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Abstract

For over a century, film-based radiography has been used as a nondestructive testing
technique for industrial inspections. With the advent of digital techniques in the medical
domain, the NDT community is also considering alternative digital techniques. Computed
Radiography (CR) is a cost-efficient and easy-to-implement replacement technique because
it uses equipment very similar to film radiography. This technology uses flexible and
reusable imaging plates (IP) as a detector to generate a latent image during x-ray exposure.
With an optical scanning system, the latent image can be readout and digitized resulting
in a direct digital image. CR is widely used in the medical field since it provides good
performance at low energies. For industrial inspection, CR application is limited by its
poor response to high energy radiation and the presence of scattering phenomena. To
completely replace film radiography by such a system, its performance still needs to be
improved by either finding more appropriate IPs or by optimizing operating conditions.
Guidelines have been addressed in international standards to ensure a good image quality
supplied by CR system, where metallic screens are recommended for the case of using high
energy sources. However, the type and thickness of such a screen are not clearly defined
and a large panel of possible configurations does exist.

Simulation is a very useful tool to predict experimental outcomes and determine the
optimal operating conditions. The Monte Carlo (MC) methods are widely accepted as
the most accurate method to simulate radiation transport problems. It can give insight
about physical phenomena, but due to its random nature, a large amount of computational
time is required, especially for simulations involving complex geometries. Deterministic
methods, on the other hand, can handle easily complex geometry, and are quite efficient.
However, the estimation of scattering effects is more difficult with deterministic methods.

In this thesis work, we have started with a Monte Carlo simulation study in order to
investigate the physical phenomena involved in IP and in metallic screens at high ener-
gies. In particular we have studied separately the behavior of X-ray photons and electrons.
Some experimental comparisons have been carried out at the European Synchrotron Ra-
diation Facility. Then, we have proposed a hybrid simulation approach, combining the
use of deterministic and Monte Carlo code, for simulating the imaging of complex shapes
objects. This approach takes into account degradation introduced by X-ray scattering
and fluorescence inside IP, as well as optical photons scattering during readout process.
Different simulation configurations have been compared.

Keywords — Computed Radiography, Modeling, Simulation, Optimization, Monte
Carlo, Non-Destructive Testing,High energy application
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Résumé

Depuis plus d’un siecle, la radiographie sur film est utilisée pour le controle non destructif
(CND) de pieces industrielles. Avec 'introduction de méthodes numériques dans le do-
maine médical, la communauté du CND industriel a commencé a considérer également les
techniques numériques alternatives au film. La radiographie numérique (en anglais Com-
puted radiography -CR) utilisant les écrans photostimulables (en anglais imaging plate
-IP) est une voie intéressante a la fois du point de vue cotlt et facilité d’implémentation.
Le détecteur (IP) utilisé se rapproche du film car il est flexible et réutilisable. L’exposition
de I'TP aux rayons X génere une image latente qui est ensuite lue et numérisée grace a un
systeme de balayage optique par laser. A basse énergie, les performances du systeme CR
sont bonnes ce qui explique son utilisation importante dans le domaine médical. A haute
énergie par contre, les performances du systeme CR se dégradent a la fois a cause de la
mauvaise absorption de I'IP mais également de la présence de rayonnement diffusé par la
piece qui, étant d’énergie plus faible, est préférentiellement absorbée par I'IP. Les normes
internationales préconisent 1'utilisation d’écrans métalliques pour améliorer la réponse des
systemes CR. a haute énergie. Néanmoins, la nature et I’épaisseur de ces écrans n’est pas
clairement définie et la gamme des configurations possibles est large.

La simulation est un outil utile pour prévoir les performances d’une expérience et
déterminer les meilleures conditions opératoires. Les méthodes Monte Carlo sont com-
munément admises comme étant les plus précises pour simuler les phénomenes de trans-
port de rayonnement, et ainsi comprendre les phénomenes physiques en jeu. Cependant, le
caractere probabiliste de ces méthodes implique des temps de calcul importants, voire pro-
hibitifs pour des géométries complexes. Les méthodes déterministes au contraire, peuvent
prendre en compte des géométries complexes avec des temps de calcul raisonnables, mais
Iestimation du rayonnement diffusé est plus difficile.

Dans ce travail de these, nous avons tout d’abord mené une étude de simulation Monte
Carlo afin de comprendre le fonctionnement des IP avec écrans métalliques & haute énergie
pour le contréle de pieces de forte épaisseur. Nous avons notamment suivi le trajet des
photons X mais également des électrons. Quelques comparaisons expérimentales ont pu
étre menées a 'ESRF (European Synchrotron Radiation Facility). Puis nous avons proposé
une approche de simulation hybride, qui combine l'utilisation de codes déterministe et
Monte Carlo pour simuler I'imagerie d’objets de forme complexe. Cette approche prend
en compte la dégradation introduite par la diffusion des rayons X et la fluorescence dans
I'IP ainsi que la diffusion des photons optiques dans I'IP. Les résultats de différentes
configurations de simulation ont été comparés.

Mots clés — Radiographie numériques avec écrans photo-stimulable, Modélisation,
Simulation, Optimization, Monte Carlo, Controle non-destructif, Application a hautes
énergies
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RESUME ETENDU

RESUME ETENDU

1 Introduction

La radiographie a base de film argentique est de plus en plus remplacée par la radiographie
numérique (en anglais < Computed radiography > -CR) avec des écrans photo-stimulables
(en anglais < imaging plate > -IP). Le systéme CR ressemble au systéme de radiographie
conventionnelle (Figure 1) a ceci preés que le film argentique est remplacé par un IP afin de
générer une image latente (91983Sonoda et al.). En gardant ’avantage de la radiographie
conventionnelle, notamment le fait que le détecteur est souple, un systeme CR apporte
d’autres avantages : suppression de la chaine de développement utilisant des produits
chimiques ; réduction du temps d’exposition et utilisation possible de sources de faibles
énergies (grace a la grande sensibilité des détecteurs photo-stimulables) ; grande latitude
d’exposition (controle de pieces avec de fortes variations d’épaisseur et limitation du nom-
bre d’expositions) ; optimisation du temps d’intervention et partage a distance des images.
Pour ces raisons, le systeme CR est un bon remplacement numérique de la radiographie
traditionnelle (81999Seggern; 111996bThoms; 121997Thoms; 72011Leblans et al.).

Pour les applications médicales utilisant des sources de basse énergie (entre 10 et 150
keV) (72011Leblans et al.), le systéme CR est tres satisfaisant grace & la réponse de I’écran
photostimulable (BaFBr : Eu?*) qui est optimale dans cette gamme d’énergies. Par contre,
pour certaines applications industrielles telles que le controle des pieces de fortes épaisseurs
(exploitant des sources de haute énergie comme l'iridium ou le cobalt), la performance du
systeme CR est médiocre. Comme le montre la Figure 2, ’écran photo-stimulable a une
sensibilité tres faible aux énergies du Cobalt. La diffusion générée par une forte épaisseur
d’objet, étant d’énergie plus faible que le rayonnement direct, correspond a une partie de
la réponse spectrale ou les écrans sont trés sensibles. De ce fait, le contraste obtenu &
haute énergie est mauvais.

Selon les normes internationales (22005EN14784-2) et (620131SO17636-2), le fait d'utiliser
un écran métallique (i.e. un écran renforgateur) en contact avec 1’écran photostimulable
peut potentiellement renforcer le signal de haute énergie et éliminer le signal de basse
énergie (la diffusion ou la fluorescence), afin d’améliorer le contraste aux plus hautes
énergies.

La simulation est tres utile pour prévoir les résultats des expériences sans besoin
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Figure 1: Principes de la radiographie conventionnelle et de la radiographie numérique

par les écrans photo-stimulables.
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Figure 2: En bleu, la réponse spectrale d’'un écran photostimulable: 1’écran photo-
stimulable a une sensibilité tres faible aux énergies du Cobalt (fleches bleues). En méme
temps, la diffusion générée par une forte épaisseur d’objet (tracé vert) correspond a une

partie de la réponse spectrale ou les écrans sont plus sensibles.

d’exposition aux rayonnements. Les études d’un systeme a l'aide de la simulation per-
mettent d’optimiser sa performance et assurer une bonne qualité d’image. L’objectif de
la these est de modéliser completement la formation de I'image dans les systémes CR: de
I'interaction des photons incidents avec ’objet, le dépot d’énergie et la création d’image
latente dans un IP jusqu’a la lecture optique. Cette modélisation sera la base d’un outil
de simulation qui est capable de simuler des configurations de parametres différents afin
d’optimiser la qualité de I'image. La these s’articule autour de deux thémes principaux:
1) la compréhension de phénomeénes physiques, y compris la réponse d’'un IP, les effets
d’écrans métalliques! et les effets de rayonnement diffusé etc. ; et 2) la modélisation
complete de la chaine d’imagerie du CR. Du point de vue de la simulation de CR indus-
trielle, nous avons besoin d’un modele raisonnable, sur la base duquel une image réaliste
peut étre obtenue rapidement, et différents parametres opératoires tels que la source, la

combinaison IP/écrans et la lecture optique peuvent étre pris en compte.

'Dans la radiographie industrielle, des écrans métalliques minces sont parfois utilisés avec 'IP pour

améliorer la qualité d’image.

iii
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2 Simulation Monte Carlo de I’exposition aux rayons X

L’objectif de cette premiere partie de notre étude est d’étudier les phénomeénes physiques
qui se déroulent pendant I'exposition du systeme CR aux rayons X, par exemple, le com-
portement des électrons, le rayonnement diffusé et la fluorescence, etc. A cet égard, nous
avons développé un outil de simulation de Monte Carlo, basé sur PENELOPE, qui suit
séparément les rayonnements directs et secondaires en différenciant les photons, électrons
et positrons. La sortie de simulation fournit les cartes 3D d’énergie déposée dans I'IP
due aux rayonnements différents et également 1’évaluation de la propagation des spec-
tres de rayonnement apres des éléments différents. Cet outil nous permet d’étudier les
phénomenes physiques sous-jacents et de caractériser les réponses des écrans. L’utilité
de cet outil est montrée par une étude de cas et la caractérisation des réponses de trois

écrans.

2.1 Méthode de simulation

Notre outil simule des situations typiques de radiographie c’est-a-dire comprenant une
source, un objet et un détecteur (IP seul ou IP avec des écrans métalliques). La Figure 3(a)
montre la géométrie adoptée, et les termes employés pour les faisceaux différents issus de
I'objet sous test. Apres 'objet, la fleche rouge solide représente le rayonnement direct,
c’est-a-dire, la partie qui n’a pas subi d’interaction, et tout le rayonnement produit a
partir de ce faisceau par la suite que 'on appelle le faisceau utile. Au contraire, la fleche
verte pointillé représente le rayonnement secondaire émis par 'objet, et tous les autres
rayonnements produits sont désignés comme non-utile. L’information est subdivisée en
des signaux dus aux photons dans le faisceau utile ou non-utile (appelé UPS et NUPS), les
électrons dans le faisceau utile ou non-utile (noté comme UES et NUES) et, le cas échéant,
les positrons dans le faisceau utile ou non-utile (désignés comme UPoS et NUPoS).

La simulation surveille deux types de signaux: le dépot d’énergie dans I'IP et les
spectres apres avoir traversé chaque élément entre la source et I'IP (Figure 3(b)). Une
grille orthogonale tridimensionnelle uniforme est appliquée sur I'IP pour enregistrer la
distribution de dépot d’énergie. De ce fait, la géométrie de I'IP doit étre en forme de
parallélépipede.

Le faisceau incident peut étre divergente ou non-divergente, émis a partir d’'un point

ou d’une source étendue, et son spectre peut étre spécifique (telle que celui émis par une
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Incident
beam

Figure 3: (a) La géométrie adopté par notre simulation est une chaine de radiographie
classique (le graphique n’est pas a I’échelle). Un systeme de coordonnées cartésiennes
est utilisé pour suivre les trajets des particules. Une grille orthogonale tridimensionnelle
uniforme est appliquée sur IP pour enregistrer la distribution de dépot d’énergie.

Exemples des sorties de simulation: carte 3D de dépot d’énergie dans IP DEP(z,y, 2) et
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un exemple de spectre apres I'un des éléments entre la source et I'IP.
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source de cobalt ou iridium) ou soit une énergie fixée variant dans une plage précisée
{Emin, Emax} avec un incrément de Eipemt. L'objet et les écrans métalliques peuvent étre
d’un matériau arbitraire et de forme arbitraire.

La sortie de la simulation nous fournit les données comme suit :
e Carte 3D de dépot d’énergie due aux faisceaux différents :

— signal utile de photon DEPypg(z,vy,2) ;

signal non-utile de photon DEPynyps(x,y, 2) ;

signal utile d’électron DEPygs(z,y, 2) ;
— signal non-utile d’électron DEPnygrs(x,y, 2) ;

e Spectre de photon apres avoir traversé des éléments différents (c’est-a-dire objet,

écrans métalliques et la couche protectrice d’'un IP) ;

e Spectre d’électron apres avoir traversé des éléments différents (c’est-a-dire objet,

écrans métalliques et la couche protectrice d’'un IP).

A partir de ces sorties de simulation, les parametres suivants sont utilisés pour analyser

la réponse de I'TP.

e Efficacité d’absorption d’énergie (EAE). EAE est le ratio du dépot d’énergie total

dans I'IP par rapport a I’énergie incidente.

e Fonction de transfert de modulation (MTF) et la fréquence spatiale & 20% de MTF
(fumrr20). La MTF est obtenue par :

MTF(f) = 7 (LSF(x))

F (Z PSF(a;y)) O

)

=7 (Z DEP(z,y, z))

Z?y

ou f est la fréquence spatiale, et .# désigne la transformée de Fourier, et DEP(x,y, z)

ici est obtenue avec un faisceau incident filiforme.
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2.2 Contexte de notre étude : un cas d’inspection typique

Notre cas d’inspection industrielle typique consiste & irradier un objet épais (plaque d’acier
de 70 mm) avec une source de haute énergie (Cobalt). Afin d’expliquer le probleme de la
qualité d’image, nous montrons le résultat obtenu lorsque I'IP seul est utilis¢é comme un
détecteur, sans écran métallique pour intensifier le signal. Un faisceau filiforme est utilisé
pour irradier I'objet, afin de montrer la divergence du faisceau (qui est responsable de la
dégradation de la résolution spatiale). L’IP est directement placé derriére I'objet, comme
dans le cas industriel.

La Figure 4 illustre les images de dépot d’énergie dans le plan X7 due aux signaux
différents. La direction z est la direction du faisceau qui est aussi la direction de la
profondeur de I'IP. Comme on peut le voir, les images de signaux utiles (UPS et UES)
sont tres claires et nettes, tandis que les images de signal non-utiles (NUPS et NUES)
sont floues. Dans la Figure 5, nous présentons les courbes de dépot d’énergie le long de
la profondeur de I'TP. Lorsque 1’on regarde la profondeur de pénétration, nous voyons que
les électrons déposent leur énergie de préférence vers la surface de 'IP (z = 0), tandis
que les photons pres de la face arriere (z = 150 pm). Dans la Figure 6, nous étudions
la contribution des différents signaux a la courbe de MTF globale (noir). Bien que les
signaux utiles (UPS et UES) aient une bonne MTF (courbes rouges), la MTF globale
(courbe noire) est principalement influencée par les signaux non-utiles (NUPS et NUES).
Pour conclure sur notre contexte industriel, nous avons besoin d’un détecteur qui devrait
étre efficace pour le signal utile de haute énergie, mais insensible au signal utile de basse

énergie. Nous voyons qu’une caractérisation des réponses de détecteur est nécessaire.

2.3 Caractérisation des réponses des détecteurs

On étudie maintenant la réponse impulsionnelle du systeme, ce qui signifie que la réponse
a un faisceau filiforme. Tous les éléments (les écrans métalliques et I'IP) ont été mis
en parallélépipede, et aucun objet n’est inclus dans le systéme afin de caractériser les
réponses des détecteurs. Une liste des parametres est montrée dans le tableau 1. Les
deux combinaisons IP/écrans ont été comparées avec IP seul. L’écran de configuration
< IP4+0.2Pb » est celui qui est recommandé par les normes. L’écran d’étain est choisi

pour filtrer la fluorescence du Pb.
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Figure 4: Image de dépot d’énergie dans le plan XZ, due aux signaux UPS, UES, NUPS

et NUES.

Table 1: Liste des parametres. L’'IP était entre les écrans avant et arriere, et les écrans

ont été mis en contact avec 1'IP.

Configurations
Eléments
IP alone IP+0.2Pb IP+0.2Pb0.8Sn
Type photon photon photon
Source
Energies keV
(2,1300,1) (2,1300,1) (2,1300,1)
(Eminy Emaxa Eincmt)
Object Objet non non non
0.2mmPb
Ecrans avants non 0.2mmPb
+0.8mmSn
Détecteur P NbBXxNbBY xNbBZ | 100x100x100 | 100x100x100 | 100x100x100
Voxel dimension
X 10x10x1.5 10x10x1.5 10x10x1.5
(pm?)
0.8mmSn
Ecrans arriéres non 0.2mmPb
+0.2mmPb

viii
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Figure 5: Dépot d’énergie le long de la profondeur de I'IP (z) due aux signaux utiles (UPS

et UES) et non-utile (NUPS et NUES).
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Figure 6: MTFs des images due aux signaux différents et MTF globale.
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2.3.1 Réponse spectrale

La Figure 7 montre les courbes d’efficacité d’absorption d’énergie des 3 configurations

différentes de détecteur.

e La réponse d’IP alone (courbe rouge) est efficace, & peu prés 1, a basse énergie,
mais avec l'augmentation de 1’énergie d’excitation, la courbe descend rapidement

vers zéro. L’augmentation entre 30 et 40 keV correspond a ’absorption du baryum.

e L’écran de plomb (courbe verte) filtre le rayonnement de faible énergie, mais renforce
les hautes énergies: la courbe verte est au-dessus de la courbe <« IP alone » pour des
énergies supérieures a 131 keV. Le bord d’absorption du baryum a disparu en raison
de la filtration des faibles énergies. Autour de 89 keV une baisse rapide apparait,

qui est due a ’absorption de plomb.

e Avec < IP+0.2Pb+0.8Sn > (courbe bleue), on observe des effets similaires, sauf que
Iintensification du signal commence a partir de 226 keV, et une baisse supplémentaire

apparait a 30 keV, qui correspond a l’absorption de ’étain.

En ce qui concerne seulement l'intensification de I'absorption dans la gamme d’énergie
élevée, le détecteur < IP40.2Pb > est préféré, car il a le niveau d’absorption le plus élevé
parmi les trois. Cependant, <« IP+0.2Pb0.8Sn > a un meilleur filtrage des basses énergies.
Lorsque on considere le compromis de rehausser le poids de haute énergie (pour absorber
le signal utile) et baisser le poids de faible énergie (signal non-utile), les deux combinaisons
d’écrans peuvent étre discutées. D’autre part, la résolution spatiale doit étre comparée,

ce qui est le but de la section suivante.

2.3.2 Réponse spatiale

La Figure 8 montre les courbes MTF d’ « IP alone » a différentes énergies d’excitation. De
la basse & moyenne énergie (voir courbes bleu foncé, jusqu’a environ 400 keV), la courbe
de MTF diminue rapidement avec 'augmentation de I’énergie d’excitation, tandis que,
dans la gamme des hautes énergies (voir les courbes bleu clair & rouge foncé, 400 keV a
1300 keV), les courbes de MTF se chevauchent, ce qui signifie que la résolution spatiale
pourrait étre considérée constante dans cette gamme d’énergie élevée. Les deux trous a 14
keV et 38 keV correspondent a la fluorescence du brome et du baryum. Comme 1’émission

de fluorescence est isotrope, la MTF diminue rapidement.
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Figure 7: L’efficacité de ’absorption des photons en fonction de I’énergie pour les config-

urations différentes du détecteur.
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Figure 9: Les courbes firrroo en fonction de 1’énergie d’excitation pour les détecteurs

différents.

La Figure 9 compare la résolution des trois configurations de détecteur. Avec les écrans
de plomb sur les deux co6tés de I'IP, une dégradation de la résolution spatiale est introduite,
en particulier a 89 keV, a laquelle la fluorescence du plomb commence & se produire.
Comme un photon d’une énergie plus élevée a un libre parcours moyen plus grand, la
fluorescence de plomb pourrait s’étendre plus loin que celle de baryum et de brome, et de
ce fait la perte de résolution est plus grande a 89 keV, que celle a 14 et a 38 keV. A des
énergies inférieures a 89 keV, le fait d’ajouter un écran d’étain entre IP et Pb dégrade
la résolution, car il est une autre couche d’étalement du faisceau incident. Cependant,
lorsque I'énergie d’excitation est supérieure a 89 keV, la fluorescence de plomb peut étre
effectivement atténuée par I’écran d’étain, et la résolution s’améliore. Cette amélioration
diminue & mesure que 1’énergie d’excitation continue a augmenter, et devient négligeable

a 1300 keV.
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Figure 10: Rapport signal utile sur non-utile obtenu avec les trois détecteurs.

2.4 Résultat : optimisation d’un cas industriel

Selon I'analyse détaillée dans la partie précédente, on constate que les deux configurations
d’TP avec des écrans métalliques pourraient augmenter le poids du signal utile dans I'image
finale, car ils pourraient effectivement augmenter ’efficacité d’absorption a haute énergie
et éliminer I'influence des signaux de faible énergie, en particulier <« IP + 0.2Pb0.85Sn > qui
a un meilleur effet de filtrage a basse énergie. Tout en limitant le flou introduit par le
signal non-utile, les écrans dégradent également la résolution spatiale, par conséquent, un
détecteur approprié doit assurer un bon ratio de signal utile par rapport au signal non-utile
sans perdre beaucoup de résolution spatiale. Nous montrons ce ratio obtenu avec les trois
détecteurs dans la Figure 10, et le ratio est largement augmenté avec <IP + 0.2Pb0.8Sn>.
Dans la Figure 11, nous voyons que la MTF avec < IP + 0.2Pb > (Figure 11(a)) et avec
< IP + 0.2Pb0.8Sn > (Figure 11(b)) sont presque les mémes. En comparant la fréquence
spatiale a 20% MTF, < IP + 0.2Pb0.8Sn > (1,62 Ip/mm) est un légérement meilleure que
< IP 4 0.2Pb > (1,45 Ip/mm). Ainsi < IP + 0.2Pb0.8Sn > est globalement meilleur pour

notre cas industriel.
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Figure 11: MTF des images due aux signaux différents et MTF globale pour (a)
< IP40.2Pb » et (b) <« IP40.2Pb0.8Sn >.
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2.5 Discussion

Grace a la caractérisation de la réponse des détecteurs et une analyse détaillée sur les
réponses spectrales et spatiales, nous avons optimisé un cas d’inspection. Globalement,
< IP+0.2Pb0.8Sn > est la meilleure configuration parmi les trois, car elle augmente le plus
le poids du signal utile a haute énergie sans perdre trop en efficacité d’absorption d’énergie
et en résolution spatiale. De 1’étude réalisée, nous constatons que les écrans métalliques
peuvent renforcer le signal de haute énergie et filtrer le signal de basse énergie, mais en
méme temps ils dégradent la résolution spatiale, surtout a cause de la fluorescence produite
par les écrans de plomb. Il faut éviter un contact direct entre I'IP et les écrans de plomb.

Ces études ne concernent que les phénomenes physiques ayant lieu pendant I’exposition
CR. Comme le processus de lecture optique CR a également une influence importante sur
I'image finale, nous avons besoin d’un modele complet pour la compréhension de I’ensemble
de la chaine d’imagerie CR. Pour cette raison, la these développe une approche complete

de simulation CR.

2.6 Comparaison des résultats de simulation et expérimentaux sur D’effet

d’intensification des écrans métalliques

En parallele de la simulation, nous avons aussi effectué des mesures expérimentales a
I'ESRF (European synchrotron Radiation Facility). La réponse de I'IP avec des écrans
métallique différents a été caractérisée avec une source synchrotron de 35, 40, 50, 75, 100,
150, 200, 400 et 600 keV. Nous avons comparé les résultats de simulation avec les résultats
expérimentaux sur l'effet d’intensification des écrans (c’est-a-dire ’énergie déposée totale
dans IP avec écrans par rapport a ’énergie déposée totale dans IP seul). Un exemple
de comparaison est montré dans la Figure 12. Globalement, les données de simulation
sont en accord avec les données expérimentales, sauf a 600 keV. A cette énergie, 'image
est fortement affectée par le faisceau secondaire émergeant du bord de tungstene? et le

rayonnement rétrodiffusé (le coté arriere de I'IP n’a pas été protégé).

Initialement, on voulait mesurer la réponse spatiale, & chaque énergie, et la moitie du faisceau était

bloquée par un bord de tungsténe (voir chapitre 3 dans la thése pour plus de détails).
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Figure 12: L’effet d’intensification d’'un écran de plomb de 0,25 mm. Les points rouges
correspondent a la mesure expérimentale; la courbe bleue est obtenue avec la simulation

Monte Carlo.
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Figure 13: Etapes de simulation de la chaine d’imagerie CR.

3 Simulation de la chaine complete de radiographie numérique

L’objectif de cette deuxieme partie de la these est de développer un modele complet du
systeme CR, qui permet de prendre en compte les parametres accessibles du systeme.
Dans cette these, la chaine de I'imagerie CR est modélisée en trois étapes successives
(Figure 13) : I'atténuation des rayons X, la génération de I'image latente et la génération
de I'image numérique. Des codes Monte Carlo ou déterministes peuvent étre appliqués

dans les différentes étapes. La méthode de simulation CR se résume comme suit.

i L’atténuation du faisceau des rayons-x ou gamma par un objet complexe. Cette étape

peut étre réalisée par une simulation Monte Carlo ou déterministe.

ii La génération de I'image latente (réponse de I'IP seul ou I’ensemble constitué de I'TP
et les écrans renforgateurs). Cette étape est subdivisée en deux sous-étapes suivantes:
a) l'interaction du rayonnement et de I'IP ; et b) génération de I'image latente. Pour
la premiere, le détecteur (IP seul ou IP avec écrans) est modélisé par une fonction
de transfert qui est obtenue grace a une étude paramétrique réalisée hors ligne par
simulation Monte Carlo. La deuxieme étape est modélisée simplement par un facteur
de conversion, car le mécanisme de création de I'image latente n’est pas encore bien

connu, et de plus, selon les matériaux, les mécanismes sont différents.
iii La lecture optique. Comme 1’étape précédente, cette étape est aussi divisée en deux
xvii
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sous-étapes : a) lecture par un laser et b) collection, amplification et numérisation du
signal (luminescence photostimulée ou PSL). La lecture par le laser est modélisée par
une fonction de transfert (générée avec un code Monte Carlo) de la réponse optique

de I'IP. La derniere étape est simplifiée en utilisant un facteur multiplicatif.

Différentes méthodes de simulation ont été appliquées aux différentes étapes, elles seront

détaillées dans les sections 3.1, 3.2 et 3.3.

3.1 Génération de I’image spectrale de 'objet

Le but de cette étape est de générer I'image spectrale de 'objet Obj(E, z,y) sur le plan du
détecteur, ou différentes méthodes (Monte Carlo ou déterministe) de simulation peuvent
étre appliquées. Pour les objets simples, les codes Monte Carlo peuvent prendre en compte
tous les phénomenes physiques et permettent d’obtenir des sorties plus précises. Quant
aux objets complexes, la simulation MC devient désespérément longue (une simulation
peut durer des mois ou plus encore). Dans ce cas, les outils déterministes peuvent simuler
rapidement un systeme complexe sous des approximations raisonnables.

Pour générer Obj(E,x,y) (quelle que soit la méthode de simulation), un détecteur
virtuel est placé dans le plan du détecteur. Ce détecteur virtuel est divisé en M x N
pixels pour enregistrer la distribution spatiale du faisceau incident. Chaque pixel est aussi
un compteur spectral avec une largeur de canal F, ;4 keV. La Figure 14 est un exemple
de génération de I'image de 'objet. L’image a gauche est la configuration géométrique
générée en utilisant le code VXI (12000Duvauchelle et al.; 42004Freud et al.) : un
détecteur virtuel (en vert) est placé au niveau du plan de détection réel. A droite est
I'image spectrale détectée par le détecteur virtuel Obj(E, x,y) & une énergie E. Le signal
de chaque pixel de Obj(E, x,y) est le nombre de photon re¢u par canal d’énergie (unité:

em ™2 - keV1).

3.2 Génération de I'image latente

La Figure 15 nous montre le modele de génération de 'image latente, ou H1 représente
lopérateur de génération de 'image latente. Un outil de simulation Monte Carlo, basé
sur PENELOPE (52009Gavalda et al.), a été développé pour caractériser la réponse de
I'IP a différentes énergies monochromatiques. Cet outil nous permet d’obtenir une carte

3D de dépot d’énergie (voir Figure 15(b)) en différenciant le signal primaire/secondaire et
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Image spectrale de I'objet
Obj(x,y,E)

(a) (b)

Figure 14: Etape 1: Génération de l'image spectrale de 1'objet avec I'outil déterministe

VXI (12000Duvauchelle et al.; 42004Freud et al.).

photon/électron.

Pour pouvoir appliquer 'opérateur H1, on a d’abord fait une étude paramétrique afin
d’obtenir le modele du détecteur PSFy.(F,x,y,z) (ratio énergie déposée par énergie
incidente par unité de volume, cm™3), qui représente la réponse du détecteur aux Rayons-
X ou gamma: on a généré les réponses impulsionnelles (Figure 15(b)) en balayant les
configurations du détecteur det (la combinaison IP /écrans) et les énergies E entre E,,;, et
Enar avec un pas d’échantillonnage de Ejqs. L’ensemble des tableaux PSFue(E, x,y, )
contient la réponse spectrale et spatiale de tous les détecteurs étudiés. La réponse du
détecteur (opération H1) est appliquée grace a une convolution spatiale 2D selon x et y, a

chaque énergie E, et pour une profondeur z fixée:
Lng(JJ, Y, Z) = Hl(Ob]a PSFdet)

= gsc - /EE (obj(E,z,y) * PSFyet(E,x,y,2))dE (2)

g [ B ( [ obitE.a)- PSFuBw— iy - v,z>dudv) dE,
E u,v

e Limg(z,y, 2) est 'image latente obtenue dans I'IP & la profondeur z (unité: cm=3) ;

e g, est le facteur de conversion (unité: keV=1!) ;
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PSFdet(Ei H X, yn Z)

Image de |'objet

Obj(x,y,E)
Image latente
Limg(x,y,z)
Modeéle du
détecteur

PSF 4ee(E,X,Y,2)

(a) (b)

Figure 15: (a) Etape 2: Génération de I'image latente a 'aide du modele du détecteur
PSFy(E, z,y, 2); et (b) réponse impulsionnelle du détecteur pour une énergie d’excitation
E;. Le tableau PSFy.(E, x,y, z) contient toutes les cartes 3D de dépot d’énergie a toutes

les énergies et représente ainsi la réponse spectrale et spatiale du détecteur ”det”.

o et le terme [, [E J[,, Obj(u,v,2) - PSFye(E, 2 — u,y — v, z)dudv] dE représente
la carte 3D de dépot d’énergie (unité: keV - cm™3), qui est convertie en image latent

par le facteur gs..

