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1. Introduction

There is an increasing interest over recent years in Brillouin gratings in optical fibers due to
their applications in optical storage (Cao et al., 2008; Kalosha et al., 2008; Zhu et al., 2007),
distributed sensing (Dong et al., 2009; Song et al., 2009, 2010; Zou et al., 2009a, 2009b, 2010),
optical delay line (Song et al., 2009), and birefringence characterization of polarization-
maintaining fibers (Dong et al., 2010). Generally, a Brillouin grating is generated by using
two counter-propagating pump waves through stimulated Brillouin scattering (Song et al.,
2008). A Brillouin grating is formed by a moving periodically modulated refractive index
associated with an acoustic wave, which is created by two pump waves through
electrostriction effect. Compared with conventional fiber Bragg gratings, the Brillouin
gratings have two unique features: one is that it is a moving grating, which can produce a
Brillouin frequency shift on the reflected light with respect to the probe wave, and the other
is that it has a lifetime (~10 ns in a silica fiber) for its existence after removing the two pump
waves.

For most applications, a high-birefringence polarization-maintaining fiber is used, where
two pump waves are launched into one axis of the polarization-maintaining fiber to create a
Brillouin grating and a probe wave is launched into the other axis to read the grating; when
the frequency difference between the probe and the pump waves satisfies the phase
matching condition, a maximum reflection on the Brillouin grating can be observed. So the
process involves four light waves, i. e., two pump waves, a probe wave and a reflected
wave, and in fact it is a Brillouin enhanced four-wave mixing process. The interaction
between the probe wave and the Brillouin grating involves two cases: one case is that the
probe wave propagates in the same direction as the Brillouin grating, so coherent Stokes
Brillouin scattering could occur and the reflected wave frequency is lower than that of the
probe wave by a Qp; the other case is for the counter-propagating between the probe wave
and the Brillouin grating, so coherent anti-Stokes Brillouin scattering could occur and the
reflected wave is frequency up-converted by a Qg with respective to the probe wave. The
phase matching condition of the coherent Stokes Brillouin scattering or coherent anti-Stokes
Brillouin scattering in a polarization-maintaining fiber is Avg;, = Anv/ n, , where Anis the
phase birefringence of the polarization-maintaining fiber, n,is the group refractive index,
and v is the frequency of probe wave. Avy;, is the birefringence-induced frequency shift

www.intechopen.com



116 Fiber Optic Sensors

between the probe and pump waves and is proportional to the local birefringence of the
polarization-maintaining fiber.

A Brillouin grating can be generated in frequency correlation domain (Zou et al., 2009a,
2009b, 2010) and time domain (Dong et al., 2009, 2010a, 2010b; Song et al., 2008, 2009a,
2009b, 2010), respectively. With the correlation-based technique, a Brillouin grating is
generated using two synchronized and frequency-modulated continuous-wave (CW) pump
waves. In time domain, a Brillouin grating can be more conveniently generated through two
frequency-locked pump waves, which includes three schemes in terms of pump type. The
first scheme uses two CW pumps, and the Brillouin grating can exist in the whole fiber for a
uniform Brillouin frequency shift over the fiber (Song et al., 2008; Zou et al., 2009), where the
length of Brillouin grating would be limited by the coherent length of the pump lasers. The
second scheme includes a CW pump and a pump pulse, where the Brillouin grating is
generated following the pump pulse from one end to the other end (Song et al., 2009, 2010).
In this case, due to the decay of the acoustic wave, the length of the existing Brillouin grating
is limited to Ly =(tp +TB)c/n, where tpis the width of pump pulse, 7;is the phonon
lifetime. The third scheme includes two short pump pulses (< 10 ns), where the Brillouin
grating can be generated at a specific location controlled by the delay between the two
pump pulses (Dong et al., 2009, 2010). The interaction length of the two pulses is
L=(tp; +1py)c / 2n, where ftp and tp, are the pulse widths of pump 1 and pump 2,
respectively. However, due to different phonon excitation time, the effective length of
Brillouin grating is only half of the interaction length, i. e. Ly =(tp; +fpy )c / 4n, for example,
20 cm for two 2 ns pump pulses.

This chapter is structured as follows: in the second section, we will give the coupled wave
equations of Brillouin enhanced four-wave mixing associated with a Brillouin grating, from
which the analytic solution of the steady uniform Brillouin grating spectrum is deduced
without pump depletion; in the third section, we will numerically study the Brillouin
grating spectrum with a strong probe wave for both coherent Stokes Brillouin scattering and
coherent anti-Stokes Brillouin scattering cases; in the fourth section, we will experimentally
study the transient Brillouin grating spectrum by using two pump pulses and a probe pulse;
in the fifth section, we will introduce two applications of Brillouin gratings, i. e., distributed
birefringence measurement of polarization-maintaining fibers and distributed simultaneous
temperature and strain measurement; at the end, a conclusion will be given in the sixth
section.

