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Indirect Action

2Ref: J Rad. Res. App. Sci. (2015) 8, 247-254

n Indirect Action: DNA damage type caused by 
reactive species such as OH radical which 
created from radiolysis of water molecule.  
p Water radiolysis framework: 

ー molecule production
ー molecule diffusion
ー molecular reaction

This framework must be fully compatible
with physical simulation

Low LET particle                     High LET particle  

chemical domain
spur



Importance of Indirect Action on DNA damage
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Protectable Fraction 
(damage type based)

Physica Medica 105 (2023) 102508
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D. Sakata et al.

In general, simple DSB tends to be repaired through the fast-repair
process, and complex DSB is repaired through a slow-repair process.
�1 and �2 are the DSB rejoining rates (h*1) for simple and complex
DSBs, respectively. ⌘1, ⌘2 and ⌘1,2 are the DSB–DSB binary rejoining
rates (h*1) for simple–simple, complex–complex and simple–complex
rejoining combinations, respectively. Similarly, ✏1 and ✏2 account for
the rates by physiochemical fixation (h*1 for simple and complex DSBs,
respectively).

In the TLK model, two types of model parameters involved in cell
death are introduced to calculate the probability of cell death: proba-
bility of misrepair and lethality of residual DNA damage. Here, we re-
gard misrepaired DNA damage that remains after the repair processes;
however, in reality, alternative repair processes are activated once
nonhomologous end joining (NHEJ) repair failed via microhomology-
mediated end joining (MMEJ), also known as alternative nonhomol-
ogous end-joining (Alt-NHEJ) [48]. Simple sublethal lesions (i.e., a
first-order repair) can be removed from the DNA through biochemical
processes that repair individual lesions without any chance for killing
the cell, unless an important DNA component (such as a necessary gene)
cannot be successfully repaired as a simple aberration. On the other
hand, complex sublethal lesions can easily lead to a high chance of
killing the cell. In particular, the aberrations (such as dicentrics, acen-
tric rings, and binary-misrepair) are crucial for cell survival. Hence, to
link between initial DNA damage and cell death, it is important to first
estimate the probability of misrepair that can potentially lead to cell
death as well as the lethality that is a fraction of misrepair leading to
cell death.

Accounting for the probability of correctly repaired damage (a1 and
a2) and the lethality of residual DSBs (�1, �2, �1, �2, �1,2), the yield of
lethal lesions can be calculated as,
dLf (t)
dt

=[(1 * a1)�1�1 + ✏1]L1(t) + [(1 * a2)�2�2 + ✏2]L2(t)

+ �1⌘1L1(t)L1(t) + 2�1,2⌘1,2L1(t)L2(t) + �2⌘2L2(t)L2(t),
(3)

where a1 and a2 represent the probabilities of correctly repaired dam-
age in simple and complex DSBs, respectively. The probabilities �1,
�2, �1, �2 and �1,2 describe the partitioning of misrepaired damage
into lethal and nonlethal genetic alterations for each repair type. For
example, �1 = 1 means that if the DSB was not repaired correctly in the
fast-repair process regarded as misrepair, the DSB always produces a
lethal lesion. As in the original study by Stewart [34], in order to reduce
the number of adjustable parameters, the following additional (ad-hoc)
equality conditions (i–iv) are imposed in this work: (i) the probability
of correctly repaired damage is assumed to be 0 as (1-a)� = �, (ii) the
rates of DSB fixation is set to ✏1 = ✏2 = 0, (iii) the rate of binary repair is
identical to ⌘1 = ⌘2 = ⌘1,2 = ⌘ and (iv) the lethality of binary misrepair
is identical to �1 = �2 = �1,2 = �. Under these conditions, Eqs. (1)–(3)
are simplified to
dL1(t)
dt

= ÜD(t)Y ⌃1 * �1L1(t) * ⌘L1[L1(t) + L2(t)], (4)

dL2(t)
dt

= ÜD(t)Y ⌃2 * �2L2(t) * ⌘L2[L1(t) + L2(t)], (5)

and
dLf (t)
dt

= �1�1L1(t) + �2�2L2(t) + �⌘[L1(t) + L2(t)]2. (6)

Finally, these yields are numerically integrated to calculate the SF,

SF = ln(*Lf ). (7)

The differential equation has been solved numerically by means of the
fourth-order Runge–Kutta method in the boost/numerical C++ library.

