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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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I New « UHDR » example

« Use a new « mesoscopic » approach to study the

*

=

\ 4

production and evolution of reactive oxygen species ] i
generated under irradiation with s i : !
different dose rate conditions, such as in FLASH RT t ! !
+ Coarse-grained model: “compartment-based” e 1 : .
« Simulation from heterogeneous (microsecond) to W“"““”i :
1
homogeneous states (beyond) ! !
* Multiple pulses simulation Pulse 2
DIT = 10 ms, Width = 1.4 us
,g: b 1long pulse [l multi pulses
]
1. Well mixed species in voxels £
N 2. Species can react with each other in the
7 voxels o
3. Diffusion is modelled by jumps between
adjacent voxels o
< = °° 107 . ‘::.ET\‘\tjTo?"“ﬁ“"m"‘%_“ﬁ“‘_ﬁ‘_‘foﬁ'_‘ﬁ};\:;ﬂgm
T Voxelization of the simulation volume PN BN
; - into smaller sub-volumes. Species are RN
— b . * / . E First pulse =~ . Second pulse
x| )/ represented by different types of :
circles
y
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Normalized signals

UHDR.in

User interface

UHDR example provides a user

interface to control the simulation :

* Irradiated geometries
*  pH control
+  Oxygen concentration

e cut-off dose

DIT = 10 ms, Width = 1.4 us

1long pulse [l multi pulses

First pulse =~ < Second pulse

Nomalized signals
°
S
8
3
T
'

02 04 06 08 1 12 14 16 18

/run/number0fThreads 10

# initialize geo and phys
/control/execute initialize.in

# time structure
/UHDR/pulse/pulseOn true

# push structure file
/UHDR/pulse/pulseFile 1.4us

# pulse structure
/UHDR/pulse/multiPulse true
/UHDR/pulse/pulsePeriod 10 ms
/UHDR/pulse/number0fPulse 2

/run/initialize

#/run/verbose 1
/tracking/verbose 0
/scheduler/verbose 0
/scheduler/endTime 1000 s

# medium is configured in this file (scavengers.in)

/control/execute scavengers.in

/scorer/Dose/cutoff 1 Gy
/UHDR/source/particle e-
UHDR/source/energy 0.999 MeV
/run/beamOn 10

Irradiated
geometries

media

pH control

oxygen control

Chemistry
simulation controls

Cut-off Dose



Geomeiry

m Two cubic water volumes of 3.2x3.2x3.2um3and 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

initialize.in

# Set the simulation volume (half Side Length)

#/UHDR/env/volume 6.8 um # for UHDR
JUHDR/env/volume 1.6 um # for CONV

6" Geant4
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# pH and Scavenger

pH and Scavenger JUHDR/env/pH 5.5

# air concentration
m Define the pH /UHDR/env/scavenger 02 21
. + ®HDR/env/scavenger C02 0
m The scavengers:. 02, CO2, NO5, ... e e
# N03-/N02- concentration
#/UHDR/env/scavenger NO3m
#/ env/scavenger NO2m
R/env/scavenger N20 0.1 mM

#/UHDR/env/scavenger CH30H 10 mM

scavenger.in

/chem/reaction/print

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

/scorer/Gvalues/n0fTimeBins 80

/run/printProgress 10




Particle source |

:&'

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

» Source: 1 MeV electron beam

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

» By cumulating 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 deposition reaches 1-10 Gy (UHDR) or ~ 0.01 Gy (conventional) < >

. . . . . 3.2 um
» Instantaneous pulse (all species are produced simultaneously). Pulse duration is not considered. All species "

are produced simultaneously at 1 ps.

Modaltiies Volume (um?) I:\rzlcc:i:snt electrons dkeep:/osﬂ energy

CONV 3.2x3.2x3.2 001098]2 2.246

1.00273 l 10 25.637
1.6x1.6x1.6 501636 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 corresponding
with the irradiated volumes.
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« mesoscopic » approach
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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 9% voxels (bottom) is moved to 3% and then to one voxel.

