
Implementation	of	EM	physics	for	
nano-scale	gold	electron	simulations

16/June/2017			
International	Multidisciplinary	Workshop	on	Geant4	
Dousatsu Sakata for	the	Geant4-DNA	Collaboration

University	of	Bordeaux,	CNRS/CENBG



Outline

pIntroduction
pPhysics	modeling	for	electron	transportation	
in	Gold

pVerification	and	validation	of	new	models
pImpact	of	new	physics	models	for	GNP	
simulations

2



What	is	Geant4-DNA? 3
p Geant4-DNA
An	extension	of	Geant4	for	low	energy	
particle	transport	simulations	and	
radiochemistry,	allowing	in	particular	
biological	simulations.

http://geant4-dna.org/
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S.J	McMahon	et	al,	Scientific	Reports	1,	Article number: 18	(2011)

MDA-231	cells
160kVp	X-ray
with	1.9nm	GNPs

It	is	necessary	to	implement	
accurate	physics	models	which	are	
applicable	for	low	energy	particles	
in	very	small	volumes.

Minimum	energy	
of	strand	break

~	5-10	eV

Size	of	NP
~	R=1-100nm

Gold	nanoparticle	boosted	radiation	treatment



Goal	and	Agenda	of	This	Study 5
Proton	Beam
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Fig. 1.  Details of the microbeam line geometry and materials along the z  propagation axis, as they are defined in GEANT4. The cultured cells are located 235 
mm away from the physical exit of the last quadrupole. Note the modelling of the collimators’ geometry ; they are defined as an assembly of two joined conical 

sections to reproduce the shape observed by the mean of an electronic microscope [4].  
 

 

 
Fig. 2.  The top plots show the evolution of the space phase of the beam external envelope - ( , )x θ in red, ( , )y φ in blue - from the collimator object (left), inside 

the quadruplet (middle) and before the target (right), along the beam propagation axis. The left and middle bottom plots show the beam profiles in the transverse X 
(red) and Y (blue) planes along the propagation axis. The right hand side plot shows the beam spot shape around the target position (235 mm). Note the typical 

distortions caused by the spherical aberrations of the quadruplet. Please see the electronic version for the figures in colour [8].

p	or	α	particle

Micro	Beam	Line	for	Cellular	Irradiation	at	CENBG	

① Large	uncertainties	on	low	energy	particle	
transportation	in	very	small	volume.	

② Too	high	secondary	production	energy	cut	in	
inelastic	interactions	by	proton	impact.	

Problems

Edirct ~	5	- 10	eV
Eprod ~	800	eV



Current	Trials	of	Geant4-DNA
Physics	(for	Au)				Chemistry(for	water)													Geometry	
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Done!

Done!

On	GoingDone!Photon
Rayleigh	scattering
Photo-electric	ionization
Compton	scattering
Pair	production

Electron
Bremsstrahlung
Elastic	scattering
Electronic	excitation
Plasmon	excitation
Ionization	

Proton
Elastic	scattering
Excitation
Ionization
Charge	exchange
Bremsstrahlung

506 Mathieu KARAMITROS et al.

PROGRESS IN NUCLEAR SCIENCE AND TECHNOLOGY

 
Table  3 Reaction rates as described in Reference 4 

Reaction Reaction rate (1010 M-1 s-1) 
H• + e-

aq + H
2
O→ OH- + H

2
 2.65 

H• + •OH → H
2
O 1.44 

H• + H• → H
2
 1.20 

H
2
 + •OH → H• + H

2
O 4.17×10-3 

H
2
O

2 
+ e-

aq → OH- + •OH 1.41 

H
3
O

+ 
+ e-

aq → H• + H
2
O 2.11 

H
3
O

+ 
+ OH- → 2 H

2
O 14.3 

•OH + e-
aq → OH- 2.95 

•OH + •OH → H
2
O

2
 0.44 

e-
aq + e-

aq + 2 H
2
O→ 2 OH- + H

2
 0.50 

 
Table  4 Time steps ∆t with respect to the physical time, as de-

scribed in Reference 4 

Time interval (s) ∆t (ps) 
Until 10-11 0.1 
10-11 – 10-10 1 
10-10 – 10-9 3 
10-9 – 10-8 10 
Above 10-8 100 

 
VII. Time-Dependent Radiochemical Yields 

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 irra-
diated medium: 

𝐺 = 𝑁(𝑡)×100
𝐸 (𝑒𝑉) , 

where N(t) is the number of molecules and E is the total 
energy deposit by the incident ionizing particle into the me-
dium, expressed in eV. 

