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Abstract
A chemistry module has been implemented in Geant4-DNA since Geant4 ver-
sion 10.1 to simulate the radiolysis of water after irradiation. It has been used in
a number of applications, including the calculation of G-values and early DNA
damage,allowing the comparison with experimental data.Since the first version,
numerous modifications have been made to the module to improve the compu-
tational efficiency and extend the simulation to homogeneous kinetics in bulk
solution. With these new developments, new applications have been proposed
and released as Geant4 examples, showing how to use chemical processes
and models. This work reviews the models implemented and application devel-
opments for modeling water radiolysis in Geant4-DNA as reported in the ESA
BioRad III Project.
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2 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

1 INTRODUCTION

Radiation chemistry is the study of the chemical effects
of radiation on matter, including the indirect induction
of damage to the biological medium through chemi-
cal reactions with DNA or other biomolecules. The vast
majority of such molecules are immersed in liquid water.
They are affected by ionizing radiation through the dis-
sociation of water into chemical species, also known
as radiolysis. Understanding how radiolytic species are
formed and evolve over time in water is,therefore,essen-
tial for studying the biological effects induced by ionizing
radiation.

The Monte Carlo technique has proved to be a power-
ful method for describing the complex kinetics of species
diffusion and reactions along ionizing particle tracks.
Several Monte Carlo-based software packages have
been developed to date as track-structure codes, such
as PARTRAC,1 RITRACKS,2 TRAX-CHEM,3 CHEM-
KURBUC,4,5 IONLYS-IRT,6 NOTRE DAME,7 TOPAS-
nBio,8 and Geant4-DNA.9–12 The exhaustive lists of
these codes are provided by Kyriakou et al.13 and
Plante.14 These codes have made it possible to
link the fate of physical interactions and the macro-
scopic observables obtained in radiolysis experiments.
Some of these codes also provide biological geome-
tries and tools for simulating direct and indirect DNA
damage.

Geant4-DNA,9–12 which is fully included in the
general-purpose Geant4 Monte Carlo toolkit,15–17 sim-
ulates early biological damage induced by ionizing
radiation at the DNA scale. On-going developments
of Geant4-DNA include track structure models in liq-
uid water and other biological materials,18–20 physico-
chemical and chemical processes for water radiolysis
(e.g., refs. 21–23), multi-scale biological geometries and
quantification of early DNA damage (such as single-
strand breaks, double-strand breaks, base oxidation,
etc…, e.g., ref. 13). Water radiolysis induced by ioniz-
ing radiation was first introduced in Geant4 10.1 by
Karamitros et al.21,22 This chemistry extension converts
low-energy electrons and energy deposits along the
physical track into solvated electrons and dissociated
water molecules through physico-chemical processes,
such as thermalization, solvation of sub-excitation elec-
trons,electronic hole migration,electron attachment,and
dissociation of water molecules, leading to the forma-
tion of several reactive species.These radiolytic species
are initially distributed heterogeneously in radiation-
induced spurs along the tracks of ionizing particles. The
spur evolution is described by particle-based Brown-
ian dynamics, in which chemical species are considered
as individual particles with specific properties such as
charge, velocity, and mass. These chemical species dif-
fuse through the medium and react with each other or
with the solvent medium.

The encounter of these chemical species can be
simulated either by many diffusion steps up to a reac-
tion using the Step-by-Step (SBS) model or by an
independent pair approximation using the Independent
Reaction Time (IRT) model,as described in detail below.
The effects of scavengers were recently integrated into
Geant4-DNA23,24 in Geant4 version 11.1. These effects
are introduced into the chemical stage of water radiol-
ysis by defining scavenger-specific chemical reactions
and the concentration of scavengers.

Particle-based models describe the spatial evolution
in liquid water of the spur in the heterogeneous phase up
to a few microseconds. However, at longer time scales,
species and their products disperse and distribute more
homogeneously. Under these conditions, particle-based
models are less efficient, especially when simulations
involve a large number of species. Stochastic and
deterministic models have been proposed to extend
water radiolysis applications beyond the microsecond
scale.22–27 The implementation of these models is
currently ongoing in Geant4-DNA.

In this paper, we highlight the main developments
of the Geant4-DNA chemistry module over the last
10 years, from Geant4 10.1 (2013) to Geant4 11.2
(2023). Section 2 deals with the general design of
the chemistry module and its integration into Geant4.
Sections 3 and 4 describe and discuss in detail the
approaches and methods of the physico-chemical and
chemical processes involved. Section 5 highlights appli-
cations of the chemistry models of Geant4-DNA.

2 GENERAL DESIGN OF THE
SOFTWARE

As an extension to Geant4, Geant4-DNA benefits
from Geant4’s flexible and powerful kernel design to
implement physical processes and models for track-
structure simulations. This design has also been used
in the chemistry module, where chemical species are
represented as points or particles with specific prop-
erties such as name, mass, and charge, … These
entities diffuse within the water-based solvent, which
is considered a continuous medium. In this particle-
continuum model, the position of the species of interest
is explicitly computed as a function of time until the
molecules dissociate, recombine, or react with other
molecules. In the computational implementation, the
evolution of the system is driven by a main instance
created by the G4Scheduler, which encompasses two
distinct processes known as G4ITStepProcessor and
G4ITModelProcessor (Figure 1). IT stands for Interact-
ing Tracks. These two main processes are described as
follows:

∙ G4ITStepProcessor manages the physico-chemical
processes (electron-hole recombination and
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 3

F IGURE 1 Class diagram of the physico-chemistry/chemistry
software design in Geant4.

ionized/excited water dissociation) and the Brow-
nian species diffusion process. These processes
were implemented via the G4VITProcess intermedi-
ate interface derived from the general G4VProcess
interface. Like the physical particle interaction pro-
cesses in Geant4, individual molecules of all chemical
species are tracked through a series of G4Track steps.
Before each step, G4Track provides information on
the molecules to G4VITProcess to compute the prob-
abilities of all processes. Once a process is selected,
its DoIt (one of AtRestDoIt(),PostStepDoIt(),or Along-
StepDoIt()) method is called and G4Track is updated,
in the same way as for any Geant4 physical process.
The G4VITProcess interface provides users with
extensive capabilities for implementing new chemical
interactions with the medium, including the scavenger
reaction process (G4DNAScavengerProcess) and the
interaction of radical species with DNA geometries
(G4DNAPolyNucleotideReactionProcess).

