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Context and Motivation

Since its inception, the purpose of microdosimetry has been the study of the 
stochastic character in the energy deposition by ionizing radiation and its 
consequences in the biological response mechanism.

Specific 
Energy z

Absorbed 
Dose D The stochastic character 

becomes more relevant 
when the target volume 
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Microdosimetry Dosimetry

ee ee/
m

log m

when the target volume 
decreases

Which is the target volume 
relevant for studying the 
biological response?

Cellular scale: micrometer  
Sub-cellular scale (ex. DNA): nanometer
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Context and Motivation

Evolution of the target size studied  in the differ ent microdosimetry symposiums
(D.T. Goodhead Rad. Prot. Dosim. 2006)
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Micro- or nanodosimetry- > Two complementary formalis ms

Linear Energy Transfer (keV/µm)
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clusters

Energy Deposit 

� (keV)

dddd electrons
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10-18s 10-15s 10-12s 10-6s10-10 s 1s-1h 
…….

Physical 
interaction with 
target molecules

Radicals 
creation

Radicals 
diffusion

Chemical 
reactions

Repair processes, 
enzymatic 
processes

Biological effects: 
DSB, aberrations, 
mutations …. 
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Radioprotection : Describing the first steps of the interaction between ionizing radiation
and biological targets would allow improving the risk evaluation of secondary effects in
both low and high dose regimes.
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Simulation
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� Monte Carlo calculations are a well adapted method to simulate the stochasti c characteristics of the 
physical stage

Monte Carlo Track structure simulation at nanometric level

Physical models or experimental data for cross-section determination of the different
physical interactions with the target material

�=
max ),,(

),,(
T

dT
TEZd

TEZ
s

s
Tcut cut energy for secondary 
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),,(
Tcut

cut dT
dT

TEZd
TEZ

s
s

Tcut cut energy for secondary 
particle (electrons) creation and 
transportation

Tcut : 250 eV Tcut : 15 eVTcut-> some eV
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Dedicated codes for nanodosimetric calculations exist ful filling these
requirements:

Source : “Track-
structure codes in 
radiation research”, 
Nikjoo et al.,Rad. 
Meas. 41  (2006)
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Here, we present the 
capabilities of the Geant4 
Monte Carlo code for 
micro and 
nanodosimetric 
calculations-> the 
Geant4-DNA project
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GEometry ANd Tracking
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http:// www.geant4.org
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� Objective : adapt the general purpose Geant4 Monte Carlo toolkit for the
simulation of interactions of radiation with biological systems at the ce llular
and DNA level .

� Initiated in 2001 by Dr. Petteri Nieminen at the ESA (European Space Agency) with the
aim of providing an open source access to the scientific community that can be easily
upgraded & improved
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� First prototypes of physics models were added to Geant4 in 2007

� Currently an on-going interdisciplinary activity of the Geant4 collaboration « l ow
energy electromagnetic physics » working group -> Coordinated by S. Incerti
CNRS/IN2P3 since 2008

http://geant4-dna.org



5�
�/
���0!�"�����6
��

3��B��	
C��
�4

��#�
�� ���'

��
+�A6���
+ ��	
����� �@

��#�
��� 
��
����
���� �@


�������� D
�
���	��6 ��������
��	������
C��� A���������

�
	���

3��B��	
C��
�4

��#�
����
�
���#B��
�
���# ���'
�
• ���
��� �+
��
� +��	������
• ��@@�����

•  E���
	
 3��
�����
���
�
• )����
	
 3��
�����
���
�
• '��5��
	
 
�
������

��������	
��
�����������2 �
���������������
�
��
��� �������
����3
���/
���0!�"� 4 ��

• ��@@�����
• ������ ���
��������

/
��
��# ���'

���
�����	�7
��������� @�A�
�7
���������
�7
C���
 �
� � ����
��7
�
���F


@��
��

+�
	������ �@
	����
�
�
������� @��� 	��
��
�� 	
��	��
��
����

1
���'# ���'
�
�(���5 ���
	����
�

Biology stage
INDIRECT DNA damages
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� Electron transport can reach the very low energy domain down to electron thermalization
•Sub-excitation electrons (below ~9 eV ) can undergo vibrational excitation, attachment and 
elastic scattering

