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Motivation and goal

[ Max. energy Limit ]—> 100 MeV

r)%‘ . G EANT4 Max. energy of clinical

A SIMULATION TOOLKIT rOton thera beams 2250 MeV
http://geant4-dna.in2p3.fr/ P by 1
PROTONS (named "proton”) LiQUid water Range In |IC]UId water =39cm
* Nuclear scattering : G4DNAElastic o G4DNAlonisation
o G4DNAlonElasticModel o G4DNARuddlonisationModel (G4ADNARuddlonisationExtendedModel is also usable, °)

= applicable energy range : 100 eV - 1 MeV = applicable energy range : 0 eV - 500 keV
m cutat 100 eV (5) m cutat 100 eV (5)
= type:interpolated = type:interpolated
= Geant4-DNA physics constructors : default, option2, option4, option6 = constructors : default, option2 (°), option4, option6

o G4DNABornlonisationModel
= gpplicable energy range : 500 keV - 100 MeV
= type :interpolated
= constructors : default, option2, option4, option6

¢ [Electronic excitation| G4DNAExcitation
o G4DNAMillerGreenExcitationModel
= applicable energy range : 10 eV - 500 keV
= type :analytical

= constructors : default, option2, option4, option6 * Electron capture : G4ADNAChargeDecrease
o G4DNABornExcitationModel (3) o G4DNADingfelderChargeDecreaseModel
= applicable energy range : 500 keV - 100 MeV = applicable energy range : 100 eV - 100 MeV
= type:interpolated = type: analytical
= constructors : default, option2, option4, option6 = constructors : default, option2, option4, option6
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RPWBA theory

[ RPWBA ] Relativistic Plane Wave Born Approximation
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ﬁ i

o 7N
Projectile ! °

Individual inelastic collisions

In terms of

Energyloss VW = F — E'

Momentum - o =
5 transfer qg=p—0P
P v
Target . . 0E’ .
lonisation ~, Recoil Q
Z;’e energy
DDCS Doubly differential cross section
d’c B 27rZ%e4 OMec? N OMec? g2 W2 df (Q, W)
AWdQ — mec?B? | WQ(Q + 2mec?)  [Q(Q + 2mec?) — W22 Q(Q + 2mec?) dWw

Generalized oscillator strength (GOS) Response of the material

df (Q, W)

dW
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Liquid water GOS

lonisation GOS

Sum of outer shells (Drude model)

10° 10° 1010

Q (eV)
[ D. Emfietzoglou / Radiation Research 164 (2005) 202-211]

Parameters values taken from

K — Shell (Hydrogenic GOS)

110

4 10‘3

A

GOS (eV™)
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Liquid water GOS

lonisation GOS

K — Shell (Hydrogenic GOS)

Sum of outer shells (Drude model)

Kinematically
allowed region for
300 MeV

107° 10° 10° 1010

Q (eV)
[ D. Emfietzoglou / Radiation Research 164 (2005) 202-211]

110

110

-3

A

GOS (eV™)

Parameters values taken from
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Liquid water GOS

lonisation GOS

Sum of outer shells (Drude model) K — Shell (Hydrogenic GOS)
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102
10° '
107° 10° 10° 1010

Q (eV)
[ D. Emfietzoglou / Radiation Research 164 (2005) 202-211]

Parameters values taken from
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Liquid water GOS

108

Sum of outer shells (Drude model)

lonisation GOS +

Born-Compton profile extension
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1010

v

0.015

0.01

GOS (eVv™)

0.005 |

10.015

0.005

0.01

1010

Adaptative grid to
reproduce numerically the
Bethe-Ridge accurately

Necessary for numerical
integration of DDCS

x10°

%102

w=10%ev

10°°

Q(eV)
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Liquid water GOS

Excitation GOS

dfexc(Q, W)

= Jexe(Q)O(W — Wexe)

Discrete transitions

Q (eV)

10*

Q (eV)

dW

Q (eV)

0.07
0.06 -
0.05
2004f .
0.03r 0.08 e . ‘Diffgse_Band‘sw o Transition DISCrete
0.02 \J\ 0.07 energy (eV)
0.01F 0.06 1
I N (A1B,) 8.10
10 10 10 10 10
Q (eV) ‘904l 1
0.08 . Rydcw o (B Al) 10.10
’ 0.03 -
0.07 0.02 (RYd A+B) 12.00
0.06 |
—//X (Ryd C+D) 13.51
2 I 1074 102 10° 10° 104 -
o Qe (Diffuse bands) 14.41
0.03
0.02 Parameters values taken from
0.01+
. [ D. Emfietzoglou / Radiation Research 164 (2005) 202-211]
10 10%
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Liquid water GOS

