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Abstract

Optimization and design of a detection system based
on transmission tomography with fast neutrons

Tom Bjelkenstedt

This thesis is part of a project focused 
on investigating the possibility of 
measuring void distributions using 
transmission tomography with fast 
neutrons. The measurements are planned 
to be conducted at thermal hydraulic 
test loops. The project, called STUNT, 
is carried out at Uppsala University at 
the division for applied nuclear 
physics.
  
The purpose of this work was to design 
and optimize a detection system for the 
detection of fast neutrons in the above 
mentioned environment. For this purpose, 
detector elements consisting of the 
plastic scintillator material EJ208 was 
modeled using the particle transport 
code MCNPX. 
Both plate shaped elements and fibers of 
different dimensions where tested for 
performance.

Through a comparison utilizing several 
figures of merit and MATLAB, the plate 
shape was selected with an element width 
of 2.6 mm. During the optimization 
process a possible detector design with 
73 detector plates was chosen. At an 
energy threshold of 11 MeV the following 
design parameters were found; a 
detection efficiency of 3.0 %, a signal 
to background ratio of 15, a total 
measurement time of 3600 s and a pixel 
resolution of 1.4 mm. 

A point spread function was produced and
two projection tests where conducted 
using a water filled steel cylinder as 
object.
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Sammanfattning 
I kärnkraftssammanhang är det av stor vikt att med god noggrannhet kunna bestämma fördelningen 

av ånga respektive vatten i det två-fas flöde som omger bränslestavarna i reaktorhärden. Detta då 

vatten kyler bränslet mycket effektivare än ånga.  Om inte bränslet kyls tillräckligt kan den kapsling 

som innesluter detsamma deformeras eller spricka/gå sönder samtidigt som bränslet i sig kan skadas. 

Vattnet, främst väteatomerna, fungerar också som moderator och bromsar neutronerna som frigörs 

vid fission. Detta är viktigt då sannolikheten för fission är som störst för termiska neutroner, vilka har 

en kinetisk energi motsvarande energin hos atomer i dessas omdelbara närhet. Flytande vatten har 

en högre densitet av väte atomer än ånga. 

I dagsläget finns inget lämpligt sätt att kontinuerligt mäta kvoten mellan volymandel ånga och 

volymandel vatten, den så kallade voiden, i flödet runt bränslestavarna i reaktorn. Mätningar av void 

och fördelningar av denna genomförs på termohydrauliska testloopar. Vid dessa kan ett 

reaktormässigt tvåfasflöde simuleras och vid t.ex. FRIGG, Westing House Electrics egen 

testanläggning, utförs redan flertalet reaktorrelevanta tester med ett elektriskt uppvärmt 

bränsleknippe av keramikst material.  

Ett alternativ som just nu undersöks är utnyttjandet av transmissionstomografi med snabba 

neutroner. När neutroner kolliderar med en vätekärna/proton kan i princip hela neutronens 

rörelseenergi överföras till protonen eftersom de två partiklarna har ungefär samma massa, 

alternativt skickas neutronen iväg i en ny riktning med reducerad rörelseenergi.  Detta kan utnyttjas 

för mätningar av voidens fördelning, då områden med högre koncentration av väte, där vattnet är i 

huvudsak flytande form, kan skiljas från de områden med mycket ånga genom att neutroner sprids i 

olika hög utsträckning. 

För att kunna detektera en neutron, som tagit sig igenom ett objekt, kan man utnyttja protoners och 

neutroners massförhållande genom att försöka få dessa att kollidera med protoner/vätekärnor i ett 

material rikt på väte. För detta ändamål är kolväteföreningar lämpliga. Plaster, som till stor del består 

av kolväten, kan formas godtyckligt och är väldigt intressanta ur detektionssynpunkt. I dessa 

sammanhang är det speciella plaster så kallade scintillatorer vilka innehåller vissa tillsatser som 

används. I ett scintillerande material omvandlas rörelseenergin hos protoner till ljus genom atomers 

excitation/de-excitation. Fotonerna kan sedan omsättas på olika sätt för signalutläsning. En vanlig 

metod är anvädningen av ett PMT-rör1 i vilket den fotoelektriska effekten utnyttjas för frigörelse av 

elektroner, vilka ger en mätbar elektrisk signal. 

Genom att placera en uppsättning av scintillator plattor/fiber i en bågform vid ett objekt med en 

neutronkälla på motsatt sida kan de neutroner som passerar genom detta upptäckas. Signalens 

styrka varierar med materialsammansättningen genom olika siktlinjer genom objektet. Ett stort antal 

unika siktlinjer genomlyses genom att detektor och neutronkälla roteras i små steg runt objektet.  

Resultaten från de olika siktlinjerna kan sedan bearbetas genom datoralgoritmer och en 

sammanvägd bild av objektets inre struktur utrönas genom en så kallad tomografisk rekonstruktion. 

Transmissionstomografi syftar således till att för olika siktlinjer mäta intensiteten av den signal som 

                                                           
1
 PMT = photo multiplier tube 



 
 

tar sig igenom ett objekt för att en bild av objektets inre struktur ska kunna återskapas med hjälp av 

matematiska samband. 

Detta examensarbete har syftat till att bestämma en optimal dimension på plattor alternativt fiber av 

scintillerande plast, vilka ska ingå i ett detektionssystem för snabba neutroner. För att utvärdera hur 

en platta eller fiber av scintillerande plast (se sektion 1.4 för mer information) presterar har flera 

viktiga faktorer undersökts. De primära faktorerna är signal till bakgrundsförhållande och intrinsisk 

detektionseffektivitet. Med intrinsisk detektionseffektivitet menas kvoten mellan antalet 

signalneutroner som ger upphov till energideposition i ett detektor element och antalet neutroner 

som infaller mot elementet.  

Utöver dessa faktorer undersöktes även resultaten genom införande av energitrösklar. Med dessa 

menas att bara energidepositioner över en viss energi används som underlag vid rekonstruktionen av 

objektets inre struktur. För att urskilja den optimala dimensionen och energitröskel infördes också 

den tid som krävs för att genomföra mätningarna samt pixelstorleken i den producerade 

projektionen som ytterligare optimeringsparametrar.  

Signalen utgjordes av neutroner med rörelseenergin 14.1 MeV. Bakgrunden modellerades enligt en 

rektangulär fördelning med energier mellan 0-14.1 MeV och 0-10 MeV för neutroner respektive 

gamma/fotoner.  

För att utvärdera hur prestandan beror av platt-tjocklek/fiber-diameter byggdes en modell 

inkluderande ett detektor element, neutronkälla och bakgrundskällor upp och en rad simuleringar 

genomfördes med hjälp av partikeltransportkoden MCNPX. Energidepositionen orsakad av signal -

och bakgrundsneutroner respektive gamma i detektorelementen har undersökts. Detta då 

energidepositionen är direkt proportionell mot intensiteten/signalstyrkan. Bredden på plattorna 

respektive diametern på fibrerna varierades i en rad simuleringar.  Dels utfördes signalkörningar med 

14.1 MeV neutroner och dels bakgrundskörningar med gamma och neutroner. Informationen 

behandlades i datorprogrammet MATLAB för utvärdering och bestämmning av lämplig elementtyp 

och dimension.  

Slutligen valdes det plattformade elementet och den optimala bredden på detta fanns vara 2.6 mm.  

I samband med optimeringen valdes också en detektorkonfiguration ut med 73 plattor placerade i en 

halvmåne. Detektormatrisens bredd sattes till 48 cm.  Avstånden till ett potentiellt objekt och källa 

sattes till 77 respektive 97,5 cm.  Valet av platta och dimension resulterade ,med en energitröskel vid 

11 MeV, i följande prestanda: 

 Detektionseffektivitet:   3.0 % 

 Signal till bakgrunds förhållande:  15 

 Total mättid :  3600 s 

 Upplösning (pixel  storlek): 1.4 mm  

En modell med alla element byggdes även upp i MCNPX och flera tester utfördes på konfigurationen. 

Detektorns känslighet för crosstalk2 undersöktes genom att mellersta elementet bestrålades  med 

signal neutroner. Energidepositionen i detta element jämfördes med depositionen i grannplattorna 

för att kontroll av hur stor del av signalen som fortplantar sig mellan elementen. Den relativa 

                                                           
2
 Crosstalk = ett mått på spridning av neutroner/signal mellan detektorelement 



 
 

spridningen beskrivs av en så kallad point spread function, PSF. Ett projektionstest genomfördes med 

ett objekt bestående av en metallcylinder fylld med vatten.  

Ett projektionstest utfördes även med väggar bestående av 80 cm tjock betong på plats. Detta för att 

i grova drag undersöka hur mycket inflytande en laborationsmiljö kan ha i fråga om bakgrund skapad 

av neutroner som studsat tillbaka mot detektorn.  

Simuleringarna med enskild platta/fiber visade att gammabakgrunden inte är av stor vikt vid 

energitrösklar över några MeV. Neutroner medför stora bidrag till den totala bakgrunden genom hela 

energispektrat, vilket tyder på att en relativt hög energitröskel är att föredra. Fiberformade 

detektorelement visade ingen klar fördel jämt emot de plattformade, för de dimensioner som krävs 

för att uppnå de krav som stälts med avseende på godhetstalen. Point Spread-funktionen visade på 

liten spridning av både neutroner och elektroner mellan plattorna (3.7 % mellan mitten –och första 

grannplatta för neutroner, utan energitröskel). Den point spread-funktion som framtagits kan bidra i 

den process som genomförs för att karaktärisera och kompensera för bakgrunden vid framtida 

experiment.  

  



 
 

Executive Summary 
The main purpose of this project was to optimize a detection system based on transmission 

tomography, using fast neutrons as probe, and in the process find an optimal dimension for a plate 

alternatively a fiber formed detector plate, consisting of EJ208 plastic scintillator material. A set of 

dimensions with widths/diameters ranging between 0.25 and 5 mm were tested. The tests were 

performed through simulations in MCNPX and subsequent calculations in MATLAB. Each dimension 

was subjected to three separate simulations where the plate/fiber was subjected to:  Signal neutrons 

of energy 14 MeV, background with neutrons of energy 0-14 MeV and gamma photons in the energy 

interval 0-10 MeV.   

The results were compared using several performance parameters including signal to background 

ratio, intrinsic detection efficiency and total measurement duration. The plate form with a width of 

2.6 mm, in a detector configuration with 73 plates, was found to be the most suiting design. The 

following performance parameters were found, when applying an energy threshold of 11 MeV: 

 Intrinsic detection efficiency:   3.0 % 

 S/B, signal to background ratio:  15 

 Total measurement time :  3600 s 

 Pixel resolution: 1.4 mm  

The detector design was modelled and tested on a water filled cylinder. Two projections were 

simulated, one with a cone beam of neutrons focused on the object and one with a 4pi source 

including concrete walls. A point spread function was also produced. The projections suggest that 

most background is caused by scattering interactions in the object. Some spread is present between 

the plates, 3.7 % to closest neighbor. The point spread function may be useful in producing a cleaner 

projection as the relative spread of signal intensity can be withdrawn from the total values.  The 

neutrons contribute to the overall background over the entire spectrum while the gamma poses little 

concern at energies over a couple of MeV. A high energy threshold is preferable. 
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1 Introduction 
The purpose of this thesis was to optimize a detection system based on transmission tomography 

with fast neutrons. The focus was placed on the array of detector elements, consisting of the plastic 

scintillator material EJ208, being the core of the detection system. The response to signal neutrons 

and background was investigated, for a single plate –and fiber shaped element, through simulations 

using the particle transport code MCNPX. The simulations where repeated for a set of different plate 

and fiber dimensions respectively. An array with a set of optimal elements, regarding both shape and 

dimension, was modeled and tested for performance.   

The report begins with a background chapter dealing with the origin of the need for accurate 

measurements of void distributions, how the real life experiments are conducted and information on 

the proposed method of measurement, including transmission tomography, scintillation and the 

detection system in focus.  

Following the background chapter is a theory section, describing the physical relationships behind 

the detection of fast neutrons using plastic scintillators.  

The continuation of the report was divided into three parts; the single plate and fiber investigation, 

the selection of the optimal detector design and the tests with the chosen design. All parts have their 

own method and results sections. 

The report ends with the conclusions of the simulations and a discussion and outlook.  

 

1.1 The two-phase flow in Light Water Reactors 
In light water reactors (LWR) a flow of water and steam is heated by fission reactions in uranium. The 

water begins to boil as the flow passes the reactor core and a steam / water mixture is formed. In a 

nuclear reactor core the fuel is a mixture of mostly uranium-238 and a few percent of uranium-235, 

contained in small pellets stacked in fuel rods. These rods are configured in groups known as fuel rod 

assemblies. Each rod has a housing which partly consists of zirconium. A small gap is left between the 

pellets and the casing to leave space for fission gases produced during operation. The fuel rods need 

to be fully surrounded by the liquid water flow to be cooled effectively. Liquid water conducts heat 

very well. In addition, neutrons are slowed down by collisions with primarily hydrogen nuclei in the 

water. The slowing down or moderation of neutrons is essential due to the fact that the probability 

for fission in uranium-235 is the highest for thermal neutrons, i.e. with kinetic energy corresponding 

to the enthalpy at coolant water temperature. 

If the heat flux is too high, yielding a high steam production rate, some parts of the rods loses contact 

with the liquid water. Since steam does not conduct heat as effectively as water, the temperature in 

the fuel can rise quickly and then fall again, yielding expansions and contractions causing damage to 

the fuel. The pellets can deform and damage the casing. It is therefore very important to be aware of 

the volume ratio between water and steam, and how the steam is distributed in the core. The 

volume proportion of steam in the flow is usually called void and the void distribution is one of the 

main concerns in regard to fuel integrity. 
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1.2 Two-phase test loops 
To conduct measurements and experiments regarding the void distribution on actual reactor cores is 

not an option, mainly due to factors like safety, practical inconveniences and economy. Instead 

thermal hydraulic test loops have been built in order to simulate a water/steam flow.  Below is a 

schematic over the BWR (Boiling Water Reactor) thermal hydraulic test loop, FRIGG, operated by 

Westinghouse Electric in Västerås, Sweden, see Figure 1 [1]. This test facility has been providing the 

opportunity to simulate and evaluate critical heat flux, pressure drops, hydraulic stability and void in 

both static and transient measurements since the 1960’s. Some data include a operating effect of 15 

MW, a working pressure of 10 MPa and mass flow of 25 kg/s. The specification for FRIGG enables 

testing of a full fuel bundle. 