To calculate the DNA unrejoined fraction and SF, we set model pa-
rameters of the TLK model for the experimental condition as described
in the reference study by Belli et al. [37]. The delivered dose for the
unrejoined DNA fraction was 45 Gy at a dose rate of 20 Gy/min. For
the SF calculations, the dose rate was set to 1 Gy/min, and the SFs

were scored 16 days after irradiation. Given that the number of colonies
was counted after 7 days from irradiation in the reference experimental
study [36,49], we calculated the SF at t = 168 hours. The time step of
the integration was set to 1 ù 10*4 hour. We note that the half-repair
time ⌧ of the rejoining can be calculated by ⌧ = ln2_�, if the repair
process is not saturated.

The fraction of activity released (FAR) measured by gel-
electrophoresis methods is used to quantify the number and size of
fragments obtained by breaking of the DNA fiber, such as that induced
by DSBs [50,51]. Thus, calculating the ratio between FAR and initial
FAR, we can estimate the quantity representing the fraction of un-
rejoined DSBs. According to the random-breakage model [37,52,53],
the relation between FAR and the number of the unrejoined DSBs
((L1(t) + L2(t))_Y ) can be calculated using the following equation:

FAR(t) = Fmax

<
1 *

4
1 +K(L1(t) + L2(t))_Y

0
1 * K

M0

15

exp*K(L1(t)+L2(t))_Y
�
, (8)

where Fmax is the maximum fraction of the DNA that can enter the gel
plug, M0 is the average DNA length in a chromosome, and K is the
detection limit length. In this study, Fmax was set to 1, M0 = 180 Mbp,
and K = 4.9 Mbp as estimated by Belli et al. [37]. Finally, the fraction
of unrejoined DSBs is calculated as the relative FAR, and the FAR
values were scaled by applying FAR(t0), where t0 is the time when the
irradiation was stopped.

2.3. Protectable damage fraction

By integrating the TLK model into the Geant4-DNA application,
we calculated the fraction of the damage produced via indirect action
(protectable damage). Experimentally, the protectable damage fraction
can be measured from the maximum degree of protection (DP) at an
infinite dimethylsulfoxide (DMSO) concentration [54,55]. DMSO has
been used as scavenger of radiolytic free radical species, in particular
hydroxyl radical. DMSO is permeated among the cells before irradiation
at various concentrations. The experimental DP is defined as follows:

DPexp =
ln SF0 * ln SFÿ

ln SF0
, (9)

where SF0 and SFÿ are the measured SF at 0 mol of DMSO and the
assumed SF at infinite DMSO concentration, respectively. Moreover, the
maximum DP can be obtained as the value at the point of intersection
of the regression where the concentration of DMSO is infinite (1/x =0),
with the equation given by:

1
DPexp

= k 1
x
+ yÿ, (10)

where x is the density of DSMO, k is the slope, and yÿ is the intersection
(at the limit of infinite DMSO concentration). Similarly, the DP can be
calculated with the SFs of the Geant4-DNA application as follows:

DPmethod1 =
ln SFwChem * ln SFwoChem

ln SFwChem
, (11)

where SFwChem and SFwoChem are the calculated SFs with the initial DSB
yields, which were simulated with- and without- chemistry simulations,
respectively. In this study, DPmethod1 is calculated with SFwChem and
SFwoChem at 1 Gy, where it is not affected by the SF enhancement known
as the stochastic effect [33].

