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Abstract 29 

Background: Ionoacoustics is a promising approach to reduce the range uncertainty in proton therapy. 30 

A miniature-sized optical hydrophone (OH) was used as a measuring device to detect weak 31 

ionoacoustic signals with a high signal-to-noise ratio in water. However, further development is 32 

necessary to prevent wave distortion because of nearby acoustic impedance discontinuities while 33 

detection is conducted on the patient’s skin. 34 

Purpose: A prototype of the probe head attached to an OH was fabricated and the required dimensions 35 

were experimentally investigated using a 100-MeV proton beam from a fixed-field alternating gradient 36 

accelerator and k-Wave simulations. The beam range of the proton in a tissue-mimicking phantom was 37 

estimated by measuring γ-waves and spherical ionoacoustic waves with resonant frequency (SPIRE). 38 

Methods: Four sizes of probe heads were fabricated from agar blocks for the OH. Using the prototype, 39 

the γ-wave was detected at distal and lateral positions to the Bragg peak on the phantom surface for 40 

proton beams delivered at seven positions. For SPIRE, independent measurements were performed at 41 

distal on- and off-axis positions. The range positions were estimated by solving the linear equation 42 

using the sensitive matrix for the γ-wave and linear fitting of the correlation curve for SPIRE; they 43 

were compared with those measured using a film. 44 

Results: The first peak of the γ-wave was undistorted with the 3 × 3 × 3-cm3 probe head used at the 45 

on-axis and 3-cm off-axis positions. The range positions estimated by the γ-wave agreed with the film-46 

based range in the depth direction (the maximum deviation was 0.7 mm), although a 0.6–2.1 mm 47 

deviation was observed in the lateral direction. For SPIRE, the deviation was <1 mm for the two 48 

measurement positions. 49 

Conclusions: The attachment of a relatively small-sized probe head allowed the OH to measure the 50 

beam range on the phantom surface. 51 

  52 
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1. Introduction 53 

Range uncertainty of proton beams when applied to patients has been a key issue in proton therapy 54 

that could offset the potential advantage of protons in delivering a conformed dose to target tumors. 55 

Ionoacoustics, or protoacoustics, is a promising approach that is used to recover dose conformity by 56 

identifying the beam range or reconstructing the dose distribution in real time via the detection of the 57 

thermoacoustic waveform emitted from the region of dose deposition.1,2,3 In contrast to nuclear-58 

interaction-based techniques, such as prompt gamma detection and positron emission tomography, 59 

ionoacoustics can use detectors as compact as several centimeters or millimeters.4-18  Therefore, it is 60 

easier to use with imaging modalities such as X-ray fluoroscopy19 and MRI scanners20 deployed close 61 

to patients. Additionally, ionoacoustics has an advantage in conjunction with high-dose-rate irradiation, 62 

which is being investigated in the context of FLASH, as the acoustic pressure signal is increased at a 63 

high beam current.7  64 

 65 

Because of the nature of the Bragg curve, two types of ionoacoustic waves are emitted from the 66 

proton beam: a cylindrical wave from the plateau region (α-wave) and a quasi-spherical wave from 67 

the Bragg peak (γ-wave). Generally, the observed wave is the superposition of these two waves and 68 

both have a frequency range of around 100 kHz. Additionally, for several treatment sites, fiducial 69 

markers made of metals are inserted into tissues for patient positioning. When the proton beams pass 70 

through the spherical-shaped markers, an omnidirectional ionoacoustic wave referred to as spherical 71 

ionoacoustic waves with resonant frequency (SPIRE) is emitted from the marker.8 For instance, with 72 

a marker made of gold and a 2-mm diameter, the resonance was observed at 1.53 MHz. Both γ-waves 73 

and SPIRE can be used for range detection in unique ways.8,9 74 

 75 

Currently, most research conducted with preclinical4-7,17,18 and clinical systems7,10-14 has employed 76 

piezoelectric hydrophones (PH) with a few exceptions.9 For these devices, the detector thickness 77 

optimum for ionoacoustic range detection would be several centimeters because the piezo material 78 
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thickness is inversely correlated to the center frequency, and several centimeters of the sensitive area 79 

is required to detect the weak ionoacoustic waves with a high signal-to-noise ratio (SNR).16 Although 80 

the size is still small, it can distort ionoacoustic waves by averaging over the sensitive area.6 81 

Additionally, PH can make shadows in the fluoroscopy images which can be an obstacle in tracking 82 

tumors or fiducial markers when the projected images of hydrophones overlap with the images of 83 

tumors or markers. The optical hydrophone (OH) is advantageous in this regard because its sensitivity 84 

depends on the efficiency with which acoustic perturbations are converted into changes in light 85 

characteristics in the sensing system and is independent of the detector size.21 Moreover, its projected 86 

image in fluoroscopy images was shown to be almost negligible.9 Previously, we used a millimeter-87 

sized OH to demonstrate γ-wave detection in a water phantom with clinical dosage.9 For the SPIRE 88 

measurement, although the sensitivity was low, it was observed that the robustness to detector setup 89 

errors was greater than that found with a PH because of the small size of the sensitive volume of the 90 

