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Abstract 

There are many options of detecting neutrons. However, in the field of neutron imaging 
scintillator screens gained a dominant position. In most of the state-of-the-art neutron imaging 
facilities scintillator screens are by far the most utilized detection option. It is possible to 
produced them in tailored sizes and they provide good detection efficiency and spatial 
resolution. Moreover, coupling scintillator screens to light-sensitive detectors via magnifying 
optics enables direct digitization which allowed advanced techniques to be developed. 
Nevertheless, certain applications require even better performance especially in terms of 
spatial resolution. Simple solution to spatial resolution enhancement would be decreasing the 
thickness of scintillator screens as the spatial resolution is proportional to scintillator screen 
thickness. Unfortunately, the reduction of scintillator screen thickness comes at the cost of 
lower detection efficiency. In the field of X-ray scintillators this contradicting requirements 
were tackled by decoupling the scintillator screen’s thickness from the spatial resolution by 
so-called microstructuring. This approach preserves the large enough thickness of the 
scintillator screen while channeling the scintillation light towards the light-sensitive detector. 
The development of neutron-sensitive scintillators tried to follow the same steps. However, 
the microstructured neutron-sensitive scintillators still lack behind the standardly used 
powdered scintillators in terms of performance. Therefore, in this doctoral thesis an approach 
of gradual improvements to already existing scintillator screens was selected and underlying 
principles were thoroughly investigated.  
 
In the first chapter of the thesis, the substrate of scintillator screen comprising monoparticle 
layer of highly enriched 157Gd2O2S:Tb powder was coated with iridium by atomic layer 
deposition method. The aim of this alteration was to backscatter reaction products of neutron 
– gadolinium nuclear reaction back to the material of the scintillator. Supporting calculations 
in Geant4 toolkit revealed the proportions of backscattered light and light generated by 
backscattered reaction products on the measured 65% light yield enhancement while very high 
spatial resolution of 5µm was maintained. 
 
In the second chapter of the thesis, linear attenuation coefficient of water at POLDI beamline 
using ‘Neutron Microscope’ and iridium coated scintillator screen was experimentally 
evaluated. Because water is due to the hydrogen strongly scattering material recently 
proposed method correcting for this phenomena was utilized. By this approach linear 
attenuation coefficient was obtained allowing for more precise quantification of water content 
in samples under investigation. The development and testing of the utilized scintillator screen 
is described in the first chapter. 
 
In the third chapter of the thesis, powdered scintillator screens consisting of LiF and ZnS(Ag) 
were produced in simple geometries which are easy to model. In Geant4, applications of 
respective scintillator screens taking into account their microstructure were developed and 
compared against the measurement. As the simulation allows extracting otherwise 
inaccessible data, including positions of neutron absorption and scintillation light generation, 
thorough assessment of these scintillator screens were carried out. Moreover, the spread of 
light in the bulk of the scintillator was evaluated as it could be considered a measure of 
scintillator screen’s spatial resolution. On the basis of validation experiments and simulations 
an enhancement of standard scintillator screen with randomly distributed particles was 
suggested. The addition of neutron absorbing material layer (LiF) on top of randomly 
distributed particles led to a 13% relative increase of light output and 4% absolute increase in 
detection efficiency in comparison with the scintillator screen without the additional layer.  
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Abstrakt 

Existuje mnoho způsobů jak lze neutrony detekovat. Scintilační detektory však nabyly pro 
neutronové zobrazování vysadního postavení. Ve většině nejmodernějších pracovišť 
neutronového zobrazování jsou proto scintilační obrazovky primární volbou detekčního 
systému. Tyto detektory mají dobrou detekční účinnost a prostorové rozlišení a je možné je 
vyrábět ve velkých rozměrech. Je-li navíc scintilační obrazovka propojena s detektorem 
citlivým na světlo, je možné přímo digitalizovat získaný obraz. Tento fakt přispěl k vývoji 
pokročilých metod neutronového zobrazování. Některé aplikace neutronového zobrazování 
však vyžadují stále lepší výkon, zejména prostorového rozlišení. Prostorové rozlišení, které je 
úměrné tloušťce vrstvy scintilačního materiálu, by bylo možné jednoduše vylepšit zmenšením 
této tloušťky. Bohužel, takto vylepšené prostorové rozlišení by bylo získané na úkor detekční 
účinnosti. Pro rentgenové scintilační detektory byla protichůdnost těchto požadavků vyřešena 
odstraněním závislosti rozlišení a tloušťky, tzv. mikrostrukturováním. Tímto způsobem je 
možné zachovat tloušťku scintilační obrazovky a vznikající světlo vést mikrostrukturami 
směrem k detektoru světla. Snaha o podobný vývoj proběhla také v oblasti scintilátorů 
citlivých na neutrony. Mikrostrukturované neutronové scintilátory však nedosahovaly 
parametrů klasických práškových scintilátorů. Z tohoto důvodu se tato dizertační práce 
zaměřuje na postupné změny dnes již existujících scintilačních obrazovek a snaží se studovat 
principy jejich fungování. 
 
První kapitola této dizertační práce popisuje vliv iridiové vrstvy nanesené na substrát 
scintilační obrazovky, která obsahuje vysoce obohacený prášek 157Gd2O2S:Tb, na měřené 
parametry. Cílem této úpravy bylo odrazit reakční produkty jaderné reakce neutronu a 
gadolinia zpět do materiálu scintilátoru. Podpůrné výpočty v Geant4 umožnily určit poměr 
odraženého světla a světla vzniklého odražením reakčních produktů na 65% zvýšení výtěžku 
světla při zachování velmi dobrého prostorového rozlišení 5μm. 
 
Druhá kapitola této dizertační práce popisuje experimentální určení lineárního koeficientu 
útlumu neutronů ve vodě na POLDI pomocí detekčního systému ‘Neutron Microscope’ 
a scintilační obrazovky pokryté iridiovou vrstvou. Jelikož ve vodě převažují rozptylové 
reakce, bylo nutné využít metodu, která tento nechtěný jev koriguje. Tímto způsobem byla 
získána výsledná hodnota linearního koeficientu útlumu, umožňující přesnější kvantifikaci 
obsahu vody ve vzorku. Vývoj a testování použité scintilační obrazovky je popsán v první 
kapitole. 
 
Třetí kapitola této dizertační práce popisuje scintilační obrazovky založené na LiF a ZnS(Ag) 
vyrobené v takovém geometrickém uspořádní, které lze snadno modelovat. Modely těchto 
scintilačních obrazovek beroucí v úvahu mikrostrukturu scintilátoru byly namodelovány v 
Geant4 a porovnány s naměřenými výsledky. Jelikož simulace dovolují extrahovat jinak 
nedostupná data, např. pozice absorpcí neutronů a pozice emitovaného světla, bylo 
provedeno důkladné vyhodnocení těchto scintilačních obrazovek. Díky tomu bylo možné 
vyhodnotit úhel šíření světla v materiálu scintilátoru, což může být považováno za míru 
prostorového rozlišení. Na základě validačních experimentů a simulací bylo navrženo 
vylepšení současně používaných scintilačních obrazovek s náhodně rozmístěnými částicemi. 
Přidání materiálu zajišťujícího absorpci neutronů, tj. LiF, na vrchní stranu náhodně 
rozmístěných částic vedlo ke zvýšení výtěžku světla o 13 % relativně a ke zvýšení detekční 
účinnosti o 4 % absolutně v porovnání se scintilační obrazovkou bez této vrstvy. 
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General introduction 

1. Neutron Imaging 
1.1. History 

Neutron imaging represents a mode of large group of radiation methods based on beam 
attenuation by a sample under investigation, where X-ray imaging is the most prominent 
member generally known to public. First attempts of making images with neutrons were 
carried out soon after their discovery in 1932 using a neutron generator [1]–[3]. However, the 
first reasonable images could be acquired only after the advent of nuclear reactors, which 
provide higher neutron flux, in 1950s. Neutrons, due to their electrical neutrality, can penetrate 
deep into samples and unveil their interior non-destructively, usually providing 
complementary information to X-rays. Since the beginning, neutron imaging relied on film-
based detection setups which limited the widespread utilization of the method. Another 
important step for neutron imaging development and spread of the method was made 
possible by the progression in the field of light-sensitive pixel detectors (CCD and sCMOS). 
This allowed direct digital recording of the sample’s projections and their subsequent analysis 
leading to the development of advanced neutron imaging methods [4] with shorter acquisition 
times as well as three dimensional tomographic imaging. 
 

1.2. Principles of Neutron Imaging 
Neutron imaging is based on means how a neutron interacts with matter. The most important 
property of a neutron, in the context of attenuation based neutron imaging, is its electrical 
neutrality. Therefore a neutron interacts predominantly through strong interaction with a 
nucleus. From a particle view point, there are three possible mechanisms for neutron–matter 
interaction, direct interaction of a neutron with a single nucleon, potential scattering and 
compound nucleus reaction[5]. Direct interaction occurs only for high energy neutrons and it 
is not an important reaction mechanism for neutron imaging. Potential scattering occurs for 
low energy neutrons in cases when compound nucleus is not created and reaction takes place 
through the interaction of electric potentials. For the compound nucleus interaction an 
incident neutron is at first step absorbed by a target nucleus. In second step, according to the 
probability described by microscopic cross section s [cm2] one of possible reactions can occur. 
[5] 
 
The reactions are following:  
 

• Elastic scattering (n, n) – The incident neutron and the target nucleus in the ground 
energy state create compound nucleus. Later, the neutron is emitted and the target 
nucleus is left in the ground state.  

• Inelastic scattering (n, n’) – The incident neutron strikes the target nucleus which is 
initially in the ground state. After the neutron reappears, the target nucleus is left in 
excited state from which it later decays by gamma quantum (here called inelastic 
gamma ray) emission. 

• Radiative capture (n, g) – The neutron is captured by the target nucleus so the new 
nucleus has atomic number higher than the initial nucleus by 1. As a result of this 
reaction gamma quantum is emitted (here called capture gamma ray).  

• Charged particle reaction (n, a), (n, p) – The incident neutron is absorbed in the target 
nucleus resulting in alpha particle or proton emission.   

• Fission (n, f) – This type of interaction is important in nuclear reactors. The incident 
neutron splits the target nucleus into two or three fragment nuclei and neutrons which 
allow to sustain chain reaction. 
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• Neutron-producing reaction (n, 2n), (n, 3n) – Reaction occurring only for energetic 
neutrons when two or three neutrons are emitted from the target nucleus. 

 
These reactions are each described by its own microscopic cross section s. For example, elastic 
scattering is described by the microscopic cross section for elastic scattering se. Microscopic 
cross section is energy-dependent quantity and describes the probability of interaction of an 
incident neutron with given target nucleus. Total microscopic cross section st describes the 
probability that any of the reactions mentioned above occur. Total microscopic cross section 
can be further split into two groups of reactions – absorption reactions (sa) and scattering 
reactions (ss). Equations below summarize microscopic cross sections for various reactions 
and relationships between them. Meaning of individual cross section subscripts can be 
inferred from the list of possible reactions above.   
 

𝜎! =	𝜎" + 𝜎# + 𝜎$ + 𝜎% +⋯ 
𝜎& =	𝜎& + 𝜎' +⋯ 
𝜎( =	𝜎! + 𝜎& 

 
In accordance with the notation of microscopic cross sections, so-called macroscopic cross 
sections can be defined. For example, total macroscopic cross section is defined by [5] 
 

𝛴( = 𝑁 ⋅ 𝜎( 
 
with units of [𝑐𝑚)*] and where N [𝑐𝑚)+]  is atomic density defined as [5] 
 

𝑁 =
𝜌 ⋅ 𝑁,
𝑀

 
 
where 𝜌 [𝑘𝑔 ⋅ 𝑐𝑚)+] is volumetric mass density, 𝑁, [𝑚𝑜𝑙)*] is Avogadro’s number and 𝑀 [𝑘𝑔 ⋅
𝑚𝑜𝑙)*] is molar mass.  
 
Neutron imaging can be described quantitatively by a simple principle of the neutron beam 
attenuation. Assuming that neutrons are removed from an incident parallel neutron beam by 
any of possible reactions, decrease of the beam intensity can be described by exponential 
attenuation law (so called Beer – Lambert law) [5] 
 

𝐼(𝑥) = 𝐼- ⋅ 𝑒).!⋅0 
 
where 𝐼- [𝑚)1 ⋅ 𝑠)*] is the incident beam intensity, and 𝛴( is total macroscopic cross section 
(also called linear attenuation coefficient) and 𝑥 [𝑚] is the width of the target. Real situations 
are somewhat more complicated. For example, scattering event does not have to necessarily 
remove neutron from the beam. Neutron’s direction can be altered only slightly so that the 
scattered neutron still strikes the detector resulting in false signal.[6] 
 

1.3. Neutron Sources and Facilities 
State-of-the-art neutron imaging requires sources with high enough neutron flux at the sample 
position. Nowadays, this condition can be met by nuclear reactors or spallation sources. 
Although, these sources are quite abundant worldwide, especially nuclear reactors, and quite 
a large number of them (67 reactors) report utilization of neutron radiography [7], in reality, 
only limited number of them provide high-end neutron imaging user programs. The most 
important neutron imaging facilities include ICON [8], NEUTRA [9] at SINQ spallation source 
at Paul Scherrer Institut (PSI); ANTARES [10] at research reactor in Technical University of 
Munich, Garching; CG-1D beamline [11] at High Flux Isotope Reactor (HFIR) in Oak Ridge 
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National Laboratory (ORNL); cold neutron imaging instrument at National Institute of 
Standards and Technology (NIST); neutron imaging station DINGO [12] at OPAL reactor at 
Australian Nuclear Science and Technology Organisation (ANSTO); neutron and X-ray 
tomograph NEXT [13] at High-flux reactor at Institut Laue Langevin (ILL); imaging 
instrument RADEN [14] at Japan Proton Accelerator Research Complex (J-PARC); and IMAT 
[15] instrument at spallation source ISIS at the Rutherford Appleton Laboratory. Moreover, 
new neutron imaging facilities utilizing spallation neutron sources are under construction at 
ORNL – VENUS [16] and at European Spallation Source (ESS) - ODIN [17]. 
 
