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Purpose: Indirect biological damage due to reactive species produced in water radiolysis reactions is
responsible for the majority of biological effect for low linear energy transfer (LET) radiation. Model-
ing water radiolysis and the subsequent interactions of reactive species, as well as track structures, is
essential to model radiobiology on the microscale. Recently, chemistry models have been developed
for Geant4-DNA to be used in combination with the comprehensive existing physics models. In the
current work, the first detailed, independent, in silico validation of all species yields with published
experimental observations and comparison with other radiobiological simulations is presented. Addi-
tionally, the effect of LET of protons and heavier ions on reactive species yield in the model was
examined, as well as the completeness of the chemical reactions following the radiolysis within the
time after physical interactions simulated in the model.
Methods: Yields over time of reactive species were simulated for water radiolysis by incident elec-
trons, protons, alpha particles, and ions with various LETs using Geant4 and RITRACKS simulation
tools. Water dissociation and recombination was simulated using Geant4 to determine the complete-
ness of chemical reactions at the end of the simulation. Yield validation was performed by comparing
yields simulated using Geant4 with experimental observations and other simulations. Validation was
performed for all species for low LET radiation and the solvated electron and hydroxyl radical for
high LET ions.
Results: It was found that the Geant4-DNA chemistry yields were generally in good agreement with
experimental observations and other simulations. However, the Geant4-DNA yields for the hydroxyl
radical and hydrogen peroxide at the end of the chemistry stage were found to be respectively consid-
erably higher and lower than the experimentally observed yields. Increasing the LET of incident
hadrons increased the yield of secondary species and decreased the yield of primary species. The
effect of LET on the yield of the hydroxyl radical at 100 ns simulated with Geant4 was in good agree-
ment with experimental measurements. Additionally, by the end of the simulation only 40% of disso-
ciated water molecules had been recombined and the rate of recombination was slowing.
Conclusions: The yields simulated using Geant4 are within reasonable agreement with experimental
observations. Higher LET radiation corresponds with increased yields of secondary species and
decreased yields of primary species. These trends combined with the LET having similar effects on
the 100 ns hydroxyl radical yield for Geant4 and experimental measurements indicate that Geant4
accurately models the effect of LET on radiolysis yields. The limited recombination within the mod-
eled chemistry stage and the slowing rate of recombination at the end of the stage indicate potential
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long-range indirect biological damage. © 2018 American Association of Physicists in Medicine
[https://doi.org/10.1002/mp.13332]
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1. INTRODUCTION

Radiation therapy is used in the treatment of cancer for a
large proportion of patients. Studies have shown that for radi-
ation types with a low LET such as photons and protons, the
majority of the biological effect is caused by indirect chemi-
cal damage via radicals and reactive species produced by
water radiolysis as water is the primary constituent of most
living organisms.1 These species include reactive oxygen spe-
cies (ROS) which mainly cause oxidative reactions contribut-
ing to oxidative stress. These ROS are the hydroxyl radical
(�OH), hydrogen peroxide (H2O2), and the superoxide radical
(O2

��).2 The remaining contribution to the biological effect
is the result of direct physical damage from ionization of
atoms in biological targets.3 To comprehensively model
radiobiology on the microscale, it is necessary to model both
the track structure of the incident particles, the resulting water
radiolysis, and the 3D distribution of reactive species over
time.4,5 As such, it is necessary to model the diffusion, reac-
tions, and recombination of the reactive species produced by
the radiolysis.6 The modeling of the production, diffusion
reactions, and recombination of numerous reactive species
over time following physical interactions are computationally
intensive, as such, most simulations of radiobiological effects
consider only the physical dose and direct damage with
appropriate scaling. While this is sufficient for modeling
many macroscale radiobiological effects, there are cases
where modeling the direct damage alone cannot explain
experimental observations. For example, there are indications
that ROS play a major role in the enhancement of proton
radiotherapy by high Z metallic nanoparticles.7–11

Geant412,13 is an open source Monte Carlo simulation
toolkit with a comprehensive library of physics models for a
wide variety of particles and energies. Additionally, Geant4
has the capability to model intricate simulation geometries
that can consist of complex shapes made of many elements,
isotopes, materials, and molecules. The Geant4-DNA14,15

very low energy physics models allow modeling of the micro-
scale track structures for directly ionizing radiation in water
via discrete step-by-step interactions and have been used
extensively in radiobiological modeling. The addition of
chemistry modeling to Geant4-DNA16,17 allows the modeling
of the production, diffusion, reactions, and recombination of
reactive species resulting from water radiolysis. The chem-
istry models of Geant4-DNA provide new tools to the user
extending the possible applications for the toolkit that can be
further developed by users. One such potential new applica-
tion of the models could be complete radiobiological model-
ing taking into account the physical, chemical, and biological
stages of radiobiology, resolving the gap between the physical
and biological stages present in many radiobiological models.

While there are several simulation tools capable of
modeling radiolysis available, the majority model the
chemical stage using independent reaction time (IRT)
methods.18–21 IRT simulations provide a computationally
efficient and accurate simulation of radiolysis yields; how-
ever, they do not track the diffusion jumps of individual
reactive species over time during the chemical stage as
required for radiobiological modeling.22 Of the few
remaining models that can provide this level of informa-
tion, Geant4-DNA chemistry is advantageous due to Gean-
t4’s comprehensive physics models for many particles and
the ability to have complex geometries consisting of many
materials. Geant4, and tools built upon it such as GATE23

and TOPAS,24 is already widely used in radiobiological
modeling. As such, the addition of chemistry models in
Geant4 provides a convenient pathway to the incorporation
of the chemical stage of radiation damage in radiobiologi-
cal models. Further, the open source nature of Geant4
allows for comprehensive modification of all simulation
aspects, the possibility of replication of simulations, as
well as collaboration and sharing of simulation code.

Validation of a newly developed model is essential to pro-
vide confidence in simulation results, to quantify the accu-
racy of the simulation and to understand the limitations of the
model. In the validation of a model, the results of simulations
are compared to experimental measurements to test the mod-
el’s accuracy.

