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ΠΕΡΙΛΗΨΗ 

Τα ψηφιακά συστήματα ιατρικής απεικόνισης, έμμεσης ανίχνευσης, χρησιμοποιούν φωσφόρους 

σπινθηριστές ως μετατροπείς της ακτινοβολίας-Χ σε ορατό φως. Οι φώσφοροι σπινθηριστές 

πρέπει να συνδυάζουν χαρακτηριστικά ποιότητας εικόνας και απόδοσης σε φωταύγεια 

προκειμένου να παράγουν εικόνες υψηλής διαγνωστικής αξίας με τη παράλληλη ελάττωση της 

δόσης στον εξεταζόμενο. Επιπλέον πρέπει να έχουν μικρούς χρόνους απόσβεσης για χρήση σε 

συστήματα ψηφιακής τομοσύνθεσης και απεικόνισης διπλής ενέργειας. Η εφαρμογή της 

νανοτεχνολογίας στο πεδίο των φωσφόρων-σπινθηριστών (νανοφώσφοροι / nanophosphors) έχει 

ιδιαίτερο ενδιαφέρον αφού σε πολλές σημερινές εφαρμογές οι φώσφοροι χρησιμοποιούνται με τη 

μορφή μικροσκοπικών κόκκων (μικρο-κόκκων) διάσπαρτων στο εσωτερικό μιας οθόνης (οθόνη 

κοκκώδους μορφής / granular screen). Όπως έχει αποδειχθεί η ποιότητα της ιατρικής εικόνας 

βελτιώνεται όταν μειώνεται το μέγεθος των κόκκων. Επομένως η χρήση οθονών νανο-κόκκων 

αναμένεται να βελτιώσει αυτή την ποιότητα Πρόσφατα μέσω μελετών προσομοίωσης γίνεται 

προσπάθεια να προβλεφθούν τα οπτικά χαρακτηριστικά των σπινθηριστών που σχετίζονται με το 

μέγεθος αλλά και με το σχήμα του κόκκου σπινθηριστή. Χαρακτηριστικά όπως η απόσβεση του 

παραγόμενου φωτός, η πιθανότητα απορρόφησης και η στερεά γωνία διάχυσης του παραγόμενου 

φωτός έχουν δείξει ότι επηρεάζουν σε μεγάλο βαθμό την απόδοση φωταύγειας αλλά και τα 

χαρακτηριστικά εικόνας στις εφαρμογές απεικόνισης με ακτίνες Χ. Στη παρούσα εργασία έγινε η 

μελέτη-αξιολόγηση διάφορων λεπτών οθονών νανοφώσφορου Lu2O3:Eu με μέγεθος κόκκου από 

50 nm έως 8 μm και σχήματος κόκκου σφαιροειδές και ραβδοειδές. Τα φυσικά χαρακτηριστικά 

των οθονών Lu2O3:Eu σε συνθήκες ακτινοβόλησης με ακτίνες Χ, αξιολογήθηκαν μέσω των 

μεγεθών της Απόλυτης Αποδοτικότητας (Absolute Efficiency), της Οπτικής Ενίσχυσης (Optical 

Gain) της Απόδοσης Φωταύγειας (Luminescence efficiency), και της συμβατότητάς τους (οπτική 

και μηχανική) με αισθητήρες CMOS για χρήση σε συστήματα Ιατρικής Απεικόνισης. Μεγάλες 

τιμές των χαρακτηριστικών αυτών συμβάλουν στη μειωμένη δόση που λαμβάνει ο εξεταζόμενος, 

η οποία είναι κρίσιμος παράγοντας για την κατασκευή νέων διατάξεων ιατρικής απεικόνισης. H 

συμβατότητα με τους αισθητήρες CMOS αξιολογήθηκε διερευνώντας μεγέθη όπως η συνάρτηση 

μεταφοράς διαμόρφωσης (MTF), το κανονικοποιημένο φάσμα ισχύος θορύβου (NNPS), την 

κβαντική ανιχνευτική αποδοτικότητα (DQE). Επιπλέον, έγινε συγκριτική μελέτη των 

χαρακτηριστικών αυτών για διαφορετικό μέγεθος κόκκου αλλά και σχήματος. Ο νανοφώσφορος 
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με τις καλύτερες απεικονιστικές ιδιότητες συγκρίθηκε με τον σπινθηριστή Gd2O2S:Eu με μέγεθος 

κόκκων της τάξης των 8 μm ο οποίος έχει προταθεί για χρήση σε διάφορες απεικονιστικές ιατρικές 

εφαρμογές. Το Gd2O2S:Eu εκπέμπει στη κόκκινη περιοχή του ορατού φωτός και μπορεί να 

συνδυαστεί κυρίως με ψηφιακούς ανιχνευτές όπως CCD και CMOS. Όλες οι μετρήσεις 

πραγματοποιήθηκαν σύμφωνα με τις οδηγίες της διεθνούς ηλεκτροτεχνικής επιτροπής 

(International Electrotechnical Commission) η οποία έχει τυποποιήσει την μέθοδο αξιολόγησης 

ιατρικού εξοπλισμού.  

