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I UHDR Example

Tran, H. N. et al. (2021) Geant4-DNA Modeling of Water Radiolysis beyond the
Microsecond: An On-Lattice Stochastic Approach. International Journal of
Molecular Sciences, 22(11), 6023. https://doi.org/10.3390/ijms22116023
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New « UHDR » example

Tran et al., Int. J. Mol. Sci. (2021) 22 (link)
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#/run/number0fThreads 18
/process/dna/e-SolvationSubType Meesungnoen2862
#/process/dna/e-SolvationSubType Ritchiel994
#/process/dna/e-5olvationSubType Terrisol1998

User interface

#/UHDR/env/volume 6.8 um # for UHDR .
geometries

# Set the simulation volume (half Side Length) Irradiated
fUHDR/env/volume 1.6 um # for CONV

UHDR example provides a user interface
to control the simulation :

/runfinitialize

# time structure (not available)
#/UHDR/pulse/activate true

pH control

# pH and Scavenger

« Irradiated geometries

pH control
Oxygen concentration

cut-off dose

/UHDR/env/pH 5.5

# Oxygen concentration
/UHDR/env/scavenger 02 19 %

fchem/reaction/print

#/runfverbose 1
/tracking/verbose B
/scheduler/verbose B
/scheduler/endTime 1 ms

# set false if many beamOn in medium
/scheduler/ResetScavengerForEachBeamOn true

/scorer/Gvalues/n0fTimeBins 88
/run/printProgress 18

[/scorer/Dose/cutoff B.B1 By
/UHDR/source/particle e-
/UHDR/source/energy 0.999 MeV
/run/beamOn 2

oxygen control

Chemistry
simulation controls

Cut-off Dose
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Geometry

m  Two cubic water volumes of 3.2x 3.2x3.2um3 and 1.6 x 1.6 x
1.6 um3 are used for UHDR and CONYV simulations

m  Chemical molecules diffuse and react in a bound volume that
is, the diffusion is limited by geometrical boundaries.

m  The bouncing of chemical molecules on the volume border is
applied for both microscopic and mesoscopic sub-stages,
depicting a closed system of test cells for in vitro measurements

# Set the simulation volume (half Side Length)

#/UHDR/env/volume 8.8 um # for UHOR
JUHDR/env/volume 1.6 um # for CONV

3.2 um

3.2 um



Particle source

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

» Source: 1 MeV electron beam

» Primary electrons are shot at the same time unfil the sum of all energy deposits in the volume reaches a
given absorbed dose (“instantaneous pulse”).

» By cumulatfing the dose until 0.01 Gy (cut-off dose), we define a conventional irradiation (or CONV) and
from 1-10 Gy, we define a higher dose rate (or UHDR).

» Electron irradiation until the total energy depositionreaches 1-10 Gy (UHDR) or ~ 0.01 Gy (conventional)

» Instantaneous pulse (all species are produced simultaneously). Pulse duration is not considered. All species
are produced simulfaneously at 1 ps.

i Volume (um?) Ir;c:;:llzntelectrons dkee|::,osﬂ energy

K" 3.2x3.2x3.2 00109812 2.246

3.2 um

1.00273 ] 10 25.637
1.6x1.6x1.6 5.01636 562 128.254
10.0076 1063 255.866

Table 1. An example of simulation setup at different irradiations where the deposit
energy and incident electrons are recorded until the dose per pulse comresponding
with the irradiated volumes.
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Visualisation

/scorer/Dose/abortedDose 0.05 Gy

m Proton,100 MeV: 0.01 Gy, ] Gy, 10 Gy /scorer/Dose/cutoff ©.81 Gy

/UHDR/source/particle proton
/UHDR/source/energy 1068 MeVy

65 Geant4



« mesoscopic » approach
51
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Figure 4. The hRDME approach, here represented in 2D. The mesh of 4 voxels (top) is moved to 23,
and then to one voxel. The mesh of 93 voxels (bottom) is moved to 3* and then to one voxel.

