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Abstract 
 
 Fast heavy ions in GeV region penetrate in solids to mm of depth and can induce various 
radiation effects, which change the density and structure of the solids. The time-dependent stress 
and strain produced generate sound waves in ultrasonic frequencies. We have irradiated various 
solid samples; metals, alkali-halides and ceramics, with short-pulse heavy-ion beam of 3.8 GeV 
Ar and 3.54 GeV Xe from RIKEN ring cyclotron and detected elastic waves using piezoelectric 
sensors on the surface. Through the analyses of the observed waves we determine the position of 
the source and study the characteristics of the deformation processes in the medium. 
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Introduction 
 
 In the 1930’s, invention of ion accelerators enabled artificial nuclear reactions with 
accelerated ions (charged atoms) for the first time. Since then, ion accelerators have developed to 
achieve higher energy and intensity as well as higher atomic number of the accelerated ions, 
which now covers nearly all elements up to uranium. Heavy-ion accelerators are now utilized in 
not only nuclear physics but also various applications. Radiation effects in materials induced by 
fast heavy-ions have also been studied and they were found to be diverse and complicated, 
depending on the accelerated ions, their speed and target materials. 
 
 The energy-loss processes of fast ions in matters are rather well understood. When a fast ion 
penetrates in matter, it loses its kinetic energy due to successive collisions with the atoms in the 
matter along its path, and finally stops. The decrease rate of the ion energy per its path length is 
called linear energy transfer (LET) and the total length of the ion path in the matter is called 
range. There are some common features of the energy-loss processes: When the ion is faster than 
the orbital electrons in the matter (around 10-2 of the speed of light), the collision processes are 
mainly electronic excitations and ionization of the atoms. This case is called “electronic 
stopping”. When the ion is slower, the energy loss is mainly through direct collisions between 
the ion and whole atoms. This case is called as “nuclear stopping”. The LET is higher for ions of 
heavier elements, and as a function of ion velocity it has a maximum at about 3-10% of the speed 
of light. Ziegler et al. developed a group of computer programs (SRIM) to estimate LET and 
range of various ions as functions of the ion velocity and the composition of the solid [1]. 
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Fig. 1 Calculated LET of 3.8-GeV Ar ions (left) and 3.54 GeV Xe ions (middle) in copper, 
alumina, aluminum and KCl. Right figure shows the electronic and nuclear LETs of Xe ions in 
aluminum at the end of the range. 
 
 Figure 1 shows calculation results with SRIM of LETs due to electronic and nuclear stopping 
processes of 3.8-GeV argon ions (42% of the speed of light) and 3.54-GeV xenon ions (23% of 
the speed of light), which we have used for our experiments described later, in copper, alumina, 
aluminum and KCl as functions of the penetration depth. Slightly before the end of the range, the 
electronic LET has a maximum which is called a Bragg peak. The electronic LET dominates the 
nuclear one except at the very end of the range. For example, the 3.54-GeV xenon ion penetrates 
aluminum to 0.288 mm, and the nuclear stopping dominates only within 10 µm from the end of 
the range. The Bragg peak of the electronic stopping is at 0.26 mm.  

 
 A material under irradiation may change its structure and properties by the interactions with 
ions. In the nuclear stopping, the ion directly kicks the atoms in the material from the original 
position and produces lattice defects consisting of vacancies and interstitial atoms. In the electron 
stopping, the kinetic energy of the ion is first converted to the electrons in the matter and is then 
transferred to the lattice, and it may finally cause atomic displacements and produce defects. The 
interstitial atoms and vacancies thus produced may move in the material, recombine each other, 
be absorbed at grain boundary and surface, or accumulate. Since fast heavy ions have larger LET 
than other kinds of radiation, they deposit high density of energy in small region along the path. 
The radiation effects may leave permanent damages like destruction of lattice structure [2, 3], 
accumulation of interstitial atoms and vacancies and plastic flow of matter [4] and may change 
the mechanical, thermal and electromagnetic properties of the material.  
 
 Since the radiation effects of fast heavy ions are strongest near the end of the range where 
LET has maximum, the resultant radiation damage should reside deep in a bulk for very fast ions. 
Such radiation effects have been studied through microscopic observations [5], X-ray diffraction 
[6] or measurements of the electromagnetic characteristics [7] after the irradiations. On the other 
hand, real-time and on-line observation of the dynamical processes inside matter has been 
difficult and few experiments have been reported. 
 
 When irradiation changes the structure or density of matter or causes mechanical effects in a 
short time, it may generate stress and strain, which propagate as elastic waves and can be 
observed on the surface by ultrasonic sensors. Since many materials can transmit elastic waves 
effectively, acoustic emission (AE) technique can be a good tool for real-time and 
non-destructive study of the radiation-caused dynamical process. It can also be used to diagnose 
the radiation-caused damages in matter, especially at future high-energy and high-current ion 
accelerators. 
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 We have studied the AE from fast heavy-ion irradiations in matters at RIKEN [8-11]. The 
propagation time of the AE waves was measured to determine the position of the wave source. 
The AE waveform was measured at different positions relative to the wave source and the 
kinematical characteristics of the stress at the wave source is discussed based on the onset height 
of the observed wave. Here we report on the experimental procedures and summarize the results 
we have obtained. 
 
