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Abstract
The potential of particle therapy due to focused dose deposition in the Bragg 
peak has not yet been fully realized due to inaccuracies in range verification. 
The purpose of this work was to correlate the Bragg peak location with target 
structure, by overlaying the location of the Bragg peak onto a standard ultrasound 
image. Pulsed delivery of 50 MeV protons was accomplished by a fast chopper 
installed between the ion source and the cyclotron inflector. The chopper limited 
the train of bunches so that 2 Gy were delivered in 2 sµ . The ion pulse generated 
thermoacoustic pulses that were detected by a cardiac ultrasound array, which 
also produced a grayscale ultrasound image. A filtered backprojection algorithm 
focused the received signal to the Bragg peak location with perfect co-registration 
to the ultrasound images. Data was collected in a room temperature water bath 
and gelatin phantom with a cavity designed to mimic the intestine, in which 
gas pockets can displace the Bragg peak. Phantom experiments performed with 
the cavity both empty and filled with olive oil confirmed that displacement of 
the Bragg peak due to anatomical change could be detected. Thermoacoustic 
range measurements in the waterbath agreed with Monte Carlo simulation within 
1.2 mm. In the phantom, thermoacoustic range estimates and first-order range 
estimates from CT images agreed to within 1.5 mm.
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1. Introduction

Proton beams deliver maximal dose to tissue within a small region defined by the Bragg 
peak, whereas x-ray photon beams deliver an exponentially decaying dose along the beam 
path, dosing healthy tissue proximal and distal to the tumor. Proton therapy delivers less 
dose to proximal tissue, and spares distal tissue altogether. Evidence-based medicine sup-
ports the use of proton therapy in tumors near the base of the neck, spine, eye and in pedi-
atric patients (ASTRO Payer Relations Subcommittee 2013). However, range verification 
otherwise limits clinical utility of proton therapy (Knopf and Lomax 2013). Abdominal 
therapy is particularly problematic due to gas pockets that move rapidly within the gastro-
intestinal tract. Short-lived positron (Dendooven et al 2015) and prompt gamma emissions  
(Min et al 2006, 2012, Verburg et al 2013, Cambraia Lopes et al 2015, Hueso-Gonzalez et al 
2015, Polf et al 2015) can provide fast and real-time feedback, respectively. An automated 
method for correlating PET data to underlying anatomy in CT images (Frey et al 2014) is slow 
and precludes online adaptive planning. To our knowledge, the possibility of real-time correla-
tion of anatomy with Bragg peak location has not yet been presented.

Range verification via thermoacoustic detection of the Bragg peak is a natural consequence 
of the conversion of deposited dose to mechanical pressure pulses. Treatment plans are quanti-
fied in terms of Grays, 1 Gy 1 J kg 1= −  (Selman 2000), whereas acoustic pulse amplitudes are 
quantified by Pascals, 1 Pa 1 N m 1 J m2 3 = =− − . The units for dose and pressure differ only 
by a multiplicative factor of target density, ρ. The dimensionless Grüneisen ( )Γ  is simply the 
constant of proportionality between energy density and thermally induced pressure change. In 
other words, δ = Γρ  Dp , where D is the dose delivered and pδ  is the induced pressure change.

Efforts to replicate thermoacoustic emissions due to rapidly evolving particle showers 
included pulsing ion beams from accelerators at Brookhaven National Laboratory (BNL) and 
the Institute for Theoretical Physics (ITEP). The BNL linac propagated 200 MeV proto ns 
in pulses as short as 3 sµ  (Sulak et al 1979), and the BNL fast extraction beam prop agated 
1.5 sµ  pulses of 30 GeV protons (Hunter et al 1981). Shorter pulse durations of 100 ns and 
less were achieved at ITEP (Albul et  al 2005). Applicability to proton range verification 
was suggested by Tada et al who used the High Energy Accelerator Research Organization 
(KEK) synchrotron to propagate 50 ns pulses, each depositing 0.4 cGy (Tada et al 1991). 
Hayakawa et al detected thermoacoustic emissions during treatment of a hepatic cancer patient  
(Hayakawa et al 1995) using a single hydrophone, which precluded direct correlation of the 
tumor position with the thermoacoustic data. The beam fast extraction obtained at BNL, ITEP, 
and KEK facilities was performed with the particles at high energy, so it required kicker 
magnets to bend the beam. The magnets were pulsed with high voltage power modulators 
that utilized pulse forming networks designed for a fixed pulse length and frequency. Tandem 
electrostatic accelerators were also used to produce short ion beam pulses (Rohrer et al 1984), 
nevertheless they are limited by the maximum attainable voltage, confining the proton energy 
to few tens of MeV (Panofsky 1997). The chopping scheme of this paper was performed by 
an electrostatic chopper with the beam at lower energy, i.e. before the beam was acceler-
ated by the 88-inch cyclotron. Consequently, the chopper plates required much lower voltage, 
increasing the reliability of the system, and could be switched with variable pulse lengths and 
frequencies, controlling the amount of energy deposited in the targets.
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The recent proliferation of proton therapy centers has spurred a renewed interest in ther-
moacoustic range verification. Measurements by individual receivers with lateral (Jones et al 
2014) and distal (Ahmad et al 2015) offsets from the Bragg peak were simulated with an eye 
towards range verification. A mathematically complete set of measurements including both 
lateral and distal offsets was simulated to demonstrate feasibility of quantitative reconstruc-
tion of the dose deposition (Alsanea et al 2015). Recently, thermoacoustic emissions from  
20 MeV pulses as short as 8 ns duration from a tandem electrostatic accelerator and 18 sµ  
pulses of 220 MeV protons from the IBA C230 into water baths have been detected using 

Figure 1. (a) Layout of the axial injection line, including fast chopper and electron 
cyclotron resonance (ECR) ion source. (b) Setup for thermoacoustic data collection. 
Trigger and measurement signals carried along solid and dashed black lines, respectively. 
Proton path indicated by thick grey arrows. Thin grey lines enclose experimental cave 
and observation shack. ‘PMT’ represents the photomultiplier tube.
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single element piezoelectric transducers (Assmann et al 2015) and a hydrophone (Jones et al  
2015), respectively. The recent review (Polf and Parodi 2015) expands upon this brief 
summary.