� Purely discrete
•Simulate all elementary interactions on an event-by-event basis
•No condensed history approximation

� Models can be purely analytical and/or use interpolated data tables
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General features
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� Models can be purely analytical and/or use interpolated data tables
For eg. computation of integral cross sections

� They use the same software design as all electromagnetic models available in Geant4 
(« standard » and « low energy » EM models)

Allows the combination of processes (multi-scale design) 
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General features

The target composition problem :

Geant4-DNA physics models  are applicable currently only to liquid water:

• Nevertheless, liquid water is a fundamental component of biological matter and, at micrometric scale, 
the energy absorbed by liquid water is a good representation of that in biological matter
• Experimental data on water vapor cover a broad energy range with  high accuracy but phase effects 
for low energy electron transport are important to take into account.
• Only few data on the liquid water dialectric function in the optical limit .
• Some experimental data on biological components (amino-bases, sugar, etc) are now available and 
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• Some experimental data on biological components (amino-bases, sugar, etc) are now available and 
theoretical models are being developed

In order to take into account the other components of biological matter at nanometric scale,  Geant4-
DNA next releases will propose:
� Implementation of the new experimental cross sections for DNA constituents from PTB ( BioQuaRT 
project)

� Cross sections using the classical trajectory Monte Carlo simulation (CTMC) approach (dec. 2013 
release) See Champion et al . PMB53, 2008, N41; PRA 79, 2009

� Cross sections based on the CDW-EIS (continuum-distorted wave eikonal-initial-state) method for 
interactions on  DNA components
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� Photoelectric effect
� Compton scattering
� Gamma conversion
� Rayleigh scattering
� + fluorescence emission or Auger electron production
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Outside the target volume
� Moller-Bhabha model for ionization
� Standard Bremsstrahlung model
� Standard Multiple Scattering model

Inside the target volume
� G4DNA elastic collisions (Champion Elastic Model),
� G4DNA ionization (Born Ionization model),
� G4DNA excitation (Born Excitation Model),
� electron capture Te < 9 eV

�
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* W. Friedland & al, Simulation of DNA damage after Proton irradiation, 

Radiation Research 59 (2003), 401-410.
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Implementation of two cell nuclei in GO/G1 phase (purpose: l ink with
biological experimental data of gggg-H2AX foci)

Chromatin density sensibility study
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D. Bianco post-doc (IRSN) for 
BioQuaRT projectMultiscale approach
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Z distribution for 1 MeV p traversing 
the cell nucleus ellipsoid

Z distribution for 1 MeV p only 
backbone contribution (using target 
geometry)-> direct effects
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Homogeneous 
medium
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DNA target
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Microdosimetric spectra can be
calculated for p, alpha particles and
light ions for different target sizes
(here 1 µm diameter sphere)

A study of the clustered energy
deposits respect to the frequency
mean lineal energy give us
quantitative information on the
different effect depending on the
radiation quality� See Z. Francis et al. Phys. Med. Biol. 57 (2012)
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Chemical stage

Step By Step (SBS) model 

� The probability of encounter 
is evaluated after each time 
step.
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Simulation at 1 picosecond 
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Simulation at 1 µsecond 
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Radiochemical yields versus time 
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A unique web site for Geant4-DNA: http://geant4-dna.org
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• Procédure de Grosswendt pour les interactions des électrons

• Conservation de la quantité de mouvement pour les protons

� �

• Tirage aléatoire entre les processus d’interaction possibles tenant compte des valeurs
des sections efficaces totales
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des sections efficaces totales

• La longueur du parcours avant la collision est déduite du libre parcours moyen du
processus choisis

• Un tirage aléatoire suivant les sections efficaces relatives à chaque couche du cortège
électronique permet de choisir la couche interagissant avec la particule incidente

• Si nécessaire (ionisation), un tirage aléatoire suivant la section efficace différentielle
permet de déduire l’énergie de la particule secondaire générée

• La direction de la particule secondaire est déduite suivant le modèle adapté (Grosswendt
pour les électrons, conservation de la quantité de mouvement pour les protons…)
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Classical trajectory  Monte Carlo approach (CTMC-CO B)
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