3.3 Modélisation du processus de lecture optique

La Figure 16 nous montre le modele de génération de I'image numérique ; H2 représente
I'opérateur qui modélise la lecture optique. La lecture optique par laser est, en effet, un
processus destructif, c’est-a-dire que le laser modifie 'image latente en balayant I'IP. Par
conséquent, au contraire de 1’étape précédente, le signal de sortie de la lecture optique
ne peut plus étre modélisé par une convolution de I'image latente avec la réponse impul-
sionnelle optique de I'TP. Une convolution modifiée (H2) doit étre appliquée pour calculer

I'image numérique finale (101996aThoms; 32003Fasbender et al.)
Dimg(zm, yn) = H2(Limg, I)
= /P(z)dz // Limg*(z,y,2){1 — exp[—0 - I(x — T, Y — Yn, 2) * tscan| }dzdy,
4 T,y

3)

ou
e Limg(x,y,z) est 'image latente obtenue de ’étape précédente ;
XX

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0128/these.pdf
© [M. Yao], [2014], INSA de Lyon, tous droits réservés



RESUME ETENDU

x10"°
10

Image latente m
Limg(x,y,z) 8 ©
Image numérique =

Dimg(x,y) 6 © -

» 2 s

Modéle de I'lP < é
I(%,,2) 43
—_— @
2 &
£

(a) (b)

Figure 16: (a) Etape 3: Génération de I'image numérique a I’aide de la fonction de transfert
de lecture optique ; (b) cartographie du modele optique de I'IP selon (x,z) et profil a z

fixé (ligne rouge).

e Limg*(z,y,z) est 'image latente modifiée par le laser ;

e [(z,y,z) est la réponse optique de I'IP pour le laser (modele optique de I'IP), c’est-

a-dire la distribution de I'intensité du laser dans I'IP, en unité cm=2-s7! ;

e P(z) est la probabilité qu’un photon, émis a la profondeur z, puisse s’échapper de
la face avant de I'IP ;
e 0 est la section efficace de la photo-stimulation (unité : cm?) ;

o et tsean est le temps de lecture & (2, y,) en unité s.

Pour obtenir la réponse de I'IP au laser I(z,y, z), nous avons développé un outil de
simulation Monte Carlo avec Matlab, ou certains traitements d’interaction du laser avec
la matiére sont basés sur (32003Fasbender et al.) et (131995Wang et al.). La Figure 16(b)
nous montre un exemple de réponse, obtenue en envoyant 2 x 10 photons optiques &
I’entrée.

Dans le cas ou 'on néglige 'effet de la lecture optique, I'image numérique peut étre
calculée en utilisant la formule :

Dimg(z,y) = /Limg(az,y,z)dz. (4)

z
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3.4 Résultat

Dans cette partie, on montre quelques résultats de simulation. La configuration géométrique
de la Figure 14(a) a été adoptée pour notre simulation. Un objet en acier de forme com-
plexe est irradié par une source monochromatique (100 keV) ponctuelle. Un indicateur de
qualité d’image (IQI) en acier a été mis sur I'objet du c6té de la source. A noter que seule
la partie centrale avec I'IQI a été éclairée.

Le détecteur est une combinaison de I'IP avec écrans renforcateurs, ou I'IP est pris
en sandwich entre les écrans renforcateurs. L’IP a été modélisé comme une structure
multicouche qui consiste en, dans ’ordre, une couche protectrice de 6 pm, une couche de
phosphore photostimulable de 150 pgm, une couche de support de 254 pym et une couche
supplémentaire (en anglais < backing layer ») de 25,4 ym. Les matériaux de ces couches
sont respectivement Mylar pour la couche protectrice et le support, BaFBr : Eu?* pour la
couche de phosphore et polycarbonate pour la couche supplémentaire. Les réponses (de
dose) des deux configurations de détection suivantes ont été simulées: a) IP seul (appelé
< HRIP »); b) IP avec deux écrans de plomb de 0.3 mm sur les deux cotés (appelé

< 0.3Pb+HRIP+0.3Pb >).

3.4.1 L’image latente

Nous montrons les images latentes générées en utilisant les deux configurations différentes
de détecteur (HRIP et 0.3Pb+HRIP+0.3Pb) dans la Figure 17. Afin de comparer la
netteté de 'image, nous avons normalisé les images par leur valeur maximale. Nous tragons
les profils normalisés le long de la ligne rouge. La netteté de 'image est meilleure avec
HRIP que celle avec 0.3Pb+HRIP+0.3Pb. Dans 'image, on a aussi montré (dans légende)
Vefficacité d’absorption de chaque détecteur, notée < AE > (I’énergie totale absorbée par
la couche phosphore divisée par I’énergie totale a I'entrée du détecteur) : HRIP est plus

efficace dans le cas montré.

3.4.2 L’image finale a la sortie de la simulation

Dans cette partie nous avons repris 'image latente générée en utilisant HRIP, puis nous
avons simulé la lecture de cette image avec différentes puissances du laser (représentées
par un facteur de puissance) : 100, 10!3, 10!, 10'5 et 10'6. Le facteur est d’autant plus

grand que la puissance est grande.
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Figure 17: Résultat de simulation sans prendre en compte l'effet de la lecture optique. En
haut images latentes obtenues avec les deux configurations de détecteur, et en bas, profils
de niveaux de gris le long de la ligne indiquée en rouge dans les images. Le profil idéal

représente le profil obtenu dans I'image spectrale de 'objet ”Obj(z,y, 2)”.
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Figure 18: Résultats de simulation: (a) I'image idéale de l'objet a la sortie de la premiere
étape, (b) 'image latente a la sortie de la deuxieme étape, (c) 'image numérique a la sortie
de la troisieme étape lue avec une forte puissance de laser (facteur de puissance 10'6) et
(d) V'image numérique a la sortie de la troisieme étape lue avec une faible puissance de

laser (facteur de puissance 10'°).

La Figure 18 illustre les résultats de simulation en utilisant deux puissances différentes
du laser. Avec une grande puissance de lecture, la plupart des électrons piégés dans I'image
latente peuvent étre libérés, mais une translation de I'image est observée qui provient du
balayage de I'image par le laser (comparer les Figures 18(b) et 18(c) sur le bas de I'image
notamment).

Nous tragons ensuite Vefficacité de lecture (signal en sortie de lecture par rapport au
signal en entrée de lecture) en fonction de la puissance du laser (Figure 19). L’efficacité
augmente lentement a basse puissance, puis on remarque une augmentation substantielle

entre 10 et 10 ; et & 10'% la courbe commence & saturer. On peut remarquer que
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Figure 19: Efficacité de lecture en fonction de la puissance du laser.

lefficacité maximale n’est pas égale a un. En effet, une forte puissance augmente la
photoluminescence, mais les photons sont émis de fagon isotrope et seule une petite partie
peut sortir de la face avant de I'IP et participer a I'image finale.

Dans la Figure 20, nous présentons les profils le long du centre de I'IQI, normalisés par
leurs valeurs maximales. La courbe rouge est le profil de 'image latente. Les courbes des
2 premieres puissances sont superposées, puis on perd du contraste en augmentant encore
la puissance. En comparant les profils, on voit aussi un décalage latéral évident entre la
courbe noire et la courbe rouge dans le sens de la translation de I'TP.

Enfin, nous montrons I’évaluation du profil en sortie des différentes étapes dans la
Figure 21. Dans cet exemple, nous avons pris les conditions optimales de chaque étape,
c’est-a-dire I'image latente détectée avec HRIP, puis lue avec une puissance de < 1019 .

On voit qu’on perd du contraste a chaque étape.

3.5 Discussion

Dans ’exemple de notre étude de cas, nous avons comparé I'image détectée avec différentes

configurations de détection, i.e. détecteur et puissance du laser. En comparant les
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Figure 20: Résultats: profils normalisés, lus avec différentes puissances de laser.
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Figure 21: Evolution du profil en sortie des différentes étapes. Dans I'exemple montré, on

a pris I'IP seul lu avec une puissance de lecture de < 10'° .
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résultats, nous trouvons que la détection avec HRIP seul et la lecture avec une puis-
sance du laser de < 10 > nous permettent d’obtenir une meilleure qualité d’image. La
puissance choisie nous permet d’obtenir une bonne efficacité sans trop perdre de contraste.

Pour la lecture optique, quand I’on augmente la puissance du laser, lefficacité de lecture
augmente, c’est-a-dire la fraction des électrons libérés par le laser ; mais le contraste se
dégrade. La raison est que quand on lit un point de coordonnées courantes, une partie
des électrons piégés autour ce point est aussi libéré et contribue au signal ce qui donne
du flou. Plus on augmente la puissance du laser, plus cette partie est libérée. C’est pour
cette raison que l'on voit aussi un décalage en utilisant une tres forte puissance. Il faut

donc trouver un compromis entre I'efficacité et le contraste.

3.6 Conclusion

Nous avons présenté une approche de simulation de la radiographie numérique dédiée aux
objets complexes. Différentes méthodes de simulation sont adoptées: les méthodes Monte
Carlo et déterministe. Un outil de simulation a été développé sur cette approche. Par
une étude de cas, nous avons montré 1'utilisation de notre outil. Il est intéressant pour
comparer différentes conditions de mesure et pour optimiser la qualité d’image fournie par
le systeme CR.

La comparaison entre les résultats de simulation et expérimentaux est en cours.

4 Conclusions et perspectives

Le projet de these a été lancé dans un contexte industriel de ’adaptation du systeme
de radiographie numérique avec écrans photostimulables pour satisfaire aux exigences de
controle industriel. La these s’articule autour de deux aspects : ’étude des phénomenes
physiques et une approche de simulation complete de la chaine d’imagerie CR. Les résultats

principaux sont décrits dans les deux sections suivantes.

4.1 Phénomenes physiques

La premiere partie de ce travail a porté sur la compréhension des phénomenes physiques.
Un outil de simulation Monte Carlo dédié a été développé pour une analyse détaillée.
L’utilité de cet outil a été démontrée par ’étude d’optimisation d’un cas industriel réaliste

(une piece de fer de 70 mm exposée a une source Cobalt-60), ou le probleme de la diffusion
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a été illustré et les réponses de trois configurations de détecteurs ont été caractérisées. On

a obtenu les compréhensions suivantes.

e Rayonnement secondaire. Le probleme de la détection d’une image avec un IP
seul était d’abord visualisé avec l'outil. Les images dues au rayonnement direct (de
haute énergie) et au rayonnement secondaire (de relativement basse énergie) produite
par un objet ont été illustrées séparément. on s’est apercu que le rayonnement
secondaire est responsable du flou dans une image. Comme I'image détectée est
principalement due au rayonnement secondaire (seulement 15,7% du signal vient du
rayonnement direct), 'image globale a une faible résolution spatiale. Le probléme est
identifié: afin d’améliorer la qualité de 'image, on devrait augmenter le rapport de
rayonnement direct sur secondaire (DSR), & savoir l'intensification de signal de haute
énergie et I’élimination de signal de basse énergie. Ici, nous voyons l'importance de

la caractérisation de la réponse du détecteur.

e Caractérisation de la réponse du détecteur. Nous avons caractérisé les réponses de
trois configurations de détecteur, IP seul, IP avec deux écrans de plomb (0,2 mm)
sur les deux cotés, et IP avec des écrans de plomb (0,2 mm) et étain (0,8 mm) sur

les deux cotés. Une analyse détaillée des réponses spectrale et spatiale a été fait.

En comparant la réponse des trois détecteurs, on trouve que les écrans métalliques peuvent
effectivement intensifier le signal de haute énergie et filtrer le signal de basse énergie. Grace
a ces écrans, 'énergie est déposée plutot vers la surface d’IP. Cependant, ils dégradent
également la résolution spatiale, en particulier la fluorescence émise a partir d’un écran
de plomb. On devrait considérer a la fois le DSR et la netteté en choisissant des écrans
pour 'optimisation. Il s’avére que la configuration IP avec les écrans de plomb et d’étain
est globalement préférable, car il nous donne le meilleur DSR des trois, et de plus, ’écran
d’étain peut effectivement atténuer la fluorescence du plomb. Notez que cette combinaison
IP /écrans est seulement optimale pour le cas étudié, et ne peut pas étre généralisée a tous
les cas.

Avec cette étude de cas, nous voyons que pour optimiser la qualité d’image, la réponse
de l'objet et du détecteur doivent étre prises en considération; il faut trouver un com-
promis entre le DSR et la netteté; la fluorescence de haute énergie devrait étre éliminée
avant d’entrer dans IP, c’est-a-dire qu’il faut ajouter d’autres écrans pour absorber la

fluorescence.
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4.2 Modélisation et simulation du systeme de radiographie numérique

Dans cette these on a développé une approche de simulation qui permet de simuler la
chaine compleéte d’imagerie CR, de I'exposition aux rayons X jusqu’a la lecture optique.
La simulation est réalisée en trois étapes: génération de l'image spectrale d’un objet,
génération de I'image latente et génération de I'image numérique finale. Les étapes précises

de simulation sont résumées comme suit.

o Génération de 'image spectrale d’un objet. Selon les besoins, il est possible de choisir
un code déterministe ou un code Monte Carlo a usage général dans cette étape. La

sortie de simulation doit étre une image spectrale Obj(F, z,y).

o Génération de I'image latente. Cette étape est réalisée par 'opérateur H1 et un
modele hors ligne de la réponse du détecteur PSFqe : Limg(z,y, z) = H1(0bj, PSFget).
Le modele de la réponse du détecteur est obtenu par la caractérisation Monte Carlo
de la réponse du détecteur aux différentes énergies. A hautes énergies, une grande
partie du dépot d’énergie dans la couche sensible de I'IP est due aux effets de diffu-
sion, fluorescence et aux électrons. Avec la simulation MC, la réponse spectrale et
spatiale précise peut étre obtenue. Une base de données des modeles de détecteur a
été créée. Jusqu'a présent, la base de données contient 128 configurations différentes
de détecteur, y compris toutes les combinaisons IP/écrans recommandées dans les
normes internationales (22005EN14784-2; 620131SO17636-2).

Une étude de cas illustre 'utilisation de cette étape. L’image d’un objet complexe
a été détectée par trois détecteurs. En comparant les images latentes, nous avons
déterminé la configuration optimale du détecteur. Une comparaison avec la sim-
ulation utilisant un code Monte Carlo complet montre un bon accord. Une autre

comparaison de simulation d’une imagerie complexe est en cours.

o Génération de l'image numérique. L’image est affectée par la réponse optique de
TP f(z,y,z) et les parametres de balayage du laser. L’image numérique est générée
par Dimg(x,y, z) = H2(Limg, f,parametres de balayage du laser).

Afin d’étudier la réponse optique d’un IP, un outil de simulation Monte Carlo pour
le transport du laser dans IP a été développé, ou I'IP est décrit par des parametres
tels que coeflicient d’absorption, coefficient de diffusion et les conditions d’interface.
Une étude sur l'influence de plusieurs parametres a été effectuée avec 'outil. Les

résultats montrent que la modification de ces parametres affecte la taille de la région
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de diffusion et la quantité de photons a l'intérieur de I'IP. La taille de la région de
diffusion et la quantité de photon déterminent respectivement la netteté de I'image
et lefficacité de lecture. Il a été constaté que lorsque nous gagnons la netteté, nous
perdons lefficacité et vice versa. Les deux sont des facteurs contradictoires, et un
compromis doit étre fait lors de la fabrication. Pour un utilisateur, les propriétés
optiques de I'TP ne sont pas accessibles, mais il est possible de régler les parametres
de numérisation pour chercher a optimiser la qualité d’image.

Comme le balayage du laser est un processus de lecture destructive, cet effet est pris
en compte dans le modele H2, avec lequel le balayage laser est suivi pixel par pixel.
Comme une illustration, 'image latente obtenue avec IP seul dans la deuxiéme étape
a été lue en utilisant différentes puissances de lecture (produit de la puissance du
laser et le temps de lecture). Le résultat montre qu’une puissance laser plus élevée
(ou un temps de lecture plus long) entraine une plus grande efficacité de lecture,
mais dégrade le contraste de I'image. Encore une fois, un compromis doit étre fait

pour déterminer la condition appropriée.

Avec cette méthode, on peut simuler le systéeme CR, et prendre en compte les fac-
teurs de fonctionnement tels que la source (dans la premiere étape), le détecteur (dans la
deuxiéme étape) et les parametres de lecture (dans la derniére étape). L’application de H1
et H2 nécessite 'accord d’échantillonnage des tableaux Obj, PSFdet et f. L’efficacité de cal-
cul dépend fortement de la taille des tableaux de Obj(E, x,y), Limg(x,y, 2), PSFaet(x,y, )
et f(x,y, z). Une grande précision nécessite une petite taille d’échantillon, et par conséquence
une grande taille de tableaux, ce qui rend la simulation lente.

Parallelement au développement de la méthode de simulation et de compréhension
physique avec les outils de simulation, deux mesures expérimentales ont également été
effectuées. Une premiere a été réalisée dans un centre de rayonnement synchrotron visait
a caractériser la réponse de IP a haute énergie. Bien que certains problemes inattendus
rendent difficile ’exploitation des résultats, nous avons extrait 'intensification des écrans
métalliques. Les résultats de simulation et expérimentaux montrent globalement un bon
accord. L’autre mesure a été effectuée récemment au BAM, Allemagne (21-29 Aott, 2014).
L’objectif de cette expérience est de comparer le résultat de la simulation d’une imagerie
complexe avec I'image acquise expérimentalement. La comparaison est en cours.

Grace a ’approche de modélisation développée, un outil de simulation d’imagerie CR

est maintenant disponible. Il peut étre utilisé pour une étude exhaustive de toutes les
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RESUME ETENDU

configurations de détecteur pour optimiser une application donnée.

4.3 Perspectives

L’approche de simulation de CR, ainsi que la compréhension physique des phénomenes
physiques sous-jacents ont été présentées dans les parties précédentes, alors que dans cette
section, plusieurs pistes pour 'amélioration de la simulation et de I’étude des phénomenes

physiques sont discutées.

e Comparaison expérimentale. Comme indiqué a la fin de la section précédente, une

comparaison avec les résultats expérimentaux est en cours.
e Amélioration de la simulation et de la modélisation.

— Base de données de modele de la réponse du détecteur. A ce jour, les modéles
sont stockés sous forme de tableaux. Dans le futur, d’autres modeles de détecteurs
seront ajoutés pour compléter la base de données, ainsi plus d’espace de stockage
est nécessaire. En outre, ’application de la convolution de I'image nécessite que
I’image de ’objet et le modele de détection aient la méme fréquence d’échantillonnage,
par conséquent on est obligé d’interpoler le modele de détection pour s’adapter
a la matrice de 'image de 1'objet. Ce genre de question est surmonté dans la
partie de simulation de lecture optique, ou la fonction de distribution du laser
est fittée par des fonctions analytiques. Comme piste d’amélioration, le fit-
ting peut également étre appliqué au modele de détecteur, de telle sorte que ce
dernier peut étre représenté par des parametres d’une fonction analytique. De
cette maniere, le stockage peut étre considérablement réduit, et I'interpolation

n’est plus nécessaire.

— Alors que dans la modélisation Monte Carlo de propagation du laser dans I'IP,
la. couche de phosphore de I'IP est décrite par les coefficients d’absorption,
diffusion et anisotropes, dans les travaux futurs, la théorie de Mie peut étre
adoptée de maniere que I'IP peut étre modélisé avec les parametres intrinseques
telles que les indices de réfraction de phosphore et de liant, la taille des grains et
le facteur de remplissage. Une étude de ces parameétres de ces parametres peut
aider a déterminer la taille optimale des grains, le facteur de remplissage ainsi
que la nature de liant, ce qui est intéressant du point de vue de la fabrication

de I'IP.
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— Effet de postluminescence. Dans 'approche de simulation proposée, la postlu-
minescence de PSL n’a pas été prise en compte. Apres I’étude bibliographique,
nous constatons qu’il est difficile de modéliser 'effet de postluminescence avec
un modele physique de bande complet pour le phosphore, en raison du manque
d’informations. Toutefois, une courbe de décroissance de la postluminescence
mesurée expérimentalement peut étre appliquée au modele, et bien stir le cotit

de calcul va augmenter.

— Effet de la numérisation et de la saturation due a I'IP et des dispositifs optiques.
La plage dynamique d’un systeme CR est limitée a la fois par celui de I'IP et
les dispositifs optiques. Bien qu'un IP ait une grande plage dynamique (10°
ou plus), a cause des dispositifs optiques, le niveau de gris d’'une image CR
est limitée & 216, Pour une simulation réaliste, la modélisation des effets de la

numérisation et de la saturation devait étre aussi intéressante.

— Analyse future. Dans la these, une étude systématique sur la réponse du
détecteur a été réalisée. Des études similaires peuvent également étre effectuées
sur les parametres de lecture optique. Dans le travail montré dans la these, nous
avons mis en évidence l'influence de la puissance de lecture (produit de la puis-
sance du laser et le temps d’illumination). Une analyse détaillée sur I'influence
de la taille des pixels, la puissance du laser et la temporisation pourrait étre

d’intérét pour 'optimisation des performances du scanner.

Comme indiqué dans la these, I'optimisation implique toujours de trouver un compro-
mis entre la netteté et 'efficacité. Parfois, il est difficile de faire un choix. Un facteur plus

global sera intéressant pour une prise de décision objective.
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Chapter 1

General introduction

” Alice: Would you tell me, please,
which way I ought to go from here?
The Cheshire Cat: That depends a
good deal on where you want to get to.
Alice: T don’t much care where.

The Cheshire Cat: Then it doesn’t
much matter which way you go.

Alice: ...So long as I get somewhere.
The Cheshire Cat: Oh, you're sure to
do that, if only you walk long enough.”

Alice in Wonderland

Contents
1.1 Context and objectives . . . . . . ... ... . 0000, 2
1.2 Main contributions of the thesis . . ... ............. 2
1.3 Simulation method . .. ... ... ................. 4
1.4 Organization of the thesis . ... ... ... .. .......... 5
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1.1. CONTEXT AND OBJECTIVES

1.1 Context and objectives

Radiography is an imaging technique which uses high energy radiation sources (such as
X-ray tubes and radioisotopes) to inspect the internal structure of an object. With such
a technique, one can detect internal defects without altering the examined specimen. It
is one of the most commonly used Non-Destructive Testing (NDT) methods including
ultrasonic testing and eddy current testing (Willcox and Downes, 2000). A big advantage
of radiography over other techniques is that it is suitable for any material, ferrous or not,
sound-conducting or not, and this makes it widely applied to the industrial inspection.

With the rise of microprocessors and computers, our life shifts to the computer age.
Traditional techniques are fading out, and digital techniques are growing at breathtaking
rate. The industrial radiography is also facing this revolution. For over a century, film-
based radiography has been applied to the industrial inspection, and nowadays, it is still
used a lot. A growing number of testing results are stored in forms of film, which requires
more and more physical storage space. More than ever, the digital storage is strongly
desired.

Since about 15 years, the NDT community has discussed about effective digital re-
placement such as Computed Radiography (CR). It uses the same exposure routine as
film radiography, except that instead of film, a flexible Imaging Plate (IP) is used to re-
ceive the X-ray image. The information is stored as a latent image, which is later read and
digitized by an optical scanner. CR is successfully applied in the medical field. However,
its performance in industrial application is limited by high attenuation samples which re-
quire the use of gamma sources such as Iridium-192 and Cobalt-60. At these energies, the
IP efficiency is quite poor and image quality is strongly affected by scattered radiation
resulting in image degradation and loss of contrast.

The modeling and computational simulation can help to investigate the underlying
problems, improve understanding of basic principles and improve the system performance.
In this context, this PhD thesis started in September 2011 at INSA de Lyon, collaborating
with EDF and AREVA. The objective of the thesis is to completely model the image
formation in CR systems: from the source/object interaction, energy deposition and latent
image creation in an imaging plate to the optical readout. This modeling will be the basis
of a simulation tool capable of simulating different parameter configurations in order to
optimize image quality. The thesis revolves around two main topics: 1) understanding
on the physical phenomena including the response of an imaging plate, effects of metallic
screens!' and effects of scattered radiation etc; and 2) modeling the complete CR imaging
chain. From an industrial CR simulation perspective, we need a reasonable model, based
on which a realistic image can be obtained rapidly, and different operating parameters
such as source, IP/screens combination and optical scanning can be taken into account.

1.2 Main contributions of the thesis

The main contribution of this thesis is the construction of the complete CR imaging
chain simulation approach. It provides a flexible CR simulation solution by integrating

'In industrial radiography, thin metallic screens are sometimes used together with IP to improve image
quality.
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CHAPTER 1. GENERAL INTRODUCTION

separately different techniques, Monte Carlo and deterministic codes; a brief introduction
of the simulation method will be presented in the next section. Most of the prior CR
modeling and simulation works focus on the energy deposition in IP, while this thesis
extends the simulation to the optical readout (i.e. laser scattering in IP and laser scanning
effect). This thesis also presents a detailed investigation on the physical phenomena taking
place during the CR exposure. The precise contributions of this thesis are described as
the following two aspects:

e On the physical phenomena understanding (Chapter 3).

A Monte Carlo simulation tool (in Fortran) for the physical phenomena in-
vestigation. This multipurpose tool is developed for the source-object-detector
simulation and detector? response characterization. With this tool: 1) the di-
rect /secondary and photon/electron radiations can be tracked separately; 2) the
photon and electron spectra propagation is monitored; 3) 3D energy deposition
map in IP, due to different radiations, can be stored.

Scattered radiation. A case study illustrates the image unsharpness introduced
by the scattered radiation, and shows that appropriate metallic screens can
lessen the scattered radiation and improve image quality.

Detector response characterization. The responses of IP alone and IP with
screens are characterized at different energies. The responses are analyzed in
terms of energy absorption efficiency, Modulation Transfer Function (MTF) and
energy distribution along IP depth direction. This kind of characterization and
detailed analysis has not been found in prior works. Meanwhile, an experimen-
tal characterization has also been performed at ESRF (European Synchrotron
Radiation Facility).

Effects of metallic screens and electrons on the energy deposition, as well as the
influence of an IP’s protective layer.

The above investigation concerns only the physical phenomena taking place during
CR exposure. As the CR optical readout process also has important influence on
the final image, we need a model for the complete CR imaging chain comprehension.
For this reason, the thesis develops a complete CR simulation approach.

e On the CR modeling and simulation (Chapter 4 and Chapter 5).

Complete CR model. The CR simulation is constructed in 3 steps: X-ray
attenuation, latent image generation via detector response model and digital
image generation via IP’s optical response. The last steps are carried out with
two analytic models (operators).

Simulation and data processing tools. Based on approach proposed, several
tools are developed for 1) the latent image generation, 2) digital image gen-
eration, 3) detector response model database generation, and 4) Monte Carlo
simulation of laser transport in an imaging plate. The tools are programmed
in Matlab.

2In the following of this thesis, the therm ’detector’ refers to an IP alone or a combination of IP with
metallic screens.
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1.3. SIMULATION METHOD

— Detector response model database. A detector response database has been
generated which serves the complete CR chain simulation. The database so
far consists of 128 different detector configurations including all the IP /screens
combinations recommended in the international standards (EN14784-2, 2005;
I1SO17636-2, 2013).

1.3 Simulation method

In this thesis, the CR image formation is viewed as a three-step process (Figure 1.1): X-ray
attenuation, latent image generation and digital image generation. Different simulation
methods (Monte Carlo or deterministic) are applied to different steps. The CR simulation
method is summarized as follows.

1. X-ray attenuation (X-ray beam — attenuated X-ray beam) after object. In this
step, the source beam interacts with an object resulting in an object image. There
exist general purpose Monte Carlo and deterministic codes that can be applied in
this step. One can choose his appropriate code according to needs: a Monte Carlo
code for a detailed simulation of simple objects or a deterministic code for a fast
complex imaging set-up simulation.® With whichever method, the output image
should contains the energy information namely a spectral image Obj(E, z,y)

2. X-ray latent image generation (X-ray photons incoming the detector — storage cen-
ters in IP). This step is split into two sub-steps.

(a) X-ray/detector interaction (X-ray photons incoming the detector — deposited
energy in IP), via the detector response model PSFy, resulting in a 3D de-
posited energy image. The detector response model is obtained by means of an
off-line Monte Carlo simulation.

(b) Latent image formation (deposited energy in IP — storage centers in IP). The
latent image is in fact the map of storage center distribution in IP. A part of
the deposited energy is stored in IP in forms of storage centers. At present day,
the latent image formation mechanism is not clearly understood. Hence this
step is modeled a deposited energy to storage center conversion factor ggc.

The entire Step 2 is modeled by a convolution-based operator H1, Limg(x,y,z) =
H1(Obj, PSFyer).

3. Digital image generation (storage centers — gray level). This step is also split into
two sub-steps.

(a) Optical readout (storage centers — photo-stimulated luminescence photons). In
CR, the latent image is readout by a scanning laser. Due to the IP’s granular
property, the laser light spreads out in IP; storage centers within the laser

3If the MC method is applied, one can deactivate the electron tracking in order to accelerate the
simulation. Tracking electron histories takes high computational cost. The weight of electron in the
transmitted radiation after an object is small comparing with photon, moreover, the electron radiation can
be greatly attenuated by the air between object and detector. Hence it is reasonable to take into account
only effects of photons in an object.
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Figure 1.1: Computed radiography imaging chain modeling. The CR image formation is
simulated in three steps: 1) X-ray attenuation by an object, 2) latent image generation
in an imaging plate and 3) digital image generation. The outputs of the steps provide us
the image propagation in a CR system: from the spectral image of an object Obj(E, z,vy),
to the three-dimensional latent image Limg(x,y, z) and the final two-dimensional digital
image Dimg(x,y).

volume can be released resulting in PSL. The laser spreading is simulated with
a Monte Carlo tool we developed. This tool outputs a laser distribution function
f(z,y,z). The scanning is described by the scanning parameters i.e. laser power
Pyyser, scanning speed vseqn and pixel size .

(b) Signal collection, amplification and digitization (PSL photons — gray level).
In this sub-step, the emitted PSL is collected by a light guide, then detected
and amplified by a photo-multiplier tube (PMT) and finally digitized with an
analog-to-digital converter (ADC). A PSL to gray level conversion factor g,y
can be applied. In the thesis, the effect of this sub-step is just taken into account
by an efficiency factor gpg.

Step 3 is modeled by an operator H2, Dimg(x,y) = H2(Limg, f, scanning parameters).

With the presented method, one can simulate the complete CR imaging chain, and the op-
erating parameters such as source, detector configuration and optical readout parameters
can be taken into account by applying H1 and H2.

1.4 Organization of the thesis

This thesis is organized as follows. Chapter 2 presents a bibliographic study on the CR
principle, and CR modeling and simulation works. By analyzing the simulation feasibility
of each detailed CR image formation step, we propose our simulation approach as pre-
sented in the previous section. Chapter 3 dwells on the first aspect of this thesis work,
physical phenomena comprehension. A Monte Carlo simulation tool is first presented.
The usefulness of the tool is presented by an optimization study of a realistic inspection
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1.4. ORGANIZATION OF THE THESIS

case. The optimization is based on the physical phenomena investigation. Chapter 4 and
Chapter 5 detail the steps of the complete CR image formation simulation. Chapter 4
presents the simulation of the first two steps. In fact, these two steps can be carried out
with a full Monte Carlo simulation. The interest of simulating in two steps is also discussed
in this Chapter. A case study is performed, where a complex shape object is simulated.
The latent images generated using different detector configurations are compared. The
detector model database is presented at the end of the chapter. Chapter 5 describes the
last step of the CR simulation. The Monte Carlo modeling of laser photon transport in
IP is first presented in this chapter. The influence of changing the IP’s optical property
such as absorption and scattering factor is studied using the Monte Carlo model. This
MC output is then applied to the readout model H2 for generating the final image. Final
simulation results are then compared before concluding the chapter. A brief summary of
the main results and future perspectives are presented at the end of the thesis.
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Chapter 2

Bibliographic study

"Read the directions and directly you
will be directed”

Alice in Wonderland
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2.1. UNDERSTANDING ON THE COMPUTED RADIOGRAPHY

Computed radiography is a digital radiographic imaging technique. At present, it
is widely applied in medical diagnostic, because such a technique provides a number of
advantages over the traditional film-based radiography. However, for the industrial ap-
plication, which uses high energy radiation sources, CR image quality cannot fulfill all
requirements. For this reason, the film-based imaging is still used a lot. In the recent
years, 'film free’ radiography has been put on the agenda. As a promising film alternative,
CR performance at high energies still need to be improved. This chapter presents the
basic understanding on the computed radiography as well as the state-of-the-art in CR
modeling and simulation.