The radiation chemistry models in Geant4-DNA were
developed for applications in radiobiological modeling. As
such, the chemistry tracking is limited to water under typical
biological conditions of temperature of 37°C and pH 6–7.
For validation, the Geant4-DNA physics and chemistry mod-
els were used to simulate water radiolysis and the yield of
reactive species G (species/100 eV energy deposition) was
calculated over times from 1 ps to 1 ls and compared with
experimental measurements taken for pure water at room
temperature (the closest conditions to those in biology for
which measurements were available). Measurements taken
for nonwater radiolysis and water radiolysis in nonbiological
conditions such as extreme temperature, pressure, or pH were
excluded in this work. However, users can adapt their own
parameter set for other conditions using available data
bases.25,26

Geant4-DNA chemistry models have not had a pub-
lished comprehensive, independent validation against
experimental measurements. This is shown by the review
of papers using Geant4-DNA chemistry in Section 3. In
view of this, and the great potential utility of these radia-
tion chemistry models, a comprehensive validation of
the chemical yields predicted by Geant4-DNA chemistry
against experimental measurements and a comparison to
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other radiation chemistry simulation tools were performed
and presented for the first time in this article. Additionally,
an investigation was also performed into other characteris-
tics of the simulation, such as the effect of particle type
and LET on the chemical yields over time, and the com-
pleteness of chemical interactions at the end of the 1 ls
period after the physical interactions are simulated.

Section 2 provides a brief overview of the Geant4-DNA
radiation chemistry modeling encompassing the physical,
physicochemical, and chemical stages of the simulation. Sec-
tion 3 is a comprehensive review of publications that use
Geant4-DNA chemistry simulations. Section 4 provides a
description of the simulation geometry and irradiation setup
used in the simulation, as well the simulations and relevant
analyses performed. Section 5 presents the simulation results
for the validation of Geant4-DNA chemical yields with exper-
imental measurements and comparison with other radiation
chemistry models, the effect of LET and particle type on the
chemical yields over time and the completeness of the chemi-
cal reactions when the chemistry simulation ceases. A discus-
sion of experimental results is presented in Section 6. An
overall conclusion is presented in Section 7.

2. OVERVIEW OF GEANT4-DNA WATER
RADIOLYSIS MODELING

The most recent public release of Geant4, version 10.4
(December 2017), provides Geant4-DNA users with a full set
of physical, physicochemical, and chemical models and pro-
cesses for the modeling of water radiolysis induced by ioniz-
ing particles in liquid water, up to one microsecond after
irradiation. We present a brief overview of these processes
below and in Fig. 1 with detailed information about the mod-
els and their development provided in relevant cited papers
detailing recent advances in radiation chemistry.27

2.A. Physical processes

Geant4-DNA can simulate track structures of ionizing
radiation in liquid water thanks to a variety of discrete pro-
cesses describing step-by-step physical interactions, during
the so-called “physical stage” of water radiolysis. The physi-
cal interactions of electrons, protons and neutral hydrogen
atoms, alpha particles, and their charged states, as well as a
selection of heavier ions dominant in the cosmic spectrum,

FIG. 1. Flowchart providing an overview of the physical, physicochemical, and chemical stages of the Geant4-DNA simulation showing the outputs that can be
exported to radiobiological models. [Color figure can be viewed at wileyonlinelibrary.com]
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(Lithium-7, Beryllium-9, Boron-11, Carbon-12, Nitrogen-14,
Oxygen-16, Silicon-28, Iron-56) are available. They include
elastic scattering, ionization, electronic excitation, and charge
exchange processes. For the heavier ions, only the ionization
process is considered taking into account an effective charge
scaling. These physical processes use dedicated models to
describe fully the physical interaction (that is, the calculation
of cross section and the description of the interaction final
state, such as energy loss, angular deviation, and production
of secondary particles). For most physical processes, several
alternative models are available. In order to facilitate their
usage, such models and processes are assembled into “phy-
sics constructors”. The models available for the description
of electron interactions are gathered into three alternative
physics constructors, which can also describe the interactions
of protons, neutral hydrogen atoms, alpha particles, their
charged states, and the heavier ions using the same set of
models. These constructors are named as “G4EmDNA
Physics_option2”, “G4EmDNAPhysics_option4”, and “G4
EmDNAPhysics_option6”. These processes and models have
been already extensively described in the literature (see Ref.
[14,15,28–30] and cited references therein).

In brief, the “G4EmDNAPhysics_option2” constructor
contains the default models initially used in Geant4-DNA:
inelastic interactions for electrons are computed from the
dielectric response function formalism and elastic interac-
tions are based on a partial wave analysis. This constructor
also includes subexcitation processes such as vibrational exci-
tation and molecular attachment for electrons derived from
experimental measurements. The “G4EmDNAPhysics_op-
tion4” includes an improved version of the inelastic models
based on the dielectric response function developed at Ioan-
nina University in Greece, as well as an improved version of
the screened Rutherford elastic model for electrons. Finally,
the recent “G4EmDNAPhysics_option6” constructor pro-
poses an independent set of models of electrons, initially
available from the well-known CPA100 track structure code
developed at Paul Sabatier University in Toulouse, France31;
in particular it uses the Binary-Encounter-Bethe approach for
the modeling of ionization and the independent atom method
for the modeling of elastic interactions. The default models
were used in this work due to a greater coverage of energies
(up to 1 MeV) for electrons.

The physical stage proceeds until the physical processes of
the primary particles and all secondary particles are modeled.
The modeling of physical processes of a particle can stop for
three potential reasons. The modeling of a particle can be
ceased by user command, alternatively, the particle’s pro-
cesses are modeled until either the particle stops in the simu-
lation volume or leaves the simulation volume. When the
chemistry model is activated, electrons are not modeled until
they stop within the simulation volume, instead, electrons are
modeled until an energy of 7.4 eV is reached and they are
then passed to the next stage of the simulation. The distribu-
tion of ionized and excited water molecules and subexcitation
electrons are passed to the physicochemical stage of the simu-
lation.