OH. 91 

 92 

Meanwhile, further development is required for OH measurement of ionoacoustic signals with a 93 

patient. Measurement performed in a water phantom does not distort the initial segment of the 94 

ionoacoustic wave, although echoes from the sensor element and frame will subsequently distort the 95 

waveform. However, if the sensor is placed with an acoustic gel directly onto the skin of the patient, 96 

the initial segment is distorted by the waves reflected by the sensor-air boundary, which prohibits the 97 

extraction of the necessary information from waveforms (See the Supplementary Material for the 98 

typical wave distortion with the direct coupling). Therefore, this study aims to construct a method to 99 

measure the beam range in a tissue-mimicking phantom using OH. We propose a prototype design of 100 

the probe head for OH that prevents wave distortion for γ-wave and SPIRE. Using the prototype, we 101 

detected the γ-wave and SPIRE on the surface of the tissue-mimicking agar phantom and investigated 102 

the range accuracy using the sensitive matrix method for the γ-wave and linear interpolation of the 103 

resonance intensities for SPIRE.   104 
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2. Material and Methods 105 

2.1 Experiment 106 

The experiments were performed using a 100-MeV pulsed proton beam from a fixed-field 107 

alternating gradient accelerator (Kyoto University).22,23 The setup of the tissue-mimicking phantom, 108 

probe heads, proton beam, and a gold marker (GM) for the SPIRE measurement are demonstrated in 109 

Figure 1. Three holes were made in the acrylic container containing the phantom for the passage of 110 

the proton beam and probe head installation. The probe head was coupled to the phantom with an 111 

acoustic gel and set at distal and lateral positions, downstream of the Bragg peak. Instead of 112 

scanning the beam, the phantom and probe heads were moved from X = −30 to +30 mm using the 113 

XY-translation stage. A plastic scintillator coupled to a photomultiplier tube was set at the exit of the 114 

beam duct to measure the temporal pulse width and beam-on timing. 115 

 116 

 117 

Figure 1. Photograph of the experimental setup. A 100-MeV proton beam bombarded the tissue-118 

mimicking phantom through a hole in the acrylic container. The phantom and probe head were set on 119 

the XY-translation stage while GM was set on the beam axis. A plastic scintillator was placed at the 120 

exit of the beam duct.  121 

 122 
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The dimensions of the phantom and coordinates of probe heads and GM are demonstrated in Figure 123 

2; (X, Y, Z) refers to a coordinate system fixed to the phantom. Measurements were performed in the 124 

same plane as the proton beam (XZ plane). First, the γ-wave and SPIRE were measured by the distal 125 

sensor with four sizes of probe heads (2 × 2 × 2, 3 × 3 × 3, 3 × 3 × 6, and 5 × 5 × 8 cm3). Then, by 126 

using the 3 × 3× 6-cm3 prototype, the range position was identified with multiple beams. For the 127 

range detection using γ-waves, a total of seven proton beams incident at X = −30, −20, −10, 0, +10, 128 

+20, and +30 mm were tested (Figure 2 (a)). The phantom and the probe head, placed at distal and 129 

lateral positions were set on the XY-translation stage and aligned to the beam incident at 𝑋𝑋 = 0 130 

using a laser marker. The stage potentiometer was set to zero at 𝑋𝑋 = 0 and moved at a 10-mm pitch 131 

from X = −30 to +30 mm. By contrast, for the range detection using SPIRE, a proton beam incident 132 

at X = 0 was tested at two respective sensor positions, (X, Z) = (0, 134) and (29, 134) (mm) (Figure 2 133 

(b)). As the range detection via SPIRE requires at least two measurements using range shifters,8,9 we 134 

placed acrylic plates (relative stopping power of 1.16) of several thicknesses (<14 mm) in front of 135 

the phantom (Figure 2 (b)). 136 

 137 

Figure 2. (a) Top view of the tissue-mimicking phantom and probe head setup for the γ-wave 138 

measurement, and (b) top view and (c) side view of the SPIRE measurement. (X, Y, Z) is a 139 

coordinate system fixed to the phantom. Crosses indicating the sensitive point (center of the 140 

sensitive volumes) and the coordinates (X, Z) are shown together (unit: mm). Tested proton beams 141 

are illustrated by the arrows. For the γ-wave measurement, the phantom was shifted by the 142 

translation stage in the X-direction, whereas for SPIRE measurement, the phantom was fixed, and 143 

the probe head was shifted by hand. zAgar and zGM depend on the Run and are shown in Table 1. 144 
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As in our previous study,9 the lateral beam size and range were measured by using a radiochromic 145 