2. Coupled wave equations of Brillouin gratings

In this section, the coupled wave equations of Brillouin enhanced four-wave mixing
associated with a Brillouin grating are given first. Then the analytic solution of the steady
uniform Brillouin grating spectrum is deduced for the case of a weak probe. And last, the
phase matching condition for the case of a polarization-maintaining fiber as well as the
birefringence-induced frequency shift is discussed.

2.1 Coupled wave equations

The scheme of interaction between the four optical waves and the acoustic wave within a
polarization-maintaining fiber is shown in Fig. 1, where the fiber length is along the z
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direction, while its two axes are along x and y directions, respectively. In this analysis an
acoustic wave of amplitude p, frequency €, and wave vector q is generated by two pump
waves, pumpl and pump2, of amplitudes A; and A, frequencies w; and «, and wave
vectors k; and k; respectively that counter propagate in the x axis of the polarization-
maintaining fiber, and w; is larger than w; by a Brillouin frequency shift. Here we discuss
the coherent anti-Stokes Brillouin scattering case in which the probe wave of amplitude As,
frequency w3, and wave vector ks counter propagates with and scatters off the acoustic wave
to form a scattered wave of amplitude A4, frequency w4, and wave vector ks in the y axis of
the polarization-maintaining fiber.

X A
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v
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Ay, 01, K A,, 602, k;

—— >
P, 2, q
A49 g4, k4 A35 o3, k3
e

Fig. 1. Scheme of interaction between the optical and acoustic waves in a Brillouin enhanced
four-wave mixing process associated with a Brillouin grating.

For the interacting system shown in Fig. 1, the total optical field can be represented as
E(z,t) =E (z,t)+ Ey(z,t) + Ey(z,t) + Ey (2, 1) (1)

where E,(z,t), E,(z,t), E;(z,t), E,(zt)represent pump 1, pump 2, probe and reflection
waves, respectively, and can be expressed as

E,(z,t)= A (z,t)expli(k,z — oy t)] + c.c. (2a)
E,(z,t) = Ay (z,t)expli(~k,z — w,t)] + c.c. (2b)
E5(z,t) = As(z,t)exp[i(—kyz — wst)] + c.c. (2¢)
E,(z,t) = Ay(z,t)expli(kyz — o,t)] +c.c. (2d)

Similarly, the acoustic field can be described in terms of the material density distribution as

p(z,t) = py +{ p(z,t)expli(gz - Qt)| +c.c.| €)

where Q=wm1-m,, q=kitky, and po denotes the mean density of the medium.
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Taking the electrostriction effect into account, the equation for the material density can be
expressed by

P 2P a0+
E—FV E-UVPZV'f (4)

where v is the velocity of the acoustic wave and I'"=(4ns/3+np)/p is a damping parameter
(Boyd, 2008), with ns and 1, being the shear and the bulk viscosity coefficients, respectively.

The source term on the right-hand side of Eq. (4) consists of the divergence of the force per
unit volume f, which is given by

f= —%80er<E2> )

with the term in the bracket denoting the electrostriction term.

Introducing Egs. (3) and (5) into the acoustic wave equation (4) and making the slowly
varying amplitude approximation, one can obtain the result

—2iQZ—’Z — QI pp — 2igu? g_p = &07,0° (A1 Ay + Ay A ™) (6)
Z

where I's=q2[” is the Brillouin linewidth whose reciprocal t,=1/I'p gives the phonon
lifetime, and Ak=(ks+ks)-(kitk) is the phase mismatch of the four optical waves. As we have
mentioned above, the two pumps are polarized in x direction, while the probe and the
reflected waves are polarized in y direction, therefore there are only two terms left in the
drive term of the acoustic field.

The spatial evolution of the optical waves is described by the wave equation

0z°

= )

o°E, (njzaZEj 1 B
otr  gyc” o

c
where j=1, 2, 3 and 4, and the total nonlinear polarization which gives rise to the source term
is given by

P = gAE = e AcE = 690y 'y AL (8)

Introducing Eq. (1) into the wave equation (7) and making the slowly-varying amplitude
approximation, one can obtain the coupled equations for the optical waves. Combining the
acoustic wave equation (6), the coupled-wave equations for the optical fields and the
acoustic wave can be obtained as

0 n.o0
—+ X — A, =i¢ pA 9
(82 c étj 1 lgop 2 (a)
0 n,o0 .
[ oz e at) 2 =18,P £ (9b)
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0 ny iAkz
—— 4+ 2L A =1 A,e 9¢c
( oz c 6tJ 3 gop 4 ( )

0 ﬂy 0 . —iAkz
—+—<L—|A, =1i¢ A.pe 9d
[62 - at] 4 = 18,30 (9d)

o T 7 . © . inkz
(aJr?ij:zga(AlAz + AjA e ) (9e)

The above Egs. (9) are just the coupled-wave equations for the optical fields and the acoustic
wave in the Brillouin enhanced four-wave mixing process, where n, and ny are refractive
indexes for the two axes of the polarization-maintaining fiber; g, and g, are coupling
coefficients of optical wave and acoustic wave, respectively, and gg=4g.g./I's is the Brillouin
gain factor. Note that when deducing Eq. (9e) the term describing the propagation of the
acoustic wave in Eq. (6) has been omitted because the velocity of the acoustic wave is far
smaller than that of light.