 

Figure 1 - Two phase test loop, FRIGG, schematic showing a main circulation loop with fuel assembly, steam-water 
separator (steam drum), condenser and cooling circuit. 

The flow is electrically heated through artificial “fuel rods”.  The section where the testing is 

conducted consists of a pressure vessel, a Zircaloy flow channel and a fuel rod bundle, at sub level or 

a full assembly, modeled after the Swedish SVEA fuel design. The local power distribution in the 

bundle can be modified by altering the number of fuel rods connected to one thyristor (solid-

state semiconductor device) or rectifier unit, as well as the voltage applied across each unit [1]. 

 

1.3 Transmission tomography 
Transmission tomography is the use of penetrating radiation from an external source for the 

investigation of the inner structures of different objects. As the radiation flux encounters obstacles, 

such as electrons or atomic nucleuses, different interactions take place altering the intensity of the 

flux.  

The varying material composition, at different cross sections through an object, results in higher or 

lower permeability, yielding contrast.  Commonly, a portion of the radiation/particles are absorbed in 

the object of interest, like x-rays in bone structures due to the high calcium content.  The probability 

for photoelectric absorption increases with rising atomic numbers. The resulting flux at the opposite 

side to the location of the source can be studied using various detector types.  The varying signal 

strength, measured at different lines of sight through the object, presents the possibility to portray 

http://en.wikipedia.org/wiki/Solid_state_(electronics)
http://en.wikipedia.org/wiki/Solid_state_(electronics)
http://en.wikipedia.org/wiki/Semiconductor_device
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areas of high and low absorption in the object. A complete image of the objects inner structure can 

be identified after some calculations in which the data for the lines of sight are combined, usually 

with the aid of computer algorithms, see Figure 2 [2]. 

 

Figure 2 - Transmission tomography with penetrating radiation at different lines of sight through an object, with the 
signal source at the bottom left corner and the detector in a half moon configuration to the right [3]. 

As computer technology advanced, the tomography technique has evolved. By scanning at different 

planes or cross sections at uniform angular intervals around an object, followed by the use of 

transformational algorithms,  a three dimensional structure can be reconstructed and shown on the 

computer screen.  In medicine, transmission tomography is widely used through the so called CT-

scan or computerized tomography. 

Traditionally the probes used for transmission tomography were electromagnetic radiation, such as 

x-rays and gamma. However, for tomography of an object containing light elements surrounded by a 

structure of heavy elements, such as the two-phase test loops, another approach is preferable.   

Because of the small cross sections for neutrons in the structure metals, fast neutron transmission 

tomography (NTT) becomes very appealing for void distribution evaluations of the two-phase flows 

[4].   

The intensity of the flux reaching the detector is measured in each line of sight for the 

reconstruction.  The intensity is given by Beer’s law, see Equation 1: 

      
 ∫ ( ̅)    

Equation 1- Beer’s law on flux intensity [5] 

Where:   

                              ,                              , 

                                 and  ̅                  

A further complication is that a time averaged intensity is measured. This can introduce a dynamic 

bias error in the determination of µ that needs to be corrected for as discussed in the article: 

Correction for dynamic bias error in transmission measurements of void fraction [6]. 

Regarding the transmission tomography in this work, neutrons were chosen as the probe. This has 

previously successfully been tested, but with a more limited instrumental setup [7]. With the use of 
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fast neutrons, portable neutron generators provide 2.5 or 14.1 MeV depending on the neutron 

generating reaction type, clear differences in signal intensity can be observed between areas of high 

and low water content, providing contrast between the metal piping and the two-phase water flow 

in a test loop. This is mostly due to the fact that the main interaction between fast neutrons and light 

molecules is elastic scattering (See the theory section 2.1 regarding neutron cross sections and 

interactions with other particles). The neutrons interacting with atoms in the object are deflected, 

meaning that they do not reach the detector [5].  In addition the uncharged neutron has good 

permeability in most materials and is not affected by electromagnetic forces. This means that the 

part of the flux not affected by collisions in the object of interest passes straight through it, reaching 

the detector. Overall, this makes fast neutrons very interesting for tomographic measurements in 

order to determine void distributions at thermal hydraulic test loops, where many other radiation 

probes are more effectively hindered by the structure materials such as the pressure vessel and the 

fuel rods.  
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1.4 Scintillation 
To detect neutrons and measure the intensity of the neutron flux can be tricky as they are uncharged 

and do not react to electrical fields or other charged particles other than trough collision or 

absorption reactions, see Theory section 2.1. For this purpose, many methods have been 

investigated [8].  

One approach to this dilemma is the use of a material that converts the radiation from the neutral 

particles, neutrons, to a charged energy carrier, for example by elastic scattering.  Hydrogen rich 

materials are commonly used. Hydrogen mainly consists of single protons that roughly possess the 

same mass as a neutron, which is favorable in the context of transferring kinetic energy. 

A material, plastic in this thesis, which emits light following excitation / de-excitation of the inherent 

atoms, is called a scintillator. The plastic is used for the suspension of scintillating substances, called 

flours, which emits light when the inherent atoms de-excites.  The detector plastics can be molded 

into for example thin cuboids or cylinders / fibers, but other forms are also used. Plastics are rich in 

hydrogen and incoming neutrons have a high probability of colliding with the protons/hydrogen 

nuclei. A neutron has approximately the same mass as a proton and an elastic collision between 

these two particles can result in total loss of kinetic energy for the neutron.  

The resulting recoil protons, being charged particles, continuously lose energy along their path in 

interactions with electrons and other atomic nuclei. As the protons decelerate through the material, 

molecules surrounding the protons travelling path are excited. When these molecules de-excites the 

excess energy is released as light/photons at different wavelengths, through a phenomenon called 

fluorescence.  A photo detector in conjunction with an electrical current generating system is used 

for generation of an output signal. This can be achieved with the aid of light sensors, photo diodes or 

photomultiplier tubes. 

In the type of detector setup of focus in this thesis the photons are absorbed and electrons are 

ejected, through the photoelectric effect, at the photocathode of a photomultiplier tube (PMT). In 

the PMT, the ejected electrons are then accelerated through a series of dynodes (each with higher 

electric potential than the previous) between the photocathode, at the beginning of the tube, and an 

anode at the end of the PMT, to amplify the signal.  The PMT is described in more detail in Appendix 

II. 

Some of the most important characteristics of a good scintillator material include: High conversion 

factor/light yield, linear conversion, so that the light yield is proportional to the energy deposited, 

and short decay time of induced luminescence. 

1.4.1 Organic scintillators 

A typical organic scintillator material consists of a solvent (liquid) or base monomers (plastic) mixed 

with a few percent of a fluorescent substance.  Commonly aromatic monomers are utilized in plastic 

scintillators. The material can be organic liquids or crystals and plastics.   

Plastic scintillators are made up of a solid polymer matrix of bases such as polystyrene or polyvinyl 

toluene. Fluorescent emitter called a fluor is suspended in the matrix. Widely used fluors include 

polyphenyl hydrocarbons, oxazole and oxazole aryls [9].  Advantages of plastic scintillators include 
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high light output, quick signal response with small decay times and the ability to shape the material 

according to specific needs [10]. This is the scintillator type used in this work. 

 

1.4.2 Scintillator response 

The scintillators response along with the fluorescent light yield varies with particle type and their 

kinetic energies. For electrons with kinetic energy above over 125 keV the light yield is directly 

proportional to the energy loss. This is why the unit      , MeV electron equivalent, is used to 

compare the response of the detector to different particles.  

The response of a scintillator can be described using the connection between the fluorescent energy 

emitted per unit path length (     ) and the specific energy loss for the charged particle (     ), 

see Equation 2 below.  

  

  
   

  

  
    

Equation 2 – Scintillator response          

                             

The fraction of the energy loss through interactions not involving excitation of molecules, for a 

particle traveling in a material, is greater for larger/heavier particles.  For example a particle of great 

mass has a much higher probability to collide with other particles or molecules.  The effect of the 

particle interactions involving undesired energy loss absent excitation is called quenching.    
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1.5 The detection system in focus 
This thesis focuses on the detection of neutrons through the use of the solid scintillator material 

EJ208 (see Appendix I for material information), a polyvinyl toluene monomer based plastic. The 

scintillator plastic elements considered are shaped as plates or cylindrical fibers.  

 

Figure 3 - Scintillator plastics of different shapes [11] 

 The detection principles are described by the following interaction chain: 

1. Elastic scattering between neutrons and protons in the scintillator plastic 

2. Deceleration of the protons in scintillator  

3. Excitation and de-excitation of molecules yielding light emission 

4. Photo electric absorption at the photocathode of the PMT 

5. Amplification of current (electron multiplication and acceleration) through the PMT dynode chain 

6. Signal readout 

1.5.1 Conceptual overview 

The neutron source and the detector setup are mobile units which can be moved around the object 

for measurements in different lines of sight.  The object of main interest is a two-phase water flow 

contained in some kind of metal pressure vessel.  

The detector system consists of the different detector plates or fibers each connected to individual 

light guides and photo multiplier tubes, see Figure 6. Each unit is connected to an electrical circuit for 

digitalization of the signal and discrimination of noise and background.  

The fibers can be stacked in bundles while the plates are generally separated and placed in a half - 

moon configuration, with the thin side directed towards a potential object, as can be seen in Figure 

6.  This orientation results in a long traveling path in the scintillator element, for the incoming signal 

neutrons. The background radiation, mainly scattered neutron flux and gamma, have high probability 

to enter the plates from the sides, yielding a shorter traveling path through the element.   

The detector plates/fiber are placed in a box shielding them from unwanted light and to some degree 

other background. To enable multiple measurements, the neutron source (generator) and detector 

setup is meant to be mobile and motorized, for controlled rotation around the object.   
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Figure 4 - Detector concept with scintillator fiber (top) and plates connected to light guides and photomultiplier tubes 
(PMT) 

In the detection system setup modelled in this thesis, the photo multiplier tubes and other detector 

details are omitted due to the limited scope and the timeframe at hand. Below, in Figure 5 is a 

demonstration of the setup used for performance testing with the MCNPX particle transport code, 

described appendix VI. More details about the geometry in Figure 6 can be found in section 5.1.1. 

 

                                                                                                                        

 

Figure 5 - The detector design modelled in MCNPX, with a 14 MeV neutron source, water filled steel cylinder and the 
detector element arrangement including light guides.  

 

 

Light guide 

PMT 

Scintillator plate  

DT-Source 

Object 

Detector plates and lightguides  
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1.6 Aim of this thesis 
This thesis aims to design a detection system concerning transmission tomography with fast 

neutrons.  This system is a further development of the FANTOM tomography setup [3], [12]. The 

transport code MCNPX, Monte Carlo Neutral Particle, is used to build a model of a detector element. 

A simulated flow or flux of neutrons including background radiation is sent through the scintillator 

plates and / or fibers.  By varying the plates/fiber dimensions and evaluating the results in respect to 

certain performance parameters, the optimum geometry is to be determined.  The detector's 

sensitivity to background radiation and signal is to be analyzed. Therefore, part of the task is also to 

determine appropriate cut-off energy or a threshold that must be energetically exceeded to be 

registered in the measurement. A simple detector setup is modelled including an arrangement of the 

chosen detector element type with the optimal dimension  

The different element variants and the selected detector design is to be tested with a neutron source 

based on the fusion reaction between deuterium and tritium; producing signal neutrons with the 

kinetic energy close to 14 MeV, see Appendix III. The radiographic response of the detector is 

analyzed, with a simple object consisting of a water filled steel cylinder, placed between the source 

and the detector element arrangement. A Point Spread Function, PSF, will also be determined.    

This work is part of the STUNT project which aims at evaluating the ability of a NTT setup to 

determine void distributions in thermo hydraulic test loops.  
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2 Theory 
This section focuses on the mechanisms behind how neutrons interact when passing through matter. 

The many possible events are mentioned, but the focus is placed on the interactions that are of 

importance dealing with fast neutrons and the material of interest in this thesis. The main 

gamma/photon induced interactions are also mentioned.     

2.1 Neutron interactions 
The neutron interactions with matter are based on the fact that the neutron is an uncharged particle, 

meaning that it does not interact with other particles through electromagnetic forces. Instead the 

neutron has to interact directly with the nucleus of an atom.   

The neutrons can interact with the atom nucleuses in many different ways, as shown in Figure 6: 

 

Figure 6 - Different neutron interactions [13] 

 Elastic scattering (   ) 

 Inelastic scattering (    ) 

 Radiative capture (   ) 

 Proton emission (   )  

 Alpha particle emission (   ) 

 Fission (n, f)  

 

Neutrons behave differently depending on their kinetic energy or velocity. The neutrons that have a 

kinetic energy > 0.5 MeV are considered fast [13].  The main interactions between neutrons and 

other particles are normally the two scattering types, unless the neutrons are of very low energy for 

example thermal neutrons (E=0.0253 eV, at standard temperature and pressure).  

The probability for the different types of reactions is usually presented as cross sections in the unit 

barn, where 1 barn is          .  

The two main groups of reactions are scattering and absorption. For the atoms in the plastic, carbon 

and hydrogen, the probability for absorption,   , is practically zero at neutron energies above 1 MeV, 

see table 1 below.   
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Table 1 - Table of microscopic cross sections for thermal neutrons (0.0253 eV at room temperature) vs. neutrons of 
energy 1 MeV, for the most common carbon and hydrogen isotopes [13] 

Isotope                    ,    (b)                             
(b) 

Carbon,   
    , thermal 4.950 0.003 

Hydrogen,   
  , thermal 30.62 0.330 

Carbon,   
    , 1 MeV 2.580 0.000 

Hydrogen,   
  , 1 MeV 4.260 0.000 

 

The scattering cross section =                             

For neutron energies above 1 MeV the absorption cross sections remains small for hydrogen [14].  

This means that scattering is the main interaction between incoming signal neutrons (fast) and atoms 

in the scintillator plastic. If absorption had been more likely, the energy loss of the neutrons would 

be more complicated in its nature and the response of the scintillator more unpredictable.    

The mechanisms behind the different absorption interactions, involving scattered neutrons, is not 

covered here because of the low impact they have dealing with fast neutrons (most of the scattered 

neutrons in the proximity of the detector are still fast) and the detector of focus in this thesis. The 

absorption reactions still have some impact as they contribute to the overall background radiation. 

Heavily moderated low energy neutrons, for which the absorption cross sections are more 

significant, can eventually, give rise to secondary radiation reaching the detector after interactions in 

the surroundings. However the importance of neutron absorption is diminished through the use of 

energy thresholds.  

2.1.1 Elastic scattering 

During elastic scattering the total energy of the target atom/nucleus and the neutron is preserved. 