film EBT3 (Ashland Inc., Wayne, New Jersey, USA). The correlation between the proton number 146 

per pulse and the scintillator signal height was measured with a Faraday cup before the experiment, 147 

and during the ionoacoustic measurement, the scintillator signal was used to estimate the proton 148 

number per pulse. The beam range, temporal pulse width, lateral beam size, and protons/pulse are 149 

summarized in Table 1. Three separate experiments (Run 1, 2, and 3) were performed at an interval 150 

of about half a year. FFA parameters were adjusted to achieve similar beam conditions for all 151 

experiments.  152 

 153 

A total of 1,000 signals were individually recorded per measurement condition. We observed the 154 

electromagnetic noise emitted from the beam extraction kicker of the FFA accelerator; however, as it 155 

always had the same shape, it could be completely subtracted from the signal. The measured signal 156 

was processed by low (<150 kHz) and bandpass (1.53 MHz) filters for γ-wave and SPIRE, 157 

respectively, and amplified by 40 dB.  158 

 159 

Table 1. Summary of phantom size and beam characteristics. 160 

Run 

 

Measured 
wave 

Experiment 
description  

Phantom
depth 
size 
(mm) b) 

GM 
position 
(mm) c) 

Beam 
range 
(mm) d) 

Pulse
width 
(ns) 

Beam 
size 
(mm) d),e) 

Bragg 
peak 
dose 
/pulse 
(Gy) f) 

Protons/
pulse 

1 γ-wave PHC, 

RD a) 

140 - 73.8  30 5.1(X) 

4.5(Y) 

0.3 1.1–1.3 
× 108 

2 SPIRE PHC 123  63 73.8  30 5.1(X) 

4.5(Y) 

0.3 1.1–1.3 
× 108 

3 RD 124  60 73.9  22 3.1(X) 

2.8(Y) 

0.7 7.2 × 107 

a)PHC: probe head size comparison, RD: range detection. b)zAgar in Figure 2. c)zGM in Figure 2. d)Range and 161 
beam size measured by the film. e)Beam sizes in the table are the values at the entrance of the phantom. 162 
f)The Bragg peak dose was calculated via the Monte Carlo simulation Geant4 (Sec. 2.4). 163 
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2.2 Phantom 164 

An agar-based soft tissue-mimicking phantom was prepared in the acrylic container. Agarose 165 

powder (Fujifilm Wako Pure Chemical Industries, Ltd, Japan) was used at 1% weight per volume. 166 

After the agarose had solidified overnight, holes were made in the acrylic wall to produce spare 167 

space for the beam transmission and probe head. Table 1 summarizes the phantom size. The phantom 168 

was prepared for each experiment to prevent corrosion. GM with a 2-mm diameter was embedded in 169 

the agar phantom at a distance of 63 and 60 mm (Run 2 and 3, respectively) from the beam incident 170 

surface. The marker was set on the tip of a pencil-shaped support made of ABS.8 The speed of sound 171 

in the agar phantom was measured using the pulser/receivers (Model 5072 PR, Olympus NDT Inc., 172 

USA) on the day of each experiment by the pulsed echo method and was found to be 1,476 m/s for 173 

Run 1 and 2 and 1,492 m/s for Run 3. The variation in the sound speed may be attributed to the 174 

different amounts of water vaporized during the preparation process.  175 

 176 

2.3 OH and probe head design 177 

An Eta250 L Ultra (XARION Laser Acoustics GmbH, Vienna, Austria) was used for the OH.24 This 178 

was a Fabry-Perot resonator, and the sensitive volume size was defined by the laser beam diameter 179 

(0.35 mm) and mirror distance (2 mm). The sensor head was embedded in agar blocks of various 180 

sizes (xPH, yPH, zPH) = (2, 2, 2), (3, 3, 3), (3, 3, 6), and (5, 5, 8) cm3 to produce a water-like 181 

environment around the sensor head (Figure 3 (a)). The first positive peak of the γ-wave arrives 182 

within 10 µs (wave traveling distance of 1.5 cm) after the initial rise in all experiments; therefore, 183 

the minimum distance between the sensor head and back wall of the probe head was set to 1 cm to 184 

prevent the wave from being affected by acoustic echoes. In the γ-wave measurement, the 185 

positioning accuracy of the sensor head directly affects the range accuracy. To install the sensor head 186 

accurately at the designed position, we fabricated a 3D-printed probe head frame. The sensor head 187 

was set at 1 cm from the front of the probe head surface using a guide and the probe head surface 188 
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was aligned with the inner surface of the acrylic encasing of the agar phantom using a stopper 189 