2.1 Understanding on the computed radiography

2.1.1 Introduction: historical background

X-rays were applied to detecting internal defects inside structures soon after being dis-
covered by the German scientist Conrad Roentgen in 1895 (Als-Nielsen and McMorrow,
2011). As a very energetic radiation, it can penetrate opaque and even metallic objects.
Another important radiation source is gamma rays (vy-rays), which was also discovered in
the same period (radioactivity by Henri Becquerel in 1896 and radium by the Curies in
1903) (Attix, 2008). The ~-ray is also very energetic, and originates from the radioactive
decay process of radioisotopes such as Iridium 192. These two kinds of radiation sources
are employed in radiographic non-destructive testing (NDT).

Radiography can detect variations of material type or thickness via the intensity varia-
tion of the transmitted radiation. Heavy (i.e. high atomic number and/or high density) or
thick materials can attenuate greatly the X-ray (or y-ray) beam. The transmitted beam,
which carries the object pattern, is received by a detector. At the beginning, early 1900s,
glass radiography plates were used to detect X-ray image. Later, the flexible silver film
has been invented (Slide, 2014). Now, with the advent of the digital age, the film is more
and more replaced by digital detectors such as storage phosphor plates used in computed
radiography (CR) and photoconductor plates used in digital radiography (DR).

The development of digital radiography systems dates back to the 1970s. KODAK
first got the patent of a method for producing X-ray imaging using storage phosphor
imaging plate (IP) in 1975 (George, 1975). Five years later, Fuji first commercialized the
computed radiography system for medical imaging (Kotera et al., 1980). Quickly, the CR
became largely used in the clinical application. Until 1990s, a competitive system of CR,
named digital radiography (DR), has been invented. In the following years, the invention
of DR system grew up. There appear scintillator/flat-panel based DR (1997), amorphous
selenium based DR (1995), wireless DR (2009) etc (Lanca and Silva, 2009). Meanwhile,
needle-structure imaging plates have also been developed as CR detector for achieving
dose reduction and sharpness improvement (Leblans et al., 1999; Leblans et al., 2000).

Comparing the digital technologies with the traditional film radiography, both CR
and DR are much more dose efficient and have larger dynamic range (Langa and Silva,
2009). The direct digital output allows image processing, long distance sharing, loss-less
image copy, elimination of chemical development and physical storage etc. Though digital
systems are more expensive than film systems, as films are not reusable, the long-term
cost becomes smaller.
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CHAPTER 2. BIBLIOGRAPHIC STUDY
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Figure 2.1: Computed radiography procedure: during exposure, an imaging plate is used
to receive the transmitted x-ray image creating a latent image (which is stable in hours
under room temperature); as a second step, the imaging plate is introduced into an laser
scanner, and the latent image is released and digitized resulting in a final digital image
which can be viewed through monitors; intense light is used in the last step to erase the
residual image in imaging plate.

CR and DR both have their advantages and limitations. In CR, the X-ray image
is received by an imaging plate resulting in a latent image, and later the latent image
is readout by a laser scanner. The X-ray exposure and readout are two independent
processes. Users can keep their existing exposure routine, and simply replace film by
phosphor imaging plate. DR has a better performance in image quality (good signal to
noise ratio) over CR. However, a DR system is highly expensive. The big advantage of
CR over DR is the IP’s flexibility which facilitates the measurement in a difficult situation
such as a narrow space or cylindrical pieces. Though the independence of the exposure
and readout of CR obliges user interaction (handling the imaging plate), it also allows
industrial inspections without electrical plugging unlike DR.

In the following, we will discuss in detail the principle of a CR system.

2.1.2 Overview of CR workflow, advantages and limitations

Computed radiography, as shown in Figure 2.1, is based on the use of Photo-stimulated
Phosphor (PSP) imaging plate (Sonoda et al., 1983). CR uses same exposure routine as
traditional film radiography: by absorption of X- or y-ray, a latent image is generated in
PSP imaging plate. The latent image is stable in hours under room temperature. The
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2.1. UNDERSTANDING ON THE COMPUTED RADIOGRAPHY

imaging plate, like film, can be handled with a light-tight cassette. In order to enhance
the X- or «y-ray absorption efficiency at high energies, metallic screens are usually used
together with IP within a cassette. After exposure, the IP is introduced into an optical
scanner by users. With the scanning of the finely focused laser light (raster scanning), the
latent image stored in IP is released by means of PSL. The emitted signal is guided into
photomultiplier by an optical fiber, and then converted into a digital image. An intense
light is used in the last step to erase the unreleased information, and then the imaging
plate can be reused. An imaging plate can be reused thousands of times (Huang, 2010).

We summarize the strengths and limitations of computed radiography over other tech-
niques as follows.

Direct digital output. Comparing with film radiography, CR provides directly a
digital image which allows image processing, instantaneous long distance sharing
and elimination of physical storage.

High dynamic range (~5 orders of magnitude). IP’s dynamic range is much greater
than film, hence fewer retakes are needed for a great thickness variation object and
over- or under-exposure can be avoided (Figure 2.2).

Great sensitivity of imaging plate. CR detector is more dose efficient than film.
Therefore, to inspect the same thickness, a lower energy source can be applied with
still an acceptable image quality. This advantage is significant in the case of inspect-
ing objects of small thickness with relatively low energy sources.

No chemical development. The CR latent image is rendered into a visible digital
image by an optical scanner, thus there is no environmental pollution of chemical
product.

Flexibility of imaging plate. The imaging plate can be bent and cut according to
needs.

Reusable detector. An imaging plate can be reused thousands of times, thus the
long-term cost becomes lower than film.

Independence of exposure and readout process. The radiation exposure and readout
are two independent steps. Users do not have to modify their existing exposure
routine, thus it is much easier to implement CR than DR. Moreover in the case of
inspecting with gamma sources, CR is more feasible over DR, as it does not need to
be plugged.

Less expensive than DR.

CR also has its limitations as listed in the following.

Unsharpness introduced by readout scanning. Comparing with film radiography, the
additional readout process degrades the image sharpness.

Independence of exposure and readout process. This independence is less practical
for the user when compared with DR, because with DR the user has a direct real
time access to the acquired image and thus, can modify the acquisition parameters
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Figure 2.2: A characteristic response example of a 400-speed rare-earth screen-film (solid
curve) and a PSP detector (dashed curve) (AAPM Task Group 10, 2006). Great dynamic
range eliminates the exposure retakes caused by over- or under-exposure.

to obtain the required image quality; whereas, with CR, one has to wait for the
readout process.

e Strong energy dependence (Figure 2.3). The IP phosphor contains high atomic
number elements (e.g. barium), which makes IP highly sensitive to low energies and
insensitive to high energies. As a result, to inspect a high scattering object with CR,
the image quality is not as good as film.

e Less dose sensitivity than DR. CR losses dose sensitivity during latent image forma-
tion and readout process. For an identical exam, the necessary dose for CR. is much
greater than for DR.

All the above mentioned CR strengths and limitations result, in fact, from the IP’s char-
acteristics: storage property, X- or ~-ray response and optical response. Imaging plate is
the key factor of CR performance; in the following we are going to discuss the imaging
plates.

2.1.3 CR detector: Imaging plate

Imaging plate is the recording medium of the latent image, and the CR image depends
massively on IP’s property. Today’s existing imaging plates can be categorized into three
families: powder (or granular) plate, needle-structured plate and glass-ceramic plate (see
Figure 2.4). Powder plates are the most common commercial imaging plate, in which
the phosphor (e.g. BaFBr : Eu?*) grains (of about 5 um diameter) are held in a polymer
binder. In needle plates, there is no use of binder, the phosphor crystals (e.g. CsBr : Eu?*)
are grown into needles (about 5 to 10 pm diameter and 400 to 500 pm length (Leblans
et al., 2011) which act as light guides. Hence strong light scattering can be avoided
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Figure 2.3: Energy dependence of an imaging plate and the Co60 spectrum after pene-
trating a 100 mm steel object (green).The two peaks of the green curve correspond to the
Co60’s characteristic energy lines, while the rest is the scattered beam caused by the ob-
ject. IP is more sensitive to the lower energy scattering (responsible for blurring) than to
the primary Co60 peaks (corresponding to object pattern) resulting in poor image quality.
Image is obtained by means of Monte Carlo simulation. (The curves were obtained with
Monte Carlo simulations as explained in Chapter 3.)
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CHAPTER 2. BIBLIOGRAPHIC STUDY

leading to better image quality than a powder plate of the same thickness. The glass-
ceramic type IP is not yet commercialized nowadays, in which nano- or micro-crystallites
(e.g. BaCly : Ce3T) are doped into a glassy material (Selling et al., 2005). Due to the
transparency of the glass-ceramic material, the light scattering can be greatly reduced
resulting in good spatial resolution. An imaging plate basically consists of three layers
(see Figure 2.5): a protective layer (also known as overcoat, topcoat or top layer), a
photostimulable phosphor layer and a support layer (or substrate). According to the
application, sometimes a reflective (or absorbing) layer is added between phosphor and
support layers in order to gain detection efficiency (or spatial resolution) (Rowlands, 2002).
The PSP layer is the effective latent image carrying medium.

2.1.4 Existing photostimulable phosphor materials

The first commercially used PSP material is BaFBr by Fuji in their cassette based CR
system (Rowlands, 2002). BaFBr : Eu?" is considered as a reference PSP material; the
stored signal is stable at room temperature (75% of information remains 8 hours after
exposure) (Rowlands, 2002). Since, other PSP materials have also been found (Table 2.1).
Among these materials, the rare-earth-doped alkaline-earth halide family BaFX : Eu?t,
where X is Br, I, Cl or an arbitrary combination of them, are the most successful ones.
To improve spatial resolution, Konica proposed a cubic structured crystal' phosphor
RbBr: T1T. As the latent image stored in such a material is not stable, Konica ap-
plied it in their integrated-reader CR system for a quick readout after exposure. In later
1990s, Agfa has found CsBr based phosphors having a good stability of latent image and
a good photostimulable property (Leblans et al., 1999; Leblans et al., 2000).

Table 2.1: Types of commercial photostimulable phosphors (Rowlands, 2002; Leblans
et al., 2011).

Material Cubic Form Stable Manufacturer Comments
structure trap

BaFBr : Eu?t No granular yes Fuji Cassette based CR

BaFBrgs1o 15 : Eu?t No granular Yes Agfa/Kodak | Cassette based CR

BaFBr : Eu’t No granular | Yes Konica Cassette based CR

RbBr : T+ Yes needle No Konica Cassetteless integrated
CR system

CsBr : Eu?* Yes needle Yes Agfa Cassette or integrated
CR system

Besides the above mentioned commercialized PSP material, other photostimulable ma-
terials are also found (see Table 2.2). However, some of these materials are of low K-edge
energies (15-17 keV) meaning a low X-ray absorption efficiency. For the others which have
higher K-edge energies, either their stimulation bands do not match the semiconductor
laser (~ 670 nm), or their emission bands do not match well the optical amplification or
detection device, or they have a long decay time (20 ps) requiring long readout time.

!The use of cubic structured crystals in needle IP is to avoid having birefringence as in BaFX : Eu®".
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Figure 2.4: SEM images of three different type imaging plates: (a) powder plate, (b)

needle-structured plate and (c) glass-ceramic plate (Winch, 2008; Leblans et al., 2011).
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Figure 2.5: Plate structure. An imaging plate basically has a three-layered structure:
protective layer, PSP layer and support layer. Some manufacturers add additional layers
between PSP and support layers to enhance certain aspects of image quality, e.g. a high
absorption layer for a good spatial resolution.

Table 2.2: Alternative photostimulable materials and their properties. Data were found
in multiple references (Chernov et al., 1998; Schipper et al., 1993; Bos et al., 2010; Zych
et al., 2003; Meijerink et al., 1991; Leblans et al., 2011).

Material K-edge Emission | Stimulation | PSL decay
energy (keV) | band (nm) | band (nm) | time (us)
CsI: T 36.0 590 950 0.3
RbBr: Int 15.2 490 700 NA
RbBr : Ga™ 15.2 550 705 20
CsBr: Int 36.0 504 700 NA
CsBr: Ga™ 36.0 515 685 0.7
CsBr : Eu?t 36.0 440 685 NA
Ba3(POy)s : Eu?t, La®* 37.4 410 500 NA
YPO, : Ce?,Sm?* 17.0 352 460 NA
Luy O3 : Th3+ 63.3 545 647 NA
Y,SiO5 : Ce3t, Sm3 T 17.0 340 410 NA

NA: Not Available.

Until present day, a perfect PSP has not been found yet, but some properties have been
improved. For example, in order to have a better spectrum match of photostimulation and
semiconductor laser, the Br~ in BaFBr is partially replaced by I~ (BaFBrg gs1o 15 : Eu2+)
to modify the lattice distance. Sometimes blue dye is included in the binder material to
limit the scattering region of laser light within IP so that a good spatial resolution can be
gained.

To have a good system performance, a good photostimulable phosphor material should
have the following characteristics:

e high sensitivity to X- or gamma-ray radiation (good radiation absorption efficiency);

e high X- ray to visible photon conversion efficiency (not all the absorbed X-ray can
be stored as latent image and later be released as visible photons);

e good stability at room temperature to assure a long fading (energy loss) time;
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Figure 2.6: Attenuation coefficient of BaFBr: the total X-ray attenuation of BaFBr is
mainly resulting from different interactions, photoelectric, Compton, Rayleigh and pair
production effects. (Data are from NIST X-ray Attenuation Database: http://www.
nist.gov/pml/data/xcom/index.cfm).

e short readout decay to gain spatial resolution and have a fast readout;

e sensitivity to the existing semiconductor laser (for a good system integrity and a
good optical readout efficiency);

e separate exciting spectrum and emission spectrum.

These factors depend on the PSP’s X-ray absorption property, the latent image generation
mechanism and the photostimulation mechanism of the phosphor.

2.1.5 X-ray property of BaFBr : Eu?*

The detection of an X-ray image starts from the interaction of the detector (imaging plate)
and X-ray photon. There are mainly four types of interactions that might take place within
IP (see Figure 2.6): photoelectric effect, Rayleigh scattering, Compton scattering and
pair production. Photoelectric effect is predominant until about 200 keV, then Compton
scattering become the most important effect.

The interaction of X-ray photons with the phosphor leads to energy deposition in IP.
At low energies, where photoelectric (PE) effect is predominant, the deposited energy
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Eyep,pE can be estimated by:

o E
Egep,pE = Nme/ EXE) {1 — exp |:_M,PpE() P d:| } dE, (2.1)
E

where Nx_,qy is the incident X-ray photon number, A(E) is the normalized incident X-ray
spectrum with [, A(E)dE = 1, p is the effective phosphor density, ta.rBE) 3o the mass
attenuation coefficient (corresponding to the values in purple curve in Figure 2.6), d is
phosphor thickness and E is the X-ray photon energy. The deposited energy is directly
proportional to the incident X-ray photon number, and this photon number reflects the
object pattern. We can also see that at low energies the mass attenuation coefficient
is relatively high leading a great absorption efficiency. However at high energies, the
absorption efficiency becomes poor.

Equation 2.1 is a very good estimation when the X-ray energy is lower than the K-
edge energy of the phosphor. If the photon energy exceeds this energy, the characteristic
fluorescence radiation will be emitted by the phosphor, and the fluorescence energy should
be subtracted from Equation 2.1. At energies where Compton scattering is pronounced,
the deposited energy owing to scattering and multiple scattering should also be taken into
account. In this case, Equation 2.1 becomes complicated, and the solution to it is often
obtained by means of Monte Carlo simulation or experimental measurement.

For the conventional phosphor (scintillator) used in DR, almost all the deposited en-
ergy is converted into visible photons (Rowlands, 2002); while for PSP, only a fraction of
the deposited energy forms latent image and contributes to visible photons during read-
out (Thoms et al., 1991), and this portion depends on the so-called defect generation
mechanism during X-ray exposure.

2.1.6 Latent image formation mechanism

The latent image is in fact constituted by electrons in semi-stable traps (i.e. F centers,
also known as storage centers or PSL centers) within the phosphor structure. There are,
in general, 3 steps for generating the latent image (Leblans et al., 2011; Seggern, 1999):

e X-ray energy deposition into material through photoelectric, Compton or pair pro-
duction effects;

e by absorbing energy, electrons in the valence band are excited into the conduction
band resulting in electron/hole pairs;

e for a part of electron/hole pairs, the electrons recombine with the holes immedi-
ately resulting in spontaneous luminescence; while for others, electrons and holes
are spatially separated and form the latent image.

The spatial distribution of the trapped charges (electrons and holes) in a plate containing
PSP crystals makes up the latent image in CR. The spontaneous recombination of the
trapped electrons and holes results in the fading of signal. For a typical imaging plate, 25%
of energy is lost within a fading time of several minutes to 8 hours after exposure (AAPM
Task Group 10, 2006). Long fading time (stable traps) at room temperature is a critical
parameter.
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Figure 2.7: Photostimulated luminescence in a storage phosphor (Leblans et al., 2011):
1) X-ray interacts with PSP crystal resulting in electron/hole pair (e/h) creation; 2) e/h
are trapped separately forming semi-stable centers (latent image); 3)trapped electron is
excited by red laser photon and tunnels to neighboring hole trap; 4) electron recombines
with the trapped hole; 5) the energy released by recombination is transferred to the acti-
vator Eu?* center (luminescence center) and excite the activator into its excited state; 6)
the activator relaxation results in PSL emission.

Once the latent image is generated, the trapped electrons could be excited into their ex-
cited energy level or conduction band with relative low energy photon (e.g. red laser) (Seg-
gern, 1999). This makes it possible to combine with a hole in the neighborhood or with
a hole in ‘long distance’ (several lattice lengths) passing energy to the so-called activator
or luminescent center (e.g. Eu?T) besides resulting in emission of relatively high energy
photons (blue emission). The whole process of generating latent image and PSL emission
is presented in Figure 2.7.

The defect generation mechanisms for different PSP materials are different, but it
basically involves an electron trap center, a hole trap center and an activator (which
provides PSL emission), and the difference is that these centers are played by different
elements. For some co-doped materials such as YPOy : Ce?*, Sm3*, one dopant (Sm3*)
traps electrons during X-ray irradiation, and the other plays the roles of a hole trap and
an activator (Bos et al., 2010). As another example, Th3T is a hole trap center and also
activator in LupO3 : Th3t (Zych et al., 2003). For BaFBr : EuT, it is well accepted that
the dopant Eu?* does not capture holes but only contributes to PSL (Schweizer, 2001;
Leblans et al., 2011).

Since the discovery of the photostimulability of BaFBr : Eu?*, several works (Taka-
hashi et al., 1984; Thoms et al., 1991; Koschnick et al., 1991; Koschnick et al., 1992;
Schweizer, 2001; Meijerink and Blasse, 1991; Meijerink, 1996) have been done attempting
to find out the physical mechanism during X-ray radiation. Present day’s well accepted
electron/hole production mechanism is proposed by Spaeth et al. (Koschnick et al., 1991;
Leblans et al., 2011). Br~ vacancies are assumed to be already present within BaFBr lat-
tice before exposure. During X-ray exposure, these Br~ vacancies play as electron traps
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Figure 2.8: Model of the BaFBr lattice cell with Vi(Br; ) center (Leblans et al., 2011).
Vi (Br;) center is radiation-introduced effect. During exposure, two adjacent Br ions shift
towards each other and trap a hole forming a Vi (Br;) center.

forming F centers?. The Br~ vacancy is resulting from the oxygen impurity during PSP
fabrication. An O~ occupies the site of an F~; for the charge compensation, a Br~ va-
cancy is created. Upon X-ray radiation, two adjacent Br~ shift toward each other and
trap a hole forming a Vi (Br, ) center (see Figure 2.8).

The F(Br™) center® and Vi (Br;, ) center are directly related to the photostimulation
property of BaFBr : Eu?T. There are also evidence for the existence of other kinds of
centers such as F(F~) center* (Thoms et al., 1991) which do not contribute to latent
image.

2.1.7 Photostimulation mechanism

The band model of photostimulation is illustrated in Figure 2.9. The F(Br™) center has two
stimulation bands at 2.1 eV and 2.5 eV, as a result of its Matlockite (non-cubic) structure
(see Figure 2.8). The excitation allows the F center electron transition from ground state
(1s) to its excited state (2p) from which the electron relaxes into a relaxed excited state
(2p;y). There are three alternatives (Seggern, 1999) 1) relaxing into its excited ground
state (1s;) resulting an infrared radiation; 2) escaping to conduction band by thermal
activation and 3) tunneling to the neighboring hole center. Once the electron tunnels to
a hole center and recombine with it, the released energy is transferred to the neighboring
activator (Eu?*) resulting in PSL (see the right part in Figure 2.9, where F center, hole

2F center. An F center or Farbe (German for color) center is a type of crystallographic defect in which
an anionic vacancy in a crystal is filled by one or more electrons.

3 F(Br™) center. An F center is placed at Br™ site

4 F(F™) center. An F center is placed at F~ site
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Figure 2.9: Band model of the PSL process in BaFBr : Eu?t (Seggern, 1999): the dotted
lines represent the relaxation processes. An electron can recombine with a hole through
tunneling or thermal activation. For an effective PSL emission, the recombination site
should be close enough to an activator, so that the energy released by the electron/hole
recombination can be transferred to an activator resulting in PSL.

center and activator are close to each other). Another way producing PSL is via thermal
activation (see the left part in Figure 2.9). The electron in the relaxed excited state
(2pr) can be excited into conduction band through thermal activation and move freely in
the conduction band. It can arrive at the long distance hole center (which is besides an
activator) and recombine with it triggering PSL emission. Note that for an effective PSL
emission, the hole center (correlated or uncorrelated) should be close to an activator so
that the recombination energy can be passed to the activator resulting in PSL.

2.1.8 Spatial correlation of defects

The tunneling effect and the energy transfer from electron/hole recombination to activator
require that the F(Br~) center, the hole (Vi (Br;)) center and the activator (Eu?") should
be spatially correlated with each other. Hence the triple defect aggregates are required
for the efficient emission of PSL.

At low temperature, efficient PSL can be detected (Thoms et al., 1991; Schweizer, 2001)
which means that triple defect aggregates are already formed, and it is assumed that the
excitation decay causing the formation of the F(Br™) and Vi (Br; ) centers preferentially
occurs in the vicinity of activator Eu?T site. At high temperature the formation of triple
aggregates is assumed to be a dynamic equilibrium. The defects in the crystal lattice are
mobile at high temperature. The triple defect aggregate might disappear at one site, but
a new one might be formed at another site owing to the mobility of the defect centers.
Koschnick et al. (Koschnick et al., 1991) found that after exhaustion (stimulating with
a laser until no more PSL can be produced) at low temperature, a phosphor crystal can
be stimulated again when it is heated to a temperature greater than 200 K. The reason
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is that at this temperature, the defects become mobile, and new defect aggregates can be
formed via the replenishment effect.

Thoms et co-workers have also investigated the spatial correlation and photostimula-
bility of defect centers in BaFBr : Eu?*. They claimed that different defect centers (see
Table 2.3) are created after irradiation, and these centers were identified by their excita-
tion peaks and IR emission peaks (Thoms et al., 1991)). Among these identified centers,
only F(Br™) center was found useful for PSL emission. In the table 2.3 we can see that
the total generation rate of all the defects and spontaneous luminescence photons is 40.51
per keV; therefore the average defect generation energy is about 24.7 eV (1keV/40.51). It
is generally accepted that energy on the order of 3 times the band-gap energy is needed to
form an electron/hole pair (Klein, 1968). The band gap energy of BaFBr is about 8.3 eV,
hence 24.9 eV is needed. Their experimental result agrees well with the theoretical esti-
mation. All the correlative F(Br™) centers and part of the uncorrelated F(Br™)) centers
can be stimulated and contribute to PSL (Klein, 1968; Leblans et al., 2011). Therefore
the PSL generation rate should be between 1.82 and 7.98 per keV, which also agrees with
the data (140 photons/50 keV = 2.8 photons/keV) found in the article of Rowlands (Row-
lands, 2002). However Thoms et co-workers have found that the start-up temperature of
the uncorrelated defect PSL is 60 K which is different from the value of 200 K found in
the work of Koschnick et al. (Koschnick et al., 1991).

Table 2.3: Relative concentration and creation efficiency of radiation induced defects and
the spontaneous luminescence photons in a BaFBr : Eu?T crystal (Thoms et al., 1991;
Thoms and Seggern, 1994; Seggern, 1999).

Center types Relative concentration | Generation rate | Photonstimulable
(%) (number/keV) | (yes/no)
Funcorr(Br_) 12.4 6.16 Yes
Fcorr(Br_) 3.7 1.82 Yes
F(F7) 13.8 6.86 No
Fa(Eu?t, Fo) 15.6 7.75 No
M(F™) 39.0 10.36 No
M (Eu?t,F™) 4.8 2.35 No
Spontaneous 10.7 5.21 No
luminescence photon
Total 100 40.51 -

2.1.9 Optical effects during the readout process

The CR latent image is stored in the form of trapped electrons. With a scanning laser
beam, the latent image is readout (via PSL mechanism) and digitized (i.e. ‘pixelized’).
During the laser scanning process, optical effects are also involved. In CR scanner, a scan-
ning laser beam enters into IP and interacts with phosphor grains. The exposed phosphor
grains which contain trapped electrons (F centers) can be photostimulated releasing PSL.
As illustrated in Figure 2.10, due to the granular property of the PSL layer, the laser
beam spreads out along its propagation path due to light scattering, which causes a large

Page 21

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0128/these.pdf
© [M. Yao], [2014], INSA de Lyon, tous droits réservés



2.1. UNDERSTANDING ON THE COMPUTED RADIOGRAPHY

Scan direction

<t+— Top layer (front)
O O O
o g
D O O O O
oe O o O O<— Phosphor grain
b o0 0 O ©c o
®@ O i
O @0 O <— binder
o O
o ® o e o Storage center
o o o o<— .
o (exposed phosphor grain)

Support layer

Figure 2.10: Optical effect within imaging plate: the laser beam scans the imaging plate
along the scan direction; while entering the phosphor layer, the laser beam diffuses along
its propagation path causing a large scattering region and releases also information in the
neighboring unwanted region.

reading region (red volume). All the emitted PSL which can be collected will contribute
to the signal of the pixel which corresponds to the current laser beam location.

The scattering volume will bleach the storage centers in the unwanted region (neighbor-
ing region) and thus degrades the spatial resolution. The best spatial resolution is limited
by the laser beam diameter, which is between 50 and 100 pm in medical CR (Leblans
et al., 2011). The latest CR scanner of GE provides a laser size of 30 pm.

The PSL emission depends on the laser power and laser dwell time on the ‘pixel’.
With a greater power and dwell time, more laser photons will arrives in the red volume,
thus more PSL photons are emitted. Meanwhile, the neighbor pixels are more affected
leading more spatial degradation. However, in the case of short dwell time, the image will
be influenced by the after glowing effect. The phosphor continues emitting PSL during a
certain time after photostimulation. The afterglow will affect the next pixel to be scanned.
For a Eu-doped phosphor, the decay time is about 0.7 us; the dwell time is usually 5 times
longer than the decay (Rowlands, 2002) to avoid afterglow influence.

2.1.10 Discussion

To conclude the above understanding on the CR principle, the IP’s (X-ray and optical)
properties are the key factor to the CR image quality.

During exposure, the imaging plate stores the transmitted X-ray image in the form of
latent image (semi-stable trapped electrons). In the BaFBr (the most common IP material)
lattice, the Br~ vacancies play the role of electron trap; although the hole trap mechanism
has not been clearly understood, it is well accepted to be the radiation-introduced Vi
center.

An effective photosimulated luminescence emission requires spatial correlation of the
trapped electron, hole and the activator. When the three defects are close enough to each
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other, electrons can effectively recombine with holes and pass the energy to the activator
resulting in PSL.

The scanner property and the IP’s optical property are two important factors during
readout process. The laser beam size and scattering effect in IP determine the sampling
limit (spatial resolution). The laser power and scanning time affect PSL emission and also
image sharpness.

Beside the experimental studies on the CR property, computational simulation is also
an important tool to understand the physics of computed radiography. In the following of
this chapter, we focus on the works relevant to the CR modeling and simulation.

2.2 CR modeling and simulation

In this part we resume the important modeling and simulation works concerning computed
radiography. CR imaging is a long and complicated process. A few studies work on the
entire imaging chain from X-ray exposure to image readout (Vedantham and Karellas,
2010). Most of the works focus on the X-ray dose response (Correa et al., 2009; Hashimoto
et al., 2009; Li et al., 2007; Mathy et al., 2011; Sonoda et al., 1983; Souza et al., 2008;
Tisseur et al., 2014) , while some other works dwell on the IP screen optics (Lubinsky et al.,
1986; Fasbender et al., 2003; Thoms, 1996b). Accordingly, we also split the following
discussion into X-ray or gamma-ray exposure, optical readout and complete CR chain
simulation.

2.2.1 X- or 7-ray exposure

During the exposure, two processes happen successively: energy deposition and latent
image formation. The latent image is in fact the spatial distribution of trapped electrons.
The latent image formation refers to the electron trapping mechanism. A lot of simulation
works focus on the energy deposition simulation; while for latent image there lacks a solid
physical model, and it is commonly modeled as a gain factor.

2.2.1.1 Energy deposition

This step involves the radiation propagation within a system. There are two kinds of
numerical techniques for solving the radiation transport problems: Monte Carlo tech-
niques and deterministic techniques. Monte Carlo techniques, also known as statistical
simulation techniques, follow all the random walk histories that a particle undergoes in
a system; by launching a number of particles, one can approach the statistical behav-
ior of the particle’s transport in the system. In deterministic techniques, the system is
treated discretely (Lewis and Miller, 1984). The system is divided into finite elements un-
like Monte Carlo which treats the geometry continuously using quadric system (Gavalda
et al., 2009; Briesmeister, 2000). An overall transport solution is computed for each ele-
ment. The most important advantage of deterministic method over Monte Carlo is its fast
computational efficiency. While its weaknesses are that errors might be introduced due
to the discretization, and it cannot provide particle transport details (e.g. local deposited

energy).
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2.2.1.1.1 Monte Carlo tools

In Monte Carlo methods, the radiation is considered as a number of independent particles.
The Monte Carlo codes follow each independent particle’s random walk from radiation
source until it is completely absorbed in the system or escapes from the system, as il-
lustrated in Figure 2.11. The MC code follows every movement of the primary particle
and its descendants. The random distance to next interaction site and the interaction are
generated with the help of a set of probability density functions (PDF) which describes
different effects (e.g. photoelectric effect, Compton scattering).

There exist different Monte Carlo codes, such as PENELOPE, GEANT4 and MCNPX,
for general purpose simulation. PENELOPE (PENetration and Energy Loss of Positrons
and Electrons) is developed in FORTRAN (Gavalda et al., 2009). The algorithm is based
on the cross section models to simulate different interaction mechanisms. It can be ap-
plied to simulate arbitrary material systems and complex geometries. The particle energy
ranges from a few hundred eV to 1 GeV. The PENGEOM package provides a powerful ge-
ometry operation such as anisotropic scaling, rotation and translation. Mixed simulation
is adopted for hard and soft scattering of charged particle. Multiple-scattering approach
is adopted for soft interaction in order to accelerate MC running.

GEANT4 (GEometry ANd Tracking) is developed by the European Organization for
Nuclear Research (Agostinelli et al., 2003). This toolkit is written in C++ for particle
physics application. It can simulate the transport of many particle types (e.g. neutrons,
protons) with energy ranging from 250 eV up to TeV. Users can use the existing physical
process model, and can also create new models.

MCNPX (Monte Carlo N-Particle eXtended) is developed by Los Alamos National
Laboratory (Pelowitz, 2008). It is programmed in FORTRAN, which provides the capa-
bility of simulating almost all particles. A big difficulty of Monte Carlo methods is the
geometry design. Recently, there are researches on the CAD based MCNPX to overcome
this difficulty (Mengkuo, 2006; Tautges et al., 2009).

