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Abstract

We developed a novel fiber-optic acoustic emission (AE) monitoring system and applied this

to gas-leak detection. The system is a Mach-Zehnder, homodyne-type optical fiber laser

interferometer with a phase compensation feedback circuit. The phase compensation was given

by a piezo-actuator, which can maintain the system at being quadurature condition.  The

system was demonstrated to measure the in-plane motion of elastic waves. The system can also

detect Ao-mode Lamb waves generated by pulse YAG laser and cylindrical waves produced by

lead breaking on a 2-inch steel pipe. We also detected continuous cylindrical waves from gas

leakage through a hole of 0.3-mm diameter in a 4-inch steel pipe.  RMS voltage of the AE

signals, monitored by the sensor fiber wound around the pipe, was found to increase with gas

pressure
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1. Introduction

Optical-fiber AE sensor is an attractive alternate AE sensor and can offer a number of ad-

vantages such as the long-range monitoring of large structures as pipelines, tanks and bridges.

This is possible due to the low optical loss. Fiber sensor can be set on the structure surface in ar-

bitrary shapes due to its flexibility. AE system with fiber sensor is expected to be free from elec-

tro-magnetic noise, and can be used for high temperature structure under corrosive environment.

Utilization of optical fiber sensors in ignitable environment is most attractive. Low cost and

lightweight are another advantage.

A number of optical sensors have been developed. Most of these were designed to detect the

low frequency vibration as a dynamic strain meter.  Some optical sensors designed to detect ul-

trasonic waves have been reported.  For instance, Pierce et al. [1] reported that the ultrasonic

waves generated by PZT transmitter in FRP could be detected by the optical interferometer using

a single-mode optical fiber. Tsuda et al. [2] developed a novel optical AE system utilizing a FBG

(Fiber Bragg Grating) fiber. They measured large amplitude steady ultrasonic waves repeatedly

generated by a PZT transmitter, but could not detect transient elastic waves. Kageyama [3] de-

veloped an optical fiber system utilizing the Doppler effect, and reported that the sensitivity of

sensor is the same level as the resonant-type AE sensor. One of the authors [4] developed a ho-

modyne Mach-Zehnder-type optical sensor and detected Lamb wave AE signals. Stability of the

developed system is, however, poor due to large drift by temperature changes.

Objective of this study is to develop a highly stable optical fiber AE sensor. We developed a

system with feedback control circuit with a PZT actuator and applied the system to detect the

cylindrical wave AE signals from gas leak in pipe.   
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2. Optical Fiber AE Sensor System

 A new optical AE system developed in house is schematically shown in Fig. 1. The system is

composed of the sensing and feedback control section.  The sensing section is a homodyne

Mach-Zehnder type interferometer.  We used a laser-diode (LD) (Mitsubishi

Electronic, FU-427SLD) with 1310 nm wavelength as a light source. Transmitted laser beam

from the LD was split into two optical fibers with a 3-dB 1x2 coupler.  One is the fiber as the

sensor (object) and the other is the fiber for reference beam. We used a communication-grade

single-mode fiber covered with PVC.  The part of the sensor fiber was attached on the sample

surface by an appropriate method.  Output of the sensor fiber modulated by AE signals was

interfered with the laser of the reference beam by coupling at another 2x2 coupler.  Interfered

laser beam was split into two beams again and then detected separately by two photodiodes

(Thorlabs, PDA400).  Here the two lasers were at 180˚ out of phase.  Then, two signals

were combined with a difference amplifier to improve the signal-to-noise ratio. The output of the

difference amplifier was digitized by a digital oscilloscope via a band-pass filter and fed to a

personal computer.   

Fig. 1 Improved optical fiber AE monitoring system with a feedback control system using PZT

actuator.

