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 Abstract–This study presents an investigation of the accuracy 
of a selection of Physics models implemented in the Geant4 DNA 
extension to the Geant4 Monte Carlo toolkit and illustrates the 
physical effects of the interacting medium phase.   

I. INTRODUCTION 

HE new Geant4 DNA extension [1] to the Geant4 [2],[3] 
Monte Carlo simulation toolkit is able to simulate 

interactions of electrons, protons, hydrogen, α particles and 
their charge states down to the electronVolt scale in liquid 
water.  

This new energy régime is matter of theoretical and 
experimental complexity. Theoretical calculations must take 
into account the detailed dielectric structure of the water 
condensed phase; they are often based on approximations, 
assumptions and semi-empirical models. Experimental 
measurements are difficult to perform, needing a precise 
control of systematics, and are often limited by practical 
constraints depending on the interacting medium phase.  

The accuracy of the Geant4 DNA physics models may be 
estimated from a rigorous verification and validation process 
of the models implementation. Verification checks the 
conformity of the implementation with the corresponding 
theoretical model and can be performed on all physics models 
available in Geant4 DNA. Validation is performed by 
comparing the models predictions against experimental data. 
Although a relatively large amount of experimental data exists 
in vapor and some in ice in the very low energy range, there is 
a crucial lack of experimental data in liquid water, which 
prevents the validation of the implemented models. 
 However, the plausibility of the Geant4 DNA software 
implementation may be investigated in comparison to 
available experimental data in other phases; the results may 
give insight into physical effects related to the phase of the 
interacting medium.  
This study presents a selection of interesting cases for cross 
section modeling, highlighting the complexity of the 
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experimental domain and allowing discussion of physics 
modeling features. 

II. ELECTRON ELASTIC SCATTERING 
Modeling electron elastic scattering at very low energy is a 

theoretical challenge. Various theoretical approaches at 
different degrees of complexity from simple screened 
Rutherford cross section to sophisticated phase shift 
calculations have been developed. The Geant4 DNA 
implementation of electron elastic scattering is based on the 
screened Rutherford cross section and a semi-empirical model 
based on vapor data. It is naturally open to evolution along 
with the availability of new data.  

Unfortunately, no experimental data in liquid water are 
available to validate the simulation model. Comparisons 
against data in vapor can contribute to establish at least the 
plausibility of the modeling approach adopted. 

The simulated total cross section of elastic scattering for 
electrons in liquid water is shown in Fig. 1, together with a 
collection of experimental data in vapor: there is an evident 
discrepancy of experimental data. Recommended evaluated 
data from Itikawa and Mason [4] show a striking 
inconsistency: at some energies the electron recommended 
total cross section is smaller than the elastic cross section.   

 

 
Fig. 1. Comparison of Geant4 DNA elastic scattering cross section for 

electrons (plain circles) versus a selection of available data [5]-[8]. 

III. ELECTRON IONIZATION 
The electron ionization model uses a semi-empirical model 

developed by Emfietzoglou and Moscovitch [9]. It is based on 
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the dielectric formalism for the valence shells (1b1, 3a1, 1b2 
and 2a1) responsible for condensed phase effects and it is 
based on the binary encounter approximation for the water 
molecule K-shell (1a1). Experimental data are found in the 
vapor phase.  

The comparison is shown in Fig. 2, illustrating the plausible 
behavior of the Geant4 DNA implementation. It also suggests 
that phase effects may be more significant at lower energies. 

 
Fig. 2. Comparison of Geant4 DNA ionization cross section for electrons 

(plain circles) versus experimental data (open circles) [4]. 

IV. PROTON IONIZATION 
The cross section model is based on two complementary 

models. A semi-empirical analytical approach is used for 
lower energies in the range 100 eV - 500 keV with parameters 
specifically calculated for liquid water. At higher energies, 
from 500 keV up to 10 MeV, the modelling is based on Born 
theory. Experimental data are available for the vapour phase 
only.  

Comparisons between Geant4 DNA modelling and 
experimental data is shown in Fig. 3. All the experimental 
measurements have been performed by the same team, at 
different accelerator facilities and times. This figure shows 
clearly that even data taken by the same group exhibit 
inconsistencies, highlighting the difficulty to control 
systematics in delicate experimental conditions.  

The Geant4 DNA models look plausible. A statistical 
goodness-of-fit test can be performed on the Geant4 DNA 
predictions (plain line) to evaluate the compatibility of the 
simulation in the liquid phase against the raw experimental 
data in the gaseous phase and the fit (dashed line) to 
experimental data shown in Fig. 3. According to all the 
goodness-of-fit tests for unbinned distributions included in the 
Statistical Toolkit [10]-[11], the Geant4 DNA model is 
incompatible with the experimental data (p-value < 0.001), 
which anyway differ significantly against one another. The 
data fit is compatible with the data according to the Cramer 
von Mises test (p-value = 0.1), but it is incompatible with 
them according to the Anderson-Darling test (p-value <0.001). 

V. PROTON AND HYDROGEN CHARGE CHANGE 
The cross section model is based on a semi-empirical 

approach described by an analytical formula with parameters 
optimized from experimental data in vapour. They are shown 
in Fig. 4. Experimental data are available in this phase only. 
Goodness-of-fit tests may be performed between the Geant4 
DNA predictions and the experimental data (keeping only data 
displayed with white symbols in Fig. 4). Anderson-Darling, 
Cramer-von Mises, Kolmogorov-Smirnov, Kuiper and Watson 
tests give all p-values > 0.1. However, this nice agreement 
should not hide that some of these data were used to optimize 
the semi-empirical model. 
 

 
 

Fig. 3. Comparison of Geant4 DNA ionization cross section for protons (plain 
line) versus experimental data [12]. A fit to the experimental data is shown 
(dashed line).  

 

 
Fig. 4. Comparison of Geant4 DNA charge change cross section for hydrogen 
(thin line) and protons (thick line) versus experimental data: [13] (white 
circles), [14] (white triangles), [15] (squares), [16] (crosses), 
the Cable data series (diamonds) and the the Koopman one (black circles) 
reported in [17], [18] (black triangles), and [19] (stars) 



 

VI. CONCLUSION 
This study shows that Geant4 DNA physics models, which 

are valid for the water liquid phase only, look plausible when 
they are compared to available experimental data, mainly in 
the vapor phase.  

More experimental data are obviously needed, not only in 
the liquid phase to validate further these models, but also in 
the vapor and ice phases to investigate the importance of 
phase effects in modeling particle interactions with the water 
medium.  

It is hard to draw firm conclusions about phase effects at 
this stage. The available experimental data in vapor exhibit 
significant discrepancies in many cases and some of these data 
have already been used to constrain or optimize semi-
empirical models. A systematic comparison will be performed 
from a more extensive collection of published data and will be 
published in a dedicated paper.   
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