Int. J. Mol. Sci. 2021, 22, 6023
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I Dissolved Oxygen in Water

Modelling oxygen as a continuum

X = concentration of species X [M]
dX k=r ; —-1.-1
= reaction rate [M
— = —k[0,] X e

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

» Homogeneous distribution of oxygen

» Variation of [0,] over time

A
v

» partially oxygenated water is converted to concentration 3

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




H>03

[ ] [ ]
pH simulation
# Equilibrium pKa s 231 3 5.
1 2H,0 < OH + H:0" 13.999 7%°7 3 == -
:s-)‘ 1.5 4 aé 1.0
2 Hx0:+ H,0 <> HO;~ + H;0* 11.65 ° >
3 “OH + H,0 < O+ H;0* 11.9 o7 305
4 HO:+H0 < Oy + H;0* 457 %7
5 H+HO e ea+HO* 9.77 s Y N i e s s S s S
HO, H
3.0 1 === pH7
0.8 4 pHa
* The products of primary and secondary reactions 2551 — pH3
can participate in equilibrium reactions which are s S 06 =
associated with pKa (see the table) g 201 g
= Based on the H3O+ and OH- ion concentrations 8] & 04
determined by the pH, acid-base reactions £ E
associated with these pKa are simulated ° ° -
0.5 A
# pH and Scavenger 0.0 4 0.0 1
/UHDR/env/pH 5.5 102 10° 107 10° 105 10° 101 102 102 100 102 10° 105 108 100 108
ns ns




I Acid-base reactions

Acid-Base reactions Rate coefficients and corresponding references

Acid-base reactions associated with pKa at

25 °C. [H,0] = 55.3 M. k, and k, represent HO2 — H3O* + O2 kot * Ka 7.58e5 s

opposite directions in the first equilibrium HsO* + Oy — HO, [Elliot, 1994] 4.78e10 M-

process. H — € gq + H3O* ko * Ks 6.32"
€ aq + HiO" > H* [Elliot, 1994] 2.25€10 M5!
€ aq + HyO — H* + OH- ks* Ky / (Ks* [H20)]) 1.57e1 M5!
H* + OH = HyO + e aq [Elliot, 1994] 2.49e7 M1s’
Oy + HyO — HO, + OH- ka* Ky / (Ke* [H20)]) 0.15 M5!
HO2+ OH- — Oy + H,O [Elliot, 1994] 1.27€10 M5!
HOs + HoO — HoO2 + OH-  ks* Ky / (Ko * [H20)]) 1.36e6 Ms’!
H,Opt OH - HOy + H,O  [Elliot, 1994] 1.27€10 M5!
O + HyO — OH + OH- ke * Ky / (Ks* [H20)]) 1.8e6 M'1s!
OH + OH = O~ + H,O [Elliot, 1994] 1.27€10 M5!
H2O2 — H3O* + HO,~ ks * Ko 7.86e-2 5!
HOs + H3O* — H202 [Elliot, 1994] 47810 M5!
*OH - O + H;O* ks * Ks 0.0602 5!
O+ H;0* - OH [Elliot, 1994] 9.56e10 M's"!



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.

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

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

0 ChemOxygenWaterBuilder:: SecondOrderReactionExtended to simulate
secondary reaction

0 ChemNO2_NO3ScavengerBuilder:NO2 _NO3ScavengerReaction to simulate
NO2+/NO3+

O ChemfFrickeReactionBuilder::FrickeDosimeterReaction to simulate Fricke
dosimeter

6" Geant4

13



I Exermses

Exercise 1: Visualize the geometry
m Exercise 2: Print the reaction
m Exercise 3: Change pulse duration

m Exercise 4. Change the pulse distance

m Exercise 5: Change the oxygen concentration

After each run, start root and analyse data with the root macros provided:

plotG time.C

14



I Exercise 1: Visualize the geometry

>cd

>cp $G4EXAMPLES/extended/medical/dna/UHDR/ .
>mkdir UHDR-build

>cd UHDR-build

>cmake ../UHDR

>make

15



I Exercise 1: Visualize the geometry

UHDR-build < 72 >gedit vis.mac

¥

/chem/activate false

Iscorer/Dosel/abortedDose 100 Gy
/scorer/Dose/cutoff 10 Gy

/UHDR/source/particle proton
/UHDR/source/energy 100 MeV

$
UHDR-build < 72 >./UHDR

/chem/activate false

/scorer/Dose/abortedDose 100 Gy
» /scorer/Dose/cutoff 1 Gy
/UHDR/source/particle proton
/UHDR/source/energy 100 MeV