GOS properties l-value = 77.955 eV
3 T T T TTTTIT T T \IIHIl T T T TTTTIT T T TTTTIT T T T TTTTIT T T T TTTIT T T T TTTTIT T T T TTTIT T T T TTTTT T T T TTTIT T T T TTTTIT T T TTTTIT T T T TTTTIT T T TTTTIT T T T TTTTIT T T T TTTTT 10.5
lonization 1104
251
10.3
+110.2
2 [
............................................. ~410.1
3
215 10
b 0.08 v
Excitation K 199
4| 006f ] '
\\ ] 98
0.04 + \\
' 4197
05 o0o02¢ \\ ----K-shell
\‘ Quter shells| | 96
0 S ’
10% 10° 105 o Total sum
O Il [N Il 1 \IIHIl 1 (RN 1 IIIIHI| 1 [N 1 II\IIII| 1 NN 1 Il I\IIII‘ 1 [ RN Il Il II\IHl Il (RN Il 1 \IIHIl 1 (NN .-I—I.T'I'H‘Hl——l—l-l.l.l.\l.l.l L L)L 9.5
107 107 1072 10° 102 104 108 108 1010

Q (eV)

us
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Datasets calculation

Endpoints of the kinematically allowed

- P (Q,W) G YW g
lonisation DCS dWdQ AW Jo deWdQ Qi(E’ W)recoilenergyinterval
1b, - shell

DDCS (cm?-eV™?)

10°
Q (eV) Q (eV) Q (eV)
E =100 MeV E =200 MeV E =300 MeV
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Datasets calculation

lonisation DCS

-20
45210

3571

dafdW (cm?®-ev’)

1571

051

10"

102

Q:I:(Ea W)

d2O'(Q, W) _do @+(W) 0 d?o
AW dQ dW Q_(W) AW dQ)
1b, - shell
E = 100 MeV .20 E = 200 MeV
: 1 4510 : : : 1
Cumulated distribution Cumulated distribution
109 4l 10.9
10.8 a5l 10.8
10.7 107
\_/—h 3 |
{fos = 106
~ 25+
{os § 105
Zz 2r
loa 3 104
<)
C 15+
10.3 10.3
102 T 102
10.1 05+ 10.1
: 0 0 - : : 0
103 10* 10° 10" 102 103 10* 10°
W (eV) W (eV)

Endpoints of the kinematically allowed
recoil energy interval

1020 E = 300 I\/IeV
4.5 ; ; 1
Cumulated distribution
4+ 10.9
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o~ 25F
§ 105
= 27
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2 04
15t
10.3
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0 : : 0
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Datasets calculation

lonisation DCS

o (Q, W) ~do [ 40 d*o Q (E W) Endpoints of the kinematically allowed
dWdQ AW oy dWAQ £\ recoil energy interval
] ><,‘1O-19 | ] ><1|0_19
i5 xm"??- 09l 15 2107 | 09l 15 ><'IIO'22 |
1 " 1 08+ g - 08| o 1
05 ik | : ol , "\.'\‘ ] ) 05 .“ ‘
‘\ i > 6 F ‘\‘ : ‘\““ J
. s E 0 K‘
10? 10° 10* 10%] 102 10% 10 10° 102 104
s s
10° 10 10° 10° 10 10° 10° 104 10°
W (eV) W (eV) W (eV)
New data files!! < sigmadiff ionisation p RPWBA  « ] sigmadiff cumulated_ionisation_p_RPWBA
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Datasets calculation

[ o do- E d Ld
lonisation CS T > 0= / dWﬁ New data file!! ] sigma_ionisation_p_RPWBA
0
18
3 x10 |
Sum
251 T .
2 — o oL —
& e --- e
Eist e -
6 | T e
1 — —
05 \ |
O | | | | | | | | |
100 120 140 160 180 200 220 240 260 280 300
E (MeV)
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Datasets calculation

E QL (W) 2 ile!!
et .. Afore(Q, W) Po(Q,W) B o New data file!!
Excitation CS S = [ Q)W = Weo) = —e——> 0= [ dWV ddl
dW dWdQ 0 Q- (W) aWd@ ) sigma_excitation_ p_ RPWBA
-19
25 x10 |
Sum
2 - Sl —
15 _
& e
S el
R e e i
X T A il e T
‘I L |
03 \ ]
0 | | | | | | | | |
100 120 140 160 180 200 220 240 260 280 300
E (MeV)
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Implementation

| | GADNARPWBAIlonisationModel.cc

Models

| | GADNAlonisation.cc Processes
else if(name == "proton™)
{

if(!EmModel(®)) // MK: Is this a correct test ?

