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Art thou afeard? 

[…] 

Be not afeard: the isle is full of noises, 

Sounds, and sweet airs, that give delight and hurt not. 

Sometimes a thousand twangling instruments 

Will hum about mine ears; and sometimes voices, 

That, if I then had wak’d after long sleep, 

Will make me sleep again: and then in dreaming, 

The clouds methought would open and show riches, 

Ready to drop upon me; that, when I wak’d, 

I cried to dream again. 

 

CALIBAN, The Tempest, Act III, Scene 2 

W. Shakespeare 
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Abstract 

The organic scintillator BC501A (or NE213), used for neutron and γ-ray detection and 

spectroscopy, has been deeply studied in scientific literature. The detector’s responses, for a 2’’-2’’ 

cylinder, were simulated using the particle transport code GEANT4, which is developed by the 

CERN
1
, and were then confronted to experimental data gathered during various experiments, of 

which one was performed on the metallic reactor CALIBAN from the CEA
2
 facility in Valduc. A 

good accuracy of the simulation program was obtained within the energy range 1 MeV-17 MeV. 

This program then was used to build a response matrix for unfolding the BC501A’s 

responses with the UMG package developed by the PTB
3
 in Braunschweig: a consistent unfolding 

of experimental responses to neutron spectra was obtained. 

Résumé 

Le BC501A (ou NE213) est un scintillateur organique liquide adapté à la détection et la 

spectrométrie des neutrons et des rayons γ longuement étudié dans la littérature scientifique. Les 

réponses de ce détecteur, pour un format cylindrique 2’’-2’’, ont été simulées à l’aide du code de 

transport de particules GEANT4 développé par le CERN, puis ensuite confrontées à des mesures 

expérimentales obtenues lors de diverses campagnes, dont une menée sur le réacteur CALIBAN du 

centre CEA de Valduc (Côte-d’Or). Il en ressort que le programme de simulation reproduit 

fidèlement les réponses mesurées expérimentalement pour des neutrons d’énergies comprises entre 

1 MeV et 17 MeV. 

Ce même programme a ensuite été utilisé pour construire la base nécessaire à la 

déconvolution des réponses du BC501A à l’aide du pack UMG développé par le PTB de 

Braunschweig : ceci a permis de remonter avec une bonne précision aux spectres neutrons à partir 

des réponses expérimentales. 

  

                                                 
1
 Organisation Européenne pour la Recherche Nucléaire 

2
 Commissariat à l’Énergie Atomique (French Atomic Energy Commission) 

3
 Physikalisch Technische Bundesanstalt 
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Introduction 

Since the appearance of nuclear physics at the beginning of the XX
th

 century, particle 

detection, neutrons among them, is a key topic. An efficient and reliable spectrometry allows many 

developments, from nuclear reactor design to other applications in materials, fundamental research, 

etc. 

Scintillation is a wide and old technique in particle detection, based on the conversion of 

ionising particle kinetic energy to observable light, by the means of a proper instrumentation.  

There are many different scintillators, and among them, the BC501A, or NE213, is 

remarkable for its good performance in a field with both neutrons and γ-rays of high energies 

(above 1 MeV). 

The purpose of this internship is to reproduce the responses of the BC501A scintillator with 

a simulation program, and then using it to build a matrix containing light responses allowing the 

unfolding of experimental spectra, i.e. finding the neutron energy distribution from measured 

responses. It will be applied to several neutron sources including the nuclear reactor CALIBAN. 

One will find many spectra in this document. A difference will be made between "response", 

designating the spectra obtained from acquisition on BC501A (both simulated and measured), and 

"spectrum", designating the neutron energy distribution during the irradiation process. 
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Chapter 1:   

Context of the Master Thesis project 

1.1 Le Service Mesures, Neutronique et Criticité (SMNC) 

SMNC is a research unit located in the CEA Valduc facility. It performs experiences for both 

the CEA's Military Application Division (DAM) and others clients, especially IRSN (French 

Institute for Radioprotection and Nuclear Safety). The expertise of the CEA in criticality accidents 

is gathered within this unit. 

This unit has many experimental installations: the accelerator SAMES, "appareillage B" (for 

subcritical approaches), BISE (for study of contamination in air), the metallic core nuclear reactors 

CALIBAN and PROSPERO, and until 2010, SILENE, which was a reactor with liquid fuel. 

1.2 Objectives 

This Master Thesis project had several objectives: 

 Testing the validity of Geant4 for neutron physics and its ability to reproduce BC501A 

experimental results. 

 Getting experimental results on polyenergetic neutrons sources and reactor. 

 Utilisation of the simulation program to unfold spectra (i.e. getting the neutron energy 

distribution from the light response). 

 Extend this work to the detection of gamma-rays, and possibly to lithium-glass detectors.  

A successful programming will allow access to information about neutron fields used in 

irradiations or other experiments, especially on the metallic nuclear reactor CALIBAN. 

1.3 Experimental means 

1.3.1 Neutron sources 

Three different neutron sources were used during this internship. Among them, two produce 

neutrons from the nuclear reaction (α,n): Americium-Beryllium and Plutonium-Carbon sources.  

The reactions for (α,n) sources are, for the first 

    
          

    

 
(1.1) 

    
       

   (1.2) 

And for the second: 

    
         

    (1.3) 
  

   
        

   (1.4) 

The third source is made of Californium 252, which is a well-known isotope for its high 

spontaneous fission rate (about 3% of decays), and therefore it is a strong neutron emitter. 
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                      (1.5) 

For each source the acquisition lasted around 20h, which allowed collecting enough events, 

especially with the Californium source of which intensity was much higher than the two others. 

1.3.2 Reactor CALIBAN 

CALIBAN (character from The Tempest, W. Shakespeare, slave of Prospero) is a metallic 

nuclear reactor made of an alloy of highly enriched uranium (93.5%) and molybdenum (10% in 

mass) designed to operate in burst mode (1). 

It is made of two blocks: the upper one is fixed and the lower one is mobile. Each one of 

them is made of five fuel disks. Three control rods and one burst rod come through the two blocks, 

as well as a cavity in the centre so samples may be placed in it for some experiments. The rods are 

made of the same material as the core. 

The specificity of this reactor is its ability to operate in pulsed mode. The rapid insertion of 

the burst rod, bringing 0.9$ in reactivity and increasing the total reactivity up to 1.1$ (for an 

effective delayed neutron fraction of 659 pcm) allows the power to reach a peak of 20 GWth, with a 

full-width at half maximum approximately equal to 50 µs (1). 

CALIBAN is currently the only European reactor capable of such an operating mode. 

1.3.3 Physikalisch Technische Bundesanstalt (Braunschweig, Germany) 

Experimental data on monoenergetic neutrons represent an important part of the work 

presented here. These data were recorded at the Physikalisch Technische Bundesanstalt (PTB) in 

Braunschweig (Germany). This neutron beam facility is a reference in neutron science and nuclear 

physics. It is possible to produce various monoenergetic neutron fields on a wide energy range, with 

a very small standard deviation and a remarkable low backscatter background. 

In December 2011, measurements with the studied BC501A were recorded. The following 

energies were integrated to this work: 2.04MeV, 5.00 MeV and 14.8 MeV (2). 

1.4 Timeline 

The internship can be divided in four successive steps: 

 The first month was spent on getting used to the C++ language and GEANT4, 

bibliographical researches and the first steps of the simulation program. 

 Then the calculated responses were confronted to the experimental measurements on 

monoenergetic neutrons, and modifications to the program were made in order to 

improve the simulation. 

 The third part started the unfolding. It was first necessary to build the response file for 

the unfolding codes, and then calculated responses and experimental measurements on 

monoenergetic neutrons were unfolded with the algorithms included in the UMG 

package. 

 During the last part, new measurements were recorded on neutron sources and on the 

nuclear reactor CALIBAN, and were then unfolded. 
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Chapter 2:   

Theoretical Aspects 

This chapter is an approach to some of the useful knowledge for the understanding of this 

thesis, but it is not meant to be thorough about it. Deeper understanding can be achieved with the 

references mentioned in this chapter. 

2.1 Neutron transport and detection 

2.1.1 Neutron 

Among elementary particles, a physicist will distinguish quarks from leptons. Quarks can be 

associated to one another to become hadrons (to be exact, a quark cannot remain alone), what a 

lepton cannot do. A three-quark association is called a baryon. The neutron is, with the proton, one 

of the baryon constituting common matter. 

The neutron is made of three quarks from the first family: 1 quark up (written « u », and 

charged with    
 ⁄  ) and 2 quarks down (written « d », charged with    

 ⁄  ). Therefore the 

neutron is not a charged particle. Its mass is: 

                  (2.1) 

Alone, it is unstable, disintegrating as following: 

          ̅  (2.2) 

With a half-life around 10 minutes. It is however stable in a nucleus. 

2.1.2 Neutron-matter interaction 

Since neutrons are not charged particles, they do not undergo Columbian force. They do 

interact with nuclei, in several manners: 

 Elastic scattering: a part of the neutron kinetic energy is transferred to a nucleus in the 

form of kinetic energy as well. 

 Inelastic scattering: similar to elastic scattering except that a part of the energy 

transferred makes the nucleus migrate toward an excited state (kinetic energy is no 

longer conserved). 

 Absorption by the nucleus, with the following possibilities: 

o Emission of one or several neutrons. 

o Radiative Capture. 

o Nuclear reaction with emission of other(s) particle(s). 

o Nuclear fission (with emission of other neutrons). 

Neutrons are divided in three categories according to their kinetic energy: thermal (or slow), 

epithermal or fast neutrons. The frontier between thermal and epithermal is around 0.5 eV, which 
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corresponds to a rapid drop of the cadmium capture cross section. It is around one million 

electronvolts for that between epithermal and fast neutrons. 

Since the BC501A scintillator is only designed for fast neutron spectroscopy, neutrons with 

lower kinetic energies will not be studied in this thesis. 

Elastic Scattering 

The most important reaction here is neutron elastic scattering, because this process is the 

major contributor to the energy transfer to ionising particles. These latters will then provoke the 

scintillation process. 

Figures 2.1 and 2.2 show elastic scattering on a hydrogen nucleus in both laboratory system 

and centre of mass system. 

 

Fig. 2.1: Elastic scattering (n,p) in the lab system 

 

 

Fig. 2.2: Elastic scattering (n,p) in the centre-of-mass system 

Using momentum and energy conservation in the laboratory system, the ratio between initial 

and final neutron kinetic energies is (3): 

  

  
 

                 

       
 

 

(2.3) 

n p 



n p 

C.o.M. 
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With   the mass number of the nucleus. It can be seen from this formula that the energy loss 

is maximised when     and when the nucleus is lighter. The parameter determining the 

maximum energy loss is written   (3): 

  
      

      
 (2.4) 

And is equal to zero when    , which means that a neutron may lose all its energy during 

elastic scattering on a proton. For a carbon nucleus, it can be up to approximately 28%, and around 

1.67% for a uranium 238 nucleus. 

The recoil particle energy is equal to the one given by the neutron during elastic scattering: 

   
           

      
 

       

      
 (2.5) 

 This energy remains within the interval [        ], where    is the kinetic energy of the 

neutron. Within this interval, the probability is constant. 

2.1.3 Cross section 

Since every neutron can follow a different path, the need of expressing probabilities for 

different reactions has risen. This is done with cross sections. It is defined at a microscopic level for 

each nucleus and each interaction, and written  . It has the unit of an area, but given the order of 

magnitude involved, it is expressed in barns: 

                (2.6) 

In order to describe an environment, which does not only depend on the kind of nucleus, but 

also on its density, the macroscopic cross-section is used as well. It is equal to: 

     (2.7) 

With   the density of nuclei. The macroscopic cross section is expressed as an inverse of 

length, and is an extensive value, i.e. the total cross section is obtained by adding its different 

components (capture, elastic scattering, etc.). It can be also understood as a probability of 

interaction per unit length. The mean free path in an environment is obtained by: 

      
   (2.8) 

2.2 Scintillation 

2.2.1 General principle 

Scintillation is one of the first techniques used for particle detection. Indeed, the light 

produced allowed men, at a period when informatics science and signal theory were not available, 

to realise counting in dark chambers with a microscope 

Six properties are interesting regarding scintillating materials (4): 

 High conversion efficiency from particle kinetic energy to light. 

 Linear relationship between deposed energy and light produced as much as possible. 
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 Transparency to emitted light for a better collection. 

 A quick decay of the emitting process. 

 A good optical quality and an easy way to produce the necessary quantities for the 

detection. 

 A refraction index close to that of glass        for the coupling with a 

photomultiplier. 

No material does have all these properties, so one has to choose the material of which 

properties suit the most to the intended use. 

2.2.2 Liquid-organic scintillators 

Whereas in inorganic scintillators, the scintillation process originates in the crystalline 

structure, in organic scintillators, it originates from an intrinsic molecule property: its electronic 

structure (5). It allows the design of liquid or gaseous scintillators, and since they do not have a 

structure which can be damaged by ionising radiations, they can receive doses up to hundreds of 

thousands of Grays. A major drawback of a liquid scintillator is the absolute necessity to remove all 

the oxygen in order to preserve its efficiency. 

Every organic scintillator is not necessarily liquid: one of the oldest is anthracene, which is a 

crystal (4). 

 

Fig. 2.3: Example of a π-electronic structure of an organic molecule   (6) 
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Figure 2.3 shows a π-electronic structure of an organic molecule. Electronic levels 

designated by Si are singlets (spin equal to zero), those by Ti are triplets (spin equal to 1), and 

vibrational levels are designated by Sij. The gap between two electronic levels is about a few 

electronvolts, while medium temperature (       ) corresponds to an energy of 25 meV 

(  
 

 
   ). As this energy is much smaller than the gaps between any electronic or vibrational 

levels, every molecule is occupying the S00 level, which is the ground state. 

When a charged particle passes near, a part of its kinetic energy is absorbed by the molecule, 

which migrates into an excited state. The de-excitation from superior levels to level S1 is very fast 

(a few pico-seconds) with internal conversion (so without radiation emission). In a similar manner, 

molecules which occupy vibrational states decay rapidly to the S10 state. This particular state is very 

quickly populated and the decay from this excited state to ground state is the main phenomenon 

producing light. It is called prompt fluorescence. The half-life is about a few nanoseconds at most. 

Yet, it is not the only mechanism for producing light. Some of the singlet states may turn to 

triplets, especially T1, of which the half-life is significantly longer (sometimes a few milliseconds). 

If the decay occurs from this level, the phenomenon is called phosphorescence, and has a larger 

wavelength. Since the mean life time on this state is longer, there can be enough time for another 

charged particle to pass nearby, provoking re-excitation and therefore delayed fluorescence. These 

two mechanisms for light production must have low proportions in order to increase the scintillator 

efficiency. 

Eventually, de-excitation can be radiation less. It is then called "quenching", and is very 

often caused by impurities. The energy is simply turned to heat. 

