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Abstract 
 
     We have obtained the transfer functions of a wide range of AE sensors commonly available 
and utilized.  These were determined by a pulse-laser excitation in conjunction with a laser inter-
ferometer and a deconvolution procedure typically in the frequency domain.  Using typical 
source waveforms and a convolution procedure, one can then visualize waveforms expected out 
of these AE sensors. In turn, one can also deduce approximate source waveforms from AE signal 
waveforms, which a similar sensor has detected.  Some sensors showed displacement response, 
while another gave velocity response. Some unexpected results are found, including a mixed re-
sponse of a small sensor and location sensitivity of otherwise a well-behaved sensor.  
 
Introduction 
 
     Acoustic emission (AE) sensors play a key role in the study of AE behavior of materials and 
structures. The characteristics of AE sensors dictate the waveforms of AE signals detected. 
Commonly, manufacturers provide the frequency response of an AE sensor in addition to its sen-
sitivity.  Such information is useful in sensor selection for laboratory work and for field applica-
tions.  In evaluating AE waveforms, however, one requires the transfer function of an AE sensor.  
This is also known as the impulse response and relates input and output.  The transfer function 
was utilized in basic studies, which provided fundamental knowledge of AE source functions and 
valuable insight to the nature of the origins of AE. A well-characterized sensor, such as a NIST 
capacitive or conical sensor was used, and sensor outputs were analyzed by a deconvolution pro-
cedure, and the AE source functions were deduced. In these studies, the breakage of glass capil-
lary usually provided the calibration source of a step force of a short rise time, generating stress 
waves with a known theoretical basis.  See ASTM E-1106, which serves as the primary standard 
for all AE sensor calibration in the US [1]. Some efforts to get them via frequency domain proce-
dures were reported [2], but general awareness is still low. 
     Once the transfer function of an AE sensor is known, by using a convolution procedure, one 
can find the sensor output signals using different input signals.  In order to obtain the transfer 
function rigorously, one needs a setup similar to those at NIST.  In the present work, we used a 
much simpler setup, relying instead on a pulse laser, an aluminum plate and a laser interferome-
ter.  Because of the plate size limitation, only a short segment of the transfer function can be ob-
tained, but this can still provide information useful in understanding AE waveforms encountered 
in many other studies.  Of our specific interest was to explore the limit of using a common sub-
MHz AE sensor in detecting fast phenomena with sub-µs rise time. 
 
Experimental 
 
     The source of impulse was a pulsed YAG laser and the output was ~2 mJ (of 10 ns), focused 
on 0.5~1-mm-diameter area. Laser pulse impinged on an aluminum plate of 25 mm thickness. 
This resulted through ablation in a sharp displacement pulse on the opposite side, having the peak 
width of 50 ns at half height and the peak displacement amplitude of 1.4~1.9 nm (Fig. 1a) de-
pending on the laser output. Three additional reflected pulses follow, but these are 11, 20 and 24 
dB below the initial pulse height. The normal displacement was detected by a laser interfero-
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meter (Thales Laser S.A., SH-140; 0.02-45 MHz). A sensor under test was placed opposite the 
laser impingement and its output recorded by a digitizer at a sampling frequency of up to 1 GHz 
with 100x signal averaging. Acoustic couplant was silicone grease (HIVAC-G, Shin-etsu). 

 
Fig. 1 (a) Displacement pulse from a laser. (b) Detected waveform of a Pico sensor. 

 

 

 
Fig. 2 Transfer function of a Pico sensor 
(red), which accounted for three re-
flected laser pulses. First-peak only 
(blue) curve is essentially same as Fig. 
1b for t<30 µs. Amplitude is in terms of 
V/m·(time step), with 10-ns time step. In 
taking the convolution integral, this time 
step is multiplied; thus, the values re-
ported here must be reduced by 108 
when the standard unit of V/m·s is used. 
Note that digital data was 5-MHz low-
pass filtered before deconvolution was 
applied. 

 
Results and Discussion 
 
1. Transfer functions 
a. Pico sensor: The waveform due to laser excitation taken by a Pico sensor (PAC, ser. 3804) is 
shown in Fig. 1b.  Using a frequency-domain deconvolution procedure, the transfer function of 
this sensor was obtained as shown in Fig. 2 (red curve). When only the first arrival peak was used 
(blue curve), it was essentially identical to Fig. 1b up to 30 µs. At t>30µs, curve was smoothed 
by deconvolution. Between the two transfer functions, there were slight differences beyond the 
P3-wave arrival of 7.84 µs, but the basic character was intact. 
b. V103 sensor: This sensor from Panametrics is a damped ultrasonic transducer and shows the 
negative-going primary peak followed by lower amplitude oscillations (Fig. 3). The primary peak 
has 0.17-µs half-peak width. If a lower sensitivity can be tolerated, this is suited for high-fidelity 
waveform acquisition.  The peak value for V103 is nearly 30 dB below that of Pico in Fig. 2. 
c. B-1025 sensor: This is also a low-sensitivity, broadband sensor from Digital Wave (Fig. 4; 
sensor provided by M.A. Hamstad). This is twice more sensitive compared to V103. With the 
reflected wave correction, a peak appears at ~8 µs, but other differences are minor.  
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Fig. 3 Transfer function of a Panametrics V103 sensor. (First peak only data) 