Besides the above general purpose codes, it is worth mentioning the dedicated code
MANTIS. It regroups the codes PENELOPE (for X-ray and electron interaction) and
DETECT-II (for visible photon transport) dedicated to radiography simulation (Badano
and Kanicki, 2001; Badano, 2003; Badano and Sempau, 2006). This tool can successfully
simulate the scintillator based radiography as well as the columnar phosphor based CR.
However for the granular phosphor based CR, this tool is not suitable, as it does not take
into account the laser scattering effect. There is also the dedicated Monte Carlo simulation
software MODERATO developed by EDF (France) (Bonin et al., 1998; Bonin et al., 1999;
Bonin et al., 2000). This software, which can handle the CAD description of objects, was
developed for the simulation of y-ray radiographic imaging in the EDF’s context.

All the above codes allow the simulation of energy deposition in CR detector. Before
launching the simulation, one needs to input the physical model of the system such as
position, geometry and material of each element (source, object and detector). The IP
is usually modeled as multiple-layered structure, which consist of a uniform top layer, a
granular phosphor layer and a uniform support (Liaparinos et al., 2006; Mathy et al., 2011;
Tisseur et al., 2014). For the phosphor layer, instead of modeling the phosphor grain, an
effective layer density (product of phosphor density and grain packing factor) is used.

In the works of Souza et al. (Correa et al., 2010; Souza et al., 2008), the energy
deposition was obtained through two steps: they first used MCNPX to obtain the trans-
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Figure 2.11: Simplified flow chart for general Monte Carlo modeling of a single particle
transport in a system.
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2.2. CR MODELING AND SIMULATION

mitted X-ray image emerging from the object; then they applied the preliminary photon
absorption rate of BaFBr to the X-ray image to produce the energy deposition image
in IP, where the preliminary photon absorption rate was obtained with MC simulation.
However, this model assumes that energy is deposited locally, and no fluorescence- or
scattering-introduced blurring was taken into account.

2.2.1.1.2 Deterministic simulations

In deterministic simulations, the to-be-studied system is divided into finite elements. De-
terministic codes provide the average particle behavior for each element by means of
solving a transport equation. Figure 2.12 illustrates an example of ray tracking principle
used in the deterministic code Virtual X-ray Imaging (VXI) (Duvauchelle et al., 2000).
A ‘pixelized’ virtual detector is located after object for registering the transmitted image.
The space is divided into elements corresponding to the pixel number. The average pho-
ton flux is calculated for each pixel element. For example, for the pixel ‘K’ in the image,
a solid angle AQ corresponds to this pixel observed from source point S. Suppose that
Ny(FE) photons with energy E are emitted by the source per solid angle, then the average
photon received by pixel ‘K’ is given by the Beer Lambert attenuation law:

N(E) = No(E)AQ - exp !Z (B (2.2)

i

where p;(F) is the linear attenuation coefficient associated with the material i at the
energy F, and z; the total path length through the material i. Note that this solution
does not account for the contribution of other effects (e.g. scattering and fluorescence
effects). However, it provides very fast simulation (typically 0.1 s). Deterministic codes
can be easily coupled with Computer-aided Design (CAD) tool making geometry designing
easier and more robust. Appropriate pixel size should be defined in order to avoid missing
the detailed variation of the object, but this induces an increase of the pixel number, and
the simulation running takes more time.

Some principal deterministic codes are introduced in the following. VXI was developed
at Laboratory of Nondestructive Testing using Ionizing Radiation (France) to simulate the
radiographic, radioscopic and tomographic imaging. It is a complete deterministic simu-
lation code. The latest version allows the simulation of first order scattering (Duvauchelle
et al., 2000; Freud et al., 2004). SINDBAD was developed by CEA (France) and is ded-
icated to radiographic system simulation in both medical and NDT fields (Tabary et al.,
2007). SINDBAD is a mixed simulation tool which combines analytical and Monte Carlo
calculation, where MC method is applied for the scattering estimation. CIVA, also de-
veloped by CEA, can simulate multiple NDT methods such as ultrasonic testing, eddy
current technique, as well as radiographic imaging (Calmon et al., 2006).°

To simulate the energy deposition in IP with deterministic codes, as such codes do not
provide absorbed energy distribution function, two solutions can be used: 1) estimation
with attenuation law (Fasbender et al., 2003; Thoms, 1996a) and coupling with preliminary
experimental IP response (Tisseur et al., 2014).

SCIVA-RX is the result of the implementation of SINDBAD code into CIVA, with also MODERATO
and VXI for the first-order scattering part.
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Figure 2.12: Illustration of deterministic simulation principle. The ray SK intersects two
meshes at points A and B. Geometrical calculations enable the attenuation path length
AB to be determined. Ray (1): transmitted photons. Rays (2) and (3): scattered photons.
(source of figure: (Duvauchelle et al., 2000).

2.2.1.1.3 Discussion

The Monte Carlo and deterministic codes are the two main tools for radiographic imaging
simulation. Both methods have their advantages and limitations. We summarize the main
characteristics of each method below.

e Deterministic methods.

They are usually user-friendly, and can be coupled with CAD model; the user
can design easily even complex geometries.

The first order scattering approximation can be applied for the estimation of
the scattering effect.

— The effect of electrons is not considered.

The simulation running is based on finite element theory. The running time
depends on the number of elements (sampling).

e MC methods.

— MC techniques are well accepted as the most accurate simulation methods.
— MC codes can provide a good estimation of scattering events.
— Due to the random nature, a MC simulation is often time-consuming.

— Such methods are ususally not user-friendly. Geometry design is difficult and
error-prone; though there exist CAD based models, it makes the running ex-
tremely slow.

— The running time depends on the geometry, energy and material.

— They have the potential of accounting for all particles (e.g. photon, electron,
positron etc.) and all interaction types (e.g. photoelectric, scattering, pair
production etc.).
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The two methods can be iteratively employed for simulating a fast realistic imaging and
still taking into account the detailed interaction effects in order to gain the accuracy.

2.2.1.2 Latent image generation

In most computational studies, the IP’s X-ray image to latent image conversion rate is
modeled as a gain factor, and sometimes is neglected (which is equivalent to assigning 1
to the gain factor) (Correa et al., 2009; Correa et al., 2010; Fasbender et al., 2003; Mathy
et al., 2011; Souza et al., 2008; Thoms, 1996a; Vedantham and Karellas, 2010) .

The complete process is quite complicated and not yet clearly understood. It depends
on impurity, oxygen, manufacturing conditions etc. In most of the works, an experimen-
tally measured yielding rate is used to model the latent image formation.

Thoms et al. (Thoms et al., 1991) have reported that the F-center (correlated and
uncorrelated) generation rate 7.98 per keV of absorbed X-ray energy; in the review work
of Rowlands (Rowlands, 2002), it is reported that the absorbed x-ray energy to PSL
generation rate is 2.8 ph/keV. These two values are not completely conflicting, as only a
part of uncorrelated F-center contributes to the PSL emission. In the work of Vedantham
et al. (Vedantham and Karellas, 2010), they have assigned the average of the two reported
values to the gain factor.

There are also computational studies on the defect-related properties of the crystal
lattice. Concerning phosphor crystal defects (e.g. F center, H center and Vy center),
Baetzold et al. worked on the atomistic simulation of defects in phosphor crystals (Baet-
zold, 1987; Baetzold, 1989). They have studied parameters such as the lattice constant,
the defect energy and the defect mobility. These parameters determine the photostimu-
lation properties such as spectrum and generation rate of PSL. There exist toolkits like
HADES III, CASCADE and PARADISE for the computational calculation (Catlow, 1986;
Parker et al., 2004). As inputs one needs to provide lots of parameters such as host lattice
structure model, interaction model between ions and interatomic potentials. The simula-
tion of defect property is beyond the scope of this thesis. We present it here as an open
option for further in depth study.

2.2.2 Optical readout

The optical readout involves a number of processes: laser light diffusion into PSP layer;
interaction of laser photon with storage center; escape of PSL from the front surface of IP;
detection of PSL; signal amplification and digitization. Each step refers to a number of
modeling and simulation work. In CR simulation, the last three steps are often modeled
as a gain factor. Thus, we pay more attention on the light transport in IP and the PSL
emission.

2.2.2.1 Laser distribution

There are in general two kinds of laser propagation simulation in the imaging plate: ana-
lytic and Monte Carlo methods. The former often refers to solve the diffusion function; the
latter follows the traveling history of each photon, and with a number of photon histories,
one can approach a statistical result of light distribution.
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2.2.2.1.1 Analytic methods
Analytic methods refer to solve the radiative equation or the diffusion equation. There
are two kinds of approximations: isotropic and forward peaked scattering.

Model of Premoze. In the works of Premoze et al. (Premoze et al., 2004; Ashikhmin
et al., 2004), a practical formula is provided to estimate the multiple scattering. It is
assumed that scattering paths comprising the beam have Gaussian distribution, and the
beam width varying with travel distance S is given by the following formula:

<62 > pgS?

14 52/121%;; )

Lwidtn(S) = 16( (2.3)

with < 62 > being the mean square scattering angle, p, the absorption coefficient, yg the
scattering coefficient and ly4; ¢y a diffusive path length l?ﬁ =1 /(paps < 62 >). The beam
width depends on the absorption, beam penetrating distance and the optical property of
the medium (i.e. absorption and scattering coefficients, mean scattering angle).

In Figure 2.13, they compare their theory with Monte Carlo simulation. It turns out
that the spatial spread width predictions from the model agrees well with the Monte Carlo
result, whereas the prediction on the beam attenuation works badly. A better expression
for attenuation is needed.

This model, an analytic formula, is simple to use, time-saving and easy to incorporate
for a quick estimation of laser spreading. Their beam width spread function includes the
optical properties of the medium such as absorption, scattering and anisotropic effect,
and it works well in the examples demonstrated. However the study on obtaining better
beam attenuation needs to be followed up since the Beer-Lambert law is not a good
optical attenuation description in this case. Moreover, they have adopted two assumptions:
1) absorption is much smaller than scattering coefficient; and 2) photons are scattered
forwardly by scattering particles.

Model of Thoms. In the work (Thoms, 1996a), Thoms has studied the storage films’
property by solving the diffusion equation:

c?rz(;,t) = S(7,t)+ D [An(7,t)] — pac - n(7, 1), (2.4)

Where n(7,t) is the photon density, D = l,¢(1 — pial)/6 is the diffusion constant, I, is

scattering length (inverse of scattering coefficient pus), ¢ is light velocity and pu, is ab-

sorption coefficient for the material and energy considered. The change rate is considered
quasi-static then:

S(7,t) + D[An(T, )] — pac - n(7,t) = 0. (2.5)

This equation has been solved numerically by iterative calculation. The solution is based
on the assumption of isotropic scattering. In order to obtain a relatively accurate solution,
a small iteration step size is needed, which will lead a great number of iterations and thus
a long computational time.

2.2.2.1.2 Monte Carlo simulation of laser transport in imaging plate
As the IP’s effective layer is granular, it can be viewed as turbid medium. There are works
dedicated to modeling light transport in turbid media (or tissues) (Wang et al., 1995; Zhu
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Figure 2.13: Analytic Monte Carlo comparison on spatial spread width: top left plot show
the normalized intensity profile compared to a Gaussian with corresponding theoretical
width; other plots show spatial spread widths for different scattering coefficients b as
a function of distance along the beam z; the scattering medium was simulated using
the following parameters: anisotropy factor G=0.9, < 62 >=0.24, absorption coefficient
o = 0.0003 mm~!.
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Figure 2.14: Flowchart for Monte Carlo modeling of the propagation of a single optical
photon, in which no wavelength change is involved (Zhu and Liu, 2013).

and Liu, 2013; Prahl et al., 1989; Patwardhan et al., 2005; Smithies and Butler, 1995;
Maarek et al., 1984; Flock et al., 1989; Margallo-Balbds and French, 2007). Concerning
MC modeling of imaging plate, Fasbender (Fasbender et al., 2003) has reported a MC
model for laser transport in IP. MC modeling tools commonly follow the flowchart illus-
trated in Figure 2.14. Similar to the MC modeling of X-ray transport, the optical MC
codes also sample the random events with PDFs. The physical model of photon/medium
interaction is described via absorption, scattering and anisotropic factors. A more detailed
discussion on the optical MC modeling will be presented in Chapter 5.

MCML (Monte Carlo modeling of light transport in Multi-Layered tissues) (Wang
et al., 1995) is the most used MC simulation tool for light transport in tissue; there is also
a tool developed by Fasbender for investigating the IP readout. The former is an open
source programmed in C, which is available for public use since 1992. The latter code is
dedicated for light transport simulation in imaging plate; however, it is not available for
public use.

In the above codes, the medium is modeled by its absorption coefficient, scattering
coeflicient and anisotropy factor. Whereas, in the granular plate model of P. L. Liapari-
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Figure 2.15: Physical model of photostimulated luminescence proposed by Seggern (Seg-
gern et al., 1988)

nos (Liaparinos et al., 2007; Liaparinos et al., 2006; Liaparinos and Kandarakis, 2009), the
intrinsic parameters of the material (volume density of phosphor screen, grain size, and
the complex refractive index of grain and binder) are used to describe the medium. These
parameters can be obtained using Mie theory. Some details on the Mie theory calculation
are presented in Appendix A.1.

2.2.2.2 PSL generation model

We introduce three models for PSL generation, the model of Seggern et al., the model
of Salis and the practical model of Thoms. The first two models deal in detail with the
tunneling and decay effects taking place during photostimulation. The third model gives
a practical formula which yields an overall PSL generation rate.

2.2.2.2.1 Model of von Seggern et al.
Seggern and co-workers have proposed a physical model of photo-stimulated luminescence
(Figure 2.15) in 1988 (Seggern et al., 1988). They assumed that the doped Eu?* was the
hole trap center of the phosphor, and lattice virgin Br vacancy was electron trap center
(F-center). A trapped electron could be stimulated into its excited energy level using
laser, then it relaxes into an energy state near conduction band, then by tunneling, it can
recombine with trapped hole resulting in luminescence.
According to their model:
At F-center site, the changing rate of the number of electrons in the excited state
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is expressed as:

dn’ 1 1
anU-I'nF—<+>n},

dt Tk Tiun (2.6)
and — = —oc -1 -np+ ——,
dt T

where n}, and np are the number of electrons in the F center’s excited and ground state,
o is optical cross section of laser photostimulation, I is the laser intensity,7 is the lifetime
of the F center’s excited state and 7, is the tunneling time. The term o - I - ng represents
the optical detrapping rate.
The equation for the changing rate of the number of Eu electrons in the excited
state is: dn? . .
Npu _ "Fp _ Mpy (2.7)

dt Teun  Thoy,

where n7,, is the number of electrons in the Eu center excited state and 75, is the lifetime
of the Eu center’s excited state.
The initial conditions at the beginning of the optical stimulation after the end of X-ray
irradiation are:
np =n% = g - Dose, nf =0, n%, =0, (2.8)

where n% is the initial ground state electron number of F center, Dose is the X-ray dose,
gsc is the dose to F center conversion gain factor.
The stimulating light intensity is given by:

0, t<0;
I(t) =41, 0<t<t, (2.9)
0, t>t,

@ The recombination (or PSL generation) rate r = 22« is calculated by:

*
Eu

0, t <0,
— J th(si+oly)(so+0lp)nd (exp(sat)—exp(—t/T},) exp(sit)—exp(—t/T5,)
T(t) = ’Ttunp(81782) — ( 1+s27F, s — 1+s175, E ) , 0<t< tpu
N (tp) ng(tp) expl—(t—tp) /T, | —ezpla(t—tp)]
E‘],-Tupexp[_(t - tp)/TE'u] - gu: £ 17%7;:11 £ ) > tp»

(2.10)

with 519 = (—d + /a2 = 45) /2, & = 1/Tum + 1/75 + oL, and B = o1,/ Tun. Equa-
tion 2.10 gives us the PSL generation rate. The advantage of this model is that it accounts
for the afterglow effect (the third term in the equation where t > ¢,) via the excited acti-
vator decay time 7, the electron tunneling time 74, and the excited I center life time
7. However, the information is missing on the tunneling and excited F center life time,
which makes this model not accessible in practice.
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Figure 2.16: Physical model of PSP generation proposed by Salis (Salis, 2003). The F
center (left) is assumed to have three energy levels. With laser photons, F center electrons
are excited from their ground state into their first excited level (nl); via thermal excitation,
electrons can enter into their second excited level or conduction band. The electrons in
the first and second excited levels can tunnel to the hole center sites and recombine with
them resulting in luminescence.

In addition, experimental studies show that in BaFBr : Eu?*, the dopant Eu?T is not
the hole trap, during X-ray irradiation. Therefore Equation 2.7 should be modified in
order to accounting for the energy transfer rate from electron/hole recombination site to
activator site.

2.2.2.2.2 Model of Salis

In the model of Salis, the F center is assumed to have three energy levels (see the left part
in Figure 2.16) (Salis, 2003). With laser photons, F center electrons are excited from their
ground state into their first excited level (n;); via thermal excitation, electrons can enter
into their second excited level or conduction band. The electrons in the first and second
excited levels can tunnel to the hole center sites and recombine with them resulting in
luminescence. The terms 7; and 7, represent the tunneling rate which corresponds to the
inverse of the previous tunneling time 7yy,.

Readers are referred to (Salis, 2003) for detailed calculation. We only summarize the
advantages and the drawbacks of this model. This model shares the advantages of the
previous model, plus its consideration of the thermal excitation. The drawback of this
model is also caused by the lack of information on the tunneling rates. Both models are
hard to verify experimentally.

2.2.2.2.3 Model of Thoms
In the modeling work of Thoms, a practical PSL generation model is adopted (Thoms,
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1996), which is also adopted in a later work (Fasbender et al., 2003). Generally the rate of
emitted photons in the plate volume depends on the exciting-photon density in the plate,
as given by(Thoms, 1996):

w = nsc(?)alewc(7) = nsc(?)dcw, (211)

dt tS can

where nemissim(7) is the emitted-photon density, nsc(7) is the density of photostimulable
storage centers, o is the optical cross section for photo-stimulation, Iwc(?) is the intensity
of the excitation photons, c¢ is the light velocity, nem(7>) is the density of the exciting
photons and ts.q, is laser beam dwelling time.

This model neglects the details on the electron tunneling effect, thermal excitation etc.
We can experimentally measure the global optical cross section ¢ which is a global result
of all effects. However, the afterglow is also neglected.

2.2.2.3 Modeling the raster scanning effect

There are few studies on the laser raster scanning effect of CR readout system. In the
work of Vedanthan et al. (Vedantham and Karellas, 2010), the scanning effect is modeled
as a modulation transfer function (MTF) which takes into account the influence of the
isotropic scanning speed in the scan and sub-scan directions:

MTF (u,v) = MTFlgser(u, v)|SInC(T0scantscan)SINC(T0syb—scant scan?’) |, (2.12)

where u and v are the spatial frequency in scan and sub-scan directions, MT Fjyser(u, v)
accounts for the blurring introduced by Gaussian intensity profile laser, vscqn, and vgyp—scan
are the scan and sub-scan velocities, ts.qy, is the dwell time of laser spot at one point, and
the term [Sinc(mvscantscant)SINC(TVsyb—scantscan?’)| represents the scanning effect in the
two directions.

2.2.3 Complete CR system simulation

Cunningham et al. have proposed cascaded models for computing the system perfor-
mance metrics (e.g. detective quantum efficiency and noise etc) propagation in a linear
system (Cunningham et al., 1994; Cunningham et al., 2002; Sattarivand and Cunningham,
2005). Cascaded models are based on linear system theory; the system is split into finite
successive elementary processes. The input of the current process is the output of the
previous one (Figure 2.17 ). A simple example on the signal and noise propagation can
be given by (Cunningham et al., 1994):

Si = Si—14i,

(2.13)
of = giloi 1+ 0551,

where S;_1 and S; are input and output signals of process i, 0;_1 and o; are the input and
output noises, g; and og4; are respectively the gain and noise introduced by process i.
Based on this theory, Vedantham et al. have developed a complete model dedicated to
medical CR imaging system (Vedantham and Karellas, 2010). With their model, metrics
such as modulation transfer function (MTF), detective quantum efficiency (DQE) and
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Figure 2.17: Illustration of basic principle of cascaded model.

noise power spectrum (NPS) can be obtained. In this model, several elementary processes
such as X-ray fluorescence and optical photon diffusion were coupled with MC simulation.
However, this model becomes less accurate when high energy radiation source is involved
i.e. where scattering effects are very pronounced, because the scattering effect is not taken
into account.

2.2.4 Discussion

In this part, we have discussed the main modeling and simulation techniques concerning
different processes in CR imaging. For the energy deposition process, there exist a number
of simulation codes employing MC or deterministic techniques, or mixing of the two. The
biggest advantage of MC methods is their detailed and accurate solution, which however is
time-consuming. On the contrary, deterministic methods can provide realistic simulation
image in a short time, but the scattering estimation is difficult. To overcome this issue,
first-order scattering theory is proposed to solve the scattering involved problem; there
also exist deterministic/MC coupled codes. A mixed use of both methods can be a good
solution to obtain fast simulation and still maintain a good accuracy.

It is difficult to simulate detailed processes concerning defects generation and stimula-
tion. Though some detailed models have been proposed (PSL generation), due to the lack
of data, it is difficult to simulate such processes in detail. Global factors are used instead
to model these processes (i.e. latent image formation and global optical cross section for
photostimulation).

Viewing the simulation of optical photon transport within IP, the granular phosphor
layer can be treated as a turbid medium where multiple scattering is produced. Here
also, two kinds of methods can approach the solution of the multiple-scattering problem:
analytic and MC methods. The analytic methods are limited to the situation where
absorption is much smaller than scattering, and the scattering is either isotropic or forward-
like. While with MC methods, there are no such limits.

2.3 Conclusion

Computed radiography is one of the two main digital radiographic imaging techniques
(the other is digital radiography). The image carrying medium (imaging plate) used in
CR can be handled with a light-tight cassette, which is very similar to film radiography.
Users do not need to modify their existing exposure routine to replace a film-based system
by a system. Hence, it is a very attractive alternative digital technique.
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The CR imaging is a long and complicated process. It involves an exposure routine
and an optical readout system. The digital image formation is summarized below.

1. X-ray exposure

(a) X-ray/object interaction results in a transmitted X-ray image which carries the
object pattern.

(b) The interaction of this transmitted X-ray image with CR detector (IP alone or
with metallic screens) leads to energy deposition within the sensitive layer (PSP
layer) of IP. The energy deposition is a result from multiple effects such as pho-
toelectric, Compton scattering, X-ray fluorescence reabsorption and electron
etc.

(c) Owing to the latent image formation mechanism, a portion of the deposited
energy is converted into storage centers forming latent image. For different
PSP materials, their latent image formation mechanisms are different. In a
BaFBr : Eu?t based imaging plate, the storage center (trapped electron site)
is experimentally identified to be the F(Br~) center. However, the hole trap is
not clearly understood.

2. Optical readout

(a) A laser beam diffuses into the imaging plate. The diffusion region depends on
the IP’s optical property.

(b) The laser photons interact with storage centers (latent image) within PSP layer.
Here the photostimulation mechanism requires the spatial correlation of the
trapped electron, trapped hole and the activator.

(¢) The emitted PSL signal is collected by an optical fiber, and then amplified and
digitized resulting in a digital image.

The detected X-ray image is stored in the form of a latent image, which is later read by
an optical scanner. The latent image generation rate and image readout rate decrease the
efficiency, comparing with scintillator based system. Due to the optical readout, the image
sharpness is further degraded. The image sharpness is limited by a number of factors, e.g.
the laser spot size, the light diffusion, scanning laser power etc.

On the modeling and simulation works, we have organized our discussion according to
the above digital image formation process. There exist a number of models for each step
in the X-ray exposure and optical readout. We achieve the following conclusions.

1. X-ray exposure

(a) There exist a number of Monte Carlo or deterministic tools. Considering the
simulation of a radiographic imaging, which involves objects of complex shapes,
it is almost impossible with a Monte Carlo code; a single MC running can
take months based on our experience. In this case, a deterministic tool is of
great interest for obtaining a realistic image in a short time (typically order of
second). The scattering estimation is a problem for deterministic simulation.
To overcome this problem, some codes adopt the first order scattering approach,
and some other codes are coupled with Monte Carlo program for the scattering
effect computation.
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2.3. CONCLUSION

(b) With a full Monte Carlo code, one can directly compute the energy deposition
in an imaging plate. However with a deterministic code, the energy deposition
is generally computed with exponential attenuation law or with a preliminary
experimental IP response.

(c) The latent image formation is commonly modeled as deposited energy to storage
center conversion ratio.

2. Optical readout

(a) There are few works dedicated to the IP optics. The IP can be treated as a
turbid medium, and there are modeling works on the light diffusion in tissue
(medical image) or in clouds (satellite image), which are applicable in our case.
Monte Carlo methods turn to be much more reliable than analytic ones. An op-
tical MC running takes about 1 day on a single processor (from our experience);
one does not need to rerun the MC code for the same IP configuration.

(b) There are physical models for photostimulation which take into account the
effects such as electron tunneling and activator decay. As there lacks experi-
mental data such as the tunneling efficiency, the incorporation of these models
is unfeasible. In the work of Thoms, the photostimulation is modeled by the
optical cross section, which is accessible for the PSL emission simulation.

(¢) We have not found specific models for PSL collection, amplification and digiti-
zation process. It can be treated as a gain factor.

According to the above analysis on the feasibility of the modeling works concerning each
CR imaging step, we propose an approach for the CR imaging chain simulation (as pre-
sented in the General Introduction).

The next chapter concerns the first aspect of the thesis’ objective, physical phenomena
investigation. We simulate, with a Monte Carlo code, the CR detector’s impulse response
in a system which involves a radiation source and a simple shape object. However this
kind of code cannot be applied to simulate the image of complex shape object, because it
is highly computationally expensive. For this reason, we propose the simulation approach
developed in chapter 4. Moreover, for a comprehensive study of a CR system, the optical
readout effect should also be considered, and thus we need a complete model for the CR
simulation. Chapter 5 extends the simulation to the optical readout process.
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Chapter 3

Simulation, method and physical
phenomena comprehension

”Curiouser and curiouser...”

Alice in wonderland
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3.1. INTRODUCTION OF THE CHAPTER

3.1 Introduction of the chapter

The objective of this chapter is to understand the physical phenomena taking place during
the CR exposure, e.g. the behavior of electrons, scattered radiation and X-ray fluores-
cence etc. With this in mind, we have developed a Monte Carlo simulation tool, based on
PENELOPE for such investigations. This tool tracks separately direct and secondary ra-
diations, and monitors the behavior of different particles. The simulation output provides
3D distribution of deposited energy in IP and evaluation of radiation spectrum propaga-
tion allowing us to visualize the behavior of different particles and the influence of different
elements (e.g. object, metallic screens and protective layer of IP etc.). Section 3.2 through
3.8 correspond to our submitted article to the journal ’Spectrochimica Acta, Part B’.! In
these sections, we present the simulation method, and an image quality optimization case,
to achieve which a detailed analysis, on the spectral and spatial response of three detec-
tor configurations at different energies has been performed. We have also characterized
experimentally several IP /screens combinations responses with a synchrotron source. The
experiment is presented at the end of this chapter. Several results are compared with the
simulation results.

3.2 Introduction

Computed radiography (CR) system, based on the use of an imaging plate (IP) composed
of photostimulable phosphor (PSP) powder embedded in organic binder, is one of the
efficient digital replacement techniques of the traditional conventional film radiography
(Rowlands, 2002; Sonoda et al., 1983). Aside from keeping the advantage of the tradi-
tional radiography such as flexibility of the detector, CR brings other advantages, which
are direct digital readout image, reusability of the detector, elimination of the developing
process with chemical product, reduction in exposure (through great sensitivity of IP) and
dynamic range larger than 5 orders of magnitude in X-ray dose (Seggern, 1999; Miyahara
et al., 1986; Thoms, 1996b; Thoms, 1997).

CR proves good performance within low energy range, but regarding the high energy
range (up to MeV), which is also normal working energy range for industrial inspection
of high attenuation objects, CR image quality is poor. The reason is that IP response is
poor to the direct beam which carries the sharp geometry information of the object, but
sensitive to secondary beam emerging from the object which is responsible for blurring.
This issue has already been addressed for film radiography by the use of metallic screens
which increase the dose received in the film thanks to secondary radiations occurring in
the screen. Metallic screens should be placed in contact with the film so that emitted
electrons can reach the argentic emulsion of the film. As far as IP is concerned, the use of
metallic screens is also requested at high energies by current standards, so that the high
energy photon beam could be rendered into electrons and lower energy photons, to which
IP is more sensitive (EN14784-2, 2005; ISO17636-2, 2013). However, the commercial IPs
are usually comprised of a protective layer coated on phosphor layer to provide protection

The text was selected following our presentation at the workshop 'Monte Carlo simulation tools for
X-ray imaging and fluorescence’. The authors of the article are Min YAO (INSA de Lyon), Philippe
DUVAUCHELLE (INSA de Lyon), Valérie KAFTANDJIAN (INSA de Lyon), Angela PETERZOL-
PARMENTIER (AREVA) and Andreas SCHUMM (EDF). DOI:10.1016/j.sab.2014.12.001
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CHAPTER 3. SIMULATION, METHOD AND PHYSICAL PHENOMENA COMPREHENSION

against normal handling, and this layer might prevent the rendered photon or electron
from entering the phosphor layer.

As regards the spatial resolution, the metallic screens also further spread the incident
beam, which means that a compromise should be found between intensifying the signal
(by increasing the screen thickness) and improving spatial resolution. Moreover, when
compared with film radiography, the spatial resolution is further degraded due to the light
scattering at the phosphor grains during readout process (Rowlands, 2002; Seggern, 1999).
In order to follow the interactions involved in the metallic screen and IP detector system, a
Monte Carlo simulation is of particular interest. It can give insight on physical phenomena
which is difficult or impossible to observe experimentally, such as scattering effect, spatial
distribution of deposited energy, K absorption and K fluorescence reabsorption.

Monte Carlo simulation has already been applied for system performance study and op-
timization as well as experimental result prediction in a number of studies (Rogers, 2006;
Boone et al., 1999; Correa et al., 2010; Liaparinos et al., 2007; Kausch et al., 1999; Jaffray
et al., 1995; Liaparinos et al., 2006; Liaparinos and Kandarakis, 2009; Souza et al., 2008;
Li et al., 2007; Cho et al., 2000; Wu et al., 2005), but lots of these works were conducted
for medical application. Though in some works (Souza et al., 2008), (Li et al., 2007)
and (Wu et al., 2005), the spectral response of IP material and the spatial response to
certain irradiation sources have been reported, there is still a lack of the detailed spatial
response characterization up to high energies ( MeV). Moreover, in all previous studies,
the IP system is studied alone, without taking into account the object under test. At high
energies, the object is responsible for a huge amount of secondary radiation, which is not
a useful part of signal as regards defect detection, and thus, image quality optimization
consists in not only increasing the amount of deposited energy due to the direct beam
(use ful signal), but also decreasing the deposited energy due to the secondary beam. Di-
rect and secondary beams must here be understood at the object level.

For the purpose of understanding how the relevant operating parameters affect the X-
ray image and optimizing the image quality supplied by CR system, we have developed
a Monte Carlo simulation tool based on PENELOPE (Gavalda et al., 2009). This tool
tracks separately the direct and secondary as well as photon and electron radiations. The
present paper will show the use of this tool through an optimization study of a realistic
inspection case. The optimization was carried out by first characterizing the response of
different combinations of IP and screens. The detector response has been analyzed in
terms of performance metrics such as Energy Absorption Efficiency (EAE) and MTF for
various incident energies up to 1.3 MeV.

The paper is structured as follows: in the next section, we describe our tool, emphasizing
on its particularities. In section 3.4 we introduce the context of our study by showing
a realistic inspection case where the image quality obtained with IP alone is clearly not
sufficient. Then, section 3.5 details an extensive investigation of various IP/screen combi-
nations in terms of performance metrics such as deposited energy and spatial resolution.
Finally section 3.6 shows the results obtained on the typical inspection case considered,
where different IP /screen combinations allow us to improve image quality. The compro-
mise between signal intensification and spatial resolution is discussed, before concluding
the paper.