∙ G4ITModelProcessor specifically manages collisions
(or reactions) between molecules. This singleton
class handles chemical reaction models and pro-
vides an interface for implementing new reaction
models. Like the G4ITStepProcessor, it collects all
G4Track information to compute reaction probabili-
ties. If a reaction condition is met, the reactants are
killed and their products are created in the reac-
tion site. The step-by-step model (G4DNAMolecular-
StepByStepModel), the independent reaction time
model (G4DNAMolecularIRTModel),and the synchro-
nized independent reaction time model (G4DNA-
IndependentReactionTimeModel) have been imple-
mented via this interface. These models are further
described in Section 4.

At each step of the simulation, the
G4ITStepProcessor and G4ITModelProcessor pro-

cesses are called by G4Scheduler to provide
information to a stepping algorithm that will select
the next event to be processed and synchronize the
time and position of all individual molecules during
the simulation (see Figure 2). This means that if the
next step is decided via the G4ITModelProcessor, the
remaining molecules will be diffused for the duration
of the reaction. Their position and time are updated. A
geometry navigator also updates state information to
track the molecules in the geometry.

Introduced by Karamitros et al.22 in Geant4 10.1,
the chemistry module structure has proved, after more
than 10 years, that it successfully meets user require-
ments in terms of performance and extensibility.Several
noteworthy features can be highlighted:

∙ The chemical processes are compatible with Geant4
physics design, allowing users to run the physical,
physico-chemical, and chemical stages of radiolysis
simulation in a single application. This compatibility
with the physical stage also enables the chemistry
module to integrate with Geant4 physics list construc-
tors for various applications and to take advantage
of numerous features and functionalities, such as
multithreading and geometry navigation.

∙ The independent interfaces of two separate proces-
sors (G4ITStepProcessor and G4ITModelProcessor)
allow users to independently extend particle-
continuum models (interactions of chemical species
with the medium) or implement new reaction models
(track collision) without major modification of the
underlying structure.These independent components
also enhance maintainability.

∙ The chemistry module incorporates data structures
such as k-d trees22 or octrees to optimize the cal-
culation of separation distances between pairs of
reactants during simulation. The objective is to com-
pute the encounter probability of each reactant at
each time step. By dividing space into smaller sub-
spaces, these data structures help to efficiently locate
the closest reactants of a molecule in the respec-
tive sub-volume that contains it. Mostly, this prevents
the inclusion of reactants that are too far away, as
they generally have lower encounter probabilities.This
structure is particularly important for the SBS model,
as the search for the nearest neighbor is frequently
performed.

∙ The stepping algorithm provides spatio-temporal
information that allows users to extend specific appli-
cations such as interaction with a scavenging effect.

However, due to the distinct nature of physics and
chemistry processes, such a structure may result in
some limitations:

∙ The stepping algorithm requires synchronization of
the time and position of each molecule during the
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4 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

F IGURE 2 Sequence diagram of a Geant4-DNA simulation, modelling the chemical stage. The application instantiates a
G4DNAChemistryManager. The local G4Scheduler controls the simulation in each worker thread.

simulation, which can be very time-consuming, espe-
cially when dealing with a large number of molecules.
The integration of non-synchronized parallel calcu-
lations for independent events, commonly used in
biochemical models, may pose challenges.

∙ The Geant4 geometry navigator is designed for the
simulation of tracks in particle physics to locate points
in the geometry and compute distances to the bound-
aries of the geometry. This functionality is not well
suited to Brownian transportation, which is used for
the random steps of chemical molecules.This will lead
to unnecessary loss of computation time.

So far, the chemical module of Geant4-DNA pro-
vides a useful framework for implementing and
extending physical, physico-chemical, and chemical
processes/models for various applications of water
radiolysis. We will review these processes and models
in the next section.

3 PHYSICO-CHEMICAL STAGE OF
WATER RADIOLYSIS

Physico-chemical (also called pre-chemical) processes
play a crucial role in determining the distribution of
radical species during water radiolysis. The distinction
between the physical and physico-chemical stages is

not always clear. Physico-chemical processes become
significant when all particles, together with their sec-
ondary electrons, have deposited their energy through
their track structures during the physical stage, and
their energies have decreased to below approximately
8 eV due to excitation and ionization processes. Below
this energy, in Geant4-DNA, electrons undergo three
sub-excitation processes (Figure 3):

I. The vibrational excitation process (applicability
range from 2 to 100 eV) is based on experimental
cross-sections published by Michaud et al.28 for ice
targets after a phase-scaling procedure to account
for the liquid phase.

II. The dissociative electron attachment process (4–
13 eV) uses experimental results reported by
Melton29 (see Section 3.2.3).

III. The elastic scattering process (four alternative mod-
els are available,30 down to a minimum value of
7.4 eV for the Champion model).

The frequency of such electron processes is shown
in Figure 3, as a function of electron kinetic energy,
obtained with the “option2” Geant4-DNA physics con-
structor. Note that the vibrational excitation and the
dissociative electron attachment processes are not
included in “option4”and “option6”Geant4-DNA physics
constructors.
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 5

F IGURE 3 Example of normalized process frequency for the Geant4-DNA physics constructor “option2” for incident electrons with energies
from 0.3 to 1 keV.

After these energy deposition processes, the physico-
chemical stage starts the thermalization process for all
secondary electrons and the electronic events in ion-
ized and excited water molecules, which can lead to
dissociation.31

3.1 Electron thermalization

The slowed-down sub-excitation electrons will partic-
ipate in a thermalization process to reach thermal
equilibrium (0.025 eV) through multiple interactions
with the medium. This process represents a com-
putational burden due to the frequent small energy
exchanges of scattering electrons. To reduce the sim-
ulation time, Geant4-DNA computes a thermalization
distance (G4DNAElectronSolvation process) based on
experimental data as a function of electron energy,
instead of tracking electrons throughout the thermal-
ization process. The electron is then considered to be
transported to the point of thermalization, where it is
said to be “solvated” or “hydrated” (Figure 3 shows
that the only process that is active below 7.4 eV in
the Geant4-DNA physics constructor “option2” is the
G4DNAElectronSolvation process).