2.2.3 Responses and neutron/gamma discrimination 

Light Response 

In order to express the emitted light per unit length, one has to take two phenomena into 

account: 

1. It is proportional to the energy deposited per unit length.  

2. The higher the energy deposition rate, the higher the quenching proportion. 

This leads to the Birks formula, which expresses the light emitted per unit length      ⁄ ), as 

a function of the energy deposited      ⁄ ) : 

  

  
 

  
  
  

     
  
  

 

 

(2.9) 

  is the scintillation efficiency and    an empirical parameter (for adjustments to 

experimental data). 

   can be determined with the following ratio (4): 
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|
 

 
  
  | 

 

 

(2.10) 

This formula uses the large difference between electrons and alpha particles in the way they 

deposit energy: the firsts do deposit their energy constantly on a rather long distance, so with a 

small     ⁄ , while the seconds do it on a very short distance, therefore with a high     ⁄ . 

An extended version of Birks formula has also been proposed (7): 

  

  
 

  
  
  

     
  
  

  (
  
  

)
  (2.11) 

With   another empirical parameter. The difference with Birks formula concerns maintly the 

highest energy deposition rates. 

Furthermore, as the scintillation yield is different for each particle type, a new unit was 

introduced to measure the light in an absolute way: the electronvolt equivalent electron. In nuclear 

physics, it is more common to speak about kilo electronvolt equivalent electron and mega 

electronvolt equivalent electron. The light emitted by a 1 MeV electron is by definition equal to 1 

MeVee. For heavier particles, it requires more energy to produce such a quantity of light, as the 

efficiency is lower. 

Time response and pulse shape discrimination 

The time response depends on the scintillating material and the particle type. Yet, there are 

some characteristics shared by all scintillators. The migration toward the excited states is very fast 

(about half a nano second), and is often considered as instantaneous. The fastest scintillators have to 

take this duration into account, as it is not negligible compared to de-excitation.  

As mentioned previously, both prompt and delayed fluorescence occur in the scintillator. 

These two components can be modelled by two decreasing exponentials, with a time constant for 

each. The slow component, though representing only a small fraction of the emitted light, is of high 

interest because it depends on the energy deposit rate, and therefore on the particle. The higher this 

rate, the higher the production of T1 states, and the greater delayed fluorescence fraction, since it is 

more likely that two molecules in T1 state interact to give a S1 state and a ground state. 

This property can be used to separate events from different particles if the energy deposition 

rates are different enough to be observed. 

2.2.4 The BC501A/NE213 scintillator 

The BC501A is a liquid mixture of several organic molecules in liquid form with xylene as 

solvent. One of the three structural isomers of xylene is drawn in figure 2.4. 
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Fig. 2.4: Skeletal formula of para-xylene (1,4-dimethylbenzene) 

Table 2.1 shows some properties of the BC501A scintillator (8). 

Property Value 

Density 0.874 g.cm
-3

 

Refraction Index 1.505 

Emitted light/anthracene 78% 

Maximum emission wavelength 425 nm 

Fast time decay 3.2 ns 

Hydrogen nuclei per cm
3
 4.82 x 10

22
 

Carbon nuclei per cm
3
 3.98 x 10

22
 

Ration H/C 10212 

Electrons per cm
3
 2.87 x 10

23
 

Table 2.1: BC501A scintillator properties 

The BC501A is a detector for neutrons (through recoil protons and carbons mainly) and γ-

rays (Compton electrons). 

In order to get a first approximation of its efficiency for neutron detection, the mean free 

path at 1 MeV is given by: 

      
         

         
       (2.12) 

For this energy, the cross-section are: 

  
        

  
        

(2.13) 

Hence: 

                  (2.14) 

Therefore, for the studied scintillator, i.e. a cylinder with diameter and height equal to two 

inches, around 20% of coming neutrons will go through without interaction (this is equivalent to an 

efficiency of 80%). 

Besides, this scintillator is particularly effective in separating neutrons from γ-rays (5). This 

is why it can be used in a field where both are present.  

Figure 2.5 shows this discrimination during the acquisition with the Americium-Beryllium 

source. This graph has three components: 

 The slow time constant is represented by the x-axis. 

 The energy of the particle is represented on the y-axis. 
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 The colours shows the number of events for a particular combination of energy and time 

constant. 

The left part of the graph is occupied by γ-rays (shorter time constant) and the right by 

neutrons. A gap appears between them, which allows to evaluate the performance of the 

discrimination, and to change some settings to improve it. One can notice that below certain energy, 

it is no longer possible to know if the events come whether from neutrons or γ-rays, and therefore a 

correct pulse-shape-discrimination cannot be achieved without threshold. 

 

Fig. 2.5: Visual aspect of a pulse shape discrimination 
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Chapter 3:   

Simulation of a BC501A with GEANT4 

3.1 Introduction to GEANT4 

GEANT4 is a code for particle transport developed by the CERN and based on the C++ 

oriented object language. A great many classes are included, which can fit many uses from high 

energy physics to lower energies, in medical application for instance. It uses the Monte-Carlo 

method. A more detailed description of GEANT4, with code extracts, is given in annex A. 

3.2 Simulation program: simNE213 

The purpose of this program is to reproduce by calculation the experimental responses 

obtained with the BC501A (or NE213) to different neutron fluxes of high energy (between 1 and 20 

MeV). 

3.2.1 Materials and Geometry 

The scintillator studied here is a cylinder of which both diameter and height are equal to two 

inches (5.08 cm). It is surrounded by an aluminium container 1.6 mm thick, except in the back, 

where the container is made of glass for the coupling with the photomultiplier tube. 

This detector is placed inside a big air cell, as it is in real experiments. 

3.2.2 Physics 

A specific file designed for neutron physics below 20 MeV was developed and included in 

GEANT4. It is called by the C++ file: “QGSP_BIC_HP.hh”. 

Should this module have not existed, it would have been necessary to write down a list of 

particles and interactions of interest. In this case it means: neutrons, protons, electrons, elastic and 

inelastic scattering, etc. 

3.2.3 Particle Generation 

Primary neutron generation is done by the “ParticleGun” class existing in GEANT4. It is 

designed to shoot particles from a fixed point, in a defined direction and with a specific energy. It is 

however possible to create functions to modify more complex cases, like isotropic sources, or a 

particular known distribution of neutrons, etc. This has been done for the following cases: 

 Position: 

o Punctual. 

o Uniform distribution on a disc perpendicular to Oz, with a chosen radius. 

 Direction: 

o Unidirectional. 

o Isotropic. 

o Contained in a cone. 
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 Energy: 

o Monoenergetic. 

o Gaussian distribution with chosen mean and standard-deviation. 

o Polyenergetic sources: Americium-Beryllium, Plutonium-Carbon, 

Californium 252 and nuclear reactor CALIBAN. 

3.2.4 Data gathering and edition of responses 

Every particle (primary or secondary) is tracked by GEANT4 step by step. A primary 

neutron can follow different path: 

 Going out without interaction. 

 Interacting with one or several particles before going out. 

 Disappearing in a nuclear reaction, generating production of other particles (including 

neutrons in some cases). 

During the different scatterings, neutrons transfer a part of their kinetic energy to other 

particles, called then recoil particles. 

For each type of recoil particle, the energy is collected by the program and then turned into a 

light. Transformation functions, which allow passing from recoil energy to an emitted light, are 

taken from Cecil et. al. (9). At the end of every event (i.e. once all every secondary particle has 

been dealt with by the program), this light is inserted into a matrix in order to edit the light response 

once the simulation over. 

Transformation functions are given by (9): 

                      
      (3.1) 

Where    are empirical parameters depending on both scintillator and recoil particle type. 

Moreover, there is an uncertainty on the emitted light inherent to the detector: its resolution. 

It is necessary to take this into account in the program. 

A formula for the resolution of an organic scintillator is: 

  

 
 √(   

  

 
 

  

  
) (3.2) 

With, in this case, the values (5): 

         

         

         

(3.3) 

Figure 3.1 shows the relative resolution as a function of the light emitted. 
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Fig. 3.1: BC501A resolution as a function of the light 

 

One may see the resolution this way: for an infinite number of particles (i.e. without 

statistical uncertainty) generating exactly the light   , the detector’s response is the same as if this 

latter had no resolution, but the light distribution would be a Gaussian with a mean equal to    and 

full width at half maximum equal to    . 

3.2.5 Use of GEANT4 scintillation module 

GEANT4 also owns a scintillation module. It can be implemented with the following steps:

  

 In material definition, implementation of scintillator’s properties. 

 Introduction of scintillation in the physics list (in this case it is done in the “main” as 

it only requires a few lines and allows to keep the pre written physics list for 

neutrons). 

 Collection of optical photon energies instead of recoil particle energies, and then 

edition of the light response. 

This induces a significant change in the program, especially considering its velocity. Indeed, 

the energy difference between recoil particles and optical photons is of several orders of magnitude, 

and therefore the program has to track a great many optical photons. It is possible to increase the 

velocity by increasing the weight of each optical photon. The scintillation yield commands the 

number of photons produced per unit of energy deposited. Reducing it and then applying a 

multiplication factor on the energy of each photon increases the velocity. However, it increases 

dispersion of photon energies as well (if     is the weight of each photon, the absolute uncertainty is 

proportional to    √  instead of √   , and this implies that the dispersion increases if the 

scintillation yield decreases). 
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Nevertheless, the utilisation of this ability of GEANT4 did not bring any improvements for 

calculated responses and required much more calculation time at constant precision. Therefore, it 

was not kept in the simulation program. 

3.3 Neutron-matter interactions in GEANT4 

With its step by step mode, GEANT4 allows counting interactions which occur in the 

scintillator (the volume of interest in the program). 

The most important interaction is elastic scattering on protons and carbon nuclei, which 

represent the major contribution, but also on less frequent reactions that can have a non-negligible 

part in the measured responses with greater neutron energies. Some of them can only occur above 

certain threshold energy, like for instance the following reaction: 

   
       

     (3.4) 

Which can only occur if the neutron kinetic energy is above 6,19 MeV (10). 

One other interesting thing to see is the efficiency of the detector: how many neutrons will 

undergo an interaction in the scintillator. 

Figure 3.2 shows how the interactions are distributed depending on the incoming neutron 

energies. Only scatterings on hydrogen and carbon nuclei, the reaction in equation 3.4 and neutrons 

without interactions are in this graph. They represent all the reactions that may be seen in GEANT4. 

 

Fig. 3.2: Distribution of interactions as a function of neutron energies (GEANT4 calculation) 

When the incoming neutron energy increases: 

 Scattering on proton decreases. 

 Scattering on carbon is more or less constant with some variations. 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 2 4 6 8 10 12 14 16

P
ro

p
o

rt
io

n
 

En (MeV) 

Reactions in GEANT4 

Non-scattered

n-p scattering

n-C scattering

C(n,α)Be 

Reactions 



Chapter 3: Simulation of a BC501A with GEANT4 

31 

 12
C(n,α)

9
Be reactions remain low but has a peak value around 9-10 MeV. 

 The efficiency of the detector decreases from 1 to 7 MeV, and is constant then. Two 

peaks appear at 4 and 8 MeV. 

These remarks must be compared to the cross sections of these reactions. At 1 MeV, the 

efficiency calculated by GEANT4 is 78%, which is consistent with the calculation lead in section 

2.2.4. 

Some inversed peaks are observed at 4 and 8 MeV, which can be explained by peaks in the 

cross section of elastic scattering on carbon nuclei. The values at these energies are close to that at 1 

MeV, leading to a similar number of reactions, in agreement to what GEANT4 shows. Concerning 

the reaction written in equation 3.4, the peak observed around 9-10 MeV corresponds to an increase 

of the cross section. 

On the other hand, some reactions are not seen while they have been studied in the scientific 

literature, like for instance: 

   
       

 
     (3.5) 

  

   
 
      

     (3.6) 
  

   
      (3.7) 

This occurs if neutron kinetic energies are superior to 8.81 MeV (10). This lack in GEANT4 

could lead to a change in the responses at higher energies, as these reactions represent a non-

negligible part of the light responses of the detector. 
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Chapter 4:  

Experiments and Validation of GEANT4 Simulation 

4.1 Acquisition of Experimental Responses 

4.1.1 Monoenergetic neutron sources 

The responses for this category of irradiation were recorded at the PTB in Braunschweig in 

December 2011. Neutron field characteristics are given in table 4.1. 

Reaction Target En (MeV) En (MeV) 
7
Li(p,n)

7
Be Li 0.997 0.007 

3
H(p,n)

3
He Ti(T) 2.04 0.049 

2
D(d,n)

3
He D2 5.00 0.118 

3
H(p,n)

4
He Ti(T) 14.8 0.435 

Table 4.1: Neutron field properties of the PTB (Braunschweig) 

4.1.2 Polyenergetic neutron sources 

Three different neutron sources are used in this case: 

 An Americium-Beryllium source, activity of 1.11 GBq (measured in September 

2009), with a neutron emission rate about 61000 neutrons per second on 4 π 

steradians. As the half-life of the isotope 
241

Am is close to 431 years, the activity and 

the emission rate have not changed much since. Neutrons are produces with (α,n) 

reaction on the isotope 
9
Be. 

 A Plutonium-Carbon source, 204 MBq (measured in January 2008), with an emission 

rate of about 95000 neutrons per second all around. The half-life of 
238

Pu is shorter, 

but the decrease in activity and emission rate on five years remains limited. Neutrons 

are produces with (α,n) reaction on the isotope 
13

C. 

 A Californium 252 source, with an activity of 15.99 MBq recorded in March 2012 

and a neutron emission rate above one million per second. The half-life of 
252

Cf is 

short, around 2.6 years, so the flux shall be reduced by 25% approximately. The 

neutron emission is due to spontaneous fission, which implies that the spectrum from 

this source is very close to fission spectrum. 

Since these measurements are made in the purpose of unfolding, the important data is the 

shape of the responses, not the number of registered occurrences on a particular channel. 

Consequently, the duration of the acquisition (and therefore the number of neutrons collected) must 

be enough to minimise the uncertainties on the measured responses. In every stochastic process, the 

absolute uncertainty is proportional to the square root of the number of events (thus, the relative 

uncertainty is the inverse of the square root of this number). 

Besides, during these experiments, the threshold for the PSD was set as low as possible, but 

it is necessary to keep it because its absence would bring too many events due to γ-rays in the 
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neutron spectrum. This threshold depends on several things, and in particular the number of γ-rays 

coming through the scintillator. 

Figure 4.1 to 4.3 show pictures of the experimental setup. 

 

Fig. 4.1: Experimental setup used for polyenergetic neutron sources 

 

 

 

Fig. 4.2: Experimental setup for the AmBe source (on the right) 
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Fig. 4.3: Acquisition chain 

4.1.3 Reactor CALIBAN 

Two measurements were done on the nuclear reactor CALIBAN on January 25
th 

and 

February 8
th

. The first was done in the same time as another experiment: no adjustments could be 

made with the reactor to improve the responses. But it was the case in the second one, and the 

reactor’s power was set to maximise the number of events with a reasonable dead time for the 

scintillator, and it lasted longer. These two elements brought a 30-fold increase for the neutrons 

counted and the part of the measured response that could be exploited numerically was pushed up 

from 3 MeVee to about 5.6 MeVee, which is a significant gain. 