The system does not need any vibration control stage and optical components alignment

system, which are inevitable for an in-air laser interferometer, since the laser is transmitted in the

optical fiber from the LD to the photodiode detector. The system, however, tends to be sensitive

to low-frequency drifts by temperature change and environmental noise. We improved the sys-

tem by adding an automatic low-frequency feedback control circuit. A phase difference between

the sensor and reference lasers was also needed to keep the system at quadurature condition. This

means that the phase difference between two lasers must be /2. For this part, we developed a

feedback system, which uses a PZT actuator as a phase shifter.  The reference fiber was glued

firmly on the rectangular PZT actuator of 20 mm length x 3 mm width x 2 mm thickness (NEC-

TOKEN, AE0203D08) so that the fiber is in the actuation direction. Feedback control was

achieved utilizing small changes of the reference fiber length by stretching and shortening the
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PZT actuator by an error signal. Error signals must correspond to the low frequency drifting.

Thus this signal was produced by integrating the output with an operational amplifier, to which

the low-frequency component, extracted by a low-pass filter with cut-off frequency of 400 Hz,

was fed.  Figure 2 compares outputs of the system with and without a feedback control circuit.

Large oscillation of the system without feedback control was eliminated by adapting the feed-

back control circuit. The system with the feedback control can keep the system at quadurature

condition.

Fig. 2 Comparison of system outputs with (b) and without (a) a feedback control.

Fig. 3 Experimental setup for evaluating performance of the optical AE system.

3. Characteristic of Developed System

In order to study which vibration mode can be detected at what frequency by the improved

system, we detected laser-induced Lamb waves using the experimental setup of Fig. 3. We gen-

erated the Lamb waves on a thin Al plate of 0.5-mm thickness by a line focused Q-switched

YAG laser beam of 8-mm length. The Lamb waves were detected by the sensing fiber set on the

plate 100 to 250 mm from the source. The sensing part of the fiber was glued by epoxy resin so

that it is parallel to the line laser. We also detected the out-of-plane displacement of Lamb waves

at the opposite side of sensing fiber by a commercial heterodyne-type laser interferometer.

Figure 4 compares the waveforms detected by the optical fiber system (a) and by the com-

mercial interferometer (b). These waves were different in their frequency range. The optical
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Fig. 4 Detected waves by the developed system (a) and commercial laser interferometer (b).

Fig. 5 Group velocities of Ao mode Lamb

waves measured by the developed system and

commercial laser interferometer.

Fig. 6 Overlapping of the first portion of Lamb

waves in Fig. 4.

fiber system detected Lamb waves with low-frequency components since a 20 – 150 kHz band-

pass filter was used. Both waves, however, clearly show the characteristics of Ao-mode (funda-

mental mode of anti-symmetric) Lamb waves.  Shown in Fig. 5 are the overlaps of experimental

group velocity dispersion curves on the theoretical one. Group velocities by the optical fiber

system (open circles) agree well with that by the commercial interferometer and also theoretical

one. First portion of the waves in Fig. 4 was superposed in Fig. 6.  It is noted that phase of the

waves detected by the developed system was in /2 out of that by the commercial interferometer.

This can be explained by the in-plane and out-of-plane displacement of the Ao-mode waves.

Figure 7 shows theoretical distribution of in-plane and out-of-plane displacement of the Ao-

mode at 100 kHz across the plate. The out-of-plane displacement is positive or the same in phase

and constants over the thickness. In contrast, the phase of in-plane displacement at upper and

lower surfaces was opposite or at /2 difference. This strongly implies that the developed fiber

system detects the in-plane motion of elastic waves.
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Fig. 7 Comparison of in-plane and out-of-

plane displacement of Lamb Ao mode

through plate wall at f = 100 kHz.

Fig. 8 A method for studying the directivity of

line optical fiber sensor’s sensitivity.

We next measured the directivity of sensor’s sensitivity using the setup of Fig. 8.  Sensing fi-

ber was glued on the Al plate so as its axis (longitudinal direction) be parallel to the line laser.

The line laser moved along a circle of 150 mm radius.  We measured the Lamb waves as a func-

tion of angle . Here the angle  = 0 implies that the fiber be parallel to the line laser.  It is also

noted that the line laser produces a plane Lamb wave, which propagates in the normal direction

of the line laser. Figure 9 compares the waveforms at  = 0 (a) and  = 90˚ (b). The waves (a)

agree well with the predicted waveform of Ao-mode Lamb waves. Contrary to this, the waves

(b) are deformed and show low frequency components. Distribution of the maximum amplitude

at 30, 50 and 80 kHz, obtained by wavelet transform, was shown in Fig. 10. The amplitude was

normalized by the maximum amplitude at each frequency. There observed no clear directivity of

the sensor sensitivity.  However, the waveform significantly changes depending on the angle.