Geant4-DNA currently provides five different models
for electron thermalization. A detailed review of these
models can be found elsewhere in31 Briefly,

∙ The Meesungnoen2002 model is based on the pen-
etration range simulated by Meesungnoen et al.32

who used the cross-section of Michaud et al.28 for
amorphous ice scaled to liquid-phase water. The
Meesungnoen2002 model is used as the default
thermalization model in Geant4-DNA.

∙ The Terrissol1990 model is based on Michaud and
Sanche’s data on sub-excitation cross sections in
amorphous-solid water.33,34 The paper by Terrissol
and Beaudre35 proposes probability density functions
of the thermalization distance for electrons in the
energy range of 0.2–7 eV.

∙ The Ritchie1994 model approximates the relationship
between electron energy and the mean value of the
“projected range” as a linear correlation with a fac-
tor of 1.8 nm/eV, based on experimental data on the
projected range of thermalized electrons.36

∙ The Meesungnoen2002_amorphous is an alterna-
tive version of Meesungnoen’s penetration range
for amorphous ice without the correction for phase
influence using cross sections of Michaud et al.28

∙ The Kreipl2009 model, proposed by the PARTRAC
code,37 uses an exponential probability density func-
tion based on the penetration range simulated by
Meesungnoen et al.32

3.2 Dissociation

Ionized and excited water molecules, induced by pri-
mary and secondary particle interactions, participate in
a water decomposition process. These highly energized
water fragments undergo a breakdown sequence to
quickly form primary water radiolysis products, including
H3O+, •OH, H•, OH−, and H2.

3.2.1 Ionized water molecules

The electron holes in ionized water molecules quickly
join the proton transfer processes that occur between
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6 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

TABLE 1 Dissociation schemes and branching ratios available in the four chemistry constructors (default, option1, option2, option3) of
Geant4-DNA.

Channel
G4EmDNAChemistry_
option3 constructor38

G4EmDNAChemistry
default, _option1,
_option2
constructors21,22

Displacement channels
(see Table 2)

Branching ratio (%)

Ionization H2O+ H3O+ + •OH 100 100 Ionization

Excitation

A1B1

H• + •OH 65 65 A1B1_DissociationDecay

H2O + ΔE 35 35 No displacement

B1A1

H3O+ + •OH + eaq
− 50 55 Auto-ionization

H• + •OH 25.35 – A1B1_DissociationDecay

H2 + 2•OH 3.25 15 B1A1_DissociationDecay

2H• + O(3P)a 3.9 – B1A1_DissociationDecay2

H2O + ΔE 17.5 30 No displacement

Rydberg A+B,
C+D, Diffuse
bands

H3O+ + •OH + eaq
− 50 50 Auto-ionization

H2O + ΔE 50 50 No displacement

Electron
capture

DEA OH− + •OH + H2 100 100 Dissociative attachment

Recombination

H• + •OH 35.75 55 A1B1_DissociationDecay

H2 + 2•OH 13.65 15 B1A1_DissociationDecay

2H• + O(3P) 15.6 – B1A1_DissociationDecay2

H2O + ΔE 35 30 No displacement

Note: Displacement is indicated as well (see Table 2).
aOxygen atom in triplet state P.

them and a nearby water molecule, leading to dissocia-
tion into H3O+ and •OH molecules. In Geant4-DNA, this
dissociation channel is applied at all ionization levels.21

3.2.2 Excited water molecules

Excited water molecules go through several dissoci-
ation channels that depend on their excitation levels.
Five excitation levels (see Table 1) are simulated in
Geant4-DNA. The first and second A1B1 and B1A1 lev-
els are detailed in different dissociative channels and
corresponding branching ratios.The Rydberg series and
diffuse band levels are fixed by the branching ratios of
50% for auto-ionization and 50 % for relaxation to the
ground state.

The Geant4-DNA “default”, “option1”, and “option2”
chemistry constructors use this dissociation scheme
following the PARTRAC code.21 To improve accu-
racy against recent experimental data, Shin et al.38

recently applied the B1A1 dissociation channel
proposed by the TRACs code, which has been
implemented in the “option3” chemistry constructor
(G4EmDNAChemistry_option3) (see Table 1).

3.2.3 Electron capture processes

Two different electron capture processes in Geant4-
DNA are taken into account for sub-excitation

electrons, leading to the dissociation of the water
molecule:

∙ Dissociative electron attachment (DEA) is the pro-
cess by which a low-energy electron attaches to a
resonant state of the water molecule with a relatively
high kinetic energy, leading to a fragment. The kinetic
energy at which electron attachment reactions occur
is between 4 and 13 eV and can lead to various dis-
sociation processes giving rise to O−, H−, or OH−.29

Modeling these processes is complicated due to the
fact that it is extremely difficult to obtain accurate
experimental data. The DEA process has been imple-
mented in Geant4-DNA based on Melton’s theoretical
calculations on water29 which use a total inelastic
cross-section summed over the different dissociation
processes. A single dissociation channel is used to
produce OH−,•OH,and H2 as the final products of ion-
water molecule reactions, according to the following
reactions:

H− + H2O → OH− + H2

O− + H2O → OH−+∙OH

∙ Electron-hole recombination is the process of recom-
bination of the H2O+ ion with a solvated electron, typ-
ically occurring within high-concentration regions of
radiation-induced spurs. In Geant4-DNA, this process
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 7

TABLE 2 Displacement of ionized/excited water and its
dissociation fragments, specified as root-mean-square displacement
(rrms).

Process

Ionized/excited
water molecule
rrms (nm)

Products
rrms (nm)

Ionization 2.0 0.8

A1B1_DissociationDecay 0 2.4

B1A1_DissociationDecay 0 0.8

B1A1_DissociationDecay2 0 1.6

Auto-ionization 2.0 0.8

Dissociative attachment 0 0.8

is treated as a diffusion process of a nearby ther-
malized electron (solvated electron) at an appropriate
distance from the H2O+ ion, leading to dissociation or
relaxation to the ground state (see Table 1).The prob-
ability of recombination is calculated by an empirical
survival fraction39:

P(r) = 1 − exp
(
−

rc

r

)
where r is the distance between the H2O+ ion and the
solvated electron. The Onsager radius rc is equal to
e2∕4𝜋𝜀kBT , where e is the electron charge, ε is the
medium permittivity (which is a function of water tem-
perature and density40), kB is Boltzmann’s constant and
T is the medium temperature. The Onsager radius rep-
resents the distance at which the electrostatic energy
is equal to the thermal energy of the medium; at
temperature T = 25◦C and 1 atm, it is about 0.71 nm.

