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Geant4
n A radiation simulation toolkit for high energy physics 

(HEP) using the Monte Carlo method
p International collaboration among KEK, CERN, SLAC, …
p Geant4 libraries:

n Simulating EM and hadronic physics processes with wide 
energy range (meV ~ PeV) 

n Building complex geometries for HEP experiments
n Users need to write a main program using Geant4 

libraries

p Detector simulations, backgroud estimations, etc.

n Major simulation code for radiation physics 
in the world 

p Spreading out to various research domains
p The first paper has been cited +20k

n S. Agistinelli et at., “Geant4: a simulation toolkit”, 
NIM A, vol. 506, no. 3, pp. 250-303, 2003
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素粒子・原子核・宇宙線実験のための 
放射線シミュレーション・ツールキット 

KEK や CERN 等の国際協力のもと開発・維持


開発開始から 25 年が経過


広範囲のエネルギー領域における電磁相互作用、 
原子核相互作用を扱う

検出器・物理シミュレーション用途 

世界的に利用されている放射線シミュレータ 
素粒子・原子核以外の分野にも波及

第一論文: NIM A 506 (2003), pp. 250-303


被引用数: 10,415回  (2019年3月7日時点)


Thomson Reuters: Web of Science での情報


通常、年に１回の公式リリース

現在の最新版は ver. 10.5 (2018年12月にリリース)


パッチリリースを年に数回

Geant4
http://geant4.org

Geant4�
�
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国際共同開発維持組織:    
参加メンバー数 ~ 100　参加研究機関数 ~ 40

Geant4 Collaboration
24 countries, 38 institues, 129 members

http://geant4.org/

Particle transportation

http://geant4.org/
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Geant4 Applications
n Transferring simulation technology 

accumulated through HEP experiments to 
the other fileds:

p Nuclear physics
n Radiation shielding

p Astrophysics / Spece science
p Accelerator science
p Medicine / biology 

n The Geant4-Japan group focusing on 
application study in medicine and biology

p Extending functionalities of Geant4 
for particle therapy and user supports

p R&D of advanced treatment planning using 
MC simulations

n Collaboration research with particle therapy 
facilities

p Taking part in the Geant4-DNA project
n Microdosimetry simulations

KEK-CSCS Joint Meeting 2025, S. Okada3

Geant4の応用分野

■ 基礎物理学実験分野 
● 素粒子 
● 原子核 
● 宇宙線、….. 

■ 放射線医療・医学分野 
● 各種粒子線による治療計画 
● 医療機器の開発 
● DNA切断、….. 

■ 放射線遮蔽分野 
● 加速器遮蔽 
● 機器の放射線損傷、…... 

■ 宇宙科学分野 
● 宇宙衛星の放射線損傷 
● 惑星での放射線環境、…... 

■ 工業分野 
● 非破壊検査…..

http://www.geant4.org/geant4/sites/geant4.web.cern.ch/files/geant4/reports/ 
　　　　pictures/fullsize/poster-phys-final.pdf

Geant4は粒子の広範なエネルギー領域での物
理相互作用を記述する 

➔ 様々な分野のシミュレーションで使用されている
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Geant4 in Medicine and PTSim
n Particle therapy

p Uses energetic protons/carbons to irradiate tumors
n 26 facilities (19 protons, 6 carbons) in Japan

p Optimizing beam energy, direction, and dose during 
treatment planning

n Geant4 is used in QA of treatment planning
p Higher accuracy than treatment planning system
p One day simulation per patient on CPU cluster

n PTSim: A Geant4-based MC platform for medicine
p Developed by the Geant4-Japan group

n JST-CREST project (2003-2010)
/ Representative: Prof. T. Sasaki (KEK-CRC)

p Runs dose calculation with simple UI commands
n Models beam-delivery system and treatment head
n Reconstructs patient geometry from CT images

p Widely used for QA in Japanese hospitals
n Our project has inspired other projects in the world

p TOPAS / GAMOS

KEK-CSCS Joint Meeting 2025, S. Okada4

 

 
Fig. 2.  Schematic layout of the beam delivery system at National Cancer 

Center East Hospital, Chiba, Japan (NCC). 
 