(Figure 3 (b)). 190 

 191 

 192 

Figure 3. (a) Dimensions of the agar block of the probe head. The sensor head of the OH is 193 

embedded in the agar block at a 1-cm depth from the front surface. (b) The 3D-printed probe head 194 

frame, made of ABS, and the sensor head. A guide is used to fix the sensor head at 1 cm from the 195 

front surface of the probe head. A stopper is used to align the probe head surface with the inner wall 196 

of the acrylic encasing of the agar phantom. 197 

 198 

2.4 Acoustic wave transport simulation 199 

The simulation was performed for two reasons. First, our range detection method requires the 200 

simulated waveform. Second, as denoted in Sec. 2.1 the probe head size comparison measurement 201 

was performed only at the distal position. Since the probe head size dependence can vary at different 202 

positions as the waveform changes, the investigation was expanded to a wider range of positions 203 

(Figure 4) using simulations. 204 
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 205 

Figure 4. Simulation geometry of the probe head size dependence with dimension in millimeters. 206 

(a)–(d) are the simulated sensor positions. In addition to (a), which was experimentally investigated, 207 

three positions were investigated using simulation.  208 

 209 

The simulation used Geant4 (ver. 10.6.2)25 and MATLAB toolbox k-Wave.26 The initial beam 210 

parameters of the Geant4 Monte Carlo simulation were adjusted to reproduce the beam properties 211 

measured by the film (beam range and in-air beam profiles at three depths). The 3D distributions of 212 

transferred energy in agar phantom, 𝐸𝐸(𝑟𝑟), were calculated and used as the source pressure in the 213 

acoustic wave transport simulation k-Wave. The following wave equation was solved:  214 

1
𝑣𝑣2
𝜕𝜕2𝑝𝑝
𝜕𝜕𝜕𝜕2

− ∇2𝑝𝑝 = (𝛤𝛤 𝑣𝑣2⁄ )𝐸𝐸(𝑟𝑟)𝐼𝐼′(𝑡𝑡) 215 

where 𝐼𝐼′(𝑡𝑡) denotes the time derivative of the normalized beam current. The Grüneisen coefficient 216 

of the agar, 𝛤𝛤, was set to 0.11, and the sound velocity of the agar and air, 𝑣𝑣, was set to 1,476 and 217 

340 m/s, respectively. As the pulse temporal width of the fixed-field alternating gradient accelerator 218 

(≤30 ns) was sufficiently shorter than the characteristic time scale of γ-wave (~ µs), the simulation 219 

was performed with the impulse source in time, i.e., 𝐼𝐼(𝑡𝑡) = 𝛿𝛿(𝑡𝑡). The voxel size was 0.33 mm in all 220 

dimensions, and the time step was 10 ns. The probe head was modeled as rectangular boxes. During 221 

the simulation, we replaced the 2-mm thick ABS container of the probe head with air. As shown in 222 
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the Supplementary Material, although the inclusion of the ABS container can slightly affect the 223 

waveform, it does not change the first peak arrival time at any measurement position. For simplicity, 224 

the internal structure of the sensor head was not modeled and the sensor was assumed to be a point 225 

with a flat frequency response. 226 

 227 

2.5 Range detection methods 228 

The following range detection methods were adopted for γ-waves and SPIRE. The range positions 229 

measured by the ionoacoustics may differ from those measured by the film and potentiometer of the 230 

stage because of the residual positioning error of the phantom and probe head (and GM positioning 231 

error in the case of SPIRE), as well as limited accuracy of the simulations. We defined this deviation 232 

as (∆𝑋𝑋, ∆𝑍𝑍), and determined its value for each tested beam. For simplicity, ∆𝑌𝑌 was assumed to be 233 

zero throughout the measurement. 234 

 235 

2.5.1 γ-wave 236 

The range position in the XZ plane was estimated from the first peak arrival times of γ-waves 237 

(referred to as 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) measured at distal and lateral positions in the XZ plane (Figure 2 (a)), defined 238 

as 𝒕𝒕𝒆𝒆𝒆𝒆𝒆𝒆 = �𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑒𝑒𝑒𝑒𝑒𝑒 , 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙

𝑒𝑒𝑒𝑒𝑒𝑒�𝑇𝑇, where T indicates the “transposed.” Using Geant4, the dose distributions in 239 

the phantom were calculated where the range positions were adjusted to 𝑿𝑿𝒔𝒔𝒔𝒔𝒔𝒔 = �𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠, 𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠�𝑇𝑇 240 

(𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠 = −30, −20, −10, 0, +10, +20, +30 mm, 𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠= 73.9 mm). Here, the values of 𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠 were 241 

those indicated by the potentiometer and the 𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠 was the beam range measured by the film. Then, 242 

by using the acoustic wave transport simulation, 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 at distal and lateral positions, 𝒕𝒕𝒔𝒔𝒔𝒔𝒔𝒔 =243 

�𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠, 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠�
𝑇𝑇, and the sensitive matrix defined by  244 