3.2.4 Displacements of dissociation
fragments

Ionized/excited water molecules (called mother
molecules) and their dissociation fragments (or daugh-
ter molecules) formed from the dissociation scheme
also undergo thermalization to release their kinetic
energy. As with electron thermalization, this process
is simulated by moving the mother and daughter
molecules some distance from the initial interaction
site. Following the approach described in Kreipl et al.41

Geant4-DNA calculates the displacement distances
(see Table 2) of mother and daughter molecules using
empirical root-mean-square (rrms) and momentum
conservation:

rrms =
√

3𝜎

where 𝜎 is the standard deviation of the one-
dimensional normal distribution (Gaussian).

In the case of auto-ionization, as introduced by
Karamitros et al.21,22 Geant4-DNA assumes that the
emitted energy of the electrons is 7 eV and, by default,

uses the Terrissol1990 model (see Section 3.1). An
alternative option is available based on the Kreipl2009
model, which incorporates an energy-dependent mean
transport distance of 1 nm using a simplified den-
sity function.37 Starting from Geant4 version 10.6, Shin
et al.31 have implemented an RMS displacement fixed
at a thermalization distance of 1.7 eV based on empir-
ical data,42 which converts the emitted electron into a
solvated one.

Due to the lack of theoretical descriptions and experi-
mental data, one should keep in mind that these models
are still not yet fully known or well-validated for liquid
water.They are mainly based on experimental data from
other materials, scaled to the water phase, or adjusted
to match measurable experimental data on chemical
radiolysis after 1 ps.41

In summary, regarding Geant4-DNA physico-
chemical models,Geant4-DNA proposes two alternative
models (either in the default, option1 and option
2, or in the option3 chemistry constructors, see
Table 1). Their impact on radiolysis simulations is
described in31 and.38 For example, as stated in,38

the G4EmDNAChemistry_option3 constructor tends
to show some better agreement with recent G-value
experimental data versus LET. However, more exper-
imental data (e.g., G-values) are still required to fully
validate the models.

4 CHEMICAL STAGE OF WATER
RADIOLYSIS

Primary water radiolysis species and solvated electrons
are all assumed to be formed within 1 ps. Afterward,
it is considered that they are ready to diffuse through
Brownian dynamics and eventually react. Due to the
initial heterogeneous distributions (spurs) of chemi-
cal species at the microscopic scale along the tracks,
these evolutions cannot be described using the standard
treatment of homogeneous reactions. In Geant4-DNA,
microscopic models are used to describe this spur
evolution during the chemical stage.

4.1 Microscopic models

In the microscopic models, we underline the physical
assumption that water radiolysis species are particles
(or particle-based), whereas water (solvent) is consid-
ered as a continuum and the number of reactants
involved in the chemical stage must be much smaller
than that of the solvent molecules.

4.1.1 Step-by-Step model

In the Step-by-Step (SBS) model, species are trans-
ported in discrete steps (or time steps Δt). The diffusion

 24734209, 0, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.17256 by C

ea G
renoble, W

iley O
nline L

ibrary on [18/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

process corresponds to Brownian motion, which is
described by the solution of the Smoluchowski equation,
which can be given in 1D by the following expression22:

p (r,Δt|r0) =
4𝜋(r − r0)2

(4𝜋DΔt)3∕2
e

{
−(r−r0)2

4DΔt

}
, (1)

where r0 is the initial position and r is the next possible
position of the species with a probability p(r,Δt|r0) in
a time interval Δt. D is the diffusion constant. For each
Δt, the displacement of the species is determined by a
Gaussian distribution whose endpoint can be calculated
by:

x (t + Δt) = x (t) + Rx

√
2D Δt

y (t + Δt) = y (t) + Ry

√
2D Δt

z (t + Δt) = z (t) + Rz

√
2D Δt

where (Rx, Ry, Rz) are random numbers that are nor-
mally distributed with zero mean and unit variance. The
time step Δt has a lower constraint 𝜏 which is defined by
the Einstein–Smoluchowski relation:

𝜏 = mD
kBT ′

where m is the mass of the molecule, kB is Boltzmann’s
constant and T is the medium temperature. The time
steps over which motion takes place are larger than
the time 𝜏, which means that the Smoluchowski equa-
tion requires a sufficiently long time for the molecule to
relax between collisions with the surrounding medium.43

There is no upper limit to Δt. In geometries with a suffi-
ciently large volume, the only constraint comes from the
probability of reactant encounters that may eventually
lead to a reaction. If Δt is chosen too large, some reac-
tions may not be modelled and are therefore “missed”. If
it is chosen too small, the simulation involves many small
time steps, which is very time-consuming. Complexity
increases with O(Nm

2 * Nt) where Nm is the total number
of molecules and Nt is the number of time steps.22

Somehow, time steps should depend on the distance
between reactant pairs. In Geant4-DNA, Karamitros
et al.22 implemented an approach called “dynamic time
step”which was initially proposed by Clifford et al.44 and
Michalik et al.45 Briefly, this method proposes a time step
model that allows time steps to be chosen as a func-
tion of the distance between reactants. Depending on
this distance,a probability of reactions that cannot occur
with at least 95% (default) confidence is converted into
a diffusion time. During this time, the species is con-
sidered free to diffuse and may be able to take a long
diffusion step. The function in Equation (1) is used to
evaluate this diffusion step. This process is repeated

many times until a chemical encounter defines a reac-
tion. Thus, there may be one or more time steps before
the reaction occurs. To avoid the scenario of numerous
small time steps, the Minimum Time Step technique and
the Brownian Bridge technique have been added to limit
the number of time steps. While the Minimum Time
Step limits the minimum time step allowed for each
pair of reactants, the Brownian Bridge technique com-
putes the probability of encounter during their Minimum
Time Step and thus compensates for “missed”reactions.
The Minimum Time Step values can be increased as
a function of the time used in the simulation, using the
predefined static time steps proposed by Kreipl et al.41

The SBS model has been used in the Geant4-DNA
“chem1”,“chem2”,“chem3”,and “chem4”user examples,
which show how to activate and visualize the chemical
track evolution in time and space (refer to Section 5).