We present experimental improvements to proton delivery, acoustic detection, and image 
display. An injection line chopper (figure 1(a)) truncated 2 Aµ  beams of 50 MeV protons 
into pulse durations of less than 2 µs full width at half maximum (FWHM) delivering 2 Gy 
in a single pulse. Unlike previous results in which thermoacoustic emissions were detected 
by  single-element transducers or hydrophones without online correlation to anatomy, we 
acquired with a clinical ultrasound array. Standard ultrasound images were acquired using 
the same transducer array, enabling perfectly co-registered color overlay of the Bragg peak 
location and also the beam’s entry point into the target.

2. Theoretical background

Thermoacoustic emissions from a proton beam aligned with the z-axis propagate according to 
the inhomogeneous linear acoustic wave equation,

⎡
⎣⎢

⎤
⎦⎥t

p t I tx x, /Q d
2

2 s
2ν

∂
∂

− ∆ = Γ ′( ) ( )  ( ) (1)

where x y zx , ,( )= , zero initial conditions are assumed, soundspeed is represented by sν ,  

I t( ) is the beam current in Amperes, and ∫= ( )Q I t d t
T

0
 is the charge  delivered  

during a pulse period of T seconds. Energy density due to a single pulse is given by 
d Dx x xρ=( ) ( ) ( ) where ρ is density D and is dose delivered in Gy, distributed according to  

πσ σ= − +−( ) ( ) [ ( )/( )]  ( ) ( )D x y s Q Ex x4 exp 4 /2 1 2 2 2  where s x( ) is the per proton stopping power 
in MeV m / kg2  and e is the fundamental charge.

Assuming constant soundspeed and Grüneisen, solutions to equation (1) can be written in 
terms of spherical means of the product of energy density, d, times the Grüneisen (John 1981),

p t Q I
t

tM d tx x, ,1
sν= ∗

∂
∂

Γ−( ) { [ ](     )} (2)

where M d tx, s[ ] (     )νΓ  is the mean value of Γ d on the surface of a sphere of radius ts ν  centered 
at transducer location x, and convolution is carried out with respect to time over the interval 

t0,(   ). Although M d[ ]Γ  and I are both non-negative, the time derivative results in both positive 
and negative pressures, corresponding to compression and rarefaction, respectively.

Instantaneous delivery I( )δ=  would correspond to idealized thermoacoustic emissions 

νΓ∂
∂

{   [ ](     )}t M d tx,
t s  but measurements by a perfect point receiver would be bandlimited by 

transducer location, x, the Grüneisen, x( )Γ , and energy deposition, d x( ), which is determined 
by beam properties (energy and width) as well as target stopping power. In practice, beam is 
delivered by a non-impulsive current, I t( ), which also bandlimits thermoacoustic emissions. 
Frequency response of the receiver further bandlimits measured data.

3. Methods and materials

The experiment was conducted at the 88″ Cyclotron at Lawrence Berkeley National Laboratory, 
which is a sector-focused cyclotron with energy constant K of 140. The cyclotron can provide 
different ion species and charge states for energy variable experiments to a maximum energy 
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of 55 MeV u−1 (Covo 2014). The cyclotron was tuned to produce 50 MeV of proton beam 
and thermoacoustic emissions were collected during a 28 h shift. Trigger validation and proton 
pulse shape were measured during a subsequent run on the same cyclotron. A fast scintillator 
was used to measure the delay between the trigger and the ion beam arriving to the target. A 
clinical ultrasound transducer array detected thermoacoustic emissions from locations on the 
beamline distal to the Bragg peak, as indicated in figure 1(b). Elements which were custom-
ized for this research are described in detail below.

3.1. Beamline and chopper

A 50 MeV beam with 2 µA current exited the cyclotron and entered an ion chamber, losing 
approximately 1 MeV before entering the target (water bath or gelatin phantom). The beam 
was focused to 4 mm diameter upon entrance into the target, as confirmed by Gafchromic film 
in figure 2(a).

An injection line chopper deflected the beam as it passed between parallel plates, allowing 
protons to pass to the cyclotron only when the plates were discharged. There is no dosimetric 
consequence by deflecting the beam at the injection line, before it is accelerated by the cyclo-
tron, because the beam is at low energy, i.e. less than 25 keV u−1.

The chopper uses a fast square wave pulser (Behlke, model FSWP-51-02) that can 
 provide  ±1 kV and is connected to two parallel electrostatic deflector plates, which are 6″ 
wide and 3.25″ long with a separation of 3.25″. Results below were generated by a pulsewidth 
on the injection line of 1.5 sµ , which delivered 2 A 49 MeV 1.5 s 147 J       µ µ µ× × =  to the 
target. As detailed in section 3.4.1, approximately 2 Gy were delivered within the Bragg peak 
per pulse, inducing pressure jumps of = ∗ − ∗ −200 Pa 0.1 1000 kg  m 2 J kg3 1. Proton pulses 
were delivered at a repetition frequency of 100 Hz.

The pulsers are formed by series-connected power metal oxide semiconductor field-effect 
transistors (MOSFETs) which are triggered synchronously by a galvanically isolated driver 
control circuit. The unit has a floating configuration, so it can produce positive or negative 
pulses by grounding the positive or negative end of the push–pull arrangement. To match the 
impedance and to protect the switches, series resistors are built in. Internal ceramic capacitors 
ensure adequate buffering of the external high voltage supply. The pulser has direct liquid 
cooling that uses a dielectric liquid with excellent specific heat capacity and insulation, so it 
can continuously switch at 3 MHz with a maximum power dissipation of 1500 W. The pulser 
is protected against overheating due to rapid frequency switching by a thermal interlock that 
disables the control circuit when the temperature exceeds 75 °C.