2.B. Physicochemical processes

The physicochemical processes of Geant4-DNA take
place during the “physicochemical” stage of water radioly-
sis, from a few femtoseconds up to a few picoseconds after
the physical stage. During this stage, subexcitation electrons
thermalize down to 25 meV and become solvated. The ther-
malization process offers two alternative approaches. The
first approach tracks the electron down to 25 meV using all
step-by-step Geant4-DNA processes available in this energy
range. The second approach simulates the thermalization by
displacing the electron in a single step once the electron
has reached a predetermined energy, avoiding multiple,
time consuming, simulation steps. Due to the lack of relia-
bility of the models in this energy range (25 meV–10 eV),
the accuracy of the step-by-step approach is not guaranteed.
Nevertheless, because the dissociative attachment process is
defined down to 4 eV, choosing one or the other of the
approaches may impact the initial number of hydroxyl radi-
cals and solvated electrons. The single-step approach offers
three alternative thermalization models. The first two mod-
els are described in earlier publications and use step-by-
step track structure Monte Carlo simulations of electron
transport down to sub eV energies.31,32 The third model
uses a mean penetration length proportional to the initial
kinetic energy of the electron before thermalization. By
default, the proportionality constant is taken as 1.8 nm/eV
following Ritchie et al.33 The default thermalization process
uses the single-step approach as detailed by Bernal et al.15

In addition, ionized or excited water molecules undergo
modifications of their electronic configuration which can
lead to radiative and/or dissociative rearrangement. The dis-
sociation scheme used in Geant4-DNA follows the initial
approach of the PARTRAC state-of-the-art Monte Carlo
code for biological damage modeling34 and is given in
Table I. This table is implemented in a dedicated “chem-
istry constructor”, named “G4EmDNAChemistry”. How-
ever, the user can implement their own custom dissociation
scheme.

In addition to these rearrangements, a specific process
(“G4DNAWaterDissociationDisplacer”) is responsible for the
placement of the dissociation products, including a specific
parameterization for solvated electrons. All parameters used
for the placement of these dissociation products are described
by Bernal et al.15 The physicochemical stage is complete
once all subexcitation electrons are solvated and all excited or
ionized water molecules dissociate. These processes provide
the initial distribution of reactive species that is used in the
chemistry stage of the simulation.

2.C. Chemical processes

After the “physicochemical” stage, Geant4-DNA chemi-
cal processes can simulate step-by-step the Brownian diffu-
sion of molecular species up to one microsecond after
irradiation using the Smoluchowski model.17 Geant4-DNA
follows a particle-based approach for the simulation of water
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radiolysis,15–17 where species are modeled as point-like
objects diffusing in a continuous liquid water medium. The
chemical reactions are diffusion-controlled, which means
that a reaction can happen between two reactants as soon as
their separation distance is less than a reaction radius calcu-
lated from the reaction rate. The Geant4-DNA chemistry
simulation uses dynamically computed time steps. In order
to speed up the simulations, a minimum time step can be
selected by the user in order to prevent too short time steps
leading to prohibitive simulation times. When the computed
time step is shorter than the user defined minimum time
step, Geant4-DNA uses a Brownian bridge process to
account for possible encounters between reactants during
the minimum time step. The Brownian Bridge process is
described in detail by Karamitros et al.17 The list of species
handled by Geant4-DNA in Geant4 release 10.4 is given in
Table II and their corresponding chemical reactions are
shown in Table III.

All parameters listed in Tables I–III can be modified by
the user. The modeling of radiolysis is currently up to one
microsecond; this is the time limit adopted by Monte Carlo
codes beyond which heterogeneous chemical interactions
within a track cease and homogeneous interactions begin as
the reactive species diffuse away from the track.35 The limit
is also used as beyond 1 ls biological repair processes start
to be active when simulating biological damage from ioniz-
ing radiation.

3. REVIEW OF GEANT4-DNA-BASED WATER
RADIOLYSIS SIMULATIONS

Most Geant4-DNA research focuses exclusively on the
simulation of track structures in liquid water, as reviewed in
Ref. [36] At the time of publication, there are few published
works based on the simulation of water radiolysis using the
recently developed Geant4-DNA chemistry model.

Abolfath et al.37 were the first to use Geant4-DNA for the
simulation of ionizations along track structures of 1 MeV
electrons and protons in combination with molecular
dynamic simulations (ReaxFF environment), in order to
model the radiolysis and resulting DNA-•OH chemical reac-
tions for the prediction of DNA damage.

Pachnerova Brabcova et al.38 then presented the first
experimental validation of Geant4-DNA water radiolysis.
Irradiating pBR322 plasmids with 30 MeV protons in liquid
water and in the presence of coumarin-3-carboxylic acid (a
hydroxyl scavenger), they could measure radiochemical
yields of •OH radicals as a function of time based on fluores-
cence measurements of the hydroxylated form (7-hydroxy-
coumarin-3-carboxylic acid) using a method described
elsewhere.39–41 Although they could not simulate water radi-
olysis in the whole irradiated volume, they simulated
20 MeV proton tracks traversing a 5 lm cube of liquid water.
They concluded that the simulated •OH radical yields in time
were in acceptable agreement with the experimental data,
observing that radical yields sharply decrease in time due to
reactions with scavengers and other radical species, up to
1 ls.

In the context of the investigation of radiation damage to
the central nervous system, Belov et al.42 simulated early
biological damage induced by ionizing radiation using Gean-
t4-DNA in a sample neural network as the target. They simu-
lated water radiolysis from proton, carbon-12, and iron-56
irradiation within a wide range of linear energy transfer val-
ues (from a few to hundreds of keV/lm). They simulated
radiochemical yields and absolute yields of molecular species
(which depend on geometrical properties of the simulated tar-
get) as a function of time, as well as mean numbers of species
as a function of LET at different times. They underlined the

TABLE I. Dissociation schemes used in Geant4-DNAversion 10.4 (December
2017). AI stands for Auto-Ionization. This table is recalled from Ref. [15]
and it is implemented in the G4EmDNAChemistry chemistry constructor.

Electronic state of water Molecule Dissociation channels Fraction (%)

All single ionization states: H2O
+ H3O

+ + •OH 100

Excitation state A1B1:
(1b1)? (4a1/3s)

•OH + H•

H2O + DE
65
35

Excitation state B1A1:
(3a1)? (4a1/3s)

H3O
+ + •OH + e�aq (AI)

•OH + •OH + H2

H2O + DE

55
15
30

Excitation state:
Rydberg, diffusion bands

H3O
+ + •OH + e�aq (AI)

H2O + DE
50
50

Dissociative attachment: H2O
� •OH + OH� + H2 100

TABLE II. Molecular species and their diffusion coefficient available in
Geant4 10.4 (December 2017).

