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The characteristics of a radiation detector fabricated with stacks of piezoelectric lead zirconate
titanate �PZT� elements were studied by irradiating it with a 400 MeV /n xenon �Xe� beam for
various beam pulse durations. This detector is referred to as the multilayered detector �MD�. To
understand the production mechanism behind the output voltage obtained from the MD,
measurement of the spatial distribution of the output signals generated in the MD was attempted. It
was found that the amplitude observed was dependent on the number of Xe ions per unit time and
the amount of ionization loss energy of Xe ions in PZT. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3106634�

I. INTRODUCTION

The detection of high-energy particles via the measure-
ment of an acoustic wave that is generated in a liquid target
has been studied and the feasibility of using the acoustic
method was suggested.1–3 The acoustic wave was measured
by the hydrophones soaked in liquid medium. Lead zirconate
titanate �PZT� may be useful as the hydrophone. Because
PZT is a piezoelectric ceramic, it can be easily formed into
arbitrary shapes and can be operated without a power supply
because of its piezoelectricity, which means that the strain
brought by an external force produces an electric charge on
the surface of the material. In addition, PZT is resistant to
high temperature. On the basis of the above features, we are
now investigating the capability of the PZT to measure
radiation.4–11

The characteristics of some detectors fabricated using
PZT have been investigated with a 400 MeV /n xenon �Xe�
beam. The beam was supplied by the Heavy Ion Medical
Accelerator in Chiba �HIMAC� at the National Institute of
Radiological Sciences.12 These experiments have been per-
formed with the following two methods. One is an indirect
method. When the high-energy heavy ions enter a liquid ma-
terial, they will lose their kinetic energy mainly due to ion-
ization of the material. Then, the energy will be converted
into heat, which generates a pressure wave via volume ex-
pansion. Consequently, the pressure wave will propagate in
the material. The pressure wave was measured using the PZT
detector set in the liquid material, such as water, chloroform,
and ethanol, irradiated by the beam.5,8,10 The other is a direct
method. When the PZT detector was directly irradiated by
the beam, the electric signal generated on the PZT was
monitored.4,6,7,9,11

In our previous studies concerning the direct method, the
characteristics of two types of PZT detector were studied
using the Xe beam while varying the beam pulse
duration.7,9,11 One detector consisted of a single PZT disk
with two silver �Ag� electrodes that were coated onto the
front and back surfaces of the disk. We referred to this de-
tector as the single-layered detector �SD�. The other detector
was fabricated by stacking some thin PZT disks having the
same diameter as the SD. A 2-�m-thick metal sheet made of
Ag–Pd was sandwiched between each pair of disks. These
disks were sintered to be the same thickness as the SD and
the front and back surfaces of the assembled stack were cov-
ered with the Ag electrodes. We referred to this detector as
the multilayered detector �MD�. The output voltage between
the two electrodes was monitored. The amplitudes of the
signals obtained from the two detectors were almost inde-
pendent of the beam pulse duration. This was clearly differ-
ent from the result obtained for the indirect method.8 It was
also found that the amplitude obtained from the MD was
larger than that from the SD under the experimental condi-
tions. The induced voltage may be considered to be due to
ionization, thermal, elastic, and piezoelectric processes in the
solid material. However, we still cannot explain in detail the
production mechanism of the output signal from the PZT by
direct interaction with the high-energy Xe beam.

In this study, when the MD was bombarded with the Xe
beam, some output signals appeared on the thin PZT ele-
ments, of which the MD was built. We attempted to measure
these signals while changing the beam pulse duration to a
shorter range than that used so far.

II. EXPERIMENT

Figure 1 shows a schematic of the MD used in this ex-
periment. The MD was fabricated using a square PZT ele-
ment with a side length of 35 mm and a thickness of 1 mm.a�Electronic mail: takechi@elec.eng.osaka-cu.ac.jp.
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The seven elements were sintered with the Ag electrode a
few �m thick that was deposited on the surfaces and the total
thickness of the MD was 7 mm. The electrode on the front
surface of the MD was grounded and is denoted as G in Fig.
1. The other electrodes are indicated as 1–7 from the side
nearest to G, as shown in Fig. 1.