Experimental data on time-dependent chemical yields are 
rare and the simulations often do not reproduce the exact 
conditions of the experimental set-up (type and energy of the 
incoming particle, volume of the target). However, in order 
to fill in this lack, most authors compare their simulated re-
sults with experiments at similar LET value. 

In order to verify our prototype software, we compare our 
results with other simulation codes (PARTRAC4,5) and Ue-
hara’s and Nikjoo’s work6)). However, as Geant4-DNA and 
PARTRAC4,5,19) physics models are not identical, the out-
come of the physical stage in the two simulations will 
necessarily differ. The physics models adopted in 
Geant4-DNA are fully described in Reference 2.  

The presented results were obtained using the above de-
fault parameters, by shooting 2.5×104 incident electrons of 
1 MeV and considering only the first 10 keV lost by the 
primary track, as done in PARTRAC4) and Uehara’s and 
Nikjoo’s work.6) All secondary particles were tracked. 

 

Fig.  1 Prototype results on •OH radiochemical yields (mole-
cules/100 eV) from 1 MeV incident electrons with respect to 
time (in picosecond). References: Ballarini et al. (PARTRAC),3) 
S. Uehara and H. Nikjoo.6)  

 

Fig.  2 Prototype results on e-
aq radiochemical yields (mole-

cules/100 eV) from 1 MeV incident electrons with respect to 
time (in picosecond). References: Ballarini et al. (PARTRAC),3) 
S. Uehara and H. Nikjoo.6)  
 
The resulting radiochemical yields for •OH and solvated 

electrons are shown in Figs. 1 and 2 respectively. These pre-
liminary results have been obtained using the following 
Geant4-DNA processes (the corresponding Geant4-DNA 
models are indicated in parenthesis): electron elastic scatter-

On	Going

This	Work



Physics	modeling	for	electron	
transportation	in	Gold



Physics	improvement	for	electron	transportation

pCondensed history	models
- One	multiple-scattering deflection
- One	average total	energy	loss	+	fluctuation

are	sampled	for	each	step
- Usage	of	production	cut

pDiscrete models
- One	single deflection	
- One	single energy	loss	

are	calculated	for	each	physics	process.
- No	production	cut

8

<ΣΔE>

ΔE1

ΔE2
ΔE3

To	improve	accuracy	for	low	energy	and	small	scale	simulations,
implementation	of	discrete	physics	models	is	needed	!



New	discrete	physics	models	for	Gold 9

Physics Model

Elastic Partial Wave	Analysis
(ELSEPA)

Ionization M.	Relativistic	Binary-
Encounter Bethe Vriens

Excitation Experiment	+
Dirac B-Spline	R	Matrix

Plasmon
Excitation

Quinn	Model

Bremsstrahlung Seltzer	and	Berger	
Model

Integrated	electron	cross	sections	in	gold.	
Bremsstrahlung	is	not	shown.	All	particles	with	
energy	below	10	eV	(shown	in	gray)	are	killed	
and	their	energy	is	dumped	locally. Energy	Range	of	the	models

10	eV	<	E	<	1	GeV

D.	Sakata	et	al,	J.	Appl.	Phys.	120	(2016)	244901



Verification	and	Validation

Stopping	Power
Range
Back	scattering	Coefficient

Transmission	Coefficient

This	Work
Livermore
Penelope



Stopping	Power	and	Range 11

pWe	have	good	agreements	with	
existing	physics	models		in	high	
energy	on	Geant4	and	ICRU37	
recommendation.
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D.	Sakata	et	al,	J.	Appl.	Phys.	120	(2016)	244901

This	Work
Livermore
Penelope



Back	Scattering	&	Transmission 12

5	cm

sampling	plane

9	or	19		μm

sampling	plane

θ
15.7	MeV

e-

e-

radiation also contributes at high energies to the photon spec-
trum. For the physics models studied, the majority of
secondaries occur between 10 eV and 1 keV. It is worth not-
ing the steep drop in secondary production in the Penelope
physics models below 100 eV is caused by the model being
extended outside its domain of validity.

