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A B S T R A C T   

The performance of ionoacoustic detectors is investigated with respect to application of high-precision range and 
energy loss measurements for relativistic heavy ions. The technique is based on the generation of a pressure wave 
when a microsecond-pulsed relativistic ion beam is stopped in a water container. The acoustic signal from in
dividual ion pulses is registered by a piezoelectric detector and analyzed in the time/frequency domain to 
identify the location of pressure wave generation. The experiments were performed at the SIS18 synchrotron at 
GSI Helmholtzzentrum (Darmstadt, Germany) with Xe, Pb and U ions of energies between 200 MeV/u and 1 
GeV/u. We show that the signal amplitude of the acoustic pressure pulse has a linear correlation with the beam 
intensity within a range of at least 104 to 109 particles/spill. 

By determining the delay time of the primary and reflected acoustic signal in the water reservoir, the ion
oacoustic technique provides information on ion ranges of 1 % accuracy. By an energy-range calibration in 
combination with a simulation code such as FLUKA, the range data can be used to determine the beam energy. As 
demonstrated, inserting targets of known thickness in front of the detector is a simple approach for measuring the 
energy loss of relativistic ions. The advantage of the ionoacoustic technique is the rather simple experimental 
setup, the huge dynamic range, the information available online by means of only a single pulse and its radiation 
hardness. Ionoacoustic detectors have great potential as intensity and energy monitor for short-pulsed light and 
heavy ion beams at existing or future high-energy ion facilities.   

1. Introduction 

Detectors for high-energy heavy ions are usually based on electronic 
effects, but rarely on acoustics. The latter possibility was demonstrated 
many years ago in seminal experiments by Sulak et al. who measured 
proton pulses by the ion-induced acoustic (ionoacoustic) effect in various 
liquids [1]. Energetic ions slowing down in matter deposit their energy 
in a characteristic way determined by the charge and velocity of the ions 
as described by the Bethe-Bloch equation [2]. The energy loss as a 
function of ion range (Bragg curve) has a maximum (Bragg peak, BP) 
shortly before the ions come to a complete stop. The energy deposited 
along the ion trajectory causes heating and expansion of the stopping 
medium followed by the creation of a pressure wave. Especially at the 
Bragg maximum the pressure wave can give rise to a characteristic 
ionoacoustic signal, provided the beam intensity is sufficiently high and 
concentrated in a short enough ion pulse. The latter condition limits the 

pulse duration to the time, when the pressure wave leaves the heated 
region (stress confinement), which requires a pulse length in the 
microsecond range for relativistic heavy ions. For microsecond pulsed 
beams, heat diffusion can be neglected (thermal confinement) and the 
ionoacoustic signal resulting from the temperature gradient delivers 
spatial and temporal information about the dose deposition. The ther
moacoustic method is widely used in photo- or optoacoustics for imag
ing of tissue. The heat source is created by energy deposition of space- 
and time-confined laser light [3], with the acoustic wave generation 
being based on the same physical principles as in ion-induced ther
moacoustics [4]. Basic studies on ionoacoustic effects were performed 
with high-energy protons [1], later followed by applications in different 
fields such as cosmic neutrino research [5,6], particle therapy [7–10] or 
laser ion acceleration [11,12]. Ionoacoustic monitoring of GeV heavy 
ions, also previously proposed in Ref. [1], was studied at the RIKEN 
cyclotron (Japan) [13], the HIMAC synchrotron (Japan) [14–17] and 
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the SIS18 synchrotron of GSI (Germany) using different setups [18]. In 
the GSI experiment, the ions were stopped in a simple water container 
equipped with a commercial piezo-composite (lead zirconate titanate, 
PZT) ultrasound (US) transducer placed on the beam axis. From the PZT 
registered signal, the range of the ion pulse in the water column is 
deduced. Despite the simple setup, the signal provided a remarkable 
precision in range or energy resolution in the permille range and a dy
namic intensity range of several orders of magnitude [18]. 

To further promote the ionoacoustic method for monitoring pulsed 
heavy-ion beams, this study focuses on the development of more so
phisticated and compact detector designs and investigates various 
techniques for extracting the signal information. The applicability of this 
novel detection technique to energy loss measurements for GeV ions is 
demonstrated. 