Molecular species Diffusion coefficient (10�9 m2 s�1)

e�aq 4.9
•OH 2.8

H• 7.0

H3O
+ 9.0

H2 5.0

OH� 5.0

H2O2 1.4

TABLE III. Chemical reactions and their reaction rate available in Geant4
10.4 (December 2017) and implemented in the G4EmDNAChemistry chem-
istry constructor.

Reaction Reaction rate (107 m3 mol�1 s�1)

H• + e�aq + H2O? OH� + H2 2.65

H• + •OH? H2O 1.44

H• + H• ? H2 1.20

H2O2 + e�aq ? OH� + •OH 1.41

H3O
+ + e�aq ? H• + H2O 2.11

H3O
+ + OH� ? 2 H2O 14.3

•OH + e�aq ? OH� 2.95
•OH + •OH? H2O2 0.44

e�aq + e�aq + 2 H2O? 2 OH� + H2 0.50
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influence of the network geometry on the production of radi-
olysis products and suggested that the observed enhancement
in the levels of ROS may potentially lead to oxidative damage
to neuronal components disrupting the normal communica-
tion between cells of the neural network.

Tran et al.10 investigated the production of molecular
species around gold nanoparticles (GNP) using Geant4-
DNA. GNPs are currently being studied as potential can-
didates for increasing the effectiveness of radiotherapy
treatments. The nanoparticles were irradiated with 2–
170 MeV protons. In particular, the authors presented the
time evolution of the one-dimensional distribution of
chemical species around the GNP as a function of radial
distance and the radiolysis enhancement factor as a func-
tion of this distance (compared to liquid water only). They
underlined the similar trends between the simulated radiol-
ysis enhancement factors and the absorbed dose enhance-
ment factors around the GNP.

Finally, Tian et al.43 recently developed a new graphics
processing unit (GPU)-based simulation platform adapted
from Geant4-DNAwhich allows accelerated computing times
(up to 2009 faster) for the simulation of water radiolysis. In
their study, Tian et al. also compared radiolytic yields over
time simulated using Geant4-DNA with PARTRAC simula-
tions34 for 750 keV electrons and 5 MeV protons. Differ-
ences in the yields of hydroxyl radical and solvated electrons
were observed. However, as the chemistry models used were
altered, the yields are not representative of the default Gean-
t4-DNA chemistry models.

All these Geant4-DNA-based simulations present the first
original applications of Geant4-DNA water radiolysis. How-
ever, so far, none of them have addressed in detail and quanti-
tatively the performance and accuracy of Geant4-DNA for
water radiolysis modeling. The main objective of this work is
thus to present for the first time a detailed evaluation of
Geant4-DNA water radiolysis modeling capabilities, by com-
paring Geant4-DNA simulations to a collection of experi-
mental data in liquid water and to other Monte Carlo
simulations.

4. MATERIALS AND METHODS

4.A. Simulation geometry and irradiation conditions

The simulation geometry consisted of a 10 m 9 10 m 9

10 m water cube. A large volume was chosen to ensure that
all secondary particles and the produced reactive species did
not leave the simulation volume. Irradiation was performed
using a monoenergetic pencil beam in the positive Z direction
which originated in the center of the water cube. Irradiations
with primary particles of 1 and 50 MeV protons, 1 and
5 MeV alpha particles, 1 MeV electrons, 1.14 and 4.8 GeV
carbon-12 ions, and 1.34 and 5.285 GeV silicon-28 ions were
simulated. For each particle type and energy, 105 primary par-
ticles were simulated. Tracking of the primary particles
ceased after the primary particles had lost 1 keV of energy
for lower LET primary particles, 2 keV for 1 MeV alpha

particles and 5.285 GeV silicon ions and 5 keV for
1.34 GeV silicon ions. The energy cutoffs were chosen to
ensure that the simulated tracks had a length equal to or
greater than 20 nm. Sensitivity testing showed that this
requirement was sufficient to ensure that there were no mea-
surable track end effects on the yield. The cessation of pri-
mary particle tracking was done to ensure that the simulation
provided results of a section of the beam with a fixed LET
value (Track segment LET), allowing the quantification of
the effect of the primary particles’ LET on reactive species
production. Additionally, this reduced the computation time
per event of the simulation allowing a greater number of
events to be simulated with an improvement in the resulting
statistics.

The total energy lost by all particles in the simulation was
also tracked. Events in the simulation were aborted if the total
cumulative energy loss was greater than 8 keV for lower LET
primary particles, 16 keV for 1 MeV alpha particles and
5.285 GeV silicon ions and 40 keV for 1.34 GeV silicon
ions. This was done to remove events in the simulation where
the primary particles deposit considerably more energy than
the cutoff. There are several ways that this can occur. The pri-
mary particle’s type can be changed via charge exchange
resulting in the tracking of energy lost by the primary particle
to cease. Alternatively, the primary particle can deposit its
entire energy in a single interaction. As the energy loss is cal-
culated by querying the particles’ energy after the simulation
step, if the particle is removed from the simulation in an inter-
action the energy loss is not considered. In these scenarios,
tracking only the primary particle’s energy loss is insufficient
to cease tracking the primary particle after energy deposition
on the order of the cutoff limit. These events are aborted as
their simulation times are several orders of magnitude greater
than normal and eventually they congest all threads of the
simulation causing a large increase in the average time per
event of the simulation.

The simulation records the total energy deposited, as well
as the number of reactive species generated, in the water vol-
ume via radiolysis. The yield of each of the seven species
simulated in Geant4-DNA chemistry is recorded separately.
The energy deposited, and the number of species are recorded
at time points in the chemistry simulation stage ranging from
0.5 ps to 1 ls after the start of physical interactions. The time
points have a logarithmic distribution given the time scales
involved span multiple orders of magnitude. For studies of
the completeness of the reactive species’ reactions within the
simulated chemistry stage, two pseudo-species which do not
diffuse or interact are also tracked. These pseudo-species rep-
resent the dissociation and recombination of water molecules
in the simulation.