Page 41

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0128/these.pdf
© [M. Yao], [2014], INSA de Lyon, tous droits réservés



3.3. SIMULATION TOOL AND PERFORMANCE METRICS

3.3 Simulation tool and performance metrics

3.3.1 Simulation method

Our simulation tool is based on the PENELOPE subroutine package, and involves a clas-
sical situation of radiography with a radiation source, an object and a detector. Here,
by detector we mean the combination of IP and metallic screens since the purpose of
these screens is to optimize the IP response. Figure 3.1(a) shows the geometry adopted,
and the terms employed for the different beams issued from the object under test. After
the object, the red solid arrow represents the direct radiation, i.e., the part of photons
which did not undergo any interaction, and all radiation produced from this beam in the
following is called the useful beam. On the contrary, the green dashed arrow represents
the secondary radiation issued through the object, and all further radiations produced are
denoted as not use ful. The information is subdivided into the signals due to the photons
in the useful beam or not use ful beam (denoted as UPS and NUPS), the electrons in the
useful beam or not use ful beam (denoted as UES and NUES), and, if any, the positrons
in the useful beam or not useful beam (denoted as UPoS and NUPoS).

The simulation monitors two kinds of signals: the deposited energy distribution inside
the IP and the step-by-step transmitted spectra after each element between source and IP
(Figure 3.1(b)). A uniform three-dimensional orthogonal grid is used to sample the IP in
such a way that the energy deposition distribution is recorded in 3D. For this reason, the
IP geometry should be cuboid.

The incident beam could be either diverging or not, emitted from a point or an extended
source, and its spectrum can be specified (such as that emitted from a cobalt or iridium
source) or be a fixed energy varying within a specified range {Epnin ;Emqez } with an in-
crement of Fj,cme- The object and metallic screens could be of arbitrary material and
geometry.

In all the following, the IP was modeled as a multi-layered structure which is comprised
of, in sequence, a 6 um protective layer, a 150 um phosphor layer, a 254 pm support layer
and a 25.4 um backing layer. The materials of these four layers are respectively Mylar
for the protective and support layers, BaFBr : Eu?t with a packing factor of 60% for
the phosphor layer, and polycarbonate for the backing layer. As the phosphor layer is
the actual effective layer for information storing, the orthogonal grid was applied to the
phosphor layer for energy deposition distribution recording.

3.3.2 Performance metrics

The following outputs are available from our simulation tool:

e 3D deposited energy due to each kind of beam and each kind of particle:

Useful photon signal DEPypg(z,y, 2);
— Not useful photon signal DEPyyps(x,y, 2);
— Useful electron signal DEPygs(x,y, 2);
— Not useful electron signal DEPnyges(x,y, 2);

e Transmitted photon spectra after different elements (i.e. object, metallic screens
and IP protective layer);
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Figure 3.1: (a) The geometry adopted for our simulation is a classical radiography chain
(not drawn to scale). A Cartesian coordinate system is used to track the particle transport.
The y-axis points outward. A uniform three-dimensional orthogonal grid is applied to IP
to record the deposited energy distribution. (b) Simulation outputs: 3D map of deposited
energy in IP DEP(z,y, z) and an example of spectrum after one of the elements between
source and IP.
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3.3. SIMULATION TOOL AND PERFORMANCE METRICS

e Transmitted electron spectra after different elements.

From these outputs, the following metrics are used to investigate the IP response under
different simulation configurations:

e Energy absorption efficiency (EAE). It is the fraction of X-ray energy absorbed in
IP, and is calculated as the total energy deposited in IP divided by the incident
beam energy. Here, the total energy is considered, i.e. the sum of all signals due to
all particles. If needed, useful versus notuseful energy can be separated (see the
results section).

e Fraction of deposited energy due to electron beam (fgipep). The fripep is calculated
as the ratio of the deposited energy due to electrons into IP over the total deposited
energy in IP. Note that the electron beam is produced by the metallic screens.

e Modulation Transfer Function (MTF) and spatial frequency at 20% MTF (farrr20)-
The MTF is a basic metric to express the system spatial resolution. It is calculated as
the modulus of the Fourier transform of the Point Spread Function (PSF) normalized
to unity at zero spatial frequency. In practice, the Line Spread Function, describing
the system response to a line, is usually measured, and then the corresponding one-
dimensional MTF is (Liaparinos et al., 2007):

MTF(f) = 7 (LSF(x))

(Z PSF(x, y)>

)

= (Z DEP(x,y, z))

Z?y

o~
F

(3.1)

where f is the spatial frequency, and .# denotes Fourier transform, and DEP(z,y, z)
here is obtained with a point non-diverging source (pencil beam). The fyrrr2o is
the spatial frequency at which the MTF equals 20%. Depending on the investigation
required, it is possible to consider the energy due to the different combinations of
useful /not useful and photon/electron.

e Energy absorption distribution along IP depth (FAD,) and its centroid (EADC)).
An originality of our tool is to consider the distribution of deposited energy along
the depth of IP (z direction). This is not common in other tools. Our idea is
following: the latent image stored in IP (i.e. the deposited energy) is read by a
laser light, and while the laser light enters IP, it diffuses along its traveling path
due to the absorption, reflection and scattering effects, which contributes to image
blurring. The laser power used during readout modifies the penetration of laser light,
and thus, has an influence on final spatial resolution. Depending on the deposited
energy profile along IP depth, an optimal laser power could be determined. For this
reason, we would like to study the energy deposition distribution along the IP depth.
The EAD, is a function of z and is computed as the sum of DEP(x,y, z) over x
and y axes normalized by the incident beam energy.
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The centroid of FAD, could be understood as the average position of the deposited
energy, which is calculated using the following formula:

>..z2-FEAD,(2)
>, EAD.,(z)

EADC = (3.2)

3.4 Context of our study: typical inspection case

Our typical industrial inspection case consists of irradiating a thick object (70 mm steel
plate) with a high energy ~ source (Cobalt). In order to explain the image quality issue,
we show the result obtained when IP is used alone as a detector, without any metallic
screen to intensify the signal. A pencil beam is used to irradiate the object, in order to
show the spread out responsible for spatial resolution degradation. IP is placed directly
behind the object, as in the industrial case.

Figure 3.2 illustrates the deposited energy images in XZ plane due to respectively the
useful photon signal (UPS), useful electron signal (UES), notuseful photon signal
(NUPS) and not useful electron signal (NUES). Remember that z direction is the in-
cident beam direction, and is limited to 150 pum, which is the thickness of the phosphor
layer. As can be seen, the useful signal images from photons and electrons are quite sharp
and clear, while the not use ful signal images are blurry. In order to compare the amount
of energy, in Figure 3.3, we plot the deposited energy along z direction for the respective
signals. It is worth noting that the not useful signals are dominant, as only about 15.7%
of deposited energy is due to useful signals. When looking at the depth penetration, we
see that the electrons deposit their energy preferably towards the front side of IP (z = 0),
while the photons near the rear side (z=150 um).

In Figure 3.4, we investigate the contribution of the different signals to the overall MTF
curve (black). Although the useful signals UPS and UES have good MTFs (red curves),
the overall MTF is predominantly influenced by the not use ful signals (NUPS, NUES).
This is the quantitative aspect of the visual spread out already shown in Figure 3.2. It
must be noted here that in real life, electrons might not have as much influence as what
is shown here, because air was not considered in the simulation. However, this does not
change the conclusion that not useful photons degrade a lot spatial resolution.

Thus, to conclude on our industrial context, we need a detector which should be efficient
to the high energy wuseful signal, but insensitive to the lower energy notuseful signal.
The exact role of electrons must be very carefully tracked, as they might carry quite a lot
of energy, but could be absorbed in the protective layer of IP itself. Thus, we see that
a fine detector response characterization must be performed. A detailed analysis on the
spectral and spatial response will be presented in the next section for physical phenomena
comprehension and determination of optimal detector configuration.

3.5 Detector response characterization

We now investigate the impulse response of the system, which means the response to a
pencil beam. All the elements (metallic screens and IP) were set cuboid, and no object is
included in order to characterize only the detector system. The setting of all parameters
is listed in Table 3.1. Two combinations of screens were compared with IP alone. The
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Figure 3.2: Deposited energy image in XZ plane, due to UPS, UES, NUPS and NUES.
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Figure 3.3: The deposited energy distributions along IP depth (z) respectively due to

useful photon and electrons (UPS and UES), and notuseful photons and electrons
(NUPS and NUES).
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Figure 3.4: MTFs of the deposited energy image due to UPS, UES, NUPS and NUES,
and the MTF of total deposited energy image (black curve).

first screen configuration (lead screen) is that requested by current standards. The second
configuration (lead and tin) is chosen as an attempt to absorb K fluorescence of lead.

3.5.1 Spectral response analysis
3.5.1.1 Investigation of transmitted step-by-step spectra

In order to investigate the physical phenomena involved in each screen, we follow the
photon spectrum after each step of the complete combination of screens (lead and tin).
A monochromatic incident beam of 150 keV is chosen in such a way to be in the energy
range where fluorescence occurs. Figure 3.5 illustrates the photon spectra:

e The first step in the detector system is the lead layer (asterisk) where it is visible
that the initial monochromatic beam results in a continuous spectrum of secondary
scattered radiation and fluorescence lines (K lines at 87, 84 and 74, 72 keV and L
lines around 15 keV).

e The second step is the tin screen (dashed line): first of all it is observed that tin can
effectively absorb the lead fluorescence (about 2 orders of magnitude) and also a big
part of the scattered radiation between 30 and 80 keV. However, tin also yields its
own fluorescence lines at around 30 keV.

e The last step corresponds to the protective layer of IP (plus sign): the overlapping of
the blue and magenta curves indicates that no effect is introduced by the protective
layer on the photon spectrum.
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3.5. DETECTOR RESPONSE CHARACTERIZATION

Table 3.1: Parameter setting. The IP was between the front and back screens, and the
screens were placed in contact with IP

Elements Configurations
IP alone IP+0.2Pb IP+0.2Pb0.8Sn
Type:photon source fixed energy | fixed energy fixed energy
Source Energy range in keV
2,1300,1 2,1300,1 2,1300,1
(Emina Emax, Eincmt) ( ) ( ) ( )
Object Object none none none
Front screens none 0.2mmPb 0.2mmPb
+0.8mmSn
Detector P NbBXxNbBY xNbBZ | 100x100x100 | 100x100x100 | 100x100x100
Voxel dimension 10x10x1.5 | 10x10x1.5 | 10x10x1.5
(pm?)
0.8mmSn
Back screens none 0.2mmPb +0.2mmPh
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Figure 3.5: Step-by-step photon spectra.
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Figure 3.6: Step-by-step electron spectra.

Figure 3.6 shows the electron spectra after the different layers. In the photoelectric effect,
an excitation photon of energy E is absorbed by the atom, which leads an excited atom
and a photoelectron leaving the atom with a kinetic energy Ey = E — U;, where U; is the
ionization energy of the electron (Beutel et al., 2000).

e The first step (green curve) represents the electron spectrum after the lead screen,
where two peaks are visible, respectively at 62 keV and 135 keV, corresponding to
the photoelectrons coming from the lead K-shell (whose ionization energy is about
88 keV) and L-shell (whose ionization energy is about 15 keV).

o After the tin layer (whose K- and L-shell ionization energies are about 29 keV and
4 keV respectively), the photoelectron peaks are observed at 121 keV and 146 keV
(blue curve).

e When comparing the spectra after tin and after the protective layer (blue and ma-
genta curves), we can observe that the photoelectrons peaks are much reduced, but
overall, the energy stopped by the protective layer is negligible with respect to the
total incident energy into this layer. Thus, in this energy range, the protective layer
do not prevent electrons from entering the phosphor layer.

The study of the spectra is illustrative and helps to understand phenomena, but for high
energies, a more global study of absorption efficiency is needed.

3.5.1.2 Energy absorption efficiency

Figure 3.7(a) shows the energy absorption efficiency plots of the 3 different detector con-
figurations.
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Figure 3.7: (a) The photon absorption efficiency as a function of energy for different
detector configurations and (b) the absorption efficiency curves of different detector con-
figurations normalized by that of I P alone.
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e The response of I P alone (red curve) is quite efficient, nearly 1, at low energies, but
with the increase of excitation energy, the curve drops quickly towards zero. The
small rise occurring between 30 and 40 keV corresponds to the barium absorption
edge.

e The lead screen (green curve) filters the low energy radiation but intensifies the high
energies: the green curve is above the curve of I P alone for energies greater than 131
keV. The barium absorption edge has disappeared due to the filtering of low energies.
At around 89 keV a quick drop arises which is due to the strong K-absorption of
lead.

e With the combination of lead and tin screens (blue curve), similar effects are ob-
served, except that the signal intensification starts from 226 keV, and an additional
drop appears at 30 keV which corresponds to the K-absorption of tin.

In order to compare the intensification effect of the different combinations of metal-
lic screens, the absorption curves of the two configurations were normalized by that of
IP alone (Figure 3.7(b)). Starting from 131 and 226 keV respectively, the two kinds of
screen combinations intensify the absorbed signal in IP (normalized absorption to 1), and
the intensification increases continuously. Regarding only the absorption intensification
in the high energy range, the detector configuration with only lead is preferred, as it has
the highest absorption level among the three. However, the tin plus lead combination has
a better filtering of low energies. Thus, when considering the compromise introduced in
section 3.4, namely the need to increase high energy weight (in order to absorb the use ful
signal) and avoiding the low energy notuseful signal, the two screen combinations can
be discussed (see section 3.6). On the other hand, the spatial resolution must also be
compared, which is the aim of the next section.

3.5.2 Spatial response analysis
3.5.2.1 MTF curve and the limit of resolution at 20% MTF (fyrr20)

Figure 3.8(a) shows the MTF curves of the I P alone for different excitation energies. In
the low to medium energy range (see dark blue curves, up to about 400 keV), the MTF
curve drops quickly with the increase of excitation energy, whereas, in the high energy
range (see light blue to dark red curves, 400 keV to 1300 keV), the MTF curves overlap
each other, meaning that the spatial resolution could be considered energy independent
in this high energy range. Two gaps appear at 14 keV and 38 keV resulting from the K
fluorescence reabsorption of brome and barium, as the fluorescence emission is isotropic,
and thus, the PSF spreads out.
Figure 3.8(b) is the plot of fyrrroo versus excitation energy for I P alone. The two slumps
correspond again to the K fluorescence reabsorption of brome and barium (like the two
gaps just described above). As the excitation energy continues to increase, exceeding the
K-edge energy, less fluorescence is produced, so less K fluorescence reabsorption, and hence
the limit of resolution improves right after the K-edges, which was difficult to see in Figure
3.8(a) due to the color scale.

Figure 3.9 compares the resolution of the three detector configurations. With the lead
screens on both sides of IP, a degradation of spatial resolution is introduced, especially at
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Figure 3.8: (a) MTF curves at different excitation energies for IP alone and (b) the fa;rr20
versus excitation energy.
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Figure 3.9: The fa;rroo versus excitation energy for different detector configurations.

89 keV, at which the fluorescence of the lead starts to yield. As a photon with a higher
energy has a larger free traveling path, the lead fluorescence could spread further than
that of barium and brome, and hence the resolution drop is much greater at 89 keV than
it is at 14 and 38 keV. At energies lower than 89 keV, the addition of a tin screen between
lead and IP further degrades the resolution since it is another layer spreading the incident
beam. However, when the excitation energy exceeds 89 keV, as the lead fluorescence
could be effectively attenuated by the tin screen (Figure 3.5), the resolution improves.
This improvement, however, decreases as the excitation energy continues increasing, and
becomes negligible at 1300 keV.

As a conclusion of this part, even considering only spatial resolution, it is difficult also to
choose the best screen configuration because the behavior respectively at low to medium
and high energies is not the same, and both should be considered for our typical industrial
case.

3.5.2.2 The energy absorption distribution along z (EAD,) and its centroid
(FADC)

Now we would like to investigate the energy deposition with respect to the IP depth (z
direction).

Figure 3.10(a) is a 2D visual image of energy absorption (in a color scale) as a function
of excitation energy in abscissa, while the IP depth is represented in the vertical direction,
with the front side at z = 0 and the rear side at z = 150 um. First of all, it is very clear
that absorption is better in the low energy range (red color is only near 0 keV), and most
of the energy is deposited towards the front side of IP.

In order to have a better visualization of the influence of z direction, Figure 3.10(b) shows
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Figure 3.10: (a) 2D visual of absorption versus IP depth and excitation energy and (b)
the EAD, at 20, 40, 100 and 1000 keV. 0 um is the front side of IP and 150 um the rear

side.
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Figure 3.11: The EADC versus excitation energy for different detector configurations.

the profile of energy deposition along z, EAD,, at 20, 40, 100 and 1000 keV. We see that
when excitation energy is small, the deposited energy is mostly near the front surface of IP,
while with the increase of the excitation energy, the distribution is more and more towards
the rear surface. The dropping at the boundaries is probably due to particle escaping.

In order to facilitate the comparison, we plot the centroid £ ADC versus excitation energy

in Figure 3.11. In our case, the centroid value is between 0 and 150 yum, where 0 um means
that all energy is deposited at the front surface of IP, and 150 um the rear surface. When
viewing the response of I P alone, at low energies, the energy is preferentially deposited on
the front side, and with the increase of excitation energy, the energy tends to be deposited
towards the rear side so that the centroid value increases.
When comparing screens (blue and green curves) with I P alone, we see that the centroid
is shifted towards the front side to a different extent. Similarly to the absorption efficiency
and sharpness measurements, it is also observed a sudden change due to the K-absorptions
of fluorine, brome and barium in the red curve, and lead in the green curve. When
comparing both screens, a small decrease of the centroid is observed with only the lead
screen, which must be elucidated. It must be noted that the centroid investigation is
important because the laser readout process is usually done from the front side of the IP
and limited to a small depth. Thus, if we show that the centroid is lower, there is an
interest for a best readout process.

As an attempt to elucidate the decrease in the centroid distribution with lead, in Figure
3.12(a), we study separately the centroid obtained for the photon and electron beams: the
photon beam EADC curve overlaps the EADC curve of IP alone, whereas the electron
beam FADC is closer to the front surface, and it increases with excitation energy. Here
we see that the electron beam is mostly responsible for shifting the deposited energy
towards the front side, but the degree of the shift depends on the fraction of the deposited
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Figure 3.12: (a) The photon (dotted yellow plot) and electron (solid yellow plot) beam
EADCs for IP + 0.2Pb, as well as the total EADC for IP + 0.2Pb (solid green plot) and
IPalone (solid blue plot), and (b) the fgipep varying as a function of excitation energy
for IP + 0.2Pb.
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Figure 3.13: The ratio of useful over notuseful signal.

energy which is due to electron beam. Thus, in Figure 3.12(b) we plot the fraction of
the deposited energy due to the electron beam (fgipep): the fripep also increases with
excitation energy and at energies over 400 keV, more than half of the deposited energy
comes from the electrons emerging from the lead screen. Thus, when comparing lead
screen with I P alone, at low energies, even though the electron beam centroid is very
close to zero, as the fraction of deposited energy is small, no obvious shift is observed;
with the increase of excitation energy, the centroid shift could be observed, and the optimal
centroid is at around 300 keV, an energy for which the electron beam centroid is still small
and the fraction of deposited energy is important.

3.6 Results: industrial case optimization

According to the detailed analysis in the previous part, we find that both the two detector
configurations with metallic screens could increase the useful signal weight in the final
image since they could effectively increase the absorption efficiency at high energies and
eliminate the influence of low energy signal, especially I P 4+ 0.2Pb0.85n which has better
filtering effect at low energies. While limiting the blurring introduced by not use ful sig-
nal, the screens also degrade the spatial resolution, therefore, a suitable detector should
provide good useful to not useful signal ratio without losing much spatial resolution.

In Figure 3.13 we show the useful over notuseful signal ratio: the ratio is greatly im-
proved with IP + 0.2Pb0.8Sn. In Figure 3.14 we see that the MTF with IP + 0.2Pb (
Figure 3.14(a)) and with I P+ 0.2Pb0.8Sn (Figure 3.14(b)) are nearly the same. Compar-
ing the spatial frequency at 20% MTF, IP + 0.2Pb0.85n (1.621p/mm) is a little better
than IP+0.2Pb (1.451p/mm). Hence I P+ 0.2Pb0.8Sn is overall better for our industrial
case.
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Figure 3.14: MTFs of the deposited energy image due to different signals for: (a) IP +
0.2Pb and (b) IP + 0.2Pb0.85n.

Page 58

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0128/these.pdf
© [M. Yao], [2014], INSA de Lyon, tous droits réservés



CHAPTER 3. SIMULATION, METHOD AND PHYSICAL PHENOMENA COMPREHENSION

3.7 Discussion

Through the IP response characterization and a detailed analysis on the spectral and spa-
tial responses, we optimized an inspection case. I P + 0.2Pb0.85n is the overall preferable
detector configuration since it increases the most the high energy useful signal weight
without losing too much the energy absorption efficiency and spatial resolution.

From the performed study, we find that the metallic screens could: enhance the high
energy signal and filter the low energy signal, degrade spatial resolution (the fluorescence
of the screens is crucial), and shift the deposited energy toward the front surface of IP.
The electron beam is mostly responsible for shifting the energy deposition distribution,
and the degree of the shift depends on both the fraction and the centroid of the deposited
energy due to electron produced by the metallic screens.

3.8 Conclusion

In this paper, we presented a Monte Carlo simulation tool for investigating the physical
phenomena involved in the energy deposition process in IP. This tool allows different case
studies on understanding the experimental observations and optimizing the image quality
and choose the best IP/screen combination. This tool also provides the evaluation of the
spectra transmitted along the different elements so that the fluorescence and scattered
radiation production could be monitored as well as the influence of the protective layer of
the IP.

As a future work, a comparison between experimental and simulation results of the
detector performance (i.e. spectral and spatial response) will be of great interest.

The IP response characterization results obtained by this simulation tool will be applied
to our future work on CR imaging chain modeling and optimization.

3.9 Experimental characterization of detector response

In the previous sections, we have characterized the response of several detector configura-
tions with our Monte Carlo tool. This section presents some of our experimental results.
The measurements were carried out at ESRF (European Synchrotron Radiation Facility)
in Grenoble, France. The synchrotron radiation provides us quasi-monoenergetic X-ray
beams. With the synchrotron source (Beamline ID15A), we have measured the response
of several detector configuration at energies 35, 40, 50, 75, 100, 150, 200, 400 and 600
keV. We intended to measure the absorption efficiency, MTF and the intensifying effects
of metallic screens at these energies. However, due to the unexpected problems we have
met, only the screens’ intensification is exploitable and is compared with the simulation
results in this section.

3.9.1 Experimental set-up

A schema of the experimental set-up is presented in Figure 3.15. The radiation passes
through, in order, a monochromator (not drawn in the figure), Diode 1, collimator slit,
tungsten (W) edge, cassette and Diode 2. The two diodes monitor the photon flux. The
W edge blocks half part of the beam, so that the spatial response can be measured. In
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Figure 3.15: Experimental set-up for the detector response characterization.
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Figure 3.16: An X-ray image example. The 4 vertical white lines correspond to the exposed
zones.

the cassette, the IP was put in contact with 11 metallic screens of different materials and
thicknesses (right part in Figure 3.15). The IP is divided into 12 zones by the screens; the
one without screen is considered as the reference zone.

As the size of the synchrotron X-ray beam is small (from 6 x 0.0025 mm? to 3 x 4 mm?
according to the energy employed), the cassette was fixed on a controlling motor so that it
could be moved in x and y directions and the beam could scan the whole cassette surface.
As the example shown in Figure 3.16, the 4 vertical lines correspond to the exposed zones.

3.9.2 Description of test results

We had a difficult time of processing the acquired results. As it was our fist experience
of characterizing the detector response at high energies, we have met several unexpected
problems.

e Source beam uniformity (Figure 3.17). In certain measurements, the X-ray beam
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Figure 3.18: Double-slope problem: (a) an edge profile example; (b) the MTF of the W

edge side.

is not uniform, and this might be because of the beamline setting or the upstream

equipment in the experiment room.

e Double-slope (Figure 3.18).

In some images, two slopes are observed at the W

edge side. This problem is probably due to the non-uniformity of the source beam.
Another possible reason can be the miss-adjustment of the W edge. The two slopes
are resulted from the W edge and the collimator slit. As a consequence, an upturn

shows on the MTF curve.

e Vibration (Figure 3.19). The exposed zone is not uniform which is probably due to

the mechanic vibration of the motor.

These problems make it difficult to exploit our experimental results, especially the measure
of the energy absorption efficiency and MTF. Because of the source uniformity problem,
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Figure 3.19: Vibration effect.
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Figure 3.20: Intensifying effect of a 0.25 mm lead screen. The red points correspond to
the experimental measurement; the blue curve is obtained with Monte Carlo simulation.

we cannot be sure that the reading of Diode 1 represents the photon flux incident upon the
cassette, and thus the measured EAE is not comparable with the simulation result. The
MTF we have measured is strongly affected by the double slope and vibration problems,
and moreover, it also depends on the material and thickness of the edge used. For these
reasons the MTF results are not comparable with the simulation results either. However
the above mentioned problems do not affect much the measurement of the effects of metallic
screens on the energy absorption efficiency, namely intensification, as in an image, all
the 12 zones have the save exposure condition and share the same image problem. The
intensification is a relative value between the signal measured in a zone with screen and
the reference zone.

3.9.3 Results

In this part we present several experimental results of the screens’ effect. Figure 3.20
through Figure 3.22 show the intensifying effect of three different screens (0.25 mm lead,
0.05 mm tungsten and 0.25 mm silver). The experimental and simulation results are com-
pared in these figures: the simulation data are overall in accordance with the experimental
data except at 600 keV. At this energy, the image is strongly affected by the secondary
beam emerging from the W edge and the back scattered radiation (the back side of the IP
was not shielded), and this point should not be taken into consideration. Different screens
start to intensify the signal (i.e. value above 1) at different energy. Among these three
screens, the lead and silver screens start to intensify at around 150 keV, and the tungsten
screen at 100 keV.
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Figure 3.21: Intensifying effect of a 0.05 mm tungsten screen. The red points correspond
to the experimental measurement; the blue curve is obtained with Monte Carlo simulation.
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Figure 3.22: Intensifying effect of a 0.25 mm silver screen. The red points correspond to
the experimental measurement; the blue curve is obtained with Monte Carlo simulation.
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3.10 Concluding remarks

We have presented in this chapter a Monte Carlo simulation tool. With this tool, we have
investigated the physical phenomena such as the effects of secondary radiation emerging
from a thick object, the effects of metallic screens as well as the influence of fluorescence
and electron produced by a metallic screen. An experiment, intended to characterize the
response of several detector configurations, has been performed. Only the intensification
effect is compared with the simulation results. Due to the unexpected problems we have
met in the experiment, it is difficult to exploit the absorption efficiency and MTF. We
are still working on the result interpretation. From another point of view, it proves the
importance of computational simulation. It can provide solutions which are difficult or
impossible to obtain experimentally, provided that the code is validated.

The investigation presented in this chapter concerns only the physical phenomena tak-
ing place during CR exposure. As the CR optical readout process also has importance
influence on the final image, we need a model for the complete CR imaging chain com-
prehension. For this reason, the thesis develops a complete CR simulation approach. The
next two chapters present step by step the simulation of a CR image formation, where the
Monte Carlo tool developed in this chapter will be applied.
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Chapter 4

Modeling of CR exposure, latent
image generation and detector
dose response

”There were doors all round the hall,

but they were all locked; and when
Alice had been all the way down one
side and up the other, trying every
door, she walked sadly down the

middle, wondering how she was ever to

get out again.”

Alice in Wonderland
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Figure 4.1: Subject of the chapter: from the object spectral image to the 3D latent mage.

4.1 Introduction

The X-ray image propagation in a CR imaging chain is carried out through three main
steps: 1) X-ray source attenuation by an object resulting in a transmitted image; 2) X-
ray energy deposition resulting in latent image; and 3) optical readout outputting digital
image. This chapter deals with the first two steps in the imaging chain (Figure 4.1).

One can simulate these two steps using a full MC code such as the one we presented in
the previous chapter. In the industrial radiography context, the specimens (e.g. welding,
pipeline etc) are often of a great thickness or a complex structure, and high energy radiation
sources are usually required. Hence the simulation using a full MC code is extremely time
consuming because of the small number of photons absorbed in the detector. However, if
we only simulate the transmitted X-ray fluence (i.e. object image), the MC running time
can be greatly reduced, because a relatively small number of photons need to be launched
to achieve a good SNR level.! Thus, if we adopt a two steps approach, the first step can be
either simulated by a MC code or a deterministic approach. The latter one will of course
be quicker.

With this in mind, we propose to simulate the X-ray exposure in two steps. According
to needs, one can choose a deterministic or Monte Carlo code for object image simulation
(first step). It will depend on the simulation method chosen for counting for the scattering
or the fluorescence. The second step is modeled as an operator H1 as presented in Fig-
ure 4.2(a), which requires an object image Obj(E,z,y) and a detector model as inputs.
The detector model is a set of point spread functions for different incident X-ray energies

!As the SNR of a MC simulation result is the square-root of photon quanta. Suppose that there are
N photons transmitted from the object, with a full MC code, the detector absorption efficiency (EAE)
has to be accounted, then the absorbed photon quanta is N - EAE. The SNR becomes v N - FAE. To
achieve SNR = /N, 1/EAFE times more photons need to be simulated, hence 1/FAFE times running
time is needed. Note that EAE is very small (< 1072) at high energies (see Figure 3.7(a) in the previous
chapter).
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CHAPTER 4. MODELING OF CR EXPOSURE, LATENT IMAGE GENERATION AND
DETECTOR DOSE RESPONSE
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Limg(x,y,2)

Detector model
PSFei(EX,Y,2)

(a) (b)

Figure 4.2: (a) Latent image generation model: the X-ray/detector interaction is modeled
as an operation H1, which requires a spectral X-ray image and a detector model as inputs.
b) Example of detector model: impulse response of detector det to an incident pencil
beam of energy F; (3D energy absorption efficiency map). The complete response of the
detector is the set of all point spread functions obtained for all energies.

(Figure 4.2(b)). The latent image Limg(z,y, z) is obtained with the following formula:
Limg(z,y, z) = H1(Obj, PSFi)

:gsc/ [E Obj(Ewr?y) *PSFdet(E,x,y,Z)] dE
E (4.1)

= gSC/ [E : // Obj(E,u,v) - PSFjet(E,x —u,y — v, z)dudv | dE
E u,v

where

e HI1 represents the latent image generation model which is a 2D spatial convolution
(along x and y), at a given depth z, integrated over all energies, and finally multiplied
by a conversion factor gs. (see below);

e g, is the absorbed X-ray energy to storage center conversion efficiency (unit: keV~1);

e Obj or Obj(FE,x,y) is the spectral object image, namely the number of photons per
unit surface per energy channel (unit: cm=2 - keV~!);

o PSFy or PSFy(E, x,y,z) is the detector model, which is in fact a set of point
spread functions (unit: cm™3) for all energies;

e F is the X-ray photon energy (unit: keV);

e the term [, [E J[,, Obi(E,u,v) - PSFyet(E,x — u,y — v, z)dudv] dFE represents the

deposited energy distribution (unit: keV - cm™2), which is converted into a storage
center distribution (i.e. latent image) by multiplying by gse.
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4.2. SIMULATION METHOD

The output of this step is a 3D latent image (storage center distribution function). The
PSFy; records the energy-dependence and the unsharpness of a detector. The energy
dependence requires the object image containing the energy information (i.e. being a
spectral image).

With the previous imaging plate performance investigation, we see that metallic screens
can filter low energy signal and intensify high energy signal. At high energies, the electrons
produced by the metallic screen play an important role on intensifying the IP energy
absorption and modifying the absorbed energy distribution. Therefore, our Monte Carlo
tool (detailed in Chapter 3) was applied in our detector model generation to account for
different effects (e.g. electrons, metallic screens and scattering etc.) within CR detector
(IP alone or with screens). Though the generation takes long time, once the model is
obtained, it is stored in our detector database, and no MC rerunning is needed.