2. Ionoacoustic detector setups 

The irradiation experiments were conducted in cave A at the heavy 
ion synchrotron SIS18 of the GSI Helmholtzzentrum in Darmstadt 
(Germany). A scheme of the experimental setup is shown in Fig. 1. The 
pulsed ion beam delivered by the synchrotron is extracted from the 
vacuum beamline through a 50 μm thick stainless steel window. Inside 
the beamline, a calibrated SEETRAM (SEcondary Electron TRansmission 
Monitor) unit consisting of three 12.5 μm thick titanium foils provides 
information about the intensity and time profile of the ion pulse. The 
extracted ion beam travels through about 2.1 m of air and then enters 
the water-filled ionoacoustic setup through a thin Kapton window. The 
ions are stopped in the water container which is closed in contrast to the 
open container used in earlier experiments [18]. The back wall of the 
container is equipped with an ultrasonic transducer positioned on the 
beam axis. The water is deionized and its temperature is continuously 
monitored with an accuracy of ±1 K with a PT100 gauge. We tested 
three different detector designs of increasing complexity to demonstrate 
possible additional features. 

The simplest ionoacoustic setup (design A) consists of a standard 4- 
way reducer cross (DN 40/16 ISO-KF) equipped with a 75 μm thick 
Kapton foil as entrance window and an ultrasonic transducer at the 
opposite end as schematically shown in Fig. 1. The distance between the 
entrance window and the transducer front side amounts to 98 mm in 
water. The two vertical DN 16 connections are used for water filling and 
temperature measurements (Fig. 2, left). 

The second setup (design B) is very similar, but here the water col
umn can be adjusted to a variable length to adapt the distance between 
the Bragg peak position and the transducer to different ion ranges. This 
is realized by a sliding seal DN 40 ISO-KF tube inside a DN 50 ISO-KF 
cross moved by a stepping motor from 221 to 294 mm water column 
length with 10 μm accuracy (Fig. 2, right). This feature also allows for an 
in-situ measurement of the actual speed of sound by varying the Bragg 
peak to transducer distance in discrete steps, similarly as demonstrated 
in Ref. [18]. 

The third detector I-BEAT 3D (design C) is an advanced version of the 
I-BEAT (Ion Beam Energy Acoustic Tracing) detector developed origi
nally for the detection of laser accelerated ions [11,12]. It consists of a 
cubic aluminum water container with a 50 μm thick Kapton entrance 
window of 20 mm diameter (Fig. 3). The water container has connec
tions for four PZT transducers. In addition to the axial transducer, three 
lateral transducers are mounted equidistantly aligned to each other, in 
order to have their focal points overlapping in the center of the detector. 
The lateral transducers are sensitive to the acoustic waves emitted 
vertically to the axis of the ion path and, therefore, design C is in prin
ciple able to measure the position and beam size in 3D [12]. The pre
sented investigation was limited to a test of the beam position with this 
new monitor system. 

For the I-BEAT 3D detector we used focused ultrasonic immersion 
PZT transducers (Videoscan, Olympus) with 10 MHz central (sending) 
frequency and 25.4 mm focal length (Fig. 4, right). In an earlier EIR 
calibration of this transducer, a frequency response function with a 
broad maximum around 1.5 MHz was measured with FWHM of about 4 
MHz. To enhance the signal amplitude and frequency as much as 
possible, we used focused transducers and positioned in our experiment 
the BP maximum within their common foci. 

The two other ionoacoustic detectors (design A and B) were equip
ped with a planar PZT transducer (0.5 or 1 MHz) or alternatively with an 
immersion hydrophone based on piezoelectric polyvinyldifluoride 
(PVDF) foils, both types are commercially available. The PVDF based 
transducer is a circular plane piston hydrophone (ML4X50, Precision 
Acoustics, UK) containing a 4-layer laminate of 50 μm gold coated PVDF 
foils (Fig. 4, left). In contrast to PZT transducers, it provides a very 
broadband frequency response from 50 kHz up to 10 MHz and almost 
constant sensitivity (typically − 216 dB re: 1V/mPa) between 300 kHz 
and 1 MHz. 