As this experiment was lead on a reactor, the application of operational rules prevents 

durations from exceeding six hours. Furthermore, since many fissions occur in the core, it is a 

strong γ-ray emitter. Since a very good neutron spectrum is desired, it is necessary to protect the 

detector from γ-rays as much as possible. In this purpose, the BC501A was placed in a lead 

container 2 cm thick. As lead is a heavy nucleus, neutrons lose only a small fraction of their energy: 

their energies remain almost unchanged from the outside of the reactor. But lead is a very good γ-

ray absorber. The absorption of γ-ray follows an exponential law: 

      
       (4.1) 

The value of µ changes according to the energy. At 1 MeV, it is: 

                       (4.2) 

Therefore, the intensity is reduced by approximately 80% after this lead container. For 

higher energies, the decrease is a bit weaker, but remains on the same order of magnitude, and it is 

more important for lower energies. 

Figures 4.4 and 4.5 show the experiments on CALIBAN. The detector is about 1.5 m from 

the reactor’s centre. 
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Fig. 4.4: Experimental setup on the reactor CALIBAN (1) 

 

Fig. 4.5: Experimental setup on the reactor CALIBAN (2) 
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4.1.4 Energy calibration and normalisation 

In the GEANT4 simulation program, the light is obtained from the recoil particle energies. 

When conducting experiments, this cannot be done. As a matter of fact, light is distributed on 

channels in ascending order. To access the energy, it is necessary to perform a calibration of the 

detector. 

In practical, one uses several γ-sources, because γ-rays always have a well-defined energy, 

which is particularly convenient. The chosen method for the calibration uses the Compton front. 

With this method, when a source emits several energies of γ-rays, the gap between them has to be 

large enough, otherwise the fronts are mixed and the method cannot be performed. For instance, the 

Cobalt 60 cannot be used (the γ-rays at 1.17 MeV and 1.33 MeV are too close). 

Figure 4.6 shows the response of the BC501A to a Caesium 137 source, of which the 

disintegration is a following: 

    
         

  
        ̅  

 
(4.3) 

   
  

        
      (662 keV) (4.4) 

This method consists in: taking the number of events    in the channel on the top on the 

curve, and the number of events    observed on the plateau after the Compton front. Then, one has 

to find the channel for which the number of events is equal to two-third of the difference between 

the top and the plateau, i.e.: 

                  
 

 
         (4.5) 

 Then this particular channel has the energy (in MeV) (11): 

   
    

 

          
 (4.6) 
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Fig. 4.6: BC501A response to a Caesium source 

In order to achieve a precise enough calibration, four to five energies are necessary. Then, a 

linear regression is performed in order to get the link between energy and channel number. 

However, when comparing the responses calculated by GEANT4 with the experiments, there 

is an offset between them, generally equivalent to a translation of about 200-300 keVee on the x-

axis. An example is given in figure 4.7, and this offset will be compensated for in this document. 

 

Fig. 4.7: Example of the observed offset between GEANT4 and experiments for 5 MeV neutrons 
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Besides, in order to be as relevant as possible, areas are normalised on intervals where data 

are can be compared, which depends on each case. 

4.2 Comparison with GEANT4 results 

So as to validate the GEANT4 calculated responses, they will be first compared to 

experimental responses measured on simple energy distributions: in this case those recorded at the 

PTB in December 2011. Characteristics of the neutron fields are in section 4.1.1 and are inserted in 

the program as input. Figures 4.8 to 4.10 show these responses. 

4.2.1 Monoenergetic neutron sources 

 

Fig. 4.8: Comparison between calculated and measured response for 2.04 MeV neutrons 
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Fig. 4.9: Comparison between calculated and measured responses for 5.0 MeV neutrons 

 

Fig. 4.10: Comparison between calculated and measured responses for 14.8 MeV neutrons 

The agreement between experiments and simulations is good. One can notice a non-

negligible difference in the right-part of the 2.04 MeV-case, which corresponds to an 

overestimation of the detector resolution. 
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 Calculation of neutron energy distribution for the three sources with the code 

PÉPIN2 (DARWIN-DCR chain) 

 These distributions were coded in GEANT4 as input 

 Responses for these energy distributions were calculated by GEANT4. 

They are shown in figure 4.11 to 4.16. 

 

Fig. 4.11: Comparison between calculated and measured responses with the AmBe source 
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Fig. 4.12: Comparison between calculated and measured responses with the AmBe source (log. 

scale) 

 

 

Fig. 4.13: Comparison between calculated and measured responses with the PuC source 
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Fig. 4.14: Comparison between calculated and measured responses with the PuC source (log. 

scale) 

 

 

Fig. 4.15: Comparison between calculated and measured responses with the Cf252 source 
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Fig. 4.16: Comparison between calculated and measured responses with the Cf252 source (log. 

scale) 

Significant differences between experiments and simulations can be noticed in the case of 

Americium-Beryllium and Plutonium-Carbon sources. This is not the case with the Californium 252 

source. In respect to the results previously obtained with monoenergetic neutrons, one could wonder 

if the observed differences come from GEANT4 or the distributions provided by PÉPIN2. No 

conclusion may be drawn for now. This will be studied deeper in section 5.3. 

4.2.3 Reactor CALIBAN 

The same process is applied for the CALIBAN reactor spectrum, with the exception that it 

comes from a TRIPOLI-4 calculation performed by Mr Pierre CASOLI.  

The experimental response comes from the measurement done on February 8
th

, as it has 

recorded more events than in the first measurement. Figure 4.17 and 4.18 compare experimental 

and calculated responses. 
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Fig. 4.17: Comparison between calculated and measured responses on CALIBAN 

 

 

Fig. 4.18: Comparison between calculated and measured responses on CALIBAN (log.) 
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Chapter 5:   

Unfolding of Neutron Spectra 

5.1 Introduction to MAXED and GRAVEL 

Although they share the same objective, their processes are different. Both are included in 

the UMG package (“Unfolding with MAXED and GRAVEL”), and divided in two groups: FC 

(“Few Channel”) and MC (“Multi Channel”). FC mode is designed to work with data coming from 

neutron activation, while MC mode works with responses from scintillators. Only the latter will be 

used. 

GRAVEL is a modification of the algorithm SAND-II proposed by the Physikalisch 

Technische Bundesanstalt in the 1990 (12). This algorithm discretises spectra into different groups, 

and then calculates a spectrum with a recurrence formula. Most of the time, this spectrum is the one 

sought. However, the convergence of the algorithm cannot be proven (12). The modification 

brought by GRAVEL is the possibility to take measurement uncertainties into account. The smaller 

the uncertainty, the greater the importance it will have in the algorithm since it is considered a 

reliable measurement. 

MAXED is based on information theory: among all possible solutions, the chosen one will 

maximise the entropy, and therefore information. The statistical definition of entropy is: 

            (5.1) 

Where     is the Boltzmann constant and    the number of microscopic configurations 

corresponding to the macroscopic state of entropy S. Thus, a state of low entropy can be achieved 

only by a few microscopic configurations, and little information will be required to describe it, and 

the opposite happens for high entropy states. Maximising entropy is equivalent to maximising 

necessary information for a complete system description. The assumption made by MAXED 

developers is justified by the second law of thermodynamic: every system will spontaneously tend 

to the state maximising the entropy. 

More advanced mathematical justifications are given for these algorithms (12) (13). This is 

not the aim of this document. 

5.2 Unfolding of GEANT4 calculated responses 

This section deals with unfolding of GEANT4 calculated responses. The process is the 

following: from a known spectrum entered as input in the simulation program, the latter will give 

the detector’s response, which will be then unfolded by the UMG algorithms, the aim is to find back 

the initial known spectrum. 

Besides, the response file that used for the unfolding was constructed with GEANT4 

calculation. This way the ability of MAXED and GRAVEL to deal with this set of data shall be 

checked. 
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In the following figures, areas are normalised. The y-scale has therefore no significance in 

terms of absolute value, only in relative. 

5.2.1 Monoenergetic neutron spectra 

This section deals with the unfolding of the GEANT4 calculated responses with 

monoenergetic neutrons. Reference neutron distributions are Gaussian, of which mean valued and 

standard deviation are those of table 4.1. 

Figure 5.1 to 5.3 show the unfolded spectra obtained for 2.04 MeV, 5.00 MeV and 14.8 

MeV with the codes MAXED and GRAVEL. 

 

Fig. 5.1: Spectra obtained by the unfolding of GEANT4 response to 2.04 MeV neutrons 
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Fig. 5.2: Spectra obtained by the unfolding of GEANT4 response to 5.0 MeV neutrons 

 

 

Fig. 5.3: Spectra obtained by the unfolding of GEANT4 response to 14.8 MeV neutrons 

Table 5.1 shows the properties of the unfolded spectra for GRAVEL (values closer to those 

of the PTB). 
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Neutron Energy 2.04 MeV 5.0 MeV 14.8 MeV 

 Ref. Unfold. Ref. Unfold. Ref. Unfold. 

Mean (MeV) 2.04 1.999 5.00 4.961 14.8 14.77 

Standard deviation(keV) 21 74 50 218 185 266 

Table 5.1: Means and standard deviations of GEANT4 monoenergetic unfolded responses  

Mean energies are pretty close to expected values (less than 1% difference), but standard 

deviations appear much higher, even more than it may look like visually. 

This can be explained by smaller peaks located far enough from the mean values (this is 

observed in the case of MAXED for 2.04 MeV, but it cannot always be seen). These peaks remain 

relatively small, but are enough to produce a significant increase of the standard deviation. This is 

likely to be a consequence of the mathematical convergence of the codes, which calculate a smaller 

χ² with these peaks, though it does not fit to the physical reality. 

By restricting this calculation to an interval centred on the mean values, with 1 MeV-

broadness for 2.04 MeV and 5 MeV, and 1.5 MeV for 14.8 MeV, the values presented in table 5.2 

are obtained. 

Neutron Energy 2.04 MeV 5.0 MeV 14.8 MeV 

 Ref. Unfold. Ref. Unfold. Ref. Unfold. 

Mean (MeV) 2.04 2.012 5.00 4.970 14.8 14.77 

Standard deviation(keV) 21 54 50 102 185 266 

Table 5.2: Means and standard deviations of GEANT4 monoenergetic unfolded responses 

(corrected) 

With the exception of the last energy, standard deviations are severely reduced and appear 

more consistent with graphs 5.1 and 5.2. This confirms the previous explanation. Mean values 

remain mostly unchanged, due to its mathematical definition: in this case, a peak at a higher value 

may compensate for a smaller value. But for standard deviation, these two peaks tend to make it 

increase. 

5.2.2 Polyenergetic neutron spectra 

In this section, the spectra of the three neutron sources were first calculated by the codes 

SOURCES4C and PÉPIN2 (DARWIN-DCR chain). Both give identical spectra. 

However, whether these spectra are correct or not does not really matter here, as the 

objective is to find after the unfolding the distribution given as input in GEANT4. The comparison 

with experimental data will be done in section 5.3.2.  

Besides, these codes allow a very fine bin structure, and therefore it is a good way to see if 

the unfolding codes can reach such a precision. 

Figures 5.4 to 5.6 show unfolding results for GEANT4 responses to these neutron sources 
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Fig. 5.4: Spectra obtained by the unfolding of GEANT4 response to an AmBe source  

(from PÉPIN2) 

 

 

Fig. 5.5: Spectra obtained by the unfolding of GEANT4 response to a PuC source  

(from PÉPIN2) 
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Fig. 5.6: Spectra obtained by the unfolding of GEANT4 response to a Cf252 source  

(from PÉPIN2) 

Results are satisfying in general: both MAXED and GRAVEL succeed in finding the shape 

of each spectrum. There are still some differences; like the “cliffs” observed in the case of 

Americium-Beryllium around 4.2 MeV and of Californium 252 around 3.0 MeV. These are two 

more examples where mathematical convergence has no physical significance. Nevertheless, these 

are not the consequence of a too high constraint on the unfolding algorithm (see annex B for further 

details). For Plutonium-Carbon, neutrons under 1 MeV are underestimated and for Californium 252, 

the unfolded spectrum is slightly shifted toward higher energies. 

Table 5.3 shows mean values in MeV for the three unfolding performed, and confirm this 

shift toward higher energies. 

Americium-Beryllium Plutonium-Carbon Californium 252 

Ref. MXD GRV Ref. MXD GRV Ref. MXD GRV 

4.918 5.095 5.105 4.693 4.856 4.873 2.257 2.500 2.463 

Table 5.3: Mean energies in MEV of GEANT4 polyenergetic unfolded responses 

5.3 Unfolding of experimental responses 

Contrary to the previous section, the process is no longer circular, as the purpose now is the 

unfolding of experimental data with the response file calculated by the GEANT4 simulation 

program. It is now a tool for the unfolding of experimentally measured responses. 

The following figures will present normalised spectra. However, in some cases, this 

normalisation will be performed on a limited interval only, in order to get a more relevant 

comparison. 
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5.3.1 Monoenergetic neutron spectra 

Figures 5.7 to 5.9 show spectra obtained by the unfolding of BC501A responses measured in 

the PTB in December 2011. 

 

Fig. 5.7: Spectra obtained by the unfolding of the experimental response to 2.04 MeV neutrons 

 

Fig. 5.8: Spectra obtained by the unfolding of the experimental response to 5.0 MeV neutrons 
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Fig. 5.9: Spectra obtained by the unfolding of the experimental response to 14.8 MeV neutrons 

Unfolded spectra are pretty close to references. Table 5.4 show mean values and standard 

deviations obtained with GRAVEL (MAXED values are further from references). 

Neutron Energy 2.04 MeV 5.0 MeV 14.8 MeV 

 Ref. Unfold. Ref. Unfold. Ref. Unfold. 

Mean (MeV) 2.04 1.983 5.00 4.965 14.8 14.94 

Standard deviation(keV) 21 31 50 153 185 1072 

Table 5.4: Means and standard deviations of experimental monoenergetic unfolded responses 

If mean values seem consistent visually, standard deviation appear again to be overestimated 

in this way. This is due to the same phenomenon as before, i.e. smaller peaks which appear far from 

the mean value, as it can be seen on figure 5.8 for in which there is such one between 5.7 and 6.2 

MeV, therefore inducing an increase of the standard deviation from 79 keV to 153 keV. 

The situation observed for 14.8 MeV is more specific. Both MAXED and GRAVEL 

calculate spectra with an extension toward higher energies, which did not exist in the previous two 

cases. This could be explained by the neutron-carbon interactions which occur in the real scintillator 

above a certain threshold (5), but not in GEANT4. It would seem that the unfolding codes 

compensate this by adding high energy neutrons (up to 16.5 MeV) to optimise the convergence. 

Hence, the standard deviation is significantly increased. 

