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Introduction

* Radiation biophysics 1s studying the effect of 1onizing
radiation upon biomolecules to living organisms (DNA,

chromosomes, cells).
* The most sensitive target to radiation is the DNA molecule.

* Monte Carlo-based computer simulation system “Geant4”
has been used to better understand and predict damage done
by charged particles like electrons and protons



Motivation

The prediction of biological effects of ionizing radiation
IS very useful In the treatment of cancer cells and as well
as for radiation protection, especially for astronauts In
space travel.

Earth orbit _




Simulation Method

The Geant4 is a general particle-matter Monte Carlo simulation toolkit, which includes the Gent4-

DNA models for microdosimetry simulations of stochastic nature of particle track structure in

6 GEANT4 6 Geant4

A SIMULATION TOOLKIT

small targets.

Monte Carlo virtual-experiment applications of radiation biophysics developed in the Geant4 toolkit is used in
this practice.

Particle energy and physical interaction of particles with biological media:

Particle Kinetic energy (keV) Physical processes in liquid water

Electron 0.1,0.3,1, 2,5, 10, 20, 100, 300. | Elastic scattering, ionization Electronic excitation,
Dissociative electron attachment.

Proton 10, 20, 100, 300, 1000, 5000. lonization, electronic excitation, charge decrease,
Elastic scattering.




Simulation of radiation transport in matter
Microdosimetry
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Microdosimetry

* Microdosimetry is the theoretical and experimental investigation of
imparted-energy probability distributions in a “microscopic” volume
of matter that is crossed by a single ionization particle.

* Microdosimetry is not a “smal

dosimetry.
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Lineal Energy

The Idea of Microdosimetry: to Measure the Lineal Energy as a Substitute of LET.

It is the quotient of the energy imparted to the volume, by a single particle or radioactive decay
inside it, and the volume mean chord.

y=

Q™

y is used to be expressed in keV/um, similarly to LET, where the linear dimension is that one of
the tissue-equivalent site size.
[ v-f(vidy
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where f(y) and d(y ) represent the frequency and dose distributions of lineal energy, respectively.

YD:- Dose-mean Lineal Energy (keV/um)

¥p = /_\':A'[j.']d_r =



Specific energy

A specific energy, It is the quotient of the energy imparted to the volume, by one particle or a
radioactive decay inside it, and the volume mass.

E
Z=—
m

ZD:- Dose mean specific Energy (J/Kg) Gray.

5 _Jz%2f(2)az
7D =[2d(2) dZ = 7z

The physical dimension is J/Kg but, similarly to absorbed dose, z is used to be expressed in Gray,
where the mass mis that one of the site, differently than absorbed dose, z is a stochastic variable.



Aim of this virtual experiment

(1) To simulate stochastic nature of particle track structure in small
targets (Nano — and Micrometer)

(2) To calculate microdosimetric quantities (yD, zD) in different biological
targets following different types of radiation.



Simulation of electron’s track structures in water volume with
the diameter of 300 nm

« track structure for 5 keV electron by 2 particles. * track structure for 10 keV electron by 2 particles.



Simulation of proton’s track structures in water volume with
the diameter of 300 nm

track structure for 10 keV proton by 2 particles. track structure for 5000 keV proton by 2 particles.




A relationship between Target size and Dose A relationship between Target size and Dose

mean specific Energy (ZD) for electron and mean Lineal Energy (YD) for electron and

proton at 100 keV. proton at 100 keV.
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Dose mean specific energy (ZD) for electrons and protons with particle
energies from 0.1 keV to 5000 keV in targets with diameters of 11 nm,
300 nm and 1000 nm.
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Particle energy with Dose -mean lineal energy YD
for electrons & protons
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Relationship between depth penetration & particle kinetic energy

Fenetration (um)
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This curve shows a relationship
between the energy of the particles
(electrons and protons) with the
penetration depth (um)



Conclusion

1)
2)
3)

4)

Electrons and protons track structures have been obtained in water
volume with 300 nm diameter.

The microdosimetric quantities yD, zD have been calculated against the
target sizes at 100 keV electron and proton.

The dose-mean specific energy for electrons is less that the dose-mean
specific energy for protons.

The dose-mean lineal energy for protons is about 3 times more than
electrons.

yD and zD quantities are very sensitive for target size and particle energy.

For the same particle energy against the penetration depth , electrons can
penetrate more depth that proton.



Simulation of particle track at chemical stage
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Scenario of radiation chemistry in liquid water

Time (s) lonizing Radiation
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Aim of this work

 To simulate formation of free radicals in liquid water after irradiation using Geant4 Monte

Carlo simulation toolkit
 To calculate number of free radicals in target volume after electron and proton irradiation.

 To calculate radiochemical yields of free radicals at different time of reactions.