The transducer signals were amplified with a low noise broadband, 
remote controllable voltage amplifier (Femto DHPVA-201), which could 
be adjusted in 10 dB increments from 10 to 60 dB, depending on the 
beam intensity. Signals were recorded by a four-channel digitizing 
oscilloscope (Picoscope 6404D) at a 2.5 GS/s sampling rate. For large 
enough signal to noise ratios (SNR), data recording could be triggered by 
the signal itself, but in any case, the SEETRAM produces a clear trigger. 

3. Ionoacoustic signal generation and evaluation 

3.1. Ionoacoustic signal generation by heavy ions 

To briefly explain the general ionoacoustic signal generation the 
evolution of the energy loss of different 400 MeV/u heavy ions in water 
as simulated with FLUKA (FLUKA 2021, version 2.3) is shown in Fig. 5 
[19]. Bragg curves in Fig. 5 represent exemplary ion species of equal 
specific energy and thus similar ranges that can be easily displayed on 
the same x-scale. The normalized 1 GeV/u 124Xe Bragg curve looks not 
much different, but has a much larger range. According to simulations, 

Fig. 1. Schematic of the ionoacoustic setup (not to scale): After passing through the SEETRAM beam monitor, the ion pulse leaves the beamline vacuum through the 
exit window, travels through about 2.1 m of air and enters the water-filled container through the entrance window. From the energy loss maximum (Bragg peak) an 
(iono)acoustic signal is emitted, which is registered by the ultrasonic transducer mounted on beam axis. After air gap 1, 1.9 m behind the exit window, a remote- 
controlled stage allows insertion of targets for energy loss measurements. 
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primary ions produce the dominant Bragg peak structure at all energies 
used in this study, which is confirmed by the fact that we did not observe 
any other signal from reaction products besides the primary ion signal. 
Nuclear reaction products are either too light or too much distributed in 
mass and energy to produce more than background noise. In addition to 
the influence of the temporal beam profile, the strength of the ion
oacoustic signal depends crucially on the spatial gradient of the energy 
deposition, which is most pronounced around the Bragg peak. The 
acoustic signal seen by an axial transducer therefore originates 

predominantly from this region of highest energy loss. 
The acoustic pressure pulse induced by less than a microsecond long 

ion bunch is composed of a compression and a rarefaction phase, which 
is recorded by an ultrasound transducer as a bipolar voltage signal 
beginning with a positive amplitude [20]. Due to the total impulse 
response (TIR) of the detector setup (composed of transducer, pream
plifier and cables electrical response (EIR) and its spatial impulse 
response (SIR)), this bipolar signal can undergo phase shifts including a 
complete inversion of the amplitude from positive-negative to 

Fig. 2. Ionoacoustic monitor designs: In each setup the ion beam enters the water container from the left through a Kapton window, the axial transducer is mounted 
on the right flange. (left) In the simplest version (design A), the upper nozzle is used for water filling and the lower nozzle for temperature measurements. (right) In 
the more advanced version (design B), the water container has a variable length adjusted by a stepping motor with drive belt and spindle. The water reservoir is 
mounted on top. 

Fig. 3. Photo (left) and schematic (right) of I-BEAT 3D detector (design C). Besides the axial transducer it houses three lateral transducers mounted perpendicular to 
the beam axis, one on top and two left and right. Ions enter the detector through the entrance window on the front side. 

Fig. 4. Immersion transducers used in our ionoacoustic setups: (left) Circular plane piston hydrophone ML4X50 based on gold coated PVDF foils, active diameter 23 
mm (Precision Acoustics, Dorchester, UK). (right) Focused PZT transducer, active diameter 13 mm (Videoscan, Olympus, Germany). 
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negative-positive. To illustrate the typical bipolar signature of the ion
oacoustic signal of a single ion bunch, Fig. 6 presents the signal of 1 
GeV/u 124Xe ions together with the time profile of this ion bunch with 
340 ns FWHM as measured by the beamline SEETRAM. The three peaks 
equidistant in time are characteristic for the ionoacoustic signals 
received by an axial transducer in those setups [18]. The first and most 
prominent peak (1) originates from the pressure wave created at the 
Bragg peak position and traveling directly to the transducer. The second, 
slightly delayed peak (2) is ascribed to the pressure wave created at the 
entrance window where the ion beam is exposed to a strong energy loss 
gradient. The third peak (3) is further delayed and is due to the reflec
tion of the pressure wave (1) at the entrance window. 

