
Thermoacoustic Range 
Verification for Ion Therapy

SK Patch1, M Kireeff-Covo2, A Jackson2, YM Qadadha1, 
KS Campbell2, RA Albright2, P Bloemhard2, AP Donoghue2, CR Siero2, 

TL Gimpel2, SM Small2, BF Ninemire2, MB Johnson2, and L Phair2

1UW-Milwaukee
2Lawrence Berkeley National Lab



Thermoacoustic Range Verification
inverse source problem



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2= 1 J/m3     



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2= 1 J/m3     = 1 J/kg  kg/m3



Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ



δp = Γ ρ D

Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ



δp = Γ ρ D

Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ
Γ ∼ 0.1 in soft tissue
ρ = 1000 kg/m3 



δp = Γ ρ D

Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2

∼ 100 D

= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ
Γ ∼ 0.1 in soft tissue
ρ = 1000 kg/m3 



δp = Γ ρ D

Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2

∼ 100 D

= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ
Γ ∼ 0.1 in soft tissue
ρ = 1000 kg/m3 

Clinical margin: 1 mm +  3.5% target depth



δp = Γ ρ D

Thermoacoustic Range Verification
inverse source problem
- rapid heating     (stress confinement) 
- pressure jump (ultrasound) 
- time of flight (sonar)

1 Pa = 1 N/m2

∼ 100 D

= 1 J/m3     = 1 J/kg  kg/m3= 1 Gy ρ
Γ ∼ 0.1 in soft tissue
ρ = 1000 kg/m3 

Clinical margin: 1 mm +  3.5% target depth



Experimental Setup
Accelerator: 88” cyclotron at LBNL

50 MeV protons, lost 1 MeV in ion chamber 
2 μA for 2 μs on target
4.2 mm FWHM beam width
2 Gy/pulse in water target (SRIM)

Ultrasound clinical array with 96 channels, 300 μm pitch
Hardware: 1000 pulses averaged

Targets:  water in 112-qt  LDPE container 
gelatin phantom mimics muscle (ultrasound)
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4 pC single-turn

Simulations
Positive (compressional) followed by weak 
negative   (rarefactional)
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4 pC over 2 μs @ 10 MHz 49 MeV: 4 pC in 2 μs 4 pC in 6 μs
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Waterbath 
Results

1 cm left centered 1 cm right
21.7±0.2 21.9±0.0 22.0±0.02

Expect 21.1 mm 
range 

- within 1 mm
- consistently high
- 5 realizations

Patch, et al PMB 2016



Phantom Experiment 
Gelatin phantom designed to
- mimic ultrasound properties of muscle
- detect error due to gas pocket

ρs=0.998

ρs=0.034
ρs = 0.911 olive oil
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TA Range Ver. take-aways
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- off-the-shelf cardiac ultrasound array detected TA emissions from 
2 Gy peak, but required overdosing the phantom

- custom ultrasound hardware sensitive to TA emissions required 
to detect within therapeutic dose limits

- fast dose deposition increases TA signal strength and bandwidth
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