𝑆𝑆 =

⎝

⎜
⎛
𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
 
𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕 ⎠

⎟
⎞

 245 
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were calculated. For instance, the (1, 1) component of the matrix element indicates the increased rate 246 

of the 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝observed at distal sensor with the positive beam shift in X-direction. Then the range 247 

position detected using γ−wave was derived by 𝑿𝑿𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑿𝑿𝒔𝒔𝒔𝒔𝒔𝒔 + ∆𝑿𝑿, where ∆𝑿𝑿 = (∆𝑋𝑋, ∆𝑍𝑍)𝑇𝑇 =248 

𝑺𝑺−𝟏𝟏∆𝒕𝒕, ∆𝒕𝒕 = 𝒕𝒕𝒆𝒆𝒆𝒆𝒆𝒆 − 𝒕𝒕𝒔𝒔𝒔𝒔𝒔𝒔. In addition to this, ∆𝑍𝑍 was derived using a single distal sensor from ∆𝑍𝑍 =249 

�𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
�
−1
∆𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. 250 

 251 

2.5.2 SPIRE 252 

For SPIRE, the range detection method proposed in a previous study was used.9 This method can 253 

only detect the range error in the Z direction. In brief, the waveform in the time domain was first 254 

converted to the frequency domain by a fast Fourier transform, and the signal intensities at the 255 

resonance frequency measured with different thicknesses of acrylic plates were plotted in terms of 256 

the distance between the GM and the beam range measured by the film. The data points were fitted 257 

by using a linear function, and the intersection point with the horizontal axis was compared with that 258 

obtained from the wave transport simulation. The difference was identified as ∆𝑍𝑍. In this study, the 259 

intersection point of the simulation was assumed to be the same as in the previous study (-1.1 mm). 260 

 261 

2.6 Evaluation 262 

We first compared 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and peak pressures of the γ−waves among four probe head sizes. A 263 

comparison was made with an experiment at the distal position and simulations at all sensor 264 

positions in Figure 4. The experiment was also conducted for the SPIRE at the distal position, and 265 

the variation in ∆𝑍𝑍 among four probe head sizes was evaluated. Then, using 3 × 3 × 6- cm3 probe 266 

head, the range position was identified for proton beams delivered at seven positions using γ-waves 267 

and for a beam using SPIRE.  268 

 269 
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 270 
3. Results 271 

3.1 Probe head size 272 

3.1.1 γ-wave 273 

Figure 4 shows the γ-waves detected by four sizes of probe heads placed at distal position. The 274 

signal amplitude was normalized by the number of particles per pulse. The first positive peak shape 275 

and 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 were in good agreement among different probe head sizes, and the maximum variation of 276 

the arrival times was 0.3 µs (0.45 mm in wave propagation distance). The waveforms started to 277 

deviate from each other after the intersection point with the time-axis (arrow in Figure 5).  278 

 279 

 280 

Figure 5. Measured waveforms of the γ-waves incident from X = 0 among different sizes of probe 281 

heads placed at the distal position with an experimental setup of Figure 2 (a) (1000-fold averaging). 282 

The figure below shows an enlarged view of the time range from 45 to 80 µs. 283 
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Figure 6 shows a comparison of simulated waveforms at the various sensor positions described in 284 

Figure 4. As a reference, the waveforms resulting from a water phantom environment model are 285 

shown together. The simulation result of position (a) agreed with the experimental result (Figure 5) 286 

in that the first peak shapes of all probe heads were similar. In all tested positions, 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and the 287 

peak pressure of the 5 × 5 × 8-cm3 probe head agreed with that obtained in the water phantom 288 

environment, whereas deviation was observed for other probe heads. For example, with the smallest 289 

probe head of 2 × 2 × 2 cm3, a deviation of 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 was observed at both the distal and lateral 290 

positions; moreover, the peak pressure decreased by approximately 10% and 70% at (b) and (c), 291 

respectively. With both the 3 × 3 × 3- and 3 × 3 × 6-cm3 probe heads, the peak arrives 1 µs ahead of 292 

the water-like environment and a mild decrease of the peak pressure (30%) was observed at position 293 

(c). At all tested positions, the initial segment of the waveforms of the 3 × 3 × 3- and 3 × 3 × 6-cm3 294 

probe heads agreed with each other. 295 

 296 

Figure 6. Simulated waveforms obtained with different sizes of probe heads at various positions 297 

relative to the proton beam. (a)−(d) indicate the waveforms obtained by the (a)–(d) positions in 298 

Figure 4. Green, blue, orange, and red curves show the simulations with 2 × 2 × 2, 3 × 3 × 3, 3 × 3 × 299 

6, and 5 × 5 × 8-cm3 probe head, respectively. Gray curves show the waveforms resulting from a 300 

water phantom environment model. 301 
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 302 