3.2. Signal evaluation in the time and frequency domains 

The time difference Δt between the ionoacoustic signal (1) and (2) 
(cf. Fig. 6) results from the distance between the Bragg peak location 
where the ultrasonic wave is created and the entrance window. Both 
waves have a different travel time to reach the transducer. Knowing the 
temperature dependent speed of sound cs in water [21], the ion range r 
can easily be calculated with r = cs Δt. A second independent method for 
range determination is the time difference between (1) and (3), because 
the travel time corresponds to twice the range. As signal (2) is sometimes 
very weak, the latter approach is usually preferred. To derive the ion 
range from the transducer signals, their respective time delay has to be 
determined. For the signals shown in Figs. 6b and 10, this time delay can 
be deduced from zero-crossings [8]. For signal shapes that are more 
complicated due to phase shifts or complex ion bunch structures, the 
evaluation is less straight forward. In those cases, the data evaluation 
can be performed using a correlation based analysis as shown in Refs. 
[18,20]. This procedure is also better suited for automated signal eval
uation of larger data sets. A complete analysis in the frequency domain 
has been presented by Wieser et al. [22]. 

Fig. 7 shows a representative example of a 300 MeV/u 238U ion spill 
extracted from SIS18 in four micro bunches each with 100 ns FWHM. 
The signals from the four micro bunches as recorded by the SEETRAM 
are well separated (Fig. 7a), while the corresponding ionoacoustic 

signals from the PVDF transducer have a complex waveform due to the 
partly overlapping contributions from the micro bunches (shown in 
Fig. 7b including their envelope). By Fourier transformation F of the 
ionoacoustic time signal S(t), the power spectral density |F(S(t))|2 can 
be calculated, which is affected here mainly by the SIS18 frequency of 
the micro bunches (Fig. 7c). By applying appropriate band-pass filters, 
the SNR of the spectrum can be improved. For the data evaluation here, 
frequency components below 10 Hz and above 6 MHz were cut off in the 
power spectrum to remove from S(t) possible DC offset as well as higher 
frequency noise. Using the signal envelope for the autocorrelation 
analysis makes the evaluation more robust, insensitive to phase shifts 
and generally reduces the frequency sensitivity. After band-pass filtering 
of S(t), the envelope Se(t) was calculated by Hilbert transformation. 
According to the Wiener-Khinchin theorem [23], the autocorrelation 
function N(t) = F− 1 {|F [Se(t)]|2}, which is obtained by the inverse 
Fourier transformation F− 1 of the power spectrum of the envelope of the 
ionoacoustic signal, finally yields a significant correlation peak corre
sponding to the time difference between signal (1) and (3) (Fig. 7d). The 
peak at 16.4 μs marks the best match between the primary (1) and the 
reflected peak (3) and corresponds to twice the range dependent ultra
sound travel time. To summarize, the data evaluation starts from a signal 
in the time domain, transfers it into the frequency domain for band-pass 
filtering and after back projection into the time domain performs an 
autocorrelation analysis of the filtered signal envelop. This procedure 
was implemented into a software package for online data evaluation of 
energy and intensity determination. 

4. Experimental results 

All ionoacoustic experiments were performed at the heavy ion syn
chrotron SIS18 with 124Xe, 206Pb and 238U ions of energies between 200 
MeV/u and 1 GeV/u delivered with an energy uncertainty of ΔE/E =
10⁻3. According to FLUKA simulations, these energies cover an ion range 
in water from about 5 mm to 13 cm. The ion beam was typically focused 
to a spot of about 7 mm FWHM at the entrance window of the water 
container. For all measurements, the fast extraction mode had to be 
applied producing a spill length below 1 μs. This is short enough to 
ensure thermal and stress confinement for the emission of a sharp ion
oacoustic wave [24]. Spills produced by fast extraction from SIS18 
consisted of up to four micro-bunches of 100 ns length each. Alterna
tively, extraction after rebunching provided a single ion bunch of 350 ns 
FWHM, shown in Fig. 6a with about 106 particles/spill. All data pre
sented are mean values from 20 to 50 separate consecutive measure
ments for improved statistics. 

