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Geant4
•Particle Transport Monte Carlo simulation toolkit
•Developed at CERN
•Open source C++ framework
•GEometry ANd Tracking, version 4

geant4.web.cern.ch

http://www.geant4.cern.ch
http://www.geant4.cern.ch
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Selected example: 
particle physics

PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 3

Fig. 3. View of the assembled telescope and the tracking of photons.

Fig. 4. Spots produced at the ideal focal surface for incident angles of
0◦ , 5◦, 10◦ and 15◦ . For each generated photon the relative position
(αrel, βrel) with respect to the expected position for an ideal optical
system is shown.

contribution to the overall telescope efficiency with the
spot centre position. The non-uniformity of the PMT
response can be taken into account in this simulation
framework.

C. Comparison with laboratory data

The simulation was compared with laboratory mea-
surements of the light detection uniformity [7] (and
references therein), where a small version of the camera
with seven pixels was used. Since the telescope optics
is fully implemented in the Geant4 simulation and the

(a)

(b)

Fig. 5. The spot seen at the PMTs. Lines are drawn to represent
the pixel boundaries (solid) and the light guides boundaries (dashed).
Photons simulated with the expected position at the pixel centre (a)
and at the vertex of the light guide (b).

Proceedings of the 31st ICRC, Lodz, 2009

•A simulation of the fluorescence detectors of the Pierre 
Auger Observatory using Geant4

•Studies to estimate the light detection efficiency, necessary to evaluate the “source” energy
•Complex geometry (e.g. spot due to the camera, sensitivity to individual PMT position)



4

Selected example: 
medical physics

•Geant4 Monte Carlo simulation of absorbed dose and 
radiolysis yields enhancement from a gold nanoparticle 
under MeV proton irradiation

NIM B, 373 (2016) 126-139

The use of high-Z materials as radio-sensitizers agents was
described by Matsudaira et al. in 1980 [1], who measured a
radio-enhancing effect of iodine on cultured cells irradiated with
X-rays but not with gamma rays. The absorbed dose from low
energy photon irradiation (X-rays) was increased due to a larger
photoelectric cross section in such materials compared to water.
This work was then followed by several studies [2–6] which uti-
lized iodine and barium containing contrast agents in diagnostic
imaging as radio-sensitizers in order to demonstrate their thera-
peutic advantage in tumors irradiated with low energy photons.

Due to their small size, gold nanoparticles (GNP) have been
found to easily penetrate cells [7]. Exposure of human cells to such
nanoparticles (NP) does not cause cytotoxicity [8]. In the initial
studies of gold nanoparticles using X-rays, Regulla et al. [9] found
a factor of 100 of dose enhancement in tissue-equivalent poly-
methylmethacrate close to the surface of a thin metallic gold foil.
In experimental studies on mice, Herold et al. [10] and Hainfeld
et al. [11] have found an increased biologically effective dose

thanks to the use of gold nanoparticles in X-ray therapy. For nearly
a decade, one has observed in vivo the increase of DNA double-
strand breaks in irradiated cell populations loaded with gold
nanoparticles [12]. The in vivo study of Liu et al. [13] demonstrated
up to 45% decrease of cell survival after irradiation using
polyethylene-glycol-Au nanoparticles. Recently, Kim et al. [14]
underlined the role of secondary electrons and characteristic X-
rays emitted from metallic nanoparticles irradiated by protons
and observed in vivo complete tumor regression increase with dose
in mice tumors, as well as in vitro intracellular reactive oxygen spe-
cies level increase with dose.

In order to understand the possible mechanisms involved in the
observed radio-sensitizing effect induced by GNPs under ionizing
irradiation, various studies based on Monte Carlo simulations have
been undertaken. Such simulations have the potential to fully
describe interaction processes of ionizing radiation in biological
materials [15]. These investigations focus on the estimation, at
the nano-scale, of energy deposition in the vicinity of a single

Table 1
Geant4 physics processes and models used for the simulation of electron, proton and photon interactions in the GNP and WNP. Process and model classes are indicated, as well as
the energy range of applicability of each model.