The chopper is followed by fundamental and harmonic gridded bunchers that compress 
the ions longitudinally into buckets that are adjusted to the phase acceptance of the cyclotron. 

Figure 2. Overexposed Gafchromic films taken in water bath at distances of 4 mm (a) 
and 18 mm (b) from tank wall. Lightly exposed film taken inside cavity of phantom (c) 
and 3D mesh showing Gaussian beam shape (d).
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Nevertheless, the 1.5 sµ  injection line pulsewidth spread to a delivered pulse envelope, I t( ), 
with full-width at half-maximum (FWHM) of 1.76 sµ , which was measured by a fast scintilla-
tor and photomultiplier tube assembly located approximately one foot from the target.

Ultrasound acquisition and chopper were triggered by a signal from a SRS DG645 digital 
delay generator that is synchronized to the SRS SG382 signal generator, which provides the 
RF reference signal for the cyclotron, with a rubidium timebase. The fast scintillator was used 
to measure the delay between the trigger and the ion beam arriving to the target.

3.2. Ultrasound hardware

Thermoacoustic emissions were measured by a programmable ultrasound system (Verasonics 
V1) with a 96-channel P4-1 cardiac array (ATL). The P4-1 array was selected because it was 
the lowest frequency imaging array compatible with the Verasonics V1 system. The P4-1 array 
is marketed as sensitive over the 1–4 MHz frequency band. However, it is important to note 
that manufacturers’ ultrasound transducer specifications are ill-suited to quantitative thermoa-
coustic imaging. Hydrophone manufacturers typically provide a digital file with frequency 
response in receive-only mode. Single element transducers like those used by Assmann et al, 
are accompanied by a sheet of paper from Olympus on which pulse-echo frequency response 
is plotted, assuming a particular pulser-receiver. Although reciprocity of the piezoelectric 
transducer in transmit and receive modes is a good assumption, the transmit and receive 
electronics are different. The aggregate transmit-receive frequency response provided by the 
manufacturer does not represent the receive-only response of the transducer connected to a 
low-noise preamplifier. The situation for clinical ultrasound arrays is even worse, as manufac-
turers do not often provide the aggregate Tx/Rx frequency response. Receive-only response 
of the ATL P4-1 transducer attached to the Verasonics V1 electronics has not been quanti-
fied, but this combination has demonstrated sufficient receive sensitivity in the 100 kHz–4 
MHz band to capture broadband thermoacoustic emissions from surgical tissue specimens  
(Patch et al 2015). The array had a 300 mµ  element pitch, and an active surface with length 
2.8 cm in lateral direction. The V1 system electronics sampled at 30 MHz and amplified by 
43.5 dB.

3.3. Data processing

Thermoacoustic image reconstruction typically refers to reconstructing the idealized initial 
pressure, or more accurately, d x[ ] ( )Γ , throughout the field of view from pressures measured 
at transducer locations outside the field of view. Reconstruction can be performed by time- 
reversal, harmonic expansions, or filtered backprojection, and each approach has generated 
references too numerous to cite. Idealized data measured over an aperture surrounding the 
region of interest can be inverted exactly. In practice, however, measurements are bandlimited, 
noisy and incomplete. Fortunately, range verification of a monoenergetic beam with well-
defined Bragg peak does not require mathematically exact reconstruction of the energy den-
sity, d x( ).

Data was reconstructed by filtered backprojection. A lowpass filter with kernel identi-
cally one from DC to 700 kHz and smoothly transitioning to zero over the interval (700 kHz, 
800 kHz) was applied in software, but it is important to note that piezoelectric ultrasound 
transducers apply high-pass bandlimits as well. Additionally, each time series was Hilbert 
transformed prior to backprojection into the plane defined by the transducer.

Backprojection is sometimes referred to as ‘one-way’ or ‘receive-only’ beamforming. To 
simplify color overlay of the Bragg peak, phantom data was backprojected onto the same 
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pixel locations as in ultrasound images. Axial discretization was z 296 mµ∆ = , to depths 
of 34.9 mm and 118.4 mm in water and phantom, respectively. Lateral discretization was 

x 283.5 mµ∆ =  in the waterbath, and x 567 mµ∆ =  in the phantom. Fields of view ranged 
laterally over 19.1 mm ±  and 75.7 mm ±  in the waterbath and phantom, respectively.

The reconstructed image is a heavily filtered version of d x[ ] ( )Γ , isotropically high-passed 
by ultrasound hardware and low-passed by I. Anisotropic filtering of ‘wave-fronts’ due to 
limited angular coverage increases with distance from the transducer array. Limited angle 
streak artifacts running nearly parallel to the face of the transducer array therefore increase 
with image depth, as angular coverage decreases. Images should be non-negative, but are not 
because very low frequencies, including DC, are suppressed.

Thresholds were applied to select regions of strong positive pressure, representing the 
Bragg peak, and low pressure, representing the point at which the beam entered the target. 
A threshold of 80% of the maximum and minimum values was applied to select pixels near 
the Bragg peak and beam entry point into the target. Coordinates of selected pixels were then 
averaged to robustly determine the Bragg peak and entry point locations.

3.4. Targets

Two targets were utilized. A water bath provided a homogeneous and characterizable target 
with low acoustic attenuation. A gelatin phantom designed to match the nominal soft tissue 
properties for ultrasound imaging was fabricated with a cavity to mimic the intestine. Range 
estimation was performed with the intestinal cavity both empty and full of olive oil to dem-
onstrate feasibility of detecting anatomic change due to digestion. Following Sulak et al, a 
Styrofoam cone was embedded in the gelatin phantom to ensure that 50 MeV protons traveled 
into the center of the phantom. Each target was positioned approximately 10 cm distal from an 
ionization chamber. Distances along the beamline through materials that were proximal to the 
Bragg peak are provided in table 1. X-ray CT scans of the phantom and sidewall of the water-
bath yielded Hounsfield units (HU) on the standard CT scale. Using HU as proxy for density 
yields a first order estimate of relative stopping power, 1000s /ρ ρ= . Table 1 also contains 
thermoacoustic properties: soundspeed s( )ν , acoustic impedance (Z) and the dimensionless 
Grüneisen ( )Γ  for relevant materials.