Int. J. Mol. Sci. 2021, 22, 6023
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Reaction

Reaction :

Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction

the Mesh
Reaction
REACLLOn
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction

°0H"™@
H30"1
°0H"™@
°0H"™@
°0H"™@

( °0H"® (-1804) -> H202"0 (-2672)
( HO 2~-1 (-2578) -> H202°@ (-2673)
(- °0H"® (-1896) -> H202"0 (-2674)
( °0H"® (-1328) -> H202"@ (-2675)
( °0H"® (-1268) -> H202"@ (-2678)

H202"@ (-2538) + OH™-1 (-2478) -> HO 2"-1 (-2679)

H30"1
“0H"8
0H"@

has 512
e aq”-
e dq
e aq”-
e aq”-
H30"1
e _aq”-
e _aq”-
e _aq”-
e aq”-
e aq”-
e aq”-
H30"1
e aq”™

.
B I I R SR SR S S S S S

(-1673) + 0°-1 (-2588) -> "0OH"0 (-2680)
(-2034) + e aq™-1 (-1213) -> OH™-1 (-2681)
(-1860) + e aq™-1 (-426) -> OH"-1 (-2682)
e aq™-1 (-1096) -> OH"-1 (-2684) + H 270 (-2685)

-
e a =N e waae

+ “0H"@ -= OH"-1

+ A3V 1 -= 1w

+ “0H"@ -= OH"-1

+ “0H"@ -= OH™-1

OH"-1 -= No product
°0H"® -= OH"-1
02" -> 0 2"°-1
°0H"® -= OH"-1
°0H™® -= OH™-1
e ag™-1 -> OH™-1 + OH™-1 + H 270
°0H™® -= DOH™-1

OH"-1 -= No product

512 voxels with Resolution 6.25 nm during next 93.006 ns I

-1 + H30™1 -> H™O



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

I Simulations
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I Dissolved Oxygen in Water

Modelling oxygen as a continuum

X = concenfration of species X [M]
dX k =reaction rate [M~1s71]

dt [0,] = concentration of oxygen [M]

» Homogeneous distribution of oxygen
> Variation of [0,] over time
» partially oxygenated water is converted to concentration

# Oxygen concentration
JUHDR/env/scavenger 02 19 %

A




I pH simulation

# Equilibrium pKa

1 2H20 & OH-+ H;0* 13.999
2 H:02+ H20 <= HO;- + H;0* 11.65
3 °OH+Hy0 & O+ H:0" 11.9

4  HO2 + H20 <= Oz + H30* 4.57

5 H+HO0 e eyt H:OF 9.77

= The products of primary and secondary reactions
can participate in equilibrium reactions which are
associated with pKa (see the table)

= Based on the H30O+ and OH- ion concentrations

determined by the pH, acid-base reactions
associated with these pKa are simulated

# pH and Scavenger

JUHDR/env/pH 5.5
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I Acid-base reactions

Acid-base reactions associated with pKa at
25 °C. [H,0O] = 55.3 M. k,; and k; represent
opposite directions in the first equilibrium
process.

6 Geant4

Acid-Base reactions

HO, — H3;O* + Oy

H3;O* + Oy — HO,

H— eqq+ HO*

€ aqt HsO" > H°

€ g+ HoO —» H* + OH"
H*+ OH - H,O + eqq
O, + H,O - HO, + OH-
HO,+ OH™ — O, + H,O
HO; + H,O — HyO, + OH-
HyOo+ OH- — HO,™ + H,O
O™+ H,O — OH + OH~-
OH+ OH-— O~ + H,O
H2O2 — H3O* + HO,~
HO, + HzO* —» H202
*‘OH — O™ + H;O*

O™ + H3;O* - OH

Rate coefficients and corresponding references

K * K,
[Elliot, 1994]

[Elliot, 1994]

ks* Ky / (Ks* [H0)])
[Elliot, 1994]

ks * Ky / (Kg* [HO)])
[Elliot, 1994]

kos* Ky / (K2 * [H0)])
[Elliot, 1994]

koo * Ky / (Kz* [HO)])
[Elliot, 1994]

k7% Ko

[Elliot, 1994]

kg* Ks

[Elliot, 1994]

7.58e5 57!
47810 Ms!

6.32s"!
2.25e10 M 15!

1.57e1 MTs™
2.49e7 M1s!
0.15 M1
1.27e10 M's!
1.36e6 MTs™
1.27e10 M's!
1.8e6 M5!
1.27e10 M''s!
7.86e-2 s
4.78e10 MTs™
0.0602 5!
9.56e10 M s
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I Chemistry Builders

Chemical reactions can be grouped by different chemistry builders. Depend on
user application, these builder can be used. UHDR provides 5 default builders.

0 ChemPureWaterBuilder::WaterScavengerReaction to simulate acid-base
reactions associated with pH

0 ChemOxygenWaterBuilder::OxygenScavengerReaction to simulate the
reactions with oxygen.

O ChemOxygenWaterBuilder:: SecondOrderReactionExtended to simulate
secondary reaction

O ChemNO2_NO3ScavengerBuilder::NO2 NO3ScavengerReaction to simulate
NO2+/NO3+

O ChemFrickeReactionBuilder::FrickeDosimeterReaction to simulate Fricke
dosimeter

14