Physical interaction Geant4 process class Geant4 model class Energy range

Electron
Multiple scattering G4eMultipleScattering G4UrbanMscModel <100 MeV

G4WentzelVIModel >100 MeV
Coulomb scattering G4eCoulombScattering G4eCoulombScatteringModel
Ionization G4eIonisation G4LivermoreIonisationModel <0.1 MeV

G4MollerBhabhaModel >0.1 MeV
Bremsstrahlung G4eBremsstrahlung G4LivermoreBremsstrahlungModel

Proton
Multiple scattering G4hMultipleScattering G4UrbanMscModel
Ionization G4hIonisation G4BraggModel <2 MeV

G4BetheBlochModel >2 MeV

Photon
Photoelectric effect G4PhotonElectricEffect G4LivermorePhotoElectricModel
Compton scattering G4ComptonScattering G4LivermoreComptonModel
Rayleigh scattering G4RayleighScattering G4LivermoreRayleighModel

Gamma conversion G4GammaConversion G4LivermoreGammaConversionModel

Fig. 1. Left: Schematic diagram of the simulated geometry showing the incident parallel protons (full line) inside the NP (yellow sphere) and the scoring concentric spherical
shells. Right: example of visualization obtained with Geant4 when the NP (in red) is irradiated with a parallel proton beam (blue tracks), showing emitted secondary electron
interactions (red tracks and yellow vertices). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

H.N. Tran et al. / Nuclear Instruments and Methods in Physics Research B 373 (2016) 126–139 127
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Monte Carlo

•Simple example: tracking gamma rays in a scintillator 
detector with a simple shape and determining the 
deposited energy spectrum

•The physics is known from first principles (photon 
interactions: photoelectric effect, Compton scattering, 
optical processes, etc)

•A complete analytical treatment of the problem is nearly 
impossible
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Monte Carlo

•When the analytical calculation from physics law is 
unpractical, due to:
-complicated experimental geometries
-multiple physics processes, variables involved

When are MC useful wrt to the 
math exact solution? 

� Usually the 
Monte Carlo 
wins over the 
exact 
(mathematical) 
solution for 
complex 
problems 

Monte Carlo techniques 
are used to predict the 

outcome

•Particle transport MC or 
tracking in Geant4
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Tracking
Particle tracking 

� Distance s between two subsequent interactions 
distributed as   

s 
� μ is a property of the medium 

(homogeneous) and of the physics 
� μ is proportional to the total cross 

section and depends on the density of 
the material 
 
 � All competing processes contribute with their own μi 

� Each process takes place with probability μi/μ Æ i.e. 
proportionally to the partial cross sections 

slides adapted from L. Pandola
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Tracking
Particle tracking: basic recipe 

� Divide the trajectory of the particle in "steps" 
� Straight free-flight tracks between consecutive physics 

interactions 
� Steps can also be limited by geometry boundaries 

� Decide the step length s, by sampling according to 
p(s)= μe-μs, with the proper μ (material+physics)  

� Decide which interaction takes place at the end of the 
step, according to μi/μ  

� Produce the final state according to the physics of the 
interaction (d2σ/dΩdE) 
� Update direction of the primary particle 
� Store somewhere the possible secondary particles, to be 

tracked later on 
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Tracking
Particle tracking: basic recipe 

� Follow all secondaries, until absorbed or leave volume 
� Notice: μ depends on energy (cross sections do!) 

s1 

γ, E 

s2 

γ, E1 

e-, E2 

s3 

γ, E3 

e-, E4 e-, E5 
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Tracking

Solution: the mixed Monte 
Carlo 

� Simulate explicitly (i.e. force step) interactions only 
if energy loss (or change of direction) is above 
threshold W0 
� Detailed simulation 
� "hard" interaction (like γ interactions) 

� The effect of all sub-threshold interactions is 
described statistically (= cumulatively) 
� Condensed simulation 
� "soft" interactions 

� Hard interactions occur much less frequently than 
soft interactions 
� Fully detailed simulation restored for W0=0 

Well, not so easy 
� This basic recipe works fine for γ-rays and other 

neutral particles (e.g. neutrons) 
� Not so well for e±: the cross section (ionization & 

bremsstrahlung) is very high, so the steps between 
two consecutive interactions are very small 
� CPU intensive: viable for low energies and thin material 