This chapter is going to present, step by step, the latent image generation: the object
image (Obj) simulation, the detector model (PSFy.;) preparation and the latent image
computation based on Obj and PSFj. To illustrate the use of our model, a case study
is presented in the result section, where the latent images obtained with different detector
configurations are compared. A comparison with a full Monte Carlo simulation is presented
in Section 4.4. After a conclusion on the modeling and case studies, we present our detector
database at the end of the chapter.

4.2 Simulation method

The application of this two-step model is based on the following assumptions.

e The application of this model is based on the linear system theory (CR detector
is a linear system), so that the operator H1 can be applied to obtain the detector
response to any object image Obj.

e The electrons emerging from the object are neglected. The number of electrons
emerging from a high attenuation object is small, comparing with the photons.
Moreover, before arriving at the detector, a great part of electrons are absorbed
by air and the cassette?. Be aware that the electrons produced by metallic screens
and IP are not neglected, and are taken into account with Monte Carlo simulations
(Section 4.2.2) in the detector model.

e Normal incidence of radiation on the detector. In reality, the transmitted X-ray
photons arrive at the CR detector with a certain incident angle. To simplify the
calculation, we assume all photons enter perpendicularly to the detector.

4.2.1 Object image generation

The detector response model requires that the object image should contain the spectral
information. In this way, we can account for a detector’s energy-dependence property. In
order to store the three-dimensional spectral object imageObj(E, z,y) numerically, one
have to sample the transmitted X-ray fluence with discrete pixels in XY plane and energy

21P is often handled with a cassette.
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(a) (b)

Figure 4.3: Spectral object image generation: (a) example of geometric set-up using VXI;
(b) illustration of a spectral image.

channels. The simulation can be conducted either with Monte Carlo or deterministic
codes. If possible, a deterministic code should be prefered at this stage in order to save
time while considering complex geometries.

To generate Obj(E, x,y) (with any simulation method), a virtual detector is used and
placed at the actual detector plane. This virtual detector is divided into Nx x Ny pixels
to record the spatial distribution of the incident photons. Each pixel counts the incident
photon number, and tallied the photons into different energy channels (with a channel
width Fipeme keV). The direct output of this virtual detector is the photon number per
energy channel per pixel, and the Obj(E, z,y) should be the output value divided by the
pixel surface. Figure 4.3(a) is an example of the object image generation: (a) is a geometry
set-up generated using VXI (Duvauchelle et al., 2000; Freud et al., 2004), a virtual detector
(in green) is placed at the actual detector plane; and Figure 4.3(b) is the spectral image
Obj(E, x,y) detected by the virtual detector.

4.2.2 Detector dose response model generation

Our detector dose response model PSFy.:(F, x,y, z) was generated using the Monte Carlo
tool developed in the previous chapter. As the model PSFy; is a 4D function, the genera-
tion starts by simulating the impulse response (3D PSF) of a fixed detector configuration
det to a fixed energy F;; secondly by scanning all energies, we get the complete response
model (at all energies) of the fixed detector det; thirdly, we change the detector configura-
tion, and repeat the first two steps, and then we finally get the detector model database.
Though the preparation of the detector model takes very long time?, once the model is
stored, one does not need to rerun the MC simulations.

30n a single processor, the MC running of a detector configuration takes about several days to a month,

depending on the materials and thickness of the imaging plate and metallic screens.
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Metallic screens

Metallic screens

(a) (b)

Figure 4.4: Impulse response of a detector (a) Geometry configuration and (b) 3D energy
deposition map DEP(z,y, z): the arrow indicates the beam propagation direction which
is also the IP depth direction.

4.2.2.1 Point Spread Function

The detector considered in this study is of a multiple-layered structure, where the imaging
plate can be sandwiched between metallic screens. The imaging plate also consists of
multiple layers such as overcoat and phosphor layer. The phosphor layer is the effective
medium which stores the latent image, and will be later readout by CR scanner. Hence the
PSF here is a 3D energy absorption efficiency (EAE) map within the IP’s phosphor layer.
As shown in Figure 4.4(a), we send a monoenergetic pencil beam (E;) to strike the detector
det. The raw output (DEP(x,y, z)) of the simulation is illustrated in Figure 4.4(b), which
is the deposited energy map (absorbed energy per unit volume keV - cm™3) within the
phosphor layer. The PSF is obtained with

DEP(z,y, z
PSFdet,Ei(xayvz) = ]V(Ey)a
i i

(4.2)
where NN; is the number of the incident photons. As a Monte Carlo calculation contains
statistical noise, the incident photon number should be as large as possible to limit this
noise. The impulse response is of cylinder symmetry around z-axis, hence we also apply
a radial averaging to the PSF to reduce the noise (Figure 4.5); and the PSF is reduced a
2D function

fo% PSFyet, g (pcost, psinb, z) pdf

21 )

PSFyet,,(p,2) =
WAVED 00

(4.3)

where p is the radius, and 6 is the angle between p and z-axis.

In such a way, the storage space can be saved. The storage digits can be further reduced
by applying an analytic fitting function to each 1D profile (as illustrated in Figure 4.5(b))
at different z. In order to apply Equation 4.1, we reconstruct the PSFye; g, (x,y, z) (Fig-
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(a) (b)

Figure 4.5: Illustration of (a) PSF(z,y,z;) and PSF(p,z;). Owing to the cylinder sym-
metry, the two dimensional image at z; can be reduced into a 1 dimension profile varying
with radius.

ure 4.6(b))by rotating PSFy. g, (p, z) around z-axis.

4.2.2.2 Detector model

The second step of detector response model generation is to repeat the previous opera-
tions (i.e. impulse response simulation and radial averaging) by scanning all energies (see
Figure 4.7). Energies (ranging from FE,,;,, to Epq,) are sampled to excite the detector det.
After the radial averaging operation, we have a set of PSFy.; ,;, and all these PSF's make
up the response model of detector det. In order to cover the energy range of common
NDT radiation sources (such as Ir192 and Co60), Fy,;, is assigned 0 keV, and E,;,q, 1400
keV.

In order to complete the detector model, we repeat the processes illustrated in Fig-
ure 4.7 for different detector configurations. As a first step, we have det cover all the
metallic screens/film combinations proposed in the standards EN14784-2 and ISO17636-2
(see Section 4.5).

4.2.3 Latent image computation

The latent image generation involves the energy deposition and storage center formation.
Only portion of the deposited energy is stored in the form of storage center. As yet, the
storage center forming mechanism is not clearly understood; moreover, it is different from
one to another material. Therefore, the latent image (storage center) formation process
is simply modeled as a conversion factor gs. (unit: keV~!). In the review of Rowlands,
the absorbed X-ray energy to storage center ratio is 2.4/keV; while in (Thoms, 1996a),
a different ratio 7.98/keV is reported. We have chosen to assign the normalized value 1
keV~! to Jsc-

For the sake of clarity, we repeat here the Equation 4.1 already detailed before Limg(z,y, z) =
gse [ [E - Obj(E,x,y) * PSFyet(E, x,y, z)]dE. Numerically, this equation is realized en-
ergy by energy. For each energy channel, we compute the storage center distribution at
different z; by summing the latent images obtained for all energy channels, we get the
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(a) (b)

Figure 4.6: Illustration of a PSF before (a) and after (b) noise reduction by radial aver-
aging.

N
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Figure 4.7: Generating the detector dose response function of a fixed detector det.
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final output latent image. The corresponding computation algorithm is:

Initialize the latent image array Limg(z,y,z) = 0.

for each energy channel: E; < 0 to E,,., do

for each IP depth: z; < 0 to d do
Compute the latent image at depth z; given by photons of energy FE;
ALimg(x,y) = gsc - [0bjp,(x,y) * PSFg, ., (z,y)];
Accumulate ALimg(z,y) to the corresponding depth slice z; in latent image
array
Limg(x,vy, z;) = Limg(x,y, z;) + ALimg(z,y).

end

end

Note that the numerical convolution requires the pixel size matching between Obj and
PSFy.;. With an analytic fitting function, one can easily match the PSF with the Obj
array. As yet, we have not found suitable fitting functions. In this thesis, the sampling
match is achieved by means of interpolation.

The algorithm output is a 3D latent image. We keep the information along detector
depth (z) direction, because the latent image is read by a scanning laser, the laser power
modifies the penetration of the laser light, thus the storage centers in depth have less
contribution to the readout image. With this in mind, we chose to keep the information
along z.

4.3 Result: complex imaging set-up simulation

With the modeling method explained above, a complex object imaging case has been
studied. The model has been applied to simulate the responses of different detector con-
figurations to the same geometric set-up as illustrated in Figure 4.3(a). We have chosen
the deterministic code VXI for the object image simulation, as it is almost impossible to
simulate such a complex set-up with a MC code. The MC simulation of a simple object, in
the next section (4.4), takes already 64 hours. For a complex shape object, as shown in this
case study, the MC running time will take extremely long time, because the geometrical
operations take a great fraction of simulation time (Gavalda et al., 2009).

The complex shape object with a step-hole type image quality indicator (IQI) was
exposed to a monochromatic (100 keV) point source. The virtual detector was set 70 x
70 mm? with a spatial resolution of 10 x 10 um?. The photon energy was stored into
energy channels ranging from 0 to 100 keV, with a channel width of 1 keV.

The detector was modeled as an imaging plate sandwiched between metallic screens.
The imaging plate was set as a multiple-layered structure which comprised of , in sequence,
a 6 pm protective layer, a 150 pm phosphor layer , a 254 pm support layer and a 25.4 ym
backing layer. The materials of these layers are respectively Mylar for the protective and
support layers, BaF Br : Eu?T for the phosphor layer and poly-carbonate for the backing
layer.

The responses of the following detector configurations were compared: a) IP alone; b)
IP with 0.2 mm lead screens on both sides (denoted as IP+0.2Pb) and c) IP with 0.2 mm
lead and 0.8 mm tin screens on both sides, where the tin screens are in contact with IP
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Figure 4.8: Object image obtained with VXI. The gray scale bar indicates the total trans-
mitted energy per pixel.

(denoted as IP40.2Pb0.8Sn). The sampling size of the detector dose response models is
10 x 10 pm? in XY plane, and 1.5 gm in z-direction, which matches the object image
sampling.

We first simulated the object spectral image Obj(FE,x,y) in the detector plane with
VXI. In order to have a 2D illustration Objap(x,y) (Figure 4.8), we have integrated the
object spectral image over its energy axis

Objap () = [ B Obi(E. 2. )dE. (1.4)
E

We then compute the latent images by applying the three detector models. In order
to gain a good visibility of the detectors’ effect, we only present the zone where the IQI
is placed in Figure 4.9. Owing to the detectors’ response, we lose the signal level and the
resolution. With the three detectors, the smallest hole can still be identified; however, the
sharpness of IP4-0.2Pb is not as good as IP alone and IP+0.2Pb0.8Sn. In order to compare
the image sharpness, we have normalized the four images to their maximum value, and
plot in Figure 4.10 the normalized profiles along AB (see Figure 4.8). The sharpness of IP
alone is very close to the object image 'Objap’, except a small contrast loss at high spatial
frequency (difference at sharp edge). With IP40.2Pb, the image sharpness is the worst.

Figure 4.11 illustrates the energy absorption efficiency (total absorbed energy over total
incident energy) of the three detectors in Figure 4.9. Overall (taking into account both
efficiency and sharpness), I Palone provides the best image quality for this measurement
case. Note that this case study is done for a low energy (100 keV), and thus cannot be
generalized.
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Figure 4.9: Comparison of the latent images using different detectors in the IQI region
extracted from Figure 4.8: (a) is the object image Objap obtained with an ideal detector;
(b) is the latent image detected by IP alone; (c) is the latent image detected by IP with
lead screens; and (d) is the latent image detected by IP with lead and tin screens. The
gray level in the figures represents the number of storage centers.
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Figure 4.10: Normalized profiles along AB. The latent images and the object image are
normalized by their maximum values.
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Figure 4.11: Absorption efficiency of different detectors.
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Figure 4.12: Geometric set-up of the comparison simulation. The object is a two-step
iron piece. The detector is a 2 mm X 2 mm imaging plate. The beam aperture was set
2/300 rad.

Figure 4.13 presents the object profiles across the iron steps. All profiles have been
normalized by their mean signal value. The black one is the object profile. The profile
obtained by H1 (blue) agrees perfectly with that obtained with the statistical MC result
(magenta).

4.4 Comparison with a full Monte Carlo simulation

Monte Carlo method is commonly considered as a reference for the radiation transport
simulation. As a first step to validate our model, we have chosen a very simple imaging
set-up to compare the results of our convolution-based model H1 with a full Monte Carlo
simulation.

We have simulated the imaging set-up as presented in Figure 4.12 with the two meth-
ods. The source used is a fixed energy cone beam, with the energy being 100 keV and
the beam aperture being 2/300 rad; the object is a two-step (10 and 11 mm) iron piece;
and the detector is set as IPalone of 2 mm x 2 mm. The full Monte Carlo simulation
running takes about 64 hours, with the number of incident photons being 10%; while with
the convolution-based model H1, it takes about 1 hour.

4.5 Detector dose response model database

With the computation method presented in Section 4.2.2, we have generated a detector
model database. So far, there are in total 128 detector models: 64 for a high resolution
IP (IP-HR), and 64 for a high sensitivity IP (IP-HS). The detector structure is illustrated
in Figure 4.14. FS2 and FS3 represent the metallic screens placed in front of IP; BS5 and
BS6 are the screens behind IP. We list the 64 IP-HR configurations in Figure 4.15. Most of
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Figure 4.13: Comparison of the simulation result with a full Monte Carlo code and with
our convolution model H1. For the latter, the Obj is simulated using the deterministic
code VXI without accounting for scattering.

the screens combinations are those required by the standards EN14784-2 and ISO17636-2.

In order to gain the storage space, we store the reduced-dimension model PSFy;(E, p, 2)
in the database. As an illustration, we present several detector models in Figures 4.16,
4.17, 4.18 and 4.19. The models are presented by means of FAFE and fyrpeo (explained
in Section 3.3.2) versus excitation energy curves.

4.6 Conclusion

In this chapter we have presented our X-ray exposure simulation approach. The latent

image is generated in two successive steps: 1) simulation of the transmitted object image

and 2) computation of a 3D latent image. For the former, different techniques can be

applied, deterministic or Monte Carlo; for the latter, the latent image is obtained by

applying the detector response model to the spectral object image (via operation H1).
The interests of this two-step approach are:

e Case where MC techniques are applied in the first step

— The simulation time can be reduced with respect to a full MC code: indeed,
to obtain a same SNR level, the full MC simulation (source-object-detector)
takes a lot more (> hundreds of times) running time than a source-object MC
simulation at high energies, because of the detector’s poor absorption efficiency

(<1%).
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Figure 4.14: Detector structure adopted for the detector model database generation.

— Quicker decision on the optimal detector configuration. No MC rerunning is
needed for obtaining the latent images of different detector configurations. With
a full MC simulation, one needs to rerun the MC code for each detector config-
uration. With the convolution model, one single source-object MC simulation
is needed; by applying H1, one can obtain rapidly the latent images of different
detector configurations, and determine the optimal detector configuration.

e Case where deterministic techniques are applied in the first step

— The simulation image can be obtained even more rapidly (with or without
simulating scattering effect).

— A complex object can be handled easily, while for MC simulation codes, complex
geometries have a prohibitive computational cost.

The comparison with the full MC simulation, of a simple geometric set-up, has been
performed. The result shows a good accordance. A MC comparison of a complex imaging
set-up (a step-wedge associated with a wire type IQI) is still in progress. As such a
simulation (for obtaining a 3D image) is highly time-consuming, after months of MC
running?, the simulated image is still with a lot of noise. From another point of view, it
proves the utility of our approach.

The convolution-based model H1, is based on the use of the off-line detector response
models. For future simulations, we have created a detector response model database,
which includes all the IP /screens combinations recommended in the current international
standards.

As a perspective of this chapter’s work, analytic fitting functions can be applied to
the detector models, so that the database storage can be greatly reduced. Instead of
an array, a PSF can be represented by several analytic function parameters. Moreover,
analytic functions eliminate the array interpolation for the sampling matching between
object image and detector model P.SFy;.

4The running time corresponds to the simulation using a single processor. The simulation time can be
reduced with parallel computing, but a large amount of data will be produced.
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Front screens IP-HR Back Screens
No. — comment
FS3 FS2 FS1(PL) Sensitive Layer BS1(RL/AL) BS2(SL) |BS4 BS5
No ~|Fs3 |~ |Fs2 |~ |rs1(PL) |~ |sensitive Layer |~ |BS1(RL/AI~|BS2(SL) |~ |BSa |~ [Bss 2 [~
1 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 EN & ISO & ESRF
2 Pb0.1 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Pb0.1 EN
3 Pb 0.2 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Pb 0.2 EN
4 Pb 0.25 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Pb 0.25 EN & ESRF
5 Pb0.3 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 Pb 0.3 EN
6 Pb 0.4 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Pb 0.4 EN
7|Pb 1.5 Fe 0.5 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 Fe 0.5 Pb 1.0 EN
8|Pb 2.0 Fe 0.5 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Fe 0.5 Pb 1.0 EN
9 Pb0.1 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 I1SO
10 Pb0.2 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 1SO
11 Pb 0.25 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 I1SO
12 Pb 0.3 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 I1SO
13 Pb 0.4 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 1SO
14/Pb 1.5 Fe 0.5 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 1SO
15|Pb 2.0 Fe 0.5 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 1SO
16 Fe 0.8 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 1SO
17 Cu0.8 PMMA 0.005 |Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 1SO
18 Fe 0.6 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 1SO
19 Cu 0.6 PMMA 0.005 | Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 1SO
20 Fe 0.3 PMMA 0.005 | Ba0.93Sr0.07F1.05Br( PVC 0.01 PET 180 1SO
21 Cu0.3 PMMA 0.005 | Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 1SO
22 Fe 0.8 PMMA 0.005 | Ba0.93Sr0.07F1.05Br( PVC 0.01 PET 180 Fe 0.8 Hybrid ISO EN
23 Cu0.8 PMMA 0.005 | Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Cu0.8 Hybrid ISO EN
24 Fe 0.6 PMMA 0.005 | Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Fe 0.6 Hybrid ISO EN
25 Cu 0.6 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Cu 0.6 Hybrid ISO EN
26 Fe 0.3 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Fe 0.3 Hybrid ISO EN
27 Cu0.3 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Cu0.3 Hybrid ISO EN
28 Pb 0.05 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 ESRF
29 Ag 0.25 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 ESRF
30 Ag 0.05 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 ESRF
31 Wo0.2 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 ESRF
32 W 0.05 PMMA 0.005 |Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 ESRF
33 Ta 0.2 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 ESRF
34 Mo 0.2 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 ESRF
35 Mo 0.05 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 ESRF
36 Sn 0.25 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 ESRF
37 Sn 0.05 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 ESRF
38 Sn 0.8 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 Sn 0.8 other
39(Sn 0.8 Cu0.1 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 Cu0.1 Sn 0.8 other
40 Fe 0.7 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 optional ISO
41 Cu0.7 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 optional ISO
42 Fe 0.5 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 optional ISO
43 Cu 0.5 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 optional ISO
44 Fe 0.4 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 optional ISO
45 Cu0.4 PMMA 0.005 | Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 optional ISO
46 Fe 0.7 PMMA 0.005 |Ba0.935r0.07F1.05Br({ PV C 0.01 PET 180 Fe 0.7 optional Hybrid 1ISO EN
47 Cu0.7 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PV C 0.01 PET 180 |[CuO0.7 optional Hybrid ISO EN
48 Fe 0.5 PMMA 0.005 | Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Fe 0.5 optional Hybrid 1ISO EN
49 Cu 0.5 PMMA 0.005 | Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Cu0.5 optional Hybrid ISO EN
50 Fe 0.4 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Fe 0.4 optional Hybrid ISO EN
51 Cu0.4 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Cu0.4 optional Hybrid ISO EN
52 Pb 0.45 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Sn 0.8 APP
53|Pb 0.2 Sn 0.8 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Sn 0.8 APP
54|Pb 0.2 Ta 0.5 PMMA 0.005 |Ba0.93Sr0.07F1.05Br(PVC 0.01 PET 180 Sn 0.8 APP
55/Pb 0.2 W0.2 PMMA 0.005 |Ba0.93Sr0.07F1.05Br{ PVC 0.01 PET 180 Sn 0.8 APP
56 Pb 0.6 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Pb 0.6 other
57 Pb 0.8 PMMA 0.005 | Ba0.935r0.07F1.05Br( PVC 0.01 PET 180 Pb 0.8 other
58 Pb 1.0 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Pb 1.0 other
59 Pb1.2 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 Pb1.2 other
60 Pb 1.5 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Pb 1.5 other
61 Fe 1.0 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 Fe 1.0 other
62 Fe 1.5 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Fe 1.5 other
63 Cul.0 PMMA 0.005 | Ba0.935r0.07F1.05Br{ PVC 0.01 PET 180 Culo other
64 Cul5 PMMA 0.005 | Ba0.935r0.07F1.05Br(PVC 0.01 PET 180 Cul5 other

Figure 4.15: List of detector models.
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CHAPTER 4. MODELING OF CR EXPOSURE, LATENT IMAGE GENERATION AND
DETECTOR DOSE RESPONSE
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Figure 4.16: Energy absorption efficiency (EAE) versus excitation energy for the detector
models of IP-HS with lead screens. With the presented screens, the intensification effects
starts at around 150 keV; with the increase of screens’ thickness, this starting energy
slightly increases. The filtering of low energies greatly depends on the thickness of lead.
For the smallest thickness, the L-line fluorescence is visible.
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Figure 4.17: farrroo versus excitation energy for the detector models of IP-HS with lead
screens. The presence of the screens causes spatial resolution loss, especially at the energies
where lead’s fluorescence yields.
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4.6. CONCLUSION
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Figure 4.18: Energy absorption efficiency (EAE) versus excitation energy for the detector
models of IP-HS with iron screens. The intensification starts at around 180 keV, and the
starting energy increase slightly with the increase of screen thickness. The filtering of low
energy depends on the thickness.
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Figure 4.19: fyrrroo versus excitation energy for the detector models of IP-HS with iron
screens. The spatial resolution is almost independent of the iron screens’ thickness. At
high energies, the spatial resolution is strongly degraded by the iron screens.
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Chapter 5

Optical readout simulation

”Only a few find the way, some don’t
recognize it when they do - some...
don’t ever want to.”

Alice in Wonderland
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5.1. INTRODUCTION

5.1 Introduction

The previous chapter has presented the X-ray latent image generation, while this chapter
is going to focus on the digital image generation process (Figure 5.1). This process is
split into two sub-steps: optical readout (laser stimulation and photo-stimulated lumi-
nescence emission), and the collection and amplification of the emitted photo-stimulated
luminescence (PSL). The latter is simply modeled as a multiplicative factor without further
blurring the output image.

Readout is a crucial process that affects the final image quality (e.g. efficiency, contrast
and spatial resolution). Figure 5.2(a) shows the basic principle of flying spot CR readout:
via a rotating mirror, the finely focused stimulating laser beam scans horizontally the
imaging plate (IP); together with a continuous translation of IP, the stored information
can be released line by line through the whole imaging plate. This scanning process is
usually called raster scan (or raster scanning). Figure 5.2(b) shows the diagram of the
raster scan of IP. The slight angle between the readout line and the scan direction is due
to the simultaneous laser scanning and plate translation (AAPM Task Group 10, 2006)*.
The value of this angle is related to the velocity in the scan and sub-scan direction, which
is not accounted in our simulation work.

The imaging plate has a multiple-layered structure which basically consists of a pro-
tective layer, a photostimulable phosphor (PSP) layer (the phosphor grains are embedded
in polymer binder) and a support layer. Sometimes, a reflective or a absorbing layer is
added between PSP layer and support layer. Concerning the optical readout simulation,
we are only interested in the PSP layer and the two layers in contact with it. The reason
is that the optical photons are much less energetic comparing with X- or y-rays, thus the
effects of the ’outer layers’ can be neglected. Therefore in this chapter, we simulate the
light transport problem in a three-layered structure (see Figure 5.3): top layer (the layer
on top of PSP layer, e.g. protective layer), PSP layer and bottom layer (the one under
the PSP layer, e.g., reflective layer or support layer). The top and bottom layers are
considered to be clear media where the laser light travels in a straight line; while the PSP
layer is modeled as granular layer where the scattering effect is pronounced.

When we use a laser to perpendicularly strike the imaging plate (see Figure 5.3), the
laser beam first passes through the top layer without changing direction or beam size,
but due to the the refractive index difference of the air, the top layer and the PSP layer,
multiple-reflection will take place, and the laser light partially arrives the PSP layer;
then in PSP layer, the transmitted beam diffuses along its traveling path due to the
absorption, reflection and scattering effects; at the interfaces top-PSP and PSP-bottom,
the absorption, reflection or diffuse reflection might take place depending on the interface
condition (will be discussed in section 5.2). Part of the laser photons within the PSP
layer can interact with the storage centers? and results in the PSL. The emitted PSL also
experiences the effects as the laser photon. A fraction of the emitted light can escape from
the front surface of the imaging plate and be detected resulting in digital signal. According

' AAPM: The American Association of Physicists in Medicine is a scientific, educational, and professional
organization of Medical Physicists.

2Storage center. The storage center is in fact the trapped electron. After the X-ray exposure, a portion
of the excited electrons in the phosphor material are ’trapped’ forming ’color centers’ (also known as
F-centers) in the crystal lattice. The distribution of the storage centers is the latent image.
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CHAPTER 5. OPTICAL READOUT SIMULATION
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Figure 5.1: Subject of the chapter: from the 3D latent image to the 2D digital image.

to (Thoms, 1996a) and (Fasbender et al., 2003), the detected signal Dimg(zm,yn) at
(T, yn)? can be given as:

Dimg(xm, yn) = /P(z)dz // ngé’"_l(ac, y,2) {1l —exp[—0 - I(x — Tm, Y — Yn, 2) * tscan) } dzdy,
z T,y

(5.1)
where
o nI" Mz, y,2) (unit: cm3) is the storage center distribution map right before the
laser beam arrives at (z,,yn),* and the very initial map n.(z,y, z) is the latent
image Limg(z,y, z) (see Figure 5.1),

e I(x,y,z) is the laser light intensity® function (unit: photons - cm=2-s™1),

e P(z) is the probability that a photon (emitted at z) could escape from the front
surface of 1P,

e o is the optical cross section of photo-stimulation (unit: cm?),
® lscan is the dwell time of laser spot at (2, y,) (unit: s).

The light intensity function can be rewritten as the product of the laser power Pgser
(unit: photons-s~!) and the laser distribution function f(x,%,2)% (unit: cm=2), thus
Equation 5.1 can be represented as the following form

3(#m,yn) is the current laser spot location, and m and n are the pixel coordinates.
4The laser scanning is a destructive reading process, which is to say that the storage center map

nTv" "z, y, 2) is modified by laser: it is changed while laser spot moves from one position to another. For

this reason, we emphasize that n7™ *(z, y, z) here is the storage center distribution right before the laser
beam arrives at (ZTm,Yn)-

5The light intensity here refers to the radiometric quantity ’irradiance’, which has unit watts per
meter squared. For the convenience of computation, this quantity is normalized and of unit photons per
centimeter squared per second in this chapter.

5The f(x,y, 2) is the normalized laser light intensity function I(z,y, 2) by the laser power Piaser-
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Figure 5.2:  (a)Optical readout principle. (inspired from wikibook:  http:
//en.wikibooks.org/wiki/Basic_Physics_of_Nuclear_Medicine/Dual-Energy_
Absorptiometry) and (b) Diagram of the raster scan of IP (AAPM Task Group 10,
2006). The output image is constructed by a number of discrete pixels. The location of
the pixel (m,n) is (Zy,, Yn)-
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CHAPTER 5. OPTICAL READOUT SIMULATION
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Figure 5.3: Optical effect within imaging plate. A three-layered structure is considered:
a top layer, a PSP layer and a bottom layer, where the top and bottom layer are clear
media, and the PSP layer is granular. The laser beam (red) strikes perpendicularly the
front side of IP; it first passes through the top layer without expanding the beam size; in
the PSP layer, the laser light diffuses along its traveling path; at the interfaces, top-PSP
and PSP-bottom, the laser photons might be absorbed or reflected. Part of the storage
centers within the red volume will be stimulated by laser photon resulting in PSL (blue
arrows), which also suffers multiple scattering effect; only a fraction of the emitted PSL
could reach the front surface and be detected contributing to the final image.

Dimg(xm,, yn) = H2(Limg, f, scanning parameters)

= /P(Z)dz // nqs‘r(z;,n—l(x, Y, Z) {1 — eXp [_U : f(x —Tm,Y — Yn, Z) : Plasertscan]} dl’dy,
z z,y
(5.2)

where the operator H2 models the readout process, which requires a latent image, a laser
distribution function and scanning parameters (i.e. laser power and dwell time) as inputs.
The output signal Dimg(zy,,y,) has a great deal with the laser distribution f(z,y,z),
and the scanning parameters Py, and tseqn. We summarize the possible parameters that
could affect the laser distribution and scanning in the following. These parameters are
also listed in Table 5.1, some are the inputs of our simulation.

e Laser distribution f(x,y,z). It depends on the optical properties of the imaging
plate and the laser properties.

— The optical properties of the phosphor layer:

* [P thickness.

* Grain size.

x Packing factor.

* Refraction index of phosphor material.

* Refraction index of binder.

* Dye: high absorption for laser photon, high transparency for the emitted
light.

— Boundary conditions.
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5.1. INTRODUCTION

* The roughness of the interface between layers (top layer or the mentioned
additional layers).

x Additional layer for reflection or absorption purpose. Sometime reflective
(or absorbing) layer is added between the phosphor layer and support layer
in order to increase the detection efficiency (or spatial resolution).

— The laser properties:

x Laser spot size. Laser spot size determines the upper limit of the spatial
resolution.

x Spectrum. The phosphor response to the light is energy dependent.
e Scanning.

— Laser power.

— Scanning velocity and dwell time. A slow scanning velocity results in long dwell
time

— Pixel size (sampling frequency) determines the scanning speed and dwell time.

Table 5.1: Optical parameters of the imaging plate and the laser scanning.

Parameters symbol §1mulat10n user-accessible?
input?
thickness d yes no
grain size (diameter)* D no no
PSP layer packing factor* Jpacking no no
refraction index of
phosphor* it ho 1o
refraction index of
binder* Nbinder no no
absorption coefficient Loy yes no
scattering coefficient s yes no
Anisotropic factor G yes no
top refraction - ves o
layer index P
Boundary roughness rough or ves o
smooth
bottom | refraction index NBIL yes no
layer rough or
Y roughness smioth yes no
Laser power Poser yes yes
Scanning scanning velocity Vscan yes yes
pixel size Lyl yes yes
dwell time** tscan yes yes

* These parameters are represented by the absorption, scatter and anisotropic factors.
** The dwell time is obtained using tscan = lpai/Vscan
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CHAPTER 5. OPTICAL READOUT SIMULATION

The work of this chapter is based on Equation 5.2. In order to obtain the final output
Dimg(xy,, yn), one needs first the storage center map ngé’"_l(x, Y, 2), and the very initial
map before the scanning process is the 3D latent image (the Limg(z,y, z) in Figure 5.1).
Secondly one needs to know the laser distribution function f(z,y, z) within the PSP layer;
the generation of this function will be presented in the next section, where a Monte Carlo
(MC) simulation tool (programmed in MATLAB) has been developed to simulate laser
propagation in IP. Thirdly, the term n?ﬁ’nil(:c, y,z2){l —exp|—o - f(x — Tm,Y — Yn, 2) - Plasertscan]}
models the laser scanning process including the photostimulation effect via the sigma term.
Finally the term P(z) allows one to take into account the detection probability of an emit-
ted photon at z, i.e. the probability that an emitted photon could escape from the top
layer and thus be detected. These last two steps have been modeled with another Matlab
tool which is discussed in section 5.3.