Proton,100 MeV: 0.01 Gy, 1 Gy, 10 Gy

16




Visualisation

m Proton,100 MeV: 0.01 Gy, 1 Gy, 10 Gy

/scorer/Dose/abortedDose 0.05 Gy

/scorer/Dose/cutoff 0.01 Gy
/UHDR/source/particle proton
/UHDR/source/energy 100 MeV

17



I Exercise 2:

1]

2 # pH and Scavenger

3 /UHDR/env/pH 5.5

4

5 # air concentration

6 /UHDR/env/scavenger 02 21 %

7 /UHDR/env/scavenger C02 0.041 %
8 /UHDR/env/scavenger HCO3m 2.4 uM
# NO3-/N02- concentration
#/UHDR/env/scavenger NO3m 1 mM
#/UHDR/env/scavenger NO2m 10 uM
#/UHDR/env/scavenger N20 0.1 mM
#/UHDR/env/scavenger CH30H 10 mM

o L WN =GO

/chem/reaction/print

-~

8 #/run/verbose 1

9 /tracking/verbose 0

0 /scheduler/verbose 0

1 /scheduler/endTime 1000 s

6" Geant4

~

3 # set false if many beamOn in medium

4 [scheduler/ResetScavengerForEachBeamOn true
5

6 /scorer/Gvalues/nOfTimeBins 80

7

8 /run/printProgress 10

9

Print the reaction

>gedit scavenger.in

/UHDR-build ./UHDR UHDR.in

/scheduler/verbose 1

18
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Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
the Mesh
Reaction
Keaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction
Reaction

°0H"0 (-1964)
H30"1 (-1429)
°0H™® (-1922)
°0H"0® (-1874)
°0H"0 (-1356)

°0H"® (-1804) -> H202"0 (-2672)
HO 27-1 (-2578) -> H202"0 (-2673)
°0H"® (-1896) -> H202"0 (-2674)
°0H"0 (-1328) -> H202"0 (-2675)
°0H"® (-1268) -> H202"0 (-2678)

H202"0 (-2538) + OH"-1 (-2478) -> HO 2"-1 (-2679)

H30"1 (-1673)
°0H"0 (-2034)
°0H"0 (-1860)
H*0 (-2294) +

e aq™-1 + °0OH"

+
+
+
e

0”-1 (-2588) -> °0H"0 (-2680)
e aq™-1 (-1213) -> OH"-1 (-2681)
e aq™-1 (-426) -> OH"-1 (-2682)

i F ~ v P vuue o

512 voxels with Resolution 6.25 nm

0

-> OH"-1

€ aq -1 + A3V 'L -> RV

e aq™-1 + °0OH"
e aq™-1 + °0OH"

0
0

-> OH™-1
-> OH™-1

H30"1 + OH"-1 -> No product

e aq™-1 °0H"
e aq™-1 + 0 2"
e aq™-1 °0H"
e aq™-1 + °OH"

0]
0]
0]
0]

-> OH™-1
-> 0 2~-1
-> OH™-1
-> OH™-1

e aq™-1 + e aq™-1 -> OH"-1 + OH"-1 + H 270

e aq™-1 + °OH"

0

-> OH™-1

H30"1 + OH"-1 -> No product
~-1 + H30"1 -> H™O

during next 93.006 ns I




I Exercise 3: Change pulse duration

6" Geant4

cd ../UHDR/include

inline void SetPulse(const G4bool& pulse) { fActivePulse = pulse; }

inline G4bool IsActivedPulse() const { return fActivePulse; }

// L.T. Anh added getter/setter for interpulse class:

void SetlLonggestDelayedTime(G4double 1t) { fLonggestDelayedTime = 1t; }
const G4String GetPulseFileName() { return fFileName; }

G4int GetVerbose() { return fVerbose; }

G4double GetPulselLarger() const;

| 'r_nrnf-nri-nd- |  ’