By using Nikjoo’s classification, as it was attempted in the previous
study [22], it was also possible to calculate the fraction of protectable
DSBs that cannot be classified as DSB without indirect damage by

DPmethod2 =
NDSBind

+ NDSBhyb

NDSBdir
+ NDSBmix

+ NDSBind
+ NDSBhyb

, (12)

where NDSBdir
, NDSBind

,NDSBmix
and NDSBhyb

are the numbers of DSBdir,
DSBind , DSBmix and DSBhyb, respectively. We neglected the contribu-
tion of DSBmix to the protectable damage fraction, because it cannot
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It is well known that indirect action is the most 
dominant process for DNA damage creation at low-
LET radiation irradiation!



You remember, chemistry module needed
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What Geant4-DNA chemistry do?
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We can try to produce this video with 
chem3 example



2 alternative sets 
of parameters

Physico-chemical stage
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t=10-15s t=10-12s

During this stage, water molecules 
• Dissociate if 

• Ionized
• Electron attachment

• Relax or dissociate if 
• Excited 
• Electron-hole recombination

J. Comput. Phys. 274 (2014) 841 
(link) Phys. Med. 31 (2015) 861-874 
(link)
Phys. Med. 88 (2021) 86-90 (link)

PhD thesis of M. Karamitros (2012)
PhD thesis of W. G. Shin (2020)
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From 1 ps, all chemical species are ready 
to diffuse and react

http://dx.doi.org/10.1016/j.jcp.2014.06.011
http://dx.doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1016/j.ejmp.2021.05.029


Chemical stage
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t=10-15s t=10-12s t=10-6s

General assumptions:

• Water radiolysis species are hard spherical particles (or particle-based), 

• Water (solvent) is considered a continuum

• Chemical stage starts when chemical species diffuse through Brownian dynamics and eventually 

react.  

J. Comput. Phys. 274 (2014) 841 (link)
Phys. Med. 31 (2015) 861 (link)

J. Appl. Phys. 126 (2019) 114301 (link)
arXiv:2006.14225 (2020) (link)

Med. Phys. 47 (2020) 5920 (link)
Phys. Med. 88 (2021) 86 (link)

Med. Phys. 48 (2021) 890 (link)

B

A

R
R : radius reaction

http://dx.doi.org/10.1016/j.jcp.2014.06.011
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1063/1.5107511
https://arxiv.org/abs/2006.14225
https://doi.org/10.1002/mp.14490
https://doi.org/10.1016/j.ejmp.2021.05.029
https://doi.org/10.1002/mp.14612


Brownian diffusion

■ In simulation, the species are transported in several 
discrete steps (or time step ∆𝑡). The diffusion process 
corresponds to Smoluchowski equation. Its solution is 
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where 𝑟! is the initial position and 𝑟 is the next possible position of 
the species for the probability 𝐩 𝐫, ∆𝒕 𝒓𝟎 in a time interval ∆𝑡

𝑝 𝑟, ∆𝑡 𝑟! =
4π r − 𝑟! #

4πD∆t ⁄% # e
&' ))&*! "

+,∆.

𝑥 𝑡 + ∆𝑡 = 𝑥 𝑡 + 𝑅/ 2𝐷∆𝑡
𝑦 𝑡 + ∆𝑡 = 𝑦 𝑡 + 𝑅0 2𝐷∆𝑡
𝑧 𝑡 + ∆𝑡 = 𝑧 𝑡 + 𝑅1 2𝐷∆𝑡

■ For each ∆𝑡, the displacement of species is determined by 

(Rx, Ry, Rz) are random numbers 

r − 𝑟!



Diffusion-controlled reactions

■ Reactions are controlled by diffusion. 
■ Reactions happen when A diffuse close to B 

within a distance 𝑅!
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B

A

R0

M. Karamitros et al. / Journal of Computational Physics 274 (2014) 841–882 869

Remark 12. The reaction rate is defined to be the flux to the target boundary:

k = J
Ctot

B
= NA · V · J B(R0) = NA · V ·

∫

dS

−→
jB · d

−→
S

1. Without interaction (U (R0) = 0):

R(R0) = 1
D R0

the equation is reduced to:

k = 4πNA
1

R2
0 w

+ 1
D R0

= 4πNA · D R0
D

R0 w + 1

and if the activation is very efficient, the factor w is large and:

k = 4πNA · D R0

This is the Smoluchowski reaction theory. In Geant4-DNA, by knowing the reaction rate k, it is possible to calculate R0
which is used as reaction radius.
NB: the Avogadro constant appears in this equation because mol was chosen as the unit for the number of molecules. 
The reaction rate k used as parameter in Geant4-DNA is expressed in [mol]−1 · [length]3 · [time]−1. This is also why we 
expressed the number of molecules in [mol].

