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Recap: Range Uncertainties 
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• Prompt Gamma imaging 
• PET imaging
• Ionoacoustics 
• Magnetic Resonance Imaging 

In-vivo range or treatment verification in particle therapy 
Time matters !

Motivation: Accurate knowledge of the exact stopping location of ions inside the patient would allow a full 
exploitation of their ballistic properties.

’real time’, in-beam (<ms)
delayed, in-beam and post-treatment (ms to min)
delayed, in-beam (<ms)
days to weeks



Challenge and Impact
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• reduced planning margins
• new beam configuration 
• adaptive treatment strategies
• improved treatment outcomes

Range?How to measure a signal from the Bragg peak 
during treatment
à all primary protons stop inside the patient

Proton pencil beam in the head 

àmeasure secondary signatures

àcorrelate physiological changes

CTV

PTV
Impact

Challenge



Prompt Gamma Imaging
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• energetic 𝛾 emission from excited target nuclei  (C,O,N)
• de-excitation <1ns of prompt 𝛾 after nuclear inelastic interaction 
• spectrum over several MeV, 
• exponentially decreasing with characteristic emission lines
• can escape the patient, isotropic emission

Figure adapted from https://www.med.physik.uni-muenchen.de/research/range-
verification/promptgamma/index.html

• spatial information (spatial location of 
emission is of interest - collimation system)

• temporal information - exploit the TOF 

• exploit the photon energy à spectroscopy 

𝜸

𝜸
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Prompt Gamma Spectroscopy
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Water and 
polyethylene 

target

Reached clinical testing

Measured discrete 
prompt gamma 

emissions



Prompt Gamma Imaging
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3D imaging capabilities 

requires dedicated 
sensor developments

Figure adapted from 
https://www.med.physik.uni-
muenchen.de/research/range-
verification/promptgamma/index.html



Positron Emission Tomography

• Positron undergoes Coulomb interactions with atomic electrons until its 
annihilated into two photons at 511keV in opposite direction

• Detect two 511keV photons – that’s the PET signal
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• Nuclear fragmentation reactions between ions and traversed tissue
• Radioactive 𝛽!decay is induced from ion irradiation

A(Z,N) à A(Z-1,N+1) + e+ + ve

Short lived positron emitting isotopes 11C 13N 15O

Half life times 11ms for 12N up to 20min for 11C. 

𝜸

𝜸



PET Imaging



Ionoacoustics
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Ionoacoustics
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Stopping of ions à local heating à thermal expansion à pressure wave
Cylindrical waves from the entrance
Spherical wave from the Bragg Peak Simulation of wave propagation

Pressure wave is weak and typically below 200kHz



MR imaging

• MR offers good soft-tissue contrast 
• detect physiological changes that correlate with beam range
• post-treatment verification using T1 weighted MRI scans
• In vivo proton range verification on spine could be demonstrated 
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Latest developments from Oncoray in Dresden:

Online MR imaging during proton irradiation 



Conclusion

• Non-invasively measuring the proton range online and 
in-vivo is challenging 

• Secondary signals are correlated with the Bragg peak 
location
– prompt 𝛾
– Position emission tomography (PET)
– Ion-acoustic  

• MR imaging might be an alternative solution
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