For comparison, reactive species’ yield simulations were
also performed using the RITRACKS (Version 3.1) simula-
tion software.44,45 In these simulations, the irradiation beam
geometry is the same as for the Geant4 simulations. The
RITRACKS simulations occur in an unbounded water phan-
tom. In the RITRACKS simulations, the number of reactive
species and energy deposited are recorded for time points
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with logarithmic distribution between 1 fs and 1 ls. In the
RITRACKS simulations, the tracking of the primary particle
in the simulation was stopped after the particle had traveled a
distance corresponding to the mean path length for the parti-
cle to deposit 1–5 keV of energy as found from the LET
within the simulation. Testing the Geant4 simulation using
this method showed no difference in results compared to
ceasing tracking based on energy deposition.

4.B. Analysis

The yield for each reactive species was normalized to be
independent of the energy deposited by calculating the yield
G, the number of molecules of a species generated per
100 eV of energy deposited. This normalized yield was used
in all cases except for the study of the completeness of the
chemistry simulation, in which case the yield was measured
in terms of molecules per primary particle.

For the yield verification, the reactive species’ yields sim-
ulated using Geant4-DNA chemistry models were compared
with experimental measurements available for validation, as
well as the results of other radiation chemistry simulations.
Comparisons were performed for low LET radiation types
such as fast electrons, gamma rays, and high energy protons,
as these were used in the majority of experimental observa-
tions. The Geant4 simulations were performed using a
monoenergetic 1 MeV (0.999 MeV) electron beam, as this
was the highest energy for which the most accurate Geant4-
DNA physics models were available for electrons. Geant4
and RITRACKS simulations were performed for this valida-
tion, while PARTRAC46 simulation results and experimental
observations were taken from the literature. When compar-
ing radiolysis simulations, note that both changes in the phy-
sics and chemistry models used can result in differences in
the reactive species’ yields, a comparison of the Geant4-
DNA and RITRACKS physics models was performed by
Douglass et al.47 Experimental measurements of time-
dependent yields were available for use in validation for all
species modeled in Geant4 except the hydrogen radical and
the hydroxyl ion while measurements of the primary yields
were available for all species except the hydroxyl ion. The
primary yield is the yield when heterogeneous chemical
interactions within the track end and homogenous chemical
reactions begin.35,48

Validation of higher LET radiation types such as ions
was also performed. Due to limited experimental measure-
ments where the G-values are determined in a short range of
track segment LET conditions, the high LET validation was
performed for only the solvated electron and hydroxyl radi-
cal for carbon and argon ions. The yields from the Geant4
simulation were compared with RITRACKS yields and
experimental observations of the yield over time and the pri-
mary yield. As Geant4-DNA does not have models for argon
ions, silicon-28 ions were used instead with the energy mod-
ified to match the LET. The silicon ion yields are an approx-
imation of the yields for argon ions, as despite having the
same LET there will be a small difference in the radial

ionization distribution due to differing Z. Most experimental
determinations of G-values for ions of a given LET use LET
values that are averaged over the ion track and often include
Bragg peak. This is the result of the initial incident energy
of the particle used. Only a few measurements of G-values
are considered in short track segment LET conditions as the
use of sufficiently high ion energies for a slowly changing
track segment LET in the measurement volume is required.
In the case of averaged LET measurements, the evolution of
G-value as function of LET is calculated from averaged val-
ues of G by differentiating an empirical function.27 This
method is typically used for measurements of G-values of
hydrated electrons, hydroxyl radical, H-atoms, and hydrogen
peroxide.49–54

The yields of species from irradiation by electrons, pro-
tons, alpha particles, carbon ions, and silicon ions of vary-
ing energies were modeled using Geant4 to find the effects
of the LET of charged particles on the initial and primary
yields and the evolution of yields over time for each of the
individual species. Further, the hydroxyl radical yield at
100 ns as a function of LET modeled by Geant4 was com-
pared to experimental measurements. The Geant4 yield was
normalized to experimental measurements at low LET
using a normalization factor calculated using the hydroxyl
radical yield at 100 ns from Geant4 simulations of 1 MeV
electrons and measurements by Baldacchino et al.41 The
normalization minimizes the effect of the reaction rates and
diffusion coefficients allowing testing of the chemistry
models’ ability to account for the effect of LET on the
yield over time.

5. RESULTS

5.A. Yield verification

For the solvated electron radical shown in Fig. 2, the ini-
tial yield in Geant4-DNA is in the middle of the range of
yields of both experimental observations and other simula-
tions. At times beyond 1 ns, the yield modeled using Geant4
is 18% higher on average than the yields from experimental
measurements and the PARTRAC simulation, while it is only
4% lower on average than the yield modeled by the
RITRACKS simulation. The time evolution of the solvated
electron yield for Geant4, RITRACKS and the direct pulse
experimental observations by Bartels et al.55 have similar
characteristics and only differ greatly in the initial yield.

For the hydroxyl radical yield shown in Fig. 2, the yield
modeled by Geant4-DNA chemistry is in good agreement
with the yields from PARTRAC, RITRACKS, and experi-
mental measurements up to approximately 1 ns after the
physical interactions. For this period, the yield modeled with
Geant4 is on average 8% higher than the experimentally
observed yields. The yield predicted using Geant4 was subse-
quently higher than experimental measurements and other
simulations up to simulation times of 1 ls. The experimental
measurements by Jonah and Miller56 measured the yield of
the hydroxyl radical relative to the yield of the solvated
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electron, for the figure their results are used in combination
with the solvated electron yield measurement by Bartels
et al.55

For the molecular hydrogen yield shown in Fig. 3, the
yield predicted by Geant4 is on average only 11% lower
than the yield predicted using RITRACKS. The initial
yield is higher than that modeled by PARTRAC and
observed in experimental measurements. The difference in
initial yield between Geant4 and RITRACKS compared to
PARTRAC is likely due to electron-hole recombination
and dissociative attachment processes which are not mod-
eled in PARTRAC. The yield modeled using Geant4 is in

reasonable agreement with the yields modeled by
RITRACKS and PARTRAC and observed experimentally
from 1 ns to 1 ls. Over this period, the Geant4 yield is
on average only 8% lower than experimentally observed
yields.