4.1.2 Independent reaction time model

Initially introduced by Clifford et al.44 the Independent
Reaction Time (IRT) model offers a much more efficient
approach than the SBS model. Instead of computing
a diffusion time based on the non-reaction probability
as in SBS, IRT tends to directly calculate a reaction
probability. To achieve this, this model assumes that
reactions are independent and that the diffusion of reac-
tants from their initial positions to the reaction site is
not influenced by other chemical species or volume
boundaries. In this context, based on reaction proba-
bilities and initial spatial positions, reaction times can
be sampled for all possible pairs of reactants, sorted
by increasing time into a list of possible reactions, and
these reactions are processed independently one by
one,starting with the reactions with the shortest reaction
time without synchronizing time and position of involved
species. Products created by reactions in progress can
undergo reactions with other reactants and be included
in the reaction list.44 To account for a reaction,a reaction
radius is determined. If the encounter of a pair of reac-
tants at this distance immediately leads to its reaction,
this is called a diffusion-controlled reaction (or totally
diffusion-controlled reaction). Otherwise, the reaction is
determined by a different probability distribution,defined
as “a velocity of reaction”. This distribution depends on
the encounter distance and reaction rate of the reac-
tant pairs and can be referred to as the Smoluchowski
steady-state rate constant.As it does not fully depend on
diffusion,this type of reaction is called partially diffusion-
controlled. Details of reaction probabilities and their
implementation can be found in.23,43,46–48

The IRT model has a much higher computational effi-
ciency than the SBS model, especially when dealing
with a large number of species. However, by skipping
the computation of diffusion, the spatio-temporal infor-
mation of the species is not explicitly simulated during
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 9

simulation time. Only initial positions and reaction sites
are computed.

4.1.3 Synchronous IRT model

The synchronous IRT (IRT-syn) model proposes an
implementation of the IRT model to allow access to
spatial-temporal information at certain times. A prelim-
inary prototype version was proposed by Lampe et al.49

and a full implementation was released in Geant4 10.7
in 2020.48 This implementation uses as the time step the
randomly sampled time given by the IRT model until the
next expected reaction. In other words, instead of opti-
mizing the time step to the next reaction like the SBS
model does, the IRT-syn model calculates the reaction
time directly using the IRT model. As a result, each step
of the simulation consists of two stages:

a) The reaction times of all possible pairs of reac-
tants are computed and sorted by time. The lowest
reaction times and the corresponding reactions are
processed first.

b) The reactive products are created in the reaction that
has taken place and the remaining species are dif-
fused during the time step. Then, depending on their
new position, new reaction times are resampled for
the next reaction.

This procedure is repeated until the end of the sim-
ulation. This means that after each time step, it is
necessary to synchronize the time and position of all
diffusing species. This is the drawback of IRT-syn.
However, thanks to synchronization at each time step,
IRT-syn provides users with spatio-temporal information
on all species, which can then be coupled with infor-
mation on geometric boundaries or on the biological
target.

4.1.4 Suitability of microscopic models

In the above review of the microscopic approaches, it
is currently not possible to recommend one approach
among the others. Indeed, depending on the user appli-
cation, one model might be more suitable among the
SBS, IRT, and IRT-syn. For example, the applicability of
SBS and IRT may be different because IRT does not
provide spatial information, resulting in much improved
speed. SBS will be more adapted if geometries are
present in the simulation (SBS gives information on the
geometrical location of molecules); IRT instead will be
more useful if optimized performance is an issue (for
example, in case of high LET simulations,or simulations
involving large volumes);finally,IRT-syn is a compromise
between the two other approaches. We may only rec-
ommend that users try the different models available

in Geant4-DNA (refer to Section 5 for a description of
several use cases).

4.2 Mesoscopic model

The SBS, IRT, and IRT-syn models are well suited
to applications involving a small number of chemical
species. Computation time remains the main draw-
back when simulations involve a large number of
species or long-time scales. An alternative approach
has recently been implemented in Geant4-DNA using
the compartment-based representation from Geant4
11.2, which describes the evolution of species by gath-
ering molecules of the same species into a single
group placed in a confined volume (or “compartment”).27

Within compartments, the distribution of species is
assumed to be homogeneous or “well-mixed”. Individual
physical molecules are not simulated. Under these con-
ditions, the compartment-based model proposes that
the simulation volume be divided into smaller regions
(“voxels”) where species can react with each other within
the same voxels, and diffusion is modeled by jumps
between adjacent voxels as a first-order reaction. The
next sub-volume method (NSM) algorithm50 is used to
reproduce the possible states of the system, which is
described by the Reaction-Diffusion Master Equation
(RDME).51,52 Since the size of the spurs (produced by
distributions of energy deposition by ionizing particles)
is comparable to their reaction radius within a few ns
after exposure, this period cannot be described using
the “well-mixed” model.21 Over time, species and their
products disperse and distribute more homogeneously
when the compartment-based model can be applied
to the mesoscopic scale. To distinguish it from micro-
scopic models (or particle-based models), it is called the
mesoscopic model (or compartment-based model).

Tran et al.27 have implemented in Geant4-DNA the
combination of the SBS model with the mesoscopic
model (so-called “SBS-RDME model”). This combina-
tion makes it possible to simulate a large number
of species and to extend water radiolysis simula-
tions to several seconds after irradiation. In this model,
the chemical stage is divided into three sub-stages:
the microscopic, mesoscopic, and homogeneous sub-
stages. The microscopic sub-stage begins with the
formation of species before the start of the chemical
stage. When the simulation reaches a time t1 (about
5 ns), the particle-based SBS simulation is stopped
and a uniform Cartesian mesh is initialized for the
compartment-based model. This is the start of the
mesoscopic sub-stage.The initial resolution of the mesh
must be small and chosen according to the spatial
distribution of species at the end of the microscopic sub-
stage.The hierarchical algorithm of the RDME approach
(hRDME) is used to adapt the voxel size to the evolution
of the system.53 Over time, mesh voxels will be grouped
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10 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

into larger voxels resulting in a coarser mesh and con-
taining more homogeneously distributed species.These
voxels will eventually merge into one single voxel that
covers the entire simulation volume at time tn, when
the homogeneous sub-stage starts.During the homoge-
neous sub-stage, the chemical master equation (CME)
is used to sample only reactive events. Details of this
approach can be found in.27

4.3 Other chemistry features available
in Geant4-DNA

4.3.1 Scavengers

The experimental study of radiation chemistry involves
the addition of homogeneously distributed molecules
that lead to competing chemical reactions. This allows
for control of the production of radio-induced species.
These molecules are known as scavengers (see24).
Implementing the scavenging effect in the Monte Carlo
model poses several problems. The first problem is that,
due to the large number of scavenger particles in the
system, the scavenging capacity must be a continuum.
This was proposed by Pimblott et al.54 and Green et al.47

to limit the computational cost of the simulations. This
continuum approximation assumes that the scavenging
particles are homogeneously distributed in the water.
However, this leads to an indetermination of the spatial
evolution of scavenging molecules in diffusion and reac-
tion with spur species. The high concentration regions
of radiation-induced spurs, which introduce the compet-
itive kinetics of radical scavenging and recombination
processes,also add to the complexity of the scavenging
effect.