Note that as a CR system user, one cannot much change the optical property of
the imaging plate, or laser property. However, the scanning parameters can be adjusted
so that one can optimize the output image quality. In Section 5.3, the scanning effect
associated with a discussion on the determination of the cut-off density is presented.
Before concluding this chapter, some simulation examples are presented.

5.2 Laser light propagation in imaging plate

In this part, we intend to obtain the laser distribution function f(x,y, z) in Equation 5.2.
The Monte Carlo method has been adopted for simulating the laser light transport within
the imaging plate. The reason of choosing this method is that the Monte Carlo simulation
is the most accurate way to approach the realistic solution of the multiple scattering
problem. In analytic methods, the final solution is based on the assumption that light is
scattered isotropically or forwardly, however, for solving light scattering problem within
IP, neither is suitable. Therefore, MC method is adopted.

A lot of reported Monte Carlo modeling works (Zhu and Liu, 2013; Prahl et al., 1989;
Wang et al., 1995; Fasbender et al., 2003; De Mul, 2003; Atif et al., 2011) use the char-
acteristic factors absorption coefficient, the scattering coefficient (us) and the anisotropy
factor (G)7, which are experimentally measurable. By using Mie theory, the above three
factors can be determined based on the grain size, the internal complex refractive index
of the IP phosphor and binder. In the works of Liaparinos et al. (Liaparinos et al., 2006),
this theory has been adopted. In this thesis, we use directly pq, s and G, their values
being either measured or obtained via Mie theory. In our case, the values have been found
in the literature (Thoms, 1996a; Fasbender et al., 2003).

Our program has adopted the photon/medium interaction model commonly used in
MC modeling of light transport in tissues (Zhu and Liu, 2013): absorption and scattering
are the two events that a photon might undergo during its propagation in a medium, where
the scattering event does not change the photon energy, but only the movement direction
(see Figure 5.4). In order to improve the simulation efficiency, the statistical weight (W),
namely photon packet weight, is introduced. This packet weight W represents a statistical
probability. In order to understand this concept, let’s consider a simulation tool where

"The anisotropy factor reflects the deflection angle # distribution of the scattered photon; it is the
expectation value of cosf.

Page 89

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0128/these.pdf
© [M. Yao], [2014], INSA de Lyon, tous droits réservés



5.2. LASER LIGHT PROPAGATION IN IMAGING PLATE

photon packet W

interaction
N centers

Figure 5.4: Diagram of a random walk of packets in medium. When a photon packet
arrives at an interaction center, it will be partially absorbed by the interaction center, and
the remaining packet W’ will be scattered and continues traveling until next event.

the photons are considered individually: when a photon arrives at the interaction site, it
will either be absorbed or scattered, thus a lot of photons need to be launched to obtain a
statistical result. With packet weight concept, all the photons are considered as a group
(or packet), and a fraction of the weight will be absorbed according to the absorption
probability, and the remaining packet will continue propagating in the medium. In such
a way, the simulation efficiency can be improved. The packet weight is commonly used in
a number of MC codes.

There exists Monte Carlo codes such as '"MCML’ (Wang et al., 1995) for simulating
the light transport within multiple layered tissues, however, the output does not provide
directly the laser distribution function f(x,y, z), which has to be estimated based on the
absorbed energy distribution. Hence we have decided to develop our own MC simulation
tool for our application of laser transport problem in the imaging plate. Our simulation
code has been programmed using MATLAB; it follows the steps of general Monte Carlo
simulation of light propagation in turbid medium (Zhu and Liu, 2013); several treatments
such as the boundary and the storage of the laser intensity function are specific for the IP
simulation. The main program proceeds the following steps:

i Set the initial state of the incident photon packet, that is to assign values to the
following variables: the position (z,y, z), the movement direction (u,v,w), and the
photon packet weight W (see in Section 5.2.1).

ii Compute the traveling distance S (detailed in Section 5.2.2).

iii Check if the photon packet hits a boundary (detailed in Section 5.2.3).
If the packet hits a boundary: move it to the boundary; if experience an internal
reflection event (see Section 5.2.4), update the movement direction (u, v, w) and packet
weight W, then go to step i, otherwise, go to step vii;

iv. Move the photon to the interaction site (see in Section 5.2.5).
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v Update the light intensity array I(x,y,z), assign W to all array elements that the
packet passes through along S; Compute the absorption at the interaction site (see
Section 5.2.6), then update W and the absorption array A(zx,y, z).

vi Check the packet weight.
If the packet weight is greater than the threshold We,®, compute the scattering event
(see Section 5.2.7), and then go to step i to compute the distance to the next event;
otherwise, go to step vii.

vii Check if the packet is the last one. If yes, end the program; if not, go to step 7, to
launch a new photon packet.

5.2.1 Initialization

This step reads all the inputs and initializes the system accordingly. In Table 5.2, we list
all the input variables needed in our Monte Carlo simulation of laser propagation in IP.
The simulation is based on a Cartesian coordinate system (Figure 5.5); after reading the
inputs, the code will initialize the location of each IP layer, the incident position of the
photon packet (z,y, z), the movement direction (ug, vo,wp) and the photon packet weight
W. The variables u, v and w are respectively the projected photon movement direction
along x, y and z axes. The default value of direction vector (ug,vo,wp) is (0,0,1), which
indicates a normal incidence. The following two subsections will detail the initialization
of the incident position (z,y, z) and the packet weight W.

5.2.1.1 Initial incident point

The initial photon packet coordinates are sampled according to the input ’laser profile’.
The laser profile is commonly assumed to be Gaussian, and its corresponding probability
density function is given by (Fasbender et al., 2003)

2
T T
PLaserProfile(T) = w5 €Xp <— ) ; (5.3)
aserrole ‘/g%luss 2‘/92(111/55

where 7 is the radius, and Vg%wss is the Gaussian profile variance. The cumulative distri-

bution function of laser profile is (Fasbender et al., 2003)

7,2
PLaserProfile(T) =1- exp <_2‘/2> . (54)

gauss

The radius r is sampled by applying the inverse-transform method (Cashwell and Everett,

1959) to the equation 5.4:
r= vaauss V _2ln(1 - Rr)’ (55)

8Waps. A small value should be assigned to Wyps to assure a good accuracy; while in order to have a
good simulation efficiency, W15 should have a relative great value. In our simulation, a value smaller than
the laser absorption of PSP has been assigned to Waps.
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Laser

y Top PSP  Bottom
layer  layer layer

A

o] d =)

Figure 5.5: Diagram of the coordinate system. In the simulation, a Cartesian coordinate
system is used to track the photon packet. Each layer of the IP is limited by its lower
(e.g. the plane x = XTI ) and upper (e.g. the plane z = X/, ) boundaries along x, y and
z axes. The laser beam incidents perpendicularly to the IP surface (XY plane). The red
circle represents the laser spot: the laser beam exhibits cylindrical symmetry and has a
Gaussian profile. The unit vector d= (u,v,w) represents the photon movement direction;

f and ¢ are the polar and azimuthal angles of the unit vector.
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Table 5.2: Table of inputs: MC simulation of laser transport in imaging plate.

Input variable Symbols
1. Desired packet number Nyesire
Laser 2. Laser prOﬁle PLaser Profile
3. Initial photon movement direction (ug, vo, wo)
4. Initial photon packet weight W%
Top layer 5. Dimension of the top layer ( Xiins Ximaas Vinins
Yn{axv er;un’ ZTZI;ax)
6. Refractive index of the top layer Niop
7. Dimension of the PSP layer (Xins Ximazs Yimin:
Ynlfaxv Zn];n’ Zrﬁax)
PSP layer 8. Absorption coefficient Lo
9. Scattering coefficient Ihs
10. Anisotropic factor G
11. Refractive index of the binder Npinder
12. Dimension of the bottom layer (X,ﬁm, X o YW%”’
Bottom layer B B B
Ymaw? Zmin’ Zma:v)
13. Refractive index of the bottom layer || nportom
Boundary 14. Top-PSP interface rough or smooth
(interface) 15. PSP-bottom interface rough or smooth
Storage 16. Pixel number in x, y and z direction. || (Npxl,, Npxl,, Npzl,)

where R, is a random number? between 0 and 1, and we can simplify this formula as

r= V;]auss _2ln(R7”)

As the laser beam is cylinder symmetric, the incident packet position (x,y) is obtained
with

(5.6)

x=r-cos(a) and y =1 - sin(a), (5.7)

where « is the angle between 7 and x-axis (Figure 5.5), and is a random number between
0 and 27. As the multiple-scattering takes place in the PSP layer, by default, the value
of Zf;m is assigned to z to force the photon starts the scattering history from the front
surface (the one facing the laser beam) of the PSP layer. As a result, the initial value of
the packet weight is the transmittance of the top layer which is calculated next.

9In this chapter, all the random numbers are sampled uniformly in the corresponding intervals.
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5.2. LASER LIGHT PROPAGATION IN IMAGING PLATE

5.2.1.2 Multiple reflection and packet weight

When a photon packet enters IP, owing to the refractive index mismatch of the air, the top
layer and the PSP layer, the photon packet experiences multiple reflection. A part of the
packet (transmitted photon) enters the PSP layer. The initial packet weight is obtained
by

W=1- Freflectzmcea (58)

where Ficfiectance 15 the specular reflectance (Wang et al., 1995) of the top layer. The
F'reflectcmce is given by

1-— al 2&2
Freflectcmce =a;+ ( 1 )
— aia
with
o — (1 — ngop)? (5.9)
(1 + ntop)2
and ay = (nbinder - ntop)2’

(nbinder + ntop)2

where a1 and ao are respectively the Fresnel reflectances at the front and back surfaces of
top layer.

5.2.2 Sampling of the travel distance S

Figure 5.4 illustrates the random walk of a photon packet. After traveling a certain
distance S, the packet interacts with the PSP; part of the packet weight is absorbed
locally at the interaction center; the rest of the packet is scattered with a certain angle.

The probability, that a photon undergoes an interaction after traveling a distance S,
is:

P(S) =1 —exp (—(ka + ps)S) = 1 — exp(—45) (5.10)

where P is between 0 and 1, and y is the interaction coefficient (the sum of p, and pg ).
To compute the traveling distance, the inverse-transform method (Cashwell and Everett,
1959) is used:
S = -t - Ry (5.11)
Ht
where R, is a random number between 0 and 1, and thus the equation 5.11 could be

simplified as:
1
S =——In(Rs) (5.12)
Mt

5.2.3 Distance to the boundaries

In this step, the distances between the current photon position and all the boundaries
(along its movement direction) are computed (see Figure 5.6). Let’s consider a photon
packet which is scattered at point C; and with a new movement direction (u,v,w). To
calculate its travel path lengths to the boundaries, we suppose it propagates freely in
its new direction; then it will crosses one or more boundaries. As the example shows in
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X=Xﬁ1ax

'
y=YRax

Z=Z%ax

Figure 5.6: Distance to boundary. The transparent box represents the PSP layer. A
photon packet is scattered at point C with its new movement direction. Suppose this
packet travels freely in this direction, then it will cross one or more boundaries. In the
example shown here: it crosses first the plane z = ZI'  at point Cy, and then it crosses
y=YPFE atCs and x = XF . at Cy.

Figure 5.6, the lengths of C1Cs, C1C5 and C1Cy are the distances to the boundaries in z,
y and x directions that we want to calculate. We name the corresponding lengths d., d,

and d, in the following.
The distance to the boundaries along z direction is given by the following equation:

(ZF .. —2)/w, if w>0.
(ZP. —2)/w, ifw<D0.

min

d. = C,Cy = { (5.13)

where ZE. and ZF . are respectively the lower and upper limits along z direction of the

PSP layer.
The distances to the other boundaries are:

min

(VB = L VIR, w0
oS {V (XE— 2P [+ PNV, fu<o, Y
VI — )2 [L+ (u/0)2]/VT—w?, ifv>0;
Iy = 1G5 = {\/(YP — )21+ (u/v)2] VI —w?, ifv<0; (5.15)

where X and X[ are respectively the lower and upper limits along x direction of the

PSP layer, and P and Y,F  along y direction.

min
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5.2. LASER LIGHT PROPAGATION IN IMAGING PLATE

Diffuse Reflection

Figure 5.7: Diffuse reflection. When a light beam arrives at a rough surface, it will be
deflected in many angles.

If any of the above distances is smaller than the traveling length S, the photon packet
will hit a boundary, and we assign the value of the corresponding distance to S. For
example, if the photon packet hits the surface z = Z£  then S = d,.

max’

5.2.4 Internal reflection

The following events might take place when the photon packet hits a boundary.

e Absorption. If the photon packet hits the boundary between the current layer and
an absorption layer, there is no internal reflection. If the second layer is not an
absorption layer, the internal reflection will take place.

e Internal reflection.

— Specular reflection. If the photon packet hits a smooth interface, a fraction of
the packet might be reflected.

— Diffuse reflection (see Figure 5.7). Diffuse reflection takes place when a light
beam strikes a rough surface. The light is deflected in many angles.

5.2.4.1 Specular reflection: Fresnel Equations

Specular reflection happens when the surface of a boundary interface is smooth.

Suppose a light beam travels from medium 1 (of a reflective index n1) to medium 2
(of a reflective index ng) with an incident angle 61, due to the reflective index difference,
part of the beam is reflected with a reflected angle equals to incident angle; the other
part of the beam is refracted with an angle 65. We use Fresnel equations to calculate the
reflectance (Born and Wolf, 2002). The reflectance for s-polarized light (perpendicular to
the plane of incidence) is

ny1cost; — nycosbs 2

R = 5.16
nicosfy + nocosts ( )
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The reflectance for p-polarized light (parallel to the plane of incidence) is

R o_ ny1costy — nocosty 2 (5.17)
P Inqcoshy + nocosh; '

In our case, the photon packet experiences multiple scattering before arriving a boundary,
therefore, it is considered unpolarized, and we have

R;+ R
R— st (5.18)
2
Then the photon weight is updated by
W =R-W (5.19)
and the new movement direction is
(', v, w') = (u,v, —w) (5.20)

A special case of the specular reflection is the total internal reflection. It happens when
a light beam strikes a higher-to-lower-refractive-index interface (n; > n2) with an incident

angle above the critical angle (i.e. 6. = arcsin (Z—f)) In this case, we have Ry = R, = 1,
thus the incident beam is 100% reflected.

5.2.4.2 Diffuse reflection

The diffuse reflection happens when light hits a rough surface. The incident beam is
reflected in many angles (see Figure 5.7). The deflection angle is generated using the
following formula:

¢ = 27TR¢> and 0 = 7['R9/2, (5.21)

where Ry and Ry are two independent random numbers between 0 and 1. Then the new
movement direction can be calculated by (Cashwell and Everett, 1959; Wang et al., 1995)

u' = sinf (vwecosgp — vsing) /\/ 1 — w? + ucosd
v' = sinf (vweosg + using) /1 — w? + vcosd (5.22)
w' = —sinfcospy/1 — w? 4+ wcosh

5.2.5 Move photon to the interaction site

The photon packet is moved by a distance S along its movement direction (u,v,w). New
values are assigned to the packet coordinates (x,y, 2):

Tz + Sy
y<y + S-v; (5.23)
z+ 2z + S w.
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5.2. LASER LIGHT PROPAGATION IN IMAGING PLATE

Meanwhile the current packet weight W is also accumulated in each voxel of I(x,y, z) that
it passes through.

5.2.6 Absorption at the interaction site

Once the traveling distance S is determined, the packet will be moved to the interaction
site, and a fraction of the photon weight, p./p:, will be deposited locally. The photon
packet weight becomes:

w'=w - Lo, (5.24)
et

The photon weight ’;T‘ZW is accumulated in the voxel of A(x,y,z).

5.2.7 Scattering event

The packet is deflected from the interaction site by the angles 6 and ¢ in spherical coor-
dinates. The azimuth angle ¢, which is uniformly distributed over 0 to 2, is sampled:

¢ = 27 Ry, (5.25)

where Ry is a random number between 0 and 1. The angle 6, on the other hand, does not
always follow a uniform distribution. The Henyey-Green function is the most popularly
adopted to describe the deflection angle distribution (Zhu and Liu, 2013)

1-G?
HG(9) = 5.26
(©) 47(1 + G2 — 2Gcosh)?/2 (5:26)
where G is the anisotropy factor which has a value between -1 and 1. G = —1 indicates

backward scattering; G = 0 indicates isotropic scattering and G = 1 indicates forward-
directed scattering. From equation 5.26, the probability density function of 6 can be
obtained as

(5.27)

P(G)_lGQ[ 1 1 ]
- 2G |[V1+ G2 —2Gcosf G+1

By applying the inverse-transform method to equation 5.27, the formula of deflection angle
sampling is expressed as

o 1+ G?— [(1-G*)/(1 -G +2Ry)]
= arccos 2G

(5.28)

where Ry is a random number between 0 and 1. The new movement direction is obtained
using Equation 5.22 and then assigned to (u, v, w).

5.2.8 Summary of the Monte Carlo simulation procedure

Until here, all the treatments of the photon-IP interactions in our code have been pre-
sented. We summarize the simulation process in the flowchart illustrated in Figure 5.8.
The step i to step vii will be repeated until the last packet is completely absorbed by the
system or escapes from the system; then the program ends and outputs the photon inten-
sity array I(z,y, z) and the absorption array A(z,y,z). For the use later in the scanning
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process, the intensity array I(x,y, z) is normalized by the total launched packet number
Nyesire, and we have the photon distribution function f(z,y, z).1°

5.2.9 Data fitting and examples

With the simulation procedure described above, we have studied the effect of different
optical parameters on the laser distribution f(z,y,z). Curve fitting has been applied to
the raw output of the simulation, so that the image noise could be reduced and storage
space can be saved.

5.2.9.1 Data fitting

The main purpose of employing data fitting is for overcoming the sampling problem. In
order to numerically implement Eq. 5.2, the latent image Limg(z, y, z) and the IP response
to laser light f(z,y, z) should be of the same sampling rate. Therefore, in order to adapt
the sampling rate (sampling step) of the latent image, one needs to either interpolate the
obtained laser distribution function f(x,y, z) or fit it with appropriate fitting functions.
Moreover the storage of the fitting function is computationally smaller than the storage
of the raw array.

After comparing different fitting functions, the Lorentz-Gaussian Cross Product
(Eq. 5.29 ) has been selected as good fitting function for the laser distribution profiles.
Figure 5.9 shows the simulation result of light distribution in a high sensitivity imaging
plate phosphor layer. The raw image was sampled with a spatial resolution of 1 x 1 x
1.5 um?, and the radial averaging (Equation 4.3) has also been applied to the function
f(z,y, z) before data fitting. In Figure 5.10, we plot the fitting curves at several depths
(z): 0, 50, 100 and 150 pm (with z = 0 pm the front side of the phosphor layer and
z = 150 pm the rear side).

ao
2 . 2
1+as (%) exp [(1 —az)y (%fl) ]
with ap = amplitude (5.29)

y:

a1 = center
ay = width(>0)
ag = shape(0 < az <1)

The correlation between the raw profile and the fitting curve is estimated using the

10\ onte Carlo is a probabilistic method, and thus its results contains statistical noise, which can be
reduced by increasing the packet number Ngesire. The value of Ngesire here also reflects the laser power.
As we want the laser power to be an independent input parameter of our optical readout model H2, the
intensity array is normalized by Ngesire-
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Figure 5.8: Flowchart of the main Monte Carlo program for simulating photon transport

within imaging plate.
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Figure 5.9: Laser distribution function f(z,y, z) in a high sensitivity imaging plate phos-
phor layer.(Not yet normalized)
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Figure 5.10: Fitting curves at: (a) Z = 0 pm, (b) Z = 50 pm, (c) Z = 100 pm and (d)
Z =150 pm.
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Figure 5.11: Correlation coefficient.

correlation coefficient Rpeqrson (also known as Pearson’s coefficient)

SSres
= 1 —
RPearson SStot
with
St =3 (i — 1) (5:30)

SSres = Z(yz - fz)2

7

The value of Rpegrson = 1 signifies that the fitting curve overlaps perfectly the original
profile, while 0 indicates that there is no correlation. Figure 5.11 plots the correlation
coefficient versus IP depth. We see that all the Rpegrson values are very close to 1,
meaning that the chosen function fits very well.

In Figure 5.12, we plot the FWHM (full width at half maximum) versus IP depth z.
Along the light propagation, the laser spot size increases. The light profile has been fitted
in XY plane at each z.

5.2.9.2 Study on the effect of different parameters

In order to compare the effects of different parameters (i.e. absorption coefficient, scatter-
ing coefficient, anisotropic factor and thickness), we have studied the following cases:

e Case 1: pg =4 x107% pm™t, py = 1/7 pm™', G = 0.37, d = 200 pm;

e Case 2: g =4x 1073 pm™!, s =1/7 pm=1, G = 0.37, d = 200 pm;
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Figure 5.12: FWHM versus z.

e Case 3: jio =4 x107% pm™!, py = 1/0.07 pum~1;G = 0.37;d = 200 pm;
o Case 4: jio =4 x107% pm™!, py = 1/7 pm™', G = 0.9, d = 200 pm;
o Case 5: g =4 x 107 pm™!, py = 1/7 pm~!, G = 0.37, d = 50 pm.

Case 1 is considered as a reference case, for which the parameter values are found in the
work (Fasbender et al., 2003). In the cases 2-5, we have changed one single parameter of
the reference case, and keep the other parameters identical. The corresponding simulation
results are illustrated in Figure 5.13. All the images have been normalized to the same
gray level for the convenience of comparing the scattering region. In the following we are
going to compare each case with the reference.

e Case 1 VS. Case 2 (Figure 5.13(a) VS. Figure 5.13(b)). In Case 2, we have increased
the absorption coefficient by 100 times (from 4 x 107° ym~! to 4 x 1072 pm™!), and
the scattering region becomes smaller. The reason is that with higher absorption
coefficient, the travel length of the laser photon becomes smaller, and the laser
photons are limited within a smaller region. The same conclusion has been drawn
in (Fasbender et al., 2003). Figure 5.14 shows their simulation results: the left image
corresponds to our case 1 and the right the case 2.1

e Case 1 VS. Case 3 (Figure 5.13(a) VS. Figure 5.13(c)). In Case 3, the scattering
coefficient has been increased by 100 times (from 0.143 pm~! to 14.3 um~!). It
shows that a high scattering coefficient results in a small scattering region because

1 Our results are not exactly identical to Fasbender’s results, because their simulation parameters has
not been all detailed in their paper such as the anitropy factor and the treatment of the boundaries; but
still same effect can be observed when changing the absorption coefficient.
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Figure 5.13: Comparison of the effects of different parameters: (a) Case 1: reference; (b)
Case 2: high absorption coefficient; (c¢) Case 3: high scattering coefficient; (d) Case 4:
high forward scattering; and (e) Case 5: thin PSP layer.
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Figure 5.14: Simulated scattering profiles of the laser photons when varying the optical
absorption coefficient. (a) 0.4 cm~! and (b) 40 cm~! (Fasbender et al., 2003).

multiple scattering concentrates the photons in a small region. This effect is very
similar than changing the absorption coefficient. As the scattering coefficient in
these examples is much greater than the absorption coefficient, by increasing it 100
times, the scattering coefficient has a more significant influence; the laser beam is
limited to the region closer to the front surface.

e Case 1 VS. Case 4 (Figure 5.13(a) VS. Figure 5.13(d)). In Case 4, the anisotropic
factor G has been increased from 0.37 to 0.9. The value 0 indicates that the laser
photon is scattered isotropically; 1 indicates that the photons are deflected forwardly;
and -1 means the photons are deflected backwardly. While increasing G, the photons
can propagate more forwardly, therefore they can penetrate deeper in the material.

e Case 1 VS. Case 5 (Figure 5.13(a) VS. Figure 5.13(e)). Comparing Case 1 and Case
5, we find that a small thickness leads a small scattering region. While we increase
the IP thickness, the extra thickness plays a roles of a reflector and results in a larger
scattering area.

Similar comparison can also be found in the work of Thoms: the laser beam spreading is
increased if the scattering length (inverse of the scattering coefficient, ps) and thickness
are increased; but it is reduced if the absorption coefficient is increased (Thoms, 1996a).

As another illustration, we then show the laser distribution profile along radius and
depth of different cases ( see Figure 5.15)

e Profile along radius (Figure 5.15(a)). The global profile along radius is obtained by
summing the profiles in Figure 5.13 over z; then each global profile is normalized by
its maximum. We see that the profiles width becomes smaller while decreasing the
PSP thickness or increasing of uq, ps and G.

e Profile along depth z (Figure 5.15(b)). The global profile along depth is obtained by
summing the profiles in Figure 5.13 over radius; then each global profile is normalized
by its maximum. With great absorption or scattering coefficient, the profiles decrease
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5.2. LASER LIGHT PROPAGATION IN IMAGING PLATE
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Figure 5.15: Comparison of laser light distribution along radius and depth z. (a) The
normalized global profiles along radius: the global profiles along radius are obtained by
summing the profiles in Figure 5.13 over z-axis, and then normalized by their maximums.
(b) The normalized profiles along z: the global profiles along z are obtained by summing
the profiles in Figure 5.13 over radius, and then normalized by their maximums.
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CHAPTER 5. OPTICAL READOUT SIMULATION

Relative photon quantity (arbitraty unit)

0 I

Casel Case2 Case3 Cased4 Caseb

Figure 5.16: Relative photon quantity within different IP configurations. The photon
quantity is the total photon number within the PSP volume. A great photon quantity
means a great chance to interact with storage center and thus a good reading efficiency.

fast in z-direction. A small fraction of the laser can arrive the rear side. With a
greater G (close to 1), more laser photons reach the rear side. The medium with a
G close to 1 scatters the photon forwardly, namely the laser is more penetrating in
such a medium and more storage centers close to the rear side can be released.

Overall the PSP with G close to 1 can maintain the laser profile width with respect to
the reference, so that a good sharpness is assured; meanwhile, as the laser is scattered
forwardly, more photons can reach the depth and resulting in a good reading efficiency.
From the above comparison we see that a material of great pq, s and G can maintain a
narrow laser profile in order to assure a good sharpness.

We have also calculated the photon quantity within the PSP volume for the five cases,
and the relative photon quantities are shown in Figure 5.16. Increasing the absorption,
scattering and anisotropy factor causes a photon quantity reduction; hence less laser pho-
tons interact with storage centers and therefore lower reading efficiency. In Case 5, the
reduction of the PSP layer thickness also results in a poor efficiency. Here we see that we
loose sharpness when we gain reading efficiency and vice versa. These are two conflicting
quality factors; a trade-off should be made during the fabrication.

In the above discussion, we have talked about the influence of the characteristic factors
used in the simulation. With Mie theory we can see how intrinsic parameters of the IP
materials affect the po, ps and G. The absorption depends on the chemical compounds;
while the scattering depends on the grain/binder refractive index difference, the grain
size and shapes (Martelli et al., 2010). There are two special cases, Rayleigh scattering
and large particle scattering. Rayleigh scattering happens when the particle size is much
smaller than the photon wavelength. In this case, we can assume an isotropic scattering,
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5.3. LASER SCANNING EFFECT

ie. G =~ 0; the scattering coefficient depends on the size Dy and the grain volume
density'? T' of the grain, i.e. pug o< I'- DSS (Hahn, 2006; Martelli et al., 2010).

For large particle scattering, the particle size is much larger than the photon wave-
length. In this case, the scattering coefficient depends less on the particle size, p, oc I'- Dygs;
greater grain size leads a more forward scattering, i.e. greater G (Hahn, 2006; Martelli
et al., 2010; Bass et al., 2009).

As for the BaFBr PSP powder, the grain size (~ 5 um) is neither much smaller nor
much greater than the laser wavelength (~ 0.6 pm), thus the scattering is neither isotropic
nor forward-direct. This is the reason why we did not choose an analytic method. The
change of the grain size or the material compound can lead to an optical performance that
we want, but meanwhile, the IP’s X- or - ray response is also changed, moreover, one
cannot assure a good photostimulability of the IP. The IP material engineering is very
complicated. There are so many questions that need to be taken into consideration. Is
the dose response of the IP to the X- or 7 rays good? Is its optical performance good?
Is it photostimulable? If yes, is it stable? Does its spectrum of photostimulation match
the common solid state laser? Does its emission spectrum match the optical detection
device? Is it nontoxic? Is it expensive? At the user-end, these optical parameters are
not accessible. It lefts only the scanning parameters to adjust in order to achieve a better
efficiency or sharpness.

5.3 Laser scanning effect

The simulation of the optical scanning effect is mainly based on Equation 5.2

D’ng(l’m, yn) = fz P(Z)dz f T,y ng’gn_l(x? Y, Z) {1 — €Xp [_U ’ f((l? —Tm,Y — Yn, Z) ’ Plasertscan]} dl'dy
Another MATLAB code has been programmed to take into account the scanning param-

eters and output the final image. In the next we will explain how we get and model the

Equation 5.2: starting from the PSL emission, to the emission and detection of PSL. The

storage center map is modified by the laser, this effect is also taken into account by our

code, and will be discussed in section 5.3.3.

5.3.1 Photostimulation

The PSL generation rate depends on the laser photon intensity I(z,y, 2) (unit: photons/cm?/s),
the laser spot dwell time ¢4.q, (unit: s) and the optical cross section for photostimulation
o (unit: ¢m?). The generation rate is given by (Thoms, 1996a):

dPSL™"(x,y,z)
dt = sc
= n;@n(xv Y, Z) c0 - f((l? —Tm,Y — Yn, Z) : Plasera

(wvyvz)'o—'l(x_wmvy_ynaz) (531)

where ng.(z,y, z) is the storage center density function, and (2, y,) is the position coor-
dinate of laser spot. This generation rate is also the decreasing rate of the storage center'?,

12The grain volume density is the number of grain per unit volume.
130ne stimulated center yields one PSL photon
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CHAPTER 5. OPTICAL READOUT SIMULATION

then we have

_dng"(7,y, 2)

dt = nZZ’n(%ZJ’ Z) ©0 - f(ZL' —TmyY — Yn, Z) * Plaser- (532)

Thus the residual storage center density after scanning tseqy is

ngé’n(x7 Y, Z) = ”ﬁ’n_l(ﬂfa Y, Z) €xXp [_U ) f(li —ImyY — Yn, Z) ) ]Dlasertscan} , (533)
where ngé’"fl(x,y, z) is the storage center density before laser spot arrives at (zp,,yn).
We see that the storage center distribution is modified while the laser spot passes by. The
very initial storage center density (unit: cm™3) before the scanning process is the output
of the previous step (explained in Chapter 4) Limg(x,y, z).

It is assumed that one released storage center yields one PSL photon, and thus the PSL
emission is given by

PSL™"™(x,y,z) = ng’”_l(% y,z) —ni"(z,y, z) (5.34)
(3:, Y, Z) {1 — €Xp [_O-f(x —Tm,Y — Yn, Z) : Plasertscan]} .

_ . m,n—1
- nsc7

5.3.2 Detection of PSL

Like the laser light, the PSL also experiences multiple-scattering within IP. For a flying
spot type IP scanner, knowing the distribution of the emitted light is not of much interest,
because the emitted light is collected at the front surface by the collector (optical fiber or
waveguide). Therefore, instead of simulating the emitted light distribution, a detection
probability P(z) is used.