 
Fig. 4 Transfer function of a Digital Wave B-1025 sensor. (First peak only data in blue) 

 

 
Fig. 5 Transfer function of a PAC WD sensor. 

 
d. WD sensor: This is a popular wide-band sensor from PAC with multiple resonances having 
multi-element design (Fig. 5). Its sensitivity is higher than broadband sensors (V103 and B-
1025), but the transfer function has a highly complex structure with numerous peaks and valleys. 
e. R15 sensor: This utilitarian sensor from PAC and others of similar designs with 140-175 kHz 
resonance have been used widely during the past four decades. This is not intended for waveform 
acquisition (Fig. 6), but its transfer function is given for comparison’s purpose. It should be noted 
that this sensor does have a high-frequency sensitivity and can be used in the same way as a WD 
above to detect AE activities at different frequency ranges. 
f. Other sensors: Several other sensors were also tested, although the results cannot be given here 
because of space limitation (will be reported later). These include: AET FC-500, AC-30L, 
AC175L, AC375L, AC1500L; PAC 9225B, µ-30; DE 9201, 9202, 9203; DWC 1080.  
 
2. Source wave convolution 
We used three types of displacement waveforms to represent a source function.  Type 1 is a sin-
gle full-cycle sinewave, Type 2 a half-cycle sinewave from –90 to +90˚ (a smoothed step-
function) and Type 3 a half-cycle sinewave from 0 to +180˚, respectively.  The frequency of the 
waves was chosen at 100, 200, 500 kHz, 1 or 2 MHz. Zero-padding was applied as needed to 
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Fig. 6 Transfer function of a PAC R15 sensor (green curve). (First only: blue; two peaks: red) 

 
avoid edge effects. Down-slope was also added for Type 2. For Types 1 and 3, the displacement 
waveforms are continuous, but their derivatives or velocity waveforms had discontinuities at the 
beginning and end. The velocity waveforms for Type 2 are of a half-cycle sinewave. 
a. Pico sensor: The convolved waveforms are given in Fig. 7.  For Type 2, a half-cycle sinewave 
is the prominent feature indicative of possible velocity response, but Types 1 and 3 waveforms 
indicate oscillations at input frequency. These Pico waveforms thus give no clear correspondence 
to displacement or velocity input. This is surprising as its resonance frequency is close to 500 
kHz, where a velocity response is expected according to a generally accepted analysis [3]. The 
same analysis predicts an acceleration response at lower frequency, while displacement response 
is expected at higher frequency. Amplitude of convoluted waves is given in arbitrary unit, al-
though the output values are given as obtained. When a sinewave of unity amplitude is given as 
source input, it represents ±1-m displacement. However, the output is not necessarily propor-
tional to displacement and further evaluation is needed to establish a proper unit to use. 
 Pico sensors have been used to evaluate cracking AE through source simulation analysis [4-
6], where the signal rise time is an important parameter. Thus, we examined the linearity with 
respect to the source-function rise time. For Type 2 signals, nominal displacement input rise 
times are 0.25, 0.5 and 1 µs for 2, 1 and 0.5 MHz; the corresponding rise times of the convolved 
waveforms were 4.60, 4.71 and 4.91 µs, indicating proportional increments with a delay. Similar 
relations are observed for Types 1 and 3 signals. This implies that Pico sensors can be used for 
comparative rise time studies. However, this sensor appears to have a mixed response to input 
displacement and velocity and may cause difficulties in characterizing the nature of source 
events. We also need to clarify the origin of the rise time stretching of about 4 µs. 

            
Fig. 7  Pico-sensor responses to 3 input types. Fig. 8  WD-sensor responses at 200 kHz. 
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b. WD sensor: The convolved waveforms for 200-kHz sources are given in Fig. 8. Type 1 shows 
a large dip between two sharp peaks. This waveform resembles the velocity source wave of Type 
1 or the derivative of a full-cycle sinewave displacement. The base duration is extended to 6.64 
µs compared to 5-µs input. Type 2 corresponds to a half-cycle sinewave, with an extrapolated 
base width of 4.0 µs (1.5 µs longer than 2.5 µs input width). Again, this corresponds to the de-
rivative of Type 2 displacement input. Type 3 is the initial part of Type 1, with the base width 
shortened to 4.48 µs (still ~2 µs longer than the input width). The rise time to the first peak was 
1.28, 2.30 and 1.28 µs for the three types. Here, the rise time of 1.28 µs for Types 1 and 3 results 
from 10 ns effective rise time, while 2.30 µs for Type 2 is due to the smoothed step rise time of 
1.25 µs duration. Thus, the WD sensor contributed 1~1.3 µs to the observed rise time at 200 kHz. 
 Type-2 waveforms using five different source frequencies are shown in Fig. 9.  The lower 
frequency signals are closer to a half-cycle sinewave, while effects of additional peaks are more 
visible at 2 MHz, especially at the trailing part beyond the main peak having minor oscillations. 
The main features of Fig. 8 were also observed at 100 kHz to 2 MHz. In all cases, the WD sensor 
gives consistent velocity response in the three types of source waves. This finding needs further 
tests at more frequencies that differ from the sensor resonances (100, 230, 480 kHz) [7], but WD 
responds basically to velocity signals. Note that it is difficult to reach this conclusion from visual 
inspection of the transfer function (Fig. 5).  
 The observed rise time decreased smoothly with frequency, as shown in Fig. 10, where its 
values for Type 2 are plotted against nominal (velocity) input rise time. The observed rise time is 
always larger than the nominal value and the difference ranges from 1.20 µs (100 kHz) to 0.63 µs 
(2 MHz). Because of multiple resonance characteristics of this sensor, this finding is unexpected 
and surprising, but WD sensor is useful even for rise time studies. 