� Even worse: in each interaction only a small fraction 
of energy is lost, and the angular displacement is 
small 
� A lot of time is spent to simulate interactions having 

small effect 
� The interactions of γ are "catastrophics": large change 

in energy/direction 
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•Particle transportation in Geant4, step by step, 
takes into account all possible interaction 
processes with materials and fields

•Refined algorithm to take into account geometric 
boundaries, decays, etc

•Track ends when particle:
- leaves the simulation world volume
- disappears in an interaction
- kinetic energy goes to zero (and no AtRest 
process)
- is (artificially) killed

Tracking in Geant4
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•An event is the basic unit of simulation
- begins with generation of a primary, whose track 
is pushed to the stack
- secondary tracks are also stacked
- each track from the stack is followed at a time
- ends when the stack is empty

•A run is an event loop
   - geometry and physics are fixed at the onset
   - starts with beamOn

More concepts
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More concepts
Information may be accessed at many levels in the 
simulation (step, track, etc)

•Step point
- knows the volume where it sits
- if no interaction, is limited by a volume boundary

•A process may occur:
- at rest (e.g. decay from rest)
- along step (continuous energy loss)
- post step (decay on the fly)

Step in Geant4

• A Step has two points and represents the “delta” information of a particle 

(energy loss over the step, time-of-flight during by the step, etc.).

• During simulation Point knows the volume(s) in which it belongs (& its material). 

• If a step is limited by a volume boundary, the end point physically stands on the 

boundary, and it logically belongs to the next volume.

– Because such a Step knows materials of two volumes, boundary processes
(such as reflection, refractions and transition radiation) can be simulated.

• A step is represented by the G4Step class 

• The G4SteppingManager class manages processing of steps (and update 

tracks ..) and also calls the G4UserSteppingAction, an optional user hook.

Introduction and Geant4 Kernel - J.Apostolakis
Pre-step point

Post-step point

Step

Boundary
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Geant4 kernelGeant4 kernel

Introduction and Geant4 Kernel - J.Apostolakis

4 Geant4 consists of 17 categories.

4 Independently developed and 
maintained by a Working Group each.

4 Interfaces between categories (e.g. top 

level design) are maintained by the 
global architecture WG.

4 Geant4 Kernel

4 Handles run, event, track, step, hit, 

trajectory.

4 Provides frameworks of geometrical 
representation and physics processes.
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Geant4 is structured in 17 
independent categories:

•Geometry and materials

• Track, event, run

•Physics processes (cross 
sections, final states)

•Auxiliary parts (user 
interface, visualization)
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Build an application
•Geant4 is a toolkit: you must build an application, 
choosing its tools and following a few rules

•Must do:
- describe the experimental setup materials and 
geometry
- select particles and physics models (processes, 
thresholds) you want to use
- define the generation of primary particles

•May also:
- control your simulation via interaction with the kernel
- set visualization
- extract useful information
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Build an application

•Initialization classes (invoked at initialization):
- G4VUserDetectorConstruction
- G4VUserPhysicsList

•Action classes (invoked during an event loop):
- G4VUserPrimaryGeneratorAction
- G4UserRunAction
- G4UserEventAction
- G4UserStackingAction
- G4UserTrackingAction
- G4UserSteppingAction

Mandatory 
classes

Optional 
classes
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main()
•Geant4 does not provide main(), you have to create it as part of 
your application

•In main() you must:

- Construct G4RunManager

- Set user mandatory classes to RunManager with 
G4RunManager::SetUserInitialization() and 
G4RunManager::SetUserAction()

-Optionally, set user action classes and visualization (by default, 
Geant4 does not take care of retrieving the relevant information)

-Initialize the Geant4 kernel and start a run

-At the end, delete RunManager
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main() example
//
// --------------------------------------------------------------
//      GEANT 4 simulation of a water tank Cherenkov detector
//
// --------------------------------------------------------------

#include "TankG4SimDetectorConstruction.hh"
#include "TankG4SimPrimaryGeneratorAction.hh"
#include "TankG4SimPhysicsList.hh"

#include "G4RunManager.hh" 

int main(int argc,char** argv) {

  // Run manager
  G4RunManager * runManager = new G4RunManager;