 
Fig. 3.  The dose distribution on the CT images in HIBMC calculated by 

(a) the pencil beam algorithm and (b) the PTSIM. The patient coordinate 
system (right-hand system) was drawn by yellow allows. The dose profiles on 
the three axes (c) z, (d) x, (e) y, through the isocenter were compared between 
the two calculations by the PTSIM (histograms) and the pencil beam 
algorithm (red curves). 
 
 
 

(a) 

(b) 

(c) 

(d)  

(e)  

μ 

㨦 

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

R
el

at
iv

e 
do

se
 

z (mm) 

x (mm) 

y (mm) 

160

Authorized licensed use limited to: High Energy Accelerator Research Organization. Downloaded on March 12,2021 at 01:05:18 UTC from IEEE Xplore.  Restrictions apply. 

The PTSim and TOPAS Projects, Bringing Geant4 to the Particle Therapy Clinic 913

VOL. 2, OCTOBER 2011

 

 

II. PTSim Overview 
PTSim has been developed in the project, “Development 

of simulation framework for advanced radio therapy”, 
funded by the Japan Science and Technology Agency (JST) 
in the program of Core Research for Evolutional Research 
and Technology(CREST), October 2003 to March 2010. 
This joint project among Geant4 developers, physicists and 
medical physicists produced a software suite for simulating 
particle therapy with a special focus on carbon therapy. Ef-
forts on further development of PTSim are still under way to 
include more functionality and improve the performance.  

The design of PTSim was based on use-cases sampled 
from medical physicists at the treatment facilities shown in 
Table 1. PTSim includes a class library for geometry de-
scription, material definition, optimized physics process 
setting (PhysicsList in the Geant4 context), scorers, event 
level parallel processing and the main program. 
 
III. TOPAS Overview 

Building on a rich history of Geant4 proton therapy ap-
plications at Massachusetts General Hospital (MGH, site of 
the worlds first proton therapy system), the National Cancer 
Center Korea (NCC),7) and elsewhere, the US National In-
stitutes of Health-funded TOPAS project aims to take 
flexibility further. With TOPAS, any particle therapy clini-
cian or researcher will be able to Geant4-simulate their own 
real or envisioned facility (modify an existing design, create 
a whole new one) still without requiring a Geant4 expert. 
TOPAS adds advanced I/O facilities for "phase space files", 
extends handling for patient scan data, phantoms and dosi-
metry devices, and provides a comprehensive "sequence 
management" system to handle the many time-dependent 
aspects of a particle-therapy setup (parts that physically 
move during treatment, such as modulator wheels or range 
shifters, fields that vary during treatment, such as for 

scanned beam treatments, or other time-varying quantities, 
such as beam current that is modulated during treatment). 
Like PTSim, TOPAS assures relevance to its user domain by 
teaming Geant4 developers and medical physicists in a sin-
gle close collaboration. 

 
IV. Geometry 

Both PTSim and TOPAS take the point of view that the 
medical physics user should not need to be an expert in 
Geant4 geometry description. While the geometry capabili-
ties of Geant4 are significant, they can be confusing for new 
users. PTSim and TOPAS provide easier ways to describe 
geometry (while still allowing the user to use the full Geant4 
C++). The PTSim user can access a library of already 
created beamline components and can adjust them from ma-
cro commands. The TOPAS user has similar capabilities 
configurable from control files. 

PTSim and TOPAS are developed with the understanding 
that most users will not need to re-implement the geometry 
descriptions of a complete treatment facility. Rather, they 
will take an implementation from a previous user and then 
apply slight changes of their own. We therefore provide easy 
ways to share implementations between users. 

In medical physics applications, we cannot rely on con-
structive solid geometry for all of the geometry as done in 
HEP. Geometry from DICOM files (Digital Imaging and 
Communications in Medicine, from the National Electrical 
Manufacturers Association8)) and CAD (Computer Aided 
Design) play significant roles described below. 