Another important aspect of a neutron imaging facility is the distribution of neutron energies 
in a beam. Depending on the energy of moderating medium neutron beams can have so-called 
cold, thermal or fast neutron energies following a Maxwellian distribution. For example, a 
thermal neutron energy is set at 0.0253 eV which corresponds to velocity 2200 m/s and 
wavelength 0.18 nm (=1.8 Å).[18] 
 

1.4. Neutron Detection Principle 
In today’s world radiation is an indispensable tool commonly utilized in a variety of 
applications in science, industry and medicine. Most of these applications also require efficient 
detection of radiation. While different in details, radiation detection is always based on the 
interaction mechanism of a radiation with matter. The details of the detection methods for the 
most important types of radiation, including neutrons, can be found in [19]. 
 
Due to the fact that neutrons are uncharged particles their detection requires incorporation of 
a certain elements which converts incident neutrons to directly detectable particles. The most 
important conversion reactions are summarized in the table below. Values of thermal neutron 
cross sections are taken from [20] using ENDF/B-VIII.0 library [21]. As this thesis is focused 
on neutron-sensitive scintillators, their concrete examples can be found further in the text.  
 

Reaction Thermal neutron cross section [barn] 
3He(n, p) 5318 
6Li(n, a) 938 
10B(n, a) 3846 
113Cd(n, g) 19969 
155Gd(n, g) 60737 
157Gd(n, g) 252912 
235U(n, f) 587 

 
1.5. Neutron Imaging of Construction Materials 

Over time neutron imaging found use in many scientific and industrial applications [22], [23]. 
In the field of construction materials, neutron imaging is usually utilized to examine different 
aspects of water transport in concrete and other porous materials [24][25] and how it affects 
the durability of these structures [26]. As an example, the process of concrete dry out after 
casting may lead to the shrinkage of the material resulting in cracks. Neutron imaging of the 
approaches alleviating this negative process by internal curing [27] or by using shrinkage 
reducing admixtures [28] were performed. These days very popular 3D printing method can 
be also applied to the production of concrete structures. The method inherently produces 
spaces between individual printed layers. To assess effect of printing speed on water ingress 
via interlayer spaces neutron imaging investigation was carried out [29]. Further, 
superabsorbent polymers were added to the mixture to prevent shrinkage.  Another study 
presents quantification of water content at cement-clay interface which is of importance for 
radioactive waste repositories [30]. Other publications present water transport in concrete, 
whether it is the drying process of concrete [31] or various aspects of water penetration into 
the concrete [32]–[37]. The example of time-dependent water transport [36] investigates the 
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influence of crack on the rate of water penetration into the reinforced concrete and possible 
exploitation of the integral water repellent for minimization of water ingress into the sample. 
Neutron imaging is not limited to concrete samples. Water distribution and transport can be 
observed in wood. The influence of steep temperature gradients was studied in hardwood 
[38]. General transport in softwood was presented in [39]. In the field of nuclear engineering 
neutron imaging can be utilized to reveal hydrogen penetration into nuclear fuel cladding [40], 
which affects the integrity of the material a hence nuclear safety. Also connected to civil 
engineering, water flow and air distribution in a sand sample was investigated in [41].   
 

2. Scintillators 
2.1. History 

History of scintillators spanning over more than 100 years is marked by some significant 
discoveries where detectors with scintillating materials made a contribution. For instance, X-
rays were discovered by W. Roentgen [42] using barium platino-cyanide (Ba[Pt(CN)4]) screen, 
E. Rutherford shed light on atomic structure by detecting scattered alpha particles traversing 
gold foil with zinc sulfide (ZnS) [43] or recent discovery of Higgs boson by ATLAS [44] and 
CMS [45] detectors at CERN, that among other components, include liquid argon (LAr) and 
lead tungstate (PbWO4) scintillators. At the first sight less exciting but the more omnipresent 
employment of scintillators include non-destructive testing, security (airports, cargo) and 
medical imaging (computed tomography, positron emission tomography) using X-rays [46]–
[48]. In nuclear power plants scintillators are used as gamma radiation monitors to satisfy 
radiation safety requirements of national regulators [49]. Also connected to nuclear industry, 
nuclear fuel facilities utilize alpha-particle-detecting scintillators [50]. Scintillators are also 
employed as detectors in electron microscopes [51]. In science, scintillators are used in many 
of neutron [52] and synchrotron [53] facilities. From this it can be seen that detectors based on 
scintillating materials are truly widespread and therefore development in this field is worth 
continuing. 
 

2.2. Principle of Scintillation  
Scintillators, often interchangeably called phosphors, represent one of the possible means of 
the radiation detection. They form a group of materials which upon irradiation exhibit the 
phenomenon of luminescence [54]. The detection of given radiation by a scintillator is 
achieved by charge carrier production and their subsequent recombination resulting in photon 
emission. By this mechanism the detected radiation is converted into photons in the visible 
range of electromagnetic spectrum and can be detected by light-sensitive detector such as CCD 
or CMOS camera. 
 
From a chemical viewpoint scintillators can be divided into two groups – organic and 
inorganic scintillators. While scintillation in organic materials occurs due to the electronic 
transitions in the energy levels of a single molecule, and hence scintillation can be observed 
for multiple physical states of a given organic material, most inorganic scintillators rely on 
energy states formed in a crystal lattice of a material.[19]  
 
As a first step of an inorganic crystalline structure formation, bringing two atoms or molecules 
with discrete energy levels together causes an overlap of their electrons’ wave functions 
resulting in a split of atomic orbitals. This ensures that the Pauli’s exclusion principle is 
fulfilled. Every subsequent addition of an atom or a molecule causes another split of orbitals. 
Repeating the addition many times results in the formation of electronic band structure with 
regions were energy levels are so close that they essentially appear as a continuum and with 
regions with no energy levels at all.[55] The last band filled with electrons is called a valence 
band and the first unfilled band is called a conductions band. The region between these two 
bands is termed a band gap or a forbidden gap where no electrons can exist. As mentioned 
above the basic principle of a scintillator is based on the transfer of electrons between the two 
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bands. Incident radiation loses its energy in the material of a scintillator in behalf of electrons 
increasing their energy and promoting them to the conduction band, while leaving a hole in 
the valence band. Electron in the conduction band thermalizes and drifts towards the bottom 
of the conduction band and the hole drifts towards the top of the valence band so the 
recombination can occur and a photon is emitted as a result. Main drawback of described 
recombination process is the fact that generated scintillation photos have, in general, higher 
energies and can exceed the upper boundary of visible range. Moreover, they can often be a 
subject of self-absorption within the material. To solve this issue an alteration of crystalline 
structure by addition of a small amount of suitable dopant, called activator, is possible. The 
dopant introduces energy levels into the band gap resulting in the creation of sites in the 
crystal where electrons can recombine and produce scintillation photons of lower energies 
lying in the visible range of electromagnetic spectrum. This also lowers the probability of self-
absorption as the overlay of optical absorption and emission spectra is decreased.[19] 
 
It is worth noting that not all electronic transitions in a scintillator result in a scintillation 
photon emission. As a competing process to the scintillation light emission, there exist 
radiationless transitions leading to energy dissipation in the form of heat. Such processes 
decrease the scintillation efficiency which is defined as the ratio of total energy of generated 
scintillation photons and energy deposited by incident radiation in the bulk of the scintillator. 
[19]   
 

2.3. Parameters of Scintillators 
There are several parameters describing a scintillator including light yield, radiation stopping 
power, luminescence decay time, spectral matching of emitted light and sensitivity of photon 
detector, linearity of response to incident radiation and spatial resolution to mention the most 
important ones [46]. For a given application these parameters are of unequal importance. From 
the scintillator parameters the most important ones for neutron imaging purposes are the light 
yield, the radiation stopping power and the spatial resolution. For very high temporal neutron 
imaging an additional parameter of scintillating material – scintillation decay time – is of 
importance as well [56].  
 
The light yield describes the amount of scintillation photons detected by a light-sensitive 
detector and is a governed by the radiation-to-light conversion efficiency of a scintillating 
material which describes the amount of photons produced per unit of energy of a radiation, 
and the ability to transport the photons to the light-sensitive detector. The stopping power 
characterizes the rate of energy loss of a radiation in a material and depends on particle-matter 
interaction mechanism and is a basis of efficient radiation beam utilization. Another important 
feature of a scintillating material is the ability to sustain same level of light yield during 
prolonged irradiation periods. A scintillator fulfilling this requirement is said to be radiation 
hard [57].  The spatial resolution characterizes the imaging system’s ability to discern sample 
features in an image.  
 
Unfortunately, these parameters are not independent and they have to be adjusted with the 
awareness how they influence each other. For example, although increasing the thickness of a 
scintillator leads to better utilization of a beam, it inevitably increases the spread of the 
generated scintillation photons in the bulk of the scintillator and hence results in decrease in 
spatial resolution and light yield. Therefore, common task in the scintillator screen 
development is to find the best balance between the parameters. As this thesis is focused on 
employment of scintillation detectors for imaging, an additional requirement of sufficient 
field-of-view (FOV) is placed on a scintillator. Depending on the application, the FOV can 
range from units of mm2 to tens of cm2. Considering all the requirements, in practice, the choice 
of scintillator material form is reduced to the following options – to inorganic powder-based 
scintillators [58], to thin single crystal scintillators [59] or recently introduced liquid 
scintillators for fast neutron imaging using colloidal nanocrystals [60]. Scintillators used for 
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imaging purposes are often termed as scintillator screens, which also suggest their physical 
appearance of a plate with two large and thin third dimension. 
 
Scintillators come in many material forms and shapes. As already mentioned scintillators can 
be divided into a group of organic and inorganic compounds. Further division follows the 
material’s state of matter. Scintillators can take a form of inorganic crystals (either single 
crystal [61], powdered [62] or ceramic [63]) organic liquids [64], organic crystals [65], noble 
gases [66] and liquids [67], or plastics [68]. Each of these scintillator types has the predominant 
area of use, however for some application more than one scintillator form can be appropriate. 
For example, imaging methods can utilize inorganic scintillators, both powdered and single 
crystals, and plastics. 
 

2.4. Microstructuring of Scintillators 
Historically, scintillator screens were predominantly produced either in a form of single 
crystal plates or powdered phosphor spread over a substrate. As these scintillator screen types 
have certain performance limits, deliberate alterations of scintillator screen’s components can 
be applied. Depending on a length scale of these alterations, the terms  'microstructuring' or 
'nanostructuring' are commonly used. The most important parameters for imaging are light 
output, spatial resolution and stopping power. Moreover, these parameters are generally 
intertwined and therefore relations between them has to be taken into consideration.  As 
already mentioned thinner layers of scintillation material results in lower light spread and 
hence higher spatial resolution. On the other hand, thinner layer inevitably leads to a lower 
stopping power. Unfortunately, increasing the layer thickness not only deteriorates the spatial 
resolution but may as well cause lower light output, especially for powdered scintillator 
screens where light is scattered in the bulk of the material or absorbed in strongly absorbing 
materials. To solve these issues, the following approaches has been exploited so far. 
 
To improve spatial resolution and stopping power, without negatively affecting the other, an 
approach of decoupling the resolution from the scintillator thickness was implemented. This 
can be achieved by multiple ways – by filling high aspect ratio silicon pore array with 
scintillating material as in [69]–[71]. Another approach uses the ability of certain materials to 
be grown in needle-shaped crystals forming microcolumnar structure [72]–[74]. Moreover, 
further microstructuring can be achieved by the pixelation of the needle-shaped scintillating 
layer [75]. Similarly to microcolumnar scintillators eutectic composites can be directionally 
solidified resulting in rod-like or lamellar structures depending on materials comprising the 
system [76]. In all the cases light guiding effect, preventing the scintillation light to be spread 
laterally, is achieved. 
 
Once the light is successfully generated in the bulk of scintillator screen it requires to be 
transported towards light-sensitive detector for registration. This is usually hindered by any 
of the following factors (or their combination) including high refractive index of most 
inorganic scintillators leading to total internal reflection, strong light absorption of some 
scintillating materials or powdered structure of some scintillator screens. To enhance the light 
extraction, special structures called photonic crystals inspired by nature [77] can be produced 
on top of the scintillator screens [78], [79]. Artificial photonic crystals allow photons incident 
at an angle greater than certain critical angle to traverse into ambient environment. In cases 
where timing is of importance photonic crystals can help to reduce path length of the light in 
the scintillating material. In practice, large scale production of photonic crystals is limited only 
to certain materials and production processes. Nevertheless, the positive effect on light output 
is apparent and published [80]–[85]. 
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2.5. Scintillators for Neutron Imaging 
Due to fact that neutrons are electrically neutral particles they do not possess the ability to 
ionize the material of scintillator directly. This somewhat complicates the detection process as 
it requires an additional conversion reaction which produces charged particles detectable by 
standard means. Among all elements especially 6Li, 10B, 155Gd ,157Gd [86] isotopes which show 
high interaction probability for thermal and cold neutrons are being incorporated in 
conversion materials of imaging detectors.  