In Geant4-DNA, the probability of a radiolytic species
interacting with scavengers in the irradiated medium is
determined by the following rate equation47,54:

dX
dt

= −kCsX

where Cs is the scavenger concentration, X is the sur-
vival probability of the species and k is the reaction rate.
This model is used either for the IRT,23 the SBS particle-
based model,24 or the mesoscopic model. Geant4-DNA
provides the “scavenger” example to show how to acti-
vate the scavenging process in chemistry using the
IRT model. It allows users to define chemical reactions
and the concentrations of scavengers by means of a
convenient user interface.24

4.3.2 pH

While the yield of primary radicals from water radioly-
sis may be expected to be unaffected by pH from 3 to
1255,56,57 during heterogeneous distributions of chemi-
cal species along tracks, pH affects secondary products

TABLE 3 Acid-base reactions associated with pKa.58

# Equilibrium pKa

1 2H2O ↔ OH– + H3O+ 13.99

2 H2O2 + H2O ↔ HO2
– + H3O+ 11.65

3 •OH + H2O ↔ O2
•− + H3O+ 11.90

4 HO2
• + H2O ↔ O2

•- + H3O+ 4.57

5 H• + H2O ↔ e–
aq + H3O+ 9.77

such as HO2
•/ O2

•− through various equilibrium pro-
cesses and the subsequent production of H2O2 under
atmospheric oxygen conditions.

Indeed, long after irradiation (hundreds of microsec-
onds), the formation and evolution of important biolog-
ically relevant species such as O2

•−, HO2
•, and H2O2

depend on water pH through a complex equilibrium pro-
cess involving acid-base reactions.These acid and base
concentrations are important to define the HO2

•, O2
•−

and H2O2 evolution.
Until Geant4 11.2, Geant4-DNA considers that acid-

base equilibrium is constant throughout the simulations.
Acid and base concentrations are used to balance the
concentrations of chemical species such as O2

•−/HO2
•

that are created from primary radicals and dissolved
oxygen. Table 3 shows the acid-base reactions associ-
ated with pKa used to simulate the H3O+ and OH− ions
concentrations using the “UHDR” example of Geant4-
DNA (see Section 5).pKa is defined as pKa = -log10(Ka)
where Ka is the value of acid dissociation constant.

However, although a significant change in pH is gen-
erally not observed after water irradiation, the alteration
of acid-base equilibrium in the microseconds to millisec-
onds time frame remains an unresolved issue,especially
under high dose rate conditions.59

4.3.3 Temperature

In Geant4-DNA, the temperature dependence of water
radiolysis, introduced by Karamitros et al.22 is controlled
by scaling the rate constants and diffusion coefficients
in the reaction-diffusion system. While the modification
of rate constants was fitted to the experimental results,
the diffusion coefficients were calculated by the Smolu-
chowski equation with the Debye factor. Details can be
found in.60,61 Recently, in a user study of temperature-
dependent effects using Geant4-DNA, the parameter
values were taken from the literature to simulate the evo-
lution of the G-value at different temperatures, ranging
from 25◦C to 150◦C, for incoming MeV electrons.55

4.4 User-friendly interface for input
reaction list

Until Geant4 version 11.2, Geant4-DNA provided four
chemistry constructors (G4EmDNAChemistry,_option1,
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 11

F IGURE 4 User interface for defining chemical species and reactions in the “chem6” example. The time step models are defined exclusively
for Step-by-Step (SBS), independent reaction time (IRT), or synchronized IRT (IRT_syn).

_option2, and _option3) that offered various lists of
reactions involved in water radiolysis and DNA reactions,
along with reaction constant data.21,23,43,62 Depending
on their applications, users can easily introduce new
molecules and chemical reactions into chemistry appli-
cations to fulfill their simulation needs.The “scavenger”24

and “chem6” examples provide user interfaces to facil-
itate the addition or removal of chemical reactions.
Figure 4 shows a screenshot of the user interface (UI)
using the “chem6” example. This UI allows users to
include all reactions involved by chemistry constructors
or insert their reaction scheme by resetting the reaction
table using the command (/chem/reaction/UI).

5 APPLICATIONS

The list of Geant4-DNA chemistry usage examples
available in the Geant4 version 11.2 is as follows:

- Using Step-By-Step (SBS) method:
∙ The “chem1” extended/medical/dna example illus-

trates how to activate the simulation of water
radiolysis.

∙ The “chem2” extended/medical/dna example illus-
trates how to set the minimum time step limits on
water radiolysis.

∙ The “chem3” extended/medical/dna example illus-
trates how to implement user actions in the chem-
istry module.

∙ The “chem4” extended/medical/dna example illus-
trates how to compute radiochemical yields (“G”)

versus time, including a dedicated ROOT63 graphi-
cal interface.

∙ The “chem5” extended/medical/dna example illus-
trates how to compute radiochemical yields (“G”)
versus time,using alternative physics and chemistry
lists.

- The “chem6” extended/medical/dna example illus-
trates how to compute radiochemical yields (“G”)
versus time or LET using the SBS, IRT and IRT-
syn methods. User interface is provided for defining
chemical species and reactions.

- The “scavenger” extended/medical/dna example illus-
trates how to simulate scavenging using an easy-to-
use interface and the IRT method.

- The “UHDR” extended/medical/dna example illus-
trates how to activate the chemistry mesoscopic
model in combination with the step-by-step model,and
allows to simulate chemical reactions beyond 1 μs
post-irradiation.