The backscattering coefficient for electrons incident
upon a gold plate, and the transmission coefficient for elec-
trons impacting a thin gold foil provide a good means of val-
idation for electron transport models across a wide energy
range. The backscattering coefficient as a function of inci-
dent energy is shown in Figure 4. Backscattering simulations
are compared with several experimental measurements.54–58

In order to provide a fair comparison to experimental data,
experimental results are only used when the backscattering
coefficient measurement covers close to half or all the possi-
ble backscattering solid angle. Two curves are shown for
each physics model, the first considering backscattered elec-
trons with energies above 50 eV and the next considering
those above 125 eV, as the thresholds from the experiment
vary between 50–120 eV. Especially, at low energies, the
new gold physics models have much better agreement with
experimental data, compared to the Livermore and Penelope
models.

The number of transmitted electrons per unit angle
through gold foil was simulated for two different foil

widths (9.658 lm and 19.296 lm), using incident electrons
with energy 15.7 MeV (Figure 5). The new physics models
agree well with the existing physics models in Geant4
for these geometries, as well as with the experimental
measurements.59

IV. CONCLUSION

Improved physics models for gold are necessary to bet-
ter model the impact of GNPs in radiotherapy via Monte
Carlo simulations. We implemented new physics models
for electron transportation in gold in Geant4 that are appli-
cable down to 10 eV. Especially, at low energies, the new
models have better agreement with experimental data for
the backscattering coefficient, and show roughly similar
performance for the transmission coefficient when com-
pared to the Livermore and Penelope models already in
Geant4. The average track length of the electrons in gold at
10 eV using the new models is around 0.4 nm. These mod-
els then allow the simulation of electrons in GNPs down to
a few tens of nanometers. The physics models include
atomic de-excitation with a full cascade of relaxation pro-
cesses for gold. Accordingly, these new models are applica-
ble in simulations seeking to measure the biological effect
of radiation in GNP-boosted radiotherapy with photon and
electron radiation sources.

FIG. 3. Energy spectra of secondary particles generated in gold. Both the photon (left) and electron (right) secondary spectra are shown following irradiation
by 20 MeV electrons. The production cut for secondary particles is 1 eV.

FIG. 4. The backscattering coefficient, g, from a 5 cm gold plate in vacuum,
as a function of incident electron energy. In this simulation, 50 eV and 125 eV
are considered as threshold of backscattered electron counting for fair compar-
ison with experiments. The production cut of secondary particles is 1 eV.

FIG. 5. Distribution of the quantity of transmitted electrons per unit angle as
a function of angle (measured from the incident electron direction) for inci-
dent 15.7 MeV electrons. Results are shown for electrons transmitted
through a gold foil of thickness 9.658 lm and 19.296 lm.

244901-5 Sakata et al. J. Appl. Phys. 120, 244901 (2016)

D.	Sakata	et	al,	J.	Appl.	Phys.	120	(2016)	244901



Impact	of	new	physics	models
for	GNP	simulations

This	Work
Livermore
Penelope

Simulation	Configuration
Secondary	Spectra	
Model	Dependence

NP	Size	Dependence
Energy	Dependence



Simulation	Configuration 14

GNP

Liquid	H2O

Φ=20,	60,	100nm

Φ=200cm

pIncident	configuration
ØParticle :	electron
ØEnergy :	1,10,100,1000	keV
ØBeam	shape	:	uniform	beam														

from	hemi-sphere
pNP:	Gold	(R=10,30,50nm)
pAbsorber :	Water	(R=100cm)
pParticle	transportation	limits

ØMaximum	step	length	in	NP	:	R/2
ØIncident	particle					:	killed	at	end	NP
ØSecondary	particle	:	killed	below	10	eV



Secondary	particle	spectra 15



1D	absorbed	dose 16

pLarge	difference	could	be	found	in	close	region	of	GNP.	
Condensed	history	model	less	estimate	self	absorption	of	
secondary	particles.



2D	absorbed	dose 17

radiation also contributes at high energies to the photon spec-
trum. For the physics models studied, the majority of
secondaries occur between 10 eV and 1 keV. It is worth not-
ing the steep drop in secondary production in the Penelope
physics models below 100 eV is caused by the model being
extended outside its domain of validity.