 
2.5.1. Gd2O2S:Tb 

Terbium-doped gadolinium oxysulfide, Gd2O2S:Tb, is a well know phosphor initially utilized 
primarily for X-ray imaging applications, such as non-destructive testing in industry and 
mammography and dental imaging in medical domain. Its usage for digital x-ray imaging is 
predetermined mainly by a high density of 7.34 g/cm3, high atomic number Z=64 of 
gadolinium and main emission peak of 545 nm [87] matching very well with quantum 
efficiencies of CCD and CMOS light sensitive detectors. Refractive index of the material is 2.3 
[88] and band gap is 4.6 eV [89]. This screen can be fabricated in the form of powder [90], [91] 
or ceramic [92]. 
 
For neutron imaging gadolinium is a component which serves as a neutron converter. Neutron 
incident on the scintillator is converted by (n, g) reaction on gadolinium. In case of 157Gd 
7.94 MeV with distinct energy spectrum is emitted. Some of the isotropically emitted gamma 
particles, predominantly those with lower energies, are internally converted by transferring 
their energy to electrons which later escape an atom. These electrons are called internal 
conversion electrons (ICE) and they also possess distinct energy spectrum. Internal conversion 
electrons along with Auger electrons that are emitted as a side effect of internal conversion 
process are the main source of scintillation photons in  Gd2O2S:Tb.[93] 
 

2.5.2. LiF/ZnS(Ag) and LiF/ZnS(Cu) 
Unlike gadolinium oxysulfide which is a single component scintillator, LiF/ZnS(Ag) and 
LiF/ZnS(Cu) form double component powdered scintillators for neutron radiation. First 
component ensures the conversion of neutrons to charged particle by a nuclear reaction on 6Li. 
This reaction is of (n, a) type. By this reaction a triton (2.73 MeV) and an alpha particle 
(2.05 MeV) are emitted in the opposite directions. When traversing the second component 
(ZnS(Ag) or ZnS(Cu)) responsible for the scintillation process they produce light.[94] Main 
emission peak of the luminescent components is 520 nm and 450 nm for ZnS(Cu) and ZnS(Ag), 
respectively [95]. Densities of 2.64 g/cm3 and 4.1 g/cm3 for LiF and ZnS, respectively, in 
combination with chemical composition, make this neutron-sensitive scintillating compound 
relatively insensitive to x-rays and gamma rays. 
 

2.5.3. Other scintillators 
Even though that the two abovementioned scintillators can be considered a standard in many 
neutron imaging facilities, they are not the only option. Nevertheless, the range of options is 
somewhat limited in comparison with the abundance of x-ray and gamma ray sensitive 
scintillators. This is caused mainly by the necessity of incorporation of an isotope with high 
probability for neutron converting reaction. Therefore, scintillators can be divided in following 
groups – 6LiF-based, 10B-based and Gd-based. For scintillators comprising 10B, the underlying 
conversion reaction is of (n, a) type with 7Li as a second reaction product. Alpha particle and 
7Li share 2.31 MeV of reaction energy (in 94% of cases) or 2.797 MeV of reaction energy (in 6% 
of cases).[19] 
 
In the 6LiF-based group multiple mixtures were tested in [57]. Among them 6LiF/Zn(Cd)S:Ag 
seems to be the most promising one, even though it does not outperform standard 
6LiF/ZnS(Cu) in terms of absolute light yield. The main advantage of 6LiF/Zn(Cd)S:Ag over 
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6LiF/ZnS(Cu) lies in the fact that its afterglow is substantially suppressed making the 
scintillator suitable for high temporal resolution measurements. 
 
The scintillators in 10B-based group benefit from significantly higher neutron absorption cross 
section of 10B with respect to 6Li. This is translated to greater neutron absorption and hence 
better neutron utilization. Publication [96] provides an extensive study on various neutron 
converting materials from which natBN, 10B2O3 and Na10B5O8 were selected and mixed with 
ZnS(Cu) luminescent material (with various particle sizes and relative ratios of the two 
scintillator components) for further testing. While 6LiF/ZnS(Cu), that is used for comparison, 
still provides the highest light yield, 10B2O3/ZnS(Cu) significantly outperforms it in terms of 
detection efficiency. 
 

2.5.4. Microstructured neutron-sensitive scintillators  
Apart from the necessity of conversion material inclusion in the scintillator screen, similar 
approaches of microstructuring, as already mentioned for x-ray and gamma scintillator 
screens, can be employed for neutron-sensitive scintillators as well. However, the actual 
employment of microstructuring in scintillators for neutron imaging is quite limited and only 
small number of publications on this topic is available. Among them following has been 
published so far. 
 
Microcolumnar scintillators based on CsI and NaI [97] with lithium incorporated in their 
lattices or LiI [98] were grown and tested in neutron beams . In [99], GdI3:Ce is presented as a 
promising scintillation material due to its high theoretical light output. Another approach uses 
separate neutron conversion layer in the form of enriched LiF [100] or 10B [101] on top of 
microculumnar CsI:Tl scintillator screen. In [102], [103], conversion layers of Gd2O3 or GdF3 
fully surrounds laser-pixelated microcolumnar CsI:Tl scintillating layer. In [104] first trial with 
neutron-sensitive scintillating material filled in porous silicon membrane was carried out. 
Recently, investigations of neutron-sensitive scintillator eutectics were presented showing 
ordered lamellar [105]–[107] or rod-like [108] structures. Very recent publication [109] shows 
the possibility of neutron detection using lithium-6 enriched glass fibers coupled to CCD 
camera.   
 
Apart from scintillator-based detectors, there also exist detection systems based on different 
detection mechanism which could be considered as microstructured. Among them 
semiconductor detectors made of microstructured substrate filled with neutron conversion 
material such as in [110], [111] or pixelated detector base on lithium indium diselenide [112] 
were developed and tested. Another option is a microchannel plate (MCP) with neutron 
conversion material built-in [113]. Even though multiple attempts of scintillator screen 
microstructuring were conducted and presented, still the state-of-the-art neutron imaging 
facilities utilize predominantly powdered form of scintillators consolidated by an optical 
binder and spread over a neutron transparent substrate. Among the wide range of possible 
materials and their combinations aforementioned LiF/ZnS:Ag and Gd2O2S:Tb based 
scintillator screens combined with CCD/sCMOS camera significantly stand out and can be 
considered as a standard of neutron imaging detection setups. 
 

2.5.5. Resolution 

While X-ray imaging performs routinely with a spatial resolution well below 1 µm [114], 
neutron imaging had been for a long time constrained to the spatial resolution of more than 
10 µm. Therefore, a demand for higher spatial resolution, from which many scientific domains 
would benefit, has arisen in neutron imaging community. The applications where this 
development is particularly desirable include fuel cell research [115], nuclear [40] and material 
engineering [116] or soft matter [117].  
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Unfortunately, neutron-sensitive microstructured scintillator screens are not yet widely 
deployed in neutron imaging facilities mainly due to the fact that they still not outperform the 
standard screens based on powdered phosphors [91] or other high-resolution neutron imaging 
detection setups such as MCPs [118], semiconductor detectors [119] or indirect detection 
method. To assess neutron imaging resolution gadolinium- based Siemens Star developed in 
PSI [120] can be utilized. It allows both visual inspection and rigorous assessment carried out 
either by Fourier ring correlation method [121] or using edge spread function (ESF) as shown 
in [122]. In case of powdered scintillators, higher resolution is generally achieved by reducing 
the powder layer thickness at the expanse of decreased neutron absorption. This can be party 
solved by utilization of a material with higher neutron absorption power, e.g. in Gd2O2S:Tb  
enriched by 157Gd as in [123]. In combination with magnifying optics resolution of better than 
5 µm can be achieved [124]. Using powdered scintillator screens based on LiF/ZnS:Ag or 
Gd2O2S:Tb resolution can be enhanced by add-on fiber optics taper (FOP) [125] or by an event 
centroiding method [126]. For MCP based detectors event centroiding can be applied as well 
[127]. Another detection setup utilize indirect method using LiF crystal which has to be 
subsequently read out [128]. 
 
3. Neutron Transport Simulations 

3.1. Introduction 
Computational physics is nowadays considered to be a third branch of physics 
complementary to traditionally established theoretical and experimental physics. With the 
advent of computers, computer modelling gained on importance as it can be utilized as a first 
step of verification or design in many human endeavors in science, industry etc. Computer 
simulations play an important part of many scientific workflows where simulation can suggest 
meaningful cases for which full-scale experiments can be built and performed, resulting in 
significant reduction of spent funds.    
 
In the context of this thesis a computer is able to simulate transport of radiation in matter. This 
can be useful for designing new neutron imaging facilities, detectors or predict how a sample 
can influence neutron beam spectrum. A simulation of neutron transport and other particles 
can be, in principle, realized by two approaches. The first approach encompass solving the 
Boltzmann equation for neutron transport. This approach is called deterministic because for a 
given set of parameters and initial conditions there is always the same exact output. It usually 
requires discretization of variables such as spatial, angular and time variables involved in a 
computation. Examples of deterministic codes are PARTISN [129] or PENTRAN [130] for 3D 
radiation transport. The main advantage of deterministic codes is that they are faster and that 
detailed particle flux can be obtained. On the other hand, geometry has to be usually 
simplified.  
 
The second, stochastic approach, utilizes Monte Carlo method which relies on sampling of 
random variables. There are two different flavors of Monte Carlo calculation. One of them, 
called nonanalog method, is a mathematical technique to solve integrals and the other, called 
analog method, can be thought of as a direct simulation of physical processes [131]. For 
example, the process of neutron collision with a target nucleus can be described by a stochastic 
model and by simulating many neutrons colliding with the nucleus. Angular or energy 
distribution of neutrons after the collision can be retrieved from such simulation. In the field 
of nuclear engineering the most well-known stochastic simulation codes are MCNP [132], 
FLUKA[133] or GEANT4[134]. The main advantage of stochastic codes is their ability to 
faithfully represent modelled geometry. On the other hand, the main drawback is high 
demands on computation resources.  
 
Deterministic and stochastic approaches can be, and are, combined in the so called hybrid 
methods where certain part of a simulation is computed with stochastic approach and the 
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other with deterministic approach. This way, main drawbacks of both methods can be 
mitigated.[135] 
   

3.2. Geant4  
Geant4 is a Monte Carlo object-oriented simulation toolkit developed in CERN initially 
focused on simulations in high-energy physics (HEP) [134], [136], [137]. From HEP, Geant4 
expanded to many fields of physics and can be used, for example, for an investigation of 
radiation-induced damage in DNA [138], simulation of neutron detector response [139] or 
absorbed dose distribution during dental imaging [140].  
 
Geant4 is written in C++ and since it is a toolkit it requires a user to implement its own 
geometry, particles involved in a simulated experiment, physical fields and processes. To do 
this, Geant4 includes many classes for different aspects of the simulation. As Geant4 is able to 
track whole histories of every particle it is possible to retrieve detailed information on 
simulation such as where and which particle was created, what is the amount of energy 
deposited in certain part of geometry and many more. In the field of neutron imaging Geant4 
is used on various levels of complexity. From investigations to optimize detector dimensions 
to improve light yield such as in [94] to full-scale simulation of thermal neutron beamline in 
[141]. 
 

3.3. Casino 
CASINO is also a Monte Carlo simulation code developed in C++ [142]. The code is focused 
on scanning electron microscope (SEM) users allowing them to simulate electron transport in 
a sample so that they can plan or interpret their imaging investigations. Simple user-friendly 
graphical interface is provided and user can set layers of materials, their composition and 
energy of incident electrons. It is also possible to display trajectory of electrons. Within this 
thesis CASINO was utilized for the computation of electron backscattering coefficient which 
is defined as a ratio of number of electrons incident on a material surface and number of 
electron reappearing from the surface. The use of computed backscattering coefficient is 
described in Chapter 1. 
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Outline of the thesis 
The main objective of the thesis is to study the influence of individual scintillator screen’s 
components and their relative arrangement on the performance with focus on high-resolution 
neutron imaging. The most important parameters such as spatial resolution, light output and 
neutron absorption were assessed for individual scintillators. Experimental measurements 
were supported by simulations and improvements of the current powdered scintillator 
screens were suggested. Improved scintillator screen was used for the measurement of linear 
attenuation coefficient of water which allows quantification of water content in porous media 
such as construction materials. 
 
In chapter 1 – Light Yield Enhancement of 157-Gadolinium Oxysulfide Scintillator Screen for the 
High-Resolution Neutron Imaging – the influence of iridium layer on the parameters of the 
scintillator screen is investigated. Influence of iridium layer on light output is measured and 
explained with the help of Geant4 simulation.  
 