5.3.2 Polyenergetic neutron spectra 

Figures 5.10 to 5.12 show spectra obtained by the unfolding of the experimental responses 

for the neutron sources Americium-Beryllium, Plutonium-Carbon and Californium 252 (areas are 

normalised, and in the case of Californium, only between 1 and 10 MeV) 

It is important to mention here that for the two first sources, spectra given by PÉPIN2 or 

SOURCES4C are not used for comparison. This will be explained just after.  
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Fig. 5.10: Spectra obtained by the unfolding of the experimental response to an AmBe source 

 

 

Fig. 5.11: Spectra obtained by the unfolding of the experimental response to a PuC source 
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Fig. 5.12: Spectra obtained by the unfolding of the experimental response to a Cf252 source 
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PÉPIN2 (on figures 5.4 and 5.5). It would seem that the spectra from this code for neutron sources 
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that it has been obtained by slightly releasing the constraint on the convergence (a greater χ²) in 

order to get closer to the physical reality. This topic is more detailed in annex B. 

Comparison between experimental responses and new calculated spectrum 

Figures 5.13 to 5.16 show for the Americium-Beryllium and Plutonium-Carbon sources the 

comparisons between experimental responses and the GEANT4 calculated responses with the new 

neutron energy distributions: ISO8529 norm for Americium-Beryllium and GRAVEL unfolded 

spectrum for Plutonium-Carbon (as it is more efficient than MAXED in general). 

 

Fig. 5.13: Comparison of the response obtained with the ISO spectrum for AmBe 
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Fig. 5.14: Comparison of the response obtained with the ISO spectrum for AmBe (log.) 

 

 

Fig. 5.15: Comparison of the response obtained with the spectra calculated by GRAVEL for the 
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Fig. 5.16: Comparison of the response obtained with the spectra calculated by GRAVEL for the 

PuC source (log. scale) 

For both cases, the new neutron energy distributions allow to get responses closer to the 

experimental measurements than those calculated with distributions from SOURCES4C and 

PÉPIN2. These codes do not give spectra consistent with the experience for (α,n) neutron sources. 
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 13
C. 
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previous one, are not more relevant in comparison to the experimental data.  
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Fig. 5.17: Spectra obtained by the unfolding of the experimental response on CALIBAN 

With the exception of the threshold and its close surrounding, the unfolding gives results 

consistent with the calculation. The mean energy is 2.6 MeV, which is higher than a fission 

spectrum, but it is not unexpected because of the observed threshold. One may notice a good 

smoothness above 3 MeV. Figure 5.18 shows the same spectrum between 5 and 10 MeV only. 

 

Fig. 5.18: CALIBAN spectrum between 5 and 10 MeV 
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In order to get a second verification, the unfolded spectrum is given to GEANT4 and the 

calculated response is shown in figure 5.19. 

 

Fig. 5.19: Comparison of the response obtained with the spectra calculated by GRAVEL for 

CALIBAN (log. scale) 

The two responses are very close to each other, especially on the interval 1 MeVee-6 MeVee. 

Yet, it is not possible to draw any conclusion from the difference at lower energy (below 1MeVee), 

because of the threshold applied to ensure a good pulse-shape discrimination. 
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5.4.1 Efficiency 
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than a month) with the computer used if the precision required remains the same. 

One may want to get rid of the threshold, but this could not be done without damaging the 

quality of the pulse shape discrimination, and therefore the response (higher proportion of γ-rays). 
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The resolution of the detector in GEANT4 is overestimated at low energies, as it can be seen 

on figure 4.7. The response obtained at this energy (2.04 MeV) could be improved by adjusting the 

resolution. 

At last, there is the problem of missing carbon interactions at higher energies (above 10 

MeV), which is seen in the case of 14.8 MeV neutrons. GEANT4 does not consider some of the 

reactions which occur at these energies. A remedy to this consists in integrating specific files 

available on the IAEA website Nuclear Data Services (20). These files deal specifically with 

neutron physics until 20 MeV, and have more recent evaluation of cross section. However, these are 

not fully compatible with the version 9.5 of GEANT4 (21), which is used here. 
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Conclusion and Perspectives 

Conclusions 

The BC501A scintillator simulation with GEANT4 has proven to be efficient in reproducing 

the experimental responses: agreement between calculated and measured responses is satisfying for 

all cases, though some limitations must be kept in mind. First, the resolution of the detector is 

overestimated at lower energies, which is not the case with higher energy. A correction of it that 

would take into account these two elements would undoubtedly improve the quality of the 

simulation. Secondly, the physics lacks some interactions which occurs on carbon nuclei, which are 

non negligible to the emitted light in the scintillator when the kinetic energy of the incoming 

neutron reaches higher values. 

This program, with the calculation of many responses throughout many different energies, 

allowed the building of a base file for the unfolding of the detector’s responses. It was first tested in 

a coherent set of data: the purpose was to evaluate the ability of the unfolding algorithms to find the 

neutron energy distributions that were given as input in GEANT4, and the obtained results were 

satisfying. This showed some problems with the unfolding process: the mathematical convergence 

of the algorithm may sometimes lead to strange results, like those “cliffs” that occurred with the 

polyenergetic neutron sources.  

Then, experimental responses were unfolded with the same base file, with good results in 

general. On monoenergetic neutrons, the shape of each spectrum is close to the shape determined by 

the PTB values. The average energy is respected within 1% and the standard deviation, though 

overestimated, is close to the expected value when irregularities are not taken into account. Besides, 

the case of 14.8 MeV monoenergetic neutrons confirms the lack of interactions observed in 

GEANT4 at higher energies. 

The unfolding of experimental responses measured with polyenergetic neutron sources 

showed significant differences with the spectra calculated with the codes PÉPIN2 and 

SOURCES4C when it comes to (α,n) neutron sources. Then new responses were calculated in 

GEANT4 with the spectra obtained by unfolding, and they were much closer to experimental data. 

Therefore, the spectra calculated by both PÉPIN2 and SOURCES4C do have rather important 

differences with reality for (α,n) neutron sources. This was not the case with the spontaneous fission 

neutron source, for which the results are satisfying. 

At last, a good estimate of the hard tail of the CALIBAN neutron spectrum was achieved 

through this process.  

Perspectives 

For the development of nuclear power, the study of fast neutrons will become more and 

more important, especially with the coming Generation IV reactors, of which the transmutation 

ability will only be measured with a good knowledge of nuclear data in these energies. For the same 

reasons, having a good knowledge of experimental devices working on fast neutrons, like the fast 

burst reactor CALIBAN, will be important as well.  
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Even on a pure theoretical level, a better understanding of processes like nuclear fission for 

instance is interesting. 

The BC501A scintillator has properties which make its use relevant for this energy range, 

especially its ability to discriminate neutrons from γ-rays. Therefore a good knowledge of it will be 

a precious tool to have access to these spectral data. 

The work that has been presented here can be improved: first on the GEANT4 part 

(resolution and interaction analysis), on the unfolding as well by increasing the number of 

calculated responses, but this remains less relevant, would require an important calculation time to 

build the matrix of light responses and it might bring more anomalies in the spectra calculated by 

the unfolding algorithms.   

This work can be extended to γ-rays, in order to achieve a complete description of the 

BC501A, and possibly to other detectors, so as to get more data and cover a wider energy range. 
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Annexe A : Description of GEANT4 

A.1 History 

GEANT4 is a framework of functions based on the oriented-object C++ language, design for 

particle transportation. It has been developed by the CERN since 1994 and the first version was 

released in December 1998 (22). Initially designed for applications in the field of high energy 

particle physics (far above the energies mentioned in this document), it has spread to many other 

fields, including medicine, food irradiation, etc. It is able to deal with energies from a few 

electronvolts to several peta electronvolts (about a thousand times as much as in the LHC). A 

certain number of versions have been released since, and the one used in this internship is the 

version 9.5.0, delivered in December 2011. 

A.2 GEANT4 classes 

GEANT4 is based on the language C++. One of its main characteristics is the possibility to 

create objects called "classes". A class defines properties: attributes and methods (or functions). In 

common usage, attributes are always private, i.e. they can only be used by the class itself. Methods 

may be private, protected (this will be explained a bit further) or public (use authorised for any 

other object). Legacy is a concept very closely linked to classes: one can create a derived class from 

another, called "base class". The properties from the latter will be given to the former, and they may 

have their own properties as well. This is where protected methods are important: these are private 

functions of which the use is authorised for derived classes. 

An example can be made on vehicles. A vehicle is a general class with some properties: 

maximum speed, size, etc. And then derived classes from this latter: “car”, “truck”, “train”, etc. 

They get the attributes of the base class, but they also have properties on their own. 

GEANT4 uses this possibility, and many classes are predefined. For the user, it represents a 

significant gain in flexibility and in rapidity in order to write a program suitable for the intended use. 

A guide for application developers has been written by the GEANT4 team (23), and a lot of help 

may be found on the internet website (24), which includes a forum with many topics. The rest of 

this annex deals with the files used for the simulation program BC501A. 

Some of the GEANT4 classes used in this program are: 

 “DetectorConstruction”: it defines the spatial configuration, i.e. materials and their 

properties, geometry and volume of interest to be studied by GEANT4 (in this case, 

the volume occupied by the BC501A). 

 “PhysicsList” is the class defining particles and physical processes to be taken into 

account. One must be careful to be thorough enough when writing this part, in order 

to avoid an incomplete program. In our case, the use of a specific module designed 

for neutrons with energies inferior to 20 MeV made the problem much simpler, 

though this latter still lacks some interactions.  
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 “PrimaryGeneratorAction” is used to generate primary particles. The “ParticleGun” 

class, designed to shoot particle from one point in a defined direction, was used and 

then modified to achieve more complex situations (different energy distributions, 

directions, etc.). 

 “SteppingAction” is designed for the tracking of particle step by step. It allows the 

collection of the recoil energies to turn them into light. 

 “EventAction” divides the simulation by primary event. It allows getting all the data 

subsequent to a single primary neutron. Calculated lights are inserted in the response 

at this level. 

 “RunAction” is dealing with the entire simulation. It is therefore very similar to 

“EventAction” but on a broader basis. Light responses are normalised and edited in 

this class. 

 Messengers: they allow users to change some of the problem properties without 

changing or recompiling the source code. In simNE213, three messengers were 

created: one for particle generation, one for the light response edition, and one for 

“SteppingAction”. 

Figure A.1 shows how an “event” is analysed by GEANT4.  

 

Fig. A.1: An “event” seen by GEANT4  

In this example, the incoming neutron (ID1) will undergo elastic scattering on a proton and 

on a carbon nucleus. From its entrance in the scintillator to the first collision, the path of the neutron 

constitutes “step 1”, between the two collision, “step 2” and from the last scattering to the exit, 

“step 3”. The recoil proton from the first scattering receives ID2, and its first path will be its “step 

1”, during which it loses energy by ionizing the medium, and so on. Same thing happens for the 

recoil carbon, which receives ID3. The paths of the primary neutron and all secondary particles 

constitute a GEANT4 event. 

A.3 Code extracts 

The main parts of the program are shown in this section. Each part is divided into two files: a 

source file (*.cc) and a header file (*.hh), in which objects are declared, sometimes short functions 

as well (like returning a value, for example). The “main” file is a very short source file, allowing the 

execution by calling the other files. In this particular case, the physics list is within the main file as 

it required only a few lines. It is not the case for the γ version of this program (developed later). 

The files are: 

n 

p 

C 

Part. ID1 ; step1 
Part. ID1 ; step 2 

Part. ID1 ; step 3 

Part. ID2 ; step 1 

Part. ID3 ; step 1 NE213 Outside 
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 simNE213DetectorConstruction.cc/.hh 

 simNE213PrimaryGeneratorAction.cc/.hh 

 simNE213PrimaryGeneratorMessenger.cc/.hh 

 simNE213SteppingAction.cc/.hh 

 simNE213SteppingMessenger.cc/.hh 

 simNE213EventAction.cc/.hh 

 simNE213RunAction.cc/.hh 

 simNE213RunMessenger.cc/.hh 

 grid.cc/.hh 

 

simNE213.cc 

 
#include "simNE213DetectorConstruction.hh" 
#include "simNE213PrimaryGeneratorAction.hh" 
#include "simNE213RunAction.hh" 
#include "simNE213EventAction.hh" 
#include "simNE213SteppingAction.hh" 
#include "G4RunManager.hh" 
#include "G4UImanager.hh" 
#include "G4VModularPhysicsList.hh" 
#include "QGSP_BIC_HP.hh" 
 
#ifdef G4VIS_USE 
#include "G4VisExecutive.hh" 
#endif 
 
#ifdef G4UI_USE 
#include "G4UIExecutive.hh" 
#endif 
 
#include "Randomize.hh" 
 
int main(int argc,char** argv) 
{ 

// Choose the Random engine 
// 
CLHEP::HepRandom::setTheEngine(new CLHEP::RanecuEngine); 
// Construct the default run manager 
// 
G4RunManager * runManager = new G4RunManager; 
// Set mandatory initialization classes 
// 
// Detector construction 
runManager->SetUserInitialization(new simNE213DetectorConstruction()); 
// Physics list 
G4VModularPhysicsList* physics = new QGSP_BIC_HP; 
runManager->SetUserInitialization(physics); 
// Primary generator action 
runManager->SetUserAction(new simNE213PrimaryGeneratorAction()); 
// Set user action classes 
// 
// Stepping action 
runManager->SetUserAction(new simNE213SteppingAction()); 
// Event action 
runManager->SetUserAction(new simNE213EventAction()); 
// Run action 
runManager->SetUserAction(new simNE213RunAction()); 
// Initialize G4 kernel 
// 
runManager->Initialize(); 

 
#ifdef G4VIS_USE 

// Initialize visualization 
G4VisManager* visManager = new G4VisExecutive; 
// G4VisExecutive can take a verbosity argument - see /vis/verbose guidance. 
// G4VisManager* visManager = new G4VisExecutive("Quiet"); 
visManager->Initialize(); 

#endif 
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// Get the pointer to the User Interface manager 
G4UImanager* UImanager = G4UImanager::GetUIpointer(); 
if (argc!=1) { 

// batch mode 
G4String command = "/control/execute "; 
G4String fileName = argv[1]; 
UImanager->ApplyCommand(command+fileName); 

} 
else { 

// interactive mode : define UI session 
#ifdef G4UI_USE 

G4UIExecutive* ui = new G4UIExecutive(argc, argv); 
UImanager->ApplyCommand("/control/execute init_vis.mac"); 
UImanager->ApplyCommand("/control/execute init.mac"); 
UImanager->ApplyCommand("/control/execute Defaults.mac"); 
ui->SessionStart(); 
delete ui; 

#endif 
} 
 
// Job termination 
// Free the store: user actions, physics_list and detector_description are 
// owned and deleted by the run manager, so they should not be deleted 
// in the main() program ! 
 