3.1.2 SPIRE 303 

Figure 7 shows the SPIRE waveforms measured by the different sizes of probe heads. The 304 

resonance wave was observed even with the smallest 2 × 2 × 2-cm3 probe head. By converting these 305 

waveforms in the time interval of 40–90 µs to the frequency domain by fast Fourier transform, the 306 

resonance was observed at 1.58–1.60 MHz. Figure 8 shows the signal intensities at the resonance 307 

frequency, plotted in terms of the distance between the GM and the beam range predicted by the 308 

film. The maximum variation of ∆𝑍𝑍 among different probe head sizes, estimated from the 309 

intersection points of the fitted linear lines and the x-axis (indicated by an arrow in the figure), was 310 

only 0.2 mm. The resonance intensity did not vary considerably among different probe heads, 311 

probably because the echoes in the detector’s internal structure are dominant over the reflected 312 

waves from nearby impedance discontinuities. 313 

 314 

 315 

Figure 7. SPIRE waveforms observed with four sizes of probe head (1,000-fold averaging). The 316 

SPIRE starts from approximately 50 µs. The large amplitude commonly observed at approximately 317 

95 µs is the reflected wave of SPIRE at the upper surface of the agar phantom. 318 

 319 
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 320 

Figure 8. SPIRE intensity detected by four sizes of probe heads plotted against the distance between 321 

the GM and the range measured by the film.  322 

  323 



17 
 

3.2 Range position detection 324 

3.2.1 γ-wave 325 

The waveform comparisons at (a) distal and (b) lateral positions between the simulation and 326 

measurement are demonstrated in Figure 9 for the beam incident at X = 0, and the 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 for the 327 

beam incident at X = −30, −20, −10, 0, +10, +20, +30 mm was shown in Figure 10. In Figure 10, the 328 

averaged data of 1000 samples were plotted with the error bars, which indicate the standard 329 

deviation (SD). Simulation results were plotted together. The delay due to the filter and amplifiers 330 

(1.98 µs) was subtracted from the measured data.  331 

 332 

Figure 9. Comparison between the simulated and measured waveforms (blue solid curve: simulation, 333 

orange solid curve:1,000-fold averaging, and dotted curve: experiment (1-pulse)) observed at (a) 334 

distal and (b) lateral positions for the proton beam incident at X = 0. The figures below show 335 

enlarged views of the time ranges around the first peaks.  336 
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 337 

 338 

Figure 10. Comparison of the 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 at (a) distal and (b) lateral positions for the beams incident at X 339 

= −30, −20, −10, 0, +10, +20, and +30 mm. ○ and + indicate the simulation and experiment (1,000-340 

fold averaging). The error bars indicate the SD over 1000 samples (0.3 Gy dose/sample) for the 341 

distal sensors. For lateral sensors, since we could not identify 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from the single pulse data, the 342 

SD of four-fold averaged data over 250 samples (1.2 Gy dose/sample) is shown. 343 

 344 

 345 
The differences in 𝑡𝑡𝛾𝛾

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 between experiment and simulation were –0.3 to +0.3 µs and –1.2 to –0.5 346 

µs at the distal and lateral positions, respectively. As shown in the Figure 10 (a) for distal sensors, 347 

the SD was less than 0.3 µs when the sensor was placed close to the beam axis (≤ 20 mm), but 348 

rapidly increased to about 1.5 µs when the sensor was 30 mm away from the beam axis. For lateral 349 

sensors, reflecting the small signal pressure, the SD of four-fold averaged samples was about 1.5 µs 350 

regardless of the sensor position.  351 

 352 

  353 
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Table 2 summarizes the differences in 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 between the simulation and measurement (∆𝒕𝒕), 354 

sensitive matrix, and (∆𝑋𝑋, ∆𝑍𝑍). Table 3 shows ∆𝑍𝑍 derived from a single distal sensor was shown 355 

with the dose required to suppress the SD <1 mm. 356 

 357 

For the sensitivity of 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 against the range shift, �𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜕𝜕𝜕𝜕
� was at least three-fold larger than 358 

�𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕

� for all tested beams (except for X = 0 where 𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕

 is zero), whereas �𝜕𝜕𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙
𝜕𝜕𝜕𝜕

� is at least three-359 

fold larger than �𝜕𝜕𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙
𝜕𝜕𝜕𝜕

�. An increase in 𝜕𝜕𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕

 with the beam position (X) was observed, but no clear 360 

correlation with the beam positions was observed for other elements of the sensitive matrix. 361 

