
1(b)), where 𝜏𝜏echo is the delay time of echo signal 
reflected on the steel plate. The 𝑉𝑉sig is divided into 
the “in-phase” component (𝑉𝑉X) and the “quadrature” 
component ( 𝑉𝑉Y ) after PSD. The middle and the 
bottom data in Fig. 1(b) shows typical waveform 
after PSD. The ASEM intensity 𝑉𝑉sig̅̅̅̅̅ , 𝑉𝑉X̅̅ ̅  and 𝑉𝑉Y̅̅ ̅  
are defined as the averaged value of signal voltage 
|𝑉𝑉sig(𝑡𝑡)| , 𝑉𝑉𝑋𝑋(𝑡𝑡)  or 𝑉𝑉𝑌𝑌(𝑡𝑡)  integrated between 𝑡𝑡 =
𝜏𝜏echo/2  and 𝑡𝑡 = 𝜏𝜏echo/2 + 𝛥𝛥𝜏𝜏, respectively, 
where𝛥𝛥𝜏𝜏 is the integration time.4) The value of 𝛥𝛥𝜏𝜏 
is set to 500 ns in the direct signals and 1 μs in the 
signals after PSD, respectively. 

A steel sample measured (size: 100 × 100 × 2.0 
mm) is cut from a 11 mm thick steel plate (JIS G 
3101 SS400) by machining. The sample is subjected 
to external magnetic fields along the direction of 
parallel of the plate surface using a home-made 
electromagnetic coil. 
 
3. Results and Discussion 

We first describe the relation between the signals 
after PSD ( 𝑉𝑉X  and 𝑉𝑉Y ) and the complex 
piezomagnetic coefficient. When the applied 
alternating stress is written by 𝑇𝑇 = 𝑇𝑇0𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖, the flux 
density in the linear response regime will be 
generally expressed by 𝐵𝐵(𝐻𝐻) = 𝐵𝐵0(𝐻𝐻)𝑒𝑒𝑖𝑖(𝑖𝑖𝑖𝑖−𝛿𝛿(𝐻𝐻)), 
where 𝛿𝛿(𝐻𝐻)  is the phase delay of 𝐵𝐵(𝐻𝐻)  from 𝑇𝑇 
and will depend on the external field 𝐻𝐻 . The 
piezomagnetic coefficient 𝑑𝑑(𝐻𝐻) is thus defined by 
the ratio of 𝐵𝐵  and 𝑇𝑇  as the formula: 𝑑𝑑(𝐻𝐻) =
𝐵𝐵/𝑇𝑇 = (𝐵𝐵0/𝑇𝑇0)cos𝛿𝛿 − 𝑖𝑖(𝐵𝐵0/ 𝑇𝑇0)sin𝛿𝛿 = 𝑑𝑑′(𝐻𝐻) −
𝑖𝑖𝑑𝑑′′(𝐻𝐻). The real and imaginary components is thus 
obtained in the PSD scheme. 

The averaged value |𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠̅̅ ̅̅ ̅(𝐻𝐻)| is proportional to 
the absolute value of local piezomagnetic coefficient 
|𝑑𝑑loc(𝐻𝐻)|  on the acoustically excited spot. The 
hysteresis curve corresponding to |𝑑𝑑loc(𝐻𝐻)|  is 
shown in Fig. 2(a). The minimum observed at 
𝐻𝐻min = ±4 kA/m in the hysteresis curve indicates a 

demagnetized condition; 𝐻𝐻min  corresponds to the 
so-called coercivity 𝐻𝐻c.4) 
  Let us next discuss the “in-phase” component 𝑉𝑉X 
and the “quadrature” component 𝑉𝑉Y. We assume that 
the phase delay is negligible in the single domain 
regime at high fields because the ferromagnetic spin 
resonance is much higher than 10 MHz. Thereby, we 
defined 𝛿𝛿 = 0 at a high magnetic field of 200 kA/m. 
Figure 2(b) shows the 𝐻𝐻 -dependence of ASEM 
intensity obtained by 𝑉𝑉𝑋𝑋  and 𝑉𝑉𝑌𝑌 . The “in-phase” 
component indicates a symmetric feature for 
magnetic-field inversion. Furthermore, the field 
crossing the transverse axis is well in agreement with 
the 𝐻𝐻min  observed in the hysteresis curve of 
|𝑉𝑉sig̅̅̅̅̅(𝐻𝐻)| . These results provide strong support for 
the validity of our phase tuning process. The 𝐻𝐻 -
dependence of 𝑉𝑉𝑋𝑋̅̅ ̅(𝐻𝐻)  ( 𝑉𝑉𝑌𝑌̅̅ ̅(𝐻𝐻) ) can therefore be 
deemed to be proportional to 𝑑𝑑′(𝐻𝐻) (𝑑𝑑′′(𝐻𝐻)).  