The energy lost by neutron is transferred to the atom as kinetic energy.  

The average energy loss for a neutron    
   

(    ) 
 

Equation 3 - Average energy loss of a neutron [14] 

 The kinetic energy of a scattered neutron as a function of the scattering angle:  

 (   )     (   )            

Equation 4 – The kinetic energy of scattered neutron 

                                

                                                                                     

 

  

 

 

  

 

Atom 
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If the scattering angle is     , the neutron can lose all its kinetic energy in one collision with a proton 

(hydrogen nucleus).  

             
      

 
       

  

 
    [14] 

2.1.2 Inelastic scattering 

In inelastic scattering a portion of the incoming neutron energy is transferred to the target nucleus 

which is excited. When the atom de-excites secondary radiation is sent out often in the form of 

gamma or x-rays. This interaction results in photons, a scattered neutron and a recoil nucleus [5] . 

This is probably the main source of the gamma background affecting the tomographic 

measurements. Some gamma background also originate from absorption interactions with low 

energy neutrons, although the relatively low frequency of these events and the lower energies 

involved suggests they have little impact on the measurements, as earlier discussed.   

2.1.3 Macroscopic cross sections, mean free path and attenuation 

The microscopic cross sections can be transformed into the respective macroscopic cross sections,   , 

by multiplying them by the corresponding atomic densities of each element of the materials, 

N(
     

   ), see Equation 5 below.  

            
       

      

Equation 5 – Total macroscopic cross section, elements a and b 

The energy deposition and the light intensity in the scintillator reflect the density of the incoming 

neutron flux. The intensity measured in a specific line of sight depends on the total reaction cross 

section for the materials in the object and the distance traveled in it. When measuring the current 

strength of a signal, for example in a specific line of sight through an object, the neutron flux density 

is represented by its intensity. 

The ratio between the current intensity and the initial intensity is called the attenuation.     

The attenuation or relative weakening of the flux in a material is given by: 

 
 

  
    (      )       Intensity at distance  ,     flux intensity before entering the material 

    distance traveled in material,       average total cross section of material.  [5] 

The mean free path or the average distance a particle has to travel through a material, before an 

interaction takes place, is equal to       . This is of great importance when designing a detector 

element. This is because the signal neutrons, being the probe of detection, are likely to travel straight 

through the material, without interacting, if the detector element dimension parallel to the traveling 

path of the incoming particles, i.e. the depth, is too small. The width of the elements is also 

important as neutrons may require several scattering events before the majority of their kinetic 

energy has been deposited. Also the resulting recoil particles, protons in this thesis, may escape the 

element along with a great portion of the initial neutron energy.   
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2.1.4 Absorption 

In the case of absorption the neutron is in some way bound to the nucleus of the target atom and a 

wide range of different reactions can occur, including fission and emission of; charged particles, 

gamma and neutrons. As mentioned earlier in the theory section, the probability for absorption is 

practically nonexistent for fast neutrons, for the material in focus. It is in the low energy spectrum 

that the absorption reactions can have an impact to a certain degree. This is why the moderation of 

neutrons is so crucial in light water reactors, with the highest probability for fission with neutrons of 

energy 0.025 eV.  

 

2.2 Photon/gamma interactions 

2.2.1 Photo electric absorption 

This is the main interaction for photons with low energies or below 0.5 MeV but can occur for photon 

energies up to 1 MeV.  The effect is more frequent in materials with atoms of high atomic number. 

The basic principle is that an incoming photon hits and transfers all its energy to an electron which is 

in turn released from its path around the nucleus. The energy absorbed must be equal to or exceed 

the binding energy of the electron. For heavier atoms with more shells, yielding a greater number of 

energy levels and electrons, the probability for an ejection increases dramatically. The energy of the 

ejected electron is not dependent on the light intensity, but rather on the wavelength of the 

individual photons [5].  

2.2.2 Compton scattering 

Compton scattering is the main photon – electron interaction in the energy interval of about 1-10 

MeV.  This kind of scattering involves an incoming photon hitting an electron, resulting in a recoil 

electron and a photon with reduced energy,    (see Figure 7).  The amount of energy transferred is 

given by: 

         , where    
 

  
(      ) 

    

 

Equation 6 – The energy of a photon after collision with a electron 

E= energy of incoming photon,     energy of photon after the collision,    deflection angle for the 

photon,     electron mass, c= speed of light in vacuum 

A deflection angle of 180  (      ) gives the maximum energy transfer possible, yielding: 

       
   

   
    

 

Equation 7 – The maximum amount of energy transferable between a photon and a electron 
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Figure 7 - Compton scattering event [5] 

2.2.3 Pair production 

This interaction occurs when a photon of high enough energy interacts with a nucleus. The incident 

encompasses the creation of a particle and corresponding antiparticle, normally a positron and an 

electron. For this to be possible the photon has to possess an energy exceeding the double rest mass 

of an electron, being     
           .  The particle pair produced can travel a short distance 

but are usually quickly combined annihilating both particles in conjunction whit the release 2 gamma 

photons.   

           

This effect becomes of importance at energies somewhere around 5 MeV, although Compton 

scattering is still the main component up to 8-10 MeV, see Figure 8 below.  

 

 

Figure 8 – The three main photon related interactions with matter. The curves show where the probabilities for the 
neighboring interactions are equal [15]. 
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2.3 The energy loss of protons/electrons travelling in matter  
As charged particles move through a material they affect other charged particles by the 

electromagnetic field created in their path.  The charged particles inherent in the material are 

subjected to the Coulomb force acting on them when the incoming particle passes them, see 

Equation 8.  The force is repulsive if the charges have equal signs and attractive if the signs are 

opposite. This creates a collection of attracting charge in the wake of the passing particle, which 

causes a stopping net force on the particle.   

The force, F, is: 

   
|    |

       

Equation 8- The electromagnetic force on charged particle 

Where    and      the respective charges of the moving and inherent particle  

   the distance between the particles,     the electric permittivity in vacuum 

The electric field strength,    
| |

                                 

This force can excite atoms by transitioning electrons in an atomic shell to a shell of higher energy. It 

can also dispatch the electron completely, leaving the atom ionized. The freed electron can in turn 

excite or ionize new nearby atoms if the excess/kinetic energy of the electron is high enough [16]. 

When the atoms de-excite, i.e. the ion-electron pair recombines, photons are sent out.  The polyvinyl 

toluene monomer based material, EJ208, used in this thesis has a peak emission probability for light 

of wavelength 435 nm [17].  

When a charged particle interacts in this manner with surrounding material it loses energy. This 

causes the particle to slow down as its kinetic energy is reduced.   

The rate of energy loss by a particle per distance traveled in a material is given by: 

    
  

  
 

        

         , where   [  (
     

 
)    (  

  

  )       ]  [5]  

Equation 9 – Rate of energy loss for a particle traveling through matter 

z= charge of the primary particle, v= velocity of primary particle, e=electronic charge, N = numeric 

atomic density, Z= atomic number of energy absorbing atoms,    = electron rest mass, I= average 

excitation and ionization potential (determined through experiment for each element) 

From this relation comes that a higher particle charge yields a faster energy loss.  The energy loss is 

also inversely proportional to the velocity squared (    ).  The force has more time to act on nearby 

particles, generating a greater impulse, if the moving particle is slower. This means that heavier 

particles are slowed down more effectively than lighter ones, given they possess equal energies.  

Protons therefore have a much shorter stopping distance or range in a given material than electrons, 

see Figure 9.  This is clearly observed in background simulations with gamma radiation compared to 

neutron background. As gamma primarily interacts with electrons, a greater portion of the energy 



16 
 

transferred is kept as kinetic energy by electrons leaving the detector material. Below is a diagram 

showing the range vs. energy for different charged particles in the actual scintillator plastic [5]. 

 

Figure 9 - Range of different charged particles in EJ208 plastic [18] 

 

2.4 Dealing with the background radiation  
A major problem concerning the detection of neutrons in NTT (neutron transmission tomography), is 

that scattered neutrons or gamma radiation, originating from the excitation in the material outside 

the detector, distorts the radiation intensity measurements in the detector region. 

The problem can be handled in different ways. One way is to absorb large portions of the scattered 

neutrons in shielding, using materials that have high absorption cross sections for high energy 

neutrons. However, this is difficult to achieve in practice, since the solutions are often bulky and 

despite their intended purpose still contribute with a large amount of background themselves. 

If instead an energy threshold is introduced, a significant portion of the background problem can be 

eliminated. Registered results below or above certain energy are simply ignored. The discrimination 

must be well balanced to avoid that too much of the signal is neglected. The sensitivity of the 

detector to background also depends on the geometry of the detector plates/fiber.  
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3 Single plate and fiber characterisation 
This section describes the investigation of the scintillator material EJ208. The purpose was to find out 

how it responds when signal neutrons and gamma interacts with the inherent atoms in a scintillator 

element, consisting of either a plate or a fiber.  

 

3.1 Method  
The goal of the first simulations was to investigate how the detector material EJ208 responds to 

signal neutrons of 14.1 MeV and its sensitivity to background radiation. For this purpose the particle 

transport code MCNPX was utilized, see Appendix VI for more information on the code.   

3.1.1 The simulations 

3.1.1.1 Overview 

The purpose of an initial set of simulations was to investigate the plastics detection efficiency of the 

signal neutrons and the sensitivity to background radiation for a range of different dimensions of the 

plate/fiber. The signal neutrons have an energy of 14.1 MeV.   

The background radiation, consisting of both gamma radiation (photons, P) and neutrons (N), was 

defined using broad energy spectrums for the incoming particles/probes.  The distribution for the 

background energies is assumed uniform across the spectrum.  A rectangular distribution of energies 

between 0 and 10 MeV was chosen for the photon/gamma background and a span from 0 to 14.1 

MeV for the neutrons. Wide spans were chosen to include potential “worst case” energies. 

Additionally the potential background should include energies of scattered neutrons which 

theoretically could possess any energy between 0 and 14 MeV.     

The gamma background is mainly in the form of secondary radiation caused by the scattered 

neutrons interacting in the materials surrounding the detector setup. As the resulting photon 

energies resulting from these interactions is unknown and dependent on the setup and surrounding 

environment, a wide span of energies was the only sensible option.  

A more accurate model of the background radiation for this kind of setup would require thorough 

examination in its own right. In addition it might also render the investigation too specific in its 

nature, as the background varies from setup to setup. A case oriented approach is therefore 

abandoned in favor of a broad energy spectrum background model.  

In the following chapters the signal neutrons are defined as the neutrons with energy 14.1 MeV, 

originating from a simulated neutron generator, i.e. the neutrons that has gone straight through the 

potential object and reached the detector.  The main background radiation is the neutrons reaching 

the detector element after they have been scattered in the object, setup equipment or surroundings. 

Also secondary radiation, mainly gamma, is induced by the scattered neutron flux in the nearby 

materials.  

The neutron source is considered isotropic, giving rise to a scattered neutron flux and gamma 

background reaching the detector surface from arbitrary directions.  The neutron/photon energies 

therefore vary greatly.  
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In this report the following one letter abbreviations for particles are used: 

N=neutrons, P=photons (gamma), E=electrons, H=protons  

3.1.1.2 Geometry 

The geometry simulated in MCNPX , found in Appendix IV, contains the following objects: 

 A detector plate or fiber of EJ208 plastic 

 Volume filled with air, containing the source, surrounding the detector element 

 An exclusion zone/graveyard cell outside the setup region, were incoming particles are 

“killed” and no further calculations are performed for that particle history 

The plates were modeled as cuboids with varying widths.  The fibers were portrayed as cylinders. For 

this purpose macro bodies were used as surfaces, see MCNPX manual [19]. To investigate the 

influence on signal and background sensitivity, the width of the detector plate and diameter of the 

scintillator fiber was varied between different MCNPX runs, while the other dimensions were kept 

constant. For each dimension and type, fiber and plate respectively, three MCNPX sources have been 

defined:  

 One for investigation of the sensitivity to 14.1 MeV signal neutrons entering the detector 

along its depth plane/x-axis, see Figure 10. 

 A second source for the neutron background.  

 The last source was made for the gamma background.    

Both background sources where defined so that the generated particles entered the detector 

element at arbitrary locations, direction and energy. 

The plate/fiber dimensions that were kept constant throughout the simulations are: 

 Height(mm) Depth(mm) 

Plate 50 50 
Fiber - 50 
Height = along z-axis and depth = along x-axis, see Figure 10 and Figure 11. 

These dimensions were kept constant due to results from tests and calculations done prior to this 

thesis. In short terms, the kinetic energy of the signal neutrons and the corresponding recoil protons 

ranges in the EJ208 plastic along with the cross sections for elastic scattering, does simply not 

motivate the use of larger elements [20]. 

The following widths for the plates and corresponding diameters for the fibers were used for altering 

the dimension of the respective scintillator elements (mm): 

0.25   0.3   0.35   0.4   0.45   0.5   0.6    0.7   0.8    0.9    1.0    1.1    

1.2   1.3 1.4   1.5    1.75   2.0   2.25   2.5    3 4 5  

 

The setup volume surrounding the scintillator element and the source, consisting of air, was enclosed 

by a macro body in the shape of 4x4x4 m cube. The plate/fiber was defined as one cell contained by 

a corresponding macro body surface.  For the future possibility to add a wall material to the setup a 

second cube with dimension 4.2x4.2x4.2 m was added outside the original one, yielding an extra cell 
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defined between the two cubes. One cell is also defined in the background simulations between the 

background source surface and the plate/fiber.   

This gives a total number of five cells in the background simulations (counting the graveyard cell). 

3.1.1.3 Signal source simulations 

A point source of 14.1 MeV neutrons was modeled for the signal sensitivity investigation. A 

restriction was set for the starting angles, of the particles leaving this point, so that the neutron flux 

can be viewed as a cone beam with its base at the scintillator plate/fiber smaller “front” surface.  The 

source point was placed 97,5 cm from surface, as can be seen in Figure 10. For the base of the cone 

to just touch the edges of the front side of the plate, the angle measured from the x-axis becomes 

roughly 1.43 . For the fiber the angle was reduced 10 times to about 0.143 .  

In MCNPX the two cone sources were defined using the cosines of these angles. The source particle 

starting trajectories where limited between the respective cosine value and the cosine corresponding 

to zero degrees=1.  

3.1.1.4 Background sensitivity simulations 

To simulate a background from all-around, a spherical surface surrounding the detector element was 

chosen as source, see Figure 10 and Figure 11.  To get a maximum number of particles entering the 

plates the radius was set to 3.6 cm, which is just outside the corners of the plates. The particles were 

sampled uniformly in the range       in respect to the inverted normal vectors of the sphere 

surface. Due to the fact that the starting points on the sphere surface and the initial directions of the 

particles are both uniformly distributed, the flux is essentially the same in arbitrary directions 

through the detector geometry. 