#ifdef G4VIS_USE 
delete visManager; 

#endif 
delete runManager; 
 
return 0; 

} 

 

simNE213DetectorConstruction.cc 

#include "simNE213DetectorConstruction.hh" 
#include "simNE213SteppingAction.hh" 
#include "G4NistManager.hh" 
#include "G4Material.hh" 
#include "G4MaterialTable.hh" 
#include "G4Element.hh" 
#include "G4Tubs.hh" 
#include "G4Box.hh" 
#include "G4LogicalVolume.hh" 
#include "G4ThreeVector.hh" 
#include "G4PVPlacement.hh" 
 
simNE213DetectorConstruction::simNE213DetectorConstruction() {} 
simNE213DetectorConstruction::~simNE213DetectorConstruction() {} 
 
void simNE213DetectorConstruction::DefineMaterials() 
{ 

// Material definition ------------------------------------- 
 
// Air 
G4NistManager* nist = G4NistManager::Instance(); 
world_mat = nist->FindOrBuildMaterial("G4_AIR"); 
G4double a,density,fracMass,z; 
G4int ncomp;  
G4String symbol; 
 
// NE213 
a = 1.00794*g/mole; 
elHydrogen = new G4Element("Hydrogen", symbol="H",z=1.,a); 
a = 12.0107*g/mole; 
elCarbon = new G4Element("Carbon", symbol="C",z=6.,a); 
density = 0.874*g/cm3; 
NE213 = new G4Material("NE213",density,ncomp=2); 
NE213->AddElement(elHydrogen,fracMass=9.2*perCent); 
NE213->AddElement(elCarbon,fracMass=90.8*perCent); 
 
// Container (Aluminium) 
a = 26.9815*g/mole; 
elAluminium = new G4Element("Aluminium", symbol="Al",z=13.,a); 
density = 2.6989*g/cm3; 
matContainerNE213 = new G4Material("Container NE213", density,ncomp=1); 
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matContainerNE213->AddElement(elAluminium,fracMass=100.*perCent); 
 
// Glass (window for detector and PM tube) 
a = 28.0855*g/mole; 
elSilicium = new G4Element("Silicium", symbol="Si",z=14.,a); 
a = 15.9994*g/mole; 
elOxygen = new G4Element("Oxygen", symbol="O",z=8.,a); 
density = 2.648*g/cm3; 
Glass = new G4Material("Glass",density,ncomp=2); 
Glass->AddElement(elOxygen,2); 
Glass->AddElement(elSilicium,1); 
 
// Scintillator Optical Properties 
const G4int NE213_NUMENTRIES = 8; 
G4double NE213_Energy[NE213_NUMENTRIES] = { 2.48*eV, 2.61*eV, 2.76*eV, 2.84*eV, 

2.92*eV, 3.10*eV, 3.20*eV, 3.31*eV }; 
G4double NE213_SCINT[NE213_NUMENTRIES] = { 0.18, 0.36, 0.7, 0.85, 1.0, 0.65, 0.35, 

0.05 }; 
G4double NE213_RIND[NE213_NUMENTRIES] = { 1.53, 1.53, 1.53, 1.53, 1.53, 1.53, 1.53, 

1.53 }; 
G4double NE213_ABSL[NE213_NUMENTRIES] = { 7.0*m, 7.0*m, 7.0*m, 7.0*m, 7.0*m, 7.0*m, 

7.0*m, 7.0*m }; // (lower value) 
NE213_mt = new G4MaterialPropertiesTable(); 
NE213_mt->AddProperty("FASTCOMPONENT", NE213_Energy, NE213_SCINT, NE213_NUMENTRIES); 
NE213_mt->AddProperty("SLOWCOMPONENT", NE213_Energy, NE213_SCINT, NE213_NUMENTRIES); 
NE213_mt->AddProperty("RINDEX", NE213_Energy, NE213_RIND, NE213_NUMENTRIES); 
NE213_mt->AddProperty("ABSLENGTH", NE213_Energy, NE213_ABSL, NE213_NUMENTRIES); 
NE213_mt->AddConstProperty("SCINTILLATIONYIELD",0./MeV); // Set to zero if 

scintillation is not desired, value for NE213 : about 12900 photons per MeV (calculated 
from G.F. Knoll) 

NE213_mt->AddConstProperty("RESOLUTIONSCALE",1.0); 
NE213_mt->AddConstProperty("FASTTIMECONSTANT",3.16*ns); // Saint Gobain 
NE213_mt->AddConstProperty("SLOWTIMECONSTANT",32.3*ns); // Order of Magnitude from 

G.F. Knoll(10 times fast component) 
NE213_mt->AddConstProperty("YIELDRATIO",1.0); 
NE213->SetMaterialPropertiesTable(NE213_mt); 
NE213->GetIonisation()->SetBirksConstant(0.137*mm/MeV); 

} 
 
G4VPhysicalVolume* simNE213DetectorConstruction::Construct() 
{ 

DefineMaterials(); 
return ConstructDetector(); 

} 
 
G4VPhysicalVolume* simNE213DetectorConstruction::ConstructDetector() 
{ 

// Geometry Definition 
 
// World 
G4double world_sizeXY,world_sizeZ; 
world_sizeXY = world_sizeZ = 5.0*m; 
G4Box* worldBox = new G4Box("G4Box 

World",0.5*world_sizeXY,0.5*world_sizeXY,0.5*world_sizeZ); 
G4LogicalVolume* logicWorld = new G4LogicalVolume(worldBox,world_mat,"Logical 

World"); 
G4VPhysicalVolume* physWorld = new G4PVPlacement(0, //no rotation 

G4ThreeVector(), //at (0,0,0) 
logicWorld, //its logical volume 
"Physical World", //its name 
0, //its mother volume 
false, //no boolean operation 
0, //copy number 
0); //overlaps checking 

 
// NE213 2"x2" 
G4Tubs* scintillatorTub = new G4Tubs("G4Tubs Scintillator", 0.0*2.54*cm, 1.*2.54*cm, 
1.*2.54*cm, 0.*deg,360.*deg); 
G4LogicalVolume* logicScintillator = new 

G4LogicalVolume(scintillatorTub,NE213,"LogicalScintillator",0,0,0); 
G4VPhysicalVolume* physScintillator = new G4PVPlacement(0,G4ThreeVector(), 

logicScintillator,"Physical Scintillator",logicWorld,false,0); 
 
// NE213 Container 
G4Tubs* scintillatorContainer = new G4Tubs("G4Tubs Container", 1.*2.54*cm, 

1.*2.74*cm, 1.*2.74*cm, 0.*deg, 360.*deg); 
G4LogicalVolume* logicContainer = new 

G4LogicalVolume(scintillatorContainer,matContainerNE213,"Logical Container",0,0,0); 
G4VPhysicalVolume* physContainer = new G4PVPlacement(0,G4ThreeVector(), 

logicContainer,"Physical Container",logicWorld,false,0); 
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// NE213 Front Container 
G4Tubs* scintillatorContainerFront = new G4Tubs("G4Tubs Front Container", 0.*1.54*cm, 
1.*2.54*cm, 1.*0.1*cm, 0.*deg, 360.*deg); 
G4LogicalVolume* logicContainerFront = new G4LogicalVolume 

(scintillatorContainerFront,matContainerNE213, "Logical Front Container",0,0,0); 
G4VPhysicalVolume* physContainerFront = new G4PVPlacement(0,G4ThreeVector 
(0,0,-1*2.64*cm),logicContainerFront,"Physical Front Container", logicWorld,false,0); 
 
// NE213 Back Container 
G4Tubs* scintillatorContainerBack = new G4Tubs("G4Tubs Back Container", 0.*2.54*cm, 
1.*2.54*cm, 1.*0.1*cm, 0.*deg, 360.*deg); 
G4LogicalVolume* logicContainerBack = new 

G4LogicalVolume(scintillatorContainerBack,Glass,"Logical Back Container",0,0,0); 
G4VPhysicalVolume* physContainerBack = new G4PVPlacement(0, 

G4ThreeVector(0,0,1*2.64*cm),logicContainerBack,"Physical Back Container", logicWorld, 
false,0); 

 
// PM 
G4Tubs* PMTub = new G4Tubs("G4Tubs PM Tub", 1.*2.54*cm, 1.*2.74*cm, 1.*5.0*cm, 

0.*deg, 
360.*deg); 
G4LogicalVolume* logicPMTub = new G4LogicalVolume(PMTub,Glass, "logical 

PMTub",0,0,0); 
G4VPhysicalVolume* physPMTub = new 

G4PVPlacement(0,G4ThreeVector(0.,0.,1*7.74*cm),logicPMTub,"Physical PM 
Tub",logicWorld,false,0); 

 
// PM Glass 
G4Tubs* PMTubFront = new G4Tubs("G4Tubs PM Tub Front", 0.*2.54*cm, 1.*2.54*cm, 

1.*0.1*cm, 
0.*deg, 360.*deg); 
G4LogicalVolume* logicPMTubFront = new G4LogicalVolume(PMTubFront,Glass, "Logical PM 

TubFront",0,0,0); 
G4VPhysicalVolume* physPMTubFront = new G4PVPlacement(0,G4ThreeVector(0,0,1*2.84*cm), 

logicPMTubFront,"Physical PM Tub Front", logicWorld,false,0); 
 
// Definition of logical volume to be analysed by G4 
simNE213SteppingAction* steppingAction = simNE213SteppingAction::Instance(); 
steppingAction->SetVolume(logicScintillator); 
 
return physWorld; 

} 

 

simNE213DetectorConstruction.hh 

 
#ifndef simNE213DetectorConstruction_h 
#define simNE213DetectorConstruction_h 1 
 
#include "G4VUserDetectorConstruction.hh" 
#include "G4Material.hh" 
#include "globals.hh" 
 
class G4VPhysicalVolume; 
class simNE213DetectorConstruction : public G4VUserDetectorConstruction 
{ 

public: 
simNE213DetectorConstruction(); 
virtual ~simNE213DetectorConstruction(); 
G4VPhysicalVolume* Construct(); 

private: 
void DefineMaterials(); 
G4VPhysicalVolume* ConstructDetector(); 
G4Element* elHydrogen; 
G4Element* elCarbon; 
G4Element* elAluminium; 
G4Element* elOxygen; 
G4Element* elSilicium; 
G4Material* NE213; 
G4Material* matContainerNE213; 
G4Material* Glass; 
G4Material* world_mat; 
G4MaterialPropertiesTable* NE213_mt; 

}; 
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#endif 

 

simNE213PrimaryGeneratorAction.cc 

#include "simNE213PrimaryGeneratorAction.hh" 
#include "simNE213PrimaryGeneratorMessenger.hh" 
#include "G4ParticleGun.hh" 
#include "G4ParticleTable.hh" 
#include "G4ParticleDefinition.hh" 
#include "G4ios.hh" 
#include "Randomize.hh" 
 
simNE213PrimaryGeneratorAction* simNE213PrimaryGeneratorAction::fgInstance = 0; 
simNE213PrimaryGeneratorAction::simNE213PrimaryGeneratorAction() 
: 
G4VUserPrimaryGeneratorAction(),fParticleGun(0),volumeKind("Point"),beamKind("default"), 
energyDistributionKind("default") 
{ 

G4int n_particle = 1; 
fParticleGun = new G4ParticleGun(n_particle); 
messenger = new simNE213PrimaryGeneratorMessenger(this); 
SetDefaultPrimaryParticle(); 
fgInstance = this; 

} 
void simNE213PrimaryGeneratorAction::SetDefaultPrimaryParticle() 
{ 

// Default Primary Particle 
 
// Define primary particles : neutrons 
G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable(); 
G4String particleName; 
G4ParticleDefinition* particle = particleTable->FindParticle(particleName="neutron"); 
fParticleGun->SetParticleDefinition(particle); 
 
// Define energy characteristics (mean, standard deviation) 
G4double defaultMeanKineticEnergy = 14.0*MeV; 
meanKineticEnergy = defaultMeanKineticEnergy; 
G4double defaultSigmaKineticEnergy = 0.5*MeV; 
sigmaKineticEnergy = defaultSigmaKineticEnergy; 
 
// Gun initial position 
G4double defaultX0 = 0.; 
X0 = defaultX0; 
G4double defaultY0 = 0.; 
Y0 = defaultY0; 
G4double defaultZ0 = -1.*m; 
Z0 = defaultZ0; 
G4double defaultRadius = 2.54*cm; 
radius = defaultRadius; 
 
// Gun default angle (for cone beam only) 
G4double defaultAngle = 3.14159265/6; 
angle = defaultAngle; 

} 
 
simNE213PrimaryGeneratorAction::~simNE213PrimaryGeneratorAction() 
{ 

delete fParticleGun; 
delete messenger; 
fgInstance = 0; 

} 
 
void simNE213PrimaryGeneratorAction::GeneratePrimaries(G4Event* anEvent) 
{ 

// Spatial distribution commands 
if (volumeKind == "Point") GenerateDefaultPoint(); 
else if (volumeKind == "Disc") GenerateDisc(); 
else if (volumeKind == "Circle") GenerateCircle(); 
else if (volumeKind == "GaussianDisc") GenerateGaussianDisc(); 
 
// Gun direction commands 
if (beamKind == "default") GenerateDefaultBeam(); 
else if (beamKind == "Isotropic") GenerateIsotropicFlux(); 
else if (beamKind == "ConeBeam") GenerateConeBeam(); 
 
// Energy distribution commands 
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if (energyDistributionKind == "default") GenerateDefaultEnergyDistribution(); 
else if (energyDistributionKind == "gaussian") GenerateGaussianEnergyDistribution(); 
else if (energyDistributionKind == "AmBe") GenerateAmBeEnergyDistribution(); 
else if (energyDistributionKind == "PuC") GeneratePuCEnergyDistribution(); 
else if (energyDistributionKind == "Cf252") GenerateCf252EnergyDistribution(); 
else if (energyDistributionKind == "CALIBAN") GenerateCALIBANEnergyDistribution(); 
fParticleGun->GeneratePrimaryVertex(anEvent); 

} 
 
const simNE213PrimaryGeneratorAction* simNE213PrimaryGeneratorAction::Instance() 
{ 

return fgInstance; 
} 
 
// Position of the particle gun 
void simNE213PrimaryGeneratorAction::SetXposition (G4double val ) 
{ X0 = val;} 
void simNE213PrimaryGeneratorAction::SetYposition (G4double val ) 
{ Y0 = val;} 
void simNE213PrimaryGeneratorAction::SetZposition (G4double val ) 
{ Z0 = val;} 
 
// Spatial distribution of the particle gun 
void simNE213PrimaryGeneratorAction::GenerateDefaultPoint() 
{ 

G4double x = X0; 
G4double y = Y0; 
G4double z = Z0; 
fParticleGun->SetParticlePosition(G4ThreeVector(x,y,z)); 

} 
 
void simNE213PrimaryGeneratorAction::GenerateDisc() // Uniform distribution on a disc 
(axis Oz) 
{ 

