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Introduction 
§  	GOAL è	Comparison of PENH, TOPAS and FLUKA codes regarding the simulation of a 

monoenergetic proton pencil beam. 

Ø Simulation of interaction of protons with matter using Monte Carlo tecniques è depth dose 
(Bragg peak), central-axis dose in water and angular distributions of protons after passing 
thin slabs of different materials. 

Ø Differences between the physics ingredients of the codes è differences in the results? 
 
Ø Physics ingredients: theory of Multiple Coulomb Scattering (MCS) and treatment of nuclear 

reactions 

Ø Differences in the Monte Carlo procedure. 
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Monte Carlo codes 
§  Penh (Salvat 2013, Nucl. Instr. Meth. Phys. Res. B 316 (2013) 144).  Versión 2014.	

ü  	A mixed (class II) algorithm for Monte Carlo simulation of the transport of protons, and 
other heavy charged particles, in matter.  

 
ü Emphasis on the electromagnetic interactions (elastic and inelastic collisions), simulated 

using strategies similar to those employed in the electron–photon code Penelope 
		
§  TOPAS (Perl et al., Med Phys. 2012; 39(11): 6818. Version 3.1. 

ü Based in Geant4 
 
ü Physics module è g4em-standard opt4 as physics module.  
 
ü In Geant4, electromagnetic (EM) interactions of the charged particles are grouped in the 

condensed history (CH) approach. 
	
§  FLUKA (Ferrari et al., , CERN Yellow report 2005-10 (2005) 1. Version 2011. 

ü Single Coulomb scattering events are condensed in a multiple scattering algorithm. 
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Interaction of protons with matter 
§  Radiotheraphy protons (3-300 MeV) interacts with matter in 

three ways:  

ü Multiple collisions with atomic electrons cause them to lose energy 
and eventually stop : Stopping  (Bethe-Bloch equation) 

ü Multiple collisions with atomic nuclei cause them to scatter by a few 
degrees :  (Multiple Coulomb Scattering) è Molière theory 

ü Occasional hard scatter by nuclei or their constituents throw dose 
out to large distances from the beam è Nuclear interactions 
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Interaction of protons with matter 
§ 	Around 20% of the protons in a radiotherapy beam suffer a hard 

scatter before stopping. 

§ Many physics problems (beam line design) è solved considering 
only Stopping and MCS è primaries protons 

§ For predicting dose distribution in a patient è needed to include 
nuclear reactions è secondaries 

§ Then, dose in a medium can be calculated approximately well 
neglecting secondaries 
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Interaction of protons with matter 
§ 	Dose calculation: 
Ø A simple example è an infinitesimal volumen (water) of frontal area dA and thickness 

dz exposed to dN monoenergetic protons of 160 MeV  at normal incidence: 
 
 
	
	
	
	
	
	
Ø A reasonable clinical dose rate is around 1 Gy/min è proton radiotherapy currents 

are on the order of nA	
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Interaction of protons with matter 
§  Stopping è definition of range: 
Ø From the Bragg peak: 
 
Ø Theoretical CSDA: 
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Interaction of protons with matter 
§ 	Comparison with theoretical range: 
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Interaction of protons with matter 
§ 	Multiple Coulomb scattering (MCS): 
ü Gaussian approximation     è 
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Interactions of protons with matter 
§ Highland approach è from the Molière theory. Hanson, an aditional 
correction. 

§ Experimental data: From Gottschalk et al. 
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Results: Bragg peak in water 
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Results: Central-axis dose 
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Results: angular distribution 
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Lucite: 1.2075 cm 
 
E= 158.6 MeV 
	



Results: angular distribution 
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Conclusions and perspectives 
	

§  Good intercomparison between the codes, but it is needed to include properly the effect of nuclear 
reactions è calculations with the new versión of PENH (Version 2020). 

§  Recently, new experimental data from West German Proton Therapy Centre Essen (WPE) (N. Verbeek 
et al.) 

§  Aluminum, brass and lucite (PMMA) scatterers of clinically relevant 20 thicknesses were irradiated 
with protons at 100, 160 and 220 MeV. 

§  Goal è to develop an experimental method to measure MCS angles at a proton therapy facility. 

§  The existing data set is extended for therapeutically relevant materials and energies and compared to 
TOPAS v3.2p1 (Geant4), PENH 2020, RayStation Monte Carlo, as well as the analytical models 
RayStation Pencil Beam Algorithm and the Molière/Fano/Hanson variant of the Molière theory.  

§  The Monte Carlo and analytical algorithms studied reproduce MCS data within the required accuracy 
for clinical applications. 
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