2.2 Phase matching condition

Next we will discuss the phase matching condition for this interaction process. Fig. 2 shows
the wave vector mismatch of the four optical waves, according to which one can obtain the
relationship between the four optical wave vectors

I I
k k
A —
I q I
F= -~~~ T TT T T T q
le > <!
D TR
Fig. 2. Wave vector mismatch of the four optical waves.
Ak = (k4 - Kk3) - (kq - k) (10)

Therefore the magnitude of the phase mismatch is given by

Ak = (kg +k3)—(ky + k)

[0) [0 w
| P D _LﬁJF_ZJ
v, Uy L, U,

~ 2nya)3 3 2nxa)2 (11)
C C
2n
=Y. Aw
C

where
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Ao = w, —n—xa)2 (12)
"y

and we have made the assumption that ms~w3 and w~w,, respectively.

If the frequency of the probe wave @3 is chosen to ensure that the condition of perfect phase
matching, i.e., Ak=0 is satisfied, then w3 will take the value

My

and the birefringence-induced frequency shift can be obtained as

An

AWgj, = W3 — Wy = 7602 (14)
or
An
A VBirE = 71/ (15)

where An=n,-ny is the birefringence of the polarization-maintaining fiber.

2.3 Analytic solution for steady uniform Brillouin grating

In the case of steady Brillouin grating generated by two continuous-wave (CW) pumps, all
the time derivatives in the coupled-wave equations (9) are considered to be zero. We treat
the simple case of uniform Brillouin grating without pump depletion, which indicates that
the intensities of the two pump waves are unaffected during the interaction; while the probe
wave and the reflected waves are both weak so that the acoustic wave generated by the two
pumps does not affected by the probe wave. Therefore the driving term of the acoustic wave
caused by the probe and the reflected waves in Eq. (9e) can be dropped and the amplitudes
A; and A> of the pump waves can be considered as a constant in the coupled-wave
equations, which then reduce to the simpler set for the probe and reflected waves and the
acoustic wave:

e (162)
Z
s _ig Aype e (16b)
dz
Bep-ig A (160)

By introducing Eq. (16¢) into Egs. (16a) and (16b), we obtain

s K, A e (17a)
dz
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dA,

dz
where
1 *
Ky = _ESBA1A2 (18a)
1 "
K, = _EgBAlAZ (18b)

where gg=4g,g./I's is the Brillouin gain factor.

The general solution for Egs. (17) can be written as follows:
Ay (2) = (C1e% + Cpe 8 )e™e/2 (19a)

Ay (2) = (D% + Dye 8 ) 2=/2 (19D)

Where g, which is determined by g2=K;K>-(Ak)2/4, gives the rate of spatial variation of the
fields and C;, C; Dy, and D, are constants whose values depend on the boundary
conditions.

Substituting the solutions (19a) and (19b) into Egs. (17), since the resulting equations must
hold for all values of z, the terms that vary as z and must each maintain the equality
separately; the coefficients of these terms thus must be related by the following independent
equations:

C,(g- %iAk) = -K,D, (20b)

Two additional relations among the quantities C;, Cz, D1, and D, come from the appropriate
boundary conditions:

Ay(L) = (Cye8" + Cye8F)e! /2 (21a)
A (0)=D,+D, =0 (21b)

The values of C;, Cz, Dy, and D» can be easily evaluated by solving the four independent
linear Egs. (21), and the solutions for Egs. (17a) and (17b) thus can be obtained as

‘ 2gcosh(gz) —iAksinh(gz) . g iak(L-2)/2

As(z) = As(L) 2gcosh(gL) —iAksinh(gL)

(22a)

A,(z) = As(L)- 2K, sinh(gz) o iBk(L+2)/2 (22b)
‘ > 2gcosh(gL) - iAksinh(gL)
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Therefore for a steady Brillouin grating, the analytic solution for the reflectivity R which is
defined by

R=1a) (23)
I5(L)

can be finally obtained as

R sinh?(gL)
cosh?(gL) - Ak? / (4K,K,)

(24)

The Eq. (24) is just the analytic expression for Brillouin grating spectrum under weak probe
condition, from which the reflectivity of a Brillouin grating in a polarization-maintaining
fiber can be easily obtained. It should be noted that the Brillouin grating spectrum under
weak probe condition, which is described by Eq. (24), is exactly the same as that of a fiber
Bragg grating (Erdogan, 1997).