2. In the case of electrostatic interactions:

U (r) = q1q2

ϵr

Eq. (33) becomes:

R(R0) = 1
D

∞∫

R0

1
r̃2 · exp

(
β · q1q2

ϵr̃

)
dr̃ = 1

Rc D

(
exp

(
Rc

R0

)
− 1

)

where we have used the Onsager radius Rc = q1q2
ϵkB T = β q1q2

ϵ which represents the distance between two charged species 
where the electrostatic and thermal energy are equal, and ϵ = ϵr · ϵ0 with ϵr the relative permittivity of the solvent. 
Therefore:

k = 4πNA · D Rc

exp( Rc
R0

) · ( Rc D
R2

0 w
+ 1) − 1

When the reaction is very efficient w → ∞ and we get:

k = 4πNA · D Rc

exp( Rc
R0

) − 1
= 4πNA · D Reff with Reff = Rc

exp( Rc
R0

) − 1
(34)

This is the Smoluchowski–Debye reaction theory.
Note. To take into account Coulomb interactions, the Monte-Carlo toolkits use Reff as reaction radius by analogy of the 
interaction free case.

Due to the high relative permittivity of liquid water, the Coulombian attraction between two electrical charges is reduced 
by a factor 80 compared to vacuum. Therefore, in liquid water at 37 ◦C, the Onsager radius Rc for two ions of charge 1, is 
about 3.3 nanometers. The Coulomb interaction is effective only at very short range. Furthermore, the thermal motion 
competes with the attractive force field between the ionic species. It is therefore not necessary to take into account long 
range interactions for the transport of ionic species. Diffusing the ions without long range interactions and accounting for 
reactions by using Eq. (34) should be sufficient in most cases.

Reaction radius 𝑅! can be calculated from reaction 
constant 𝑘(Smoluchowski model)

J. Comput. Phys. 274 (2014) 841 (link)

http://dx.doi.org/10.1016/j.jcp.2014.06.011


Diffusion-controlled reactions
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Question: how to know when A will encounter B

1. STEP-BY-STEP (« SBS ») « reference » approach

• Define a time-step ∆𝑡 to diffuse chemical molecules until to their encounter
• ∆𝑡 should not too large, we risk missing reactions. 
• ∆𝑡 should not too small, the simulation involves many small-time steps, which is 

very time-consuming 

B

A

R0

AN APPROACH CALLED “DYNAMIC TIME STEP” ALLOWS TIME STEPS TO BE CHOSEN ACCORDING
TO THE DISTANCE BETWEEN REACTANTS  

M. Karamitros et al. / Journal of Computational Physics 274 (2014) 841–882 871

We define:

• d0, the separation distance of the pair of reactants at time t = 0;
• dmin , the minimum distance that the pair of reactants must travel before being separated by the reaction radius R , after 

a lapse time tD :

dmin = dA(tD) + dB(tD)

where dA(tD) and dB(tD) are respectively the diffusion lengths of molecules A and B;
• tD , the minimum time needed for a pair of reactants to be separated by a distance R with 5% of confidence interval.

dmin must satisfy the following equations:

d0 − dmin = R

⇔ d0 −
(
dA(tD) + dB(tD)

)
= R

By selecting d(A,B)(tD) = d95
(A,B) , we assure that we select for the time step tD , a diffusion length greater than 95% of the 

distribution (19).

d0 − R = 2
√

2D AtD + 2
√

2D BtD

⇔ tD = (d0 − R)2

8(
√

D A + √
D B)2

= (d0 − R)2

8(D A + D B + 2
√

D A D B)
(36)

By selecting d(A,B)(tD) = d99
(A,B) , the result would have differed by a factor 1

8 :

tD = (d0 − R)2

64(
√

D A + √
D B)2

= (d0 − R)2

64(D A + D B + 2
√

D A D B)

leading to a more time consuming simulation, since more time steps would have been needed before a reaction occurs. 
Indeed, we should note that d95 is our chosen maximum possible diffusion length but since the diffusion is random, it may 
happen that even after selecting a dynamical time step, the molecules have traveled either further than d95, or less far than 
expected, leading to no reaction.

