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Discussion outline 
 
•A basic review of physics and dosimetry 
considerations for calculating dose from 
heavy charged particles. 
 

•Physical versus biological dose. 
 

•Delivery aspects of proton radiotherapy: 
passive scattering versus spot scanning. 
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From Amaldi and Kraft, “Radiotherapy with beams of carbon ions, Reports on Progress in Physics, 68, (2005) 
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Electrons, protons, 
heavy ions Photons, neutrons 

• infinite “range” 
 

• e-ux exponential 
attenuation 
 

• secondary charged 
particles responsible for 
energy deposition 
 

• neutrons and high-energy 
photons can undergo nuclear 
interactions. 

• finite range 
 

• stopping power, linear energy 
transfer 
 

• primary charged particle will 
deposit energy while “slowing-
down” 
 

• produce secondary charged 
particles 
 

• protons and heavy ions can 
undergo nuclear interactions 



2012 Physics & Biology Review Course Proton Radiotherapy 101 

0

20

40

60

80

100

120

0 5 10 15 20 25 30

Depth (cm)

%
 D

ep
th

 D
os

e

15MV 6MV

Build-up region 
(secondary electrons)  

Dose fall-off 
Photon attenuation, (primary and 

scatter), secondary electron transport  



2012 Physics & Biology Review Course Proton Radiotherapy 101 

Hydrogen Atom Proton 
Charge = +1 

Rest Mass ≈ 938 MeV 
Discovered by Ernest Rutherford 1918  
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Proton vs Electron 
100 MeV proton 15 MeV electron 

10 cm 

Multiple 
scatter 

Ratio of proton mass to 
electron mass = 1836 
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How does a proton deposit energy 
as it moves through a material? 

Ionization (Hard Collisions) 
 

Excitation (Soft Collisions) 

Elastic Scatter 
 

Non-Elastic collisions 

Interact with 
surrounding electrons 

 
Electrons interact in the 

same manner 

Interact with 
surrounding nulcei 
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The charged particle energy loss rate is based upon 
the collisional and nuclear stopping powers (CSDA) 

energy transferred to electrons  
via ionization and excitation 

energy transferred to recoiling  
atoms via elastic collisions 

• The stopping power or LET provides a crude characterization 
of charged particle tracks. 
 

• The radial extension of the particle tracks (and therefore the 
dose distribution) due to the lateral transport of secondary 
particles such as δ-rays is not accounted. 
 

• The statistical fluctuation of energy loss along the particle 
track (energy-loss straggling) is not accounted. 
 

• Particle removal due to inelastic collisions is not accounted. 

Radiative 
interactions 
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Comparison of stopping power components 
for protons incident on water 
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ICRU Report 63 
 
Nuclear Data for Neutron and Proton Radiotherapy and 
for Radiation Protection 

Primary Proton 
Secondary Neutron 
Eavg = 18.9 MeV 
Number = 0.81  

Secondary Photons 
Eavg = 4.4 MeV 
Number = 0.47 

Secondary Proton 
Eavg = 24.7 MeV 
Number = 1.7 

Secondary Alpha 
Eavg = 7.0 MeV 

Number = 0.81  

Secondary Deuteron 
Eavg = 33.2 MeV 
Number = 0.28  
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Cross-section and energy transfer summary for 200 MeV p + 16O 

σnon = 295 mb 

Neutrons Mn = 1.265 En = 36.74 MeV fn = 0.232 

Protons Mp = 2.165 Ep = 43.39 MeV fp = 0.470 

Deuterons Md = 0.428 Ed = 45.75 MeV fd = 0.098 

Tritons Mt = 0.000 Et = 00.00 MeV ft = 0.000 

Alphas Mα = 0.853 Eα = 9.87 MeV fα = 0.042 

Gammas Mγ = 0.373 Eγ = 4.38 MeV fγ = 0.008 

A > 4 recoils - - fA>4 = 0.021 

Cross-section and energy transfer summary for 60 MeV p + 16O 

σnon = 362 mb 

Neutrons Mn = 0.438 En = 11.93 MeV fn = 0.087 

Protons Mp = 1.322 Ep = 17.45 MeV fp = 0.385 

Deuterons Md = 0.192 Ed = 24.60 MeV fd = 0.079 

Tritons Mt = 0.000 Et = 00.00 MeV ft = 0.000 

Alphas Mα = 0.733 Eα = 5.82 MeV fα = 0.071 

Gammas Mγ = 0.549 Eγ = 4.65 MeV fγ = 0.043 

A > 4 recoils - - fA>4 = 0.046 



2012 Physics & Biology Review Course Proton Radiotherapy 101 

Why do we care about the proton 
nuclear interactions and the 

associated by-products? 
 

• Radiation protection & shielding from the secondary 
neutron and photon contamination 
 

• The LET (linear energy transfer) and RBE (relative 
biological effectiveness) of secondary charged 
particles 
 

• Treatment planning considerations for the primary 
proton: removal and end-of-range straggling 
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1m 

1m 

Cylindrical 
Water phantom 

200 MeV 
protons 

Secondary neutron production associated 
with passive collimation components 

Relative neutron fluence 
from non-elastic 

interactions of proton in a 
simulated brass collimator 
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“Biological” vs. Physical Dose for Neutrons 

Eavg = 20 MeV 
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Type and energy range Radiation weighting factor 
(wR) 

Photons, all energies 1 
Electrons & muons, all energies 1 
Neutrons, energy < 10keV 5 
                                 10 keV to 100 keV 10 
                                 100 keV to 2 MeV 20 
                                  2 MeV to 20 MeV 10 
                                  > 20 MeV 5 
Protons, other than recoil protons,  E>2MeV 5 
Alpha particles, fission fragments, heavy nuclei 20 