3. Simulations of steady Brillouin grating spectra with a strong probe wave

As we have mentioned above, the Brillouin grating spectrum is the same as the fiber Bragg
grating under the condition of a weak probe wave and can be easily obtained through Eq.
(24); however, it is not the case for a strong probe wave that can considerably modify the
Brillouin grating, therefore numerical simulations by solving the coupled-wave equations
(9) must be carried out in order to obtain the Brillouin grating spectrum. In this section, we
will focus on numerical studies of the steady Brillouin grating spectrum which is generated
by two counter-propagating CW pumps for the strong probe regime that can’t be reached by
the analytic solution. For all of these simulations some parameters like the Brillouin
linewidth, the fiber length and powers of the two pump waves take their values listed in
Table 1 otherwise they are stated in particular.

Parameter I'p/2n L Py P> g8
-11
Value 30MHz Im 0.1W 0.1W Al
m/W

Table 1. Some common parameters used for simulations.

3.1 Time traces of reflectivity

Fig. 3 shows the time trace of reflectivity under phase matching condition for coherent anti-
Stokes Brillouin scattering case, where the four figures (a), (b), (c) and (d) correspond to a
probe power of 1, 10, 30 and 50W, respectively. It can be seen from these figures that at a
lower probe power, the reflection intensity increases monotonously with time and then
tends to a fixed value; however, it oscillates several times before turning into a constant
value as the probe power increases, and it will oscillate more times at a higher probe power.
The oscillation of the reflection in time domain at high probe power can be attributed to the
relaxation of the acoustic field.
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Fig. 3. Time traces of reflectivity under phase matching condition for coherent anti-Stokes
Brillouin scattering case.

The time trace of reflectivity under phase matching condition for coherent Stokes Brillouin
scattering case is shown in Fig. 4, where the four figures (a), (b), (c) and (d) correspond to a
probe power of 1, 10, 20 and 28W, respectively. For the coherent Stokes Brillouin scattering
case, the time evolution behaves similarly as that for the coherent anti-Stokes Brillouin
scattering case, however, it will take a much longer time for the reflection to reach steady
than that for the coherent anti-Stokes Brillouin scattering case, especially with a high probe
power. And the higher the probe power is, the longer time it will oscillate before reaching a
steady value.

3.2 Brillouin grating spectra

First we do simulations in weak probe regime for both coherent Stokes and anti-Stokes
Brillouin scattering cases and compare the results with the analytic solution in Fig. 5. In this
simulation a probe power of 0.01W was used. It is seen that for both coherent Stokes and
anti-Stokes Brillouin scattering cases, the simulation results agree very well with the analytic
solution.
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Fig. 4. Time traces of reflectivity under phase matching condition for coherent Stokes
Brillouin scattering case.
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Fig. 5. Comparison between simulation and analytic results for (a) coherent anti-Stokes
Brillouin scattering (CABS) and (b) coherent Stokes Brillouin scattering (CSBS).
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Fig. 6 shows the normalized reflected spectrum at different probe powers for coherent anti-
Stokes Brillouin scattering case. In this figure different curves correspond to a probe power
of 0.1, 5, 10 and 20W, respectively. It can be seen from the figure that for all of these cases,
the spectra are symmetrical and maximized at line center. The side-lobes vanish gradually
as the probe power increases, while the spectrum broadens evidently and tends to a
standard Lorentzian shape.

0.8

0.6

0.4 1

0.2

Normalized reflection

0.0

— T T T T T T T LN I I R B
-500 -400 -300 -200 -100 O 100 200 300 400 500

Av-Av,  (MHz)

Fig. 6. Reflected spectrum at different probe powers for coherent anti-Stokes Brillouin
scattering case.

As for the coherent Stokes Brillouin scattering case, we obtain some results that are very
different. The normalized reflected spectrum at different probe powers for coherent Stokes
Brillouin scattering case are shown in Fig. 7, where different curves correspond to a probe
power of 0.1, 5, 10 and 20W, respectively. From Fig. 7 it can be seen that the spectra are also
symmetrical and behave similarly as that for coherent anti-Stokes Brillouin scattering case at
a low probe power. However, as the probe power becomes higher, the side-lobes grow
remarkably and even exceed the line center, so that the maximum reflectivity shifts from
line center to the first side-lobe.

0.8

0.6+

0.4+

0.2+

Normalized reflection

0.0 fo=msez=mais

— T T T T T T T T T T T T T T T
-500 400 -300 -200 -100 0 100 200 300 400 500
Av-Av,  (MHz)

Fig. 7. Reflected spectrum at different probe powers for coherent Stokes Brillouin scattering
case.
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Fig. 8 shows the reflectivity as a function of probe power under phase matching condition. It
is clearly seen that for the coherent anti-Stokes Brillouin scattering case, in which the
acoustic wave will be depleted by the probe wave, the reflectivity decreases as the probe
power becomes higher, and the maximum reflectivity is not larger than 0.25%. While for the
coherent Stokes Brillouin scattering case, in which the acoustic wave will be enhanced by

the probe wave, the reflectivity is much higher and increases with the probe power.