5.1 G-value

For comparison with experimental data, one of the most
important applications of the Geant4-DNA chemistry
module is the calculation of the G-values of water radi-
olysis. According to the International Commission on
Radiation Units,64 the yield, G(x) of a chemical species
x, is defined by:

G (x) =
n (x)
𝜀

.
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12 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

where n(x) is the mean number of chemical species x,
created or lost, and 𝜀 is the mean energy imparted to
the matter of that system. Its unit is mol J−1, although
the alternative unit molecules per 100 eV of energy
deposited is often found in the literature.

The G-values, as calculated in Geant4-DNA, differ
somewhat from the ICRU definition. This discrepancy
arises because of the time-consuming nature of radi-
olysis simulations. These simulations are constrained
by the microscopic scale, where a short variation of
the track is taken into account, and the G-values are
therefore calculated for a short-range energy of the ion-
izing particle. In other words, G-values are determined
over a limited range of energies imparted by a sin-
gle particle. This limitation helps reduce the number
of chemical species in the simulation, and subse-
quently the simulation time. To distinguish the Geant4-
DNA definition from the ICRU one, the former will be
referred to as the “track segment G-value”or differential
yields.65

There are two main methods of defining this amount
of imparted energy:

I. The first method is to select a range of energy losses
[eLossMin,eLossMax].The radical species taken into
account for the calculation of the G-value are those
produced along the path of the primary particle up
to an energy loss between [eLossMin, eLossMax].
The initial value, eLossMin, sets a lower threshold
for the energy loss of the primary particle. The pri-
mary particle is stopped when it has lost more energy
than eLossMin. If the total energy deposition of an
event (including the primary particle and all ejected
electrons) is more than eLossMax, which is the max-
imum energy loss allowed, then the event is ignored
in the simulation.31 This upper limit is used to prevent
large energy deposition events (mainly caused by
rare high-energy secondary particles) and therefore
minimize simulation time. Since the range of energy
loss limits these simulations,the volume of water cho-
sen is large enough to encompass all the species
produced. The advantage of this method is that the
simulation is independent of geometry, and the total
energy deposition is determined by eLossMin. How-
ever, eLossMin should be chosen to be large enough
so that it can accurately simulate the full track struc-
ture characteristics at a given linear energy transfer
(LET).

II. The second method is to define a restricted sim-
ulation volume in which energy loss and chemical
species produced are constrained. While the volume
of these simulations must be small enough to limit
energy loss and the number of chemical species,
it should also be large enough to encompass the
track structures of secondaries,especially at high ion
energies.

Figure 5 shows an example of the time evolution
of G-values for the first method [eLossMin = 10 keV,
eLossMax = 10.1 keV] using nine main reactions
(Table 4) for three existing microscopic models (IRT,
IRT-syn, SBS) using the “chem6” example. The evolu-
tion of chemical species in heterogeneous distributions
(ideally up to 1 µs) can be sufficiently described by
these nine fast reactions (high constant rate and high
concentration)22,31,62,66 The inclusion of a consider-
able number of secondary reactions is required when
extending the time to include homogeneous chemistry
for secondary chemical species and interactions with
the medium (such as oxygen).67 In these results, the sta-
tistical uncertainty is kept below 1% in all simulations
by ensuring that a sufficiently large number of individ-
ual incident particles is shot on the irradiated medium.
The relative computational time calculated between
simulations using IRT, IRT-syn, and SBS is shown in
Figure 6.

The G-value differences observed between the SBS
and IRT approaches at longer times (up to about 1 μs)
have been discussed in detail by Ramos-Méndez et al.23

Briefly, these differences might be attributed in part to
the independent pair approximation which is assumed
by the IRT model. On the contrary, the SBS model con-
siders a multiparticle system. Additionally, with a 95%
(default) confidence level for a “free” jump (chemical
species are free to diffuse during the time step), the
SBS dynamic time step model assumes a 5% prob-
ability of missing encounters (or reactions) during the
jump. Moreover, the default Minimum Time Step used in
the simulation results of Figure 5 is 1 picosecond (this
value can be changed by the user).During this time step,
the Brownian Bridge technique is used to calculate the
probability of the reaction, but the reaction of its prod-
ucts with surrounding reactants is not taken into account.
This time step resolution can thus also lead to missing
reactions. Unfortunately, increasing the confidence level
of the “free” jump or decreasing the minimum time step
can result in significantly longer computation times.

Benchmarking activities against existing simulation
codes and experimental data began as early as the
first released version with the SBS model,21,22,31 the
IRT23 and the IRT-syn48 models.These activities may be
boosted by user interfaces of TOPAS/TOPAS-nBio,62,71

that wrap and extend Geant4.

5.2 Radio-sensitizing nanoparticles

One possible application of Geant4-DNA chemistry is to
study the increase in radiochemical yields following an
increase in energy deposition caused by radiosensitiz-
ing nanoparticles.72 The distributions of radio-induced
chemical species (H3O+, OH−, •OH, e−

aq, H•, H2, H2O2)
produced by scattered radiation from gold nanoparticles
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REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA 13

F IGURE 5 G-values of e−
aq and •OH as a function of time for the IRT, IRT-syn, and SBS models, considering the 9 chemical reactions of

Table 4, for 1 MeV incident electrons with [eLossMin = 10 keV, eLossMax = 10.1 keV], compared to experimental data.68–70

TABLE 4 The reactions and reaction rate coefficients used by IRT and IRT-syn are assigned for partially diffusion-controlled and totally
diffusion-controlled reactions

Reaction
k
(×1010 M−1s−1)

Partially
diffusion-controlled

Totally
diffusion-controlled

H• + e−
aq + H2O → OH− + H2 2.5 X

H• + •OH → H2O 1.55 X

H• + H• → H2 0.503 X

H2O2 + e−
aq → OH− + •OH 1.1 X

H3O+ + e−
aq → H• + H2O 2.11 X

H3O+ + OH− → 2H2O 11.3 X
•OH + e−

aq → OH− 2.95 X
•OH + •OH → H2O2 0.55 X

e−
aq + e−

aq + 2H2O → 2OH− + H2 0.636 X

Note: SBS considers that all reactions are totally diffusion-controlled reactions (see section 4.1.2).