Figure 2�a� shows the experimental configuration. A

400 MeV /n Xe beam was supplied by HIMAC. The beam
was originally extracted for 0.3 s within a period of 3.3 s.
The Xe beam flux was fixed at �2�107 pps. In addition, a
chopper was also used to create a short-pulse beam. The
chopper was a rotating stainless-steel disk with a diameter of
30 cm and a thickness of 10 mm with four equiangular slits
with a length of 10 mm and a width of 1 mm. The radial
position of the slits in the chopper disk was �14 cm. The
chopper was installed �40 cm downstream of the exit of the
beam duct. By adjusting the rotation speed, the number of
xenon ions could be varied in accordance with the change in
pulse duration. The beam passing through the slit was moni-
tored using a 1-mm-thick plastic scintillator with a photo-
multiplier �PMT�, placed �69 cm downstream of the chop-
per. The signal detected by the PMT was used not only as a
time reference but also as a standard of the beam intensity in
this experiment. A frame made of epoxy resin supported the
MD. The frame was suspended from four springs to prevent
noise arising from mechanical disturbances. Moreover, to
eliminate noise originating from the variation in atmospheric
pressure, the MD was set in a closed chamber. The chamber,
which was made of transparent acrylic resin to enable visual
confirmation of the alignment, was placed �13 cm down-
stream of the scintillator. When the Xe beam was irradiated
onto the MD, the seven output voltages from between G and
1 to between G and 7 were monitored. Each output signal
was processed using the respective amplifier and then trans-
ferred to two digital oscilloscopes. Note that the output be-
tween G and 3 could not be utilized because the amplifier
was out of order. Digitally processed data were stored in a
personal computer.

An additional PZT element of 1 mm thick was placed in
front of the MD to confine the Xe within the MD; it is rep-
resented as the shaded element in Fig. 2�b�. The range of
400 MeV /n Xe in PZT was estimated to be less than
�8 mm using the Bethe-Bloch formula. Figure 2�b� shows
the definition of spatial coordinate z in this experiment. The
Xe beam was incident on the center of the first PZT element,
where the beam had a diameter of �4 mm.

III. RESULTS AND DISCUSSION

Figure 3 shows typical output waveforms when the ro-
tation speed of the chopper was 60 rps, where Fig. 3�a�
shows the scintillator signal obtained from the PMT and Fig.
3�b� shows the signal obtained from between G and 7. Note
that these waveforms were reconstructed by inverse Fourier
transformation using the frequency components below 25
kHz to eliminate the noise signal. Here, the time at which the
shutter for controlling the Xe beam passage was opened is
defined as t0 and the time at which the shutter was closed is
defined as t1, that is, the time during which the beam was
irradiated onto the MD is defined as TL= t1− t0. These are
indicated in Fig. 3�a�. Note that the TL may not be just du-
ration of the beam pulse. However it was confirmed that the
time during which the electric signal appeared on the PMT
was linearly related to the pulse duration in the previous
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FIG. 1. Shape and dimensions of PZT MD.
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FIG. 2. �a� The experimental configuration, where the photomultiplier is
indicated as PMT and the personal computer as PC. �b� Definition of z
position in this experiment.
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work. The amplitude of the signal obtained between two ter-
minals in the MD is defined as Vp, which is indicated in Fig.
3�b�.

Figure 4 shows the parameters estimated from the PMT
signal when the rotation speed of the chopper was changed
from 30 to 80 rps, where Fig. 4�a� shows the value of TL and
Fig. 4�b� shows an integral value of the light emission over
TL, that is, IL=�t0

t1�I�t��dt. Note that the closed circle indicates

a value averaged over �30 events and the vertical error bar
indicates the standard deviation. In this experiment, we took
one event within 0.3 s. It can be seen from Figs. 4�a� and
4�b� that TL was shorter and IL was smaller with increasing
rotation speed of the chopper. Figure 4�b� indicates that the
Xe beam intensity, that is, the number of the Xe ions, became
lower as the rotation speed increased.