0.5
0.0025 4 (b) CSBS case
(a) CABS case 0.4
0.0020 - -
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5 8
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Fig. 8. Reflectivity as a function of probe power under phase matching condition for (a)
coherent anti-Stokes Brillouin scattering (CABS) and (b) coherent Stokes Brillouin scattering

(CSBS).

Fig. 9 shows the spectrum width as a function of probe power, where (a) is the result of
coherent anti-Stokes Brillouin scattering case, while (b) is that of coherent Stokes Brillouin
scattering case. It is seen that for both cases the spectrum width remains unchanged in the

weak probe regime and becomes larger rapidly as the probe power increases in the strong

probe regime.
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Fig. 9. Spectrum width as a function of probe power for (a) coherent anti-Stokes Brillouin
scattering (CABS) and (b) coherent Stokes Brillouin scattering (CSBS).
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4. Experimental study of transient Brillouin grating spectrum

In this section, we will experimentally investigate the reflected spectrum of transient
Brillouin grating that is generated by two pump pulses. As shown in Fig. 10, the frequency
of pump 1 is higher than that of pump 2 by a Qg of optical fiber, and the Brillouin grating
has the same motion direction as pump 1. Two pump pulses are launched into the slow axis
of a polarization-maintaining fiber, and the probe pulse immediately following pump 2
pulse (the leading edge of probe pulse overlapping with trailing edge of pump 2 pulse) is
launched into the fast axis to read the Brillouin grating. Because the probe pulse counter-
propagates with the Brillouin grating, coherent anti-Stokes Brillouin scattering could occur
when the probe pulse interacts with the Brillouin grating, and consequently the scattered
light frequency is higher than that of probe pulse by a Q5.

pumpl nslow pumpz Ilslow
. L > < S probe n,

Brillouin grating

Fig. 10. Schematic diagram of transient Brillouin grating generation and reading using two
pump pulses and a probe pulse.

The experimental setup is shown in Fig. 11. Two narrow linewidth (3 kHz) fiber lasers
operating at 1550 nm are used to provide the pumpl and pump?2, respectively, and their
frequency difference is locked by a microwave frequency counter. A tunable laser with a
wavelength resolution of 0.1 pm is used as probe wave. The frequency difference between
pumpl and probe is monitored and recorded by a 45-GHz bandwidth high-speed detector
and a 44-GHz electrical spectrum analyzer. Three high extinction-ratio (ER) electro-optic
modulators (> 45 dB) are used to generate pump 1, pump 2 and probe pulses. The power of

PM fiber

PC1 05:5 955 Pumpl  EDFA @ Cl1
Laser1 [0 EOMI |— ~>— PBS o

Qe
. . PD2
Frequency PDT 50:50 50:50 ESA
counter
Oscillo-
Laser2 X0 = EOM2 OO0
50:50 EDFA
PC3 ) Probe PC5
Tunable oD 88 FOMG o0
laser [0

Fig. 11. Experimental setup. PC: polarization controller, EOM: electro-optic modulator, PBS:
polarization beam splitter, C: circulator, PD: photo-detector, EDFA: Erbium-doped fiber
amplifier, ESA: electrical spectrum analyzer, FBG: fiber Bragg grating.
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pump 1 pulse, pump 2 pulse and probe pulse in the PMF are about 0.4W, 30 W and 30 W,
respectively. A tunable fiber Bragg grating with a bandwidth of 0.2 nm is used to filter out
the transmitted pumpl pulse. A Panda PMF is used in experiment, whose nominal beat-
length is smaller than 5 mm at 1550 nm with a Brillouin frequency shift of 10.871 GHz at
room temperature.

Then we investigated the Brillouin grating spectra with different grating lengths. The
effective length of the transient Brillouin grating is Ly = (tp; + tpy )c/4n, where tp and tp,
are the pulse widths of pump 1 and pump 2, respectively. In experiment, tp, was fixed at 2
ns and fp; was increased from 2 ns to 6 ns to increase the effective length of the transient
Brillouin grating from 0.2 m to 0.4 m. The probe pulse width of 6 ns and 8 ns were chosen to
read the Brillouin grating, and the measured reflected spectra of the transient Brillouin
grating are shown in Fig. 12. For the case of a 2-ns pump 1 pulse and a 2-ns pump 2 pulse,
the effective length of the transient Brillouin grating is 0.2 m and the measured spectra are
shown in Fig. 12 (a), which fit well with a Gaussian profile. The intensity of the acoustic
wave is determined by the interaction time of the pump and the Stokes waves, and thus the
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Fig. 12. Measured Brillouin grating spectra with 6 ns and 8 ns probe pulse with different
pump 1 pulse-widths of (a) 2 ns, (b) 3 ns, (c) 4 ns, (d) 6 ns. Pump 2 pulse width is constant at
2 ns. (Dong et al., 2010b, with permission from OSA)
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generated transient Brillouin grating is a nonuniform-grating with An maximizing at the
center and decreasing toward two sides. This nonuniform apodization of transient Brillouin
grating results in a Gaussian spectrum without side lobes, which are expected in a uniform-
grating.