 362 

For the range deviations, |∆𝑍𝑍| was <1 mm for all tested beams in both cases using two sensors 363 

simultaneously and a single distal sensor. ∆𝑋𝑋 was between +0.6 to +1.2 mm except for the X = −10 364 

mm beam. Since the variation of the ∆𝑋𝑋 values was small among different beams (≤0.6 mm), this 365 

may have been mainly caused from a systematic error, such as the phantom positioning error at the 366 

initial setup. We could not identify the cause of the large ∆𝑋𝑋 observed for the X = −10 mm beam, 367 

but it could be an input error to the potentiometer. When only a distal sensor was used for the range 368 

detection, the SD of |∆𝑍𝑍| was <1 mm with a 0.3 Gy dose/pulse at X = −30, −20, −10, 0, +10, +20 369 

mm, although a large dose of 0.6 Gy (dose at Bragg peak × number of pulses) was required when the 370 

sensor was positioned +30 mm away from the beam axis. In contrast, when the two sensors were 371 

simultaneously used to detect the beam range, the dose required to achieve the SD of |∆𝑋𝑋| and 372 

|∆𝑍𝑍| <1 mm was increased to 1.2 Gy (dose at Bragg peak × number of pulses) since 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 at 373 

lateral position could not be identified with a smaller dose.  374 

 375 
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Table 2. Summary of the difference in 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 between the simulation and experiment (∆𝒕𝒕), sensitive 376 

matrix, the deviations of the range positions derived by γ-waves from those measured by the film 377 

(∆𝑍𝑍) and potentiometer (∆𝑋𝑋).  378 

 379 

 380 

Table 3. Range deviation ∆𝑍𝑍 obtained by a single distal sensor and the doses required to suppress 381 

the SD of ∆𝑍𝑍 to <1 mm. 382 

 383 

 384 

  385 
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3.2.2 SPIRE 386 

Figure 11 shows the SPIRE intensity against the distance between the GM and the range measured 387 

by film (1,000-fold averaged). The intersection points between the linear functions fitted to the data  388 

points and the x-axis were −2.0 mm (X = 0) and −1.9 mm (X = 29 mm). By comparing these values 389 

with the simulated value derived in the previous study (−1.1 mm),9 ∆𝑍𝑍 was estimated 0.9 and 0.8 390 

mm at X = 0 and 29 mm, respectively. 391 

 392 

 393 

Figure 11. SPIRE intensity against the distance between the GM and the range measured by the film. 394 

Red and green circles refer to the data obtained at distal on-axis and off-axis (29 mm away from the 395 

beam axis) positions, respectively. 396 

 397 

4. Discussion 398 

In this paper, we proposed the use of small probe head to exploit OH for the ionoacoustic range 399 

detection using a tissue-mimicking agar phantom. OH has advantages of a small size and high 400 

sensitivity; however, if the measurement is conducted on the phantom surface, the OH must be used 401 

with a probe head to prevent wave distortion due to the contamination of reflected waves from the 402 

sensor-air boundary. Though we used an agar block for the probe head, the use of more durable 403 

materials, such as PVCP, commonly employed as a tissue-mimicking phantom,27 would be more 404 
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appropriate for the probe head. However, we assumed that this would not affect the outcome of this 405 

study. Unlike a PH, the probe head is made of low-Z material and the sensitive volume is still point-406 

wise even with the probe head, allowing the simple waveform analysis employed here. We 407 

demonstrated by experiment that at the distal on-axis position, 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝and the predicted beam range 408 

by SPIRE did not differ among the investigated probe heads. Although the smallest probe head (2 × 409 

2 × 2 cm3) showed the signal reduction and the 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝shift at the distal off-axis position, the second 410 

smallest probe head (3 × 3 × 3 cm3) did not (Figure 6); hence, we consider the 3 × 3 × 3-cm3 probe 411 

head may be adequate for the use of range detection. For the SPIRE, we assumed that the 412 

experimental results for the distal on-axis position hold for other sensor positions since the 413 

waveform of the SPIRE is in principle spherically symmetric and the diffraction at the probe head 414 

edge is smaller at MHz regime; however, this needs to be confirmed by the future experiments. 415 

Placing the sensitive volume closer to the probe head surface, adding the acoustic absorbers to the 416 

probe head walls, and further optimizing the probe head shape may allow further reduction of wave 417 

distortion. 418 

 419 

The beam range in this study was derived by solving the linear equation ∆𝑿𝑿 = 𝑺𝑺−𝟏𝟏∆𝒕𝒕 when the 420 

two γ-waves were used. The measurement condition of this study is a specific case where the 421 

dimension of the measured values (∆𝒕𝒕) was equal to the number of parameters to be identified (∆𝑿𝑿) 422 

and the sensitive matrix was invertible. For general cases, where the number of measurement points 423 

differs from the dimension of ∆𝑿𝑿, the sensitive matrix becomes noninvertible. In this case, ∆𝑿𝑿 that 424 

approximately reproduces the measured values (∆𝒕𝒕) is derived by the least square method, and the 425 

solution is reduced to ∆𝑿𝑿 = (𝑺𝑺𝑻𝑻𝑺𝑺)−𝟏𝟏𝑺𝑺𝑻𝑻∆𝒕𝒕. In principle, the present range detection method could be 426 

used even if the phantom is acoustically heterogeneous. Moreover, the results do not rely on the 427 

definition of time of flight used, which sometimes leads to Bragg peak localization errors.19 428 