 

 

 

 

 

Figure 10 - plate surrounded by the background 
source sphere (from MCNPX visual editor) with 
cone source to the left(the cone source is a 
rough illustration) 

       1.43 / 0.143  
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Figure 11 - Fiber surrounded by the background source sphere (from 
MCNPX visual editor) with cone source to the left (compensation is 
made for the area difference between two cone bases and spheres 
in the evaluation) 

 

In the plate simulations more than a third of the source particles enters the plate at the maximum 

width (5mm), greatly reducing the run times required to get acceptable uncertainty of the results.   

For the fiber the sphere radius was reduced to 2.6 cm. This was done in order to shorten the run 

times.  To compare the fiber results with the ones for the plates, the values can be modified through 

the use of the quota between the area of the spheres (r=3.6 vs. r= 2.6 cm) and the base areas of the 

different cones (r=2.5 cm vs. r= 0.25 cm), explained in chapter 3.5.1.   

3.1.1.5 Limitations 

In this thesis the equivalent light output for the two recoil particles, neutrons and electrons, were 

used to weigh the respective energy depositions made by each particle type in the scintillator 

elements.  This was done in order to compensate for the fact that gamma produce more light per lost 

MeV in the detector element, compared to neutrons. This is explained further in section 3.1.3.  

Here, the simulation of the energy conversion processes in the scintillators ends at the energy 

deposition of the recoil protons. This energy deposition is approximately proportional to the amount 

of photons emitted. To further simulate how the light is produced and used for production of signal 

electrons is a complex task not serving the core purpose of this thesis, which is to optimize the 

detector elements dimensions and the main dimensions of the tomographic setup.  

The collection of light at the photocathode, emission of electrons through the photoelectric effect, 

and further acceleration of these was thus not included in the simulations performed during this 

study.  Energy deposition accounted to elastic scattering between neutrons and carbon nuclei was 

not evaluated. As the carbon nuclei is much heavier than the proton, it receives less energy in the 

scattering process. In addition the carbon atom is less efficient in the conversion of energy into light. 
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3.1.2 Measurement of the energy deposition distribution  

The energy deposition distributions from the 14 MeV neutrons are studied using MCNPX. In this work 

both the anisotropy3 of the (n,p)-cross-section is included as well as proton escape effects.  Proton 

escape refers to when the proton leaves the scintillator before it has deposited all its energy. This is 

discussed in some more detail in Reference [21]. 

In MCNPX different so called tallies are used to define the type of measurement to be conducted and 

the type/form of results one desires.  For the calculations in these simulations an F8 tally of MCNPX 

was utilized in combination with an F6 tally, measuring energy depositions.  

The F8 -tally is a pulse height tally. The purpose of this tally is to find a distribution for a range of 

different occurrences, in this case energy depositions. This tally registers the energy deposition per 

tracked particle in the detector element and sorts them into energy bins specified by the user.  The 

results are normalized as probability per source particle to deposit the user-defined amount of 

energy in the detector. Here 43 bins at an interval of 0.33 MeV were defined between 0 and 14.1 

MeV.   

To get the energy deposition associated with a neutron having entered the detector cell, the PHL 

card is used to combine the F8:N tally with a F6:H tally (F8:P for photons and F6:E for electrons). This 

makes MCNPX track all recoil protons originating from neutron-proton scattering events tied to the 

specific neutron being tallied, i.e. one particle history. The cumulative energy deposition of the recoil 

protons tied to one neutron history is contributed to the corresponding user defined energy bin. 

In order to couple the energy deposition from the F6-tally with the events of the current particle 

being “followed”/ the current particle history, through the F8-tally, an FT8 PHL card is used. PHL 

stands for pulse height light, with anticoincidence. This card enables the specification of which 

regions and other tallies to collect data from. [19]  

When utilizing the F8-tally the calculations in MCNPX were analog and no variance reduction 

methods were utilized. Analog calculations were enabled by setting the right parameter values on 

the PHYS and CUT cards in the MCNPX input file (see appendix IV). Also the importance of the 

different particles of interest in the simulations were set to 1 (zero for the graveyard cell) implying 

that no variance reduction is to be used.  Fission multiplicity should be enabled as well, but in the 

simulations conducted here no fissile materials were present. 

In MCNPX it is possible to specify cross section libraries for the neutrons and photons/gamma. This 

was done for the gamma background simulations.  The library used for the gamma photons is the 

continuous-energy photo atomic data library mcplib 01p [19].  

Due to a parameter mistake in the input file, physical models of neutron cross sections, present in 

the MCNPX code, where utilized instead of libraries for the production of recoil nuclei (protons) in 

the neutron simulations. For verification, the results were later on compared to results from 

simulations with neutron libraries 66c for hydrogen and 24c for carbon activated. The comparison 

showed very similar results. For example regarding the signal simulations, using the cone source, 

with a plate of width 5 mm, the distribution values differed by less than 5 %.  

                                                           
3
 Anisotropy = directional dependency 
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3.1.3 Performance parameters 

In order to compare the results for the detector elements of different dimensions, two main 

performance parameters were utilized. These are signal to background ratio(S/B) and intrinsic 

detection efficiency   
∑(           ( ) 

  
)

∑(           ( )            ( ))
 

  
  
 

 

3.1.3.1 Signal to background ratio 

The signal to background ratio is one of the figures of merits used in the comparison of the different 

plate/fiber dimensions performances. In typical signal studies the signal to background ratio (S/B) is 

the quota between the signal intensity and the total background intensity.  In this thesis the 

probability for energy deposition above a certain energy threshold was calculated for the source 

neutron flux and the background flux respectively, from the data obtained in MCNPX simulations. 

The ratio between these probabilities was used to find the S/B ratios for each tested dimension and 

energy threshold.  

From the results of the simulations the total probability for a source particle to lose any amount of 

energy in the scintillator above a selected energy threshold was calculated. This probability was then 

divided by the sum of the corresponding probabilities for the gamma and neutron background runs.  

 
 

 
 

   (               )

(   (           )    (           ))
 ,  

S = signal, B=background, N=neutron and P= photons/gamma 

 All calculations were repeated for 43 different energy thresholds for every detector dimension.   Due 

to the limited amount of data points, 43 bins on an equal interval, the energy thresholds where 

placed at the bins. 

To illustrate how the results of the simulations differ with varying energy thresholds, values at the 

fifteen of the total 43 thresholds were chosen, see Figure 15 and Figure 16. 

Due to quenching effects, electrons produce more photons/MeV lost energy in the plastic, as was 

shown in section 2.3. To account for this phenomenon a correction factor was used.  In order to find 

this factor a diagram over the relative light output with respect to energy for the different particles 

were used, see Figure 12. An average slope was calculated in the 0-20 MeV interval for the recoil 

protons and electrons. Dividing the slope for electrons with the corresponding slope for the protons 

yields a conversion factor concerning the light output for the gamma background.   
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Figure 12 - The response of the plastic to different charged particles [18] 

This gave the slope ratio/conversion factor:  
(
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(
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 = 
     

      
       

All energy deposition distribution values concerning the gamma background was multiplied by this 

factor, for compensation, due to the higher light yield of the recoil electrons as compared to the 

recoil protons.  

In order to simulate the background, separate MCNPX runs were made with neutrons and photons as 

source particles.  To get the total background, the results of these runs were summed and the ratio 

of the gamma to neutron fluxes is assumed 1:1.  

For comparison between the plates and fibers the area ratios of the source sphere for the 

background and the cone base for signal was used to compensate for the different specifications 

regarding the sources.  A large cone base area at the detector element surface yields a lower 

probability for the source particles to hit the surface, as the source neutrons (same amount 

regardless of cone angle) are evenly distributed on it. This yields a lower neutron flux at the detector.  

As this flux is inversely proportional to the area of the cone base the ratio between the different base 

areas gives a conversion factor for compensation regarding the difference in neutron fluxes.  

The same goes for the simulations with the spherical background source.  Only this time the areas of 

comparison are the source sphere surface areas. Each particle starting point on the source sphere 

has its own cone distribution. As the sphere radius gets larger each cone base at the detector 

element surface gets larger. This yields a lower particle flux through the detector.   

The radius of each source sphere is directly proportional to the corresponding radius of the cone 

base at the detector element.   
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The radiuses/conversion factors used are: 

                               

            
                    

              

                       
     

              

                           
    

                

3.1.3.2 Intrinsic detection efficiency 

The intrinsic detection efficiency is defined as the ratio between the number quanta giving rise to 

high-enough energy deposition in the scintillator element to get registered in the experiment and the 

number of quanta hitting the detector element surface. 

The intrinsic detection efficiency can therefore be viewed as the ratio between the number of 

particle histories yielding energy depositions above the detector energy threshold and the total 

number of particles entering the detector volume.  The amount of particles that enters the detector 

was extracted from the MCNPX output files through a MATLAB script. By multiplying the total 

probability per source particle for energy deposition in the detector cell by the total number of 

source particles sent out in the simulation, the amount of particles actually yielding a response pulse 

was found.  Of course as the energy thresholds were altered, so were the total probabilities.  The 

number of particles giving a registration in the simulation was then divided by the amount of 

particles entering the detector region.  

           
   (                                          )                                 (         )

                                                
     

 

3.2 Results  
The energy deposition spectrum concerning the plates, calculated with MCNPX for the signal 

neutrons, is more evenly distributed across the energy interval than the corresponding background 

deposition and is more likely to exceed an energy threshold. As the plate dimensions gets smaller the 

background is heavily suppressed further towards smaller energy depositions, see Figure 13. 

The gamma background is heavily shifted towards the lower energies. At 5 mm plate width the 

gamma is no problem at energies over 4 MeV and a fast decline in the probability for energy 

deposition is seen at energies around 2 MeV.  As the plate width gets smaller the gamma quickly 

shifts even more to the low end of the spectrum and energy depositions stay below 2 MeV at width’s 

under 1 mm.  

The neutron background is more persistent and seems to be of concern for energies up to around 10 
MeV, even when the plate width is reduced.  Below are three diagrams showing energy deposition 
distributions for the signal neutrons and the corresponding distributions for the scattered neutron 
and gamma background, from the plate simulations, at plate width’s 5, 1.1 and 0.25 mm.  
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Figure 13 - Energy deposition distributions for the source and the two background simulations for three plate widths; top 
= 5mm, middle = 1.1 mm and bottom = 0.25 mm. N=neutrons, P=photons. The y-values represent the probability, per 
particle history, for the amount of energy deposited (     ) in the detector element given by the corresponding x-
value.  
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Looking at the results from the fiber simulations the same pattern observed for the plates is present, 

with a more even energy deposition distribution for the signal neutrons and a clear shift of the 

energy deposition distribution to the lower end of the energy interval for the background 

neutrons/gamma, see Figure 14. Even at a diameter of 5 mm the gamma background is practically 

nonexistent at energies over 2 MeV. The neutron background, although still fairly persistent, is 

shifted a bit more towards the lower energy region. A steeper curve for the signal neutrons can be 

observed as well as faster shift towards the lower end of the energy spectrum as the fiber diameter 

decreases. On the next page are the corresponding energy distribution diagrams for the fiber 

diameters (5, 1.1 and 0.25 mm). 
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Figure 14 - Energy deposition distributions for the source and the two background simulations for the three fiber 
diameters; top = 5 mm, middle = 1.1 mm, bottom = 0.25mm  
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The more evenly distributed energy deposition spectra for signal neutrons is mainly due to the lower 

energy of the background neutrons/gamma and directional sensitivity for incoming particles. As the 

signal neutrons entering the detector travels more or less parallel to its length axis, collisions 

between signal neutrons and protons are more likely to yield recoil protons with similar trajectories. 

Therefore the distance these recoil protons travels in the scintillator element gets relatively large, 

making a full energy deposition in the plastic more likely.  Consequently, fibers and plates with 

smaller radius or width , in the range of 0.5-2 mm, have to some extent a directional sensitivity, 

being more sensitive to the signal neutrons from the direction of the of the detector element 

alignment, although this is at the expense of an overall lower efficiency.  

The signal to background ratios for the plates steadily increases as the plate width is reduced. Clear 

shifts upwards can be observed as the energy thresholds gets higher. In fact the shifts seem to get 

larger the higher the threshold. A great jump is seen between thresholds 13 and 14 MeV. The steady 

increase in the ratios reaches a halt close to 0.5 mm plate width and a small decline follows when the 

width is lowered further, see Figure 15 below. The ratios range between roughly 0 and 3000, but the 

majority stay below   /     .  

 

Figure 15 - Signal to background ratio vs. thickness for different energy thresholds and plate thicknesses.                  
Note the log scale of the y-axis. 

For the fibers, a similar behavior is observed, with some differences. The increase in the signal to 

background ratio is accelerated greatly towards the lower fiber diameters, which is very clear below 

3 MeV, and a large peak can be somewhere just below 1 mm, see Figure 16 below. The range for the 

ratios is similar to the plates.  
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Figure 16 - Signal to background ratio vs. thickness for different energy thresholds, fiber. For the highest 
energy thresholds (12-14 MeV) low plate diameters makes high energy depositions by the background 
neutrons/photons extremely unlikely yielding insufficient (or missing)  background data and the 
signal/background ratio could not be calculated (curves ends or data gets unreliable). Note the log scale of 
the y-axis. 

Below is a diagram showing how the intrinsic detection efficiency varies with plate width and energy 

threshold. At plate width 5 mm the efficiency ranges roughly between 15 and 0.2 %. As the plate 

width’s decreases the intrinsic detection efficiency steady declines. When the width gets below 

roughly 1.5 mm the decrease is quickly accelerated, see Figure 17.   

 

 

                        Figure 17 - Intrinsic detection efficiency vs. plate width for 15 energy thresholds 
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The decline in intrinsic detection efficiency with decreasing diameters is faster in the fiber case. An 

evident accelerated decline is seen at diameters below 1.5 mm, which is even faster this time. At 5 

mm diameter the efficiency is practically the same as for a plate of 5 mm width, see Figure 18. 

 

                       Figure 18  - Intrinsic detection efficiency vs. fiber diameter for 15 energy thresholds 

The plate height is large as compared to the fiber diameter, presenting a relatively long recoil proton 

traveling path in the detector element for depositing of kinetic energy. This explains why the intrinsic 

detection efficiency for the plates are greater compared to the fibers.  As the fiber diameter 

decreases, the protons that are not traveling parallel to the x-axis have a high chance of escaping the 

fiber without depositing their full energy (See Figure 17 and Figure 18).  