Figure 5�a� shows the value of Vp obtained from the MD
when the rotation speed of the chopper was changed from 30
to 80 rps. The open circle is for the signal from between G
and 1 and the closed circle is for that from between G and 7.
These values were the averages of �30 events and the ver-
tical error bar indicates the standard deviation. The Vp ob-
tained for the signal from between G and 1 was almost in-
dependent of the rotation speed. On the other hand, the Vp

obtained for the signal from between G and 7 seemed to
become larger as the rotation speed increased. Note that the
previous results for the direct method7,9,11 were obtained
with the rotation speed up to �55 rps and the results did not
show explicit dependence within the limits of the speed. This
seems to be also true of the one seen from Fig. 5�a�. When
the rotation speed was extended to a faster range than that
used so far, it was first confirmed that, for the direct method,
the amplitude observed was dependent on the rotation speed.
Figure 5�b� shows the beam intensity per unit time, that is,
IL /TL, with the change in rotation speed from 30 to 80 rps.
The number of Xe ions per unit time became larger with
increasing rotation speed. This may be reflected in the value
of Vp obtained for the signal from between G and 7. The
pressure wave generated in a liquid target is considered to be
proportional to the time differential of the amount of energy
deposited into the target.1

Figure 6 shows the spatial distribution of Vp obtained
from the MD, except that for the signal from between G and

FIG. 3. Typical output waveforms obtained from �a� PMT and �b� MD,
which are reconstructed by inverse Fourier transformation using frequency
components below 25 kHz.

FIG. 4. Dependence of �a� TL and �b� IL on rotation speed of chopper.

FIG. 5. Dependence of �a� Vp obtained between G and 1 and between G and
7, and �b� IL /TL on rotation speed of chopper.
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3, when the rotation speed was 30 and 70 rps, respectively.
Note that the value of Vp was normalized to that between G
and 1. The horizontal error bar indicates a variation of 1 mm,
corresponding to the thickness of the PZT element. The open
circle represents the calculated value using the Bethe–Bloch
formula as Ecal, which corresponds to the energy that a
400 MeV /n Xe ion loses in PZT owing to ionization as the
Xe ion travels from z=1 mm to the surface of each element.
Note that the value of Ecal was also normalized to that cal-
culated at distances from z=1 mm to z=2 mm, which is
equal to �0.7 nJ. Although there was difference in IL /TL as
seen from Fig. 5�b�, the difference between the two Vp values
began to appear when the Xe ion went into z=5 mm. This
may be attributed to resolving power of the PZT detector
used. It was found that Vp became larger with increasing Ecal,
on the other hand, the space differential of the Vp seemed to
be different from that of the Ecal. Note that the experimental
value was measured for the ion flux and the calculation was
performed for the single ion. To clarify more quantitatively
how the Xe energy lost by interaction with PZT is trans-
formed to the output signal, the measurement for the single
ion using a detector with higher sensitivity is needed.

IV. CONCLUSION

To understand the production mechanism of the output
voltage appearing on the PZT MD, we examined the output
signal generated on each element that constitutes the MD
when a 400 MeV /n Xe beam was directly irradiated onto
the MD, while changing the rotation speed of the chopper up
to 80 rps. It was first confirmed that the amplitude of the
output signal obtained from the detector was dependent on

the beam pulse duration. This result may be partly due to the
number of Xe ions per unit time. Compared with the result
calculated using the Bethe–Bloch formula, the above depen-
dence appeared within a range at which the ionization loss
energy of the Xe ion in PZT was estimated to be greater than
�3 nJ. It was also found that the total energy of the Xe
beam was not always reflected on the output voltage. For
simplicity, a better PZT detector that enables the measure-
ment of a single Xe ion needs to be developed. It use will
lead to a more quantitative understanding of the production
mechanism of the output voltage appearing on PZT.
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