Simulation of 10 keV electron track
structure

1 picosecond 100 nanosecond
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Comparison between track structure for 10
keV electron and proton at 100 nanosecond

Electron Proton




Radial distribution of OH radicals at 1 picosecond and 1
microsecond.
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No. of H202 free radical

Radial distribution of H,0, radicals at 1 microsecond
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Time dependent radiochemical yield and more efficient
some species in water radiolysis

For a given molecular species, the time-dependent radio-chemical yield G is
defined as the number of molecules produced for a total absorbed energy of
100 eV in the irradiated medium (liquid water) :

N(t) X 100
Grictda =~ oon
Y E (eV)

* N(t) is number of molecules

 E is the total energy deposit by the incident ionizing particle



Relationship between radiochemical yield and
Kinetic energy of electron

OH radical
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H202 radical
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Results

Radiochemical yield of OH and H- O,
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Conclusion

. Track structure simulated for electron and proton at the chemical stage from 1 ps to 1 us.

. We estimated radial distribution of OH and H,O, radicals for 10 keV electron and proton

at 1 psand 1 us.

. As the results, were obtained number of free radicals for 10 keV proton is three times

more than electron.

Calculation of radiochemical yield of OH, H,O, which it depends on electron kinetic

energy.

Radiochemical yield increases for OH and decreases for H,O, when particle energy

Increases.



Biological effect of
ionizing radiation

A damage Prediction

Radiation Biology lab

Task 3 : DNA Damage results
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Aim of this work

1) Simulating the particle track

2) Simulating the target

3) Simulating the particle track-DNA interaction

4) Calculating exact number of DNA strand breaks after different radiation

5) To know which particle is more effective e- or protons, and at which energy they deposit
more energy in DNA.
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Results

Simulation of DNA-radiation interaction




Optimum energy curve In
geometry of DNA nucleosome
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Tracking simulation of different
particles in DNA nucleosome
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Conclusion

The results showed that:

*e- and proton deposit the highest energy in the DNA at these energies 0.3 KeV, 100 KeV
respectively that makes them the optimum energies to be used for this aspect.

*This means that more SSB, and DSB are being produced at these energies.

*More than 80% of the DNA damage is produced by the low energy e- and protons, which is <60
ev.

*At similar energy depositions in DNA between (1113:1190 eV), the DNA TSB produced are
approximately the same.

*The calculations of optimum energy in case of DNA segment show slight decrease (shift) when

compared with that of DNA nucleosome. This can be attributed to the smaller surface area of
the segment.



Simulation of radiation

therapy using proton and
Carbon-12
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Aim of this practice

Simulate charged particles track
structure in the biological media and
calculate DNA DSB, which is close to

Bragg peak.




bragg curve

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)
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Types of DNA damage

I N DO

Single-strand Double-strand DNA bound to Nucleotide
breaks breaks carcinogens mutations,
substitutions,
deletions, insertions

\



ATOM WATER, 1 g/cm3 | BRAIN, 1,04 g/cm3

% %
11,19 10,7
14,5

2,2

71,2
0,2
0,4
0,2
0,3
0,3




Entries 6124919

el The depth of
penetration
and energy
loss for a
proton with
A" cnergy of

Entries 5765170

wedl 130 MeV 1n
water
phantom and
in the brain
phantom

140 160 180 200
[mm]



Entries 4232192

byl The depth of
penetration
and energy
loss for a
Carbon-12
avwarmwma il With energy

[mm]

skl of 245

Il MeV/nucleon
in water

phantom and

in the brain

phantom

40 60 80 100 \120/ 140 160 180 200
[mm]



100 120 140 \160/ 180 200

80 100 120 140 180 200

The depth of
penetration
and energy
loss for a
proton with
energy of
155 MeV in
water
phantom and
in the brain
phantom



20

20

40

40

60

60

80 100 120 140 \160/ 180 200
[mm]

Entries 4149579
Mean 97.68
Std Dev 51.85

80 100 120 140 \160/ 180 200
[mm]

The depth of
penetration
and energy
loss for a
Carbon-12
with energy
of 295

MeV /nucleon
in water
phantom and
in the brain
phantom



Number of DNA DSB in Bragg peak region:

Proton(155 MeV)
Carbon-12 (295 MeV/n)
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Quantities of radiations effects at
Bragg peak

WATER BRAIN

Energy
deposit deposit
(MeV/mm)

Depth
(mm)

DSB
(/particle/um)

roen 165 34,5

Carbon-12 295
MeV/nucleon 1 65




Conclusion:

We gained practicle experience with computational methods to simulate
and calculate biological etfects of charged particles using Geant4 Monte
Carlo simulation toolkit.

We calculated depth-dose distributions and DNA damage in water and
brain phantom induced by proton and carbon ions with different
energies.

According our research, high energy heavy particles less etfective for
radiation therapy then low energy particles.

The largest number of DNA DSB in the Bragg peak region was found 35
for protons and 124 for carbon ions.



Any Questions?