RTRRT DwH ,, =
Equivalent dose (HT,R) 
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Passive collimation 
system for 

treating prostate 
cancer at the MD 
Anderson Proton 
Therapy Center 

Tue et al., Reducing stray radiation dose to patients receiving 
passively scattered proton radiotherapy for prostate 
Cancer”, Med. Phys. 53, (2008). 
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C-12 He-4 H-1 

Gaussian pencil beam of 
monoenergetic ions 
incident on a water 

phantom 

Range in water 
≈ 7.7 cm 

10 cm 

10 cm 

Eo = 2243 MeV Eo = 400 MeV Eo = 100 MeV 
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Low LET 
Optimal 
≈100 keV/µm Overkill 

From Hall 



2012 Physics & Biology Review Course Proton Radiotherapy 101 

A comparison of LET values 
for different heavy ions 

Plateau Peak 
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GEANT4 Monte Carlo simulations 
of proton and carbon energy 
deposition tracks in water 
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Radial extent of δ-ray energy 
Deposition (heavy ions) 

Radial extent of δ-ray energy 
Deposition (protons) 

Discrete ion-electron collisions 
producing knock-on electrons (δ-ray) 
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The biological considerations of heavy particle 
radiotherapy and accounting for RBE 

Bettega et al., “Neoplastic transformation induced by carbon ions”, IJROBP, 73, (2009) 

Clonogenic survival 
of CGL1 cells 
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Monoenergetic Bragg Peaks 
 
Each energy has a maximum range based upon the material stopping powers. 
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Comparison of the physical absorbed dose (left panel) and measured cell 
survival of CHO cells (central panel) in an SOBP for various doses. RBE 
values calculated from the measured cell survival are shown in the right 
panel. The dose has to decrease at the distal part in order to achieve a 
homogeneous biological effect over the simulated tumour. 

Spread-out bragg peak? 

From Amaldi and Kraft, “Radiotherapy with beams of carbon ions, Reports on Progress in Physics, 68, (2005) 
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Reproduced from HyperPhysics, C.R. Nave 2012 
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Microwave source based proton injector 
20 keV injection energy 
 
208 MeV maximum accelerated proton energy 
 
 

Hydrogen gas supply 

Midwest Proton Radiotherapy Institute 
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Passive 
Scattering 
System 

Yoon et al. “Computerized tomography-based quality assurance tool for proton range 
Compensators”, Med. Phys., 35, (2008). 
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1 meter 1 meter 

a b c 

a. Range wheel 
b. collimator 
c. H2O phantom 
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Range Modulation Wheel 

Beams-Eye View Side View 

The thickness of each 
plate determines the energy 
of the shifted bragg peak 

The opening angle of each 
pie section determines the  
relative weight of each 
bragg peak. 

Beam Port 
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Range Modulation versus 
Fluence Modulation 

Brass collimator 
serves to collimate 

the incident beam in-
plane and cross-plane 

 
Plastic compensator 

modulates the energy 
as a function of PTV 

depth. 
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Commissioning of the discrete spot scanning proton beam delivery system at the University of 
Texas M.D. Anderson Cancer Center, Proton Therapy Center, Houston 
Michael T. Gillin,a Narayan Sahoo, Martin Bues, George Ciangaru, Gabriel Sawakuchi, Falk Poenisch, 
Bijan Arjomandy, Craig Martin, Uwe Titt, Kazumichi Suzuki, Alfred R. Smith, and X. Ronald Zhu 
Department of Radiation Physics, U.T. MD Anderson Cancer Center, Med. Phys. 37, (2010). 
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Spot Scanning & IMPT 
(Intensity Modulated 

Proton Therapy) 
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THE SUPERCONDUCTING CYCLOTRON AND BEAM LINES OF PSI’S NEW 
PROTON THERAPY FACILITY “PROSCAN” 
J.M. Schippers, J. Cherix, R. Dölling, P.A. Duperrex, J. Duppich, M. Jermann, A. 
Mezger, H.W. Reist, and the PROSCAN team, PSI, Villigen, Switzerland 

Energy modulation can 
be accomplished using a 
pair of opposed wedge 
degraders that operate 
on a 50ms time scale 



2012 Physics & Biology Review Course Proton Radiotherapy 101 

Monte Carlo generated spot kernels 
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5mm FWHM 2.5mm FWHM 1.5mm FWHM 

Virtual spot scanning with 100 MeV protons, Bragg peak depth ≈ 7.0cm 
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Spot size FWHM = 1mm 

Virtual spot scanning with 100 MeV protons 
Bragg peak depth ≈ 7.0cm 
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Antiproton Radiotherapy: Development of Physically and 
Biologically Optimized Monte Carlo Treatment Planning Systems 

for Intensity and Energy Modulated Delivery 
 

Courtesy of Benjamin Fahimian, Submitted to Young Investigator 
Symposium AAPM 2009. 
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Monte Carlo calculated 
monoenergetic dose kernels 

Fahimian 2009 
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Individual Proton “Spots” 

Uniform 
Weighting 

Optimized 
Weighting 
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Proton Range 
Uncertainty: Motion & 

Heterogeneities 
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5-room Proton 
Therapy Facility 

 (courtesy of Advanced Particle 
Therapy (APT) and Varian Medical 

2-room Proton 
Therapy Facility 

 (Proteus Nano, courtesy of iba 
Proton Therapy 
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Cyclotron 

Proton Beam-Line 

courtesy of iba Proton 
Therapy 
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Heidelberg Ion Treatment Facility 

Stationary beam port 

Robotic table 

Ceiling-mounted x-ray 
unit for image guidance 

Gantry Tx area 
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Fixed Beam Room 

Gantry Room 

courtesy of iba Proton 
Therapy 
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