The yield of hydrogen peroxide is shown in Fig. 3. Geant4
predicts an initial yield of zero in agreement with PARTRAC
and experimental measurements. The yield modeled by
Geant4 increases quickly between 10 ps and 10 ns before the
growth of the yield slows and the yield becomes almost con-
stant. While this behavior is consistent between RITRACKS,
PARTRAC, and experimental data, the growth from 10 ps to

FIG. 2. Yield G (Molecules/100 eV energy deposited) for the solvated electron on the left and hydroxyl radical on the right over time from the Geant4,
RITRACKS and PARTRAC34 simulations for 1 MeV electrons (Geant4 and RITRACKS) and 750 keV electrons (PARTRAC), experimental observations39,41,55–
57 using a fast electron or gamma beam and the low LET primary yield.5 [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 3. Yield G (Molecules/100 eV energy deposited) for molecular hydrogen on the left and hydrogen peroxide on the right over time from the Geant4,
RITRACKS and PARTRAC34 simulations for 1 MeV electrons (Geant4 and RITRACKS) and 750 keV electrons (PARTRAC), experimental observations39,57

using a fast electron or gamma beam and the low LET primary yield.5 [Color figure can be viewed at wileyonlinelibrary.com]
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10 ns modeled by Geant4 is considerably lower resulting in a
constant hydrogen peroxide yield at 1 ls considerably lower
than other simulations and experimental measurements. Note
that the chemistry models used in RITRACKS allow ionized
and excited water molecules to dissociate, producing primary
reactive species, at very short times after physical interac-
tions. This is what causes the yield of a purely secondary
reaction product to be non-zero at the start of the chemical
stage at 1 ps.

For the hydronium ion shown in Fig. 4, the initial yield
modeled using Geant4-DNA chemistry is 11% and 5%
lower than the initial yields modeled by PARTRAC and
RITRACKS, respectively. While the initial yield differs
slightly, the yields over time are very similar for both
Geant4 and RITRACKS simulations with the Geant4 yield
on average only 2% lower than the RITRACKS yield. The

Geant4 yield is in reasonable agreement with experimental
observations, especially from 1 to 20 ns; however, the
simulated yield falls more slowly than observed in experi-
ments. The Geant4 yield is on average 10% higher than
the experimental observations.

For the hydrogen radical shown in Fig. 4, the initial
yield modeled using Geant4 is in good agreement with
both RITRACKS and PARTRAC. Both Geant4 and
RITRACKS simulations show the yield reducing as time
after physical interactions increases up to approximately
1 ns before the yields increase again until the end of the
simulation. The rate of yield change is greater for
RITRACKS than for Geant4; however, the final yields are
both in good agreement with the experimentally observed
primary yield.5 The Geant4 yield is only 4% lower than
the observed primary yield.

FIG. 4. Yield G (Molecules/100 eV energy deposited) for the hydronium ion on the top left, the hydrogen radical on the right and the hydroxyl ion below over
time from the Geant4, RITRACKS and PARTRAC34 simulations for 1 MeVelectrons (Geant4 and RITRACKS) and 750 keV electrons (PARTRAC), experimen-
tal observations58,59 using a fast electron or gamma beam and the low LET primary yield.5 [Color figure can be viewed at wileyonlinelibrary.com]
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As there are no experimental measurements of the hydro-
xyl ion available, direct validation of the yields from simula-
tions is not currently possible. However, the yields and their
trends over time can be compared for the simulations. For the
hydroxyl ion yields shown in Fig. 4, the initial yield modeled
by Geant4 is approximately half that modeled by
RITRACKS; however, given the low yields the absolute
difference in initial yield is small. There is a reasonable
agreement between the change in yields over time between
Geant4 and RITRACKS.

For the solvated electron yields for ions shown in Fig. 5,
there is a good agreement between experimental observations
between 10 and 100 ns and the Geant4 yield for the carbon
ions with the Geant4 yield only 7% lower on average than the
experimental observations. For the argon ions, the Geant4
yield is considerably larger than the experimental observations
between 2 and 100 ns. This is due to the high dose rate used in
the pulse radiolysis experiment resulting in overlapping tracks
and accelerated recombination of the solvated electron causing
the yield to be underestimated.61 However, the Geant4 yield is
considerably higher at 1 ls than the primary yields. The yields
modeled by RITRACKS have a similar behavior over time but
have a considerably lower yield which is not consistent with
the experimental observations using carbon ions.

For the hydroxyl radical yields for ions shown in Fig. 5,
the Geant4 yields for carbon and argon ions have the correct
behavior over the 10 ns–1 ls time range for which experi-
mental observations are available; however, they are approxi-
mately 65% too high over this time frame. The initial yields
modeled by Geant4 are considerably higher than those
for RITRACKS; however, the gradient of the earliest

experimental observations suggests a higher initial yield than
that modeled by RITRACKS.

5.B. LET dependence of reactive species yield

For primary reactive species such as the hydroxyl radical,
hydronium ion and solvated electrons with yields shown in
Figs. 6 and 7, as well as the hydroxyl ion shown in Fig. 7, the
initial yield of the species is reduced for radiation with
increasing LET. For most secondary reactive species, such as
the hydrogen radical, molecular hydrogen and hydrogen per-
oxide shown in Fig. 8, the initial yield of the species is
increased for radiation with higher LET. Additionally, there is
a trend across all species that for higher LET radiation types
the rate of change in yield over time is increased. As most
species’ yields are monotonically either decreasing or
increasing over time, this increased rate of change results in
the difference in yields depending on LET increasing at
longer times after the physical interaction. The only exception
to this is the hydrogen radical. The nature of this species’
yield evolution over time is that the yield first decreases, fol-
lowed by a smaller increase, meaning that the difference in
yield depending on LET actually decreases with time after
the physical reactions. The primary yields confirm the obser-
vation of yields being lower at 1 ls with increasing LET radi-
ation types for the solvated electron and hydroxyl radical and
yields being higher for increasing LET radiation types for the
molecular hydrogen and hydrogen peroxide yields.