As the kinetic energy of the protons increases the proton ranges quickly become large in comparison 

to the diameter of the fibers. This is illustrated by the even steeper decline in intrinsic detection 

efficiency compared to the plates observed below 1.5 mm fiber diameter. 

As the recoil protons often get a far from zero angle direction the width of the plate/fiber becomes 

important. Looking at the range of different particles in the EJ208 plastic some parallels can be 

drawn. For example, the range for 7 MeV protons is somewhere around 0.7mm.  In a large detector 

sensing element (all dimensions >> 0.7mm), the total amount of 7 MeV can be assumed to be 

deposited in the element.  At a plate width of about 1.5 mm, the intrinsic detection efficiency starts 

to rapidly decrease. As half of the width is about 0.75 mm which is close to the range for the 7 MeV 

protons, decreasing the width further would yield an average distance for the protons to slow down 

along below the corresponding stopping range.  This can partly explain the dramatic changes seen in 

the efficiencies at the lower widths.   

The electrons have a much longer stopping distance/mean free path. For 5 MeV electrons this 

distance is in the region of 25 mm, which by far exceeds the diameter/width of the investigated 

detector elements, making the gammas unlikely to deposit large amount of energy in the detector 

element. 
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Due to the geometry of the plate/fiber the probability for high energy deposition, i.e. incoming 

particles losing a greater portion of their kinetic energy, decreases for the background particles as 

compared to the signal neutrons. The recoil protons of the background neutrons have a shorter 

distance to travel in the element as most of the background neutrons enter the detector element 

from the sides.  A large portion of the particles leaving the background sphere surface pass through 

the thin plate/fiber without interacting with protons/electrons or just miss the detector element 

completely.  In the case of gamma, in the higher end of the actual Compton electron energy 

spectrum, the scattered electrons ranges are large as compared to the plate thickness/fiber 

diameter, most of the energy transferred in Compton scattering is lost through the electrons 

remaining kinetic energy as they leave the detector element.  All in all, this might explain why the 

most probable energy deposition for the background particles lies between 0 and 0.35 MeV , the first 

energy bin, see Figure 13 and Figure 14. 

Consequently, the signal to background ratio (S/B) increases with decreasing widths/diameters. For 

the fibers a perceivable maximum of S/B ratio can be observed at around 0.7-0.75 mm diameter, see 

Figure 16.  A maximum can be observed for the S/B ratio of the plates as well at around 0.6-0.7 mm 

plate width, see Figure 15.  

Looking at the diagrams of the energy depositions in the plate/fiber, the use of an energy threshold 

seems unavoidable as can be seen in Figure 13 and Figure 14. The gamma background is a small 

problem at energies over 4 MeV for the plates and 2 MeV for the fiber. The neutron background is 

more persistent and it seems to be of real concern even at the higher energies.  

For the signal simulations a rise in probability for energy deposition close to 14.1 MeV is seen, see 

Figure 13 and Figure 14 for plates and fibers respectively. This can be expected as the neutrons giving 

rise to the highest depositions are traveling more or less along the plate/fiber length axis. Neutron-

proton scattering events from these neutrons are more likely to yield recoil protons continuing in this 

direction, depositing their full kinetic energy in the material, given that the scattering event occurs 

further from the back end of the fiber/plate than the range of the recoil protons.  

 

4 Choice of detector design 
This chapter describes the final evaluation of the single plate/fiber simulations in which the most 

suitable dimension is picked along with a possible detector design. The choice to omit the fibers in 

the final evaluation is also explained.  

4.1 Final evaluation  
At diameters greater than 2 mm, the fibers showed no evident advantage in regard to the two main 

figures of merit i.e. the signal to background ratio (S/B) and the intrinsic detection efficiency. 

However at lower diameters and especially when high energy thresholds are applied the S/B 

parameter is some cases significantly higher than the respective value for the plates (see Figure 15 

Figure 16). The problem is that this advantage is to a great extent countered by the rapidly sinking 

detection efficiencies of the fibers when dimensions get smaller. Additionally the implementation of 

a detection system with bundles or stacks of fibers are more complex and costly, due to the fact that 

more light guides and possibly more photomultiplier tubes are needed, the signal processing gets 
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more complex. The possible advantages do simply not motivate the extra “trouble”.  Therefore the 

plate formed elements were picked for further consideration.  

4.1.1 Added performance parameters and restrictions 

To evaluate the results from the simulations further a few additional performance parameters, 

besides the ones described in Section 3.1.3, were calculated: 

 The required measurement time  

 Pixel Resolution 

 Image unsharpness 

To calculate the time required at each detector position (line of sight) some assumptions were made 

[20] : 

 The time it takes for the detector setup to rotate into a new position was set to one second.  

 The required amount of incoming neutrons yielding a signal response, to get acceptable 

statistics, was assumed to be one million per element and position.  

 The object size (diameter) was set to 100 mm. 

 The potential detector array’s width, at the front end pointing towards the source, was 

assumed to be equal to the objects projection size, which is equal to the diameter of the 

source cone neutron beam at the x- coordinate for the edge detector plates. This comes 

from the fact that the cone angle was adjusted to make the cone diameter at the object the 

same as the objects own diameter.  

 The spacing between plates in the detector array was set to 4 mm, to allow for reflective 

wrapping and light insulation between each element. 

 The source neutron yield was assumed to be      neutrons/s. 

 

To get the total measuring time the total number of projections required had to be calculated. The 

number of projections required was set to: 

                           
 

 
 [20] 

To get the number of required elements, the detector size had to be calculated. This is given by: 

                             

Where the magnification   
     

  
  

 d1= distance from source to object, d2 = distance from object to detector. 

The number of elements is given by: 

           
             

   
                      (Spacing is 4mm) 

                          

The required measurement time per position/projection was calculated through the ratio between 

the total amount of counts needed per position and the count rate. 
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The count rate is defined as the number of signal pulses observed per second. To calculate this ratio 

the following information was used: 

 The probability for neutrons to hit the front surface of the detector element,  . 

 The intrinsic detection efficiency,   . 

 The source neutron yield,  . 

The count rate, CR, is defined as: 

        

The source was viewed as an isotropic point source. The neutrons are spread out over an area equal 

to the spherical area with radius = d1+d2, yielding: 

CR= 
        

  (     ) 
                             

W= detector plate width,   = intrinsic detection efficiency, H= detector element height (5 cm) 

The total time required is thus: 

        (
   

  
  )    (1 second per movement) 

The pixel resolution was defined as: 

 
           

                 
 

 

4.1.1.1 Image unsharpness and pixel resolution 

The image unsharpness is the apparent size in the image of a point-like feature in the object.  A lower 

value corresponds to a finer separation of details in the image. 

The image unsharpness, U, of a detector consisting of separate detector sensing elements, depends 

on the spot size (physical extension) of the source, a , the magnification, m, and the detector element 

width, W as follows: 

     √
 

   
(  

 

 
)
 
   

    [3] 

                                                                               

(This presumes a finite sized source spot, if the source would be a point source then:     
 

 
) 

The Image unsharpness is not specifically a detector property, but rather a property of the 

experiment setup. This is due to the fact that the unsharpness is affected by the distance from the 

radiation source to the object being analyzed and the distance from the object to the detector.  It 

also depends on the source geometry.   
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The image unsharpness was calculated for the geometry in the first single plate/fiber simulations 

using a source spot size, a, of 0.4mm.  

The pixel resolution is simply the objects size divided by the number of elements = 
   

         
 . 

4.1.2 Design selection 

The design that was chosen for optimization was an array of plates in a half-moon configuration. The 

number of measurement points was limited to the amount of detector elements, i.e. only one 

projection per position was assumed. In this way the detector is viewed as stationary relative to the 

source position, implying that the source and detector are rotated in equal steps/simultaneously 

between each new measurement.   

In order to find optimal solutions, parameter values were calculated for a range of different values of 

d1, d2, w, Et (energy threshold).  The values where generated randomly within their respective 

intervals. The following restrictions were used: 

Table 3 – Design parameter restrictions 

Parameter Min Max 

Et 6 MeV 13 MeV 
W 0.25 mm 5 mm 
D1 200 mm 900 mm 
D2 200 mm 1000 – D1 mm 

 

The input values of the parameters where used to calculate the different performance parameters 

discussed.  To get output data for values not covered in the results from the simulations in MCNPX 

(due to sparse energy binning), interpolated data was utilized. All tested designs with a total 

measurement duration of under two hours, a pixel resolution under 1.5 and a signal to background 

ratio exceeding 10 was saved.  

To find the optimal solutions among these designs a pareto optimization4 was performed. The 

different parameters where compared against each other in MATLAB and optimal sets of parameter 

combinations where identified. The optimal sets are located on a so called pareto front in the 

parameter space.  

These fronts illustrate “locations” at which one or more parameters are affected negatively by a 

change in one of the others. 

The saved data was processed in a MATLAB script, to select a final design, and further restrictions 

were implemented: 

 The signal to background ratio should be greater than 15, using the simulated signal and 

background spectra. 

 The total measurement duration should not exceed 1 hour (3600 s). 

Of the possible designs left after this reduction the one with the best pixel resolution was picked.  

                                                           
4
 Pareto optimality= a state at which it is impossible to make a change in on parameter without affecting 

another parameter negatively.  
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4.2 Results  
The following detector plate dimension and design was chosen according to the principles described 

above:  

Table 5 - Chosen detector design parameters 

Parameter Value 
Plate width 2.6 mm 
Et 11 MeV 
D1 205 mm 
D2 770 mm 
Number of elements           73 
Detector width                        480 mm 
  

The design choice resulted in the following performance parameters: 

 Detection efficiency:   3.0 % 

 S/B:  15  

 Measurement time (total):  3600 s 

 Resolution (pixel  size): 1.4 mm  
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5 Test of chosen detector design 
This part of the report presents how the chosen detector design was modelled in MCNPX, the tests 

that were performed on it and the results of these.  

5.1 Method  
This section describes how the simulated detector design was done and how the tests that were 

performed on it were conducted.   

5.1.1 The complete detector design 

To test the chosen plate width and detection system design, a half-moon configuration of plates was 

modeled along with light guides. The model for a light guide was first drawn in Auto CAD and later 

imported in the MCNPX visual editor, in which the surface definitions were converted to MCNPX 

surface input cards. 

The light-guide end pointing to the photomultiplier has been modeled with a cross section of a 

quadratic shape with the same area as the rectangular cross section at the plate end (          ).  

The light guide length was set to 10 cm and the same scintillator plastic material was used. 

With a spacing of roughly 4 mm, between the detector plates, and all the 73 plates the total width, B, 

of the detector was set to 48 cm. The detector elements were aligned on a circle with the neutron 

source placed at the circle center.  As the distance from the source to the detector was measured 

from the plate closest, the end plate, in x-direction, the radius ,R=2.91+D1+D2, of the circle became 

2.91 cm longer than the total distance between the detector and the source, see  Figure 19.   

To get the other plates in the right positions on the circle circumference, the angle          (
 

 

 
), 

between the x-axis and the end point of the detector facing the source (B/2) was calculated.  This 

angle was split into 36 smaller ones in order to get the angle increase corresponding to each new 

plate position (Ex. the second plate from the center is rotated   
 

  
 ). The coordinates for the new 

plates were calculated using the sine and 1-cosine values multiplied with the radius of the circle. 
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 Figure 19 - Detection system setup with source to the left and detector to the right 

 

   √(     )  (
 

 
)
 

  √(       )  (
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The position of the plate simulated in the single element investigation, on and aligned with the x-axis, 

was chosen as the location for the center plate of the detector.  In the definitions of the new plates 

the syntax: “like cell# but” was used.  The continuation of this cell input card defines the parameters 

that differ between the new cell and cell#.   

Through a MATLAB script all these coordinates and angles were written into their corresponding 

transformational card, *TR. A script was also used to define the plate cells using the center plate as 

the cell being copied. The definitions all include a reference (trcl=) to a specific transformational data 

card, *TR (See appendix IV for example input file).   
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B/2 =24 cm 

10 cm 

Object plane 

R = 100.41  cm 
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The light guides were treated in the same manor, only 

every second transformation included a 180   flip in the 

z-direction (The last parameter on the *TR card marked 

in red). This was done in order to separate the light 

guides as they would otherwise interfere with each 

other. For the same reason the light guides stretches 1 

cm under and over the detector plates in the positive 

and negative z-direction respectively, see Figure 20 and 

Figure 21. 

 

Figure 20 - Two detector plates with light guides 

 

 

Figure 21 - Whole detector 

  

 √                   

15 cm 
  58 cm 

5 cm 

48 cm 
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5.1.2 Point spread test 

To quantify the cross talk i.e. to which degree neighboring plates are affected by neutron interactions 

in a single plate, a point spread test was performed. The point spread can be viewed as a measure of 

the relative signal strength propagation in the neighboring detector regions or elements as compared 

to the signal strength at a point or in a single element being subjected to signal particles/neutrons.   

The point spread function was calculated for a set of different energy thresholds. This function 

represents the detection systems response to a point source or point object.  The middle plate was 

chosen as target for the point source neutrons.   

To conduct the test the source was defined so that the un-collided source particles only hit the 

middle plate. In order to accomplish this, a list of twenty reference vectors was defined and the 

particles initial directions in relation to these were set to form a small cone around each of them ( 

see Figure 22). The cones radius at the front surface of the middle plate was limited to 0.13 cm (half 

plate width). The distance from the source to the plate is 100.41 cm, giving the cone angle of 0.074  .   

As before 14.1 MeV neutrons were utilized as the probe.           

     

 

 

 

 

 

 

 

  

The energy depositions in all plates were studied using a F8: N tally coupled with an F6 tally through 

the F8 PHL card, as in the optimization of the plate/fiber dimensions.  The results were then 

normalized in respect to the deposition in the center plate.  The same 43 energy bins as mentioned in 

previous sections were used in order to study the results after applying different energy thresholds. 

To incorporate all the 273 plates in the coupled F6 and F8 tally, the tally pairing on FT8 PHL card was 

defined using the option to view the detector plates as part of a lattice. In this way all the cells could 

be defined as being part of the same lattice/detector region, enabling the use of only one detector 

tally specification (one F8, F6 and FT8 PHL card with all cells listed as one lattice) [19].  

In addition to the energy deposition caused by protons, the same simulation was performed for 

energy deposition caused by electrons (F6:E tally). This was done in order to evaluate the impact of 

gamma radiation originating mainly from neutron capturing events in the detector elements.  The 

energy depositions caused by electrons were also normalized in respect to the proton induced 

deposition in the center plate. 