Thermoacoustics relies upon rapid heating, and it is important to control that heating because 
the Grüneisen and soundspeed are temperature dependent. Although individual proto n tracks 
experience superheating (Learned 1979, Toulemonde et al 2009), dissipation occurs quickly 
so that average temperatures and induced pressures within the target volume remain low. 

Upper bounds for heating rates averaged throughout the targets and within the Bragg peak are 

computed using the formulae r
m Cave

150 J 100 Hz     
     

= µ ×
×

and r
Cpeak

2 Gy 100 Hz   
 

= × , respectively, where 

m is target mass and C represents specific heat capacity. The final column in table 2 lists the 
temperature rise per Gy for comparison.

3.4.1. Monte Carlo simulations of thermoacoustic emissions in waterbath. Testing was per-
formed in a large water bath, contained in a 112-quart storage container (HOMZ) filled with 
low conductivity water. To confirm the beam geometry Gafchromic films were suspended in 
the waterbath perpendicular to the beamline. A tight focus of 4 mm diameter at the point of 
entry (a) increased to 6 mm diameter at a depth of z  = 18 mm (b).

A SRIM simulation tracked 30 000 protons with 49 MeV energy incident upon a two-layer 
target. SRIM is a Monte Carlo program that calculates the stopping and range of ions in matter 
using a quantum mechanical treatment of ion-atom Coulomb collisions (Ziegler et al 2010). 
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It considers the velocity dependent charge state of the ion and the long range screening inter-
actions, which can create electron excitations and plasmons within the target. SRIM follows 
each ion collision and all target atom cascades, providing details of ion distribution, target 
damage, sputtering, ionization, and phonon production.

The first layer was modeled as 2 mm low density polyethylene (LDPE), representing the tank 
sidewall, followed by water in the second layer. Stopping power was reported along the beamline 
in 250 mµ  increments and predicted the Bragg peak to occur at 21.1 mm from the tank outer 
wall, or 19.1 mm inside the water. The beam was assumed to have a Gaussian radial profile with 

2 mmσ = . From this spatial distribution of the dose deposition and knowledge that 0.147 mJ were 
delivered we computed the dose deposited per pulse, D x( ), with 2.0 Gy delivered at the Bragg peak 
(figure 3(a)). The delivered beam current, I t( ), had FWHM of 1.76 s µ , as plotted in figure 3(b).

Multiplying dose by density and the Grüneisen yields initial pressure assuming instantaneous 
delivery. Instantaneous initial pressure exceeded 200 Pa in the Bragg peak and also in the LDPE, 
as shown by the gray scale image in figure 3(c), which has the same aspect ratio as figure 3(a). 
Although dose in the LDPE sidewall was comparable to that in the nearby water, the induced ini-
tial pressure was high in the LDPE because the Grüneisen of LDPE is greater than that of water.

Evaluating equation (2) at the point on the beamline 6.5 mm distal to the Bragg peak models 
a thermoacoustic pulse induced by a spill delivering current I t( ). Thermoacoustic emissions 
due to idealized instantaneous and experimentally realized spills are modeled in figure 3(c) by 
thin and thick yellow lines, respectively. Dashed green lines represent spherical surfaces over 
which the non-negative source term, dΓ , is integrated to provide M d tx, s[ ] (     )υΓ . The strong 

spatial gradient in dΓ  combined with the time derivative in t M d tx,
t s{   [ ] (     )}υΓ∂

∂
 lead to sharp 

bipolar pulses emanating from the LDPE. If the Grüneisen of LDPE matched that of water, 

Table 1. Material properties.

Material d (mm) HU ρs

νs  
(m s−1) Γ

Z  
(Mrayls)

Air 100 −998.8  ±  2.9 1.2  ×  10−3 340 NA 4  ×  10−4~ 0
Styrofoam 
cone

135 −966.1  ±  9.5 0.034 ~340 NA ~10

Gel-infused 
Styrofoam 

3 −784.0  ±  157.5 0.216 <1540 NA <300

LDPE tank 
wall

2 −222.6  ±  39.5 0.777 1950 1.14 1.52

Olive oil NA 0.911 1430 0.73 1.30
Gelatin 
phantom

−2.4  ±  4.4 0.998 1540a 0.23b 1.54

Water 0.6  ±  3.3 1 1480 0.11 1.48

Two properties of the phantom material were estimated.
a The nominal soundspeed used in ultrasound is assumed for this phantom which has low oil 
content and is similar to phantoms characterized in (Madsen et al 1982).
b A weighted average of the Grüneisen’s of water and oil was assumed.

Table 2. Heating rates.

Material m (kg) C (kJ kg−1 K−1) rave (K s−1) rpeak (K s−1) /∆T Gy(mK)

Water 100 4.2 36  ×  10−9 0.05 0.24
Olive oil 0.1 1.8 83  ×  10−6 0.11 0.56
Gelatin phantom 4 4 1  ×  10−6 0.05 0.25
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the pulse emanating from the tank wall would be a negative monopole, reduced in amplitude 
because the Grüneisen of water is lower than that of LDPE. Numerical integration over the 
sphere was performed using Gaussian quadrature over the 0,[ ]θ π∈  interval and the trapezoi-
dal rule for 0, 2[ ]φ π∈  in the detailed representation of equation (2):

∫ ∫πυ
υ θ φ θ φ=

∂
∂

Γ +
φ

π

θ

π
∗

= =
( ) [ ](   ( ))  

⎧
⎨
⎩

⎫
⎬
⎭

p t I
t t

d tx x u,
1

4
, d ds

s
2 0

2

0
 (3)

where u , cos sin , sin sin , cos( )  ( )θ φ φ θ φ θ θ=  is the standard unit vector on the surface of a 
sphere. Differentiation and convolution with respect to time were implemented in the Fourier 
domain. To analyse the impact of the current pulsewidth, subscripts will denote the beam cur-
rent. pδ denotes impulsive delivery, whereas pI denotes of pulsed current I t .( )

Although initial pressures exceed 200 Pa in the Bragg peak and LDPE, p tx,(   )δ  remains 
below 50 Pa at the distal transducer location x 0, 0, 6.5 mm( )=  as the thermoacoustic pulse 
travels past. The experimentally realized pressure, p tx,I (   ), is reduced by approximately one 
order of magnitude, due to convolution by the delivered current, I t  ( ), which is plotted in  
figure 3(b). pI is compared to pδ and the initial pressure in figure 3(c).

