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Detection of acoustic signals induced by heavy-ion impact:
ion-beam seismology
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Abstract
We study dynamical processes by penetrating radiations inside of bulk solids through the measurements of acoustic
waves. We irradiated a solid sample with a single-bunch ion beam of 95 MeV/u Ar ions and observed acoustic signals
with piezoelectric sensors. Moving the irradiation position step-by-step on the sample while the sensors were ﬁxed to it,
we observed waveforms which propagated at diﬀerent directions from the source. The angular dependence of acoustic
waveforms is analyzed with seismological considerations, and the result shows that the acoustic source in the Ar-irradiation is a nearly isotropic expansion conﬁned in the bulk.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Radiation penetrating a solid can cause
mechanical turbulence and generate elastic waves
at ultrasonic frequencies [1]. Several authors have
experimentally studied acoustic signals generated
by irradiations of electrons, positrons, photons
[2,3] and slow ions [4,5]. In contrast to other radiations, a high-energy heavy ion has a large stopping power in matter and the kinetic-energy
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deposition has a maximum at the Bragg peak near
the end of the range. Therefore main part of the
radiation eﬀects can be localized deep in the bulk.
Dynamical radiation eﬀects have been studied with
various methods like detection of secondary particles (electrons, ions, atoms, clusters) and secondary photons (visible to X-ray), but it is not easy
to apply these methods for phenomena deep in
solids, since charged particles are stopped and
photons are attenuated by thick matter. On the
other hand, most solids propagate elastic waves
in a long distance, and the waveform is well preserved during propagation since the velocities of
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the body waves are independent of the frequency.
The elastic body wave has two modes with diﬀerent velocities; the longitudinal, compression wave
(P wave) and the transverse, shear wave (S wave)
and their amplitudes have diﬀerent propagationangle distribution (radiation pattern) depending
on the geometry and dynamics at the source.
In spite of a vast diﬀerence in energy and geometrical scale between earthquakes and irradiations, seismic waves from earthquakes and
acoustic waves from irradiations follow the common theory of elasticity. Although large earthquakes are sometimes disastrous, careful and
systematic study of the seismic waves oﬀer almost
unique means to investigate the inaccessible interior of the earth, not only the position and dynamical characteristics of the seismic source, but also
the internal structure of the earth. We expect that
the seismological way can be applicable to the
analyses of acoustic signals to know about the
elastodynamical aspects of radiation eﬀects. It is
non-destructive and real time, in contrast to other
methods.
In this report, we show measurements of acoustic waves from solid samples irradiated by 3.8-GeV
Ar ions (95 MeV/u). The acoustic waveform and
the arrival time were measured at diﬀerent positions relative to the irradiation point to study the
dependence on the propagation direction. Then,
applying seismological considerations, we discuss
the characteristics of the stress and deformation
in solids caused by heavy-ion irradiations. The
present results indicate that the deformation
caused by the irradiation is nearly isotropic.

ions per bunch was in the order of 103. The samples were poly-crystalline metal (Al and Cu) and
single crystal of BaF2 which is nearly isotropic in
elasticity.
Acoustic signals were detected with two piezoelectric sensors attached to the sample, one on
the back and the other on the side. A spring
pressed each sensor on the surface of the sample
by about 1 kg of force, and vacuum grease was between them for acoustic contact. The sample with
the sensors was mounted on a remote-controlled
movable feedthrough so that diﬀerent points on
the sample were irradiated.
Fig. 1 schematically shows the geometrical
arrangement, where an ion beam from the left impinges on a sample plate with a thickness of D and
penetrates it by a range L. In the present condition, the thickness D is about 10 mm. In the previous work [6], we determined the depth of the
elastic-wave source by the propagation time and
velocity of the acoustic signals, and found that
the source position well matched the end of the
ion range estimated by a TRIM code [7]. For the
range L here we adopt the range of 3.8-GeV Ar
ion estimated by the TRIM code, which is
4.24 mm for Al, 1.53 mm for Cu and 3.06 mm
for BaF2. We take the end of the ion range as

2. Experiments
Since the present experimental setup is almost
the same as that reported previously [6], we describe it only brieﬂy. A 3.8-GeV Ar beam from
RIKEN Ring Cyclotron irradiated a plate of sample. The beam was chopped to a single bunch with
width of about 3 ns and rate of about 60 Hz and
the timing and the intensity of each bunch of the
ions were measured with two secondary-electron
monitors on the beam line upstream of the sample.
According to the measurement, the number of the

Fig. 1. Geometrical relation between the irradiated sample, the
beam and the sensors.
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the source of the wave, call it as the hypocenter
hereafter, and the point on the back plane just
above it as the epicenter. The ultrasonic sensor
on the back of the plate is at a distance x from
the epicenter E. From the geometry we calculate
the distance and the azimuth angle h between the
sensor and the hypocenter.