The primary yield measurements indicate that the reduc-
tion in the yield of the solvated electron and growth in the
yield of the hydrogen radical should be greater for high LET

FIG. 5. Yield G (Molecules/100 eV energy deposited) for the solvated electron on the left and hydroxyl radical on the right over time. Yields are shown from
Geant4 and RITRACKS simulations of 1.14 GeV carbon-12 ions (Geant4 and RITRACKS), 3.42 GeV argon-36 ions (RITRACKS), and 1.34 GeV silicon-28
ions (Geant4) for the solvated electron and 4.8 GeV carbon-12 ions (Geant4 and RITRACKS), 20 GeV argon-40 ions (RITRACKS) and 5.285 GeV silicon-28
ions (Geant4) for the hydroxy radical. Experimental observations41,60 of the yield over time using carbon and argon ions and the primary yields26 are shown.
[Color figure can be viewed at wileyonlinelibrary.com]
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radiation types. Additionally, the measurements indicate that
the 1 ls yield of hydrogen peroxide should be lower for
higher LET radiation and be higher for lower LET radiation
and that the 1 ls yield of the hydrogen radical should
decrease with increasing LET.

The hydroxyl radical yield at 100 ns for various radiation
types with varying LET is shown in Fig. 9. The Geant4
yields normalized at low LET shows good agreement with
experimental measurements. The Geant4 yield of the solvated
electron, hydrogen, hydrogen radical, and hydrogen peroxide

species at 1 ls for various radiation types with varying LET
compared with primary yields26 is shown in supplementary
Figs. S1 and S2.

5.C. Completeness of chemical reactions by end of
chemistry stage

The number of water molecules that were dissociated and
recombined throughout the chemical stage per incident
1 MeV proton modeled using Geant4 is shown in Fig. 10.

FIG. 6. Yield G (Molecules/100 eV energy deposited) for the hydronium ion on the left and the solvated electron on the right over time from the Geant4 simula-
tion for 1 and 50 MeV protons, 5 MeV alpha particles, 1.34 and 5.285 GeV Si-28 ions and 1 MeV electrons shown by solid red, dashed red, solid green, solid
black, dashed black and solid blue lines respectively with primary yields26 shown by red circle, red diamond, green circle, black circle, black diamond, and blue
circle markers, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 7. Yield G (Molecules/100 eV energy deposited) for the hydroxyl radical on the left and the hydroxyl ion on the right over time from the Geant4 simulation
for 1 and 50 MeV protons, 5 MeV alpha particles, 1.34 and 5.285 GeV Si-28 ions, and 1 MeV electrons shown by solid red, dashed red, solid green, solid black,
dashed black, and solid blue lines respectively with primary yields26 shown by red circle, red diamond, green circle, black circle, black diamond, and blue circle
markers, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Almost all of the water molecule dissociation occurs in the
physicochemical stage, where ionized and excited water
molecules can dissociate prior to the start of recording in the
chemistry stage. The number of dissociated water molecules
only increases slightly during the chemical stage of the simu-
lation due to a few chemical reactions that result in further
dissociation of water molecules. All of the recombination of
water molecules occurs in the chemical stage via multiple
reactions between species that result in the production of
water. The rate of recombination slows greatly at later times
in the chemical stage.

The ratio of recombined water molecules to dissociated
water molecules during the chemical stage of the simulation
is shown in Fig. 10. This ratio represents the completeness of
the chemical reactions following radiolysis, that is, the pro-
gression to complete recombination of the dissociated water

molecules. The recombination fraction is less than 40%, and
the rate of the recombination fraction’s increase is reduced
considerably at later times in the simulation.

6. DISCUSSION

6.A. Yield verification

In general, there is a good agreement between the yields
modeled using Geant4-DNA chemistry and the yields mea-
sured experimentally and modeled using other simulation
tools. Apart from a few previously noted differences, on
average the Geant4 yields are within 20% of available exper-
imental yields and often within 10%. The only major differ-
ence is the slow decay of the hydroxyl radical over time and
the slow growth of the hydrogen peroxide species over time.

FIG. 8. Yield G (Molecules/100 eV energy deposited) for hydrogen on the top left, the hydrogen radical on the right and hydrogen peroxide on the bottom over
time from the Geant4 simulation for 1 and 50 MeV protons, 5 MeV alpha particles, 1.34 and 5.285 GeV Si-28 ions and 1 MeV electrons shown by solid red,
dashed red, solid green, solid black, dashed black, and solid blue lines respectively with primary yields26 shown by red circle, red diamond, green circle, black
circle, black diamond, and blue circle markers, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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This is problematic as they are important primary and sec-
ondary species, respectively. Additionally, the long-lived
hydrogen peroxide species can pass through water channels
(i.e., aquaporins) in biological membranes and may be
responsible for long-range cellular damage. These two differ-
ences are likely related to the rate of occurrence of the reac-
tion •OH + •OH ? H2O2 being too low within the
simulation. Another smaller difference is that the yields of
the hydronium ion and the solvated electron simulated by
Geant4 at 1 ls are higher than the yields measured in exper-
iments. The experimental measurements indicate that the
gradient of the change in yields over time of these two

species should be slightly increased. This suggests that the
rate of occurrence of the reaction H3O

+ + e�aq ?
H• + H2O within the simulation being slightly too low. The
rate of occurrence of these reactions can be increased by
increasing the reaction rate within the simulation. Care must
be taken with any changes not to cause a large disruption of
the yields of the other species.

While the direct validation of the hydroxyl ion is impossi-
ble without experimental measurements due to the interde-
pendent nature of the chemical reactions being modeled, a
reasonable indirect validation can be achieved, as the yield of
the hydroxyl ion is closely related to the yields of species that
can be directly validated through the dissociation reactions
and reactions between species.

6.B. LET dependence of reactive species yield

It was found that for radiation with higher LET in general
the yields of primary species were decreased while the yields
of secondary species increased and that the effect of LET
increased with time after physical interactions. These
observed effects are likely due to the greater density of ion-
ization events caused by radiation with higher LET. This
results in a larger number of reactive species produced in a
small volume encompassing the ionization track. As such,
the greater density of ionizations for higher LET radiations
also results in a higher density of species produced. This
increases the probability of reactions between the reactive
species, resulting in a decrease in yield for primary species
(which are mostly depleted in these reactions) and an increase
in yield for secondary species which are mostly created as a
result of these reactions.