Spectra of thermoacoustic emissions and the sensitivity band of the P4-1 transducer are 
shown in figure  3(d). IF , the magnitude of the current spectrum is plotted in thick grey, 

Figure 3. Pulses in waterbath. (a) SRIM model of dose along beam axis plotted in 
yellow, overlaid on a cross-sectional image assuming σ = 2 mm. (b) Measured envelope 
of delivered proton current, I. (c) Initial pressure due to instantaneous spill modeled 
in the gray scale image. Dashed green lines represent spherical integration surfaces 
used to evaluate equation (3). Thermoacoustic emissions arriving at the distal location 
indicated by a square yellow box are plotted in yellow. Emissions from instantaneous 
( )δp  and experimental ( )pI  spills are plotted in thin and thick yellow lines, respectively.  
(d) Spectra and the transducer’s sensitivity bands. Spectra corresponding to emissions 
from water and LDPE plotted separately. Idealized spectra from impulsive beam 
delivery in thin lines; IF  and the bandlimited spectra plotted in thick grey and black, 
respectively. Horizontal dashed-dot lines represent regions of P4-1 sensitivity bands. 
Black is within the 3 dB region, grey lies below.
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whereas spectra of thermoacoustic emissions bandlimited by I are plotted in thick black. 
Idealized pulses due to instantaneous delivery are plotted with thin lines. Clinically relevant 
spectra from the Bragg peak and the potentially confounding spectra from the LDPE are 
plotted separately in solid and dashed lines, respectively. The spectrum of a pulse generated 

instantaneously by the LDPE sidewall, pF LDPE
δ , decays slowly, whereas the ideal spectrum 

generated by the Bragg peak, pF peak
δ , achieves its maximum below 500 kHz and has full-width 

at half-maximum of 1 MHz. Bandwidths of the experimentally realized pulses are reduced to 
700 kHz, as plotted in thick lines. The marketed 1–4 MHz sensitivity band is indicated with 
a black dashed horizontal line, whereas the 100 kHz–1 MHz region containing most of the 
signal energy is indicated by a grey dashed horizontal line.

3.4.2. Gelatin phantom with intestinal cavity. Phantoms were fabricated following the proce-
dure outlined in (Lazebnik et al 2005), with contents by weight listed in table 3. A ‘U-shaped’ 
cavity designed to mimic an intestine was located at the end of a 135 mm long Styrofoam 
cone, as seen in figure 4. The cavity had ellipsoidal cross-section (26 mm and 36 mm primary 
axes). Lightly exposed Gafchromic film placed inside the cavity confirmed the beam traveled 
through the Styrofoam cone and into the center of the cavity, and had a Gaussian profile, as 
shown in figures 2(c) and (d). When full of olive oil, the beam stopped midway through the 
oil, indicated by the solid arrow in figure 4(c). When empty, the beam traveled through the 
air-filled cavity before stopping in the phantom, as indicated by the dashed arrow.

Acoustic attenuation of thermoacoustic emissions was low. Attenuation in similar gela-
tin phantoms has been modeled as f bα , where f represents frequency in MHz. Conservative 
estimates for the constants are 1 dB cm MHz1 bα = − −  and b 1.1=  (Madsen et al 1982). As 
shown in figure 3(d) thermoacoustic emissions were bandlimited below 700 kHz, implying a 
maximum attenuation of 0.68 dB cm−1. However, the spectrum of the experimentally realized 
thermoacoustic emission from the Bragg peak achieves its maximum near 100 kHz, where 
acoustic attenuation is only 0.08 dB cm−1.

3.5. Water tank experiment

Care was taken to minimize acoustic reflections. The tank was filled to approximately 40 cm 
height, matching the width of the tank. It was positioned so that the beam entered horizontally 
at a height of approximately 20 cm, so that acoustic propagation time from Bragg peak to the 
left and right sidewalls, bottom and air–water interface was at least 120 sµ . However, two-way 
propagation time from Bragg-peak to the entry sidewall and back was 28 sµ .

Thermal stability during the 40 min acquisition window was controlled primarily by the 
large volume of water used. The tank was filled the evening prior to data acquisition, to ensure 
the water stabilized to room temperature. Table 2 provides an upper limit of 0.5 K temper ature 
increase in the Bragg peak during a 10 s acquisition of 1024 pulses. The beam was pulsed 
throughout most of the 40 min acquisition window, implying an upper limit of 120 K temper-
ature increase in the Bragg peak, but this is a gross overestimate neglecting both thermal diffu-
sion and natural convection. Diffusion alone would not suffice to maintain room temperature 

Table 3. Phantom constituents by % mass.

Water Kerosene
Safflower 
oil

200-bloom 
gelatin n-propanol Surfactant Formaldehyde

p-toluic 
acid

67.3 7.2 8.2 12.1 3.5 0.9 0.8 0.1
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but natural convection served to mix the water and maintain thermal stability. Thermoacoustic 
emissions were reconstructed assuming the soundspeed of 20° C water, 1480 m s−1.