Using (36), it becomes then possible to estimate, before each step, an approximate minimum diffusion time before en-
counter for each reactant. We should note that for a given reaction type (e.g. OH! + OH!; H3O+ + e−

aq , etc.), the approximate 
minimum time of encounter is given by the closest pair of reactants (since the diffusion coefficients are constant). There-
fore, by searching, for each reaction, for the closest pair of reactants and then for the corresponding diffusion time before 
encounter, we can predict what would be the next reaction to occur.

Even if it is a 1D approximation of the overall problem, this method based on a dynamical time step approach is one of 
the possible answers to the drawbacks of the static time steps approach. However, its main drawback is that before having 
a reaction, a given pair of reactants will have to make smaller and smaller time steps, increasing the computing time.

In order to avoid this drawback, we introduce a constraint tlimit on the minimum computed time step allowed for each 
reactant pair. When tD is smaller than tlimit , tlimit is selected as being the next time step. Any couple filling the condition 
tD < tlimit is recorded. All molecules are diffused with tlimit as time step. At the end of the step, the separation distance of all 
recorded couples is checked, if their separation distance is greater than R , we then compute their probability of encounter 
during tlimit using the Brownian bridge technique presented in the next section. Other chemical species are disregarded 
for the distance and boundary crossing check. The constraint we have introduced, makes the approach implemented in 
Geant4-DNA, a combination of dynamic and fixed time steps.

4.5. Brownian bridge

The purpose of the Brownian bridge is to determine the conditional probability of a specific event occurring along the 
path x(t) for which we know the initial and final position {x(0) = x0, x(t) = x f }. In our case, we will apply the Brownian 
bridge to determine the probability that two reactants are separated by a distance less than R during a time step t , given 
the value of their pre-step and post-step separation distances are both greater than R . The Brownian bridge is rarely used 
in radiation chemistry and therefore its documentation might be difficult to find. Therefore, we decided to detail all the 
calculus of this method.

Proof of the Brownian bridge. When we look at the relative diffusion of two Brownian particles, the system can be reduced 
to a problem in one dimension as an approximation. So, to simplify the problem, we only consider the diffusion of a unique 
Brownian particle in the one-dimensional case while a second Brownian particle is motionless at the center of our system 
of coordinates.

• A probability of reactions that cannot occur with at 
least 95% (default) confidence 

• Time steps to take a longer B

A

R



Diffusion-controlled reactions
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2. INDEPENDENT REACTION TIMES (« IRT ») approach
• assumes that reactions are independent
• the diffusion of reactants from their initial positions to the reaction site is not 

influenced by other chemical species

SBS is so slow 

If this condition is met, the solution of the Smoluchowski equation, considering a 
reaction, is utilized to infer the probability of the reaction.

𝑅 is the reaction radius, r0 the initial 
distance of reactants (neutral species). 

IRT : 
1. The reaction times are calculated by all possible reaction 

probabilities of reactive species. 
2. Reactions occur one by one, starting with the pairs having the 

shortest reaction times. No diffusion is computed
IRT is very fast



Partially diffusion-controlled reactions

■ There are some reactions that are not fully controlled by diffusion when 
encounter does not mean a reaction. 