In chapter 2 – Linear attenuation coefficient of neutrons in water at POLDI beamline using high-
resolution neutron imaging detection setup ‘Neutron Microscope’ – the measurement of linear 
attenuation coefficient of water is presented as its precise value is crucial for correct water 
content determination in samples such as concrete and other porous materials. For the 
experimental assessment of the linear attenuation coefficient of water the scintillator screen 
developed and presented in chapter 1 was utilized. 
 
In chapter 3 – LiF/ZnS(Ag) scintillator tests and simulation – thorough experimental and 
computational evaluation of the scintillator screen comprising LiF and ZnS(Ag) is carried out. 
Based on the comparison of measurements and simulations further improvements of the 
scintillator screens are suggested. 
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Chapter 1 

Light yield enhancement of 157-gadolinium oxysulfide scintillator 
screen for the high-resolution neutron imaging 
 
Jan Crhaa,b, Joan Vila-Comamalac, Eberhard Lehmanna, Christian Davidd, Pavel Trtika 
 
a Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, Villigen PSI, CH, 5232, Switzerland 
b Faculty of Civil Engineering, Czech Technical University, 166 29, Prague, Czech Republic 
c Institute of Biomedical Engineering, University of ETH Zürich, 8092, Zürich, Switzerland 
d Laboratory for Micro- and Nanotechnology, Paul Scherrer Institut, Villigen PSI, CH, 5232, Switzerland  
 
Abstract 
This paper reports on light yield enhancement of terbium-doped gadolinium oxysulfide based 
scintillator screens achieved by coating their substrates with thin layers of a high density and 
high atomic number material. For this purpose, iridium was chosen and layers of various 
thickness were applied by atomic layer deposition (ALD). We assessed newly developed 
scintillator screens for neutron absorption, light yield and spatial resolution and compared 
them to previously used non-iridium-coated scintillators screens. The addition of the iridium 
layer resulted in 65 % light yield enhancement in comparison to uncoated scintillator screens 
while the spatial resolution and absorption power remained unchanged.  
 
Highlights: 

• 65 % light yield enhancement of the scintillator light output with preservation of the 
spatial resolution  

• Use of atomic layer deposition for nanoengineering of the neutron sensitive scintillator 
screens 
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Method details 
Neutron imaging is a non-destructive testing (NDT) method which in many cases provides 
complementary information to more common X-ray imaging. While X-ray sources can yield 
relatively high photon flux, especially in synchrotron facilities, the neutron sources lack 
behind in terms of intensity. From this fact stems the necessity of thorough optimization of the 
neutron-sensitive scintillator screens, in particular for the high-resolution applications.  
 
Nowadays, most widely used detection systems for high-resolution neutron imaging 
comprise a scintillator screen optically coupled to CCD or CMOS camera [4]. Standard 
scintillator screens consist of a compound (e.g. Gd2O2S:Tb3+ - terbium-doped gadolinium 
oxysulfide) or of a mixture of compounds (e.g. 6LiF + ZnS:Ag) spread over a substrate with no 
further modifications. Work presented here is a part of the ‘Neutron Microscope project’ [104], 
[143], [144]  performed at the Paul Scherrer Institut (PSI) and is focused on the spatial 
resolution enhancement through material and geometrical adjustments of the scintillator 
screen. 
 
During this project light optics with fivefold magnification tailored for main emission peak of 
Tb3+ in gadolinium oxysulfide host was developed. A substantial decrease of thickness of 
gadolinium scintillating powder layer was obtained by utilizing enriched 157Gd isotope (about 
88 % of 157Gd) for 157Gd2O2S:Tb3+ powder production. Details of scintillator screen production 
using enriched gadolinium can be found in [62]. 
 
The main source of scintillation light in terbium-doped gadolinium oxysulfide phosphor upon 
neutron irradiation are internal conversion electrons (ICE) and Auger electrons originating 
from (n, g) reaction on 157Gd. Since scintillator screens using 157Gd2O2S:Tb3+ require only a thin 
layer (~3 µm for cold neutron beam) to almost fully absorb incident cold neutron beam, it can 
easily occur that ICEs’ energy is not fully deposited within the scintillating powder thus 
travelling outside the scintillating layer. Therefore, the objective is to utilize (n, g) reaction 
products more efficiently. 
 
Methodology 
As already mentioned some of the ICEs do not fully deposit their energy in the scintillating 
powder layer. This is caused by the fact that g-rays from (n, g) reaction are emitted isotropically 
implying that ICE emission is also an isotropic process. Considering small dimensions of the 
phosphor powder layer and ICEs’ initial momentum it is obvious that certain portion of ICEs 
can escape the phosphor. Therefore, iridium, which combines high mass density and high 
atomic number, was selected as a suitable candidate material for maximizing the ICEs’ 
backscatter. To determine the appropriate thickness of iridium coating, the Monte Carlo code 
for electron transport CASINO [142] was utilized to calculate the electron backscattering 
coefficients (the ratio of the number of electrons leaving the sample to the number of electrons 
entering the sample). 
 
Internal conversion electrons from (n, g) reaction on 157Gd possess a distinct energy spectrum 
[93]. The most important lines are those at 29 keV and 71 keV (the 29 keV line being ~6.4× 
more intense than the 71 keV line). It is worth noting that the electron spectrum emitted due 
to 158Gd de-excitation also includes K-Auger electrons of 35 keV and ICE electrons of 78 keV, 
both with relatively high yield. Although, when electrons of similar energies (29 keV + 35 keV 
and 71 keV + 78 keV) are grouped together, their relative yield ratio remains practically the 
same, i.e. ~6. Backscattering coefficient were, therefore, calculated for 29 keV and 71 keV ICEs. 
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Figure 1: Backscattering coefficients of a layer of iridium on a silicon substrate irradiated by 29 keV and 71 keV 
electrons from two different angles (0°and 45°). The calculation was carried out using the Monte Carlo code 
CASINO. 

The results of simulated 29 keV and 71 keV electrons striking the surface of iridium layer on a 
silicon substrate from two different angles, namely orthogonal to the surface (0°) and at 45° 
are concisely presented in Figure 1. It can be seen that the curves of 29 keV ICEs saturate at 
about 300 nm thickness of the iridium layer. Therefore, increasing the thickness further would 
not have any impact on the amount of backscattered electrons. The results of calculations with 
71 keV electrons follow the same trend as those with 29 keV electrons. However, the state of 
saturation is reached for a thicker layer (the backscattering coefficient for 1500 nm of iridium 
and an orthogonal 71 keV electron beam is 0.46, which corresponds to the saturation state) that 
is similar to the size of 157Gd2O2S:Tb3+ particles used in the scintillator screen. Considering the 
relative ratio of the 29 keV and 71 keV ICEs and the thickness of the iridium layer necessary 
for effective backscattering of 71 keV ICEs, and the slow growth rate of the atomic layer 
deposition (ALD) coating, the final thickness of iridium layer was chosen on the basis of 29 keV 
electron backscattering simulation. 
 
In Figure 2, the trajectories of simulated electron transport in a layer of iridium on a silicon 
substrate are shown. The two-layer geometry including an infinitely thick silicon substrate 
and an iridium layer of a variable thickness was used for the simulation. The electron beam of 
10 nm width impinged iridium surface first. It is clearly shown that increasing the iridium 
layer thickness significantly lowers the interaction volume of incident electrons in the material 
and causes more electrons to backscatter. In Figure 3, the cross-section of the actual iridium-
ALD-coated scintillator screen is shown on the scanning electron microscope (SEM) 
micrograph. The layer has been built up in two separate 100 nm thick deposition runs.  
 
Fabrication and experimental characterization of the iridium coated scintillator screens 
The original 11 mm x 11 mm silicon substrates cut from a wafer were coated with an iridium 
thickness of 200 nm and 460 nm by atomic layer deposition (ALD) using iridium 
acetylacetonate, Ir(acac)3 and oxygen, O2, as precursor gases at 350 °C. The iridium layer was  
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Figure 2: CASINO simulation results of electron transport in a layer of iridium on a silicon substrate. The numbers 
in the left bottom corner of each image denote the iridium layer thickness. The incident electron beam energy is 
29 keV. Red trajectories denote backscattered electrons, blue trajectories denote electrons that do not backscatter. 

 
Figure 3: SEM micrograph of a silicon substrate coated with iridium by atomic layer deposition (ALD). 

nucleated using a plasma-enhanced ALD recipe to obtain a finer iridium grain size, but the 
bulk of the iridium thickness was grown by thermal ALD process [145]. A PICOSUNTM R-200 
Advanced ALD system was used for the deposition. The resulting substrates and uncoated 
control substrates were then deposited with 157Gd2O2S:Tb3+ powder, as described in [5]. 
 
Neutron imaging experiments were carried out at Paul Scherrer Institut using the cold neutron 
imaging facility ICON [9]. The mean neutron wavelength 3.1 Å of the ICON’s cold spectrum 
in combination with 157Gd2O2S:Tb3+ phosphor allows for the utilization of very thin scintillator 
powder layers. Test samples comprise square scintillator screens of 11 mm x 11 mm in 
dimension consisting of silicon substrates (250 µm thick), iridium layers (200 nm or 460 nm 
thick) and 157Gd2O2S:Tb3+ phosphor powder of a mean particle size of 2 µm. The thickness of 
phosphor layer is approximately 2.5 µm. Two samples per each given thickness of iridium 
layer were tested. The newly developed iridium-coated scintillators were compared to 
uncoated scintillator screens to assess the influence of iridium layer on scintillator 
performance in neutron absorption power, light output and spatial resolution. For the neutron  
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Figure 4: Schematics of the standard neutron imaging facility setup. ‘Sample’ and ‘Scintillator’ positions were used 
for the measurements. 

absorption measurements the ‘Sample’ position was used, for light output measurements and 
spatial resolution measurements the ‘Scintillator’ position was used (see Figure 4). 
 
The neutron absorption and light output measurements were carried out using the standard 
high-resolution setup available at the ICON facility with 20 µm thick natGd2O2S:Tb3+ scintillator 
screen coupled to the camera with a nominal pixel size of 13.5 µm [8]. Four camera pixels were 
binned resulting in a nominal image pixel size of 27 µm. Spatial resolution measurements were 
carried out using the Neutron Microscope setup equipped with sCMOS camera (ORCA-
Flash4.0 V2) with image pixel size of ~1.3 µm. All acquired neutron radiographs were 
corrected for open beam and dark current. 
 
Results 
During the measurements, the newly developed 200 nm and 460 nm iridium-coated 
scintillator screens were tested and compared to the uncoated predecessor. Neutron 
absorption measurements yielded 0.395, 0.415 and 0.41 for scintillator screen with 460 nm of 
iridium coating, scintillator screen with 200 nm of iridium coating and the uncoated 
scintillator screen, respectively. The results of individual samples of each iridium coating 
thickness are shown in Table 1 and Figure 5 b. The very similar results of neutron absorption 
measurements were expected as the amount of scintillating powder in each scintillator screen 
which is responsible for neutron absorption was approximately the same. Light output 
measurements resulted in 977, 930 and 583 counts for scintillator screen with 460 nm of 
iridium coating, scintillator screen with 200 nm of iridium coating and uncoated scintillator 
screen, respectively. The difference in light output results for individual sample can be seen in 
Table 2. Figure 5 a also confirms the data from the Table 2 where iridium-coated scintillator 
screens are clearly brighter.  Therefore, the influence of iridium coating is apparent, as it yields 
approximately 65 % higher light output in comparison to uncoated substrates. 
 
The scintillator screens were tested for spatial resolution using a test sample consisting of a 
gadolinium Siemens star. Gadolinium Siemens star [120] is a standardized test object for the 
spatial resolution assessment. The resulting neutron radiograph is shown in Figure 5 c. 
Applying the Fourier Ring Correlation (FRC) method [121], [146] for spatial resolution 
assessment yielded a resolution of 5.2 µm (compared to 4.9 µm uncoated). A visual inspection 
of the gadolinium Siemens star reveals spatial resolution of 4.5 µm (see Figure 5 d). 
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Table 1: The mean values and the standard deviations of the neutron absorption. Scintillators 1, 2 - 460 nm iridium 
layer; 3, 4 - 200 nm iridium layer; 5, 6 - uncoated scintillator screens. 

Scint. number Neutron absorption (-) 
1 0.38 ± 0.02 
2 0.41 ± 0.02 
3 0.41± 0.02 
4 0.42± 0.02 
5 0.41± 0.02 
6 0.41± 0.02 

 

 
Figure 5: Neutron radiographs of (a) light output measurements, (b) neutron absorption measurements, (c) spatial 
resolution measurements using standard sample of gadolinium Siemens star and (d) zoom-in of center part of 
Siemens star image presented in 5c. Scintillators 1, 2: 460 nm iridium layer; 3, 4: 200 nm iridium layer; 5, 6: uncoated 
screens. The width of the central spokes is equal to 4.5 µm. 

Discussion 
The main sources of scintillation light in 157Gd2O2S:Tb3+ are ICE and Auger electrons 
origination from (n, g) reaction on 157Gd. However, only 29 keV ICE and 35 keV Auger 
electrons have a continuous slowing down approximation (CSDA) range in the order of single 
micrometers (computed using [147] and compared with [93]), i.e. similar to phosphor particle 
size. The next energy of ICEs is 71 keV. Yet, these conversion electrons’ CSDA range is in the 
order of tens of micrometers meaning that full energy deposition in the scintillation powder is 
much less probable. As seen in the results, the increase of the iridium layer thickness does not 
seem to lead to significant increase in the light output despite the clearly higher backscattering 
coefficient of the thicker layer. To explain this apparent inconsistency between CASINO 
calculations of electron backscattering coefficients and the measured results, further 
simulations were carried out. For this purpose the Monte Carlo simulation code GEANT4 [134] 
was employed and the influence of iridium layer on the energy deposition in Gd2O2S:Tb3+ was 
assessed. GEANT4 simulation consisted of simple geometrical arrangement of adjacent boxes  
 



 31 

Table 2: The mean values and the standard deviations of the light output. Scintillators 1, 2 - 460 nm iridium layer; 
3, 4 - 200 nm iridium layer; 5, 6 - uncoated scintillator screens. 

