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Coherent probe-pump-based Brillouin sensor for
centimeter-crack detection
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We provide a theoretical explanation for a coherent probe-pump-based Brillouin sensor system that achieves
centimeter spatial resolution with high-frequency resolution. It was recently discovered that, when a combi-
nation of cw and pulsed light (the probe beam) interacts with a cw laser (the pump beam), centimeter spatial
resolution with high-frequency resolution can be achieved even though the probe-pulse duration is 1.5 ns
[Opt. Lett. 29, 1485 (2004)]. Our study reveals that the coherent portion inside the pulse length of these
two interactions caused by the same phase is responsible for this behavior. It allows us to detect 1.5-cm
outer-layer cracks on an optical ground-wire cable. © 2005 Optical Society of America

OCIS codes: 290.5830, 060.2370, 290.5900, 190.5890, 060.2310.

Detecting cracks in structures is a major chal-
lenge: Only a specialized tool can find the target,
and the highest resolution is required to take its mea-
surement.1 Moreover, detection strategies tend to be
developed with specific structural materials in mind.
Widely available and successful techniques used on
steel structures cannot be applied to polyvinyl chloride
or concrete structures because of the electrical non-
conductance of the material. Recently, fiber Bragg
grating (FBG) sensors were applied to the detection of
cracks in carbon-fiber-reinforced plastic with a strain
resolution of 1 m´.2 Obviously this FBG technology
is material independent. In its basic form a typical
FBG has a gauge of approximately 5 mm.3 Thus it
works as a point sensor. Since the crack locations in
a structure are unknown a priori, conventional point
sensors are not effective in crack sensing.

Sensors based on Brillouin scattering provide an
excellent opportunity for structural-health monitoring
of civil-engineering structures4 by allowing measure-
ments to be taken along the fiber rather than at
discrete points. One class of Brillouin-based sensors
is based on the Brillouin loss technique,5 in which
two counterpropagating laser beams, a pulsed Stokes
beam and a cw pump beam, exchange energy through
an induced acoustic f ield. Although the spatial
resolution can be improved by use of short pulses,
the loss spectrum broadens and the amplitude of
the spectrum decreases as the pulse width decreases
below the phonon lifetime of 10 ns, which makes it
difficult to measure the Brillouin frequency shift
accurately and results in a 1-m spatial resolution
limitation.6 Recently, we discovered that, when a
combination of cw and pulsed light as the probe beam
interacted with a cw laser as the pump beam, the
uncertainty of dnB � 0.23 MHz in measuring the Bril-
louin frequency, a signal-to-noise ratio (SNR) of 34 dB
for 15-m´ accuracy, and a temperature resolution of
1.3 ±C were achieved with 1.5-ns (equivalent to 15-cm
spatial resolution) pulses.7 In this Letter we present
a theoretical explanation for the results shown in
Ref. 7 and demonstrate that our setup is able to detect
centimeter cracks.

Considering a Mach–Zehnder modulator with two
arms, as shown in Fig. 1, to convert a cw laser beam
into a pulsed laser beam with a controllable pulse
width, the output electrical field can be generally
represented by
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�A1 cos�vt 1 w1� 1 A2 cos�vt 1 w2�� , (1)

where v is the frequency of the input cw laser, A1 and
A2 represent the electric f ield amplitudes in the two
arms, and w1 and w2 represent the respective optical
phase delays. The output intensity is

Iout � jEoutj
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�I1 1 I2 1 2�I1I2�1�2cos�w�t��� , (2)

where I1 and I2 represent the intensities in the two
arms, and the phase difference between the two arms
w�t� �� w1 2 w2� is time dependent through an ap-
plied ac voltage. If the optical waves are in phase
�w�t� � 0� after propagating through the two arms, a
maximum intensity output is reached whereas, if the
optical waves are out of phase �w�t� � p� after propa-
gating through the two arms, they combine at inverse
phase, and the output intensity is minimum. In prac-
tice, I1 is not equal to I2, and w�t� cannot be exactly
equal to p. Thus the electro-optic modulator (EOM)
always has a finite extinction ratio (ER) defined as
Rx � �Iout�max��Iout�min, and the pulsed laser generated
by the EOM always contains a cw (dc) component, as
shown in Fig. 1. Then Eq. (1) becomes

Fig. 1. Schematic of the electrical field before and after
propagating through an EOM.
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