■ This kind of reaction depends on a steady-state rate constant “from encounter” to 
the reaction which can be defined by the velocity (𝜈)

12

B

A

R

𝑘𝑑𝑖𝑓 = 4𝜋𝑅𝐷

steady-state rate constant : 𝑘𝑎𝑐𝑡 = 4𝜋𝑅#𝜈
Tran et al. Med. Phys. 48 

(2021) 890-901

• Initialize u1 et u2 
(randomly) 

• comput 𝑌 = RandGauss( 2)
• and t = #

$ (−
%∗'()*∗+,(./)
'()*1'234 ∗5)

/

Sampling algorithm

if 𝑢1 > !"#$
!%&'(!"#$

reaction

No reaction



An example of a reaction list
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Reaction

k(1e10 M-1s-1)

Partially Diffusion-

Controlled

Totally Diffusion-

Controlled

H● + e-aq + H2O → OH- + H2 2.5 ◯

H● + OH● → H2O 1.55 ◯
H● + H● → H2 0.503 ◯

H2O2 + e-aq → OH- + OH● 1.1 ◯

H3O+ + e-aq → H● 2.11 ◯

H3O+ + OH- → 2H2O 11.3 ◯

OH● + e-aq → OH- 2.95 ◯

OH● + OH● → H2O2 0.55 ◯

e-aq + e-aq + 2H2O → 2OH- + H2 0.636 ◯



Summarize :  
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t=10-15s t=10-12s t=10-6s
Chemical stage starts when chemical species diffuse through Brownian dynamics and eventually react.  
Geant4-DNA adopts : 

TWO alternative approaches to simulate diffusion – reaction processes: 

1. STEP-BY-STEP (« SBS ») « reference » approach

• Brownian transport of molecules from the Smoluchowski model

• Chemical species are represented by point objects which diffuse in the liquid medium 
(continuum). 

2. INDEPENDENT REACTION TIMES (« IRT ») approach
• From the 1980’s by Clifford, Green et al., widely used today.

• Iterative process where the approximation of « independent pairs » is assumed: calculates the 
reaction times between all possible pairs of reactive species, as if they were isolated. Then, 
reactions occur one by one, starting with the pairs having the shortest reaction times.

• No longer necessary to diffuse the molecular species and to calculate the possible reactions 
between the species at each time step. +: Very fast

-: Tracking of species 

Clifford et al. (1986)
J. Comput. Phys. 274 (2014) 841 (link)

Phys. Med. 31 (2015) 861 (link)
J. Appl. Phys. 126 (2019) 114301 (link)

arXiv:2006.14225 (2020) (link)
Med. Phys. 47 (2020) 5920 (link)

Phys. Med. 88 (2021) 86 (link)
Med. Phys. 48 (2021) 890 (link)

+: Tracking of species
-: Very slow

B

A

R

http://dx.doi.org/10.1016/j.jcp.2014.06.011
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1063/1.5107511
https://arxiv.org/abs/2006.14225
https://doi.org/10.1002/mp.14490
https://doi.org/10.1016/j.ejmp.2021.05.029
https://doi.org/10.1002/mp.14612


Geant4-DNA Chemistry constructors
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In Geant4.11.3, Geant4-DNA Chemistry constructors :

n G4EmDNAChemistry : First constructor implemented with parameter values from Karamitros et al. 
   – from PARTRAC

n G4EmDNAChemistry_option1 : Implements a revisited set of chemistry parameters from Shin et al. 
   – from TRACs + Burns et al. (1981) + Rowe et al. (1988)

n G4EmDNAChemistry_option2 : Includes chemistry parameters for reactions with DNA components 
   – from Buxton et al. (1988)

n G4EmDNAChemistry_option3 : Implements the IRT approach from Ramos-Mendez et al. (2020)
– from RITRACKS & Elliot et al. (1994)

The chemistry constructors in Geant4-DNA specify the dissociation scheme, chemical 
actions, and models involved in water radiolysis. 



Reaction with Scavenging molecule 
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scavenging molecule (O2)
molecule

• the scavenging capacity must be a continuum
• the probability of a radiolytic species interacting 

with scavengers in the target is determined by the 
following rate equation :

𝑑𝑋
𝑑𝑡

= −𝑘𝐶2𝑋

where Cs is the scavenger concentration, X is the survival 
probability of the species and k is the reaction rate. This 
model is used for both the IRT and SBS

3
µm

3 µm

3 µ
m

e6e6e6 e6

O!
O!O!