The backscattering coefficient for electrons incident
upon a gold plate, and the transmission coefficient for elec-
trons impacting a thin gold foil provide a good means of val-
idation for electron transport models across a wide energy
range. The backscattering coefficient as a function of inci-
dent energy is shown in Figure 4. Backscattering simulations
are compared with several experimental measurements.54–58

In order to provide a fair comparison to experimental data,
experimental results are only used when the backscattering
coefficient measurement covers close to half or all the possi-
ble backscattering solid angle. Two curves are shown for
each physics model, the first considering backscattered elec-
trons with energies above 50 eV and the next considering
those above 125 eV, as the thresholds from the experiment
vary between 50–120 eV. Especially, at low energies, the
new gold physics models have much better agreement with
experimental data, compared to the Livermore and Penelope
models.

The number of transmitted electrons per unit angle
through gold foil was simulated for two different foil

widths (9.658 lm and 19.296 lm), using incident electrons
with energy 15.7 MeV (Figure 5). The new physics models
agree well with the existing physics models in Geant4
for these geometries, as well as with the experimental
measurements.59

IV. CONCLUSION

Improved physics models for gold are necessary to bet-
ter model the impact of GNPs in radiotherapy via Monte
Carlo simulations. We implemented new physics models
for electron transportation in gold in Geant4 that are appli-
cable down to 10 eV. Especially, at low energies, the new
models have better agreement with experimental data for
the backscattering coefficient, and show roughly similar
performance for the transmission coefficient when com-
pared to the Livermore and Penelope models already in
Geant4. The average track length of the electrons in gold at
10 eV using the new models is around 0.4 nm. These mod-
els then allow the simulation of electrons in GNPs down to
a few tens of nanometers. The physics models include
atomic de-excitation with a full cascade of relaxation pro-
cesses for gold. Accordingly, these new models are applica-
ble in simulations seeking to measure the biological effect
of radiation in GNP-boosted radiotherapy with photon and
electron radiation sources.

FIG. 3. Energy spectra of secondary particles generated in gold. Both the photon (left) and electron (right) secondary spectra are shown following irradiation
by 20 MeV electrons. The production cut for secondary particles is 1 eV.

FIG. 4. The backscattering coefficient, g, from a 5 cm gold plate in vacuum,
as a function of incident electron energy. In this simulation, 50 eV and 125 eV
are considered as threshold of backscattered electron counting for fair compar-
ison with experiments. The production cut of secondary particles is 1 eV.

FIG. 5. Distribution of the quantity of transmitted electrons per unit angle as
a function of angle (measured from the incident electron direction) for inci-
dent 15.7 MeV electrons. Results are shown for electrons transmitted
through a gold foil of thickness 9.658 lm and 19.296 lm.

244901-5 Sakata et al. J. Appl. Phys. 120, 244901 (2016)

Only	new	physics	models	describe	high	
absorbed	dose	in	backward	direction.

All	physics	models	show	high	back	
scattering	coefficient	in	large	gold	bulk.

D.	Sakata	et	al,	J.	Appl.	Phys.	120	(2016)	244901

Back	scatt.	coef.	for	5cm	gold	plate

This	Work	(GNP)														Livermore	(GNP)											Penelope		(GNP)																						WNP
R	=	50	nm					Einc=100	keV



Size	dependence	in	2D	dose 18

R	=	10	nm	(Liv) R	=	10	nm	 R	=	30	nm	 R	=	50	nm	

Einc=100	keV

The	new	physics	models	seems	to	be	applicable	for	very	
small	GNP	down	to	diameter	is	10	nm.



Energy	dependence	in	2D	dose 19

1keV																													10keV																											100keV																							1000keV

Back	scattered	 Punch	through

R=50nmEmit	large	number	of	secondary	particles

Mean	free	path	
is	comparable
with	NP	size



Summary	and	Outlook

pNew	alternative	Geant4-DNA	physics	models	for	
electron	in	gold	have	been	implemented.

pThe	models	well	validated,	and	working	well	for	
nano-mater	scale	simulations.

ØEstimate	GNP	effect	in	X-ray	radiation	field.
ØImprove	inelastic	interaction	models.
ØExtend	the	models	to	be	applicable	for	protons.
ØExtend	the	models	for	more	low	Z	elements.

20