Experimental Procedures 
 
 The experiments have been performed at RIKEN accelerator facility with a beam of 40Ar ions 
at energy of 3.8 GeV (0.61 nJ) and 136Xe ions at 3.54 GeV (0.57 nJ). In order to determine the 
start time of elastic-wave propagation, the ion beam was bunched to pulses of 3 ns duration and a 
repetition frequency of 10-100 Hz. After acceleration by RIKEN Ring Cyclotron, the beam was 
introduced to an experimental setup shown in Fig. 2. Before the beam bunch reached a target, it 
passed through two aluminum foils and secondary electrons were collected for measurements of 
beam-bunch characteristics: 1) The time structure of the beam bunch was measured with a 
micro-channel plate (MCP) and 2) the number of ions in a beam bunch was measured with 
electron collectors. One ion bunch consisted of 102 to 104 ions, depending on the ion species and 
accelerator conditions. 

 
Fig. 2 Experimental setup. 

 
 The target materials were polycrystalline Al and Cu, Invar alloy, single crystals of LiF, KCl 
and BaF2, fused silica and agate (SiO2), and polycrystalline Al2O3. The target was square-shaped 
plate which was 40 mm × 40 mm or 35 mm × 35 mm in size and up to 10 mm in thickness. The 
ions were normally incident to the square-shaped surface of the target with a typical beam-spot 
size of 4 mm and all the ions were stopped in the target. The velocities of the elastic P and S 
waves were measured separately with a sing-around method. 
 
 The elastic waves were detected by two piezoelectric AE sensors (M304A, Fuji Ceramics) on 
the surface of the target: One, called hereafter as “back sensor”, was at the center of the surface 
opposite to the beam spot, and the other, called as “side sensor”, was on the side surface. The 
sensor was pressed to the target surface by a spring at 1 kg force and vacuum grease as couplant. 
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In order to measure the waveforms at different positions relative to the beam spot, the target and 
the sensors were fixed on a holder, which was movable perpendicularly relative to the beam. The 
signals from the AE sensors were amplified by preamplifiers A1002. A digital oscilloscope 
Tektronix TDS3054, which was triggered by the fast monitor, recorded the AE signals as well as 
the signals from the slow and fast monitors. About 50 sets of the waveforms were recorded at 
one beam-spot position, and the measurements were performed at different beam-spot positions 
within ±12 mm relative to the target center. The recorded waveforms were later sorted by the 
beam-bunch quality and averaged to reduce noise.  
 
Results 
 
 In our experiments, acoustic emissions were observed for all target materials except for fused 
silica and Invar alloy, and the observed waveforms have some common features. Figure 3 shows 
examples of observed AE waveforms from a 10-mm-thick copper target irradiated with a 
3.8-GeV Ar beam: Fig. 3(a) shows waveforms from the side sensor and Fig. 3(b) from the back 
sensor. The estimated range of the ion was about 1.54 mm and the velocities of the P wave and S 
wave in the target was 4711 m/s and 2275 m/s, respectively. At the top of each is shown the 
beam-bunch signal from the fast monitor and below are the AE sensor outputs obtained at 
different beam-spot positions aligned by 1-mm step. Each AE waveform is normalized to 1000 
ions in a beam bunch. The numbers at the right-hand side of the graph indicate the sensor 
position relative to the epicenter. Zero of the time axis corresponds to the arrival time of the 
beam bunch to the target. Each waveform here is an average over up to 50 of beam bunches. 
Curves marked as P, PP, PPP and S show the expected arrival time of the P and S waves from a 
wave source presumed at the end of the ion range. 
 
A. Propagation Time and Source Position 
 
 The start of the AE wave is later than the beam-bunch arrival and the delay depends on the 
position of the sensor relative to the epicenter. Since the ions stop in the target within 
picoseconds and the energy is transferred from the electrons to the lattice system within 
nanoseconds, we expect that the delay of the AE signal from the ion-beam arrival is due to the 
propagation of the elastic waves from the source to the sensors. As shown in Fig. 3(a), the delay 
time for the side sensor increases in proportion to the distance from the epicenter and is 
consistent with the P-wave propagation time. On the other hand, the delay time for the back 
sensor in Fig. 3(b) is shortest at the epicenter where the sensor is closest to the source, and is also 
consistent with the P-wave propagation time. 
 
