time 74y in SM fiber, we mea-
sured Tgeay for different ERs when vi-mm=vpy
=12 820 MHz for a pump power of 4 mW. We found a
MiNIMUM 7geeey at 2 moderate DC level. When the DC
level is higher or lower, Tgecy tends to be longer. This
minimum relaxation time equivalent DC level
(~14 dB) is recommended for the sensing operation.
The result is shown in Table 2. The Brillouin loss
spectral width increases with increasing ER because
of the increase of the pulse component.4 The decay
time uncertainty for SM fiber is higher than that for
PM fiber because the polarization state changes in
the SM fiber, which induces a Brillouin loss signal
variation. This translates to decay time uncertainties
of ~4 ns for SM fiber and ~1 ns for PM fiber.

Figure 5 shows the calculated Brillouin loss signal
at AC detection. It can be seen that the prolonged
phonon fields at vg; and vy extend to sections 2 and
3 at lengths >10 and >20 m, respectively. The Bril-
louin loss also extends more than the natural phonon
lifetime. This agrees with the experimental observa-
tion shown in Fig. 3. Apparently the interaction be-
tween the DC of the probe and pump contributes to
this prolonged acoustic field, which is attributed to a
long phonon relaxation time. We noticed that the low
DC level of the probe corresponds to a shorter phonon
relaxation time of ~10 ns.

In summary, we have demonstrated prolonged
acoustic field relaxation time and its dependence on
the pump power and the DC level of the probe pulse,
as well as its effect on the Brillouin loss spectrum.
Using two- or three-section sensing fiber and varying
DC levels of the probe and pump powers, we observed
an AC power increment in the AC-detected signal
(Brillouin loss signal) as well as a prolonged acoustic
field relaxation process. This effect may create a
drawback to the use of a distributed Brillouin sensor
in determining the boundary of two different Bril-
louin frequency sections and the corresponding tem-
perature or strain reading.
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