The ultrasound array was positioned in the waterbath distal to the Bragg peak. To protect 
the electronics in the clinical array’s handle from water damage, a thin plastic bag provided a 
water-tight barrier. Acoustic coupling gel (Aquasonic) between the transducer and bag ensured 
good acoustic transmission. The transducer array was manually positioned along the z-axis, 
but stepper motors were used to position in the x-y plane. The array was aligned to the beam 
line axis with an optical alignment tool that is located inside the cave (Johnson et al 2006). 
The ultrasound array was initially centered on the beamline, 6.5 mm distal to the Bragg peak, 
with horizontal lateral orientation as if it were detecting a coronal image. Thermoacoustic 
pulses were then detected at three lateral locations, centered along the beamline and also 
translated left and right by 10 mm.

3.6. Gelatin phantom experiment

Data was again collected with the transducer array located on the beamline, distal to the Bragg 
peak. Ultrasonic gel was applied to the P4-1 array to achieve acoustic coupling. B-mode imag-
ing was performed first to ensure the P4-1 transducer was located along the beamline, and raw 
ultrasound data was saved to disk in order to perfectly co-register ultrasound and thermoa-
coustic images. Without moving the P4-1 array, 1024 thermoacoustic pulses were averaged on 
the Verasonics’ host computer and saved to disk. Two sets of thermoacoustic emissions were 
recorded, one with the cavity empty and another with the cavity filled with olive oil. Acoustic 
propagation speed was assumed to be 1540 m s−1 for both ultrasound and thermoacoustic 
imaging (Madsen et al 1982).

Care was taken to minimize heating in the phantom, and the pulsed beam was delivered 
for only 5 min per phantom experiment. During a 10 s acquisition table 2 implies upper limits 
on Bragg peak heating of 1.1 K and 0.5 K in the olive oil and gelatin phantom, respectively. 
During the five-minute acquisition windows these estimates become 33 K and 15 K, enough 
to affect the Grüneisen and soundspeed. Although more viscous than water, convection likely 
occurred in the olive oil, as no temperature increase was noted when the oil was removed after 
each ‘cavity full’ measurement. However, diffusion was the only mechanism providing ther-
mal stability in the solid gelatin phantom. 15–30 min of positioning time between experiments 
allowed for some thermal stabilization.

Figure 4. CT scans of phantom shown with display window (−1000, −900) HU. 
Ellipses indicate regions over which HU values were averaged for table 1. (a) Axial 
slice through styrofoam cone. (b) Axial slice through air-filled cavity. (c) Coronal slice 
in which beam traveled through styrofoam cone and cavity.
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4. Results

Signal averaging was required to visualize the Bragg peak in the data as displayed in real-time 
on a computer monitor. In the interest of time, an overly conservative choice of 1024 proton 
pulses was made.

Figure 5. Water tank results in which transducer is translated in 1 cm increments 
perpendicular to the beamline. In figures (a), (d) and (g) the transducer axis is 1 cm left 
of the beamline. In figures (b), (e) and (h) the transducer is centered on the beamline, 
and in figures  (c), (f ) and (i) it is 1 cm right of the beamline. (a)–(c) Filtered P4-1 
data, with timing measured from chopper plate discharge, not entry of beam into target. 
Horizontal axes represent channel number. (d)–(f ) Reconstructions of the data reveal 
the Bragg peak as a monopole 6.5 mm from the transducer. The proximal end of the 
beam as it enters the LDPE appears as a bipolar mark. (g)–(i) Regions of strongest and 
weakest pressures from (d) to (f ) overlaid onto Monte Carlo simulations in green and 
red, representing Bragg peak and LDPE, respectively.
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4.1. Water tank results

The pulse emanating from the Bragg peak was nearly spherical, and traveled outward in all 
directions. The part that traveled towards the entrance wall was reflected and returned to the 
transducer array. All three pulses, Bragg peak direct, LDPE direct and Bragg peak reflected, 
can be seen in figures 5(a)–(c), where readouts from all 96 transducer channels are displayed.

Acquisition of thermoacoustic emissions was triggered by the same signal as the chop-
per, which initiated proton acceleration. Only after protons were delivered to the target could 
subsequent thermoacoustic emissions travel to the transducer array. Because the transducer’s 
2.8 cm lateral width exceeded its axial distance from the Bragg peak by a factor of four, chan-
nels on the array closest to the Bragg peak detected signal sooner than those on either end, 
causing arc-shaped first arrivals in the data show in figures 5(a)–(c). White and black vertical 
lines in figures 5(b) and (c) represent delays between proton delivery and first arrival of the 
Bragg peak signal in channels 1 and 96 on either end of the transducer array. White and black 
lines in reconstructed images in figures 5(e) and (f ) have length of the corresponding time 
delays multiplied by soundspeed. To determine the time at which protons were delivered to 
the target, reconstruction was performed over a range of delivery times. The Bragg peak and 
LDPE signals came into focus using to  =  61 sµ  after the chopper plate discharge.

The P4-1 array was positioned about 1″ from tank wall, attached to a stepper motor that 
translated nearly parallel to vertical tank wall. Data was collected at three transducer posi-
tions: centered with respect to the Bragg peak, and translated right and left by 1 cm each. 
Shifted arcs in filtered data shown in figures 5(a)–(c) correspond to shifted Bragg peak loca-
tions reconstructed in figures  5(d)–(f ) and overlaid onto Monte Carlo dose simulations in 
figures 5(g)–(i).

The Bragg peak is reconstructed as a round monopole in figures 5(d)–(f ), whereas the LDPE 
tank wall appears as an oblong bipolar structure. The bipolar nature of the LDPE interface is 
due to its high thermal expansion coefficient. The front and back edges generated compres-
sional and rarefaction pulses, respectively. Lateral smearing of the entry point into the LDPE 
is a limited angle reconstruction artifact. Angular coverage of the Bragg peak exceeded 120° 
(atan(14/6.5)), whereas coverage of the beam entry point was less than 60° (atan(14/26.5)).