      
Fig. 9 WD waveforms for Type-2 input.     Fig. 10 Rise time for WD and V103. 
 
c. V103 sensor: The convolved waveforms for 500-kHz sources are given in Fig. 11. It is clear 
that this sensor gives displacement response, with full or half sinewave output for Types 1 and 3 
and a step-down waveform for Type 2, reflecting the nature of its transfer function with the nega-
tive-going main peak.  This behavior is expected from its heavily damped construction for ultra-
sonic testing applications. The waveforms were similar at 200 kHz, but at 1 MHz, an additional 
peak overlapped and response became a mixed one. The observed width of the first full cycle 
was 4.91, 2.30, 1.51 and 0.53 µs for 0.2, 0.5, 1 and 2 MHz source, showing anomaly at 1 MHz.  
 Type-2 response of V103 sensor is shown in Fig. 12. The anticipated step-down behavior was 
seen at 0.2 and 0.5 MHz with the “rise” time of 2.33 and 1.25 µs. These compare well with the 
nominal values of 2.5 and 1.25 µs. At 1 and 2 MHz, a faster rising component (at 0.30 and ~0.6 
µs) appears before the main peaks at 0.98 and 0.89 µs (see Fig. 10). The main peak rise times fol-
low a smooth curve, ending at 0.85 µs for zero nominal source rise time. The origin of the fast 
component is apparently due to the main peak (at 0.30 µs) in the transfer function, whereas the 
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main peak in the convolved waves combines the first two large peaks (at 0.30 and 0.83 µs) in the 
transfer function. While the overall behavior of V103 sensor is primarily displacement response, 
these additional deviations complicate the interpretation and careful waveform evaluation is 
needed.  We obviously cannot assume a heavily damped sensor to be always well behaving. 

            
Fig. 11 V103-sensor responses at 500 kHz.  Fig. 12 V103 waveforms for Type-2 input. 
 
3. Discussion 
 The procedure described here is a straightforward application of current laser technology in 
generating and measuring elastic waves. It became evident that this new calibration approach is 
worth practicing; that is, the transfer function of a sensor should be supplied in addition to the 
customary frequency response characteristics per ASTM E-1106. However, we probably need 
longer transfer function data to replace a NIST-based calibration curve of frequency response.  
 Several refinements to the present methodology are needed. 1) Consider a better design for 
the calibration block rather than a simple plate. 2) Characterize the laser waveforms over the en-
tire area of the active sensor area and account for their variation. 3) Take into account of trailing 
parts and reflected waves. 4) Suitable unit must be selected for the convolved output. 5) Devise a 
secondary standard to allow the determination of the transfer function of a sensor without exten-
sive laser facility. In regard to 5), we examined the wave generation behavior of V103 sensor, 
driven with a step function output of a function generator. Unfortunately, the output waveform of 
this sensor had substantial position sensitivity and was impractical as a part of calibration proce-
dure. We have to find a suitable generator for use as a calibrated source.  
 
Conclusions 
 
 The transfer functions of representative AE sensors were obtained using laser excitation and 
displacement measurement using a laser interferometer.  Some of these were evaluated by con-
volving with source waveforms, varying the shape and duration. Results demonstrate the nature 
of sensor responses and the utility of the approach used here. With additional refinements, the 
calibration method with laser technology can improve our understanding of various AE sources. 
 
References 
 
1. NDT Handbook, vol. 6, Acoustic Emission Testing, ASNT, Columbus, OH, 2005, p. 57. 
2. B. Allemann, L. Gauckler, W. Hundt and F. Rehsteiner, J. Acous. Emiss., 14(2), 119, 1996. 
3. Acoustic Emission, JSNDI, Tokyo, Japan, 1990, p. 14. 
4. Y. Mizutani, H. Nishino, M. Takemoto and K. Ono, J. Acous. Emiss., 18, 286-292, 2000. 
5. S. Fujimoto, M. Takemoto and K. Ono, J. Acous. Emiss., 19, 69-74, 2001. 
6. K. Kagayama, T. Ogawa, A. Yonezu, H. Cho and M. Takemoto, J. Acous. Emiss., 24, 127-
138, 2006. 
7. M. Eaton, K. Holford, C. Featherston and R. Pullin, J. Acous. Emiss., 25, 140-148, 2007. 