4.1. Beam intensity measurements and calibration 

For a given setup and fixed ion energy, the amplitude of the ion
oacoustic signal is expected to depend only on the number of ions. This 

Fig. 5. Energy loss distribution of 400 MeV/u Xe, Pb and U ions in water ac
cording to FLUKA simulations. The energy loss of the different ions is 
normalized to the Bragg peak maximum. 

Fig. 6. Trigger and ionoacoustic signals versus time: (a) SEETRAM signal of a single micro bunch (350 ns FWHM) of 1 GeV/u 124Xe ions with 1.3 × 10⁷ particles/ 
spill, (b) normalized axial PVDF transducer signals of ion bunch from (a) showing a peak to peak distance of 340 ns for signal (1). Note the breaks in the time axis. 
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correlation is verified with 500 MeV/u 206Pb ions by varying the beam 
intensity from 2 × 106 to 4 × 10⁷ ions/spill. In this intensity range, the 
SEETRAM has a calibrated accuracy of 5 %. For this and the following 
experiments we used detector design B equipped with a planar 1 MHz 
PZT transducer, but tests with detector design A and a PVDF transducer 
delivered similar results. Due to the complex ionoacoustic signal from in 
this case three micro-bunches (Fig. 8a), the envelope integral was used 
for comparison with the likewise integrated SEETRAM signal. Plotting 
the ionoacoustic signal versus the SEETRAM signal from single spill 
measurements (Fig. 8b) shows a strong linear correlation with R2 =

0.99. The ionoacoustic signal could be recorded even below the SEE
TRAM threshold of about 105 particles per spill and quantified by linear 
extrapolation. We could not test the correlation at higher beam in
tensities because during this beamtime, the number of particles per spill 
was limited to 4 × 10⁷. 

4.2. Range measurements and energy calibration 

Knowing the energy of the ions extracted from SIS18, a range-energy 
calibration can be performed for a fixed setup to determine unknown 
energies by extrapolation or interpolation. An example of such a cali
bration is shown in Fig. 9 with 238U ions of energies between 200 and 
400 MeV/u. The range values from the ionoacoustic signals were 
extracted by autocorrelation analysis of the signal envelopes (cf., Fig. 7). 
Another example is shown in Fig. 9 for 124Xe ions covering higher en
ergies from 400 MeV/u to 1 GeV/u. These ion ranges were evaluated by 
zero-crossing analysis of primary and reflected signals (Fig. 6b) and 
were in agreement with an additional autocorrelation analysis. The 
main experimental error in the range calculation is caused by the ±1 K 
temperature inaccuracy of the water container and accounts for 0.2 %, 
which is smaller than the size of the data symbols in Fig. 9. Mean 

Fig. 7. Normalized experimental and calculated spectra of a single spill with 4 micro bunches of 300 MeV/u 238U ions: (a) SEETRAM signal with well separated 
micro bunches of 100 ns FWHM each, (b) corresponding PVDF transducer signal S(t) (blue) and signal envelop (orange), (c) spectral power density of S(t) with cut off 
frequency at 6 MHz, (d) autocorrelation spectrum N(t) from filtered envelope Se(t) of S(t) back projected from (c) (see also text). 

Fig. 8. (a) Primary ionoacoustic signal from a single spill with 2×107 particles of 500 MeV/u 206Pb ions, recorded with a planar 1 MHz PZT transducer without 
amplification. (b) Envelope integral of signal shown in (a) versus beam intensity as measured with SEETRAM. The solid line illustrates the excellent linear correlation 
within the intensity range from 2×106 to 4×10⁷ particles/spill. 
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standard deviations of repeated measurements were negligibly at 0.01 
%. The experimental ranges at the different beam energies are compared 
with simulated FLUKA ranges (defined by the Bragg peak maximum) 
considering the energy losses within the entire setup (windows and air 
gap) (Fig. 9). The error of the FLUKA simulation depends crucially on 
the input accuracy. In our setup, the air gap between the exit window of 
the beamline and the entrance window of the detector of 213 cm with an 
inaccuracy of ±2 cm mainly contributes to the 1 % range uncertainty. 
The maximum range difference between FLUKA and ionoacoustically 
measured ranges is 0.18 mm (0.9 %) for 238U ions at 400 MeV/u, which 
is within the estimated error margins. 