3. Theoretical seismic motion
We brieﬂy describe the theoretical seismic motion which is the relation between the source motion and the displacement at the surface. Details
are found in textbooks of seismology [8]. We treat
an inﬁnite, homogeneous and isotropic linear elastic material with a density q and LaméÕs constants
k and l. In the following, we use a polar coordinate and a Cartesian coordinate whose axes expressed as xi (i = 1, 2, 3).
The displacement ~
u as a function of position
and time follows the equation of motion of elastic
body:
~ r~
~uÞ  lr
~ r
~ ~
ðk þ 2lÞrð
u þ~
f  q~
u€ ¼ 0; ð1Þ
where ~
f is the force applied per unit volume of the
material.
When ~
f ¼ 0, Eq. (1) yields wave functions for
two independent modes of body waves; the P wave
is a longitudinal compression
wave
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ with a propagation velocity a ¼ ðk þ 2lÞ=q andpthe
ﬃﬃﬃﬃﬃﬃﬃﬃS wave
is the shear wave with a velocity b ¼ l=q. Since
k and l are both positive, p
the
ﬃﬃﬃ P wave is always faster than the S wave (a > 2b).
The dynamics in the hypocenter is usually very
complicated in natural earthquakes; a sliding
motion of a fault following a shear rupture under
extreme stress and temperature. To simplify the
problem, a kinematical model is often adopted in
seismology where the source motion is replaced
by an equivalent time-dependent force system applied to the hypocenter. If the hypocenter is contained in the bulk, the net force and torque in
the source should be zero, and the force system
is a sum of force couples expressed as a 3 · 3 symmetric tensor called a seismic moment tensor; its
diagonal components correspond to the expansion
or contraction along the axes, and the non-diago-
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nal components to shear motions like those in
natural earthquakes. In the case of ion-beam irradiation in the direction of axis x3, the axial symmetry constrains the elements of the seismic moment
to Mkl = 0 for k 5 l and M11 = M22. This is expressed as a sum of an isotropic expansion and
an expansion/contraction only in the x3-direction:
80
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where M0 is the magnitude, f (t) denotes the time
dependence and  is a parameter which denotes
the anisotropy of the expansion.
When the seismic source is at ~
n, the displacement at position ~
x and time t is given as
Z 1 X
o
un ð~
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where Gnk is the Green function, and in the present
case it is expressed as
Z r=b
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where ~
r is the relative position of the observation
point ~
x from the source ~
n and r,i = (xi  ni)/r is
the direction cosine.
An isotropic expansion ( = 0) can generate
only isotropic P waves and the displacement has
only a component in the direction of r as
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The ﬁrst term is the near-ﬁeld term whose amplitude decreases as 1/r2 and the second one is
the far-ﬁeld term which decreases as 1/r. An
anisotropic expansion only in the x3 direction,
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Fig. 2. Amplitude of far-ﬁeld P wave (middle) and S wave (right) generated by an expansion in the x3 direction (left). Note that the
scale of the amplitude is diﬀerent between the P and S wave; the P-wave amplitude is ﬁve times magniﬁed.

the second term in Eq. (2), results in a
displacement:
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where h is the angle between ~
r and axis x3. The last
two terms of Eq. (6) correspond to the far-ﬁeld P
and S waves. The both waves have the same
time-dependent waveform but the amplitude,
propagation speed and angular dependence are
diﬀerent. Since a > b, the maximum amplitude of
the S-wave is larger than that of the P-wave, by
a factor of a3/b3.
Fig. 2 shows the amplitude of the P and S waves
from the anisotropic expansion in the x3 direction.
The far-ﬁeld terms in Eq. (6) are calculated as
function of the propagation direction for aluminum (a = 6472 m/s and b = 3140 m/s) as an example. The propagation-direction dependence of the
amplitude of each wave component is called a
radiation pattern.

Both of the radiation patterns in Fig. 2 are symmetric about the beam axis (x3): The P-wave
amplitude has maxima at h = 0 and 180, while
the S wave has maxima at 45 and 135. Since Swave is not generated by an isotropic expansion,
an S wave observed around h = 45 should be a
clear indication of the anisotropy of the deformation at the seismic source.
When we compare the theoretical radiation patterns with waveforms observed by the sensor in the
present experimental setup (Fig. 1), we have to
consider two things: Firstly, the distance r increases with h as 1/cos h. Secondly, the sensor is
sensitive only to the component of the displacement perpendicular to the surface. Therefore,
according to the theory, the back sensor observes
amplitude of the far-ﬁeld P-wave from an isotropic
expansion (5) as proportional to cos2h. In the case
of x3-direction expansion, n = 3 in (6) gives the observed P-wave amplitude proportional to cos4h
and the S-wave amplitude to cos2h sin2h.