G4double theta = G4UniformRand()*2*3.14159265; 
G4double r = std::sqrt(G4UniformRand())*radius; 
G4double x = X0 + std::cos(theta)*r; 
G4double y = Y0 + std::sin(theta)*r; 
G4double z = Z0 ; 
fParticleGun->SetParticlePosition(G4ThreeVector(x,y,z)); 

} 
 
void simNE213PrimaryGeneratorAction::SetVolume(G4String sVolume) 
{ 

if((sVolume == "Point" || sVolume == "Disc" || sVolume == "Circle" || sVolume == 
"GaussianDisc")) {volumeKind = sVolume; } 
else G4cout<<"This option is not valid "<< 
"---> Point" 
<<G4endl; 

} 
 
// Changing radius (for circle and disc geometries) 
void simNE213PrimaryGeneratorAction::SetRadius(G4double val) 
{ radius = val; } 
 
// Beam of the particle gun 
void simNE213PrimaryGeneratorAction::GenerateDefaultBeam() 
{ 

fParticleGun->SetParticleMomentumDirection(G4ThreeVector(0.,0.,1.)); 
} 
 
void simNE213PrimaryGeneratorAction::GenerateIsotropicFlux() 
{ 

G4double a,b,c,mu,phi; 
mu = 2*G4UniformRand()-1; // Colatitude's cosine (mu = cos(theta)) 
phi = G4UniformRand()*2*3.14159265; // Longitude 
a = std::cos(phi)*std::sqrt(1-mu*mu); 
b = std::sin(phi)*std::sqrt(1-mu*mu); 
c = mu; 
G4ThreeVector direction(a,b,c); 
fParticleGun->SetParticleMomentumDirection(direction); 

} 
 
void simNE213PrimaryGeneratorAction::SetBeam(G4String beam) 
{ 

if((beam == "Isotropic" || beam == "default" || beam == "ConeBeam")) {beamKind = 
beam;} 

else G4cout<<"This option is not valid "<< 
"---> default"<<G4endl; 

} 
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// Energy Distribution of the particle 
void simNE213PrimaryGeneratorAction::GenerateDefaultEnergyDistribution() 
{ 

fParticleGun->SetParticleEnergy(meanKineticEnergy); 
} 
 
void simNE213PrimaryGeneratorAction::GenerateGaussianEnergyDistribution() 
{ 

G4double muE = meanKineticEnergy; 
G4double sigmaE = sigmaKineticEnergy; 
G4double kinE = G4RandGauss::shoot(muE,sigmaE); 
fParticleGun->SetParticleEnergy(kinE); 

} 
void simNE213PrimaryGeneratorAction::SetEnergyDistribution(G4String sEnergyDistribution) 
{ 

if(sEnergyDistribution == "default" || sEnergyDistribution == "gaussian" 
|| sEnergyDistribution == "AmBe" || sEnergyDistribution == "PuC" 
|| sEnergyDistribution == "Cf252" || sEnergyDistribution == "CALIBAN") 
{energyDistributionKind = sEnergyDistribution;} 
else { 
G4cout<<"This option is not valid "<<"---> default"<<G4endl; 
energyDistributionKind = "default"; 
} 

} 
 
void simNE213PrimaryGeneratorAction::SetMeanKineticEnergy(G4double val) 
{meanKineticEnergy = val;} 
void simNE213PrimaryGeneratorAction::SetSigmaKineticEnergy(G4double val) 
{sigmaKineticEnergy = val;} 
 
void simNE213PrimaryGeneratorAction::GenerateAmBeEnergyDistribution(void) 
{ 

const G4int AmBe_n = 240; 
G4double AmBe_p[AmBe_n] = { 
// AmBe GRAVEL Spectrum (Unfolding of experimental data) (240 channels) 
// [table has been removed] 
G4int AmBe_k = 0; 
G4double tmp = 0.; 
G4double AmBe_r = G4UniformRand(); 
while(AmBe_r > tmp) 
{ 
tmp += AmBe_p[AmBe_k]; 
AmBe_k += 1; 
} 
G4double kinE = (0.05*AmBe_k+0.025) + (G4UniformRand()-0.5)*0.05; 
fParticleGun->SetParticleEnergy(kinE); 

} 
// Same for other energy distributions (PuC, Cf252, CALIBAN) 

 

simNE213PrimaryGeneratorAction.hh 

#ifndef simNE213PrimaryGeneratorAction_h 
#define simNE213PrimaryGeneratorAction_h 1 
#include "G4VUserPrimaryGeneratorAction.hh" 
#include "G4ParticleGun.hh" 
#include "globals.hh" 
 
class G4ParticleGun; 
class G4Event; 
class simNE213DetectorConstruction; 
class simNE213PrimaryGeneratorMessenger; 
 
class simNE213PrimaryGeneratorAction : public G4VUserPrimaryGeneratorAction 
{ 

private: 
static simNE213PrimaryGeneratorAction* fgInstance; 
G4ParticleGun* fParticleGun; // pointer a to G4 gun class 
void SetDefaultPrimaryParticle(); 
G4double X0; 
G4double Y0; 
G4double Z0; 
G4double radius; 
G4double angle; 
G4String volumeKind; 
G4String beamKind; 
G4String energyDistributionKind; 
G4double meanKineticEnergy; 
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G4double sigmaKineticEnergy; 
simNE213PrimaryGeneratorMessenger* messenger; 

public: 
simNE213PrimaryGeneratorAction(); 
virtual ~simNE213PrimaryGeneratorAction(); 
static const simNE213PrimaryGeneratorAction* Instance(); 
void GeneratePrimaries(G4Event*); 
const G4ParticleGun* GetParticleGun() const { return fParticleGun; } 
void SetXposition(G4double); 
void SetYposition(G4double); 
void SetZposition(G4double); 
void GenerateDefaultPoint(); 
void GenerateDisc(); 
void GenerateCircle(); 
void GenerateGaussianDisc(); 
 
void SetVolume(G4String); 
void SetRadius(G4double); 
void GenerateDefaultBeam(); 
void GenerateIsotropicFlux(); 
void GenerateConeBeam(); 
void SetBeam(G4String); 
void SetAngle(G4double); 
 
void GenerateDefaultEnergyDistribution(); 
void GenerateGaussianEnergyDistribution(); 
void GenerateAmBeEnergyDistribution(); 
void GeneratePuCEnergyDistribution(); 
void GenerateCf252EnergyDistribution(); 
void GenerateCALIBANEnergyDistribution(); 
void GenerateAlternateGamma(); 
void SetEnergyDistribution(G4String); 
void SetMeanKineticEnergy(G4double); 
void SetSigmaKineticEnergy(G4double); 
const G4String GetEnergyDistribution(void) const { return 

energyDistributionKind; } 
const G4double GetMeanKineticEnergy(void) const { return meanKineticEnergy; } 
const G4double GetSigmaKineticEnergy(void) const { return sigmaKineticEnergy; } 

}; 

#endif 

 

simNE213PrimaryGeneratorMessenger.cc 

#include "simNE213PrimaryGeneratorMessenger.hh" 
#include "simNE213PrimaryGeneratorAction.hh" 
#include "G4UIdirectory.hh" 
#include "G4UIcmdWithAString.hh" 
#include "G4UIcmdWithADouble.hh" 
#include "G4UIcmdWithADoubleAndUnit.hh" 
simNE213PrimaryGeneratorMessenger::simNE213PrimaryGeneratorMessenger(  
simNE213PrimaryGeneratorAction* primaryGun):primary(primaryGun) 
{ 

// Commands for particle gun position 
XpositionCmd = new G4UIcmdWithADoubleAndUnit("/beam/position/Xposition",this); 
XpositionCmd -> SetGuidance("set x coordinate of particle"); 
XpositionCmd -> SetParameterName("position",false); 
XpositionCmd -> SetDefaultUnit("mm"); 
XpositionCmd -> SetUnitCandidates("mm cm m"); 
XpositionCmd -> AvailableForStates(G4State_PreInit,G4State_Idle); 
 
// Same for YpositionCmd and ZpositionCmd 
 
// Commands for particle gun spatial distribution 
volumeCmd = new G4UIcmdWithAString("/beam/position/distribution",this); 
volumeCmd->SetGuidance("Choose the type of volume for the source"); 
volumeCmd->SetGuidance("Choice : Point, Disc, Circle, GaussianDisc "); 
volumeCmd->SetParameterName("choice",true); 
volumeCmd->SetCandidates("Point Disc Circle GaussianDisc"); 
volumeCmd->AvailableForStates(G4State_PreInit,G4State_Idle); 
 
radiusCmd = new G4UIcmdWithADoubleAndUnit("/beam/position/radius",this); 
radiusCmd -> SetGuidance("set radius for circle and disc distribution"); 
radiusCmd -> SetParameterName("position",false); 
radiusCmd -> SetDefaultUnit("mm"); 
radiusCmd -> SetUnitCandidates("mm cm m"); 
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radiusCmd -> AvailableForStates(G4State_PreInit,G4State_Idle); 
 
// Commands for particle gun direction 
beamCmd = new G4UIcmdWithAString("/beam/direction",this); 
beamCmd->SetGuidance("Choose the type of beam"); 
beamCmd->SetGuidance("Choice : default, Isotropic, ConeBeam "); 
beamCmd->SetParameterName("choice",true); 
beamCmd->SetCandidates("default Isotropic ConeBeam"); 
beamCmd->AvailableForStates(G4State_PreInit,G4State_Idle); 
 
angleCmd = new G4UIcmdWithADouble("/beam/direction/angle",this); 
angleCmd -> SetGuidance("Choose the angle for cone beam"); 
angleCmd -> SetParameterName("Angle",false); 
angleCmd -> AvailableForStates(G4State_PreInit,G4State_Idle); 
 
// Commands for particle gun energy distribution 
energyDistributionCmd = new G4UIcmdWithAString("/beam/energy/distribution",this); 
energyDistributionCmd->SetGuidance("Choose the type of Energy distribution"); 
energyDistributionCmd->SetGuidance("Choice : default, gaussian, AmBe, PuC, Cf252, 

CALIBAN"); 
energyDistributionCmd->SetParameterName("choice",true); 
energyDistributionCmd->SetCandidates("default gaussian AmBe PuC Cf252 CALIBAN"); 
energyDistributionCmd->AvailableForStates(G4State_PreInit,G4State_Idle); 
 
meanKineticEnergyCmd = new G4UIcmdWithADoubleAndUnit("/beam/energy/meanEnergy",this); 
meanKineticEnergyCmd -> SetGuidance("set mean Kinetic energy"); 
meanKineticEnergyCmd -> SetParameterName("Energy",false); 
meanKineticEnergyCmd -> SetDefaultUnit("MeV"); 
meanKineticEnergyCmd -> SetUnitCandidates("eV keV MeV GeV TeV"); 
meanKineticEnergyCmd -> AvailableForStates(G4State_PreInit,G4State_Idle); 
 
sigmaKineticEnergyCmd = new 

G4UIcmdWithADoubleAndUnit("/beam/energy/sigmaEnergy",this); 
sigmaKineticEnergyCmd -> SetGuidance("set Kinetic energy standard deviation"); 
sigmaKineticEnergyCmd -> SetParameterName("Energy",false); 
sigmaKineticEnergyCmd -> SetDefaultUnit("MeV"); 
sigmaKineticEnergyCmd -> SetUnitCandidates("eV keV MeV GeV TeV"); 
sigmaKineticEnergyCmd -> AvailableForStates(G4State_PreInit,G4State_Idle); 

} 
 
simNE213PrimaryGeneratorMessenger::~simNE213PrimaryGeneratorMessenger() 
{ 

delete XpositionCmd; 
delete YpositionCmd; 
delete ZpositionCmd; 
delete volumeCmd; 
delete radiusCmd; 
delete beamCmd; 
delete angleCmd; 
delete energyDistributionCmd; 
delete meanKineticEnergyCmd; 
delete sigmaKineticEnergyCmd; 

} 
 
void simNE213PrimaryGeneratorMessenger::SetNewValue(G4UIcommand * command,G4String 
newValue) 
{ 

// Changing the values in PrimaryGeneratorAction 
if ( command == 
XpositionCmd ) 
{ primary -> SetXposition(XpositionCmd -> GetNewDoubleValue(newValue));} 
else if ( command == 
YpositionCmd ) 
{ primary -> SetYposition(YpositionCmd -> GetNewDoubleValue(newValue));} 
else if ( command == 
ZpositionCmd ) 
{ primary -> SetZposition(ZpositionCmd -> GetNewDoubleValue(newValue));} 
else if( command == volumeCmd) 
{ primary->SetVolume(newValue);} 
else if( command == radiusCmd) 
{ primary->SetRadius(radiusCmd -> GetNewDoubleValue(newValue));} 
else if( command == beamCmd ) 
{ primary->SetBeam(newValue); } 
else if( command == angleCmd) 
{ primary->SetAngle(angleCmd -> GetNewDoubleValue(newValue));} 
else if( command == energyDistributionCmd) 
{ primary->SetEnergyDistribution(newValue);} 
else if (command == meanKineticEnergyCmd) 
{ primary-> SetMeanKineticEnergy(meanKineticEnergyCmd -> 

GetNewDoubleValue(newValue));} 
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else if (command == sigmaKineticEnergyCmd) 
{ primary -> SetSigmaKineticEnergy(sigmaKineticEnergyCmd -> 

GetNewDoubleValue(newValue));} 

} 

 

simNE213PrimaryGeneratorMessenger.hh 

#ifndef simNE213PrimaryGeneratorMessenger_h 
#define simNE213PrimaryGeneratorMessenger_h 1 
#include "G4UImessenger.hh" 
#include "globals.hh" 
 
 
class simNE213PrimaryGeneratorAction; 
class G4UIcmdWithAString; 
class G4UIcmdWithADouble; 
class G4UIcmdWithADoubleAndUnit; 
class simNE213PrimaryGeneratorMessenger: public G4UImessenger 
{ 

public: 
simNE213PrimaryGeneratorMessenger(simNE213PrimaryGeneratorAction*); 
~simNE213PrimaryGeneratorMessenger(); 
void SetNewValue(G4UIcommand*, G4String); 
 
private: 
simNE213PrimaryGeneratorAction* primary; 
G4UIcmdWithADoubleAndUnit* XpositionCmd; 
G4UIcmdWithADoubleAndUnit* YpositionCmd; 
G4UIcmdWithADoubleAndUnit* ZpositionCmd; 
G4UIcmdWithAString* volumeCmd; 
G4UIcmdWithADoubleAndUnit* radiusCmd; 
G4UIcmdWithAString* beamCmd; 
G4UIcmdWithADouble* angleCmd; 
G4UIcmdWithAString* energyDistributionCmd; 
G4UIcmdWithADoubleAndUnit* meanKineticEnergyCmd; 
G4UIcmdWithADoubleAndUnit* sigmaKineticEnergyCmd; 

