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Contents
n Context
n 2025 workplan

p Activity #1: addition of Multiple Ionisation (MI) physics to Geant4-DNA
p Activity #2: benchamrking of Geant4-DNA radiolysis against

experimental data of the literature
p Activity #3: first investigation of Carbon MI effects on radiolysis

n 2026 proposal
p Working items & budget request
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Context
n Carbon ion radiotherapy (CIRT)

p More effective treatment due to its high linear energy transfer 
(high-LET) compared to classical photon and proton radiotherapies
n Leads to a higher relative biological effectiveness (high-RBE): 

2-3 times more clustered DNA damage to cells than low-LET radiations1, 2

n Mainly used for radio-resistant tumors
p Japan is the leading country

n 7 facilities in operation today3, e.g. 43000 patients treated (1994-2023)
p Therapeutic carbon beams in Caen, France, expected around 2030 (“ARCHADE” facility)
p A key factor in radiation therapy is the oxygen enhancement effect

n The presence of oxygen significantly increases DNA damages in tumor cells : more oxidative stress4,5

n However, many solid tumors develop “hypoxic” regions
p More resistant to standard photon or proton irradiation
p On the contrary, CIRT is less dependent on cell oxygen level and is more efficient

n A possible “contribution” could arise from physics: the “multiple ionisation” process (MI)
p High-LET irradiation (like C) ions induces numerous ionisation events through MI

n More (direct) clustered damage to DNA
n Localized production of reactive molecular species from water radiolysis (e.g. O(3P), O2•−, HO2•, and H2O2 from MI)

p Increasing oxygen production around C tracks
p The quantitative impact of MI requires further investigation… 
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(1) Nature 508, 133-138 (2014)
(2) Advances in Radiation Oncology 9, 101317 (2024)
(3) PTCOG (link)
(4) Cancers 12, 2019 (2020)
(5) Cancers 11, 112 (2019)

Cancers 11, 1671 (2019)

Yamagata Univ.

Osaka Heavy Ion Therapy 
Center

Gunma Univ.

https://www.ptcog.site/index.php/facilities-in-operation-public
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Activity #1: Multiple Ionisation (MI) now available
in Geant4-DNA

4

n Inclusion of double / triple / quadruple ionisation (DI/TI/QI) in Geant4-DNA Physics Constructors
p Based on Meesungnoen, Jay-Gerin et al. (Sherbrooke U.) – Baba et al., J. Appl. Phys. 129, 244702 (2021)
p Applicable to protons, alpha particles, Carbon ions
p In all Geant4-DNA Physics constructors

n New User Interface command available in Geant4
p /process/dna/UseDNAMultipleIonisation true

SI* for p, H

SI for Hen+

DI, TI, QI

Incerti et al., Med. Phys. 37 (2010) 4692-4708

Derived MI 
cross sections

*SI: Single Ionisation
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Energy Coverage of Geant4-DNA Physics
(e.g., Physics Constructor Option2)
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Elastic scattering / G4DNAChampionElasticModel

Ionisation / G4DNABornIonisationModel1*

Electronic excitation / G4DNABornExcitationModel

Vibrational excitation / G4DNASancheExcitationModel
Dissociative attachment / G4DNAMeltonAttachmentModel

100 eV 1 MeV 100 MeV 300 MeV7,4 eV 9 eV 13 eV10 eV2 eV 4 eV 500 keV1 keV

Nuclear scattering / G4DNAIonElasticModel

Electronic excitation / G4DNAMillerGreenExcitationModel (p, H up to 500 keV) – G4DNABornExcitationModel (p) – G4DNARPWBAExcitationModel (p)

Ionisation / G4DNARuddIonisationExtendedModel(p, H up to 100 MeV) – G4DNABornIonisationModel (p) - G4DNARPWBAIonisationModel(p)

Electron capture & loss / G4DNADingfelderChargeIn(De)creaseModel

Nuclear scattering / G4DNAIonElasticModel

Electronic excitation / G4DNAMillerGreenExcitationModel

Ionisation / G4DNARuddIonisationExtendedModel
Electron capture & loss / G4DNADingfelderChargeIn(De)creaseModel

Ionisation / G4DNAGeneralIonIonisationModel (<300 MeV/u)

El
ec

tro
ns

He
0 , 

He
+ , 

He
2+

Tracking cut
(by process or by model)

NuclearStopping / ICRU49NucStopping (<1 MeV/u)

* : G4DNABornIonisationModel is displayed at run 
time, not G4DNABornIonisationModel1

Energy coverage limit

Solvation

p,
 H

[ [

Capture < 1 keV

G4 STD…

G4 STD…

Io
ns

Multiple Ionisation (MI) for p (100 eV – 3 MeV)

MI for α (1 keV – 23 MeV)

MI for C 
(6 - 120 MeV)
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Impact of Multiple Ionisation on range
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Proton Alpha Carbon

< 1% < 3% < 30%

Ratio with MI / without MI Ratio with MI / without MI Ratio with MI / without MI

1.0
1.0

1.0

0.99 0.70.975
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Impact of Multiple Ionisation on stopping power