4.3. Beam position measurements 

To measure the lateral beam position, we used the I-BEAT 3D setup 
(detector C) equipped with three lateral and one axial focused 10 MHz 
PZT transducers with focal length of 25.4 mm. 238U ions were selected 
with an energy of 205 MeV/u calculated by FLUKA and a time profile 
similar to Fig. 7a. The energy was chosen such that the Bragg peak is 
positioned in the focus of the lateral transducers (see Fig. 3) and, 

therefore, dominates the ionoacoustic signals. Due to the symmetric 
transducer arrangement, any beam misalignment would cause a 
different signal delay at the transducers, which can be directly related to 
an offset from the detector center. Fig. 10 presents the ionoacoustic 
signals from all three lateral transducers with measured offsets 
demonstrating a position resolution as high as 0.1 mm. In Fig. 3, the 
Bragg peak is placed in the detector center, at the same distance to all 
four transducers, where also their foci coincide. Due to the time shifts 
shown in Fig. 10, the actual Bragg peak position is shifted to the left 
lateral transducer by 6.1 mm and downwards by 6.6 mm. 

However, this resolution can only be achieved, if the position of the 
Bragg peak is within the focal width of the lateral transducers, so that 
the high frequency components of the ionoacoustic signals can be used 
for position determination. The proper Bragg peak position was verified 
within 1.2 mm by evaluation of the axial transducer signal, which is also 
shown in Fig. 10. The horizontal offset of 6.1 mm was confirmed by 
GafChrom film measurement at the entrance window with an accuracy 
of ±1 mm. Note the phase change of 180◦ between the left and right 
transducer signals due to the distance sensitivity of the total impulse 
response of the transducers around their focal point. In this 

Fig. 9. Energy-range calibration for 238U (left) and 124Xe (right): measured data points (blue) compared to a polynomial fit on FLUKA simulations. Experimental 
error bars are within data symbols. 

Fig. 10. Ionoacoustic signals of 4 micro-bunches of 205 MeV/u 238U recorded with the I-BEAT 3D detector equipped with three lateral transducers. The position 
information is deduced from the time shift (offset) from the detector center. Here the lateral beam position is horizontally shifted by 6.1 mm to the left and vertically 
6.6 mm downwards. The time shifts are marked on the corresponding maxima and minima for better visibility, the beam position was evaluated by the signal zero 
crossings (phase shifts are explained in text). The axial transducer signal is shown for comparison, it was used to verify the longitudinal Bragg peak position within 
the lateral transducer foci. 
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measurement, the Bragg peak position was horizontally out of center by 
6.1 mm towards the left transducer and therefore inside its focal point, i. 
e. at a distance of 19.3 mm from the transducer surface. Consequently, 
the Bragg peak position is outside the focal point of the right transducer, 
which causes the observed phase shift. This interesting feature of a 
focused transducer is also responsible for equal signal phase of the right 
and top transducer, in both cases the Bragg peak is positioned outside 
their focal points. 

4.4. Energy loss measurements 

Previous experiments with GeV heavy ions and axial transducer ge
ometry have demonstrated that the ionoacoustic method provides range 
measurements with submillimeter position resolution [18]. This high 
precision translates directly into an energy resolution below 1 % for GeV 
heavy ions and offers a simple method for energy loss measurements. 
Although our experimental setup was not optimized for such a study, we 
tested this option by placing various materials in front of the ion
oacoustic detector and recorded the time shift and, hence, ion range 
change in the water container with and without a target in the beam 
(Fig. 11). The determination of the total energy loss of the inserted 
target, requires the range-energy calibration shown in Fig. 9. As shown 
in Table 1, the energy loss in the large air gap (air gap 1, see Fig. 1) from 
the beam exit window to the target cancels out, whereas the energy loss 
in the air gap between target and detector (air gap 2, see Fig. 1) and in 
the detector entrance window does not. As a consequence, the 
target-related range shift is changed by a corresponding offset, which 
limits the achievable accuracy. The problem can be mitigated by mini
mizing air gap 2. 