The measured spectrum is the convolution of the probe pulse spectrum and the intrinsic
Brillouin grating spectrum. The intrinsic Brillouin grating spectrum can be obtained from
deconvoluting the probe pulse spectrum out of the measured spectra, and the spectral
widths (FWHM) are plotted in Fig. 13. The black curve shows the FWHM spectrum width of
weak fiber Bragg grating described in (Erdogan, 1997). For a 8-ns probe pulse, the measured
spectral widths agree very well with the theory of weak fiber Bragg grating; for a 6-ns probe
pulse, the experimental results also agree with the theoretical curve when the grating length
is shorter than 0.3 m, while the discrepancy from the theory at 0.4 m originates from the
effective reading-length of the 6-ns probe pulses. These results directly prove that the
moving Brillouin grating and the static fiber Bragg grating follow the same basic theory.

Length of Bragg grating (m)
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550 T T T T T T T T T
500+ —=—6ns
~N 8 ns
E 450 —— Theory of Bragg grating
N—"
= 400+
~— 4
=]
E 350
£ 3001
O
a 250
2
200 T , T T

0.20 025 030 035 040
(tpl+tp2)c/4n (m)

Fig. 13. The intrinsic Brillouin grating spectral width as a function of length. (Dong et al.,
2010b, with permission from OSA)

The other important characteristic of the transient Brillouin grating is the acoustic wave
relaxation or grating decay. The Brillouin grating is created through electrostriction effect
and can only be sustained by keeping the two pump waves. After removing the pump
waves, the Brillouin grating will exponentially decay, which characterizes an intrinsic
Lorentzian Brillouin gain spectrum. In our scheme as shown in Fig. 10, pump 2 pulse is
fixed at 2 ns and pump 1 pulse width is increased to prolong the grating length. The
Brillouin grating is generated following pump 2 pulse from the right end to the left end, and
the intensity of the whole Brillouin grating exhibit a slope due to the acoustic wave decay.
For the probe pulse immediately following pump 2 pulse, the front of the probe pulse
always read the strongest part of the grating, while the rear of the probe pulse always read
the decayed part, which causes the asymmetry of the spectra especially for long gratings as
shown in Fig. 12. It is clearly seen that for long gratings the low-frequency side still agrees
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well with Gaussian profile, while the high-frequency side has a discrepancy and shows a
Lorentzian-like wing, which comes from the apodization of the Brillouin grating induced by
acoustic wave decay.

To further demonstrate the effect of the apodization of the Brillouin grating induced by the
acoustic wave decay, we switched the pulse width of pump 1 and pump 2 pulses with probe
pulse still immediately following pump 2 pulse. Figure 14 shows the measured Brillouin
grating spectrum with a 2-ns pump 1 pulse, a 10-ns pump 2 pulse and a 6-ns probe pulse. In
this case, the Brillouin grating is created following pump 1 pulse from the left end to the
right end, and both of the front and the rear of the probe pulse read the decayed grating. We
see that the measured spectrum agrees with a Lorentzian profile, which indicates that the
acoustic wave decay play an important role in this case. For the case of a 2-ns pump 1 and a
2-ns pump 2, the interaction duration is much smaller than the phonon lifetime, and
consequently the grating decay can be neglected, so that the spectra have a Gaussian profile
as shown in Fig. 12 (a).
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Fig. 14. Measured Brillouin grating spectrum with a 2-ns pump 1 pulse, a 10-ns pump 2
pulse and a 6-ns probe pulse. (Dong et al., 2010b, with permission from OSA)

5. Applications of Brillouin gratings
5.1 Distributed birefringence measurement of polarization-maintaining fibers

Polarization-maintaining fibers have attracted considerable interest in telecommunication
and optical sensing community. The phase modal birefringence of a polarization-
maintaining fiber is an important parameter for its applications. During the fabrication of
the polarization-maintaining fibers, due to the non-uniformity of the materials and
environmental condition change in fiber drawing process, it is inevitable to introduce
birefringence variation along the fiber. Many methods have been proposed to measure the
birefringence of polarization-maintaining fibers (Flavin et al., 2002; Hlubina et al., 2007; Kim
et al, 2003; Olsson et al., 1998). However, these methods can only give the average
birefringence of the test fibers, and can not characterize the birefringence variation along the
fiber. In this section, we study a truly distributed birefringence measurement of
polarization-maintaining fibers based on a transient Brillouin grating.
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According to the phase matching condition Avy, = Anv/ n, , the birefringence of the
polarization-maintaining fibers can be calculated from the birefringence-induced frequency
shift Avy;, , which can be obtained through the reflected spectrum of the Brillouin grating.
In our birefringence measurement scheme, two short counter-propagating pumpl and
pump?2 pulses, where the frequency of pumpl is larger than that of pump?2 by a Brillouin
frequency shift wg, are launched into one axis of a polarization-maintaining fiber to excite a
Brillouin grating through stimulated Brillouin scattering process. Following pump?2 pulse, a
long probe pulse is launched into the other axis, and energy from the probe pulse could be
partly reflected at the expense of Brillouin grating. A maximum reflected probe signal could
be obtained when the frequency difference between the pump?2 and probe satisfies the phase
matching condition.