 
1. Beam Line Geometry 

Through a study of many potential users, PTSim identi-
fied that many of sampled facilities have common 
components in their beam lines. PTSim provides abstract 
classes for these common components such that users can 
implement their own specific components by inheriting from 
these abstract classes. The most difficult to implement but 
most important components in a beam line are lateral beam 
spreading systems and range modulators. The base classes 

Table 1 Institutions Sampled for PTSim Use Cases 

Institution Location Particle 
National Institute of Radi-
ological Science (NIRS) 

Chiba, Japan carbon 

National Cancer Center 
East Hospital (NCC-East) 

Kashiwa, 
Japan 

proton  

Hyogo Ion Beam Medical 
Center(HIBMC) 

Hyogo, Ja-
pan 

proton 
and car-
bon 

University of California 
San Francisco (UCSF) 

San Fran-
cisco, USA 

proton 
(UC 
Davis) 

German Cancer Research 
Center(DKFZ) 

Heidelberg, 
Germany 

carbon 
(GSI) 

CATANA at INFN Catania Catania, Ita-
ly 

proton 

Proton Medical Research 
Center at U. of Tsukuba 

Tsukuba, 
Japan 

proton 

 

Fig. 1 Example PTSim beam line components 

Beamline components on PTSim

粒子線治療における放射線シミュレーション
治療計画の立案 
線量計算を実行し、治療に必要な線量を患部に
照射できるように治療装置のパラメータを決定 
照射線量、照射分割回数、 
ビームエネルギーやビーム入射方向、 
コリメータの形状など 

時間制約が厳しい 
近似法による線量計算 
ペンシルビーム法 

モンテカルロ・シミュレーションの臨床用途 
治療計画の検証 
高精度な線量計算が可能 
計算時間が長い (半日から一日 / 人)

出典: 大阪重粒子線センター: 
https://www.osaka-himak.or.jp/whats/merit/

腫瘍の形に合わせたビームの形成 (ブロードビーム法)

出典: 
http://www.impactscan.org/slides/impactcourse/introduction_to_ct_in_radiotherapy

PTSim の実用例 (2) : 名古屋陽子線治療センター
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Modeling beamline through UI commands
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Microdosimetry Simulations
n Understanding radiation phenomenology at a 

subcellular scale
p Simulating physical / chemical interactions
p Evaluating radiation damages quantitatively

n e.g., strand breaks, base damages, and repairs

n The Geant4-DNA Project
p An extension of Geant4 to DNA physics

n Led by Bordeaux Univ. LP2i 
n KEK-Geant4 team taking part in the project

p Main objective
n Estimating effects on human health under chronic 

radation exposure for astronauts in space missions
n …

p Functinalities
n EM physics processes for ultra-low energy range 

(down to meV) and chemical reactions 
n Estimating early radiation damages to DNA after 

irradiation
n Handling the cell nucleus geometries 

which contains DNA double helix structures

KEK-CSCS Joint Meeting 2025, S. Okada5

Geant4の医学応用とGPUによる高速化

日本物理学会・第74回年次大会 

高エネルギー加速器研究機構・計算科学センター  
岡田 勝吾、村上 晃一、小井 辰巳、陳 叶、尼子 勝哉、佐々木 節

14pK209-7
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DNA Damage Estimstions 
through Geant4-DNA Simulations 

n Geant4-DNA can reproduce experimental data of radiation damage assay 

n Microdosimetry simulations spend significantly longer time
p Tracking vast number of particles and molecules

n Yielded +10,000 per one initial particle 

p Taking several days to weeks even on CPU cluster
p Accelerating computing performance is required

n Works in progress:
p Implementation of repair process
p Study for gold nano particle, FLASH RT, etc.

KEK-CSCS Joint Meeting 2025, S. Okada6

Phys. Med. 48, 146-155 (2018)

NIMB 306 (2013) 158-164

Phys. Med. 32(12) 1510-1520 (2016)

Sim

Exp

E. Coli

Human cell nucleus

Neurons

Charged 
particle tracks

https://doi.org/10.1016/j.ejmp.2017.12.008
https://doi.org/10.1016/j.ejmp.2017.12.008
https://doi.org/10.1016/j.ejmp.2017.12.008
https://doi.org/10.1016/j.nimb.2012.12.054
https://doi.org/10.1016/j.nimb.2012.12.054
https://doi.org/10.1016/j.nimb.2012.12.054
https://doi.org/10.1016/j.ejmp.2016.11.004
https://doi.org/10.1016/j.ejmp.2016.11.004
https://doi.org/10.1016/j.ejmp.2016.11.004
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Accelerating Medical & Biological 
Applications by GPGPU