We measured the respective range shift with and without the target 
in the beam for several beam energies and for different materials and 
thicknesses as shown in Fig. 12 and Table 1. The experimental error for 
this range-difference measurement is composed of the standard devia
tion for repeated range shift measurements (±3 μm) and the tempera
ture inaccuracy (±1 K). Both errors decrease with increasing range shift. 
Fig. 12 compares the experimental results with FLUKA simulations using 
the ion energies at the target entrance. As for the experiment, most of the 
input errors cancel out in the simulation, except for the target thickness 
inaccuracy, which amounts to 2 % of the calculated energy loss of the 
Kapton film (74.7 ± 0.3 μm) and 5 % for the other targets. An additional 
error is caused by the simulation grid size of 4 μm which further limits 
the accuracy of the calculation. Within these uncertainties, the experi
mental data and the FLUKA simulations are in full agreement. 

For very thin targets, the time resolution of the ionoacoustic detector 
may become the limiting factor for energy loss measurements. Taking 
the 66 ns time shift for a 75 μm thick Kapton foil as shown in Fig. 11 and 
the sound velocity in water of 1.5 mm/μs, a range shift of 100 μm can be 
easily measured, which corresponds for 250 MeV/u 238U with about 8.3 
mm range in water to a range resolution of about 1 %. Translated into 
energy resolution, the time shift in Fig. 11 is related to 306 MeV energy 
loss of 59500 MeV 238U ions in 75 μm Kapton yielding 0.5 % resolution. 

Knowing the beam energy before and after the target from FLUKA, 
the energy lost in the target can be divided by the respective target 
thickness yielding the mean energy loss. At relativistic energies, the 
energy loss as a function of energy is rather flat and, therefore, the 
variation in energy loss within thin targets is small. Our energy loss 
measurements for several materials and thicknesses are collected in 
Table 2, confirming FLUKA values and being again in high accordance 
within the noted error margins. 

5. Discussion and outlook 

In contrast to the few previous ionoacoustic investigations with 
relativistic heavy ions in Japan at RIKEN [13] and HIMAC [14–17], our 
detector system uses only one single standard transducer placed down
stream on the beam axis. With this rather simple setup an energy reso
lution in the permille range could be demonstrated. In the extensive 
series of experiments at HIMAC with 400 MeV/u Xe ions in different 
liquids up to 14 special ring-shaped PZT transducers were used which 
were mainly sensitive to the lateral ionoacoustic signal. However, the 
intensity as well as energy and position of the beam were difficult to 
extract quantitatively from these experiments. Our geometry has the 
advantage that the accuracy of the extracted ion range and intensity is 
much better, if the Bragg peak position is in the far field regime of the 
transducer [18]. Furthermore, transducers with various frequency 
characteristics are available commercially according to the experi
mental requirements, based either on PZT or PVDF. 

We observe a strict linear correlation between the number of ions in a 
beam pulse and the signal amplitude of the acoustic pressure pulse 
(Fig. 8b). Our experiments covered an intensity range from 104 to 109 

particles/spill, but the linearity is most probably preserved at even 
higher intensities. Depending on the beam focus, for a spot size of few 
mm2 no saturation effects are expected for heavy ions of at least 1010 

particles. Regarding the sensitivity at low intensities, a clear ion
oacoustic signal was measured in a previous experiment for a single spill 
of down to only 200 U ions [18]. We are therefore confident in 
extrapolating the calibration fit in Fig. 8b by two orders of magnitude on 
both sides. Accordingly, this ionoacoustic detector covers a linear 
regime from 102 to 1010 particles/spill which is unusually large 
compared to electronic particle detectors. Moreover, ionoacoustic de
tectors do not suffer from radiation damage because the detection me
dium is not a solid but a liquid (water). Yet, activation of detector 
components including water was observed after accumulation of a high 
dose, but this did not affect the measurement accuracy. 

Besides its application as beam intensity monitor, the ionoacoustic 
technique also provides information on ion ranges in water. We 
compared FLUKA simulations with range values measured at specific 
energies and can confirm excellent agreement. The accuracy is limited 
by energy losses in components along the beamline such as beam win
dows and air gaps. An energy-range calibration of the ionoacoustic 
monitor can be performed in two ways: either by a fit of range mea
surements at different beam energies, or by calculating the energy-range 

Fig. 11. Primary signal with time shift of a spill of 250 MeV/u 238U ions before (blue) and after inserting a 75 μm Kapton foil (orange) or a ~ 1 mm thick aluminum 
plate (green) in front of the ionoacoustic detector. The related range shifts correspond to respective energy losses of 306 MeV and 6923 MeV, which is 0.5 % and 12 % 
of the initial total energy. Insert: correlation analysis, maximum correlation of 1.0 corresponds to the energy loss related time shift. 
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curve with FLUKA and implementing the experimental range at one 
specific energy to the FLUKA curve. Ionoacoustic range data, possibly in 
combination with FLUKA, thus offer a simple and precise method in 
determining the energy of relativistic ion beams. 