}; 
#endif 

 

simNE213SteppingAction.cc 

#include "simNE213SteppingAction.hh" 
#include "simNE213SteppingMessenger.hh" 
#include "simNE213DetectorConstruction.hh" 
#include "simNE213RunAction.hh" 
#include "G4Step.hh" 
#include "G4RunManager.hh" 
#include "G4UnitsTable.hh" 
#include "Randomize.hh" 
 
// Light transformation functions and resolution are dealt with in section 3.2.4. Their 
coding is not in this extract. 
 
simNE213SteppingAction* simNE213SteppingAction::fgInstance = 0; 
 
simNE213SteppingAction* simNE213SteppingAction::Instance() 
{return fgInstance;} 
 
simNE213SteppingAction::simNE213SteppingAction(): G4UserSteppingAction(), 
fVolume(0), 
fEnergy(0.), 
fLight(0.), 
fNeutronEntering(0.), 
fNeutronNoInteraction(0.), 
fInteractionsNP(0.), 
fInteractionsNC(0.), 
fInteractionsNBe9(0.), 
fTripleAlpha(0.), 
fTransferedEnergyProton(0.), 
fTransferedEnergyCarbon(0.) 
{ 

steppingMessenger = new simNE213SteppingMessenger(this); 
fgInstance = this; 

} 
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simNE213SteppingAction::~simNE213SteppingAction() 
{ 

delete steppingMessenger; 
fgInstance = 0; 

} 
 
// Local Variables 
// Temporary storage 
G4ThreeVector firstInteractionPosition; // First PreStepPoint of primary neutrons 
G4ThreeVector secondaryPosition; // PreStepPoint for other particles 
G4ThreeVector firstDisplacement; // Primary neutron trajectory when entering 
G4ThreeVector lastDisplacement; // Primary neutron trajectory when leaving 
G4int alphaID1(0); 
G4int alphaID2(0); 
G4int alpha_tmp(0); 
 
void simNE213SteppingAction::UserSteppingAction(const G4Step* step) 
{ 

// get volume of the current step 
G4LogicalVolume* volume 
= step->GetPreStepPoint()->GetTouchableHandle() 
->GetVolume()->GetLogicalVolume(); 
// check if we are in scoring volume 
if (volume != fVolume ) return; 
// collect energy and track length step by step 
G4double edep = step->GetTotalEnergyDeposit(); 
fEnergy += edep; 
// Getting informations on particle 
G4StepPoint* point1 = step->GetPreStepPoint(); 
G4StepPoint* point2 = step->GetPostStepPoint(); 
G4Track* track = step->GetTrack(); 
G4int trackID = track->GetTrackID(); 
G4String particleName = track->GetParticleDefinition()->GetParticleName(); 
G4double particleVelocity = track->GetVelocity(); 
G4double particleKineticEnergy = track->GetKineticEnergy(); 
G4double particleMass = point2->GetMass(); 
G4ThreeVector particleMomentum = track->GetMomentum(); 

 
// Calculation 

if (bCalc == true) 
{ 

if (point1->GetStepStatus() == fGeomBoundary && trackID == 1) // For the first step 
of a primary neutron 

{firstInteractionPosition = point2->GetPosition();} // the location of the first 
interaction is stored 

else 
{secondaryPosition = point1->GetPosition();} // for any other situation, location is 

stored 
 
// Counting of neutrons which doesn't interact 
if (point1->GetStepStatus() == fGeomBoundary && trackID == 1) // If primary neutron 

has just come in 
{ 

firstDisplacement = step->GetDeltaPosition(); // trajectory vector is stored 
fNeutronEntering = 1; // Counting of neutrons coming in 

} 
if (point2->GetStepStatus() == fGeomBoundary && trackID == 1) // If primary neutron 

has just gone out 
{ 

lastDisplacement = step->GetDeltaPosition(); // trajectory vector is stored  
} 
if (firstDisplacement == lastDisplacement && trackID == 1) // if both are equal, then 

the neutronhasn't interacted 
{fNeutronNoInteraction = 1;} 
 
// Counting of interactions with primary neutrons 
if (firstInteractionPosition == secondaryPosition)  
{ 

// 1 - Protons 
if (particleName == "proton") // If it's a proton 
{ 

fInteractionsNP = 1.; // Counting of n-p scattering 
fTransferedEnergyProton += track->GetVertexKineticEnergy(); // Energy transfered 

to recoil proton 
} 
 
// 2 - Carbon 
else if (particleName == "C12[0.0]") // Same for carbon 
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{ 
fInteractionsNC = 1.; 
fTransferedEnergyCarbon += track->GetVertexKineticEnergy(); 

} 
 
// 3 - C(n,alpha)Be9 
else if (particleName == "Be9[0.0]") // and beryllium 
{fInteractionsNBe9 = 1.;} 
 
// 4 - C(n,n')3alphas 
if (trackID == 1) // Reset for a new primary neutron 
{ 

alphaID1 = 0; 
alphaID2 = 0; 
alpha_tmp = 0; 

} 
if (particleName == "alpha" && alphaID1 == 0 && trackID != alphaID1) // If an 

alpha is seen 
{ 

alphaID1 = trackID; // Temporary storage of its ID 
alpha_tmp += 1; // one alpha counted 

} 
if (particleName == "alpha" && alphaID1 != 0 && alphaID2 == 0 && alphaID1 != 

trackID) // If a 2ndalpha 
{ 

alphaID2 = trackID; // Temporary storage of its ID 
alpha_tmp += 1; // two alphas counted 

} 
if (particleName == "alpha" && alphaID1 != 0 && alphaID2 != 0 && alphaID1 != 

trackID && alphaID2 != trackID) // If a 3rd... 
{ 

alphaID2 = trackID; 
alpha_tmp += 1; // three alphas counted 

} 
if (alpha_tmp == 3) // If there were 3 alphas 
{fTripleAlpha += 1;} // Couting of C(n,n')3alphas 

} 
} 
 
// Calculation of light emitted by recoil particles 
if (bSpectrum == true) 
{ 

static G4int trackID2 = 0; 
G4int currentTrackID = track->GetTrackID(); 
if (trackID2!=currentTrackID) { 

trackID2 = currentTrackID; 
G4double initialEnergy = track->GetVertexKineticEnergy(); 
G4double light = 0.; 
 
if (particleName=="proton"){ 

light=hydrogenLightOutput(initialEnergy); // Recoil Energy->light 
fLight+=light; // Counting of light 

} 
else if (particleName=="alpha"){ 

light=alphaLightOutput(initialEnergy); 
fLight+=light; 

} 
else if (particleName=="C12[0.0]"){ 

light=carbonLightOutput(initialEnergy); 
fLight+=light; 

} 
else if (particleName=="C13[0.0]"){ 

light=carbonLightOutput(initialEnergy); 
fLight+=light; 

} 
else if (particleName=="e-"){ 

light=electronLightOutput(initialEnergy); 
fLight+=light; 

} 
} 

} 
 
// Printing sequence (not written here) 
 
// Getting Booleans from SteppingMessenger 
void simNE213SteppingAction::SetPrintStepping(G4bool value) 
{bPrint = value;} 
void simNE213SteppingAction::SetCalcStepping(G4bool value) 
{bCalc = value;} 
void simNE213SteppingAction::SetSpectrumStepping(G4bool value) 
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{bSpectrum = value;} 
 
void simNE213SteppingAction::Reset() 
{ 

// Reset value at end of step 
fEnergy = 0.; 
fLight = 0.; 
fNeutronEntering = 0.; 
fNeutronNoInteraction = 0.; 
fInteractionsNP = 0.; 
fInteractionsNC = 0.; 
fInteractionsNBe9 = 0.; 
fTripleAlpha = 0; 
fTransferedEnergyProton = 0.; 
fTransferedEnergyCarbon = 0.; 

} 

 

simNE213SteppingAction.hh 

#ifndef simNE213SteppingAction_h 
#define simNE213SteppingAction_h 1 
#include "G4UserSteppingAction.hh" 
#include "globals.hh" 
#include "grid.hh" 
 
class G4LogicalVolume; 
class simNE213SteppingMessenger; 
 
class simNE213SteppingAction : public G4UserSteppingAction 
{ 
public: 

simNE213SteppingAction(); 
virtual ~simNE213SteppingAction(); 
// static access method 
static simNE213SteppingAction* Instance(); 
// method from the base class 
virtual void UserSteppingAction(const G4Step*); 
 
// reset accumulated energy 
void Reset(); 
 
// set methods 
void SetVolume(G4LogicalVolume* volume) { fVolume = volume; } 
void SetPrintStepping(G4bool); 
void SetCalcStepping(G4bool); 
void SetSpectrumStepping(G4bool); 
 
// get methods 
G4LogicalVolume* GetVolume() const { return fVolume; } 
G4double GetEnergy() const { return fEnergy; } 
G4double GetNeutronEntering() const { return fNeutronEntering; } 
G4double GetNeutronNoInteraction() const {return fNeutronNoInteraction; } 
G4double GetInteractionsNP() const { return fInteractionsNP; } 
G4double GetInteractionsNC() const { return fInteractionsNC; } 
G4double GetInteractionsNBe9() const { return fInteractionsNBe9; } 
G4double GetTripleAlpha() const { return fTripleAlpha; } 
G4double GetTransferedEnergyProton() const { return fTransferedEnergyProton; } 
G4double GetTransferedEnergyCarbon() const { return fTransferedEnergyCarbon; } 
G4double GetLight() const { return fLight; } 
G4bool GetCalcStepping() const {return bCalc; } 
G4bool GetSpectrumStepping() const { return bSpectrum; } 

 
private: 

static simNE213SteppingAction* fgInstance; 
simNE213SteppingMessenger* steppingMessenger; 
G4bool bPrint; 
G4bool bCalc; 
G4bool bSpectrum; 
G4LogicalVolume* fVolume; 
G4double fEnergy; 
G4double fLight; 
G4double fNeutronEntering; 
G4double fNeutronNoInteraction; 
G4double fInteractionsNP; 
G4double fInteractionsNC; 
G4double fInteractionsNBe9; 
G4double fTripleAlpha; 
G4double fTransferedEnergyProton; 
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G4double fTransferedEnergyCarbon; 
}; 

#endif 

 

simNE213EventAction.cc 

#include "simNE213EventAction.hh" 
#include "simNE213RunAction.hh" 
#include "simNE213SteppingAction.hh" 
#include "G4RunManager.hh" 
#include "G4Event.hh" 
 
simNE213EventAction* simNE213EventAction::fgInstance = 0; 
simNE213EventAction* simNE213EventAction::Instance() 
{ 

// Static acces function via G4RunManager 
return fgInstance; 

} 
 
simNE213EventAction::simNE213EventAction(): G4UserEventAction(), 
fPrintModulo(100000), 
fEnergySum(0.), 
fEnergy2Sum(0.), 
fNeutronEnteringSum(0.), 
fNeutronNoInteractionSum(0.), 
fInteractionsNPSum(0.), 
fInteractionsNCSum(0.), 
fInteractionsNBe9Sum(0.), 
fTripleAlphaSum(0.), 
fTransferedEnergyProtonSum(0.), 
fTransferedEnergyCarbonSum(0.) 
{fgInstance = this;} 
 
simNE213EventAction::~simNE213EventAction() 
{fgInstance = 0;} 
 
void simNE213EventAction::BeginOfEventAction(const G4Event* event) 
{ 

G4int eventNb = event->GetEventID(); 
if (eventNb%fPrintModulo == 0) { 
G4cout << "\n---> Begin of event: " << eventNb << G4endl; 
} 
// Reset accounted energy in stepping action 
simNE213SteppingAction::Instance()->Reset(); 

} 
 
void simNE213EventAction::EndOfEventAction(const G4Event* event) 
{ 
// accumulate statistics 
 
// Dose 
G4double energy = simNE213SteppingAction::Instance()->GetEnergy(); 
fEnergySum += energy; 
fEnergy2Sum += energy*energy; 
 
// Spectrum 
G4double light = simNE213SteppingAction::Instance()->GetLight(); 
fLightDistribution->AddValue(light,1.); 
 
// Counting 
G4double neutronEntering = simNE213SteppingAction::Instance()->GetNeutronEntering(); 
fNeutronEnteringSum += neutronEntering; 
G4double neutronNoInteraction = simNE213SteppingAction::Instance()-
>GetNeutronNoInteraction(); 
fNeutronNoInteractionSum += neutronNoInteraction; 
 
G4double interactionsNP = simNE213SteppingAction::Instance()->GetInteractionsNP(); 
fInteractionsNPSum += interactionsNP; 
G4double interactionsNC = simNE213SteppingAction::Instance()->GetInteractionsNC(); 
fInteractionsNCSum += interactionsNC; 
G4double interactionsNBe9 = simNE213SteppingAction::Instance()->GetInteractionsNBe9(); 
fInteractionsNBe9Sum += interactionsNBe9; 
G4double tripleAlpha = simNE213SteppingAction::Instance()->GetTripleAlpha(); 
fTripleAlphaSum += tripleAlpha; 
 
G4double transferedEnergyProton = simNE213SteppingAction::Instance() 
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->GetTransferedEnergyProton(); 
fTransferedEnergyProtonSum += transferedEnergyProton; 
G4double transferedEnergyCarbon = simNE213SteppingAction::Instance() 
->GetTransferedEnergyCarbon(); 
fTransferedEnergyCarbonSum += transferedEnergyCarbon; 
} 
void simNE213EventAction::Reset() 
{ 
//reset cumulative quantities 

fEnergySum = 0.; 
fEnergy2Sum = 0.; 
fNeutronEnteringSum = 0.; 
fNeutronNoInteractionSum = 0.; 
fInteractionsNPSum = 0.; 
fInteractionsNCSum = 0.; 
fInteractionsNBe9Sum = 0.; 
fTripleAlphaSum = 0.; 
fTransferedEnergyProtonSum = 0.; 
fTransferedEnergyCarbonSum = 0.; 

} 

 

simNE213EventAction.hh 

#ifndef simNE213EventAction_h 
#define simNE213EventAction_h 1 
#include "G4UserEventAction.hh" 
#include "globals.hh" 
#include "grid.hh" 
 
class simNE213EventAction : public G4UserEventAction 
{ 
public: 
simNE213EventAction(); 
virtual ~simNE213EventAction(); 
 
// static access method 
static simNE213EventAction* Instance(); 
virtual void BeginOfEventAction(const G4Event* event); 
virtual void EndOfEventAction(const G4Event* event); 
void Reset(); 
 
// get methods 
G4double GetEnergySum() const { return fEnergySum; } 
G4double GetEnergy2Sum() const { return fEnergy2Sum; } 
G4double GetNeutronEnteringSum() const { return fNeutronEnteringSum; } 
G4double GetNeutronNoInteractionSum() const { return fNeutronNoInteractionSum; } 
G4double GetInteractionsNPSum() const { return fInteractionsNPSum; } 
G4double GetInteractionsNCSum() const { return fInteractionsNCSum; } 
G4double GetInteractionsNBe9Sum() const { return fInteractionsNBe9Sum; } 
G4double GetTripleAlpha() const { return fTripleAlphaSum; } 
G4double GetTransferedEnergyProtonSum() const { return fTransferedEnergyProtonSum; } 
G4double GetTransferedEnergyCarbonSum() const { return fTransferedEnergyCarbonSum; } 
 