{

G4DNAMillerGreenExcitationModel* miller =
new G4DNAMillerGreenExcitationModel();
SetEmModel(miller);
miller->SetLowEnergylLimit(1@ * eV);
miller->SetHighEnergyLimit(500 * keV);

G4DNABornExcitationModel* born = new G4DNABornExcitationModel();
SetEmModel(born);

born->SetLowEnergyLimit (500 * keV);

born->SetHighEnergyLimit(100 * MeV);

G4DNARPWBAExcitationModel* RPWBA = new G4DNARPWBAExcitationModel();
SetEmModel (RPWBA) ;

RPWBA->SetLowEnergyLimit (100 * MeV);

RPWBA->SetHighEnergylLimit (360 * MeV);

| | GADNARPWBAExcitationModel.cc

Datasets

.| sigma_ionisation_p RPWBA
.| sigma_excitation_p_RPWBA

| | GADNAGExcitation.cc

else if(name == "proton")

if(!EmModel(@)) // MK: Is this a correct test ?
{
G4DNAMillerGreenExcitationModel* miller =
new G4DNAMillerGreenExcitationModel();
SetEmModel(miller);
miller->SetLowEnergyLimit(10 * eV);
miller->SetHighEnergyLimit (500 * keV);

G4DNABornExcitationModel* born = new G4DNABornExcitationModel();
SetEmModel(born);

born->SetLowEnergyLimit(500 * keV);

born->SetHighEnergyLimit(100 * MeV);

G4DNARPWBAExcitationModel* RPWBA = new G4DNARPWBAExcitationModel();
SetEmModel(RPWBA) ;

RPWBA->SetLowEnergyLimit(100 * MeV);

RPWBA->SetHighEnergyLimit (300 * MeV);
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Validation

lonisation DCS Experimental data for vapour water

-
o
L
(=]
-
o
Y
I

RPWBA
15 keV

20 keV (x10”
30 keV (x1072

RPWBA
*  Toburen and Wilson (1977)
X Toburen and Wilson (1977) E
O Bolorizadeh and Rudd (1986) | ]
O

-
o
L
o0
-
o
L
oo
Sl wg
\E car maa

Bolorizadeh and Rudd (1986) | |

-
[{s}

50 keV (x10°°
70 keV (x107

-
S

LN g
il i

= =

() ©

(3] (o]

£ £

AE) L

@ ?

o o

== ey

o 2 1040
@ ©

c 20 J 5

@ 10 E ©

c c

£ £ 1021
= L e

s e

w [ (7] 10'22
w 22 a w

w E E w
81077 ] o

S G

T 5 107
@ . @

@ i © 24
£ 1024 ¢ 4 = 10
(] E ()

—

o

]
[y}
w

1 1 3

102 10° 10 10 102 10
Emitted electron kinetic energy (eV) Emitted electron kinetic energy (eV)

10 10

-
o

u‘fg‘ 26t Geant4 Collaboration Meeting September, 17th 2021



Validation

lonisation CS Experimental data for vapour water
7 X10.16 T T T T T T T T T T T T T T T T T T T T T T T T
RPWBA
x O  Rudd etal. (1985)
61— o X X Bolorizadeh et al. (1986) |

(cm?)
I

Total ionisation cross section

0 | | | | 1 1 | | | | | | 11 | |
10° 10* 10°
Proton incident energy (eV)
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Validation

Stopping power

w L )] (=] ~

Mass Stopping Power (MeV cm? g'1)

[he]

Stopping power relative difference
respecto to ICRU90 (%)

Fermi density effect

—RPWBA + Fermi
RPWBA
o Proton - ICRU90

x

Proton - RPWBA s
Proton - RPWBA + Fermi -

10° 10°
Projectile incident energy (MeV)

us
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Implementation verification

spower example

S (MeV cm? g)
(@)

ICRU90

o This work

4+
o ; : : :
<) x x ox X x
< or " oo T
v
-1 4 | |
100 150 200
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Implementation verification

range example

60 |
ICRUS0
50 | © This work |

40
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20

Range (g cm'2)

10
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Future perspectives

Total ionisation cross section (cm2)

Alpha interaction Hydrogen interaction
-15 16
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