7

Proton Alpha Carbon

< 2% < 4% < 45%

Ratio with MI / without MI Ratio with MI / without MI Ratio with MI / without MI

1.012

1.0 1.0 1.0

1.035 1.45
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Auger electron production

8

n Secondary electron 
spectrum 
p from 105 incident Carbon of 

100 MeV
p Auger electrons are visible

n Atomic rearrangement 
following deexcitation of 
ionised oxygen in water
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Activity #2: benchmark of radiolysis
n Develop a full benchmark of Geant4-DNA radiolysis

simulations against experimental data from the literature
p For incident electrons, protons and alpha beams
p Differential radiochemical yields: “G-values” = Nmolecules/ (ΔE / 100 eV)

n As a function of time for incident electrons
n As a function of LET and MZ2/E for protons, alphas and Carbon ions

n Motivation: identify the most plausible Geant4-DNA
p Physics constructor

n can Chemistry help better constrain Physics ?
n (At this stage, Multiple Ionisation is NOT considered)

p Chemistry constructor
p Time step model

9
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Geant4-DNA Physics and Chemistry Settings
n Geant4-DNA (recommended) Physics constructors: physics processes and models

p Mainly differ by their electron elastic & inelastic models (identical for ions)
p Option2 (historical): dielectric formalism for liquid water for inelastic & partial wave analysis for elastic
p Option4 (most recent): improved DRF with correlation & exchange corrections; SR for elastic
p Option6 (ex. of software re-engineering): CPA track-structure code (BEB and DRF for inelastic; IAM for elastic)
p Review in Incerti et al., Med. Phys. 45, e722-e739 (2018)

n Geant4-DNA Chemistry constructors: dissociation scheme, chemical actions, and models involved in water radiolysis
p Default : first constructor implemented with parameter values from PARTRAC software
p Option1 : revisited set of chemistry parameters from TRACs + Burns et al. (1981) + Rowe et al. (1988)
p Option2 : includes chemistry parameters for reactions with DNA components from Buxton et al. (1988)
p Option3 : implements the IRT approach from Ramos-Mendez et al. (2020), from RITRACKS & Elliot et al. (1994)
p Review in Tran et al., Med. Phys. 51, 5873-5889 (2024)

n Geant4-DNA Chemistry time step models
p SBS (Step-by-step) : fixed time step molecular transport method
p IRT (Independent Reaction Times) : calculates the reaction times between all possible pairs. Reactions occur one by 

one, starting with the pair with the shortest reaction time. 
p IRT-syn (Synchronized IRT) : a mixed approach to benefit from speed of IRT and tracking of SBS
p (mesoscopic: a compartment-based representation that describes the evolution of species through their concentrations in different 

compartments.)
p Review in Tran et al., Med. Phys. 51, 5873-5889 (2024)

10
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Radiolysis Benchmarking Summary
n Comparison with comprehensive set of experimental data

p Distributions of relative differences between simulations and experiments
for given time (electrons) or MZ2/E values (protons, alphas)

p Evaluation of median values
n Scarcity of exp. data : evaluation of « plausability » only

p Impact of Physics constructor
n Option4 (most recent, DRF of liquid water)

p Impact of Chemistry constructor
n Option3 (most recent set of chemistry parameters)

p Impact of Chemistry time-step model
n Depends on the user simulation requirements (e.g., tracking of molecules : IRT-syn)

n Paper submitted to EJMP, under review

11
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Electrons
G versus time

G = radiochemical
yield for a given

species

G = N / 100 eV

Physics
constructors

Option2
Option4
Option6

Physics constructor impact on G-values
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Chemistry
constructors

Default
Option1
Option2
Option3

Electrons
G versus time

G = radiochemical
yield for a given

species

G = N / 100 eV

Chemistry constructor impact on G-values



KEK
High Energy Accelerator Research Organization

/ 1814

Chemistry
Time-step

model

SBS
IRT

IRT-syn

Electrons
G versus time

G = radiochemical
yield for a given

species

G = N / 100 eV

Chemistry time-step model impact on G-values
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Activity #3: impact of Multiple Ionisation 
on radiolysis
n Can we observe increased oxygen production around (high-LET) carbon tracks?

p Simulations of G-values versus time and LET with and w/o MI
p 2x104 C ions, from 0.67 MeV/u to 160 MeV/u

n Results for G (at 1 us) vs LET
p Increase with MI: HO2°, O2, O2°-, HO2-, O3-, O3

n As expected from MI
p Decrease with MI: H2, H2O2
p No impact on other species (e.g., °OH : indirect DNA damage)

15

oxygen production 

Increased with MI

Baba et al., J. Appl. Phys. 129, 244702 (2021) 
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O2 w/ MI

O2 w/o MI

O2°- w/ MI

O2°- w/o MI

The effect of MI becomes 
visible over 100 keV/um 
under C ion irradiation.