F IGURE 6 Relative computation times for IRT, IRT-syn, and SBS.

and their temporal evolution from 1 ps to 1 µs, as a func-
tion of radial distance from the gold nanoparticle (GNP),
can contribute to understanding the possible benefits of
using GNPs. In this application, the compatibility of the
chemistry module with the Geant4 design was demon-
strated by a combination of Geant4 physics standard

models (G4BraggModel and the G4BetheBlochModel)
and Geant4-DNA physics (track-structure), physico-
chemical and chemical modeling capabilities for a single
simulation. Recently, new gold discrete models have
been implemented in Geant4-DNA73–75 and have been
included in the “AuNP” example dedicated to track
structure simulations in GNP.

5.3 High dose rate irradiation

In recent years, studies on FLASH radiotherapy have
highlighted the need to apply Monte Carlo simulations
at high-dose rates. Such simulations could enable us to
study how the inter-track effects in the chemical phase
may be linked to the biological response observed
(better healthy tissue preservation while maintaining
tumor control). Since the computation time required
for microscopic models (SBS, IRT) remains the main
drawback of simulations involving a large number
of species or long-time scales under high-dose-rate
irradiation, the combination of microscopic models
(SBS) and spatially heterogeneous concentration fields
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14 REVIEW OF CHEMICAL MODELS AND APPLICATIONS IN Geant4-DNA

F IGURE 7 Comparison of G-values computed for different doses under instantaneous pulse conditions with 4% oxygenated water.

of the RDME model27 at the mesoscopic scale has
been implemented in Geant4-DNA to describe the
evolution of water radiolysis simulation beyond the
microsecond (see Section 4.2). Although the extension
to homogeneous chemistry introduces the complexity of
secondary reaction equations and acid-base-dependent
kinetic equations, it could provide a better understand-
ing of reactive oxygen species (ROS) (HO2

•/O2
•−)

mechanisms by radiolysis in oxygenated water. A more
detailed review is available in.76

A new example called “UHDR” has been released in
Geant4 11.2 for radiolysis simulation at high absorbed
dose27 by instantaneous pulse irradiation. By default,
this example defines a 1 MeV electron source randomly
placed on one of the faces of cubic oxygenated water
volumes to accumulate absorbed doses. Instantaneous
pulse irradiation means that electrons are shot together
simultaneously. Two geometrical setups are proposed:
one is a cubic water volume of 3.2 × 3.2 × 3.2 µm3

for a dose up to 0.01 Gy, the other one is a smaller
cubic water volume of 1.6 × 1.6 × 1.6 µm3 for higher
doses of up to 1, 5, or 10 Gy. As energy deposition
is proportional to volume size for an absorbed dose,

and at microscale, the absorbed dose depends on the
target size, the choice of simulation volume is a compro-
mise between a sufficient number of chemical species
and an achievable computational time. Users can use a
dedicated interface available in the “UHDR” example to
calculate the absorbed dose. Once a desired dose has
been reached, all the primary chemical species induced
by electron irradiation are produced simultaneously at
1 ps. Note that in these simulations, we considered that
molecules diffuse and react within a volume limited by
geometrical boundaries.These conditions enabled us to
confine the chemical molecules in the considered vol-
ume by making them bounce off the walls of the volume.
Figure 7 shows the results of time-dependent G-values
for ◦OH, HO2◦, O2◦-, and H2O2 in a 4% oxygenated
water. The simulation covers a duration of up to 15 min
after irradiation under pH = 5.5. The statistical uncer-
tainty is kept below 1% in all simulations by ensuring
that a sufficiently large number of individual bunches
of electrons (called “events”) are shot onto the medium,
each event delivering the chosen absorbed dose to the
medium. The average computation time using a CPU
Intel® Xeon® Gold 5220R CPU @ 2.20 GHz ranges
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from 2.5 min to 5.5 h per event for the lower and higher
doses, respectively.

5.4 Early DNA damage

Geant4-DNA is an extension of Geant4 to study the
mechanism of radiobiological effects at (sub-)cellular
scale.Therefore, in recent years,efforts have been made
to implement geometries of biological targets, such as
DNA molecules, to understand and predict the conse-
quences of irradiation at such a scale.48,49,77–79 These
geometries of biological targets precisely describe the
volumes of their constituents and their relative position
can be used as a reaction center to define not only the
direct effect of physical interactions but also the indi-
rect effect of chemical reactions. The reaction model
of radical species with DNA is primarily based on the
assumption that DNA reaction centers are independent
of the DNA molecule and that the macroscopic struc-
ture of DNA molecules does not affect the Brownian
diffusion of radical species. The duration of the chemi-
cal stage is usually short enough (1-5 ns) or modeled
as scavenging to involve only the generation of early
DNA damage,which is still characterized by microscopic
spurs along the track structure and limits the effects of
a complex biological environment on the products of
water radiolysis.

Geant4-DNA provides the example applications
“dnadamage1”77 (from version 10.7), “dnadamage2”78

(from version 11.2), “molecularDNA”49 (from version
11.1) and “dsbandrepair” (from version 11.2), which
allow quantitative predictions of early DNA damage
(within a few nanoseconds) in terms of single-strand
breaks (SSBs), double-strand breaks (DSBs) and the
classification of more complex cluster lesions for differ-
ent DNA structures, ranging from the nucleotide level to
the entire human cell nucleus. Despite the limitations
of the reaction model and of our knowledge of indi-
rect effects, these applications can be used to compare
Geant4-DNA predictions with literature data.

6 CONCLUSION

The Geant4-DNA chemistry module offers the first free
and open-source toolkit for simulating water radioly-
sis induced by radiation. The design of the initial code,
the diffusion-reaction models, and the incorporation of
new functionalities in this module respond not only to
emerging scientific questions, but also to the stability,
extensibility, and improvement requirements of a large
scientific community over the last 10 years.

The capability of Geant4-DNA to simulate water radi-
olysis may play a crucial role in various fields, including
radiation therapy, radiation protection, and understand-
ing the effects of radiation on biological systems,

particularly when water is the primary component of
living tissues. This is underlined by 12 out of the total
31 Geant4-DNA examples using the chemistry module
(until version Geant4.11.2), and the existing MC sys-
tems developed on top of Geant4-DNA. Achieving this
also necessitates substantial efforts from the Geant4-
DNA collaboration to maintain the code, develop new
features,and establish validation programs for chemical
models against experimental data, along with creating a
more user-friendly interface that will be proposed in the
future.
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