Alternatively, its use is limited to the cases when the actual range position is close to the reference 429 

point used in the simulation (𝑿𝑿𝒔𝒔𝒔𝒔𝒔𝒔). For instance, given that when the beam is shifted from X = 0 to 430 
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30 mm at a 10-mm pitch using the translation stage and 𝑿𝑿𝒔𝒔𝒔𝒔𝒔𝒔 = (0, 73.9 mm) was retained as the 431 

reference point, |∆𝑍𝑍| was <1 mm for X = 0 and 10 mm beams but increased to 2.3 and 3.3 mm for 432 

X = 20 and 30 mm beams, respectively. Hence the reference point should be as close to the true 433 

range position as possible. A natural candidate for the reference point is the maximum dose point 434 

estimated by dose calculation using the CT of the patient. However, when the uncertainty of dose 435 

distribution on the patient CT is large, the point that is derived by the one-way beamforming17 or 436 

multilateration method18,28 would be another choice if multiple OHs could be used. 437 

 438 

As shown in Figure 9, although the ionoacoustic wave simulation could reproduce 𝑡𝑡𝛾𝛾
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, the 439 

simulated waveform largely differed from that in the experiment after the first intersection point with 440 

the time-axis. This may be partly because the simulation did not model the internal structures of the 441 

hydrophone as well as the frequency response of the detector, however, the exact cause is not clear at 442 

this point. The waveform after the first peak is useful especially when the 3D dose distribution is 443 

reconstructed from multiple sensors,6,29 and it is therefore desirable to improve the simulation 444 

accuracy. A possible approach was proposed by Schauer et al.,14 who measured total impulse 445 

response function using optoacoustics. The extensive study of their method on OH is worth to be 446 

investigated in the future. 447 

 448 

Although the γ-wave is sometimes described as a spherical wave, the intensity is not spherically 449 

symmetric, especially when a low-energy beam is used as in this study, where the gradient of the 450 

Bragg peak is sharp in the distal direction; in this situation, the intensity is high at the distal on-axis 451 

and then rapidly decreases away from the axis. Fortunately, the region where the high-intensity 452 

waves arrive coincides with the region that has the highest sensitivity against the range shift in the Z 453 

direction. As clinical machines measure the XY positions precisely during beam delivery by the 454 

multiwire chambers, the most important parameter to verify is Z, and so the measurement at distal 455 

positions should add the greatest clinical value. In practice, since the beam is scanned several 456 
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centimeters across the target tumors, it may be desirable to deploy a two-dimensional OH array 457 

covering several centimeters at the distal on-axis regime and use the waveforms that have sufficient 458 

SNR to identify ∆Z for each beam. The optimum sensor spacings and array sizes need to be 459 

determined in the future. By contrast, SPIRE is advantaged in that it is almost omnidirectional; 460 

however, the sensitivity of the OH in the MHz region was insufficient to identify the beam range 461 

with a clinical dose (frequency response of OH is presented in the Supplementary Material).9 462 

Additionally, since the SPIRE has a small wavelength of about 1 mm, its signal strength is sensitive 463 

to OH orientation relative to the radial wave propagation. Thus, overcoming these limitations 464 

remains a future challenge for clinical use. 465 

 466 

Another limitation of this research includes the use of a nonclinical machine of a fixed-field 467 

alternating gradient accelerator, although this is a candidate accelerator for future proton therapy. In 468 

addition, the beam energy was limited to a relatively low energy of 100 MeV. Clinical accelerators 469 

generally have a longer pulse duration, and a higher energy beam generates a broader Bragg peak 470 

due to the range straggling; therefore, a larger dose would be necessary to achieve a sufficiently 471 

large SNR in clinical conditions. In addition, moving toward clinical implementation, further 472 

investigation is needed to establish the appropriate speed of sound correction and accurate 473 

positioning of the probe heads. 474 

 475 

5. Conclusions 476 

This paper demonstrated a prototype OH probe head that could detect the initial segment of the 477 

ionoacoustic wave without distortion on the tissue-mimicking phantom surface. The relatively small-478 

sized 3 × 3 × 3-cm3 probe head could prevent the wave distortion of the γ−wave if the detection was 479 

performed within 3 cm from the beam axis at distal positions. The range in depth direction was 480 

derived with submillimeter accuracy within clinical dosage (0.3–0.6 Gy at the Bragg peak) by using 481 

a distal sensor, although the required dose was increased to 1.2 Gy if the lateral sensor was included 482 
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to identify both the X and Z positions of the range. The range could also be measured with a small-483 

sized probe head from SPIRE measurement at distal positions; however, the sensitivity of OH in the 484 

MHz regime needs to be improved toward clinical use.  485 
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