nRequires much more computing power in medicine and biology
pParticle therapy

n Higher accuracy for dose calculations by Geant4 (PTSim)
àOne day simulation per patient

pMicrodosimetry
n Tracking much more particles and molecular species to increase spatial 

resolution for radiation damage estimations
àSeveral days to weeks simulation

n Reduces computation time by ultra-parallel processing on GPU
pDeveloping MPEXS to make medical and biological simulations more 

practical

KEK-CSCS Joint Meeting 2025, S. Okada7
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GPGPU
nGPU: Graphical Processing Unit

pUltra parallel processing devices for graphics
n GPU: +20,000 cores
n CPU: Up to 100 cores

n GPGPU: General-Purpose computing on GPU
pAccelerating scientific calculations in various fields:

n AI
n FEM simulations
n Molecular Dynamics 
n Multi-body simulations 
n …

n CUDA
pPrograming framework for GPU computing
p Like a C/C++ language extension
pProviding APIs, debuggers, and profilers 

to support developing GPU applications

KEK-CSCS Joint Meeting 2025, S. Okada8
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MPEXS Project
n A state-of-the-art radiation simulator running on GPU devices

pDeveloped as a dose calculation engine for radiotherapy

n Core algorithm and associated physics data taken from Geant4
pPhysics process of Geant4 are reengineered and reimplemented in CUDA
pData structure is redesigned from scratch to suite for GPU processing
pNot machine translation (e.g., OpenACC)

n Current functionality:
pEM / hadron / neutron physics processes

with energy range below 1 GeV
pWater-equivalent material
pVoxelized geometry

KEK-CSCS Joint Meeting 2025, S. Okada9

https://wiki.kek.jp/display/mpexs/MPEXS+Project

https://wiki.kek.jp/display/mpexs/MPEXS+Project
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Parallel Tracking on GPU
nMillions of particles are tracked in parallel across GPU threads

pEach track is independent
pGPU threads hold kinematic information of particles:

n Track information: 
n Secondary stack

pParallel tracking continues until all particles are
processed

KEK-CSCS Joint Meeting 2025, S. Okada10

• Millions of particles are spread over GPU threads and tracked in parallel. 
• Each track is independent. 
• Each thread has kinematic information of a particle. 

• Track information 
•   

• Secondary stack 

• Parallel processing of different particles  
leads to thread divergence. 

•  Thread efficiency: ~ 50%  

thread index
particles in 

memory

0 1 2 3 4 5 6 7

γ γ γ γe- e- e-e+

γ process

e- process

e+ process

particles in 
memory γ γ γ γe- e- e-e+

γ γ γ γ

e- e- e-

e+

…
( ⃗x , ⃗p , E, k), k ∈ (γ, e−, e+)

Parallel Tracking on GPU
3/12
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MPEXS Performance
nMPEXS shows agreement 

with Geant4 simulations within 2%

nUp to 1000 times speedup against 
Geant4 with a single-core CPU

KEK-CSCS Joint Meeting 2025, S. Okada11

Benchmark Model

Depth dose curves (Geant4 vs MPEXS)
Throughput: number of events processed per milisecond

Primary
Particles

Geant4
ver. 10.7 p4 MPEXS Speedup

(MPEXS/G4)
Electron 
20 MeV 2.9 2423.7 x832

X-ray 6 MV 6.2 5817.5 x931

X-ray 18 MV 5.6 4600.8 x822

Benchmark hardware:
p CPU: Intel Xeon Gold 6326 (Ice Lake)
p GPU: NVIDIA RTX 6000 Ada Generation

e- 20 MeV

X-ray 18 MV
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MPEXS Hadron Physics Extension
nAccelerate dose calculations

for proton/carbon therapy

nPort Geant4 hadronic processes to CUDA

nUp to 230 times* speedup against Geant4
simulations with a single-core CPU
pThread divergency is much larger

than EM processes

KEK-CSCS Joint Meeting 2025, S. Okada12

Ref.) C. Omachi, et al., “Clinical uses of Geant4 and a new GPU Monte 
Carlo simulation system in proton therapy”, 
PTCOG 57th Annual Conference, Cincinnati, US, 2018 May