Scint. number Light output (counts) 
1 1035± 39 
2 919±33 
3 944±31 
4 916±32 
5 595±27 
6 571±27 

 
filled with respective materials (silicon for the substrate, iridium for the backscattering layer 
and gadolinium oxysulfide for the scintillating material). For each energy of ICEs (based on 
[93]) and for each representative position along the axis of the scintillator, 105 ICEs were 
simulated to be emitted isotropically. Energy deposition, which is proportional to the amount 
of generated light, in the volume containing scintillating material for a given energy of an ICE 
was recorded. Assuming the Beer-Lambert law and based on the knowledge of the conversion 
electron yields upon neutron irradiation, the energy deposition was calculated. 
 
The results of the additional simulations showed that the thicker layer of iridium coating, i.e. 
460 nm, used for the measurements yield only about 10 % increase in energy deposition in the 
phosphor (in comparison to uncoated scintillator screen). The 200 nm layer increases the 
energy deposition only by about 8.5 %. The result of this simulation therefore indicates that 
the difference of 1.5 % between the 200 nm and 460 nm thick iridium layers is too small to be 
observed in the measured results obtained with the limited sample set.  
 
Considering the combination of results presented in this paper and the energy deposition 
simulations, major influence of the light output enhancement is to be associated with the 
increase in the backscattering (reflection) of the scintillation light due to the higher reflectivity 
of iridium compared to silicon. The minor part is therefore caused by the backscatter of the 
ICEs. 
 
Conclusion 
We demonstrated the influence of iridium coating of the scintillator screens on light output. 
The iridium coating on silicon substrate resulted in a 65 % increase in light output while the 
neutron absorption power and spatial resolution have been preserved. Since the results of this 
investigation suggest that the major part of the light output enhancement is due to the better 
light reflection from the iridium surface, the additional layer of a material of even better 
reflectivity will be considered. Iridium layer should be, however, preserved not only for its 
electron backscattering capabilities but also for its ability to significantly reduce ICEs 
interaction volume. This reduction of the interaction volume causes the backscattered 
electrons to reappear on the surface closer to the position of its entrance and thus the 
probability of energy deposition in the proximity of their emission from (n, g) reaction is 
increased (prevents the spatial resolution degradation). 
 
In the future, further light output enhancement of the scintillator screens is foreseen as it is 
planned to coat nanostructured phosphor surfaces in order to facilitate light escape from the 
powder particles. On the side of spatial resolution, scintillator powder should be placed into 
microchannels in order to contain conversion reaction product and light as close as possible to 
the location of its origin, which is an approach already successfully applied in the field of x-
ray imaging [71]. 
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Chapter 2 

Linear attenuation coefficient of neutrons in water at POLDI beamline 
using high-resolution neutron imaging setup ‘Neutron Microscope’ 
 
Jan Crhaa,b et al. – in preparation 
 
a Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, Villigen PSI, CH, 5232, Switzerland  
b Faculty of Civil Engineering, Czech Technical University, 166 29, Prague, Czech Republic 
 
Abstract 
Due to its interaction properties neutron is a suitable probe to assess water distribution in the 
bulk of various samples. Theoretically, neutron attenuation in matter is described by linear 
attenuation coefficient. However, correct evaluation of water content is hindered by neutron 
scattering from sample and detection setup. To overcome this, recently proposed procedure 
of neutron scattering correction using grid of bodies opaque to neutrons was employed. The 
justification of the utilization of this method is presented. This study presents the linear 
attenuation coefficient of water at POLDI neutron beamline at Paul Scherrer Institut using 
high-resolution neutron detection system ‘Neutron Microscope’. 
 
Highlights:   

• Linear attenuation coefficient of water at POLDI thermal neutron beamline using 
‘Neutron Microscope’ high-resolution detection setup determined 

• Greater accuracy of evaluating water thickness by employing neutron scattering 
correction method achieved 

  



 34 

Method details 
Due to the nature of neutron interaction neutron imaging is an indispensable tool for water 
distribution investigations in many scientifically or industrially important applications.  
The basic principle of neutron imaging is shared among other attenuation-based techniques 
such as x-ray imaging where incident radiation intensity is lowered by the presence of a 
sample. While details of interaction mechanism of neutrons and x-rays differ, in both cases, 
image contrast is yielded by different interaction probabilities and densities of materials 
comprising a sample. For x-rays the interaction probability is proportional to atomic number 
as x-rays are primarily scattered by electrons surrounding the nucleus. For neutrons which 
interact mostly with atomic nuclei via the strong interaction no such straightforward relation 
for interaction probability exist and elements with high interaction probability are distributed 
across the periodic table.  
 
Hydrogen in water is one of the light elements known for its high interaction probability with 
neutrons and low interaction probability with x-rays. On the other hand, some materials, in 
which the water distribution is to be investigated, interact strongly with x-rays, i.e. obscuring 
the water content, while remaining relatively transparent for neutrons. This makes neutron 
imaging testing method of choice for investigations such as porous media research, e.g 
concrete [148], [149] where water distribution determination is crucial as it stands at the 
beginning of some deterioration mechanisms, in soft matter such as plants where water is 
transported in root systems [117] or, recently very important, in many phases of fuel cell 
research [115]. The correct value of linear attenuation is crucial for precise quantitative 
evaluations in neutron imaging and has to be determined for a given beamline and detection 
setup experimentally. 
 
Methodology 
Quantitative evaluations in neutron imaging experiments are based on Beer-Lambert law  
𝐼(𝐸) = 𝐼-(𝐸) ⋅ exp(−Σ(E) ⋅ 𝑥),        (1) 
describing attenuation of neutrons in matter for mono-energetic beam of energy E, with initial 
neutron beam intensity I0, linear attenuation coefficient S (also called macroscopic cross-
section) and thickness x of a sample. Linear attenuation coefficient is a material characteristic 
describing the probability of neutron interaction with given material per unit distance and can 
be decomposed into atomic densities 𝑁' and microscopic cross-sections 𝜎' of individual 
components of a sample according to  
Σ = ∑ 𝜎'𝑁'2

'3* .          (2) 
 
Upon traversing a sample neutron can undergo absorption or scattering interaction. 
Equation 1 assumes that neutrons are effectively removed from the incident beam by any of 
the abovementioned interactions. In reality, neutron scattering event can still result in neutron 
detection, adding false positive signal to the radiogram. This effect is more pronounce for 
materials with dominant contribution of scattering cross section over absorption cross section 
such as hydrogen. It is thus necessary to correct for this additional signal.  
 
Multiple approaches for neutron scattering correction were developed and employed in the 
past. Some of them rely on Monte Carlo simulation by which point scattered function of the 
sample materials is computed [150], other rely on experimental approaches such as 
measurement of a sample close and far from the detector [151] or employing a grid of neutron 
opaque bodies (hereafter called black bodies – BB) [152], [153]. 
 
In this paper, the last mentioned method of neutron scattering correction – a grid of black 
bodies – was used. To employ this correction, apart from standard set of sample, open beam 
(OB) and dark current (DC) images, it is necessary to acquire sample images with BB grid and 
OB images with BB grid. The placement of the BB grid in front of sample is shown in Figure 6. 
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Figure 6: Experimental arrangement of measurements with BB grid (left) and detail of the step wedge used for the 
measurements (right). The dimension of step wedge is 20 x 30 mm x mm. 

In practice, linear attenuation coefficient is evaluated by imaging a water container, a step 
wedge. In our case the step wedge consists of four steps with water thickness of 0.5, 1, 1.5 and 
2 mm. From the neutron imaging measurements the negative logarithm of transmission T = 
I/I0, where I is the detected neutron intensity and I0 is the incident neutron intensity,  can be 
obtained and in combination with the known thickness of the sample x, linear attenuation 
coefficient can be calculated according to  
Σ = − 45	(8)

0
.          (3) 

 
Another way of retrieving linear attenuation coefficient, used in this paper, is to fit the plotted 
negative logarithms of transmissions against water thicknesses with a linear function. The 
slope of the linear function yields the attenuation coefficient. Then, the thickness of water 
xmeasurement can be evaluated using  
 𝑥:;&<=;:;>( = − 45	(8)

?"#!
,         (4) 

where Sfit is the linear attenuation coefficient obtained from the fitted data. 
 
Experiments and data processing 
Neutron imaging was carried out at POLDI (Pulse OverLap DIffractometer) [154] thermal 
neutron beamline at Paul Scherrer Institut (PSI) using ‘Neutron Microscope’ [104], [62], [143] 
high-resolution detection setup fitted with 3.5µm 157Gd2O2S:Tb3+ scintillator screen [155] 
optically coupled to IKON-L CCD camera with 2048 x 2048 pixels (pixel size 13.5 µm). The 
acquisition time of each projection was 60s.  
 
To apply ‘extended image referencing’ that implements BB correction, following images had 
to be acquired:  

• Step wedge filled with water images 
• Empty step wedge images 
• Dark current images  
• Empty step wedge with BB grid images 
• Step wedge filled with water and BB grid images 

Each image type was acquired multiple times. From all images outliers caused by high energy 
photons were removed and then the images of a given type were averaged. The resulting 
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images were loaded into ‘extended image referencing’ plugin of open source software ImageJ 
(FIJI distribution) [156]. 
 
As the field of view of the detection setup is limited both by the beam extent and scintillator 
screen size it was necessary to image the step wedge in 4 successive steps as shown in the 
schematic in Figure 7. At first, image of area A was acquired so that it could be normalized to 
the portion of radiogram where no water was present. Then, region of interest (ROI) 
containing 400 x 400 pixels in the 1st step of water sample (0.5mm thick) was selected and value 
of average negative logarithm of transmission (also called optical density) in a pixel of ROI 
was recorded. For the radiogram of area B, after using the ‘extended image referencing’ plugin, 
the value of average negative logarithm of transmission of 0.5mm of water obtained in 
previous step (in the area A) was added to the image of area B. Then, ROI of 400 x 400 pixels 
in water sample of 1.0mm was selected and the value of average negative logarithm of 
transmission was recorded. This procedure was followed for all subsequent areas (areas C and 
D). To assess the influence of BB correction images of all areas of step wedge were also 
evaluated by the means of standard image referencing approach using sample, open beam 
and dark current images. 
 

 
Figure 7: Schematic of the step wedge used in experiments. Due to field-of-view constraints the step wedge was 
imaged by 4 projections starting with area denoted as A. 

Results 
In Figure 8 resulting radiograms of individual parts were stitched for both standard correction 
method and BB correction method. Corresponding profiles are shown below the radiograms. 
It can be seen in the profile of standardly corrected radiogram (Figure 8 C) that top parts of 
2nd (1.0mm of water) and 3rd (1.5mm of water) step optical density suddenly drops. The 
decrease of gray value is bigger for greater water thickness suggesting that this is caused by 
the scattering contribution for which it was not corrected for in standard referencing. This 
variation of intensity is much less pronounce in the profile of BB corrected radiogram (Figure 
8 D).  
 
The result of averaged negative logarithm of transmission, i.e. the optical density is plotted 
against the water thickness. By fitting the data with linear function the linear attenuation 
coefficient of water was obtained. This is shown in Figure 9. 
 



 37 

 
Figure 8: Resulting radiograms of water step using standard correction method (A), using ‘extended image 
referencing’ correcting for scattering contribution (B). Water sample profiles were  average over multiple pixel lines 
as indicated in (A) and (B). Profile (C) corresponds to radiogram in (A) – standard correction - and profile (D) 
corresponds to radiogram in (B) – BB correction. Radiograms are rotated by 90° to the right with respect to 
schematic. 

 
Figure 9: Linear attenuation coefficient of water obtained by standard correction method and by novel BB correction 
method. The linear attenuation coefficient equals to the slope of linear function fitted to the data. The linear 
attenuation coefficient is 0.378mm-1 and 0.342 mm-1 for BB corrected results and for standardly corrected results, 
respectively. 

Using Equation 4, by inserting the linear attenuation coefficients obtained from the fitting, 
water thickness can be evaluated directly from the measurements and compared to the know 
thickness of the water wedge steps. The results are presented in Table 3.  
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Table 3: Evaluation of water thickness by BB and standard correction methods. Relative difference with respect to 
the known thickness of the calibration steps is tabulated. 