Relative amplitudes of the Bragg peak and LDPE pulses agree qualitatively with back-
of-the-envelope calculations that account for differences in dose deposition, Grüneisen, and 
distance to the transducer element. The 49 MeV beam deposits into the LDPE only 1/6 of the 
dose at the Bragg peak, but the Grüneisen is an order of magnitude higher in LDPE than water. 
Therefore, the initial pressure jump in the LDPE is a factor of 1.7 greater than in the Bragg 
peak. Acoustic attenuation is negligible in water, but geometric spreading of the nearly spheri-
cal acoustic pulses emanating from Bragg peak and the point of entry on the LDPE reduce 
their amplitudes by factors of 1/6.5 and 1/26.5  =  1/(6.5  +  20), respectively. Therefore, pulses 
from the Bragg peak should be two times stronger than those from the LDPE front wall. In 
figure 5 the ratios range from 1.6 to 1.9.

Using local maxima and minima in the images figures 5(d)–(f ) to quantify distance between 
the points of maximal dose in the Bragg peak and the minimum in the air-LDPE interface con-
sistently underestimates the 21.1 mm range with results from 19.9 mm to 20.3 mm, as shown 
in figures 5(d)–(f ) and overlaid in figures 5(g)–(i).

4.2. Phantom results

Images in figure 6 show translation of the Bragg peak due to air in the intestinal cavity and 
highlight the difficulty of using ultrasound imaging alone for range verification. Filtered time 
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series and reconstructed thermoacoustic images are shown above grayscale ultrasound images 
with overlays of Bragg peak location in yellow and beam entry point in red. Sagittal images 
with the cavity filled with olive oil and empty are shown in the ‘a’ and ‘b’ subfigures, respec-
tively. Thermoacoustic images from both empty and filled cavity are overlaid onto the coronal 
ultrasound image in subfigure ‘c’. The oil-filled cavity in figure 6(a3) appears as an anechoic 
dark region, but reflection of ultrasound at an air/tissue interface in figure 6(b3) makes the 
speckle pattern inside the cavity similar to that of the surrounding phantom material.

Although the transducer-to-Bragg peak distance doubles when the cavity is filled with 
olive oil, SNR increases because the thermal expansion coefficient of olive oil (figure 6(a1)) 
is higher than that of the gelatin phantom (figure 6(b1)). Additionally, the late-arriving signal 
from olive oil displays a weaker curvature than that from the gelatin, because the transducer to 
Bragg peak distance is nearly doubled when the cavity is filled with olive oil.

Thermoacoustic range estimation was again performed by averaging locations of pixels 
at which the reconstructed images exceeded the 80% threshold. The shape of these regions 
became increasingly oblong with distance from the transducer, as seen in figure 6(c3), where 
overlays from both empty and full cavity measurements are displayed.

Range in the phantom was estimated from the CT scans as follows: The Styrofoam 
cone accounted for the equivalent water depth of 4.59 mm  =  135 mm * 0.034 and another 

Figure 6. Time series, reconstructions and overlays onto grayscale ultrasound images. 
Subfigures are labeled with letters corresponding to transducer orientation and 
cavity status, and numbers indicate data type. (a) Sagittal, cavity filled with olive oil.  
(b) Sagittal, cavity empty. (c) Coronal, cavity filled with olive oil. (d) Coronal, cavity 
empty. (1) Filtered thermoacoustic time series, (2) reconstructed thermoacoustic image, 
(3) grayscale ultrasound image with Bragg peak overlaid in yellow; beam entry point 
into high stopping power target in red. Overlays from both empty and filled cavity are 
shown in (c3).
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0.65 mm  =  3 mm * 0.216 in the gelatin-infused cone tip. This left 21.1–5.2  =  15.9 mm/ρs 
penetration into subsequent material. The Bragg peak was therefore expected to occur 
15.9 mm  =  15.9 mm/0.998 from the air-gelatin interface when the cavity was empty, and 
17.5 mm  =  15.9 mm/0.911 when the cavity was filled with olive oil. Overlays of the Bragg 
peak onto the gelatin phantom agree within 1.4 mm, but overestimate the range in non-aerated 
olive oil by 1.1 mm. In figure 6(c3), reflectors within the olive oil are likely small air bubbles 
that may have reduced stopping power and increased the range.

Phantom data was collected three hours after water tank data, with exactly the same chop-
per electronics so the same 61 sµ  time delay between chopper discharge and proton delivery 
was utilized for image reconstruction. Because the transducer was more than 3 cm distal to 
the Bragg peak, first arrivals in phantom data in figures 6(a1) and (b1) have modest curvature 
compared to the water tank data in figures 5(a)–(c). Optimizing focusing of the Bragg peak 
with respect to beam delivery time would not have been robust due to the weak curvature of 
the first arrivals.

5. Discussion

We have presented two synergistic and novel improvements to thermoacoustic range verifica-
tion: First, proton pulses delivered a therapeutic dose of 2 Gy in less than 2  µs, and gener-
ated broadband thermoacoustic emissions. Second, a clinical ultrasound array detected those 
pulses to create images of the Bragg peak that are perfectly co-registered with ultrasound 
images that can display the treatment field.

Range estimates appeared to be nearly as accurate from 6 cm distal in a phantom laden 
with diffuse reflectors than from 6.5 mm distal in a waterbath where acoustic attenuation is 
negligible. In the waterbath, the Bragg peak was reconstructed as a round shaped monopole, 
and we underestimated the range by 1.2 mm compared to Monte Carlo simulations. In the 
empty phantom, reconstructions of the Bragg peak were oblong. When the transducer array 
was 3 cm distal agreement with range estimates was within 1.2 mm. When the cavity was filled 
with olive oil, the transducer was 6.5 cm distal and we overestimated the range by 1.4 mm. 
These results in the gelatin phantom confirm that thermoacoustic range verification is robust 
to acoustic attenuation because thermoacoustic emissions from pulsed proton therapy beams 
are low frequency.