Assuming that a photon is emitted at z, the probability density of this photon moves
in direction (6, ¢) is: 1

p(ea b, Z) = E (535)

The probability of this photon being detected at the front surface is given by

1 2m 3 p
P(z) = — d — ¢ - — ) sinfdo
(=) 47r/0 ¢/0 P ( Ht cos@) S

e . (5.36)
_ 2/0 exp (—pu - ——) sinfdo.
The integral fog exp (—,ut 3 OZS@) sinfdf is modeled as a function gesp(2)
Gesp(2) = A1 exp (—pt - 2/A2) + As, (5.37)

where the coefficients A;, A and As are obtained using a numerical method (see Fig-
ure 5.17). We finally have

1
P(z) = igesp(z). (5.38)
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5.3. LASER SCANNING EFFECT

1.6 —=— Numerical solution
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Figure 5.17: Integral of [(* exp (—u - Z%5) sinfdf is obtained using a numerical method.
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CHAPTER 5. OPTICAL READOUT SIMULATION

5.3.3 Scanning process

In table 5.3, we list the scanning parameters: the output imaging definition is M pixels in
x-direction and N in y-direction; the pixel size is [,z X lpz cm?; the initial storage center
distribution is n%.(x,y, 2) = Limg(x,y, 2); the laser spot dwell time on each pixel is tscqn ',
which leads a scanning velocity vscan = lpai /tscan; the laser distribution function within
phosphor layer f(z,y,z); and the laser power Pjser. One should notice that the output
image definition M x N is different from the definition Npzl, x Npzl, (see Table 5.2)
used in the laser light propagation simulation previously. The scanning process can be
understood as a ’'sampling’ of the latent image Limg(z,y, z), the output imaging definition
is independent of the latent image or the laser distribution function f(z,y, 2).
With Equation 5.33 and the initial storage center distribution n%.(z,vy, 2) = Limg(z, vy, 2),

the residual storage center after reading pixel (m,n) is given by

m—2N—-1
n?gn(x’yaz) :L/ng(x7yvz) €Xp - Z Zf(x_i'lpxlvy_j'lpxlvz)
1 =0 =0 (5.39)
+ Z f(:E —k- lpmla Yy — (m - 1)lpxl7 Z)  Plasertscan U} .
k=0

The calculation is detailed in Appendix A.2. Then we have the PSL distribution

ngé_l’N(x, Y, 2) —nee (x,y,2), ifn=1.

PSL™™(x,y,z) = { o1

5.40
nse (x,y,2) —nge (r,y,2), otherwise. (5.40)

The detailed solutions can be found in Equation A.15 and A.16. Together with the escape
probability of the emission at different depth P(z), the collected signal from the front
surface is computed by

Dimg(zpm, yn) = /P(z)dz// PSL™"(z,y, z)dzdy, (5.41)
x7y

z

which is equivalent to Equation 5.2.

Table 5.3: Scanning parameters.

Image definition M x N pixels
Pixel size Lyt

Initial storage center distribution | Limg(x,y, z)
Scanning speed Uscan

Dwell time on each pixel tscan = lpal/Vscan
Laser distribution function f(z,y,z)

Laser power Paser

The final output image is computed using the following algorithm:

MFor a commercial scanner, the dwell time is about 1 s per pixel (Fasbender et al., 2003).
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5.3. LASER SCANNING EFFECT

Il-. —)
W rewyR

Figure 5.18: Effect of scanning velocity: a smaller pixel requires slower scanning velocity
and longer dwell time, which might have a counterproductive effect on the image sharp-
ness (Mango and Castro, 2009).

Initialize the digital image array Dimg(z,y) = 0.
for each line: m + 1 to M do
for each pixel: n < 1 to N do
Compute the residual storage center ng." using Eq. 5.39;
Compute the output signal of the current pixel Dimg(zp, yn) using Eq. 5.41;
end
end

As the laser distribution function f(z,y, 2) is infinitely wide (in XY plane), it is impos-
sible to operate an infinite array, therefore, one need to sample a reasonable finite region,
beyond which the influence of the laser is neglected. Hence one need to define a cut-off
intensity.

5.3.4 Cut-off intensity and laser distribution array dimension

We start by the reading rate of the storage center (Eq. 5.34). The PSL yielding rate de-
pends on the product of the dwell time and the laser intensity (or laser power). Figure 5.18
shows the effect of a dwell time: smaller pixel requires a smaller scanning velocity, which
leads a longer dwell time. This might have a counter-productive effect on the MTF. The
longer the laser stays at one point, the larger the number of laser photons which can reach
the depth of IP or affect the points in the neighborhood, and excite more storage centers.
Similarly (see Figure 5.19), with greater laser power (photons/s), more photons can reach
the depth of IP and the neighborhood.

We introduce a parameter: effective reading region. This parameter describes the
region within which, the laser could partially stimulate the storage centers; beyond which,
it is considered that the laser has no effect. In order to define this reading region, one
needs to determine first the cut-off intensity. Starting with Eq. 5.34, if the PSL yield is
less than or equal a threshold PSL™"/ it < ftn, one can consider that the laser has

no effect, where f;, is a critical value, e.g. fi, = 107°. Then we have

1- exp(—af(a:, Y, Z)Plasertscan) < fth (5.42)
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CHAPTER 5. OPTICAL READOUT SIMULATION

G

Figure 5.19: Higher laser power penetrates deeper into the phosphor layer,degrading
MTF (Mango and Castro, 2009).

and finally we get
1

z,y,2) < ——In(l — . 5.43
f( y ) U]Dlasertscan ( fth) ( )
Thus the cut-off laser intensity is
o (2., 2) L in(1~ fu) (5.44)
z,y,2) = ————In(l — . .
cutof f\L, Y, UPlasertscan th

Equation 5.44 allows the definition of the reading region [Xmin Xmaz Ymin Ymaz Zmin Zmaz)-
Figure 5.20 shows the limits R,,;, and R, which are defined using the above equation.
We thus have the lower and upper limits in XY planes:

Xmin = Ymin - Rmin and Xmax = Tmax — Rmaz (545)

At high energies, a big part of the deposited energy is close to the back side (as we have
seen in section 3.5.2.2), therefore in z direction we keep the entire PSP layer thickness, i.e.
Lmin, = ZnIZm and Zpaw = ZF

max*

5.4 Summary of optical readout modeling

In brief, the CR optical readout modeling is based on the formula

Dimg(a:m, yn) = fz P(Z)dz f z,y ngz,n(x’ Y, Z) {1 — €Xp [_U : f(LU —Tm,Y — Yn, Z) : Plasertscan]} dmdy.
The final output image depends on the optical property (f(z,y, z)) of an imaging plate and

the laser scanning history (other terms in the formula). The optical readout simulation

follows two steps.

e Laser transport simulation. This step generates the laser light distribution func-
tion f(x,y,z), which is the input required by the next step. The laser propagation
is simulated using Monte Carlo models, where the imaging plate is described by
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Figure 5.20: Determining reading region.(image not yet normalized.)

the parameters such as absorption coefficients, anisotropic factor, interface rough-
ness etc. Based on the Monte Carlo model, a Matlab tool has been programmed
which outputs a discrete laser distribution function. Data fitting has been applied to
the discrete function to reduce the statistical noise and obtain an analytic function

f($7 y7 Z)'

e Laser scanning. This step follows the laser scanning history pixel by pixel, and
outputs the final digital image Dimg(x,y). In this step, we model in detail the
laser modification of the latent image when the laser spot moves from one pixel to
another. Though in reality, the laser spot moves continuously on the imaging plate,
as a numerical simulation, the laser movement is sampled according to the scanning
pixel size.

Our model allows to simulate the effects of the following scanning parameters: pixel size,
laser scanning time (laser dwell time), laser spot size and laser power. The effects of PSL
afterglow, PSL collection, amplification and digitization are neglected.

5.5 Simulation results

The readout signal depends on the product of the laser power and dwell time, therefore,
in the following, instead of using laser power or dwell time, we simply use a reading factor
Dread t0 present different product values. Figure 5.21 shows the effect of the optical readout.
The images in the upper half are the object image Objap and the energy deposition image
in IP alone obtained in the previous chapter. Only a fraction (~ 5%) of the object image is
detected by IP. In the lower half, we show the readout images using two different reading
factors preed = 106 and preqq = 10'°. With great reading power, most of the storage
centers can be released (not all the released storage center can contribute to the final
image), however a visible shift is observed (comparing Figure 5.21(b) and 5.21(c)) in the
IP translation direction.
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Figure 5.21: Simulation result: (a) Object image Objap, (b) latent image Limg(z,y, z),
(c) readout image with preeq = 10'6 and (d) Readout image with ppeqq = 101°.
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Figure 5.23: Result: normalized profiles.
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We then plot the reading efficiency (Emn Dimg(zm, yn)/ fff%y,z Limg(x,y, z)dxdydz)
versus the reading factor (Figure 5.22). The efficiency increases slowly at low reading
factors (high laser power and/or long dwell time), then we see a significant increase between
10" and 10%; and at 10'6 the curve starts to reach its maximum. One may notice that
the maximum efficiency does not equal to one. Indeed, a high reading factor increases the
photoluminescence, but the photons are emitted isotropically and only a small fraction
can escape from the front surface of IP and contribute to the final image.

In order to compare the image sharpness, the images have been normalized by their
maximum values. In Figure 5.23, we present the profiles along the IQI (Image Quality
Indicator). The red curve is the latent image profile. The curves of the first 2 powers
overlap each other, then we lose contrast by increasing the power. Comparing the profiles,
we also see an obvious shift between the black and the red curves in the IP translation
direction during the scanning process.

Using higher laser power or longer dwell time, the reading efficiency is greater, but one
loses the spatial resolution by affecting the neighboring pixels.

5.6 Conclusion

In this chapter, the modeling and simulation of the CR optical readout process have
been discussed. Two successive steps are involved: the generation of the laser distribu-
tion function f(z,y,z) within an imaging plate and the generation of the readout image
(Dimg(x,y, z)). We have programmed two simulation tools in Matlab for laser light trans-
port in IP and laser scanning process. For the former, the Monte Carlo method has been
adopted, where the imaging plate is described by the following parameters: absorption
coefficient, scattering coefficient, anisotropic factor of the PSP layer; refractive indexes of
top layer, binder and bottom layer; the roughness of the top-PSP and PSP-bottom inter-
faces. For the laser scanning effect, we have modeled in detail the laser scanning process:
the signal readout is tracked pixel by pixel, so that the influence of the laser power and
scanning time can be accounted for. The laser modification of the latent image has also
been taken into consideration; we have developed a detailed calculation of an "up-to-date’
image (see Appendix A.2).

With our Monte Carlo tool, several case studies have been performed to investigate
the influence of PSP layer parameters. The results indicate that increasing the absorption
or scattering coefficient can limit the scattering region, and the same conclusion has also
been drawn in the works of (Thoms, 1996a; Fasbender et al., 2003). It is also found
that the increase of the anisotropic factor (meaning forward-peaked photon scattering)
can maintain a small laser size and makes more photon arrive in depth interacting with
storage centers. A better resolution can also be achieved by decreasing the PSP layer
thickness, which explains why most commercial high resolution imaging plates are thinner
than standard imaging plates.

As regards the laser scanning simulation, we propose to sample the laser distribution
function f(z,y,z) within a reasonable small region in order to facilitate the numerical
operation of the 3D laser distribution array. The array dimension is determined by a cut-off
intensity which should be small enough so that the PSL stimulated by an intensity smaller
than it can be neglected. A study of the reading factor (product of laser intensity and
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dwell time) has been performed. We find that with the increase of the reading factor, the
readout efficiency (output signal S over storage center ng. ) increases, while the sharpness
first increases then decreases. The optimal condition is at preqq = 10'°, which provides
a good reading efficiency without losing much the contrast. This tool takes into account
the influence of the scanning parameters: pixel size, laser power and scanning velocity. It
is useful for optimizing the output image.

5.7 Summary of the complete CR imaging chain simulation

The previous and this chapter present the complete CR image formation simulation
method. The simulation is completed in three steps, which are summarized as follows.

e Object image generation. Deterministic and Monte Carlo codes can be applied in
this step. The output of this step should be a spectral image Obj(F, z,y).

e Latent image generation. This step is realized by the operator H1 and the detector
response model PSFye: Limg(x,y,z) = H1(Obj, PSFye).

e Digital image generation. The image is affected by the IP’s optical response f(z,y, 2)
and scanning parameters. The final digital image is generated through Dimg(x,y, z) =
H2(Limyg, f, scanning parameters).

With this method, one can simulate the complete CR image formation, and take into
account the operating factors such as source (in the first step), detector configuration (in
the second step) and scanning parameters (in the last step). The application of H1 and
H2 requires the sampling match of Obj with PSFy.; and Limg with f. The computation
efficiency strongly depends on the array size of Obj(E,x,y), Limg(x,y, z), PSFr,y,2)
and f(x,y,z). Great accuracy requires a small sampling size, and thus a large array size,
which makes the simulation slow.

As a future step, a comparison of simulation and experimental results will be per-
formed.
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Conclusion and perspectives

”T can’t go back to yesterday because I
was a different person then.”

Alice in Wonderland

The PhD project was initiated in an industrial context of adapting the computed
radiography system to fulfill the industrial inspection requirements. The thesis revolved
around two aspects: physical phenomena investigation and a complete CR imaging chain
simulation approach. The main results are described in the following two sections.

Physical phenomena investigation

The first part of this work focused on the physical phenomena comprehension. A dedicated
Monte Carlo tool, based on PENELOPE, was developed for a fine investigation. The
usefulness of the tool was demonstrated through the optimization study of a realistic
industrial case (a 70 mm iron piece exposed to Cobalt-60), where the scattering issue
was illustrated and the response of three detector configurations was characterized. The
following understandings were achieved.

e Secondary radiation issue. The problem of image detection with IP alone was first
visualized using the tool. The images due to direct radiation (of high energy) and
secondary radiation (of relatively low energy) produced by an object were illustrated
separately. It was found that the secondary radiation is responsible for the image
unsharpness. As the detected image is mostly due to the secondary radiation (only
15.7% of the signal is from direct radiation), the global image has a poor spatial
resolution. The problem is identified: in order to improve image quality, the direct
to secondary radiation ratio (DSR) needs to be increased, namely intensification of
high energy signal and elimination of low energy signal. Here we see the importance
of detector response characterization.

e Detector characterization. We have characterized the responses of three detector
configurations, IP alone, IP with 0.2 mm lead screen, and IP with 0.2mm lead and
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0.8 mm tin screens. A detailed spectral and spatial analysis was applied to the
characterization results. We had the following remarks.

— Role of metallic screens. By comparing the three detectors’ response, it was
found that the metallic screens can effectively intensify the high energy signal,
filter low energy signal and shift the deposited energy towards the front surface
of IP. However, they also degrade the spatial resolution, especially the fluores-
cence emitted from a lead screen. The DSR and the sharpness should both be
considered while choosing screens for optimization. It turns out that the con-
figuration IP with lead and tin screens is overall preferable, since it provides the
best DSR of the three, and moreover, the tin screen can effectively attenuate
the lead fluorescence. Note that this IP/screens combination is optimal for the
case studied, and this cannot be generalized for all cases.

— Photon. High energy photons deposit their energy preferably towards the rear
side of IP, which is not favorable for optical readout because of the laser light’s
penetration.

— Electron. We found that at high energies, more than half of the deposited
energy is due to the electrons produced by the metallic screens. And these
electrons are responsible for shifting the energy deposition towards the IP’s
front surface. Electrons play an important role on the signal intensification and
signal distribution, and thus in practical experiment, one should make sure of a
good contact between metallic screen and IP, to ensure the electrons can arrive
at IP.

— Protective layer of IP. The IP’s protective layer (of 6 um) was evaluated. It was
found that this layer has a negligible influence; it does not prevent the photons
or electrons from entering the IP’s phosphor layer.

With this case study, we see that to optimize image quality, the responses of both object
and detector should be taken into consideration; a compromise of DSR and sharpness
should be made; high energy fluorescence should be eliminated from entering IP (e.g. by
adding an additional screen to filter the fluorescence).

Computed radiography modeling and simulation

This thesis developed a simulation approach which allows us to simulate the CR image
formation from X-ray exposure until optical readout. The image simulation is undertaken
through three steps: object image generation, latent image generation and final digital
image generation. The precise simulation steps are summarized as follows.

e Object image generation. According to needs, it is flexible to choose a general
purpose deterministic or a Monte Carlo code. The output of this step should be a
spectral image Obj(E, z,y).

e Latent image generation. This step is realized by the operator H1 and an off-line
detector response model PSFy.: Limg(z,y,z) = H1(Obj, PSFyet).
The detector response model was obtained by means of Monte Carlo characterization
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of the detector response at different energies. At high energies, a great part of the
energy deposition in IP’s sensitive layer is due to the scattering, fluorescence re-
absorption and electron effects. With MC method, the accurate spectral and spatial
response can be obtained. A detector model database has been created. So far, the
database consists of 128 different detector configurations including all IP/screens
combinations recommended in the current international standards (EN14784-2, 2005;
I1SO17636-2, 2013).

A case study demonstrates the use of this step. A complex shape object image was
detected with three detector configurations. By comparing the latent images, we
determined the optimal detector configuration. A comparison with full Monte Carlo
simulation shows a good accordance. Another comparison of complex imaging set-up
simulation is in progress.

e Digital image generation. The image is affected by the IP’s optical response f(z,y, z)
and scanning parameters. The digital image is generated through Dimg(x,y,z) =
H2(Limg, f, scanning parameters).

In order to study the optical response of an imaging plate, a Monte Carlo tool for
modeling laser transport in IP was developed, where the IP is described by the
parameters such as absorption, scattering and interface conditions etc. A study on
the influence of changing several parameters has been performed with the tool. The
results show that the change of these parameters affects the scattering region and
photon quantity within IP. The scattering region and photon quantity determines
respectively the image sharpness and readout efficiency. It was found that when we
gain the sharpness, we loose the efficiency and vice versa. The two are conflicting
factors, and a trade-off should be made during fabrication. For a CR user, the
IP’s optical property is not accessible, however it is possible to adjust the scanning
parameters.

As the laser raster scanning is a destructive reading process, this effect is taken into
account in the model H2, and the laser scanning is followed pixel by pixel. As a
demonstration, the latent image obtained with IP alone in the second step was read
with different reading powers (product of laser power and dwell time). The result
shows that higher laser power (or longer dwell time) leads greater readout efficiency,
but lower image contrast. Again, a compromise should be made to determine the
suitable condition.

With this method, one can simulate the complete CR image formation, and take into
account the operating factors such as source (in the first step), detector configuration (in
the second step) and scanning parameters (in the last step). The application of H1 and
H2 requires the sampling match of Obj with PSF.; and Limg with f. The computation
efficiency strongly depends on the array size of Obj(E,z,y), Limg(z,y,z), PSFz,y,2)
and f(x,y,z). Great accuracy requires a small sampling size, and thus a large array size,
which makes the simulation slow.

Along with the development of the simulation approach and physical understanding
with the simulation tools developed, two experimental measurement campaigns have also
been performed. The first one was performed at the European Synchrotron Radiation
Facility aimed to characterize IP’s response at high energies. Though some unexpected
issues make the result exploitation difficult, we have extracted the data of metallic screens’
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intensification. The simulation and experimental data overall show a good agreement. The
other measurement has been performed recently at BAM, Germany (August 21-29, 2014).
The objective of this experiment is to compare the simulation result of a complex imaging
set-up with the experimental acquired image. The comparison is still in progress.

Based on the simulation approach developed, a complete CR imaging simulation tool
is now available, with which a comprehensive study on the detector configurations and
readout parameters can be applied to optimize a given imaging application.

Perspectives

The CR simulation approach developed in the thesis and its usefulness, as well as the
physical understanding on the underlying phenomena were presented in the previous parts,
while in this section, several avenues for the simulation improvement and for the physical
phenomena investigation are discussed in the following.

e Comparison with experimental results. As mentioned at the end of the previous
section, a comparison with experimental result will be performed next.

e Improvement on the simulation and modeling.

— Detector response model database. The models are stored in the form of digital
arrays so far. In the future, more detector models will be added to complete
the database, thus more storage space is required. Moreover, the application of
the image convolution requires that the object image and detector model have
the same sampling rate, and thus one have to interpolate the detector model
to match the object array. The kind of issue is overcome in the optical readout
process where the laser distribution function is fitted by analytic functions. As
avenue improvement, the fitting can also be applied to the detector model, so
that it can be represented by several analytic function parameters. In such a
way, the storage can be greatly reduced, and no more interpolation is needed.

— While in the Monte Carlo modeling of laser propagation in IP, the IP’s phosphor
layer is described by the absorption, scattering and anisotropic factors, in future
work, the Mie theory can be adopted so that the imaging plate can be modeled
with more intrinsic parameters such as the refractive indexes of phosphor and
binder, the phosphor grain size and the packing factor. A parameter study on
these parameters can help to determine the optimal grain size, packing factor
as well as the binder material, which is of interest from the IP fabrication
perspective.

— Afterglow effect. In the simulation approach proposed, the afterglow of the PSL
emission has not been accounted for. After the bibliographic study, we find that
it is difficult to model the afterglow effect with a complete phosphor physical
band model, because of the lack of information. However an experimental
measured afterglow decay curve can be applied to the model, and the calculation
of course takes certain computational cost.

— Effect of digitization and saturation due to IP or optical devices. The dynamic
range of a CR system is limited by the dynamic range of both IP and the optical
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device. Though an image plate has a large dynamic range (10° or more), due
to the optical device, the CR output image gray level is limited to 2'6. For a
realistic simulation, the modeling of digitization and saturation effect is also of
interest.

e Future analysis. In the thesis, a systematic study on the CR detector response
has been performed. Similar studies can also be performed on the laser readout
parameters. In the work demonstrated in the thesis, we have demonstrated the
influence of the reading factor (product of laser power and dwell time). A fine
analysis on the influence of pixel size, laser power and dwell time might be of interest
for scanner performance optimization.

As discussed in the thesis, the optimization always involves finding a compromise between

sharpness and efficiency. Sometime it is confusing on making a choice. A more global
factor will be of interest for an objective decision making.
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Appendices

A.1 Modeling intrinsic property of medium with Mie theory

Most of the Monte Carlo models for simulating light transport in turbid medium are
based on the use of absorption, scattering and anisotropic factors. These factors reflect the
effects of intrinsic properties (e.g. volume density of granular particles, grain size, complex
refractive indexes) of a medium. In the modeling work of Liaparinos (Liaparinos et al.,
2007; Liaparinos et al., 2006; Liaparinos and Kandarakis, 2009), intrinsic parameters of a
granular plate are used to describe the medium’s absorption, scattering and anisotropic
factors. Based on Mie theory, the general calculations are the followings.
The light absorption and scattering coefficients are given by:

Mo = VdAQabs and Hs = VdAQscta (Al)

where each coefficient depends on the density of phosphor screen’s volume density Vy
(number of grains per unit volume), the geometrical cross section A of the grain, as well
as on the corresponding absorption (Qgps) and scattering (Qsq) efficiency factors, which
are given below:

2 2 —
Qeat = — 7121(2n + DRe(an + by), Qset = > nzl(% 1) x (Janf? + baf2),  (A2)

where Q.. is extinction efficiency factor, and the absorption efficiency factor is calculated
from Qaps = Qewt — Qset, an and by, are the Mie coefficients given afterwards (Equation A.3)

The geometrical cross section of grain (A) is proportional to the diameter of the grain
(d) and is equal to A = 7d?/4. The extinction and scattering efficiency factors are obtained
from Mie calculations using the size parameter x = Tdnmpdedium /A of the Mie theory and
the relative complex refractive index m = Ngrqin/Nmedium, Where X is the wavelength of
light, ngrqin is the complex refractive index of the phosphor grain, and n,edium is the
refractive index of the medium (binder). Finally, the Mie coefficients, a,, and b,, are given
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(A.3)

by:
U ma)a(e) — mia(ma), (@)
T (ma)én (@) — mapn(ma)€ (x)
= T @) )

where ¢, (z) and &, (z) are the Riccati-Bessel functions. The calculation of these functions
can be carried out by the following recurrences, taking into account their corresponding

(A.4)

properties:
Ynt1(x) = (2n + D)n(z) /2 — Pp-1(z),
§nt1(x) = 2n+ Dén(x) /2 — &1 (),
Un (@) = Yn1(2) — () /2,
&n(2) = En1(2) — néu() /2,
W_1(z) = cos(x), do(x) = sin(x),

§_1(x) = cos(z) — isin(x), {(x) = sin(z) + icos(z).

A.2 Scanning process

Here we detail the calculation of the up-to-date latent image nie
= Limg(z,y,z). The laser raster scanning modifies the

t = 0 is the input latent image n?,
latent image.

e Scanning the first line

— after scanning the first pixel t = tscan

nll

— second pixel t = 2tgcan

nl 2(

xr,Y, =z, 2tscan) —TL

:ngc(x, y,z)exp {—
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sc (IE Y, 2z, tscan) = n («T Y,z )exp[—[(a: Y, 2 )

($ Y,z )exp [—I(l’—
=n,(z,y, z)exp[—I(z,y,2) - t
[I(2,y,2) + I(x

" The initial value at

(A.5)

scan U]

Vscanlscan, Ys Z) “Tscan - U]
scan U] eXp[—I(ﬂU — Vscanltscans Y, Z) “tscan U]

— Uscantscan, Y, Z)] “tscan U}

(A.6)
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— third pixel t = 3tscan
;::3 ('Ia Y, z, 3tscan) :n;f (x, Y, z)exp [—I(:L‘ — 2Uscantscan, Us Z) “Tscan - 0']
:ngc(l’a Y, z)exp {_ [(x, Y, Z) + I(x — Vscanbscans Y, Z)] “ tscan * U}
X exp [—I(JE - 2vscantscan7 Y, Z) *tscan U]
:ngc(:r, Y, z)exp {_ [I(l’, Y, z) + I(x — Uscantscans Ys Z)

—|—I(33 - 2Uscantscana Y, Z)] “tscan * U}

n

— n-th pixel £ = ntseqn
1,n

JHx,y, 2, Nt scan) :ngc(ac, y,z)exp {— [[(z,y, 2) + I(x — Vscantscans Ys 2) + L(T — 2Vscantscan, Y, 2)
+---+ I($ — VUscan * (7’L - 1)tsccm> Y, Z)[ “tscan * U}

n—1
:TL(S]C($, Y, z)exp {_ [Z I(l’ — Uscan - i- Lscan Y, Z)] “tscan - U}
=0
(A.8)

n

e Scanning the second line

— First pixel t = (N + 1)tscan

N—-1
n%cl (337 Y, z, (N + 1)tscan) :ngc(% Y, Z)eXP {_ [Z I(-'E — Uscan * 1 * Tscans Y, Z)] “tscan U}
=0

X €xp [_I(:Ea Yy — lpa:la Z) “Tscan * 0]
(A.9)

— second pixel t = (N + 2)tsean

ngf (l‘, Y,z, (N + 2)tscan) :n?cl (.T, Y, z, (N + 1)tscan) exp [_I(x — Uscantscan, Y — lp:cla Z) “tscan * U]
TN—1

:ngc(% Y, z)exp {_ Z I(gj — Uscan * 1 * Tscan, Y, Z) “ tscan U}

L :=0 i
X €xp [_I($a Yy—= lpa:la Z) “tscan U] + €Xp [_I(CU — Uscantscan Yy—= lp:cla Z)

"N_1 .
:ngc(l’v Y, z)exp {_ Z I({L‘ — Uscan * X tscanv Y, Z) . tscan . U}
L :=0

X exp {_ [I($) Yy — lpxh Z) + I(x — Vscanbscan, Y — lpxly Z)] “ tscan U}
(A.10)
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— n-th pixel t = (N + n)tscan

N—1
2 n (.%' Y, z, (N + n)tscan) —n (x Y,z )exp {_ [Z I<37 — Uscan * ¥ * tscans Y, Z)] “Tscan U}
1=0
n—1
X €eXp 4§ — Zj(x_vscan J 'tscan;y_lpa:bz) “lsean * O
=0
(A11)

e Reading n-th pixel in m-th line ¢t = [(m — 1)N + nltscan

no™ (x,y, 2, [(m — 1)N 4+ nltscan)

m—2

N-1
0 .
:nsc(xa Y,z eXp Z I — Uscan * ¥ " tscan, Y — ]lp:vh Z)
J=0 =0

k=0 (A.12)

n—1
+ Z I(l‘ — VUscan * k - tscans Y — (m - 1)lpa:lu Z)] “Tscan * U}

3
s
T

:ngc(x, Y, 2)exp  — I(x — Vscan * - tscans Y — jlpacl) z)
J

n—1
lpa
+Zl(x_vscan'k'tscan7y_(m_l)dyz)] L 'U}

=0 Uscan

Il
=)
Il
=)

i

With I(x,y,) = f(z,y,2) - Paser, Equation A.12 can be rewritten as

”ZZ’” (iL', Y, z, [(m - 1)N + n]tscan)
m—2N—1

:leg(l‘a Y,z eXp Z Z f ilpxla y—17- lpxla Z)
2 2 (A.13)

+Zf(m —k- lpxlvy - (mi 1)lp$laz)

- Plasertscan - U}

e The emitted PSL at (m,n) is given by

1,N R .
PSme(x;y? Z) - {n:{%n 1 (x’y, Z) o ngé”(%?/, Z), ifn=1.

A.14
nse (x,y,2) —nge (r,y,2), otherwise. ( )
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—Ifn=1
PSL™™(x,y, z)

m—2 N—
:Lzmg(ac, Y,z eXp Z Z - ilpxly y—= jlpxla Z) Pscantscan * 0
7=0 =0
m—2N-1
— Limg(z,y, 2)expq — | > > f(@ = ilpat, y — jlpat, 2)
j=0 =0

+ f (:L'vy - (m - l)lpxlaz)

« Pigsertscan - U}

:leg(l‘v Y, z)exp - Z f(x - ilpxh Yy — jlp:rly Z) Pscantscan - 0

J
X [1 — €xp {—f(.%’, Yy— (m 1)lpasl> ) tscan U}] .

(A.15)
—Ifn#1
PSL™"™(z,y,2)
m—2N-1
=Limg(x,y,z)exp { — Z Z fx —ilpgt, y — Jlpzi, 2)
j=0 i=0
n—2
+ Z f(ZL‘ - klpxh y—= (m - 1)lp:r:l7 Z) : Plasertscan . U}
k=0
m—2N—-1
- Lng(l‘ Y, )exp - Z Z f( lexh ]lpxla )
j=0 =0
n—1
+ Z f(l‘ - klpxla Y- (m - 1)lpacla Z) Plasertscan - U}
k=0
m—2N-—1
=Limg(z,y, 2)exp{ — | D> f(x = ilpat, ¥ — jlpat, 2)
7=0 =0
n—2
+ Z fx = Elper,y — (m — 1)y, z)] “tsean * a}
k=0
X (1 - eXp{— [f(:U - (n - 1) ' lpxby - (m - 1)lparla z)] : Plasertscan : U}) .
(A.16)
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Abbreviations

CAD Computer-aided Design. 26

CR Computed Radiography. 2

EAE Energy Absorption Efficiency. 41

IP Imaging Plate. 2, 140

MTF Modulation Transfer Function. 3, 41
NDT Non-Destructive Testing. 2

PSF Point Spread Function. 44
PSL Photo-stimulated Luminescence. xxxix, 5, 10, 87

PSP Photo-stimulated Phosphor. 9, 84
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Main Symbols

Limg(x,y,z) Latent image (unit: cm=3). 67
Obj(E,x,y) Spectral object image (Unit: cm™2 - keV~!). 66, 68, 69

fto Absorption coefficient (unit: cm™!). 88
Npinder Refraction index of binder (unit: 1). 88

DEP(z,y,2) 3D map of deposited energy in IP (unit: keV - cm™3). xxxvii, 43, 70

f(z,y,2) Laser distribution function (unit: cm=2). 118

Dgys Grain size (unit: cm). 88

gse Absorbed X-ray energy to storage center conversion efficiency (unit: keV—1). 67

I(z,y, z) Laser light intensity function (unit: cm=2s~!). 85

n?ﬁ’nfl(:c, y,z) The storage center distribution map right before the laser beam arrives at

pixel (m,n) (unit: cm=3). 85

fpacking Packing factor (unit: 1). 88
npsp Refraction index of phosphor (unit: 1). 88

P(z) Probability that a photon emitted at z could escape from the front surface of IP
(unit: 1). 85

PSFy(E,x,y,2) Detector response model (unit: cm=3). 67, 69
s Scattering coefficient (unit: cm™—1). 88

o Optical cross section of photo-stimulation (unit: cm?). 85

Dimg(xm,y,) CR image signal at pixel (m,n) (unit: cm=2). 85

d Thickness (unit: cm). 88

tscan Laser spot dwell time on a pixel (unit: s). 85
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