Real water 
thickness in 
step wedge 
[mm] 

Measured 
thickness –  
BB correction 
[mm] 

Measured 
thickness – 
STANDARD 
correction [mm] 

Relative 
difference from 
real thickness 
BB correction 
[%] 

Relative 
difference from 
real thickness 
STANDARD 
correction [%] 

0.5 0.505 0.538 1.06 7.60 
1.0 1.005 1.035 0.53 3.51 
1.5 1.497 1.509 0.18 0.58 
2.0 1.995 1.959 0.26 2.05 

 

Discussion & Conclusion 
In this paper the linear attenuation coefficient of water at POLDI thermal neutron beamline 
using ‘Neutron Microscope’ high-resolution detection setup was determined. Moreover, the 
influence of recently introduced method correcting for neutron scattering from sample and 
detection environment on the value of linear attenuation coefficient was assessed. The linear 
attenuation coefficient of water at POLDI beamline using ‘Neutron Microscope’ detection 
setup was (0.378±0.015)mm-1 and (0.342±0.013)mm-1 for BB corrected results and for 
standardly corrected results, respectively. The water thickness from the measurements was 
reconstructed and compared to the known water thickness of the step wedge. The results 
justifies the utilization of BB correction method wherever higher precision of water content 
determination is desirable. 
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Chapter 3 

LiF/ZnS(Ag) scintillator tests and simulation 
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Abstract 
LiF/ZnS(Ag) scintillator screens are extensively used in neutron detection applications due to 
high light yield, low gamma sensitivity and good availability. In this work, results from 
experimental and computational assessment of the scintillator screen for neutron imaging are 
presented. For this purpose Geant4 application representing a portion of a scintillator screen 
was developed. Geant4 simulations taking into consideration the microstructure of scintillator 
screens with different geometrical arrangements of main components were compared with 
experiments performed at the NEUTRA beamline at Paul Scherrer Institut. The main 
parameters of a scintillator screen – neutron absorption and light output – were compared. 
Moreover, the model allowed to extract detailed information on the detection process from 
neutron absorption via scintillation photon emission to the photon detection in light-sensitive 
detector. The simulation results were consistent with measurements and therefore the model 
was also applied to the scintillator screen with standardly used weight ratio of 1:2 of LiF and 
ZnS(Ag) components. The Geant4 results on light yield enhancement of LiF:ZnS(Ag) 
scintillator screen achieved by adding layers of LiF on top of randomly distributed particles 
are presented. This simple adjustment led to 13% relative increase of the number of detected 
photons resulting in absolute increase of detection efficiency by 4 %. Further utilization of the 
model in the development of enhanced scintillator screens is foreseen. 
 
Highlights: 

• Geant4 model of microstructured neutron-sensitive scintillator screen 
developed 

• Neutron absorption and light output compared for different arrangement 
of test scintillators by means of Geant4 and measurement  

• 13% relative increase of light output achieved by addition of LiF layer on 
the top of standard LiF:ZnS(Ag) 1:2 weight ratio mixture resulting in 4% 
absolute increase of detection efficiency 
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Introduction 
After more than 120 years since the discovery of X-rays using a scintillating material in 1895 
[42] scintillators are now well-established radiation detectors utilized in science, industry and 
medicine. Although the most prominent use of scintillators lies in the field of high energy 
physics (HEP), medicine and homeland security [48], [157], for some time now, also neutron-
sensitive scintillators are gaining on importance [12], [158]–[161]. This was facilitated jointly 
by the advent of computerized data acquisition and as a consequence of the world-wide 
shortage of 3He previously extensively used for neutron detection [162]. 
 
Scintillators, also called luminescent materials or phosphors, exploit the ability of certain 
materials to convert energy carried by incident particles (neutrons, gammas, x-rays, alpha 
particles) into electromagnetic radiation which is, usually, in the visible range and thus can be 
detected by the means of a light-sensitive detector [54]. For the detection of uncharged 
neutrons materials with high probability of a suitable nuclear reaction producing secondary 
charged particles must be present in a detection system. As the neutron interaction probability 
is not only element-dependent but also isotope-dependent for a given element, it is desirable 
to utilize materials containing 157Gd, 6Li, 10B isotopes. 
 
Currently, scintillator screens are included in many state-of-the-art neutron imaging detection 
setups. Neutron imaging is a testing method allowing to investigate objects of interest non-
destructively. Over time, the method evolved from simple attenuation-based technique using 
conversion materials and a film in the variety of techniques used in a wide range of 
applications. [22] Despite the plethora of available phosphor materials, in the field of neutron 
imaging the mostly used scintillator screens comprise powders with particle size in the range 
of units of micrometers (e.g. gadolinium oxysulphide or zinc sulfide + lithium fluoride) mixed 
with optical binding material and coated on a neutron transparent substrate [163]. In this paper 
we present the experimental and computational assessment of LiF/ZnS(Ag) scintillator screen 
for neutron imaging purposes. 
 
Neutron detection principle 
The process of neutron detection in the scintillator screen containing LiF/ZnS(Ag) starts with 
the neutron capture on 6Li nucleus (938 barn for thermal neutrons) resulting in the emission 
of alpha particle and triton (also denoted 𝑇 or 𝐻*+ ) described by equation:  
 

 𝐿𝑖 + 𝑛	 → 	 𝐻𝑒1
@ (2.05	𝑀𝑒𝑉) + 𝐻(2.73	𝑀𝑒𝑉)*

+ .-
* 	+

A   
 
Alpha particles and tritons, emitted in opposite directions, are transported in the materials of 
the scintillator screen (LiF, ZnS(Ag), binder and air). In each of these materials both particles 
deposit their energy, however, only in ZnS(Ag) the scintillation light is produced. Details of 
the light generation in ZnS(Ag) can be found in [164]. It is important to note that ranges in the 
materials of the scintillator screen are limited and the scintillating particle has to be close to 
the scintillating particle, otherwise no light would be produced. For alpha particle the ranges 
are ∼7 µm, ∼7µm and ∼9µm in ZnS(Ag), LiF and binder, respectively. For triton the ranges 
are ∼32 µm, ∼32µm,	∼51µm	in ZnS(Ag), LiF and binder, respectively [94]. 
 
In order to detect scintillation light in a camera, the photons need to escape the bulk of the 
scintillator screen in the direction towards the camera. This is primarily hindered by the 
combination of the significant difference in indices of refraction of scintillating particles 
(ZnS(Ag)) and surrounding medium (usually air or binder) and the low value of the light 
absorption length of ZnS(Ag). Therefore, the light traversing the boundary in the direction 
from ZnS(Ag) particle to the air at the angle larger than the critical angle may undergo total 
internal reflection.[19] Secondarily, the powdered nature of the screen itself limits the amount 
of light escaping the screen since the transport of light in the powdered scintillator screens is 
strongly influenced by the size and shape of the particle constituents [165]. 
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Experiments with LiF/ZnS(Ag) scintillator screens 
Scintillator screens and experiment description 

For the experimental testing three different variations of the scintillator screen were fabricated. 
The screens differ in geometrical arrangement of the main input materials – LiF and ZnS(Ag). 
First variant with the absorber as the bottom layer and phosphor as the top layer (LiF bottom), 
second with the absorber as the top layer and phosphor as the bottom layer (LiF top) and third 
with the absorber sandwiched between two phosphor layers (LiF sandwiched). This notation 
of geometrical arrangements is used throughout the study. The schematics of produced 
scintillators and their implementation in Geant4 can be seen in Figure 10. The powders were 
mixed with standard ∼10 weight% of binder and spread over 1 mm thick aluminum substrate. 
In the neutron beam scintillators were tested for neutron absorption and light output. 

 
Figure 10: Geometrical arrangements of scintillator screens used for the experimental evaluations and simulations. 
Schematics of the scintillator screens are shown in 1st row (n stands for neutrons) and their implementation in 
Geant4 are in the 2rd row. For each scintillator screen material composition and dimensions are indicated in the 
schematics. Images are refered to as LiF bottom (left column), LiF sandwiched (center column) and LiF left (right 
column). All images are oriented in the same way, i.e. neutrons are incident from left to right. 
 
The measurements were carried out at sample position 2 of thermal neutron imaging beamline 
NEUTRA [9] at Swiss spallation neutron source SINQ with neutron beam intensity ∼1 ⋅
10B	𝑛/𝑐𝑚1/𝑠/𝑚𝐴. Proton beam intensity on the neutron source target was 1.33	𝑚𝐴 during the 
measurements. In the case of neutron absorption measurements scintillator screens were 
placed as a standard sample in front of PSI’s MIDI detection setup comprising 200 µm thick 
LiF/ZnS(Cu) scintillator screen coupled to ORCA-Flash4.0 V2 [166] sCMOS camera 
(2048x2048 with 6.5 µm pixel size). In the case of light output measurements abovementioned 
scintillator screen was exchanged for the tested screens. Exposure time of each radiographic 
image was set to 10 s. Beside standard set of sample images, open beam images and dark 
current images normally acquired in neutron imaging with scintillator screen and light-
sensitive camera, also, black body images [153] correcting for spurious signal arising from 
neutron scattering by sample and detection setup were acquired. In the Table 4 optical 
parameters of materials comprising the scintillator screen are presented. These values were 
also used in the Geant4 simulations.  
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Table 4: Optical parameters of materials comprising the scintillator screens. For parameters presented as a range of 
values the first value corresponds to the photon wavelength of 420 nm and the last to the photon wavelength of 
490 nm. Default values of absorption lengths are infinity in Geant4 simulations. 

Parameter ZnS(Ag) LiF Air Binder 
Index of 
refraction 2.43 – 2.51 [167] 1.39 [168] 1.0 [169] 1.6 [165] 
Absorption 
length 20 µm [170] 169 cm [171] Default Default 

 
Image analysis and experimental results 

For the image analysis FIJI distribution [156] of open source ImageJ software was employed. 
For both types of measurements (absorption and light output) multiple images for a given 
scintillator screen type and an image type (sample, open beam, dark current, black body + 
open beam, black body + sample) were acquired. First, outliers in raw images were removed 
and then the images of a given type were averaged to improve statistics.  
 
For neutron absorption measurements data analysis all image types were processed by the 
‘extended image referencing’ plugin which implements enhanced image correction as 
presented in [153]. The results of neutron absorption measurements are presented in Table 5. 
 
Table 5: Results of neutron absorption measurements of scintillator screens with different geometrical 
arrangements of the components. The results are presented in the form of average neutron absorption in the pixels 
of selected region of interest (ROI) +- standard deviation. 

Geometry Neutron absorption [%] 
LiF top 17.6 ± 1.4 
LiF bottom 8.5 ± 1.0 
LiF sandwiched 10.5 ± 1.0 

 
In light output measurement data analysis, since the tested scintillators were a part of the 
detection setup and no sample was present, only open beam images and open beam images 
with black body grid were acquired. In order to correct for neutron scattering contribution it 
was assumed that a signal recorded behind the black bodies consists of a camera’s dark current 
signal and a light originating from neutrons scattered back by the detection setup. Therefore, 
the average number of counts recorded behind black bodies was subtracted from the open 
beam images. The results of the light output measurement are presented in Table 6. For easier 
comparison of measured and simulated light output the results are presented as ratios 
between different geometries. 
 
Table 6: Results of light output measurements of scintillator screens with different geometrical arrangement of the 
components. The results are presented in the form of the ratios of average photon counts in the pixels of selected 
ROI of indicated geometries +- standard deviation. 

Geometry Light output ratio [-] 
LiF top/LiF bottom 1.77 ± 0.17 
LiF top/LiF sandwiched 1.03 ± 0.10 
LiF bottom/LiF sandwiched 0.58 ± 0.07 

 
Geant4 simulation of LiF/ZnS(Ag) scintillator 
Geant4 [137] is a Monte Carlo simulation toolkit used in a wide variety of applications 
requiring detailed modelling of particle transport in matter. Since it is a toolkit a user is obliged 
to implement various classes which deal with different aspects of the simulation such as 
geometry, materials, particle sources, physics and others. Detailed information from different 
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levels (step, event, run) of the simulation can be extracted using a set of classes designed for 
this purpose. In the field of neutron detection Geant4 is used for many aspects of the detection 
process and the simulations can vary greatly in their complexity. Geant4 utilization can range 
from simulation of conversion layer width [172] to large-scale simulation of a neutron 
beamline as a whole [141]. 
 

Simulation description 
Three different arrangements of the phosphor and the absorber were simulated as shown in 
Figure 10. The lateral size of substrate (orthogonal to beam direction) was 400×400 µm×µm 
and the number of scintillator particles was selected in a way that the substrate is fully covered 
by the particles. Both the absorber and the phosphor particles were modelled as boxes placed 
in regular 2-dimensional square array in a given layer. For a given material all boxes had the 
same size and each material layer consisted of multiple sublayers. The boxes were placed in 
quincunx arrangement within a material layer. The thickness of the material layers can be seen 
in Figure 10. 
 
To limit the computational time only a small portion of the scintillator screen was modelled. 
Therefore, to preserve the proportions of real geometry size of the light-detecting volume and 
its distance from the scintillator had to be adjusted accordingly in the simulation. The 
geometry of the Geant4 model can be seen in Figure 11. Neutrons were incident on the surface 
of the scintillator screen in parallel beam of rectangular 400×400 µm×µm cross-section. To 
compare light yield ratios directly with measurements number of incident neutrons had to be 
adjusted as well. Taking into account the area of the scintillator screen, neutron beam intensity 
in the sample position and exposure time of 10 s, 210670 neutrons with thermal spectrum of 
NEUTRA beamline were simulated. For neutron absorption calculations 1E6 neutrons were 
simulated. 

 
Figure 11: Geometrical arrangement of the simulation (simplified and not in scale) depicting the position of the 
scintillator screen with respect to neutron- and light- sensitive volumes in the Geant4 simulation. Neutrons were 
incident from left to right. 