Figure 22 - Center plate and light guide with 
source cones to the left (just a few cones for 
illustration) 
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A comparison between the proton induced point spread and the accompanied gamma spread can be 

seen in the results section 6.1 of this report.   

5.1.3  Projection tests 

To test the chosen detector designs performance in detecting cross sections of low and high water 

content, a projection test was performed. For this purpose a cylinder made consisting of 0.2 cm thick 

stainless steel was defined, see Figure 23 below. The cylinder’s inner volume was defined as water (  

=         ).   

 

                                         

 

Figure 23 - Object and detector 

 

In order to get some form of reference intensity or flat field intensity, i.e. energy depositions from 

neutrons that has not passed through the object, in the projection, the cylinder diameter was set to 9 

cm. In this way some of the detector plates at the edges of the detector were subjected to an 

unaffected flux, yielding reference intensity. The energy deposition was once more found using the 

F8:N and F6:H tallies connected by the FT8 PHL card, with the detector element cells defined as part 

of a lattice.  

To simulate an experimental environment with materials that can scatter neutrons back towards the 

detector the walls were defined as 80 cm thick concrete, see Table 4 for material compositions. The 

source was set to emit neutrons uniformly in all directions, a 4pi distribution.  A projection test was 

performed with 6 billion source particles/histories.  

In the next projection test, to simulate a projection measurement taking place during roughly 2 

seconds, the source was defined using a cone distribution for the sampled signal neutrons (the cone 

angle previously used in the point spread test). For this test the concrete material was omitted. This 

was done, as the required MCNPX run time would otherwise become extremely long and 

unacceptable.  

77 cm 20.5 

cm 

100 cm 

9 cm 
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To compensate for the lower probability for the neutrons to hit the detector plates when using a 4pi 

source as compared to the cone source, a conversion factor was used. This factor was found using 

ratio between the total spherical surface (4pi distribution), with radius equal to the distance between 

a detector plate and the source, and the spherical cap area (cone distribution) defined by the same 

radius and the source cone angle. The calculations was performed as follows: 

 

 

                          (cone distribution) 

                          (4  distribution) 

  a= 24 cm (half detector width)  

    r= 
 

   (      )
           (13.829 = cone angle) 

         h =   √              [22] 

  Ratio = 
  

  
 

    

    
 

  

 
      

  

5.1.3.1 Materials used in the projection test 

Water:  density,          , 67 % hydrogen, 33 % oxygen(by atomic fractions). 

Table 4 - Materials used in the projection test (composition in mass fractions, natural isotopes) 

Stainless steel (SIS2343), 
          [23] 

Concrete,   
          [24] 

64.67% Iron  57.49% Oxygen 

17.88% Chromium  30.46%  Nitrogen 

12.84% Nickel  4.290% Calcium 

2.46%   Molybden 2.210%  Hydrogen 

1.79%   Manganese    1.990% Aluminium 

0.3%     Silicon  1.520% Sodium 

0.06%  Carbon    1.004% Potassium 

 0.643% Iron 

 0.248% Carbon 

 0.127% Magnesium 

  

As control, the results were compared against the flux measurements performed using a series of 

F5:N point detectors, one at every plate position. The F5 detector tally yields two results. One is the 

un-collided neutron flux, coming straight from the source and the second is the cumulative flux 

consisting of the summed un-collided and scattered neutron flux at the detector plate location.  

Figure 24 - Sphere and spherical cap surface [22] 
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 In this way the attenuation of the neutron flux caused by the varying material compositions in the 

different lines of sight through the water filled cylinder was found. Due to MCNPX limitations only 20 

detectors could be used simultaneously. Therefore the simulations with this tally had to be divided 

into four sub-simulations.  

For the F5 control the detector was not present, meaning that the detector elements and light guides 

were voided, by defining the materials of these cells as vacuum in the MCNPX input file. This was 

done in order to get a flux that is independent of detector type and configuration, for a comparison 

between the F8-FT8-F6 projection and a potential projection produced by an ideal detector.  

A comparison was also done between the F8-FT8-F6 projection, with isotropic 4pi source and 

concrete walls present, and the F8-FT8-F6 projection with cone source, walls excluded, in order to 

get an idea of the impact of the surrounding concrete walls regarding energy deposition caused by 

neutrons scattered back towards the detector. 
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5.2 Results  
This section presents the results following the tests performed on the chosen detector design.   

5.2.1 The point spread test 

The results of the point spread test, shown in Figure 25, suggests that the neutron interactions taking 

place in one plate has little impact on the neighboring plates in terms of count rate at energy 

threshold 11 MeV. Although at lower energy thresholds the spread is not negligible (3.8 % in the 

closest neighboring cell at 3 MeV threshold).  As the threshold is elevated the spread decreases, see 

Figure 27. This is to be expected as high energy depositions in neighboring plates require neutrons of 

high energy.  As small scattering angles following neutron scattering events in the target (middle) 

plate is required (the angle is directly proportional to the amount of energy transferred), for the 

scattered neutrons to sustain most of their kinetic energy , the amount of favorable angles is greatly 

reduced when the energy required for registration is increased. 

Naturally, as the distance from the target plate increases the amount of interactions caused by 

scattered neutrons decreases, see table 6 for values on the spread for the closest neighboring plates. 

 
Figure 25 – Point spread functions at energy thresholds 3, 7.2, 11 and 13 MeV. Note the log scale of the y-axis.  

The gamma spread accompanied with the neutrons entering the center plate is very small, with a 

maximum of 1 % of the count rate of the target plate at energy threshold 3 MeV, see Figure 26.  This 

is expected as well due to the fact that absorption events with fast neutrons are very rare (See 

theory section 2.1).  The spread decreases substantially at thresholds over about 1 MeV.  This could 

partly be explained through the Compton edge (Compton scattering is the main photon-electron 

interaction in the energy interval), as the gamma photons can only transfer a portion of their energy 

in interactions with electrons.    
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Further on the gamma spread curves are flatter, at least at thresholds up to 1 MeV. This could be 

explained by the gamma photons and the electrons greater range in the materials as compared to 

neutrons and protons respectively. The scattered electrons and gamma of high energy (>>1 MeV) are 

prone to go straight through the neighboring plates. 

 

 

Figure 26 - Point spread functions for gamma at energy thresholds 0, 1, 2.75 and 4.47 MeV 
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Table 6 - Relative count rates in the five closest neighboring plates caused by scattered signal neutrons from the center 
plate at energy thresholds 3, 7.2, 11 and 13 MeV, normalized by the target element count rate. Each angle represents a 
new plate and the sign tells if the plate has negative or positive y-coordinate (right or left from center plate). The 
simulation is right-left symmetric and the +- angles should yield values validating each other.  

 

 

  

Energy 
threshold 

Relative  
count rate(%) 

Off-axis angle( ) Relative  
count rate(%) 

Off-axis 
angle( ) 

# Plates from    
center plate 

3 MeV      

 3,758 -0,384 3,759 0,384 1 

 0,713 -0,768 0,714 0,768 2 

 0,398 -1,152 0,396 1,152 3 

 0,244 -1,537 0,246 1,537 4 

 0,162 -1,921 0,162 1,921 5 

 7.2 MeV      

 2,180 -0,384 2,183 0,384 1 

 0,339 -0,768 0,338 0,768 2 

 0,162 -1,152 0,161 1,152 3 

 0,089 -1,537 0,090 1,537 4 

 0,056 -1,921 0,056 1,921 5 
 11 MeV      

 0,787 -0,384 0,788 0,384 1 

 0,147 -0,768 0,145 0,768 2 

 0,060 -1,152 0,058 1,152 3 

 0,029 -1,537 0,031 1,537 4 

 0,017 -1,925 0,018 1,921 5 

 13 MeV      

 0,332 -0,384 0,332 0,384 1 

 0,077 -0,768 0,075 0,768 2 

 0,026 -1,152 0,023 1,152 3 

 0,008 -1,537 0,009 1,537 4 

 0,004 -1,921 0,004 1,921 5 
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5.2.2 The projection tests 

The comparison between the F5-control and the F8-FT8-F6 projection shows a greater difference in 

the intensities in the center of the detector, see Figure 27. This can be expected as the center plates 

are subjected to neutron/proton spread from the many close neighboring elements. Possibly, the 

original signal intensity, caused by the un-scattered neutron flux in an ideal detector, could be 

identified with the aid of the PSF developed in the earlier section. Another possible contribution to 

the increased flux through the middle plates may be neutrons reflected back towards the detector 

region, by the object. As the thickness of the object, the water filled steel cylinder, is highest in 

middle (in the object plane) the probability for neutrons to collide during passage increases, 

providing a higher level of scattered background to the closest detector elements.  Scattering of 

neutrons from the object contributes most to the center plates, as they are closer to the object than 

plates further out on either side.  

 

Figure 27 - A projection (green) using the energy deposition in the detector elements (F8-FT8-F6 tallies), with energy 
threshold at 11 MeV, compared against the control projection with un-collided (direct contribution) neutron flux, 
measured by F5- point detectors. The F8-FT8-F6 values were normalized in respect to the un-collided flux using the mean 
value of ratios between the F5 un-collided flux and F8-FT8-F6 values. Here, a cone-source is used to speed up the 
simulation (cone angle = 13.8  , see Figure 14). The y-axis quantitative values are irrelevant as the F8-FT8-F6 results and 
the F5-control have different units; it is the relative values that are of interest.   

The comparison of the F8-FT8-F6 projection with cone source (no walls) and the projection with the 

4pi source with surrounding concrete walls shows that the concrete do contribute with some 

scattered neutron flux. The contribution is not great, at 11 MeV threshold, but can clearly be 

observed throughout the projection, see Figure 28. The difference in intensity is not as focused to the 

center of the detector as in the F8-FT8-F6 cone vs. F5-projection test. This could be explained by the 

more evenly distributed flux consisting of the neutrons scattered back from the walls.  

 



47 
 

 

 
Figure 28 - Comparison between the F8-FT8-F6 projections with cone source (no walls) and 4pi source (with concrete 
walls) respectively, at energy threshold 11 MeV. The impact of neutrons scattered in the ambient materials is relatively 
low. The 4pi simulation has large statistical uncertainties due to the limitations on the simulation times. 

The F8-FT8-F6 projection with the 4pi source suffers from high variance at the high energy 

thresholds, since the computation time had to be restricted and the F8-FT8-F6 tally cannot be 

combined with the use of inherent MCNPX variance reduction techniques.  A more statistically 

satisfying comparison could have been conducted if a greater number of particle histories had been 

calculated.    

 

6 Conclusions 
The purpose of this work was to identify an optimal array of detector elements, consisting of either 

plates or fibers, to be used as the core component of a detection system for fast neutrons using 

transmission tomography.  

In order to accomplish this, scintillator detector elements in the shape of plates and fibers where 

characterized concerning sensitivity to signal and background radiation. This and the following 

investigations were performed through simulations using the particle transport code MCNPX. Certain 

performance parameters where introduced such as intrinsic detection efficiency and signal to 

background ratio, for evaluation of the results.  

The results from these simulations where used as the basis for the selection of an optimal detector 

element array. For the optimization the array was placed in a measurement scenario including a 

neutron source and an object, consisting of a water filled steel cylinder. Many  parameters where 

taken into account such as distances between the source, object and detector array and the required 

measurement duration.  
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The resulting optimal design was tested through several projection simulations and the identification 

of the point spread function.  

The simulations and analysis of the results led to the following conclusions: 

 No apparent advantages can be seen for the use of fibers over plates as detector elements.  

 A relatively high energy threshold is preferable to keep the S/B-ratio at a comfortable level. 

 The optimal width of the plates was found to be 2.6 mm in a configuration of 73 detector 

elements, with the depth and height of 5 cm.  

 The marginal signal spread observed through the point spread function suggests that the 

signal spread presents little disturbance for measurements with the detector design 

simulated.  

 The point spread function may be useful when correcting for the background in future 

tomographic measurements. 

 A great portion of the background arises from interactions in the investigated object.  

   

7 Discussion and outlook 
 

For the thinner fiber elements the background from neutrons at higher energy thresholds are almost 

eliminated. The problem is that this advantage is countered by the low intrinsic detection efficiency 

seen in the simulations with these fibers of small diameters. The fibers could of course be stacked or 

configured in clusters. This could enhance the absolute detection efficiency (not the intrinsic 

efficiency), although the background would probably become a greater problem and the interactions 

in one fiber can easily lead to side interactions in neighboring fibers. Additionally the clusters of fiber 

would probably require more PMTs or another method for light conversion and a more complicated 

signal processing procedure.  The decision was made that the fibers  advantage in respect to 

background at lower diameters does not weigh up the several disadvantages presented with longer 

required measurement durations(lower detection efficiency), complicated detection system setup 

and probably also a higher total cost for equipment and invested time.  Nevertheless an investigation 

of the possibilities regarding the use of clusters of fibers should be conducted before the fibers are 

ruled out completely.   

The final evaluation with the required measurement time added to the figures of merit was based on 

the values found through the simulations. A possible source of uncertainty in this optimization is the 

interpolated values between the perhaps sparsely spaced energy bins, as the relationship between 

the plate width and the detection efficiency and the S/B ratio is not linear. 

To find an optimal plate dimension, only cases (a certain energy threshold, plate dimension etc.) with 

S/B over 15 was considered in the final decision making, as the number of possible alternatives 

where otherwise to numerous.   It is possible that the advantage of a very high S/B ratio is 

overestimated and a lower threshold may present alternatives with higher intrinsic detection 

efficiencies or other not investigated advantages. To determine the relative importance’s of the 
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respective performance parameters with respect to each other is a central problem not easily dealt 

with. 

With that said I see no better way the final evaluation could have been performed within the 

provided timeframe and with the data available. However there may be more tests to perform and 

other factors to weigh in, to make the best final decision.   For example one could try some 

simulations with fibers stacked in different configurations or more research could have been done to 

find a more suited background energy spectra. However, this requires detailed knowledge of 

materials and geometry of the laboratory and detector setup; hence it might be less general.   

It is also unknown how much an actual experimental setup affects the efficiency of the chosen design 

parameters.  The simulations also did not deal with energy deposition involving the carbon atoms in 

the plastic. Although this contribution is most likely very small, due to the greater size of the carbon 

nucleus as compared to hydrogen and the light yield is low, the results may be affected, if very low 

energy thresholds are used (less than 0.5 MeV). This simplification would probably not affect the 

final decision as the relative performance would be practically the same in the comparison between 

the different dimensions. 