  // Mandatory User Initialization classes 
  runManager->SetUserInitialization(new TankG4SimDetectorConstruction);
  runManager->SetUserInitialization(new TankG4SimPhysicsList);

  // Mandatory User Action classes 
  TankG4SimPrimaryGeneratorAction* PrimGenAct = new TankG4SimPrimaryGeneratorAction();
  runManager->SetUserAction(PrimGenAct);

  //Initialize G4 kernel
  runManager->Initialize();

  // Start a run
  G4int numberOfEvents = 1 ;
  runManager->BeamOn(numberOfEvents);
    
  delete runManager;

  return EXIT_SUCCESS;
}
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Useful resources
Geant4 – A Simulation Toolkit

Kernel I - M.Asai (SLAC) 17

S. Agostinelli et al.
Geant4: a simulation toolkit
NIM A, vol. 506, no. 3, pp. 250-303, 2003

J. Allison et al.
Geant4 Developments and Applications
IEEE Trans. Nucl. Sci., vol. 53, no. 1, pp. 270-278, 2006

http://www.geant4.org/

slide adapted from J. Apostolakis
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Useful resources

geant4.web.cern.ch/support

http://www.geant4.cern.ch
http://www.geant4.cern.ch
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Useful resources
• doxygen documentation allows to access the Geant4 class 
index and browse the source code

http://www.apc.univ-paris7.fr/~franco/g4doxy/html/classes.html

http://www.apc.univ-paris7.fr/~franco/g4doxy/html/classes.html
http://www.apc.univ-paris7.fr/~franco/g4doxy/html/classes.html
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Questions?
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Fetch and analyze the code
Compile and run

Basic user interface

Hands-On Session #1
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Fetch the code

•Instructions for using git:
https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020/wikis/Using-Git-to-access-the-repository

•Fetch the code from the remote repository:
git clone https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020.git

•Alternatively, just download it directly from the 
webpage

https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020/wikis/Using-Git-to-access-the-repository
https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020/wikis/Using-Git-to-access-the-repository
https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020.git
https://git02.ncg.ingrid.pt/raul/LIP_Geant4_Course_Braga_2020.git
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Analyze the code

•Go to HandsOn/Spectroscopy

•Check the code structure for:

   - header files
   - source files
   - application file with main()
   - macros
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Compile and run
•Compile with make
   - uses the GNUmakefile
   - run the following commands:
          source ~/Applications/geant4.10.04.p02-install/share/Geant4-10.4.2/geant4make/geant4make.sh
            make

•(or) Compile with cmake
   - uses the CMakeLists.txt
   - run the following commands:
          mkdir build
            cd build
            cmake -DCMAKE_PREFIX_PATH==~/Applications/geant4.10.04.p02-install/ ../.
            make

•Run the executable
         executable_command       
(or)     ./name_of_the_executable

your geant4-install path
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Basic user interface

1) Hard-coded C++
•everything is specified in the source code
•no user interaction

2) Batch session
•list of commands in macro file

3) Interactive session
•real-time input by the user
•by commands or graphical
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Basic user interface

1) Hard-coded C++
      
        - in main()

  //Initialize G4 kernel
  runManager->Initialize();

  // Start a run
  G4int numberOfEvents = 1 ;
  runManager->BeamOn(numberOfEvents);
    
  delete runManager;

•Start a run by calling BeamOn and specifying the 
number of events
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Basic user interface

2) Batch session
      
        - in main()

•The macro is passed as command-line argument:
 ./name_of_the_executable    macro

     
  //Initialize G4 kernel
  runManager->Initialize();

  // Get the pointer to the User Interface manager
  //
  G4UImanager * UImanager = G4UImanager::GetUIpointer();  
  G4String command = "/control/execute ";
  G4String fileName = argv[1];
  UImanager->ApplyCommand(command+fileName);

  delete runManager;
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Basic user interface

3) Interactive session
      
        - in main()

•Opens a graphical user interface

     
  //Initialize G4 kernel
  runManager->Initialize();

  // interactive mode : define UI session
  G4UIExecutive * ui = new G4UIExecutive(argc,argv);
  ui->SessionStart();
  delete ui;

  delete runManager;
    