G4int fVerbose = 27;
G4double fDelayedTime = 0;

private:
void InitializeForHistoInput();
std: :unique_ptr<PulseInfo> fpPulseInfo;

/UHDR-build make
/UHDR-build ./UHDR UHDR.in

Verbose number : 2

20



I Exercise 3: Change pulse duration

DIT = 10 ms, Width = 1.4 us

/home/locall/Geant4/UHDR/PulseStructure
total 56

A
- S S T
=P e
A r e

1long puise [l multi pulses

Normalized signals

locall locall 695 11 mars : 100ms
locall locall 560 11 mars 2 100us
locall locall 6608 11 mars - 10ms
locall locall 532 11 mars S 10us
locall locall 500 11 mars = 1.4us
locall locall 581 11 mars x 1ms
locall locall 695 11 mars : 1s
locall locall 418 11 mars : 2.4us
locall locall 695 11 mars : 2s
locall locall 462 11 mars : 3.5us
locall locall 695 11 mars . 500ms
locall locall 581 11 mars : 5ms
locall locall 1708 11 mars : 80ns
locall locall 557 11 mars : pulseHisto.txt

0%~ g 0 w0 20 0 a0 o a0 a0 soo (AL il Gl Gl

ELA T b et

W e T
TEW=E==r==
=EW=—G=—F==
FEWSG==F==
W= fen
il — W= ==
W= ===
SEW=h=

Normalized signals

I R S T T =

# time structure

# push structure file

/UHDR/pulse/pulseFile 1.4us

2]



I Exercise 3: Change pulse duration

1/run/number0fThreads 10 UHDR.In

2

3# initialize geo and phys . 100ms

4 /control/execute initialize.in c 100uUs

5 -

6# time structure : 10ms

7 /UHDR/pulse/pulseOn true e 10us
# push structure file _--ﬂ___-_~___~,~__——--—‘”””' . 1.4us

D /UHDR/pulse/pulseFile 10ms

16 : 1ms

11# pulse structure . 1s

12 /UHDR/pulse/multiPulse true . 2.4us

1B /UHDR/pulse/pulsePeriod 10 ms

14 /UHDR/pulse/numberOfPulse 1 2s

15#/UADR/pulse/pulseIndisto pulseHisto.txt - 3.5us

= N :28 500ms

17 /run/initialize

18 . 5ms

19# medium is configured in this file (scavengers.in) - 80ns

20 /control/execute scavengers.in . pulseHisto.txt

21

22 /scorer/Dose/cutoff 1 Gy
23 /UHDR/source/particle e-
24 /UHDR/source/energy 0.999 MeV
256 /run/beamOn 1

/UHDR-build ./UHDR UHDR.in



6" Geant4

Exercise 3: Change pulse duration

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>

Beam line

Cut-off dose

Stop at actual dose
AN

Pulse number

Beam duration
Actual dose rate
Track number
Irradiated volume

Total deposit energy
Dose to abort

, 0.999 MeV)
1 Gy
1.01866 Gy
10 ms
1
0.00989477 s
102.949 Gy/s
57 tracks
4.096 um3 (1.6 x 1.6 x 1.6)
0.000273 M
5} 0 15)
1.394e-05 M
2.4e-06 M
26044.2 eV



Exercise 4. Change the pulse distance

AN
1/run/number0fThreads 10

1. m pulsePeriod is the distance bewteen 2
3# initialize geo and phys

4 /control/execute initialize.in F)L”SE?S

5

6# time structure
7 /UHDR/pulse/pulseOn true

. DIT =10 ms, Width = 1.4 us
| 9 /UHDR/pulse/pulseFile 1.4us 107
10 : 1long pulse [l multi pulses

11# pulse structure

12 /UHDR/pulse/multiPulse true
13 /JUHDR/pulse/pulsePeriod 100 ms 10°
4 /UHDR/pulse/numberOTPulse 2

15#/UHDR/pulse/pulseInHisto pulseHisto.txt 10+
16

17 /run/initialize o ) LlLLLLL VTRV PV EL VLV LT T
18 ‘\\ ‘\,\\ Time (ms)
19# medium is configured in this file (scavengers.in) 5 oo e