Robustness of range estimates from limited aperture clinical transducer arrays will depend 
more on orientation of the array relative to the Bragg peak rather than distance. This can be 
understood from two perspectives. Firstly, frequency content is higher when measured from 
distal locations as modeled by Alsanea et al (figure 2), and exploited by Assmann et al to 
detect pulses with MHz frequency content. Secondly, limited angle streak artifacts in recon-
structed images run approximately parallel to the transducer surface. Transducer placement 
distal to the Bragg peak with face perpendicular to the beamline results in streaks artifacts 
perpendicular to the beamline, which serve to pinpoint the Bragg peak location, as shown by 
overlays in figure 6. Lateral displacement with transducer face parallel to the beamline would 
result in streaks running parallel to the beamline, degrading accuracy. We therefore elected a 
distal transducer location for this benchtop study. Clinical constraints may not always permit 
distal transducer positioning, forcing one to rely upon separation between the lower-frequency 
compression and rarefaction peaks measured at lateral transducer displacements (Jones et al 
2014, 2015).

Thermoacoustic range verification with overlay onto ultrasound images will be robust sound-
speed inhomogeneity and modest transducer positioning errors. Soundspeed inhomogeneity 

S K Patch et alPhys. Med. Biol. 61 (2016) 5621



5636

can distort ultrasound images, but thermoacoustic estimates of the Bragg peak location will be 
similarly distorted, so that the peak will be overlaid onto the correct tissue even if the absolute 
range estimate is incorrect. Additionally, the series of waterbath images demonstrate robust-
ness to lateral offsets of the transducer position, which is critical for in vivo application.

The work we have done to date is preliminary and has limitations. Most notably, we 
failed to minimize signal averaging for either transducer. Range estimates in the phantom 
were crudely done and should be improved by a comprehensive stoichiometric conversion of 
Hounsfield units to proton stopping power (Schneider et al 1995) in a more suitable phantom. 
Following Sulak et al, we utilized Styrofoam to translate the Bragg peak deep into the gelatin 
phantom. However, the exact composition of the cone is unknown, precluding accurate Monte 
Carlo modeling. Additionally, vertical streaks in the ultrasound images 6a3 and 6c3 indicate 
that the beam may have damaged the Styrofoam changing the range slightly as we worked. 
Additionally, a typical clinical dose of 2 Gy was deposited per pulse, and 1024 pulses were 
averaged by the clinical array. Thermoacoustic pulses generated by idealized instantaneous 
and experimentally realized spills each containing 2e7 protons achieved maximum pressures 
of 40 Pa and 11 Pa, respectively, as plotted in figure 3(c). Finally, the tightly focused 50 MeV 
beam was not as energetic as a therapeutic beam and could penetrate only 2 cm in water 
and phantom material. Higher energy clinical beams typically have larger radius upon entry 
and experience more range straggle, further spreading the delivered dose which will generate 
lower frequency thermoacoustic emissions, so validation at clinical beam energies will be 
critical.

Future directions of research include further reducing proton beam pulsewidth and modi-
fying the injection line to ensure safe delivery of rapid and intense ion pulses, improving 
sensitivity of a few elements to very low acoustic frequencies, and reconfiguring our setup to 
enable online adaptive treatment.

Reducing spill time will increase bandwidth and maximum pressure induced, reducing 
the number of pulses required. Delivering proton pulsewidths of 1 sµ  should be feasible for 
LBNL’s 88″ cyclotron with relatively minor improvements to the chopper. Similar choppers 
can be installed in any system with sufficient space for a deflector plate between the ion source 
and the point at which the beam is accelerated, i.e. before the cyclotron inflector for external 
ion sources or close to the cyclotron middle region for internal ion sources. Next generation 
systems utilizing laser driven proton beams will deliver a broad energy spectrum with nano-
second pulse durations, presenting both an opportunity and a challenge. Short proton pulse 
durations will be ideal for thermoacoustics, but dose will not be concentrated in the Bragg 
peak. Validating energy selection methods (Masood et al 2014) will require quantifying dose 
along the entire beamline rather than merely identifying the Bragg peak location.

To minimize the risk of overdose, the ion source and chopper should be designed so that 
the system’s default state is no acceleration. Ions should be accelerated only when deflected 
towards the acceleration point. Additionally, a safety interlock on the chopper limiting deflec-
tion time would limit the maximum dose delivered per pulse.

Customized ultrasound arrays will be required to generate clinical quality ultrasound 
images and detect thermoacoustic emissions generated by rapid delivery of a 2 Gy thera-
peutic dose. Diagnostic ultrasound is an established and highly optimized technique utilizing 
envelope detection, which reduces image resolution to the envelope width. In comparison, 
half-wavelength resolution can be achieved by backprojecting thermoacoustic emissions. 
Additionally, frequency of B-mode ultrasound measurements is determined by the center 
frequency of the transmitted ultrasound pulse, whereas thermoacoustic spectra are low-pass 
limited by ion pulse duration and beam shape. Therefore, we anticipate maintaining the center 
frequency of ultrasound imaging channels above 1 MHz and incorporating a few elements 
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sensitive to frequencies below reciprocal of the ion pulsewidth, e.g. 500 kHz for the current 
LBNL chopper. The low frequency elements will be dedicated to detecting thermoacoustic 
emissions, so they may operate in receive-only mode. Matching their frequency response to 
thermoacoustic emissions will allow us to reduce signal averaging, while leaving the ultra-
sound image quality unchanged.

Finally, the system should be reconfigured to minimize dose and enable online adaptive 
treatment. In these experiments, beam was pulsed continuously, even while saving data to 
disk. Instead, the ultrasound system should trigger both chopper and oscilloscope to which 
the scintillator is read out. This configuration would enable online treatment management on 
a spot-by-spot basis. The ultrasound system’s host computer could track motion in ultrasound 
images and trigger beam delivery only when the target was properly positioned, and imme-
diately overlay thermoacoustic emissions to validate that the spot had been properly treated.

6. Conclusions

Thermoacoustic range verification with better than 1.5 mm accuracy in homogeneous targets 
has been demonstrated with a commercial clinical ultrasound array, but at doses exceeding the 
clinical realm. Further optimization of both transducer array and injection line chopper will 
be required to enable online adaptive planning for treating tumors that can be visualized by 
ultrasound.
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