The simulated geometry comprised an aluminum substrate, lithium fluoride (LiF) particles, 
silver-doped zinc sulfide (ZnS(Ag)) particles and a binding material all placed in the ‘world’ 
volume filled with air. Both the absorber and the phosphor materials were coated by binding 
material. The dimensions of the simulated geometries that were compared to measurements 
were computed so that they satisfy volumetric ratios as described in [151], i.e. ∼55 vol% 
particle of LiF or ZnS(Ag), 21 vol% air and 24 vol% binder. Lithium in LiF neutron absorbing 
material was defined in the simulations as lithium enriched by 95 % of 6Li. Phosphor material 
ZnS(Ag) uses natural composition with 2% doping of Ag. 
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For the simulation of optical photons a user is required to input optical parameters to each 
material where photons are to be transported. To model scintillation process in Geant4 
characteristics of the phosphor material such as emission spectrum [173] and scintillation yield 
has to be coded to the application. Based on the range of the phosphor emission spectrum 
indices of refraction were inserted. Optical parameters including the absorption lengths and 
indices of refraction in the range covering the ZnS(Ag) emission peak from 420 nm to 490 nm 
for materials used in the simulations are presented in Table 4 (for absorption length the default 
value is infinity, i.e. no optical absorption). 
 
In Geant4 it is necessary to build all particles and their respective processes relevant to the 
simulation. In this study the approach of modular physics list was used. Since the simulation 
encompass the whole process of neutron detection from incident neutron to detected photons, 
it is necessary to include a set of Geant4 physics constructors treating all particles and 
processes they may experience in the simulated geometry. Decay physics of all particles is 
represented by G4RadioactiveDecayPhysics and G4DecayPhysics constructors, 
electromagnetic interactions are represented by G4EmStandardPhysics_option4 constructor, 
G4IonPhysics implements inelastic processes and models for triton and alpha particles. 
Hadronic physics is defined by G4HadronElasticPhysicsHP and 
G4HadronPhysicsQGSP_BIC_HP constructors for elastic and inelastic interactions, 
respectively. Neutron interactions are treated with the high precision models using G4NDL4.5 
database. Transport and interactions of optical photons are defined by G4OpticalPhysics 
constructor. The simulations were performed using Geant4 10.05. 
 

Simulation procedure 
Each simulation started with a separate calculation of the particles’ dimensions based on the 
D50 value (particle size distributions of both particle types are specified in Table 7) of the 
powders and the layer thickness of a given material. Inserted layer thickness for LiF and 
ZnS(Ag) in combination with volumetric ratios of the scintillator screen components yielded 
particle size, thickness of the binder coating and the size of intraparticle gaps filled with air, 
later used in Geant4 simulation. 
 
Table 7: Powder characteristics used for the production of tested scintillators screens. D50 value was the initial 
value for the calculation of simulated scintillator screen particle size (according to information from RC Tritec Ltd.). 

Material D10 [µm] D50 [µm] D90 [µm] 
LiF 2.002 7.083 15.320 
ZnS(Ag) 4.559 9.218 15.480 

 
For each scintillator screen geometry multiple simulations were carried out:  

• For light output comparison scintillation yield was set to 1E5 photons/MeV and 
210670 neutrons were simulated. 

• For neutron absorption comparison the scintillation was turned off (0 photons/MeV) 
and 1E6 neutrons were simulated three times with different seed of the random 
number generator. 

• For the determination of light spread in the bulk of the scintillator screens (see below) 
light yield was set to 1E4 photons/MeV and the number of incident neutrons to 
210670 neutrons. 

The simulation results were recorded and stored in .root files for further analysis with CERN 
ROOT software [174] (version 6.20/00) and Python library uproot [175]. 
 

Simulation results – ‘test’ scintillator 
The main goal of the this study was to develop a model of scintillator screen for neutron 
imaging. Simple geometrical arrangements of produced scintillator screens were 
uncomplicated to model and therefore certain scintillator parameters could be compared with 
measurements. The results of simulated neutron absorption and simulated light output are 
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presented in Table 8 and Table 9, respectively. As for the light output measurements, the 
results for the simulated light output are presented as ratios of the geometries. 
 
Table 8: Results of simulated neutron absorption of scintillator screens with different geometrical arrangements of 
the screens‘ components. The results are presented in the form of average neutron absorption (the number of 
neutrons detected in neutron sensitive volume behind the scintillator screen divided by the number of incident 
neutrons) of 3 computations with different seeds of random number generator. The simulations to obtain these 
results were run with the light yield of 0 photons/MeV and 1E6 incident neutrons. 

Geometry Simulated neutron 
absorption [%] 

LiF top 15.31 ± 0.04 
LiF bottom 8.79 ± 0.05 
LiF sandwiched 9.65 ± 0.03 

 
Table 9: Results of simulated light output of scintillator screens with different geometrical arrangements of the 
screens‘ components. The results are presented in the form of ratios of photon counts in a photon sensitive volume 
of the different geometries +- standard deviation. The simulations to obtain these results were run with the light 
yield of 1E5 photons/MeV and 210670 incident neutrons. 

Geometry Simulated light output ratios [-] 
LiF top/LiF bottom 1.44 ± 0.02 
LiF top/LiF sandwiched 0.75 ± 0.01 
LiF bottom/LiF sandwiched 0.52 ± 0.01 

 
Apart from results that can be compared to measurements, Geant4 application allows to 
extract detailed information on the simulation such as the position and energy of detected 
particles, number of scintillation events, position of neutron capture and scintillation light 
emission, otherwise inaccessible. Geant4 allows to follow the entire history of detection 
process starting with incident neutron, its conversion to the charged particles, another 
conversion to photons via scintillation process and its subsequent transport and detection in 
photon-sensitive volume. The outcomes are presented below.  
 
Neutron capture reaction on 6Li nuclei produce charged particles with limited range in the 
materials of the scintillator screen. Spatial distribution of such capture events can be seen in 
the first row of Figure 12. In the simulation neutrons were incident in the direction of negative 
z-axis (from left to right in the histograms). Charged particles traversing a luminescent 
material convert their energy into scintillation light. Spatial distribution of photon emissions 
resulting from scintillation process are in the second row of Figure 12. Unfortunately, the light 
emission is not a sufficient condition for successful neutron detection as the light has to escape 
powdered bulk of the scintillator screen towards the light-sensitive camera. The locations of 
light emission of photons which were detected are depicted in the third row of Figure 12. To 
show the distribution of probability that generated photons are successfully detected in 
photon-sensitive volume ‘photon emission if detected’ histograms were divided by ‘photon 
emission’ histograms resulting in histograms in Figure 13. 
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Figure 12: Results of ‘test’ scintillator screens simulations. The 1st row shows the distribution of neutron capture 
events, the 2nd row shows the distribution of photon emission events and the 3rd row shows the distribution of 
photon emission events of those photons that were detected. Negative z-axis direction coincides with neutrons‘ 
direction of incidence. Y-axis is a lateral dimension of a scintillator screen. The simulations to obtain these 
histograms were run with the light yield of 1E5 photons/MeV and 210670 incident neutrons. 
 

Figure 13: Ratio of the detected photons and the number of generated photons in the ‘test’ scintillator screens. 
Negative z-axis direction coincides with neutrons‘ direction of incidence. Y-axis is a lateral dimension of scintillator 
screen. Histogram are normalized to 1. The simulations to obtain these histograms were run with the light yield of 
1E5 photons/MeV and 210670 incident neutrons. 
 
As Geant4 allows to record positions of various events in the scintillator screen the radial 
spread of the scintillation light escaping the bulk of the scintillator screen with respect to 
neutron capture event from which the photon originated could be computed. The results can 
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be seen in Figure 14. The mean value in the legend of each histogram can be thought of as a 
measure of scintillator screen’s spatial resolution. 

 
Figure 14: Radial distance of the light escaping scintillator screen relative to the neutron capture position as 
illustrated in the inset for test scintillators. The simulations to obtain these histograms were run with the light yield 
of 1E4 photons/MeV and 210670 incident neutrons. Entries denote number of photons escaping the bulk of 
scintillator screen through the top surface. 

Simulation results – ‘real’ scintillator 
Based on the abovementioned results further simulations with standardly used scintillator 
screens with random mixture of LiF/ZnS(Ag)/binder components (weight ratios 1:2:0.3, 
respectively) – here denoted as ‘real’ scintillators – were carried out. As a reference scintillator 
screen consisting of 9 layers of particles (boxes) with randomly assigned LiF or ZnS(Ag) 
material, satisfying the weight ratio, was assessed for light output and neutron absorption. In 
next simulations, a single layer of ZnS(Ag) or a single layer of LiF was added on the top of the 
random mixture as shown in Figure 15. For simplicity monosized box-shaped 8 µm particles 
were placed in the same arrangement on a same-sized substrate as in the above described 
simulations. 

 
Figure 15: Geant4 implementation of 'real' scintillator screens. Darker particles - LiF and lighter particles - ZnS(Ag) 
are placed on Al substrate. 
 
The simulation setting remained the same (spectrum, number of incident neutrons, detector 
distance) for respective type of simulation, i.e. 210670 incident neutrons and light yield of 1E5 
photons/MeV for light output calculation, 1E6 incident neutrons and light yield of 
0 photons/MeV for neutron absorption calculation and 210670 incident neutrons and light 
yield of 1E4 photons/MeV for radial distance calculation. Noting the positive effect of 
additional LiF, more layers were added. The results including the number of generated 
photons in the scintillator screen and the number of detected photons are concisely presented 
in Table 10. Based on the results detection efficiency was computed. Respective histograms 
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showing spatial distributions of neutron capture events, photon emission events, photon 
emission events of photons detected in the photon-sensitive volume and probability of 
generated photons to be detected of all simulated ‘real’ geometries are shown in Figure 16, 
Figure 17, Figure 18, Figure 19, Figure 20, Figure 21. 
 
Table 10: Simulation results of scintillator screens with 1:2:0.3 weight ratios of LiF/ZnS(Ag)/binder. The 
simulations to obtain the these results were run with the light yield of 1E5 photons/MeV and 210670 incident 
neutrons. 

Geometry # generated 
photons [-] 

# detected photons 
[-] 

Detection efficiency 
[%] 

Random 2.32 ⋅109 62864 29.8 
Random + ZnS(Ag) 1 layer 2.51⋅109 55172 26.2 
Random + LiF 1 layer  2.56	⋅109 69640 33.1 
Random + LiF 2 layers 2.68	⋅109 71138 33.8 
Random + LiF 3 layers 2.75	⋅109 68761 32.6 
Random + LiF 4 layers 2.77	⋅109 67069 31.9 

Figure 16: Results of ‘real’ scintillator screens simulations with single added layer of LiF or ZnS(Ag) on the top of 
randomly distributed particles with weight ratio 1:2 of LiF:ZnS(Ag). The 1st row shows the distribution of neutron 
capture events, the 2nd row shows the distribution of photon emission events and the 3rd row shows the 
distribution of photon emission events of those photons that were detected. Negative z-axis direction coincides 
with neutrons‘ direction of incidence. Y-axis is a lateral dimension of a scintillator screen. The simulations to obtain 
these histograms were run with the light yield of 1E5 photons/MeV and 210670 incident neutrons. 
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Figure 17: Ratio of the detected photons and the number of generated photons in ‘real’ scintillator screens with 
single added layer of LiF or ZnS(Ag) on the top of randomly distributed particles with weight ratio 1:2 of 
LiF:ZnS(Ag). Negative z-axis direction coincides with neutrons‘ direction of incidence. Y-axis is a lateral dimension 
of scintillator screen. The simulations to obtain these histograms were run with the light yield of 1E5 photons/MeV 
and 210670 incident neutrons. 

 
Figure 18: Radial distance of the light escaping scintillator screen relative to the neutron capture position as 
illustrated in the inset for scintillators with random particle distribution and added layers of LiF or ZnS(Ag). The 
simulations to obtain these histograms were run with the light yield of 1E4 photons/MeV and 210670 incident 
neutrons. Entries denote the number of photons escaping the bulk of scintillator screen through the top surface. 
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Figure 19: Results of ‘real’ scintillator screens simulations with multiple added layers of LiF on the top of randomly 
distributed particles with weight ratio 1:2 of LiF:ZnS(Ag). The 1st row shows the distribution of neutron capture 
events, the 2nd row shows the distribution of photon emission events and the 3rd row shows the distribution of 
photon emission events of those photons that were detected. Negative z-axis direction coincides with neutrons‘ 
direction of incidence. Y-axis is a lateral dimension of a scintillator screen. The simulations to obtain these 
histograms were run with the light yield of 1E5 photons/MeV and 210670 incident neutrons. 

 
Figure 20: Ratio of the detected photons and the number of generated photons in ‘real’ scintillator screens with 
multiple added layers of LiF on the top of randomly distributed particles with weight ratio 1:2 of LiF:ZnS(Ag). 
Negative z-axis direction coincides with neutrons‘ direction of incidence. Y-axis is a lateral dimension of scintillator 
screen. The simulations to obtain these histograms were run with the light yield of 1E5 photons/MeV and 210670 
incident neutrons. 
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Figure 21: Radial distance of the light escaping the scintillator screen relative to the neutron capture position as 
illustrated in the inset for scintillator screens with random particle distribution and multiple added layers of LiF. 
The simulations to obtain these histograms were run with the light yield of 1E4 photons/MeV and 210670 incident 
neutrons. Entries denote the number of photons escaping the bulk of scintillator screen through the top surface. 