+30% with MI

+25 ~ +30% with MI

n Possible chemical contribution to 
carbon-ion effectiveness under 
hypoxic tumor conditions

p MI may locally enhance reactive 
oxygen species:
n HO2°, O2, O2°-, HO2-, O3-, O3

p These species may contribute to 
radiation damage even at low 
initial oxygen concentration
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Proposal for 2026
n Activity #1

p Impact of the multiple ionisation on radiochemical yields as a function
of LET and MZ2/E for incident protons, alphas, and carbons. 

p Influence of oxygen concentration in water (normoxic vs hypoxic)

n Activity #2
p Quantify the impact of MI on the induction of DNA damage in cells, 

using the “molecularDNA” Geant4-DNA simulation chain
n https://moleculardna.org
n First in E. coli bacteria (containing 4.6x106 base pairs of DNA), 

then in human cells (6.4 Gbp of DNA). 
n How much direct damage & indirect damage, 

considering normoxic or hypoxic conditions
p CNRS Nuclear & Particles Computing Center, where the “Geant4” group 

was reactivated in 2025 specifically for this FJPPN project.

n Activity #3
p Organize a Geant4-DNA School for the first time in Tsukuba in 2026 or 2027, as we did in 

Osaka in 2024 (see https://indico.rcnp.osaka-u.ac.jp/event/2100/#)
p Progress and findings of this project will be presented during the school.

17

https://moleculardna.org/
https://moleculardna.org/
https://indico.rcnp.osaka-u.ac.jp/event/2100/
https://indico.rcnp.osaka-u.ac.jp/event/2100/
https://indico.rcnp.osaka-u.ac.jp/event/2100/


KEK
High Energy Accelerator Research Organization

/ 18

Budget request for 2026
n From Japan side

p A support to organize a Geant4-DNA tutorial in Tsukuba (e.g., at KEK or other location)
n 400 kJPY asked to KEK

p Previously organised in Japan
n 2024: Osaka U.
n 2015: Hiroshima U.
n Progress and findings of this project will be shown during the tutorial

n From France side
p 1 trip to KEK, Tsukuba

n 3000 € asked to IN2P3 
n Additional support (confirmed)

p Postdoctoral fellow @ LP2i: recruited on Sep. 2025 for 24 months

Thank you very much !

18



KEK
High Energy Accelerator Research Organization

/ 18

Backup
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Reminder : damage to cells : the Geant4-DNA approach

20t > ~10-6 s

Biological repair
Prediction of foci yields versus
time using semi-empirical
biological repair model (number
of DSB, irreparable DSB
fraction).

Biological endpoints are
calculated using the number of
DSB and their complexity.

Prediction Block

• Protein/enzyme kinetics
• DNA rejoining
• Cell survival

Physical stage
step-by-step modelling of 

physical interactions of incoming
& secondary ionising radiation 

with biological medium 
(liquid water)

Physico-chemical & chemical stage 
• Radical species production
• Diffusion
• Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

• Excited water molecules
• Ionised water molecules
• Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t = 0 t = 10-15s

MC Simulation Block
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Geant4 vs Geant4-DNA
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エネルギー損失過程の比較 (G4 vs G4-DNA)
n Geant4の標準的な電磁相互作用

p 連続過程と離散過程で扱う
n 連続過程

p 粒子の飛跡が閾値よりも小さい場合
p Bethe-Blochの式からステップごとの
エネルギー損失量を計算

p 二次電子は生成しない
n 離散過程

p 粒子の飛跡が閾値よりも大きい場合
p 二次電子を生成する

n Geant4-DNAの場合
p 離散過程で扱う

n DNA損傷の位置決定のため、
細胞核内の詳細なエネルギー損失分布を計算

n 大量の低エネルギーの二次粒子/活性種が発生する
p 一つの初期粒子につき数千個から数万個程度
p 高速化の取り組み (MPEXS-DNA) ➔後述

2025/5/15 Geant4-DNA / MPEXS-DNAによるマイクロドジメトリ
の動向 4

青: 炭素線の飛跡
赤: 二次電子の飛跡
黄: 反応点
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Physics constructor impact on G (2)

22

Physics
constructors

Option2
Option4
Option6

Proton, He
G versus MZ2/E

G = radiochemical
yield for a given

species

G = N / 100 eV

Solid line: protons

Dash-dotted line: 
a particles
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Chemistry time-step model impact on G (2)

23

Chemistry
Time-step

model

IRT
IRT-syn

Solid line: protons

Dash-dotted line: 
a particles

Proton, He
G versus MZ2/E

G = radiochemical
yield for a given

species

G = N / 100 eV
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HO2• w/ MI

HO2- w/ MI

HO2• w/o MI

HO2- w/o MI

The effect of MI becomes 
visible over 100 keV/um 
under C ion irradiation.

Increased with MI

Slightly
increased 
with MI
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O3 w/ MI

O3 w/o MI

O3- w/ MI

O3- w/o MI

The effect of MI becomes 
visible over 100 keV/um 
under C ion irradiation.

Slightly
increased 
with MI