The omitted use of neutron/proton libraries in the simulations might alter the results as compared to 

simulations with libraries in use.  Although the difference in the results between simulations with and 

without libraries, according to the tests performed, was not great suggesting it would probably not 

have affected the final decision. 

An extension of this work could be to include the production of photons in the EJ208 plastic. 

Simulations with light production and effects related to photon collection efficiency and spread could 

affect the results and aid in the understanding of how the material responds to certain particles 

entering the detector plastic without having to do time consuming and expensive real life 

experiments. Tests has already been performed on the material by the company producing it, with 

certain dimensions, but it could be useful to study the interactions with varying detector element 

forms and dimensions. Varying amounts of self-absorption of produced light may present a factor 

altering the decision process. 

Also, the Point Spread Function could possibly be used to produce a “clean” projection of an 

investigated object, by removing the influence of cross talk between detector elements from the 

projection data in an effort to recreate the hypothetical projection in an ideal detector without any 

spread.  This has been left for the future. 

Another important aspect in achieving accurate quantitative measurements of void distributions is 

the evaluation of how the amount of background in the detector elements varies as a function of the 

void distribution itself, and subsequently to develop a correction method for this background. 

Although efforts have been made in the course of this work to achieve a detector system that is 

resilient to scattered neutron background, Figure 27 and Figure 28 show that the projection still 

differ from that of an ideal detector (only measuring the directly transmitted, un-scattered 

component of the flux). The effects of this on the accuracy on the void fraction at a two-phase test 

loop need to be considered and mitigated. 
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Appendix I – Scintillator information 
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Appendix II – Photo Multiplier Tubes 
 

A popular method for collection of photons, conversion to and multiplication of photoelectrons is the 

use of a photomultiplier tube. This is the method/technique used in the real life experiments 

conducted in parallel to this thesis. Below is a cross section image of a PMT from Philips showing the 

interior structures that make the reception of photons and gain of electrons/signal possible  

-The photons are collected at the   

photocathode 

-Photo electrons are produced, 

accelerated and multiplied through a 

chain of dynodes 

-Current is collected at the anode 

 

 

 

 

 

 

Figure 29 - Photomultiplier tube from Philips with a chain of dynodes between the photo cathode at the top and the 
anode at the bottom [25] 

A dynode chain consists of a series of electrodes where each sub sequent dynode is more positively 

charged than the one preceding it, creating an electrical field gradient between the cathode and the 

anode.  As the accelerated electrons hit the first dynode “new” lower energy electrons are released. 

These electrons are accelerated by the electric field between the dynode of origin and the next 

dynode in the chain. The process is repeated and the number of released electrons at each new 

dynode increases/multiplies rapidly. The gain for the electric current leaving the photo cathode can 

reach up to    . 

The output is limited by a range of factors concerning the interactions at the different detection 

system stages. The photons created in the scintillator must initially be led to the photomultiplier tube 

photo cathode. This step involves a light guiding process and the scintillator plates are often 

connected to light guides as such: 
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Figure 30 – Light guide with photocathode at bottom (photo detector) [25] 

The photo cathode’s ability to effectively utilize incoming photons, in the production and 

transmission of photo electrons, is limited by the cathodes inherent quantum efficiency (QE). This 

number is simply the ratio between the resulting amount of photo electrons (leaving the cathode in 

the desired direction/continuing through the PMT) and the number of incoming photons. 

The quantum efficiency of the cathode is limited by: 

 The absence of an electric field for direction of the electrons.  

 Isotropic emission of electrons (half of them starts in wrong direction). 

 Transmission losses. 

A  QE of 25 % is to be considered high [25]. 

If     
 (

 

 
)
 is the number of photons emitted after the time T, QE= photo cathode quantum 

efficiency and G=gain through dynodes then the current collected at the anode is given by: 

      ( )           
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Appendix III – The deuterium-tritium neutron source 
 

The source neutrons were set to have the kinetic energy of 14 MeV.  This originates from the way the 

neutrons are released. The neutron generator that was used in the parallel experiments at TSL (The 

Svedberg Laboratory) utilizes the fusion reaction between deuterium (D) and tritium (T).  Deuterium 

nucleuses are accelerated by an electric field towards the tritium ions which are held in a metal 

hydride.  The potential over the accelerator is normally in the range of 70-110 kV. The neutron yield 

from a stationary source of D-T type can reach          (N=neutrons) with an acceleration current 

of 1 mA. Portable devices have constructional constraints resulting in a lower yield. Top of the line 

portable generators may produce         . The one used at TSL delivers           [3]. 

The following reaction takes place in a D-T generator (D-D reaction is also an option): 

  (   
 )   (   

 )   (   
 )   (   

 )           

Most of the excess energy is observed as kinetic energy for the neutron. This is due to the neutrons 

low mass compared to the alpha particle ( ). The kinetic energy for the neutrons is therefore around 
 

 
                     (the neutron mass is roughly ¼ of the alpha particles mass) [5].  
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Appendix IV – Example MCNPX input file with one plate  
c Detector element simulation with sphere source , 0-14.1 MeV neutrons (c= card/line unused) 
c One of the lines in an input file is called a card 
c Cells 
c 
101 1 -1.023 -9  IMP:N=1 IMP:H=1 IMP:P=1 IMP:E=1  $ plate(material#, density(g/cm^3), enclosed by 
surface) 
102 2  -0.0012  9 -10  IMP:N=1 IMP:H=1   IMP:P=1 IMP:E=1 $ Room inside source sphere, outside 
plate 
103 2  -0.0012       10  -11 IMP:N=1 IMP:H=1   IMP:P=1 IMP:E=1   $ Room outside source sphere 
104 0            11 -12  IMP:N=1 IMP:H=1   IMP:P=1 IMP:E=1 $ Wall 
105 0     12    IMP:N=0 IMP:H=0  IMP:P=0 IMP:E=0  $ graveyard cell 
c IMP=importance 
 
c   Surfaces 
c 
c   Macro bodies 
9   BOX  2.5 0.075 2.5 -5 0 0 0 -0.15 0 0 0 -5 $ Detector plate surface 
c 9  RCC  2.5 0 0 -5.0 0 0 0.25 $ detector fiber (not used in this input file) 
10 SO    3.6 $ Source sphere surface centered at origin 
11 BOX -200 -200 -200 400 0 0 0 400 0 0 0 400 $ The room inner wall surf. 
12 BOX  -210 -210 -210 420 0 0 0 420 0 0 0 420 $ The room outer wall surf. 
c 
 
c Data cards 
mode n h $ p e   $ Particles to follow/ perform calculations on (p, e for gamma background) 
c 
c 
c Physics definitions (J=default value) 
c 
c (simple physics above max value(emax), enegies below which capture is analog(ean) etc.) 
c 
PHYS:P 15 0 0 0 1 $ Emax=14 MeV, bremstrahlung off, coherent scattering on, no photonuclear, 
doppler off, empf, ides, nocoh, ispn, nodop 
c 
PHYS:H 15 15 -1 J 0 J 1 $ Simple physiscs over 15MeV,analog energy threshold=15 MeV, mixed                        
mode(table values where possible else phys. model), vavilov particle struggeling,1 light ion recoil/hit 
c emax, ean,tabl , J, istrg, J, recl             
c  
PHYS:N 15 15 4J 1 $ 15 MeV emax, analog under 15MeV,table mode:mixed mode,no delayed fission., 
1 light ion recoil/per interaction 
c recoil/hit   emax,ean,iunr,dnb,tabl,fism,recl 
c 
c PHYS:E 15 0 0 0 0 3J  1 0 $ emax, ides, iphot, ibad, istrg,bnum, xnum, rnok, enum,numb 
c 
c Simple phys. above 15 MeV, electron prod. by photons, photon prod. by electrons,  
c brehmsstrahlung angular distribution, sampled energy loss model,  brehmstr. Photon prod., X-ray  
c prod., knock on electron prod., photon induced sec. electrons, brehmsstrahlung prod.  
c 
c Materials 
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M1   001000 0.0517 006000 0.0469  $ EJ208 plastic(hydrogen (1000) and carbon (6000)) with atomic 
densities: 5.17E22 and 4.69E22 atoms/cm^3 
c    
M2 007014 0.785 008016 0.215 $ Air (78.5 % nitrogen, 21,5 % oxygen) 
c 
c 
 
 
c Sphere source  
SDEF  ERG=d1 PAR=N SUR=10 NRM=-1  $ Source definition with spherical surface specification (SUR) 
SI1   0  1E-5    30i    14.1    $  Energies 0-14.1 MeV (distribution) 
SP1   0   0.03      30i    0.03 $  Probabilities for the energies(all equal=rectangular distribution) 
c 
c NRM=-1 inverts the normal of the spherical surface, directing it inwards  
c If no reference vector, VEC, or direction ,DIR, is set, the particles initial directions are distributed  
c uniformly between -90 and 90 degrees in respect to the surface normal  
c 
c Signal/cone source  (not used in this input file)                                                                    
c  SDEF  DIR=d1 POS=-100 0 0 ERG=14.1 PAR=N VEC=1 0 0   
c SI1 -1 0.9997 1 $ cosine limits for starting neutrons(between 0 and solid angle of the cone) 
c SP1  0  0   1 $ Fraction of solid angle used in the interval(whole angle)                                           
c SB1  0. 0. 1.0 $ Probability for starting  direction in the specified interval       
c 
c DIR=particle starting direction definition, POS= source position(x,y,z), ERG=particle energy 
c PAR= particle type , VEC=reference vector for particle starting direction distribution 
c 
c 
F8:N 101 $ Pulse height tally for pulses caused by N-H scattering and corresponding recoil protons 
FT8 PHL 1 6 1 0 $  Special treatment card(FT8), PHL= Pulse height light  
1, 6, 1 = number of F6 tallys, for region 1,tally to tie bins to(F6),  number of F6 tallys for region 2 
F6:H 101 $ energy deposition tally for recoil protons 
c 
E8 0 1E-5 40i 14.1 $ Energy bins 
c 
c Particle cut cards (here no cut, all energies are accepted) 
cut:n 2J 0 0 $ Neutron cut card 
cut:h J 0 0 $ Proton cut card 
cut:p J 0 0 0 $ Photon cut card 
c 
nps 400000000 $ number of particles/histories to run 
 
For the proton and photon cut cards the second parameter controls the energy cutoff under which a 

particle is neglected.  The last two parameters should be zero as they control weight cutoffs which 

are of no interest in analog simulations with no variance reduction. 

For the neutron cut card the second parameter is the analog capture limit in MeV under which 

analog capture is to be used.  
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Appendix V – Example MCNPX input file with whole detector 
c Detector simulation : F8-FT8-F6 tally for projection of a waterfilled cylinder using the energy 
depostions in the different plates 
c 
c Cells 
c 
90 2 -0.0012 67 16  -10   IMP:N=1 IMP:H=1    $ Room 
91 3  -2.3      10 -11      IMP:N=1 IMP:H=0 $ Concrete wall 
92 0          11               IMP:N=0 IMP:H=0    $ Graveyard 
94 2 -0.0012    -38  -16    IMP:N=1 IMP:H=1 $ Detector box left over space 
95 2 -0.0012   56 -16    IMP:N=1 IMP:H=1 $ Detector box left over space 
c 
c Object: Pipe with water 
96 4 -8.0 68 -67 IMP:N=1 IMP:H=1 $ Steel pipe 
97 5 -1.0 -68   IMP:N=1 IMP:H=1 $ Water 
c 
c 
c Light guides 
300 1 -1.023 -1 -2 -3 -4 -5 -6   IMP:N=1 IMP:H=1  $ center guide  
303 like 300 but trcl=74 $ Copy of center light guide but transformed with tranformation #74 
305 like 300 but trcl=76  
307 like 300 but trcl=78  
309 like 300 but trcl=80  
311 like 300 but trcl=82  
313 like 300 but trcl=84  
……………. 
……………………….  (There are more cells) 
c 
c 
c Detector plates 
201 1 -1.023 -13    IMP:N=1 IMP:H=1   
202 like 201 but trcl=1 $ Copy of center plate but transformed with tranformation #1 
203 like 201 but trcl=2  
204 like 201 but trcl=3  
205 like 201 but trcl=4  
206 like 201 but trcl=5  
…………………. 
………………………………. 
c 
c 
c Detector slices (air in detector box around plates/light guides)  
c all light guides and plates "intruding" in a cell has to be omitted using the compliment '#'. 
99 2 -0.0012 -20 21 -16 #201 #202  #300 #302 #303 #304  IMP:N=1 IMP:H=1 $  
c    
100 2 -0.0012 -21 22 -16 #203 #204 #306 #305 #303 #304 IMP:N=1 IMP:H=1  
101 2 -0.0012 -22 23 -16 #205 #206 #306 #305 #307 #308 IMP:N=1 IMP:H=1  
102 2 -0.0012 -23 24 -16 #207 #208 #307 #308 #310 #309 IMP:N=1 IMP:H=1  
103 2 -0.0012 -24 25 -16 #209 #210 #312 #311 #309 #310 IMP:N=1 IMP:H=1  
104 2 -0.0012 -25 26 -16 #211 #212 #311 #312 #313 #314 IMP:N=1 IMP:H=1  
105 2 -0.0012 -26 27 -16 #213 #214 #313 #314 #315 #316 IMP:N=1 IMP:H=1  
106 2 -0.0012 -27 28 -16 #215 #216 #315 #316 #317 #318 IMP:N=1 IMP:H=1  
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107 2 -0.0012 -28 29 -16 #217 #218 #317 #318 #319 #320 IMP:N=1 IMP:H=1  
108 2 -0.0012 -29 30 -16 #219 #220 #319 #320 #322 #321 IMP:N=1 IMP:H=1  
109 2 -0.0012 -30 31 -16 #221 #222 #321 #322 #323 #324 IMP:N=1 IMP:H=1  
110 2 -0.0012 -31 32 -16 #223 #224 #323 #324 #325 #326 IMP:N=1 IMP:H=1  
111 2 -0.0012 -32 33 -16 #225 #226 #325 #326 #327 #328 IMP:N=1 IMP:H=1  
112 2 -0.0012 -33 34 -16 #227 #228 #327 #328 #329 #330 IMP:N=1 IMP:H=1  
113 2 -0.0012 -34 35 -16 #229 #230 #329 #330 #331 #332 IMP:N=1 IMP:H=1  
114 2 -0.0012 -35 36 -16 #231 #232 #331 #332 #333 #324 IMP:N=1 IMP:H=1  
115 2 -0.0012 -36 37 -16 #233 #234 #333 #334 #335 #336 IMP:N=1 IMP:H=1  
116 2 -0.0012 -37 38 -16 #235 #236 #237 #335 #336 #337  IMP:N=1 IMP:H=1  
c 117 2 -0.0012 38 -39 -16  #337 #337 #336      IMP:N=1 IMP:H=1  
118 2 -0.0012 20 -39 -16 #238 #239 #302 #300 #339 #338 IMP:N=1 IMP:H=1  
119 2 -0.0012 39 -40 -16 #240 #241 #339 #338 #341 #340 IMP:N=1 IMP:H=1  
120 2 -0.0012 40 -41 -16  #242 #243 #341 #340 #343 #342 IMP:N=1 IMP:H=1   
121 2 -0.0012 41 -42 -16 #244 #245 #343 #342 #345 #344 IMP:N=1 IMP:H=1  
122 2 -0.0012 42 -43 -16  #246 #247 #345 #344 #347 #346 IMP:N=1 IMP:H=1  
123 2 -0.0012 43 -44 -16  #248 #249 #347 #346 #349 #348 IMP:N=1 IMP:H=1  
124 2 -0.0012 44 -45 -16 #250 #251 #349 #348 #351 #350 IMP:N=1 IMP:H=1   
125 2 -0.0012 45 -46 -16  #252 #253 #351 #350 #353 #352 IMP:N=1 IMP:H=1  
126 2 -0.0012 46 -47 -16 #254 #255 #353 #352 #355 #354 IMP:N=1 IMP:H=1   
127 2 -0.0012 47 -48 -16  #256 #257 #355 #354 #357 #356 IMP:N=1 IMP:H=1  
128 2 -0.0012 48 -49 -16 #258 #259 #357 #356 #359 #358 IMP:N=1 IMP:H=1   
129 2 -0.0012 49 -50 -16 #260 #261 #359 #358 #361 #360 IMP:N=1 IMP:H=1   
130 2 -0.0012 50 -51 -16   #262 #263 #361 #360  #363 #362 IMP:N=1 IMP:H=1  
131 2 -0.0012 51 -52 -16  #264 #265 #363 #362  #365 #364 IMP:N=1 IMP:H=1 
132 2 -0.0012 52 -53 -16  #266 #267 #365 #364 #367 #366 IMP:N=1 IMP:H=1  
133 2 -0.0012 53 -54 -16  #268 #269 #367 #366 #369 #368 IMP:N=1 IMP:H=1  
134 2 -0.0012 54 -55 -16 #270 #271 #369 #368 #371 #370 IMP:N=1 IMP:H=1  
135 2 -0.0012 55 -56 -16  #272 #273 #373 #372 #371 #370 IMP:N=1 IMP:H=1  
 
