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Ionacoustics: 
forward modelling & inverse problems

Ben Cox
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Examples of two measurements made in literature 
 
To provide an indication of what is detectable, here are two examples of measurements in literature. The first 
was done at low energy, the second at higher energy. 
 
Example 1: Low energy in a water phantom1 
 

 
Figure. Figure 1 from Assmann et al1 with the original caption. 

 
Assmann et al1 detected acoustic signals generated by a proton beam at 20 MeV (Maier-Leibnitz-Laboratory, TU 
Munich). The system had a chopper/buncher allowing pulse lengths in the range 8 ns - 4.3 µs and PRFs of 1-10 
kHz (100-1000 µs gaps). The BP depth was 4 mm and the BP axial extent was 300 µm. Two detectors were 
used: a 3.5 MHz PZT transducer and a 10 MHz PZT transducer, both of ≈10 mm diameter (≈100 mm2 area). 
Using a 500 ns pulse length, the authors quoted a lower limit of detection of about 105 protons per pulse using 
16 averages. An example of a clear signal, evidently of high SNR, was shown (their figure 2) obtained using 2 x 
106 protons in a 110 ns pulse. For context, their figure 1 showing their experimental setup is replicated above. 
Basically, this mm scale experiment needs 105-106 protons, ≈100 ns pulses and generates MHz frequencies 
detectable using cm scale standard PZT transducers with only a few averages. 
 
Assmann et al1 estimated the pressure in the BP as 250 Pa per 106 protons. This suggests their minimum 
detectable 105 protons produced 25 Pa in the BP. It is difficult to assess this however, because we would need 
to estimate how much of this pressure reaches the phantom surface to see if it’s consistent with the expected 
sensitivities for their detector. 
 
The reason for the choice to operate at low energies in this work seems to be that the signals are easier to 
detect. A statement from the paper’s discussion section (pasted below) backs this up. 
 

 
 

Figure. Extract from [1] shedding light on their choice to use a low energy setup. 
 
Example 2: High energy in a water phantom2 
 

Assmann, W. et al. Ionoacoustic characterization 
of the proton Bragg peak with submillimeter
accuracy. Med. Phys. 42, 567–574 (2015) 

 
 

Figure. Figure 1 from Jones et al2 with their original caption. 
 
Jones et al2 detected acoustic signals generated by a proton beam at 190 MeV (IBA C230 cyclotron, Roberts 
Proton Therapy Center, U. Penn.) The pulse length was on the order of 10 µs. The PRF was 100 Hz (10 ms 
gaps). There were some 107 protons per pulse. The BP depth was 24 cm. I could not find the axial size of the 
BP. However, other work reports mm scale BPs for similar energies (using heavy ions)3. The signal frequency 
content peaked near to 10 kHz, suggesting cm scale features (see “Acoustic Frequencies” below). However, it 
seems the strongest signal came from the wave emitted by the cylindrical proton beam prior to the BP (marked α 
in the figure above), not the BP (the frequencies are consistent with the cm scale beam width). The authors 
measured pressures of 5 mPa per 107 protons, 5 cm away from the beam. They used about 1000 averages 
(increasing about SNR 30x). The detector was an omnidirectional Brüel and Kjær 8105 hydrophone, sensitive to 
<100 kHz (https://www.bksv.com/en/transducers/acoustic/microphones/hydrophones/8105). If the sensitivity of 
this is comparable to large piezoelectric detectors operated in low MHz frequencies, one might expect a 
sensitivity limit on the order of 100 mPa (from my own detector meta-analysis), which would seem consistent 
with the signal being detectable (5 mPa per 107 protons x 30 for averaging = 150 mPa, etc.) For context, their 
figure 1 showing their experimental setup is replicated above. Compared to the low energy study above, 100 
times more protons and 100 times more averages were needed to detect signals so detectability appeared to 
present a greater challenge. Also, lower acoustic frequencies were detected (likely determined by the beam 
dimensions) and the signal from the BP is unclear. Due to the cm scale beam providing most of the signals, 
there was a higher threshold (≈10 of µs) for the required pulse length. The reason for using this system seems to 
be that it is more representative of clinical energies. Although the strongest signal was acknowledged to come 
from the beam prior to the BP, it was claimed that the spherical wave from the BP was also detected (gamma in 
the figure). I found it difficult to assess whether this was really true from the data in the paper (the signal traces 
were unconvincing to my quick looks). However, the paper does conclude they can tell the range of the BP so 
presumably they must have detected it. 
 

Comments 
 
The two experiments above are basically looking at the same thing (feasibility of ionoacoustic detection). 
However, due to the different energy levels in use and differences in what was detected, the practicalities of the 
experiments (phantom size, detector type, beam structure) are completely different. This is partly because the 
different energies lead to different BP characteristics (depth, width) thus different acoustic characteristics 
(frequencies, pressures, propagation distances) and requirements (pulse lengths, required number of protons to 
be detectable). It is also partly due to the fact that the second study focussed on measuring signals from the 
incident (cm scale width) cylindrical beam as well as the BP. 
 
Given that signals have been detected at clinical energies, it seems that attempting to use clinical energies 
makes sense for reasons of direct clinical relevance. However, from the second study above I am a bit unsure 
as to whether the BP signals were really detected or whether they only detected the beam prior to the BP. To 
guarantee detectability, it could be helpful to have the option of going to lower energies because detectability 
appears less challenging. However, we might not be able to use the same detection system (frequency 
response) or source parameters (pulse lengths) for high and low energies. For the higher energy route, we may 

Jones, K. C., Vander Stappen, F., Sehgal, C. M. & Avery, S. 
Acoustic time-of-flight for proton range verification in 
water. Med. Phys. 43, 5213–5224 (2016). 

Some ionacoustic experiments
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Beam tomography?
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• Geant4: compute the volume rate of heat deposition
• Ionacoustic wave equation for acoustic pressure    :

• Broadband simulation using k-Wave (www.k-wave.org), 
software designed for photoacoustics and ultrasound modelling

Ionacoustics forward modelling
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• Locating the Bragg peak needs just one time series 
measured on-axis beyond the Bragg peak

• Can we get a quantitative 3D image of the beam (the 
deposited energy density) given acoustic time series 
measured at an array of positions around the beam?

• Many image reconstruction methods availablefrom
photoacoustics eg. backprojection

• How many detectors can we have?

Ionacoustics inverse problem
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• Signal-to-noise ratio is too low to detect the acoustic emission
• Acoustic heterogeneities between beam and detector aberrate the measurements
• Number of ultrasound detector array elements is too small to form a useful image
• The image is not quantitatively accurate
• The image reconstruction is too slow to be useful

Ameliorating these risks will require careful and well-informed design of both hardware 
and software (image reconstruction algorithm).

Risks in using ionacoustics for dosimetry


