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Overview	of	2013-2016	activity

Bio2
“The	Geant4-DNA	project	at	the	

Physics-Medicine-Biology	frontier”



What	is	Geant4? 4

http://geant4.org	



What	is	Geant4-DNA? 5
p Geant4-DNA
An	extension	of	Geant4	for	low	energy	
particle	transport	simulations	and	
radiochemistry,	allowing	in	particular	
biological	simulations.

http://geant4-dna.org/



Improving	Monte	Carlo	simulations 6

Accuracy Computing	time
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Accuracy	and	
computing	time	is	
tradeoff…
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Accuracy Computing	time

long
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rough

fine

We	have	solved	
both	problems

at	the	same	time!

Improving	Monte	Carlo	simulations



Highlights	in	2013-2015

p Development	of	Geant4-DNA
Ø Geant4-DNA	physics	models	have	been	improved	in	order	to	simulate	

electron	transportation	in	liquid	water.
Ø A	Geant4-DNA	interface	able	to	simulate	chemical	reactions	in	liquid	water	

was	also	developed.

p MPEXS-DNA:	Porting	of	Geant4-DNA	to	GPGPU
Ø Up	to	280	times faster	on	GPU(K40c)	than	CPU	for	Geant4-DNA	physics	(2015)

p Organization	of	the	11th Geant4	Space	User’s	Workshop
Ø 11th	Geant4	Space	User’s	Workshop	in	Hiroshima,	Japan,	on	August	26-28th,	

2015	(http://nsl.iis.it-hiroshima.ac.jp/geant4/).	
Ø Geant4-DNA	tutorial on	August	23-24,	2015	at	the	same	location,	and	

attracted	26	participants,	mainly	from	Japan	
(https://indico.esa.int/indico/event/82/).	
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Highlights	in	2016

pMPEX-DNA:	porting	physics	and	chemistry	interface	to	GPGPU
Ø The	chemistry	interface	in	Geant4-DNA	has	been	ported	to	GPGPU.	
Ø The	calculation	speed	on	MPEX-DNA	including	chemistry	interface		is	up	to	

1,178	times faster	on	GPU(P100)	than	single-CPU.	

p Development	of	Geant4-DNA	physics
Ø New	discrete	physics	models for	electron	transportation	in	Gold.
Ø The	physics	models	are	validated	by	experimental	data	for	large	gold	bulk.
Ø The	physics	models	are	working	well	compared	with	existing	Geant4	

models	in	very	small	gold	bulk.
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1)	Computing	performance	improvement

pMPEXS:	Massive	Parallel	Electro	X-ray	Simulator
ØGPU-powered	Geant4	standard	EM	physics
ØUp	to	250	times speedup	against	single	core	CPU	(2015)
ØCollaborators:	

pMPEXS-DNA
ØAn	extension	of	MPEXS	to	Geant4-DNA	Physics
ØUp	to	280	times speedup	against	single	core	CPU	(2015)
ØCollaborators:
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363x
243x

Computing	performance	on	simulations	with	chemistry

pUp	to	1,178	times speed	up	against	single-core	
CPU		including	physics	and	chemical	interface
Ø 4	days	(single-core	CPU)	->	~	5 min.	 (p	20	MeV,	10k	events:	P100)	

11

•	GPU	(NVIDIA,	Tesla	K40c,	2,880	cores,	745	MHz)
•	CPU	single	core	(Intel,	Xeon E5-2643	v2,	3.50	GHz)	S.	Okada	et	al,	GTC2017

K40cà P100	(Preliminary)

e- 750	keV :	3.06x
p	20	MeV		:	3.24x
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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

2)	Physics	models	accuracy	improvement	for	Gold	NP



Physics	models	accuracy	improvement	for	Gold	NP

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
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<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 14

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



New	physics	models	in	gold	nanoparticle	(GNP) 15

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																									Livermore																									Penelope		



Outcome	2013-2016

p Award
Ø NDIVIA	award	(Best	poster	award)	by	S.Okada

at	GPU	Technology	Conference	Japan,	2016

p 5	publications
Ø “An	implementation	of	discrete	electron	transport	models	for	gold	in	the	Geant4	simulation	toolkit”,	D.	Sakata	

et	al,	J.	Appl.	Phys.	120	(2016)	244901
Ø “	Recent developments in	Geant4 “ ,	Geant4	Collaboration,	Nucl.	Instrum.	Meth.	A	835	(2016)	186-225
Ø “Geant4	Monte	Carlo	simulation	of	absorbed dose	and	radiolysis yields enhancement from a	gold	nanoparticle

under MeV	proton	irradiation“,		H.	Tran et	al,	Nucl.	Instrum.	Meth.	B	373	(2016)	126-139
Ø “	GPU	Acceleration of	Monte	Carlo	Simulation	at	the	Cellular	and	DNA	Levels “,	S.	Okada	et	al,	Sma. Inn.	Sys.	

Tech.	45	(2016)	323-332
Ø Track	structure	modeling	in	liquid	water:	A	review	of	the	Geant4-DNA	very	low	energy	extension	of	the	Geant4	

Monte	Carlo	simulation	toolkit,	M.	A.	Bernal	et	al,	Phys.	Med.	31	(2015)	861-874

p 1 international	workshop	and	tutorial
Ø 11th	Geant4	Space	User’s	Workshop/Second	Geant4-DNA	tutorial,	August	23-24,	2015	- Hiroshima,	Japan
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Access	papers	from	http://geant4.in2p3.fr



New	proposal	for	2017-2020

Bio3
“GPU	acceleration	for	Geant4	
applications	at	the	Physics-
Medicine-Biology	frontier	”



Proposed	workplan from	2017

p Continuation	of	development	of	Geant4-DNA	for	MPEXS-DNA.
Ø New	physics	models	from	the	CPA100	track	structure	code	will	be	

ported	to	MPEXS-DNA.
p Inclusion	of	Geant4	hadronic	physics	into	MPEXS.

Ø The	hadronic	physics	models	of	Geant4	(e.g.	binary	cascades)	will	be	
ported	to	MPEXS.

p Investigation	of	radiation	therapy	boost	using	high-Z	nanoparticles
Ø The	newly	developed	EM	physics	models	for	Gold	will	be	extended	for	

proton	transportation.
Ø Fundamental	study	to	investigate	boost	effect	in	radiation	therapy	will	

be	done	(clinical	photons,	electrons,	protons).
p Development	of	a	medical	physics	application	for	interventional	radiology.

Ø Develop	an	application	to	simulate	absorbed	dose	in	patient	(realistic	
human	phantom)	and	medical	doctor	during	interventional	radiology	
will	be	started.
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Summary	and	Outlook

pThe	Geant4-DNA	physics	and	chemistry	have	been	ported	
to	MPEXS-DNA	GPGPU	based	MC	simulation	platform.

pThe	calculation	speed	on	MPEXS-DNA	including	chemistry	
interface	is	up	to	1,178	times	faster	on	GPU(P100)	than	
single-CPU(Xeon E5-2643	v2).

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

Ø Geant4	hadronic	interface	and	Geant4-DNA	physics	models	
for	Gold	will	be	ported	to	MPEXS	and	MPEXS-DNA

Ø Development	of	application	for	medical	physics	
(interventional	radiology)	will	be	started.
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