4. Results
Fig. 3 shows the acoustic waveforms observed
with the back sensor on the Al, Cu and BaF2 samples. Waveforms were recorded at diﬀerent positions x relative to epicenter and the position was
varied by 1 mm-step in a range of x = ±12 mm.
The position is indicated on the right of the graph.
The measured waveforms are averaged over 20–50
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Fig. 3. Acoustic waveforms by 3.8-GeV Ar ions on (a) Al, (b) Cu and (c) BaF2 observed with the back sensor. P, S and PP denote
the calculated arrival times of the direct P wave, direct S wave and P wave after one reﬂection on the front plane.

shots of ion bunches to reduce noise, and the result
is normalized to the same number of ions. In addition to the acoustic waveforms, the typical beambunch pattern is shown at the top, and the origin
of the time is chosen to the arrival time of the main
part of the beam bunch.
The propagation time is shortest at the epicenter (x = 0 mm) and it increases with jxj. Assuming
the hypocenter at the end of the ion range from the
TRIM code, we calculate the arrival times of the P
and S waves as function of x, using measured val-

ues of sample thickness and the speeds of the
waves. The expected P- and S-wave arrival times
are drawn in the ﬁgure as solid and dashed curves.
The onset of the acoustic wave agrees well with the
P-wave arrival time for all samples, and the onset
is positive pulse, which corresponds to outward
motion, with a rise time of about 0.3–0.4 ls. If
the deformation at the hypocenter is anisotropic
( 5 0), an S wave should be observed around
h = 45 which corresponds to x = ±8.5 mm for
Cu, ±7 mm for BaF2 and ±6 mm for Al. No
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solid line in the ﬁgure is a cos2h curve which is expected from an isotropic expansion. The experimental plots agree the curve fairly well. This
angular dependence and the fact that the S-wave
is not observed in the waveforms around h = 45
indicate that the deformation due to the irradiation is almost isotropic. The upper limit of the
anisotropy parameter  has been estimated to be
about 0.1 for Al and Cu and 0.4 for BaF2, where
it was more diﬃcult to eliminate the possibility
of S-wave overlap because of the structure of the
waveform.

0
θ (deg)

50

Fig. 4. Onset peak height at the (a) side sensor plotted against
the distance from the hypocenter and (b) back sensor plotted
against the azimuth angle. Curves are the amplitude estimated
for the far-ﬁeld P-wave from an isotropic expansion.

obvious structure is found along the S-wave arrival-time curve although for BaF2 the expected Swave arrival time coincides with a waveform structure which is probably due to reﬂections in the
sensor.
As an index of the P-wave amplitude, we take
the height of the onset peak of the waveform and
plot it in Fig. 4 for the side and back sensors.
Fig. 4(a) shows the amplitude measured by the side
sensor where the azimuth angle h is nearly 90 and
only the isotropic component of the seismic tensor
contributes to the amplitude. The curve shows the
P-wave amplitude expected by the side sensor from
a far-ﬁeld term of an isotropic expansion in Eq.
(5). The overall agreement indicates that the farﬁeld term mainly contributes to the observed
amplitude and the attenuation of the acoustic signals during the propagation is not signiﬁcant. Fig.
4(b) shows the amplitude measured by the back
sensor as a function of the azimuth angle h. The

The acoustic waves have been measured for
solid samples of poly-crystalline of Al and Cu
and a single crystal of BaF2 irradiated by shortbunch 3.8 GeV Ar-ions. The irradiation position
was scanned on the samples relative to the ultrasonic sensor, so that the dependence on the propagation direction was obtained. For all materials
and all directions measured, the P wave is observed in the waveforms, but there is not any clear
indication of the S wave. The angular dependence
of the observed P wave amplitude is consistent
with nearly isotropic emission of the emitted P
wave from the hypocenter. These observations
indicate that the anisotropy parameter in the seismic moment is smaller than 10% for the Al and Cu
samples and 40% for the BaF2. The deformation
induced in the bulk at Bragg peak is more or less
isotropic expansion. It is interesting to apply this
method in heavier ions with higher stopping
power, to study morphology of permanent track
and lattice deformation.
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