 When the back sensor is at the epicenter and the delay is shortest, the depth R of the wave 
source from the beam spot surface is expressed as the following: 

  
dP
tvDR !=            (1) 

where td is the time of delay, D is the thickness of the target plate, and νp is the velocity of the 
elastic wave in the target. Using equation (1) the depth R was estimated for different target 
materials irradiated with the 3.8-GeV Ar ions [9]. For various target materials, the experimental 
results were in good agreement with the ranges calculated with SRIM within 11 %. It means that 
the source of the wave is close to the end of the ion range or the Bragg peak for any material. 
Solid lines in Fig. 3 show the expected arrival times of the P wave from a source assumed at the 
end of the calculated range: P is for the direct propagation, PP with one reflection and PPP with 
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Fig. 3 Waveforms from AE sensors at (a) side and (b) back of a Cu target, irradiated with an 
Ar-beam bunch. Curves show the expected arrival times of the P and S waves. 
 
 
two reflections at the surface. The onset time of the AE wave matches the expected P-wave 
arrival time, and there are also structures at expected arrival time of the twice-reflected P waves 
(PPP). On the other hand, no structure is observed along the S wave arrival time. The absence of 
the S-wave is common for the Ar-ion irradiation on different targets. 
 
B. Position Dependence of Waveforms and Source Characteristics 
 
 The generation and the propagation of the elastic waves in the matter have been discussed on 
the basis of a kinematical model of seismology [10]. The dynamics of the source was replaced by 
a seismic moment tensor which represents a set of double force couple at the source. The 
displacement at any point in the matter can be expressed by the moment tensor and a Green 
function. To simplify the problem, we took the wave source as a point assuming that the source 
was small compared to the wavelength and adopted the Green function of an infinite 
homogeneous and isotropic medium. From the axial symmetry of the system about the incident 
beam, only diagonal components of the moment tensor remain to be non-zero and the source 
motion should be either an isotropic expansion or one-dimensional stretch motion in the beam 
direction. In the former case, an isotropic P wave is generated whereas in the latter case both P 
and S waves are generated and the S wave should have about 5 times higher amplitude than the P 
wave. The amplitudes of the far-field waves decrease as the inverse of the distance. 
 
 The experimental AE waveforms from the side sensor, as shown in Figure 3(a), are almost 
similar except for those at a few positions close to the epicenter, and the amplitude decreases 
with the distance from the source. The onset amplitude is nearly inversely proportional to the 
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distance to the wave source. These facts indicate that we observed far-field P wave and it 
propagated in the matter by several cm without much attenuation. The onset amplitude from the 
back sensor, as shown in Fig. 3(b), follows the prediction of vertical component of the P-wave 
amplitude from an isotropic expansion at the source. In our present experiments with the Ar 
beam, we have not observed an indication of S wave in the AE waves. From these findings we 
have concluded that the wave-source motion should be almost isotropic expansion in the matter, 
and the motion has little correlation with the beam direction. 
 
C. Matter Dependence of Amplitude 
 
 In the experiments with 3.8-GeVAr-ions, no AE waves were observed from two of the target 
materials; Invar alloy and fused silica. A common feature of the two is low thermal expansion 
rates. This fact indicates that the expansion could be attributed to a thermo-elastic process as a 
thermal expansion.  
 
D. Xe-ion Irradiations 
 
 Similar experiments were performed with 3.54-GeV Xe ions [11]. Several features of the 
observed waveforms are briefly listed: 
 
1. Like in the Ar-ion irradiations, P wave is observed in the Xe-ion irradiations but the 

waveform is different. Especially those observed by the back sensor near the epicenter 
contain a high-frequency component.  

2. In addition to P wave, S wave was observed for some materials. 
3. For Al and Cu targets, the depth of the wave source was estimated from measurements of the 

propagation time of the P wave at the epicenter and it was consistent to the end of the range.   
 
 Although the Xe ion has almost same kinetic energy as the Ar ions, it has a larger LET, by a 
factor of 3-5, and therefore shorter range by more than 10 in the same matter, as shown in Fig. 1. 
The large LET and short range should be responsible for the waveform differences but details are 
not clear yet. 
 
Summary 
 
 Acoustic emission has been observed from various materials irradiated by short bunches of 
fast heavy ions; 3.8-GeV Ar ions and 3.54-GeV Xe ions. The position of the wave source was 
estimated from the measured propagation time of the P wave and the result was consistent with 
calculated position of the end of the ion range for the both ions. Only P wave was observed in the 
Ar-ion irradiations. We have made seismological considerations on the position dependence of 
the wave, and revealed that the wave-source motion was mostly isotropic expansion at the end of 
the range or the Bragg peak. In addition, we observed no AE waves for fused silica and Invar 
alloy with low thermal expansion rates. These experimental results imply that the elastic waves 
were generated by thermo-elastic process in the matter. In the case of Xe-ion irradiations, on the 
other hand, S wave was observed in addition to P wave for some materials, and the waveform of 
the P wave at its onset looked different from that in the Ar-ion irradiations.  
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