Depth dose comparison
(Geant4 vs MPEXS-h vs measurement)

Proton (159 MeV)

Proton (200 MeV)

*Benchmark hardware:
• CPU: Intel Xeon Gold 6132
• GPU: NVIDIA RTX 3090 
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MPEXS-DNA:
Microdosimetry Simulation on GPU
nMPEXS Extension to DNA Physics

pCollaborative study with the Geant4-DNA 
project

nBased on Geant4-DNA 10.7 Patch-4
pEM Physics with lower energy range

n Down to meV
n Calculate local energy loss and generate

primary molecules (H2O*, H2O+/-)
pRadiolysis of water molecules

n Diffusion and chemical reactions for
molecular species like •OH radicals

pThe biological stage not yet implemented

KEK-CSCS Joint Meeting 2025, S. Okada13

• Extension to DNA physics 

• Rewrite Geant4-DNA (10.2.p3) in CUDA. 
• EM Physics with lower energy range  

(down to meV) 
• Calculate local energy loss and generate 

primary molecules like H2O* and H2O+/- 
• Radiolysis of water 

• Diffusion and reactions for molecular species  
such as •OH radicals 

• The biological stage not yet implemented  

• Collaboration between               and

A single He+ 100 keV produces direct DNA damages  
•  5 Single Strand Breaks 
•  2 Double Strand Breaks 
in a total of 1.2×108 basis elementary volumes  
 

Chromatine fiber  
(constituent of chromosomes) 

 

EM shower in DNA 

∅
 10 nm

 

© CENBG 

in collaboration with G. Cosmo, CERN 

Courtesy of Sebasien Incerti (IN2P3-CNRS / CENBG) 

Physics phase: primary radiation interacting with matter 
(DNA) and producing radicals 
Chemistry phase: Brownian motion of radicals (further cell 
level damage) and interactions between radicals 

1. Physical stage

• Calculate dose distribution. 
• Generate primary chemical 

species like H2O*, H2O-/+, e-aq.

2. Chemical stage

Diffusion and reactions for molecular species

3. Biological stage  
 (Future work)

Estimate SSBs and DSBs using distributions of  
energy loss and molecular species  
inside the cell nucleus.

MPEXS-DNA: Microdosimetry Simulation on GPU
8/12
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MPEXS-DNA Performance
n Water radiolysis under 750 keV electron irradiations

pReproducing measured data reasonably well
pMPEXS2-DNA is much faster than Geant4-DNA

n A single GPU has the equivalent computing performance of 7,600 CPU cores

KEK-CSCS Joint Meeting 2025, S. Okada14

Geant4-DNA 10.7.4 MPEXS-DNA 

Throughput 
(#histories / min.) 5.69 43564.97

Speedup Factor
(MPEXS / Geant4) - x7,656

(A) (B)(A) (B)

Comparison plots of G-value time profiles for •OH, eaq, H2 and H2O2 between 
MPEXS2-DNA and Geant4-DNA/measured data
(Solid lines: MPEXS2-DNA, dashed lines: Geant4-DNA, the others: measured data)

Benchmark hardware:
p CPU: Intel Xeon Gold 6326 (Ice Lake)
p GPU: NVIDIA RTX 6000 Ada Generation

References:
[1] S.Okada et al., Medical Physics, 2019, 

doi: 10.1002/mp.13370
[2] S.Okada et al., Scientific Reports, 2025, 

doi: 10.1038/s41598-025-00875-w
[3] S.Okada et al., Medical Physics, 2025, 

doi: 10.1002/mp.70071
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Summary
nGeant4 has been applied to medicine and biology, transferring 

simulation technologies from HEP experiments
pCollaboration with particle therapy facilities for developing a Monte 

Carlo–based platform (PTSim) for QA of treatment planning
pParticipation in the Geant4-DNA project to reveal radiation-induced 

phenomenology

nDeveloped a GPU-based Monte Carlo simulator, MPEXS
pAchieving thousands-fold speedup while maintaining good accuracy
pOngoing improvements for faster and more functional radiation 

simulations in medicine and biology

KEK-CSCS Joint Meeting 2025, S. Okada15
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Stall

Active

n Parallel processing of different particls leads to thread divergence
p Thread efficiency: ~50%