There are two schemes to perform the birefringence measurement: one is that the Brillouin
grating is excited in the fast axis and probed in the slow axis; and the second is that the
Brillouin grating is excited in the slow axis and probed in the fast axis, shown as Fig. 15 (a)
and (b), respectively. For both cases, the birefringence-induced frequency shift between the
pump?2 and probe are the same, which is proportional to the local birefringence. As can be
seen in the following context, the birefringence induced frequency shifts are about 43 GHz
and 49 GHz for Bow-tie and Panda fibers, respectively, which are difficulty to be measured
directly. In order to precisely measure the birefringence frequency shift and thus accurately
calculate the birefringence, we choose the second scheme. In this scheme, the frequency
difference between the pumpl and probe is smaller than the birefringence-induced
frequency shift by a Brillouin frequency shift, and can be measured by a high-speed photo-
detector and an electrical spectrum analyzer, as shown in Fig. 11. So the actual
birefringence-induced frequency shift equals the measured frequency difference between
pumpl and probe plus a Brillouin frequency shift.

> A VBire
(a) <€
VB VB
Vprobe(slow) Vrcﬂcction(slow) Vpumpz(fast) Vpump 1(fast)
A VBire ‘
(b) >
VB VB
Vpump2(slow) Vpump 1(slow) Vprobe(fast) Vreﬂection(fast)

Fig. 15. Frequency relationship of pumpl, pump2, probe and reflection: (a) the Brillouin
grating is excited in the fast axis and probed in the slow axis, and (b) the Brillouin grating is
excited in the slow axis and probed in the fast axis.

An 8-m Bow-tie fiber (HB1500T) and an 8-m Panda fiber (PM-1550-HP) are used as fibers
under test. The Bow-tie fiber has a mode field diameter of 10.5 pm and its nominal beat-
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length is smaller than 2 mm at 633 nm, whose Brillouin frequency shift is 10.815 GHz at
room temperature and Brillouin spectrum width is 61 MHz. The Panda fiber has a mode
field diameter of 10.5 um and its nominal beat-length is smaller than 5 mm at 1550 nm, with
a Brillouin frequency shift of 10.871 GHz at room temperature and a Brillouin spectrum
width of 60 MHz. Both fibers were in loose state to avoid strain-induced birefringence. In
experiment, pump 1 and pump 2 pulses are both set at 2 ns, which give a 20-cm spatial
resolution. The measured Brillouin grating spectrum is the convolution of the probe pulse
spectrum and the intrinsic Brillouin grating spectrum, and thus a longer probe pulse can
give narrower spectrum and better frequency and birefringence accuracy. However, the
probe pulse width is limited by the phonon lifetime, which is ~10 ns in the optical fiber, so
an 8-ns probe pulse is used to obtain the Brillouin grating spectrum.

Figure 16 show the measured results of Bow-tie and Panda fibers, where the delay step
between the two pump pulses is set at 1 ns corresponding to 10 cm/point. For the Bow-tie
fiber, the birefringence has a characteristic periodic variation with a period of ~3.5m, and
exhibits an increasing tendency along the fiber, which indicates that there could be another
long period. Different periods could correspond to different disturbance factors during the
fiber drawing process; over the 8-m length the birefringence variation range is ~2.4x10-¢. For
the Panda fiber, there is no obvious periodic characteristic within the measured length
except a dip at the location of ~3 m; over the 8-m length the birefringence variation range is
~1.3x10-¢. The measured central frequency uncertainty of the Brillouin spectrum is ~3 MHz,
which corresponds to a measured birefringence accuracy of ~2x10-3.
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Fig. 16. Measured distributed birefringence of (a) a 8-m Bow-tie fiber and (b) a 8-m Panda
fiber. (Dong et al., 2010a, with permission from OSA)

5.2 Distributed simultaneous temperature and strain measurement

Brillouin scattering based distributed fiber sensors have shown the capability of distributed
strain and temperature measurement. However, since both strain and temperature can
produce a Brillouin frequency shift change, the Brillouin based sensor suffers from the cross
sensitivity. Normally it can not be determined that a Brillouin frequency shift change is
induced by a change in temperature or strain. In this section, we study simultaneous strain

and temperature measurement using Brillouin scattering and birefringence in a
polarization-maintaining fiber.
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Brillouin scattering is an inelastic light scattering with acoustic phonons and undergoes a
frequency shift after collision. Brillouin frequency shift is given by

vg=2nV, /2 (25)

where nis the refractive index, V, is the velocity of acoustic wave, and Ais the light
wavelength in vacuum. It was found that the Brillouin frequency shift increases with strain
and temperature.