O!

O!
O!
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Reaction with Scavenging molecule 

■ Impact of scavengers on the 
production of H2O2 after a 60Co γ-
irradiation

■ G values of H2O2 as a function of 
the scavenging capacity for •OH 
radicals: ( ) NO2- and 25 mM 
NO3− with the IRT, SBS methods

17

F. Chappuis et al. Physica Medica 108 (2023) 102549



Mesoscopic model
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• For SBS, IRT model, computation time remains 
the main drawback when simulations deal 
with a large number of species or long-time 
scales. 

• An alternative approach has recently been 
implemented in Geant4-DNA using the 
compartment-based representation 

1. Well-mixed species in voxels
2. Species can react with each other in the 

voxels
3. Diffusion is modelled by jumps between 

adjacent voxels



Reaction-Diffusion Master Equation
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Event-driven simulation using the “Next-Subvolume Method” (NSM):
Ø Calculation of the propensity functions ai for all voxels
Ø Sampling of the time when the next event occurs

Ø Sampling which reaction or diffusion will take place according to the propensity
function ai

Ø Processing the first event in the queue and changing the concentrations in the
voxels involved in the event
ü If the event is a reaction, we eliminate reactants and create products.
ü If the event is a diffusion, we remove the particle in the voxel where it was

located and add the particle in the voxel where it goes.



Reaction-Diffusion Master Equation
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Reaction-Diffusion Master Equation
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• Since spur sizes are comparable with their 
reaction radius within a few ns (5 ns as default) 
after exposure, this period cannot be described 
by using the “well-mixed” model. Then SBS-RDME 
model is proposed : 

• Microscopic stage : particle-based SBS method
• Mesoscopic stage : initial mesh resolution should 

be small.  The system used increasingly coarser 
meshes over time.

• when the homogeneous sub-stage started, the 
CME stochastic process is applied to sample 
only reactive events

Non-homogeneous homogeneous

radiation
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The main idea of this model is the 
combination of the SBS with the RDME 
(so-called “SBS-RDME model”)

- Next sub-volume algorithm
- Hierarchical algorithm for the RDME (“hRDME”)
- Spatial distributions are simulated at voxel level. 
- Coarser meshes over time until we reached the 

coarsest mesh.
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New « mesoscopic » approach

• Use a new « mesoscopic » approach to study the 
production and evolution of reactive oxygen 
species generated under irradiation with 
different dose rate conditions, such as in FLASH RT

• Coarse-grained model: “compartment-based”
• Simulation from heterogeneous (microsecond) to 

homogeneous states (beyond)
• Multiple pulses simulation

Tran et al., Int. J. Mol. Sci. (2021) 22 (link)

Voxelization of the simulation volume 
into smaller sub-volumes. Species are 
represented by different types of 
circles

1. Well mixed species in voxels
2. Species can react with each other in the 

voxels
3. Diffusion is modelled by jumps between 

adjacent voxels

https://doi.org/10.3390/%20ijms22116023


Simulations
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Modelling of ultra-high dose rate (UHDR) electron 
beams 1 MeV

1% O2 4% O2



Geant4-DNA chemistry examples  
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Ø The « chem1 » extended/medical/dna example illustrates how to activate the simulation of water radiolysis (step-
by-step method).

Ø The « chem2 » extended/medical/dna example illustrates how to set minimum time step limits on water radiolysis 
(step-by-step method).

Ø The « chem3 » extended/medical/dna example illustrates how to implement user actions in the chemistry module 
(step-by-step method).

Ø The « chem4 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time, 
including a dedicated ROOT graphical interface (step-by-step method).

Ø The « chem5 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time, 
using alternative physics and chemistry lists (step-by-step method).

Ø The « chem6 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time 
and LET using IRT method.

Ø The « scavenger » extended/medical/dna example illustrates how to simulate scavenging using an easy-to-use 
interface and the IRT method.

Ø The « UHDR » extended/medical/dna example illustrates 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.
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Thank you for your attention!



backup

26