Another way of evaluating scintillator screen’s performance is the computation of the number 
of detected photons per 1 absorbed neutron. The results are shown in Table 11 where random 
geometry yields the best results. 
 
Table 11: Number of detected photons per 1 absorbed neutron for all simulated geometries. The simulations to 
obtain these histograms were run with the light yield of 1E5 photons/MeV and 210670 incident neutrons. 

Geometry # of detected photons per 
1 absorbed neutron [-] 

LiF bottom 0.87 
LiF sandwiched 1.52 
LiF top 0.72 
Random 2.67 
Random + ZnS(Ag) 1 layer 2.34 
Random + LiF 1 layer  2.47 
Random + LiF 2 layers 2.16 
Random + LiF 3 layers 1.85 
Random + LiF 4 layers 1.61 

 
Discussion 
Neutron absorption results for all geometries are in a good agreement considering the 
simplicity of the model. For geometry LiF bottom neutron absorption was 8.5% (measurement) 
and 8.79% (simulation). For geometry LiF sandwiched neutron absorption was 10.5% 
(measurement) and 9.65% (simulation). For geometry LiF top neutron absorption was 17.6% 
(measurement) and 15.31% (simulation). The differences can be attributed to uncertainty in 
volumetric ratios of the components. Another comparison with NIST attenuation calculator 
yielded neutron absorption 7.91% (25 µm of LiF – geometry LiF bottom), 8.81% (28 µm of LiF 
– geometry LiF sandwiched) and 15.2% (50 µm of LiF – geometry LiF top). In NIST calculator 
the slab of main absorbing component LiF (here 100% of 6Li in LiF) with effective density, 
taking into account 55% LiF particle volumetric ratio, was used. Considering additional 
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attenuation of about 1 % for 1 mm thick aluminum substrate the results are comparable to 
those describe above.  
 
Light output ratio results yielded 1.77 (measurement) and 1.44 (simulation) for LiF top/LiF 
bottom, 1.03 (measurement) and 0.75 (simulation) for LiF top/LiF sandwiched, and 0.58 
(measurement) and 0.52 (simulation) for LiF bottom/LiF sandwiched. The difference in results 
from experiment and simulation origin both from the simplification of the model and the fact 
that optical parameters of the materials has to be inputted by the user. Moreover, Geant4 
allows to change various surface properties influencing photon propagation in the matter such 
as roughness of the surface, it absorption power and reflectivity. These additional properties 
were not considered in the simulations presented here and the light behavior on the 
boundaries was governed by the simplest model of refraction taking into account indices of 
refraction of the bordering media. The influence of the particle’s shape was confirmed by the 
simulation of 2MeV alpha particle striking either box- or orb-shaped ZnS(Ag) particle. The 
orb-shaped particle yielded more than twice as much photons hitting the detection volume 
than the box-shaped particle. Also, actual microstructure and particle size distribution of the 
real powdered scintillator can differ significantly from the model presented in this study.  
 
Comparing histograms of photon emission positions and origin of detected photons in Figure 
12 it can be seen that for geometries LiF top and LiF bottom the histograms approximately 
coincides. For geometry LiF sandwiched it can be seen that emission positions of detected 
photons are concentrated in upper ZnS(Ag) layer as the light originating from bottom layer is 
attenuated in the top layer of the ZnS(Ag). This is also the reason why the mean radial distance 
in Figure 14 of photons escaping the scintillator screen is the lowest for geometry LiF 
sandwiched as the greater amount of light has to pass only part of the scintillator screen and 
not the whole thickness of scintillator. 
 
The results presented in Table 10 show that the simple addition of LiF or ZnS(Ag) on top of 
randomly mixed particles leads to increased number of generated scintillation photons (more 
than 10 % relative increase). However, ZnS(Ag) layer with its strong light absorption cause 
lower number of detected photons and hence lower detection efficiency. On the other hand 
addition of LiF leads to ~4% absolute increase in detection efficiency. This can be described by 
simple geometrical consideration when ZnS(Ag) particles in randomly distributed portion of 
the scintillator can be reached by alphas and tritons originating in added LiF layers. It can be 
seen from Table 10 that even though the number of generated photons increases with the 
number of added LiF layers the number of detected photons starts to decrease and so the 
detection efficiency. The cause for this is the increased light scattering in the LiF layers which 
is well confirmed by Figure 21. The addition of LiF is also limited by the ranges of secondary 
particles in the matter. 
 
From Table 11, it can be seen that the purely random distribution of LiF and ZnS(Ag) particles 
is still, so far, the most efficient scintillator screen in terms of the neutron absorption utilization. 
However, results in Table 10 show that the extra amount of neutron absorptions, (and hence 
the extra amount of neutron absorption reactions products) from additional LiF layers makes 
up for the worse neutron absorption utilization and results in higher detection efficiency. 
 
Conclusion 
In this paper we assessed LiF/ZnS(Ag) scintillator screen experimentally at the thermal 
neutron imaging beamline NEUTRA and by the means of Monte Carlo simulation toolkit 
Geant4. Scintillator screens with well-defined geometries were produced and the model in 
Geant4 was developed. Overall, Geant4 model yields satisfactory results in terms of neutron 
absorption and light output and therefore could be exploited for the computation and 
enhancement of standardly used scintillator screens with 1:2 weight ratio of LiF and ZnS(Ag). 
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Moreover, the model provides detailed insight into neutron detection process with all 
intermediate steps which can be helpful for further refinement of scintillator screens. 
 
From the simulations it seems reasonable to add a layer of LiF on top of the scintillator screen, 
although its thickness should be limited as it would prevent secondary particles to reach the 
luminescent material and would cause increased light spread (negatively affecting spatial 
resolution). 
 
Because the simulation of optical photon transport in Geant4 is data-driven it is foreseen that 
the refinement of the parameters would have positive impact on the precision of the model. 
Also, simple mono-sized particles comprising scintillator screen model cannot precisely 
describe photon transport in the powdered scintillator screen. Thus, employing more accurate 
model of the scintillator’s microstructure into the Geant4 simulation is expected. 
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Summary & General Discussion 

In this thesis thorough examination of the powdered neutron-sensitive scintillators was 
carried out with the main objective to improve scintillators’ parameters, especially in terms of 
spatial resolution while maintaining the detection efficiency. The final parts of the thesis 
summarizes the results obtained and outlines suggestions for further development of neutron-
sensitive scintillators in the future.  
 
In the Chapter 1 of this thesis, 65% light yield enhancement of 157Gd2O2S:Tb powdered 
scintillator screen was achieved by coating the silicon substrate with iridium layer by atomic 
layer deposition (ALD) method.  The reaction products of neutron – gadolinium reaction 
produce gamma particles in the first step of the conversion reaction. Due to the intended high 
spatial resolution of the scintillator, and hence its small thickness, gamma particles with their 
high energy are of no use for the detection. Fortunately, after the deexcitation of 158Gd nuclei, 
some of the gamma particles are internally converted to the so-called internal conversion 
electrons with lower energy and they can therefore deposit most of their energy in the material 
of the scintillator. Considering the spectrum of emitted conversion electrons only those with 
the energy of 29 keV are of importance in the presented study as their range in 157Gd2O2S:Tb  
is at the order of single micrometers, i.e. the size of the scintillator layer. Based on the 29keV 
conversion electrons the iridium layer thickness was proposed by employing the Monte Carlo 
code for electron transport in matter CASINO. Two scintillator screen species with deposited 
iridium layers of 200 nm and 460  nm were produced and tested in the ICON’s cold neutron 
beam. The thickness of layers was chosen based on the results of backscattering coefficient 
simulations – backscattering coefficient of 200 nm layer thickness was slightly below the 
maximum backscattering coefficient and 460 nm well above the inflexion point to justify the 
lengthy ALD coating process.  
 
The results of the measurements with neutrons clearly substantiated the addition of iridium 
layer as the positive influence on light output was apparent in comparison with the uncoated 
screen. At the same time neutron absorption remained the same and spatial resolution 
decreased only slightly. To explain the similar results obtained for the scintillator screens with 
two different iridium layer thicknesses simulations with Geant4 toolkit were performed and 
the amount of energy deposited in the scintillation material with and without iridium layer 
was assessed. The results showed that the iridium layers increased the energy deposition, 
which is proportional to light emission, by 8.5 % and 10 % for 200 nm layer and 460 nm layer, 
respectively. The difference of 1.5 % between 200 nm and 460 nm iridium layer is not big 
enough to be observable with the limited sample set. The combination of measurements and 
simulation results showed that the light output enhancement is in major part due to the higher 
light reflection from the iridium surface compared to silicon and only minor portion of the 
light output can be attributed to the backscattered electrons. The light reflection is also 
responsible for deterioration of spatial resolution of iridium-coated scintillator screens.   
 
In the Chapter 2 of this thesis, linear attenuation coefficient of water at POLDI beamline using 
the high-resolution detection setup ‘Neutron Microscope’ and iridium coated scintillator 
screen was measured. As hydrogen in water strongly scatters neutrons resulting in false signal 
recorded by the detector, novel method using neutron opaque bodies correcting for this 
unwanted signal was implemented during the measurements. Linear attenuation coefficient 
of water obtained in this manner resulted in 0.378 mm-1. Due to this value water content in 
samples can be quantified with greater accuracy.  
 
In the Chapter 3 of this thesis, LiF and ZnS(Ag) based scintillator screen was thoroughly 
assessed by experimental measurements and simulations in Geant4. In this type of scintillator 
screen the materials responsible for neutron absorption (conversion reaction) and light 
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emission are distinct. The scintillator screens where produced in such geometrical 
arrangements of the input materials so that the screens would be uncomplicated to model and 
validation against experiments could be carried out. The measured and modelled scintillator 
screens were assessed for the neutron absorption and light output. In Geant4 scintillator 
screens were modelled as realistically as possible, including the powdered nature of the 
screens. The developed Geant4 application enabled to record detailed information on 
detection process, which are otherwise inaccessible. The scintillator screens were modelled 
with absorption material on top (based on the direction of beam propagation), absorption 
material on bottom and absorption material sandwiched in between two scintillating layers. 
The neutron absorption results showed good agreement of the measurement and simulation. 
In the case of light output, for all geometries, the measured light output was 6-9 times higher 
than obtained from simulations. The difference can attributed to simplified microstructure of 
the model which was based on boxed-shaped monosized particles of given material as the 
light escape from the particles is strongly influenced by their surface properties such as surface 
roughness. Moreover, the bulk of the scintillator screen also affects the transport of the 
scintillation light towards the light-sensitive detector. Utilizing Geant4’s ability to record 
positions of various events in the simulated geometry, precise neutron absorption and light 
emission positions could be retrieved and presented in the form of histograms. The recorded 
positions were also used for the calculation of the lights’ radial spread in the volume of the 
scintillator as it can be considered a measure of spatial resolution.  
 
Based on the results of the measurements and simulations, an enhancement of standardly used 
scintillator screens with the same input materials of randomly distributed particles was 
proposed. The addition of LiF layer responsible for neutron absorption on top of randomly 
distributed particle led to 13% relative increase of light output and 4% absolute increase in 
detection efficiency. However, it makes sense to add only limited amount of LiF as the thicker 
layer would prevent the reaction products from reaching the ZnS light emitting material. 
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Outlook 

Below, several suggestions how to follow up on this work are summarized. Based on the 
results presented in Chapter 1, another layer of coating with even better light reflectivity 
should be added. Suitable candidate is aluminum which possess reflectivity higher than 90 % 
in the emission spectrum of 157Gd2O2S:Tb. However, the layer of iridium should be preserved 
as it reduces the interaction volume of internal conversion electrons and causes the backscatter 
electrons to reappear close to the position of their entrance. This should have positive effect 
on spatial resolution of the scintillator screen. Another promising approach lies in utilization 
of Gd2O2S:Tb ceramics. First results presented in [92] shows that the ceramic is able to 
outperform commercially available powdered natGd2O2S:Tb in terms of light output. Further 
improvement of the ceramic scintillator screen could be achieved by utilization of enriched 
version of 157Gd2O2S:Tb to increase neutron absorption power or decrease the thickness of the 
screen which should have positive impact on resolution. 
 
Based on results obtained in Chapter 2, water content can be precisely evaluated in great 
variety of application providing very high-spatial resolution. The application can include fuel 
cell research or soft matter among others. 
 
The simulation of optical photons in Geant4, which was presented in Chapter 3 requires a user 
to provide all optical parameters. These include mainly indices of refraction and light 
absorption lengths. However, to improve the simulations even further surface properties can 
be simulated with various models. Therefore, it would be necessary to determine these 
parameters experimentally so that the appropriate models and values for all optical properties 
can be used in the simulation. For simulation of powdered scintillator screen, Geant4 offers 
the possibility to input realistic 3D microstructure obtained externally, e.g. by focused ion 
beam scanning electron microscopy. By implementing these refinements greater accuracy of 
the model is expected.  
 
The ultimate goal for the neutron-sensitive scintillator screens would be a utilization of 
microstructuring in a similar way as in the field of X-ray sensitive scintillator screens. This 
could lead to even higher spatial resolution without compromising detection efficiency which 
is inherently connected to temporal resolution. This would lead to faster acquisition times that 
are of great importance for some applications.  
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