c 
c  
c Surfaces 
c 
c Room wall surfaces 
10 BOX -200 -200 -200 400 0 0 0 400 0 0 0 400 $ room inner wall surf. 
11 BOX  -240 -240 -240 480 0 0 0 480 0 0 0 480 $ room outer wall surf. 
c 
c 
c Detector plate surface and box 
13  BOX   2.499 -0.13 2.5 -5 0 0 0 0.26 0 0 0 -5 $ detector center plate 
16  BOX  15 29 5  -22 0 0 0 -58 0 0 0 -10 $ detector box 
c 
c 
c 
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c Center light guide surface (from Auto CAD) 
1         p 1 0 -1.836970198721e-016 12.5  
2         p -1 0 1.836970198721e-016 -2.5  
3         p -0.028987813186294 -0.99957976504463 1.2773819087037e-016 
                 0.057475836490066 
4         p -0.099503719020999 -1.8913493702196e-016 -0.99503719020999 
                 2.2353771994489 
5         p -0.05889757782127 0.99826403086898 -1.1143277548731e-016 
                 -0.017469620540207 
6         p 0.43711187213533 -6.136584296268e-017 0.89940714431138 
                 3.3444218278357 
c 
c Slicing planes dividing the detector into smaller cells 
20 py 0.14 
21 2 py 0.14 $ Slicing plane transformed with transformation #2 
22 4 py 0.14  
23 6 py 0.14  
24 8 py 0.14  
25 10 py 0.14  
26 12 py 0.14  
27 14 py 0.14  
28 16 py 0.14  
29 18 py 0.14  
30 20 py 0.14  
31 22 py 0.14  
32 24 py 0.14  
33 26 py 0.14  
34 28 py 0.14  
35 30 py 0.14  
36 32 py 0.14  
37 34 py 0.14  
38 301 py 0.14  
39 38 py 0.14  
40 40 py 0.14  
41 42 py 0.14  
42 44 py 0.14  
43 46 py 0.14  
44 48 py 0.14  
45 50 py 0.14  
46 52 py 0.14  
47 54 py 0.14  
48 56 py 0.14  
49 58 py 0.14  
50 60 py 0.14  
51 62 py 0.14  
52 64 py 0.14  
53 66 py 0.14  
54 68 py 0.14  
55 70 py 0.14  
56 300 py 0.14   
c 
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c Object: two cylinders mimicking a pipe of thickness 2mm  and lentgh 1m. 
67 RCC  -82.4304 0 -50  0 0 100 4.5 
68 RCC  -82.4304 0 -49.8  0 0 99.6 4.3 
c 
c  
c Data cards 
 
mode n h  $ OBS! 
PHYS:P 15 0 0 0 1 $ electrons, coh scatter, photonuclear, doppler off 
PHYS:H 15 15 -1 J 0 J 1 $ enk. phys Ã¶ver 15MeV,analog=15, mix,vavi,1phot/hit conroy: 100 0 -1 J 0 J 
0 
PHYS:N 15 15 3J -1 1 $ standard emax, analog under 100MeV,avereg. cross,no delay, 1phot/hit 
PHYS:E 15 0 0 0 0 3J 1 0 $ OBS! 
c 
c Materials 
c 
M1 001001.66c 0.0517   006000.24c 0.0469  elib=.01e  hlib=.24h $ Scintillator plastic 
c 
M2 007014 0.785 008016 0.215 $ Air 
c 
M3  001001 -2.21   006000 -0.2484 008016 -57.4930 011000 -1.5208 012000 & 
           -0.1266 013000 -1.9953 014000 -30.4627 019000 -1.0045 020000 &          
           -4.2951 026000 -0.6435  $ Standard concrete 
M4 026000 -64.67  024000 -17.88 028000 -12.84 042000 -2.46 025000 -1.79 & 
       014000 -0.3 006012 -0.06   $ Stainless Steel SIS2343 
M5 008016.66c 1 001001.66c 2 hlib=.24h $ Water 
c 
c Neutron source 
SDEF   POS=-102.9104 0 0 ERG=14.1 PAR=N VEC=1 0 0 DIR=d1   
SI1  -1 0.971   1   $ Cone limiting angle = 13.83 degrees (arccos(0.971))     
SP1   0   0     1      
SB1  0.0 0.0 1.0 $ probability    
c 
c Detector tally with all plate cells specified as part of a lattice 
F8:N 201 202 203 204 205 206 207 208 209 210  & 
   211 212 213 214 215 216 217 218 219 220 & 
   221 222 223 224 225 226 227 228 229 230 & 
   231 232 233 234 235 236 237 238 239 240 & 
   241 242 243 244 245 246 247 248 249 250 & 
   251 252 253 254 255 256 257 258 259 260 & 
   261 262 263 264 265 266 267 268 269 270 & 
   271 272 273 $ tally puls height distribution 
FT8 PHL 1 6 0 0  $  1 tally section 1, tally6, using lattice, 0 tallys in section 2 
F6:H 201 202 203 204 205 206 207 208 209 210 &  
   211 212 213 214 215 216 217 218 219 220 & 
   221 222 223 224 225 226 227 228 229 230 & 
   231 232 233 234 235 236 237 238 239 240 & 
   241 242 243 244 245 246 247 248 249 250 & 
   251 252 253 254 255 256 257 258 259 260 & 
   261 262 263 264 265 266 267 268 269 270 & 
   271 272 273   $ tally energy deposition 
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E08 0 1E-5 40i 14.1 $ energy bins 
c 
c 
c Light guide tranformations (same as element transformations but every second one is flipped 180 
degrees) 
*TR74 -0.0090263 -1.3463 0 0.76826 90.7683 90 89.2317 0.76826 90 90 90 0  
*TR76 -0.036104 -2.6924 0 1.5365 91.5365 90 88.4635 1.5365 90 90 90 0  
*TR78 -0.081227 -4.038 0 2.3048 92.3048 90 87.6952 2.3048 90 90 90 0  
*TR80 -0.14439 -5.3829 0 3.073 93.073 90 86.927 3.073 90 90 90 0  
*TR82 -0.22558 -6.7268 0 3.8413 93.8413 90 86.1587 3.8413 90 90 90 0  
*TR84 -0.32478 -8.0695 0 4.6096 94.6096 90 85.3904 4.6096 90 90 90 0  
*TR86 -0.44197 -9.4107 0 5.3778 95.3778 90 84.6222 5.3778 90 90 90 0  
*TR88 -0.57714 -10.75 0 6.1461 96.1461 90 83.8539 6.1461 90 90 90 0  
*TR90 -0.73026 -12.088 0 6.9143 96.9143 90 83.0857 6.9143 90 90 90 0  
*TR92 -0.9013 -13.423 0 7.6826 97.6826 90 82.3174 7.6826 90 90 90 0  
*TR94 -1.0902 -14.756 0 8.4508 98.4508 90 81.5492 8.4508 90 90 90 0  
*TR96 -1.297 -16.087 0 9.2191 99.2191 90 80.7809 9.2191 90 90 90 0  
*TR98 -1.5216 -17.414 0 9.9874 99.9874 90 80.0126 9.9874 90 90 90 0  
*TR73 -0.0022566 -0.67318 0 0.38413 90.3841 90 89.6159 0.38413 90 90 90 180  
*TR75 -0.020309 -2.0194 0 1.1524 91.1524 90 88.8476 1.1524 90 90 90 180  
*TR77 -0.05641 -3.3653 0 1.9206 91.9206 90 88.0794 1.9206 90 90 90 180  
*TR79 -0.11055 -4.7106 0 2.6889 92.6889 90 87.3111 2.6889 90 90 90 180  
*TR81 -0.18273 -6.055 0 3.4572 93.4572 90 86.5428 3.4572 90 90 90 180  
*TR83 -0.27293 -7.3983 0 4.2254 94.2254 90 85.7746 4.2254 90 90 90 180  
*TR85 -0.38113 -8.7403 0 4.9937 94.9937 90 85.0063 4.9937 90 90 90 180  
*TR87 -0.50731 -10.081 0 5.7619 95.7619 90 84.2381 5.7619 90 90 90 180  
*TR89 -0.65146 -11.419 0 6.5302 96.5302 90 83.4698 6.5302 90 90 90 180  
……………………………….. 
………………………………………………… 
c 
c Elements/plate transformations 
*TR1 -0.0022566 -0.67318 0 0.38413 90.3841 90 89.6159 0.38413 90 90 90 0  
*TR2 -0.0090263 -1.3463 0 0.76826 90.7683 90 89.2317 0.76826 90 90 90 0  
*TR3 -0.020309 -2.0194 0 1.1524 91.1524 90 88.8476 1.1524 90 90 90 0  
*TR4 -0.036104 -2.6924 0 1.5365 91.5365 90 88.4635 1.5365 90 90 90 0  
*TR5 -0.05641 -3.3653 0 1.9206 91.9206 90 88.0794 1.9206 90 90 90 0  
*TR6 -0.081227 -4.038 0 2.3048 92.3048 90 87.6952 2.3048 90 90 90 0  
……………………………… 
……………………………………………….. 
c 
c Transformation for edge planes slicing positive/neg y-direaction(to cover 5 plates) 
*TR300  -8.0015 26 0 -25.123 64.877 90 115.123 -25.123 90 90 90 0 
*TR301 -7.5813 -26 0 24.444 114.444 90 65.556 24.444 90 90 90 0  
c 
c 
cut:n 2J 0 0 $ analog capture 
cut:h J 0 0 $ 15 Mev 
cut:p J 0 0 0 $ 
cut:e J 0 0 0 
c 
c 
nps 16000000000 
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Appendix VI – MCNPX and next event estimation  
 

MCNPX  

MCNP stands for Monte Carlo N-Particle and X for extended. The code is widely used for particle 

transport calculations concerning mainly neutrons, photons and electrons. Areas of application 

include radiation protection, nuclear criticality calculations and dosimetry.  An arbitrary three-

dimensional configuration of materials and cells bounded by different surfaces can be treated.  The 

code is shipped along with extensive cross section libraries for the main particles.  The data is 

collected and presented through tallies, which can be defined in numerous ways and include particle 

fluxes, energy depositions, surface currents etc.   The code also deals with the important physics 

needed for accurate simulations of the same nature as the ones performed in this work. Examples 

include coherent/incoherent scattering, absorption in pair production and photoelectric absorption.  

MCNP is also known for its flexibility in regard to the definition different sources [26].  

A MCNPX history involves all events that occur in a simulation tied to one specific source particle 

being “followed” by the transport code, from the moment it leaves the source to the point it enters a 

cell of zero importance or disappears through an interaction. A cell is a volume enclosed by an 

arbitrary combination of surfaces. Setting the importance of a particle in a cell to zero implies that no 

further calculations should be performed on the corresponding particles entering that cell.   

Each input line in an MCNPX input file is called a card. There are three main groups of cards (see 

appendix IV, for more info about the input file structure):  

 Cell cards: Define the volumes 

 Surface cards: Define the cell “borders” 

 Data cards: The data cards define all the measurement specifications such as particle physics 

options, material definitions and tallies (what and how to measure).    

Next event estimation 

In MCNPX there are a number of ways to reduce the variance of the tally/simulation results. One of 

these methods is called next event estimation. This method assumes isotropic scattering of particles 

in the defined MCNPX volume. Angular distribution data for particles produced in collision events are 

needed for accurate estimations of the contributions made by these to the chosen tally of 

measurement.  These values are represented in tables that have to be specified for each particle of 

interest.  

For each new source particle and after each collision, in the MCNPX geometry, an estimation of the 

“future” flux contribution at the detector is made (Using the estimated probability that the next 

history event takes place in the F5-detector). In this way the result for the un-collided neutron flux is 

generated faster as the contribution to a detector from these neutrons are calculated as soon as they 

are sampled at the source (The estimated un-collided flux contribution is calculated fast as there is 

only one neutron event occurring as per started neutron history, i.e. a contribution is only made 

when the sampled neutrons initial direction is favorable). This greatly reduces the amount of particle 

histories that has to be started and processed in the simulations in order to get statistically 

acceptable results. 