20 /control/execute scavengers.in LIS
21 :
22 /scorer/Dose/cutoff 1 Gy N
23 /UHDR/source/particle e-

24 /UHDR/source/energy 0.999 MeV
25 /run/beam0n 1|

Normalized signals

T~ A Second pulse

02 04 06 08 1 12 14 16 18 10000 10000.5 10001 100015 002

>/UHDR-build /UHDR UHDR.in ) R
6 GEANT4 pUIse PenOd




Exercise 5: Change the oxygen concentiration

UHDR.in
2
3 # initialize geo and phys
4 /control/execute initialize.in
5
6 # time structure
7 /UHDR/pulse/pulseOn true
8 # push structure file
9 /UHDR/pulse/pulseFile 10ms
10
11 # pulse structure
12 /UHDR/pulse/multiPulse true
13 /UHDR/pulse/pulsePeriod 10 ms
14 /UHDR/pulse/numberOfPulse 1
15 #/UHDR/pulse/pulseInHisto pulseHisto.txt
16
17 /run/initialize
18

19 # medium is configured in this file (sdavengers.in)
20 /control/execute scavengers.in

21
22 /scorer/Dose/cutoff 1 Gy -

6 Geant4

Z5 fURUR/SO0Urce/particie e=
24 /UHDR/source/energy 0.999 MeV
25 /run/beamOn 1

/UHDR-build ./UHDR UHDR.in

1]

2 # pH and Scavenger
3 /UHDR/env/pH 5.5
4

oo CorCeTtrat o

6 /UHDR/env/scavenger 02 21 %

8 /UHDR/env/scavenger HCO3m 2.4 uM
9 # NO3-/NO2- concentration

0 #/UHDR/env/scavenger NO3m 1 mM

1 #/UHDR/env/scavenger NO2m 10 uM
2 #/UHDR/env/scavenger N20 0.1 mM
3 #/UHDR/env/scavenger CH30H 10 mM
4

5

6 /chem/reaction/print

7

8 #/run/verbose 1

9 /tracking/verbose 0

0 /scheduler/verbose 0

1 /scheduler/endTime 1000 s

2

3 # set false if many beamOn in medium
4 [scheduler/ResetScavengerForEachBeamOn true
5

6 /scorer/Gvalues/n0fTimeBins 80

7

8 /run/printProgress 10

9

25



Exercise 5: Change the oxygen concentiration

UHDR.in
2
3 # initialize geo and phys
4 /control/execute initialize.in
5
6 # time structure
7 /UHDR/pulse/pulseOn true
8 # push structure file
9 /UHDR/pulse/pulseFile 10ms
10
11 # pulse structure
12 /UHDR/pulse/multiPulse true
13 /UHDR/pulse/pulsePeriod 10 ms
14 /UHDR/pulse/numberOfPulse 1
15 #/UHDR/pulse/pulseInHisto pulseHisto.txt
16
17 /run/initialize
18

19 # medium is configured in this file (sdavengers.in)
20 /control/execute scavengers.in

21
22 /scorer/Dose/cutoff 1 Gy

Z5 fURUR/SO0Urce/particie e=

24 /UHDR/source/energy 0.999 MeV
25 /run/beamOn 1

6 Geant4

1]

2 # pH and Scavenger
3 /UHDR/env/pH 5.5
4

0.1 Gy

10

S#—atr—concenrtratior - 0
6 /UHDR/env/scavenger 02 21 % 4 /0
8 /UHDR/env/scavenger HCO3m 2.4 uM

9 # NO3-/NO2- concentration

0 #/UHDR/env/scavenger NO3m 1 mM

1 #/UHDR/env/scavenger NO2m 10 uM

2 #/UHDR/env/scavenger N20 0.1 mM

3 #/UHDR/env/scavenger CH30H 10 mM

4

5

6 /chem/reaction/print

7

8 #/run/verbose 1

9 /tracking/verbose 0

0 /scheduler/verbose 0

1 /scheduler/endTime 1000 s

2

3 # set false if many beamOn in medium

4 [scheduler/ResetScavengerForEachBeamOn true
5

6 /scorer/Gvalues/n0fTimeBins 80

7

8 /run/printProgress 10

9
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