In a polarization-maintaining fiber, temperature and strain both can alter its birefringence,
and it was found that the birefringence-induced frequency shift increases with the strain
and decreases with temperature, which provides another uncorrelated mechanism to
measure the temperature and strain change.

The dependences of the changes of Brillouin frequency shift and birefringence-induced
frequency shift, Avy and Avy;,, , on strain and temperature can be expressed by

Avg =CiAg + CRAT

(26)
A VBire = CgireAg + CgireAT

where Ag and AT are changes in strain and temperature, respectively; Ci and Cj are
coefficients to strain and temperature related to Brillouin frequency shift, respectively; Cj.,,
and Cj;,, are coefficients to strain and temperature related to birefringence-induced
frequency shift, respectively. The strain and the temperature can then be uniquely
determined by the measured Brillouin frequency shift and birefringence-induced frequency
shift, and can be given by

AT Cgclzire - Clgcgire _Cgirg Cg A VBire

& T & cpe . . T . .
HereT Cg, . Cz and Cg,, have positive sign, while Cg;,, has a negative sign, so
C;Cgire —CgChiye is of a large value, which ensures a high discrimination accuracy.
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Fig. 17. The dependence of birefringence-induced frequency shift on (a) temperature and (b)
strain. (Dong et al., 2010c, with permission from IEEE)
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First, we measured the dependences of Brillouin frequency shift on temperature and strain,
and the temperature and strain  coefficients are Cj=1.12MHz/°C and
Cy; =0.0482 MHz/ e, respectively. Then we measured the dependences of birefringence-
induced frequency shift on temperature and strain, and the results are shown in Fig. 17,
where the fitting temperature and strain coefficients are Cj,, =-54.38MHz/°C and
Cgir = 1.13MHz/pe , respectively.

Simultaneous measurement of strain and temperature is performed using a 6-m Panda fiber
with 1-m stressed segment, 1-m heated segment and 1-m segment at room temperature and
loose state in between, which is shown in Fig. 18. The applied strain is about 670 pe and the
heated temperature is higher than room temperature by 30 °C.

Stressed Heated
1.5m o Im I m o Im 1.5m

Fig. 18. Layout of the sensing fiber.

A 30/28 ns pulse pair is used to perform Brillouin frequency shift measurement and the
spatial resolution is 20 cm, which is determined by the 2-ns pulse-width difference. The
measured Brillouin frequency shift difference (subtracting the values at room temperature
and loose state) is shown in Fig. 19 (a). The fitting uncertainty of the central frequency is 0.4
MHz, corresponding to a T of 0.36 °C and a o0s of 8.3 pe. For birefringence-induced
frequency shift measurement, the spatial resolution is determined by the effective length of
the Brillouin grating, which is 20 cm for 2-ns pump pulses. A longer 6-ns probe pulse is used
to provide narrower measured Brillouin grating spectrum, and thus give better frequency
accuracy. The measured birefringence-induced frequency shift difference (subtracting the
values at room temperature and loose state) is shown in Fig. 19 (b). The fitting uncertainty of
the central frequency is 3 MHz, corresponding to a 6T of 0.06 °C and a ds of 2.7 pe. Note
that the birefringence-induced frequency shift provides higher precision with respect to
Brillouin frequency shift, so that the discrimination accuracy is limited by the uncertainty of
Brillouin frequency shift.
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Fig. 19. (a) Measured birefringence-induced frequency shift (BireFS) and Brillouin frequency
shift (BFS) and (b) calculated temperature and strain. (Dong et al., 2010c, with permission
from IEEE)
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6. Conclusion

First, the coupled wave equations of Brillouin enhanced four-wave mixing associated with a
Brillouin grating are deduced, and the birefringence-induced frequency shift in a
polarization-maintaining fiber is given through phase matching condition; in the case of
weak probe, the steady uniform Brillouin grating spectrum is exactly the same as that of a
fiber Bragg grating. Second, in the case of strong probe, the Brillouin grating can be
considerably modified by the probe wave, resulting in that for the coherent anti-Stokes
Brillouin scattering case, as the probe power increases, the reflectivity decreases and the
spectrum width increases, and the spectrum profile tends to a Lorentzian shape; for the
coherent Stokes Brillouin scattering case, as the probe power increases, both the reflectivity
and the spectrum width increases, and the spectrum profile exhibits oscillations. Third, the
transient Brillouin gratings generated by two short pump pulses have a Gaussian profile,
and the acoustic wave decay can impose an apodization on the gratings. Fourth, two
applications of Brillouin grating are given: for the distributed birefringence measurement of
a polarization-maintaining fiber, the spatial resolution of 20 cm is obtained by using 2-ns
pump pulses and the measurement accuracy can reach to 2x10-$; the birefringence-induced
frequency shift in a polarization-maintaining fiber shows dependences on temperature and
strain, and simultaneous measurement of temperature and strain is realized by combining a
conventional Brillouin fiber sensor based on Brillouin frequency shift.
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