This is supposed to be due to the integration of the waves along the axis of the sensor fiber.

Fig. 9 Comparison of Lamb waves detected by optical sensor fiber parallel (a) and perpendicular
(b) to the source laser line.

4. Application to Detection of the Gas Leakage of Pipe

Detection of gas leak was attempted. Various sensing methods have been proposed [5] so far,

but these cannot be applied to buried pipes. Fiber sensor can be a useful sensor to detect the gas
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Fig. 10 Sensitivity distribution of line-shaped optical fiber sensor.

Fig. 11 Experimental setup for detecting transient cylindrical waves due to lead breakage on a 2-

inch pipe.

Fig. 12 Comparison of waves detected by the optical fiber system developed here (a) and the

commercial system using a piezoelectric AE sensor (b).
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Fig. 13 Contour map of wavelet coefficients for the waves shown in Fig. 12(a).

leakage of long distance pipelines and buried pipes. We first detected the cylindrical waves of a

1000 mm long 2-inch steel pipe (STPG 38, 2B x Sch. 80). As shown in Fig. 11, the cylindrical

waves were generated by breaking a pencil-lead and detected by the sensor fiber wound around

the pipe. The fiber was wound three turns at 300 or 500 mm from the source and fastened by

rubber sheet and steel band. For comparison, a small PZT type AE sensor (PAC, PICO) was

mounted near the fiber. Figure 12 compares the waveforms detected by the developed system

and PZT sensor.  The waveform by the developed system was much different from that by PZT

sensor due to their different frequency characteristic. The fiber system, however, detected the

lower frequency component of the cylindrical waves. Figure 13 shows the wavelet contour map

of the waves of Fig. 12(a) and theoretical group-velocity dispersion of L(0,1) mode.  Strong

wave components (dark part) coincide with the dispersion of L(0,1) mode in lower frequencies.

It was found that the breathing-type cylindrical waves can be effectively detected by the wound

fibers due to the high sensitivity of the fiber to in-plane motion.

We next monitored the cylindrical wave AE signals from gas leak through the pipe wall using

the system shown in Fig. 14. Here argon gas from 0 to 0.6 MPa was leaked through a small hole

of 0.3-mm diameter.  Sensing fiber was wound one turn around the pipe at 1200 mm from the

hole.  Figures 15 shows the AE signals from the gas leak. Gas pressure above 0.2 MPa produced

continuous AE waves. Frequency of the AE increases with gas pressure.  Root mean square volt-

ages (RMS) of the waves are shown in Fig. 16 as a function of gas pressure. The RMS at 0.2

MPa was 2.7 mV and 4 times larger that at 0 MPa. Here the RMS at zero pressure (pressure 0)

means the noise level.  This demonstrates that the developed optical AE sensor can clearly detect

AE signals from gas leakage. The RMS also increased with gas pressure. Decrease of the RMS at

0.6 MPa appears to be due to the limited frequency band of the system (20-150 kHz).
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Fig. 14 Experimental setup for detecting gas leakage through 0.3-mm diameter hole in a 4-inch

steel pipe.

Fig. 15 Detected AE waves due to gas leakage through 0.3-mm diameter hole on the 4-inch pipe

wall.

6. Conclusion

We developed an optical fiber AE system with a phase-compensation feedback control circuit

and applied the system to AE monitoring from gas leakage. Results are summarized below:

(1) The feedback control circuit developed in house makes the system at quadrature condition

and provide with a high stability and robustness for low frequency drifting.

(2) We detected the laser-induced Lamb was by the developed system and found that the devel-

oped system sensitive to the in-plane motion of the elastic waves. The system can detect   
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Fig. 16 Root mean square voltage of AE waves as a function of internal gas pressure.

the weak and transient AE produced by pencil-lead break

(3) The system can detect weak and continuous type L-mode cylindrical wave AE signals from

the 0.2 MPa gas leakage through the pipe wall. Both the RMS and frequency of cylindrical

waves increased with gas pressure.
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