 
4. Conclusion  

The PSD scheme has been developed in the 
ASEM method. The signal voltages are well divided 
into the “in-phase” and the “quadrature” components, 
indicating the complex piezomagnetic coefficient at 
high frequency in steel. 
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Fig. 2  Magnetic hysteresis curves of the ASEM intensity in a steel sample. The solid line represents the initial 
magnetization curve. The dashed and the dotted line represent the upward and downward field data in the 
hysteresis loop, respectively. The inset shows an enlarged representation. (a) ASEM intensity obtained from the 
direct signal 𝑉𝑉sig. (b) ASEM intensity obtained from the signal 𝑉𝑉X and 𝑉𝑉Y after PSD.  
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1. Introduction  

Due to optoacoustic effect, a composite of 
light-absorbing and elastomeric materials generates 
ultrasound waves when it is illuminated by a pulse 
laser. Recently, the optoacoustic transducers with 
the effect and their applications have been 
intensively investigated[1-3]. In order to make the 
transducers, the light-absorbing and elastomeric 
materials should be coated on a transparent 
substrate. As the substrate, a stiff solid material 
such as glass has been generally used so far. We 
reported that an optoacoustic plane transducer made 
of carbon nanotubes (CNTs) and poly-dimethyl 
siloxane (PDMS), which were coated on a 5 
mm-thick poly(methyl methacrylate) (PMMA) 
substrate, generates the blast wave type shockwaves 
effectively[4]. In this study, we have fabricated an 
optoacoustic film transducer by coating the CNTs 
and PDMS on a surface of polyethylene 
terephthalate (PET) sheet with 0.1 mm thickness. 
The acoustic waves radiated from the film 
transducer were measured and analyzed. In addition, 
an application of the film transducer in making a 
line-focusing optoacoustic source was shown. 

 
2. Transducer Fabrication 

Multiwalled-CNTs and PDMS were coated 
on a surface of the PET sheet with 50 x 50 cm2 area 
by a vacuum filtration and transition method and a 
spin-coating method, respectively, as the previous 
report[4]. As shown in Fig. 1, the diameter and 
thickness of the CNTs/PDMS composite layer were 
about 38 mm and 20 µm, respectively. The total 
thickness of the film transducer is about 120 µm  
and it is flexible. 

 
3. Experimetal Setup 

Figure 2 shows a schematic diagram of the 
experimental setup. As the optical source, a 
Q-switched Nd:YAG laser of 532 nm wavelength 
and about 8 ns pulse width, with 11~499 mJ/pulse 
energy and maximum 10 Hz PRF was used. The 
transducer was set in 24.5 °C water and the laser 
beam illuminates it with vertical angle 
approximately. The produced acoustic waves were 
measured using a needle hydrophone (Φ = 0.2 mm, 

Precision Acoustics) with an 8 dB preamplifier and 
a digital oscilloscope (LT354, LeCroy). 

 

 
Fig. 1. Structure of the film (a) and microscope 
photograph showing thickness of each layer (b).  

 
 

 
Fig. 2. Schematics of experimental setup  

 

4. Results and Discussions 
In Fig. 3(a), typical waveform of the wave 

generated from the optoacoustic film transducer is 
shown with the waveform fitted by modification of 
Friedlander equation[5]. The waveform was 
measured at 1.0 cm position from the transducer 
surface. In the modification, the pressure was 
assumed to be increased linearly until it reaches to 
peak pressure. The peak pressure was varied with 
the laser energy. It was 1.7 MPa and -6 dB pulse 
width of the sharp positive(+) phase was about 27 
ns when the laser energy is 150 mJ/pulse. Because 
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of the reflection from bottom of the transducer, 
there is a peak in the negative(-) phase. In the 
amplitude spectra of Fig. 3(c), the periodical 
patterns are shown due to the two shockwaves of 
the direct propagation and the bottom reflection as 
Fig. 3(b). The measured and the fitted ones are in 
good agreement in waveform. It reveals that the 
CNT/PDMS layer produces a blast wave type 
shockwave. The transducer could endure the laser 
energy higher than 300 mJ/pulse, and the positive(+) 
peak pressures changed linearly as shown in Fig. 4. 
The maximum 5.4 MPa was obtained when the 
laser energy is 330 mJ/pulse.  

 

 
Fig. 3. Measured and fitted waveforms, two shockwave 
components of the fitted waveform (b) and frequency 
spectra (c). 

 
Fig. 4. Variation of the positive(+) and negative(-) peak 
pressures with laser energy. 

 
Because the fabricated film transducer is 

flexible, it is easy to make different shape of 
acoustic shockwave sources. As an example, a 
cylindrical focusing source with the radius of 
curvature r=14 mm and aperture D=26 mm were 
made using the film transducers. A holder made by 
a 3D printer kept the cylindrical shape. Figure 5 
shows the measured and simulated acoustic fields. 
In the simulation by PZFlex(Weidlinger Associates 
Inc.), it is assumed that the radiation surface 
consists of simple sources which generate the 
measured shockwave shown in Fig. 3(a). The  

 
           (a)                (b) 
Fig. 5. Measured (a) and simulated (b) acoustic fields by 
the shockwave source with cylindrical radiation surface. 

 
simulated acoustic field shows that the beam is 
strongly focused within 0.18 mm of full width half 
maximum(FWHM) at focus. However, due to the 
hydrophone size and the step size(0.1 mm) of motor, 
the measured field was not so clear as simulation 
one and the beam was confined within 0.2 mm at 
focus. However, the waveform at focus was quite 
similar with the measured one in Fig. 3(a), and the 
peak pressure was 15.7 MPa for the laser energy 
330 mJ/pulse. 

 

5. Summary 
In this study, we have fabricated an 

optoacoustic film transducer by coating CNTs and 
PDMS on a thin PET sheet. The transducer 
generated shockwaves which have high peak 
pressures and very short pulse widths. It is noted 
that the waves have the waveform of a blast wave. 
The transducer is useful to make shockwave 
sources with different shape of radiation surface. As 
an example, it was shown that a line-focusing 
source, which is made by the film transducer, gives 
strong focusing effect with high pressure. 
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