Using a detector design with a variable water column, the measur
able range can cover heavy ion energies from 100 MeV/u to 10 GeV/u. 
For even higher energies, the ionoacoustic detector could be modified to 
a transmission mode with lateral transducers only and the axial trans
ducer replaced by an exit window. This design delivers also information 
about the beam intensity, but primarily monitors the lateral beam po
sition. The latter was tested with I-BEAT 3D demonstrating that the 
radially emitted acoustic signal from the Bragg peak yields a similar 
submillimeter resolution of the beam position as with the axial trans
ducers [12]. As pointed out in section 4.3, this lateral position resolution 
required adjusting of the Bragg peak into the plane of the lateral 
transducers, which could be obtained and verified by the axial trans
ducer signal. The submillimeter lateral position resolution could be of 
real use for strongly collimated heavy ion beams. 

It should be emphasized, that the achievable resolution of ion
oacoustic range measurements does not depend on the signal frequency 
as in ultrasound imaging, where the spatial resolution degrades from 
submillimeter for MHz frequencies to many millimeters in the kHz 
range. Unlike ultrasound imaging, where the separation of two objects is 
limited by the sound wavelength, ionoacoustics only requires the iden
tification of the position of the Bragg peak maximum, which depends on 
the time resolution of the transducer. For relativistic ion energies, the 
frequency determining width of the Bragg peak is some millimeters, thus 

the mean acoustic signal frequency is in range of 1 MHz. However, this 
does not affect the range and energy resolution, both are even improving 
with increasing ion energy. 

An obvious application of the ionoacoustic technique is the mea
surement of the energy loss of relativistic ions, for which only scarce 
data are available in literature. Our range measurements with and 
without a specific target provide a simple experimental approach to 
energy loss values with an uncertainty of less than 1 %. Even better 
accuracy can be achieved if the ionoacoustic detector is positioned as 
close as possible to the exit window of the beamline, thus minimizing 
additional energy losses outside the target. 

In summary, tests with various monitor designs have demonstrated 
that the ionoacoustic technique provides a rather simple method for 
analyzing beam properties of microsecond-pulsed relativistic heavy 
ions. Even the simplest setup using an axially mounted standard trans
ducer delivers information on beam intensity and energy with few 
percent uncertainty. Adding three lateral transducers extends the ca
pabilities of this ionoacoustic monitor to determine the beam position 
with submillimeter resolution. So far, no saturation effects have been 
seen up to 109 ions per spill. The detectors suffer no radiation damage 
and could be suitable as a second generation “Faraday cup” at existing or 
upcoming GeV heavy ion facilities [25]. 
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Table 1 
Energy loss (in MeV) due to contributions of different elements along the path of 300 MeV/u (71400 MeV) 238U ions according to FLUKA simulations, without (none) 
and with different targets inserted into the beam. Setup adjusted to 191 cm for air gap 1 and 22 cm for air gap 2 (see Fig. 1).  

Target Thickness (μm) SEETRAM (MeV) Beam exit (MeV) Air gap 1 (MeV) Target (MeV) Air gap 2 (MeV) Det. Entrance (MeV) Water (MeV) 

none  318.5 770.4 5259.5 0 620.5 269 64162.1 
Energy difference compared to data without target 
Kapton 75 0 0 0 265.1 6.6 1.0 − 272.5 
Au 79 0 0 0 2472.8 22.6 6.5 − 2501.8 
Ta 101 0 0 0 2784.8 24.6 7.3 − 2816.7 
Al 969 0 0 0 6269.9 47.8 16.0 − 6333.7  

Fig. 12. Energy loss measurements with 238U ions of mean energy within the targets for four different targets compared with FLUKA simulations (see also text). 
Energy error bars are within data symbols. 
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the work reported in this paper. 
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