// set methods 
void SetLightDistribution(Grid1D* aDistribution){ fLightDistribution = 

aDistribution; } 
 
private: 
static simNE213EventAction* fgInstance; 
G4int fPrintModulo; 
G4double fEnergySum; 
G4double fEnergy2Sum; 
G4double fNeutronEnteringSum; 
G4double fNeutronNoInteractionSum; 
G4double fInteractionsNPSum; 
G4double fInteractionsNCSum; 
G4double fInteractionsNBe9Sum; 
G4double fTripleAlphaSum; 
G4double fTransferedEnergyProtonSum; 
G4double fTransferedEnergyCarbonSum; 
Grid1D*  fLightDistribution; 

}; 

#endif 
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simNE213RunAction.cc 

#include "simNE213RunAction.hh" 
#include "simNE213RunMessenger.hh" 
#include "simNE213PrimaryGeneratorAction.hh" 
#include "simNE213EventAction.hh" 
#include "simNE213SteppingAction.hh" 
#include "grid.hh" 
#include "G4Run.hh" 
#include "G4RunManager.hh" 
#include "G4UnitsTable.hh" 
 
simNE213RunAction::simNE213RunAction(): G4UserRunAction() 
{ 

// Unit definition 
const G4double milligray = 1.e-3*gray; 
const G4double microgray = 1.e-6*gray; 
const G4double nanogray = 1.e-9*gray; 
const G4double picogray = 1.e-12*gray; 
new G4UnitDefinition("milligray", "milliGy" , "Dose", milligray); 
new G4UnitDefinition("microgray", "microGy" , "Dose", microgray); 
new G4UnitDefinition("nanogray" , "nanoGy" , "Dose", nanogray); 
new G4UnitDefinition("picogray" , "picoGy" , "Dose", picogray); 
 
runMessenger = new simNE213RunMessenger(this); 
SetDefaultLightGrid(); 

} 
 
simNE213RunAction::~simNE213RunAction() 
{delete runMessenger;} 
 
void simNE213RunAction::SetDefaultLightGrid() 
{ 

// Default Light Grid (0 to 20 MeVee in 800 channels) 
G4double defaultMinLightGrid = 0.; 
minLightGrid = defaultMinLightGrid; 
G4double defaultMaxLightGrid = 20.; 
maxLightGrid = defaultMaxLightGrid; 
G4int defaultChannelNbLightGrid = 800; 
channelNbLightGrid = defaultChannelNbLightGrid; 

} 
 
// From RunMessenger 
void simNE213RunAction::SetMinLightGrid(G4double val) 
{minLightGrid = val;} 
void simNE213RunAction::SetMaxLightGrid(G4double val) 
{maxLightGrid = val;} 
void simNE213RunAction::SetChannelNbLightGrid(G4int val) 
{channelNbLightGrid = val;} 
 
 
void simNE213RunAction::BeginOfRunAction(const G4Run* aRun) 
{ 

G4cout << "### Run " << aRun->GetRunID() << " start." << G4endl; 
// Inform the runManager to save random number seed 
G4RunManager::GetRunManager()->SetRandomNumberStore(false); 
// Initialise event cumulative quantities 
simNE213EventAction::Instance()->Reset(); 
// Initialise light grid 
lightDistribution = new Grid1D(minLightGrid, maxLightGrid, channelNbLightGrid); 
simNE213EventAction::Instance()->SetLightDistribution(lightDistribution); 
G4cout << "### Set light grid distribution to [" 
<<minLightGrid<<", "<<maxLightGrid<<" MeVee] in " 
<<channelNbLightGrid<<" channels." 
<< G4endl; 

} 
 
void simNE213RunAction::EndOfRunAction(const G4Run* aRun) 
{ 

G4int nofEvents = aRun->GetNumberOfEvent(); 
if (nofEvents == 0) return; 
 
// Compute dose 
G4double energySum = simNE213EventAction::Instance()->GetEnergySum(); 
G4double energy2Sum = simNE213EventAction::Instance()->GetEnergy2Sum(); 
G4double rms = energy2Sum - energySum*energySum/nofEvents; 
if (rms > 0.) rms = std::sqrt(rms); else rms = 0.; 
G4double mass = simNE213SteppingAction::Instance()->GetVolume()->GetMass(); 
G4double dose = energySum/mass; 
G4double rmsDose = rms/mass; 
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// Compute number of interactions, energy transfered 
G4double neutronEnteringSum = simNE213EventAction::Instance() 

->GetNeutronEnteringSum(); 
G4double neutronNoInteractionSum = simNE213EventAction::Instance() 

->GetNeutronNoInteractionSum(); 
G4double interactionsNPSum = simNE213EventAction::Instance()->GetInteractionsNPSum(); 
G4double interactionsNCSum = simNE213EventAction::Instance()->GetInteractionsNCSum(); 
G4double interactionsNBe9Sum = simNE213EventAction::Instance() 

->GetInteractionsNBe9Sum(); 
G4double tripleAlphaSum = simNE213EventAction::Instance()->GetTripleAlpha(); 
G4double transferedEnergyProtonSum = simNE213EventAction::Instance() 

->GetTransferedEnergyProtonSum(); 
G4double transferedEnergyCarbonSum = simNE213EventAction::Instance() 

->GetTransferedEnergyCarbonSum(); 
 

// Get run conditions 
const G4ParticleGun* particleGun 
= simNE213PrimaryGeneratorAction::Instance()->GetParticleGun(); 
G4String particleName 
= particleGun->GetParticleDefinition()->GetParticleName(); 
G4double particleEnergy = simNE213PrimaryGeneratorAction::Instance()-

>GetMeanKineticEnergy(); 
G4double particleSigmaEnergy = simNE213PrimaryGeneratorAction::Instance()-

>GetSigmaKineticEnergy(); 
G4String particleEnergyDistribution = simNE213PrimaryGeneratorAction::Instance()- 
>GetEnergyDistribution(); 
G4bool calc = simNE213SteppingAction::Instance()->GetCalcStepping(); 
G4bool spectrum = simNE213SteppingAction::Instance()->GetSpectrumStepping(); 
 
// Printing sequence (not written here) 
 
// Spectrum Edition 
char filename[256]; 
FILE *oFile = 0; 
if (particleEnergyDistribution == "AmBe") 
{ sprintf(filename,"Output-%s-AmBe.txt",particleName.data()); } 
else if (particleEnergyDistribution == "PuC") 
{ sprintf(filename,"Output-%s-PuC.txt",particleName.data()); } 
else if (particleEnergyDistribution == "Cf252") 
{ sprintf(filename,"Output-%s-Cf252.txt",particleName.data()); } 
else if (particleEnergyDistribution == "CALIBAN") 
{ sprintf(filename,"Output-%s-CALIBAN.txt",particleName.data()); } 
else 
{ sprintf(filename,"Output-%s-%fMeV.txt",particleName.data(),particleEnergy); } 
oFile = fopen(filename,"w"); 
if (oFile) { 
lightDistribution->Normalise(); 
lightDistribution->Dump(oFile); 
fflush(oFile); 
} 
else { 
G4cout<< "\n-------Light Distribution----------\n"<< G4endl; 
lightDistribution->Normalise(); 
lightDistribution->Dump(); 
G4cout<< "\n------------------------\n"<< G4endl; 
} 
delete lightDistribution; 

} 

 

simNE213RunAction.hh 

#ifndef simNE213RunAction_h 
#define simNE213RunAction_h 1 
#include "G4UserRunAction.hh" 
#include "globals.hh" 
#include "grid.hh" 
class simNE213RunMessenger; 
/// Run action class 
/// 
/// In EndOfRunAction(), it calculates the dose in the selected volume 
/// from the energy deposit accumulated via stepping and event actions. 
/// The computed dose is then printed on the screen. 
class simNE213RunAction : public G4UserRunAction 
{ 

public: 
simNE213RunAction(); 
virtual ~simNE213RunAction(); 
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virtual void BeginOfRunAction(const G4Run*); 
virtual void EndOfRunAction(const G4Run*); 
void SetMinLightGrid(G4double); 
void SetMaxLightGrid(G4double); 
void SetChannelNbLightGrid(G4int); 

protected:  
Grid1D *lightDistribution; 

private: 
simNE213RunMessenger* runMessenger; 
G4double minLightGrid; 
G4double maxLightGrid; 
G4int channelNbLightGrid; 
void SetDefaultLightGrid(); 

}; 

#endif 
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Annexe B :  Using the UMG package 

Three different algorithms are included in the UMG package: MAXED, GRAVEL and IQU. 

As this latter was not used during the internship, it is not mentioned here. 

B.1 Control file 

Although MAXED and GRAVEL are based on different approaches, the way to use them is 

almost identical. It start in both cases with a control file, of which an example for MAXED is 

shown in figure B.2. 

 

Fig. B.2: Example of a MAXED control file 

Table B.1 describes the aim of each line. 

Line Purpose 

1 File containing the spectrum to be unfolded (same folder as the control file) 

2 Link to the file containing the light responses 

3 Name of output file 

4 Link to the file containing the default spectrum (often a flat spectrum) 

5 Energy interval of the spectrum to be unfolded 

6 Energy interval of light responses 

7 ² factor 

8 Maximum number of iteration for MAXED 

Maximum iteration number and iteration number per step for GRAVEL 

9 Choice of the unfolded spectrum structure (energy bin and type of spectrum) 

10 Use of a scale factor (yes or no) 

11 Use of a MAXED/GRAVEL scale factor (yes or no, only if “1” in line 10) 

Table B.1: Functions of each line of the control file 

B.2 Light response file 

This file is the key file for unfolding: it carries the largest quantity of information, i.e. the 

detector’s responses at defined energies. It is the basis for the calculation of unfolded spectra.  
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It is generally a rather big file (easily thousands of lines) and it requires a long calculation 

time to build. In the simulation of the BC501A with GEANT4, three different response files were 

made: 

 ne_G4-1.rsp, which contains all the responses from 0.25 MeV to 17.0 MeV with a step of 

0.25 MeV 

 ne_G4-2.rsp, which contains all the responses from 0.125 MeV to 17.0 MeV with a step of 

0.125 MeV. 

 ne_G4-3.rsp, which is an evolution of ne-G4-2.rsp with more responses between [1.75 

MeV ; 2025 MeV] and [4.75 MeV ; 5.25 MeV]:  steps of 0.05 MeV instead of 0.125 MeV 

The second file will be almost always utilised as it is more precise than the first one, except 

for the monoenergetic neutrons of 2.04 and 5.0 MeV, for which the third file was designed. 

Figure B.3 shows the difference between the utilisation of ne_G4-1.rsp and ne_G4-2.rsp (see 

figure 5.3). 

 

Fig. B.3: Example of an unfolding with the response file ne_G4-1.rsp 

The structure of the response file is shown on figure B.4. 
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Fig. B.4: Beginning of a response file (*.rsp)  

The first line indicates the width of each channel in MeV. It is the only general line (i.e. the 

only one which applies to the entire file). The second line indicates: 

 Incoming particle kinetic energy in MeV. 

 Number of channels of the following response. 

 Lower energy of the first channel. 

 Higher energy of the last channel. 

The following lines are composed of the value of each channel. This cycle is repeated till the 

end. For instance, the file ne_G4-2.rsp contains 136 responses, each one on 500 channels. 

The construction of this response file is the result of a subtle equilibrium. One needs many 

answers to allow a fine energy resolution, the resolution within each response must be fine as well, 

and the precision of every channel of every response must be enough for the intended purpose. As it 

based on Monte-Carlo simulation, this means a lot of batches and therefore a potentially very 

important calculation time. 

In this case, the resolution of the responses was chosen first: from 0 MeVee to 12.5 MeVee 

with 500 channels, and the precision was judged enough with a number of 50 million primary 

neutrons, which represents approximately 8 hours of calculation on a single central processing unit. 

As a little more than ten days could be used for this calculation, with four centrl processing units, 

this lead to 125 responses. So it was chosen to have 0.125 MeV between two answers, which is to 

say 136 responses between 0.125 and 17.0 MeV. 

The third file was constructed after the unfolding of responses from monoenergetic neutrons 

of 2.04 MeV and 5.0 MeV. The standard deviations for these energies are equal to 21 keV and 50 

keV, which is small compared to the 125 keV gap between two responses. So this gap was reduced 

to 50 keV around 2 and 5 MeV. 

B.3 File containing the spectrum to be unfolded 

The file containing the response obtained with CALIBAN is shown on figure B.5.  
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Fig. B.5: Beginning of the file containing the response to unfold (*.phs) 

The structure of the responses to be unfolded can be of high importance. Initially, every 

response had a different structure according to the energy distribution of the incoming neutrons. For 

14.8 MeV neutrons, the response was calculated on 500 channels between 0 and 12.5 MeVee, for 

2.04 MeV-neutrons, it was on 200 channels between 0 and 1 MeVee, etc. However, it was not 

without problems during the unfolding with the UMG algorithms (there were mathematical errors). 

Two different approaches were used to overcome this difficulty: 

 First, the width of each channel was changed to 25 keV (same as the response file). 

 Then, responses were calculated again with GEANT4 with 500 channels between 0 

and 12.5 MeVee. 

The latest approach was the most efficient in this case, though it has some exceptions. It is 

however surprising to notice that the unfolding can be successful with a width of 25 keV and not 

with 10 keV, while the response was the same, and this problem occurred only for responses 

calculated by GEANT4, not for experimental responses. In this case, the responses had more 

channels than the response file, which might be an explanation, as it was not the case for the 

calculated responses. 

B.4 χ² factor 

This is an important parameter for the unfolding process. It determines the degree of 

freedom given by the algorithms to the solution spectrum. A large χ² implies a higher convergence 

probability, but the solution is less constrained and may be different from the one expected. A small 

χ² reduces the convergence probability, but should improve the result. 

Yet, in both cases, the convergence is mathematical, not physical. By putting a too strong 

constraint on the unfolding algorithm, one can obtain a spectrum further from physical reality than 

it would be with a slightly larger χ². This happened with the unfolding of responses obtained on the 

Californium source and CALIBAN. Figure B.5 shows the result of the unfolded CALIBAN 

response with a smaller χ² than in figure 5.17. 
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Fig. B.6: Example of an unfolding with higher constraint  

B.5 MAXED/GRAVEL complementarity 

Generally, GRAVEL is more effective than MAXED to unfold responses properly starting 

with a flat spectrum (i.e. without any information). But it is not compulsory to start with a flat 

spectrum: one may for instance start with a calculated spectrum. As GRAVEL is an iterative 

algorithm, it is not relevant to give it a former response to calculate a new one. It becomes relevant 

with MAXED, as it is based on a different and non-iterative approach. In several cases, the 

spectrum calculated by GRAVEL was given to MAXED as a default spectrum in order to obtain a 

better unfolding with the second algorithm.  
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