The hydroxyl radical yield at 100 ns simulated using
Geant4 and normalized at low LET agrees with experimen-
tal observations for radiation with a range of LETs. This

FIG. 9. Yield G (Molecules/100 eV energy deposited) at 100 ns for the
hydroxyl radical for radiation types of various LET. Yields from Geant4
(black circles) are normalized to low LET experimental measurements41 and
compared to experimental measurements of the yield for varying LET.62

[Color figure can be viewed at wileyonlinelibrary.com]

FIG. 10. Left, the number of water molecules per incident proton that undergo dissociation (solid blue line) and recombination (dashed red line) over time. Right,
the recombination fraction, the ratio of recombined to dissociated water molecules over time. [Color figure can be viewed at wileyonlinelibrary.com]
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indicates that the effect of LET on the radiolysis yields is
modeled accurately and hence that Geant4 is homotheti-
cally similar to the experimental measurements. However,
any inaccuracies at low LET will correspond to inaccura-
cies at higher LET. The LET determines the density of ion-
ization and excitation events along the simulated track and
hence the initial reactive species concentration. As such,
the accurate modeling of the effect of LET on yield indi-
cates that the chemistry models accurately account for the
effect of initial reactive species concentration on the yields
over time. As several different particle types were used over
the LET range, there are some large changes in the yield
for points with very similar LETs. This is due to radial dif-
ferences in the ionization due to the different Z of the par-
ticles.

6.C. Completeness of chemical reactions by end of
chemistry stage

Reactive species are mainly produced by radiolysis, the
dissociation of water by radiation. After their formation,
they react with each other, or water, resulting in the pro-
duction of secondary species as well as recombining spe-
cies to form water molecules. As such, the progression of
chemical reactions following radiolysis can be measured by
tracking the dissociation and recombination of water mole-
cules during the chemical stage. It was found that the dis-
sociation occurs almost entirely before the chemical stage
and that recombination occurs throughout the chemical
stage of the simulation. The observation that recombination
slows toward the end of the chemical stage likely due to
diffusion and dilution, and subsequently lower probabilities
of reaction.

It was found that the recombination fraction was less
than 40% at the end of the chemical stage and that the rate
of increase of the recombination fraction was slowing,
likely due to the trend for reactive species produced in the
same spur to diffuse apart from each other. The recombina-
tion fraction of approximately 40% reached at the end of
the chemistry stage is consistent with expectations that
approximately 40% of initial reactive species will be con-
sumed by spur reactions.63 The incomplete and slowing
recombination indicates that a longer time after the physical
interactions than the 1 ls modeled in Geant4 and most
other simulations of water radiolysis is required to com-
pletely model the chemical reactions following water radi-
olysis. Due to the intensive computational requirements of
extending the detailed modeling for greater periods of time,
the results may have to be exported into a chemistry model
designed for modeling reactions over a longer time period.
Additionally, the slowing rate of recombination indicates
that reduced reaction probabilities may promote long-range
diffusion of reactive species allowing the exertion of bio-
logical damage at relatively distant sites by reactive species
that avoid the natural scavenging capacity of the cell (e.g.,
damage to nuclear DNA from species originating in the
cytoplasm).

7. CONCLUSION

In this work, we have presented for the first time a com-
prehensive, independent validation of Geant4-DNA chemical
yields in addition to comparison with other radiation chem-
istry simulations. The yields modeled by Geant4 are in
reasonable agreement with available experimental measure-
ments and other simulation models. The only apparent large
discrepancies are a slower extinction of the hydroxyl radical
yield and a slower formation of the hydrogen peroxide yield
over time. This is likely indicative of the reaction between
two hydroxyl radicals to form hydrogen peroxide occurring at
too low a rate in the simulation. With limited available exper-
imental observations for some of the reactive species mod-
eled, there is a large possible degree of variation of the yields
of these species. This uncertainty in the known yields can
only be resolved with further experimental observations of
water radiolysis and G-value determinations in conditions as
near as possible to those used in simulations such as track
segment LET, temperature, time resolution, partial pressure
of O2, etc.

The investigation of the effect of LET of hadrons on the
reactive species yields found that for higher LET, primary
species’ yields were lower and secondary species’ yields were
higher. Combined with the observation that these effects were
greater for longer times after the physical interactions, it is
indicative that the denser ionization events for higher LET
radiation result in a higher rate of chemical reactions between
the species. Additionally, the effect of LET on the yield was
found to be accurately modeled by the simulation. This indi-
cates that validation for lower LET radiation where more data
is available should result in the yields modeled by the simula-
tion also being accurate for higher LET radiation.

In Geant4-DNA chemistry simulations, like most radiation
chemistry simulations, the modeling of chemical interactions
extends to 1 ls after physical interactions. The tracking of
the dissociation and recombination of water molecules
showed that only 40% of dissociated water molecules had
recombined at the end of the chemical stage of the simula-
tion. Additionally, the rate of recombination was slowing.
This indicates that a large number of produced reactive spe-
cies may be long-lived due to reduced reaction probabilities
at later times, allowing potential long-range biological effects
by reactive species that escape the cell’s natural scavenging
capacity. To model these effects in addition to those from
short lived species, the results from a radiation chemistry
simulation may be exported to a simulation designed for
longer period modeling of chemical species interactions with
a biological target.

The Geant4-DNA chemistry models’ simulated yields are
in reasonable agreement with experimental observations and
other radiation chemistry. The addition of chemistry models
to Geant4 allows the modeling of water radiolysis and the 3D
distribution of reactive species over time which in combina-
tion with Geant4’s comprehensive and extensive physics
models and potential for complex geometries has great poten-
tial utility for many radiobiological simulations.
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Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Figure S1: Yield G (Molecules/100 eV energy deposited) at
1 ls for the solvated electron on the left and hydrogen on the
right for radiation types of various LET. Yields from Geant4
(blue squares) are compared to experimentally derived values
of the primary yield for varying LET.26

Figure S2: Yield G (Molecules/100 eV energy deposited) at
1 ls for hydrogen peroxide on the left and the hydrogen radi-
cal on the right for radiation types of various LET. Yields
from Geant4 (blue squares) are compared to experimentally
derived values of the primary yield for varying LET.26
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