Κατασκευάστηκαν 3 οθόνες με σφαιρικούς κόκκους του σπινθηριστή Lu2O3:Eu με μέγεθος 50 nm, 

200 nm και 5 μm, και επιφανειακή πυκνότητα 33.3 mg/cm2, 33.1 mg/cm2 και  35.2 mg/cm2 

αντίστοιχα. Επιπλέον κατασκευάστηκαν 2 οθόνες με ραβδοειδείς κόκκους μεγέθους 500 nm και 8 

μm, με επιφανειακή πυκνότητα 31.7 mg/cm2 και 33.2 mg/cm2 αντίστοιχα. Τα αποτελέσματα 

έδειξαν ότι η απόλυτη απόδοση της φωταύγειας έχει μεγαλύτερες τιμές για τις οθόνες που 

κατασκευάστηκαν με σφαιρικούς κόκκους. Μεταξύ των οθονών αυτών παρατηρείται αυξημένη 

απόλυτη απόδοση για μέγεθος κόκκων 50 nm και 200 nm, στις χαμηλές ενέργειες ακτινών Χ (50 

kVp), υποδηλώνοντας τις διαφορετικές οπτικές ιδιότητες των νανοφωσφόρων. Οι οθόνες που 

κατασκευάστηκαν με ραβδοειδείς κόκκους βρέθηκαν με μειωμένη απόλυτη απόδοση φωταύγειας. 

Η ποιότητα ακτινογραφικής εικόνας βρέθηκε να επηρεάζεται περισσότερο από το σχήμα των 

κόκκων σπινθηριστή παρά από το μέγεθος των κόκκων. Ποιο συγκεκριμένα οι ραβδοειδείς κόκκοι 

βρέθηκαν με πολύ χαμηλή χωρική διακριτική ικανότητα και τα επίπεδα θορύβου βρέθηκαν πολύ 

υψηλά στις χαμηλές συχνότητες. Οι οθόνες με τους σφαιροειδείς κόκκους σπινθηριστή βρέθηκαν 

με πολύ καλή χωρική διακριτική ικανότητα, με τις μεγαλύτερες τιμές να εμφανίζονται για την 

οθόνη με μέγεθος κόκκων 50 nm. Η ανιχνευτική κβαντική αποδοτικότητα βρέθηκε με μεγαλύτερες 

τιμές για την οθόνη με μέγεθος κόκκων 50 nm επηρεαζόμενη από τις πολύ καλές ιδιότητες χωρικής 

διακριτικής ικανότητας και επιπέδου θορύβου.  

Συγκρίνοντας την απόλυτη απόδοση φωταύγειας και την ικανότητα απεικόνισης της οθόνης 

Lu2O3:Eu με σφαιρικούς κόκκους 50 nm και επιφανειακή πυκνότητα 33.3 mg/cm2 με αυτή της 

οθόνης Gd2O2S:Eu με μέγεθος κόκκων 8 μm και επιφανειακή πυκνότητα 33.2 mg/cm2 φαίνεται 

καθαρά η υπεροχή της πρώτης. Η απόλυτη απόδοση του Lu2O3:Eu βρέθηκε κατά 32% μεγαλύτερη 

από την απόλυτη απόδοση του Gd2O3S:Eu. Το MTF βρέθηκε μεγαλύτερο για όλο το εύρος 
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συχνοτήτων ενώ το NNPS βρέθηκε κατά 90% μικρότερο για τις μικρές χωρικές συχνότητες και 

κατά 10% μεγαλύτερο για τις μεσαίες και τις μεγάλες χωρικές συχνότητες.  
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ΕΙΣΑΓΩΓΗ 

Στην αιχμή της σύγχρονης τεχνολογίας της Ιατρικής Απεικόνισης βρίσκονται σήμερα οι διάφοροι 

τύποι ανιχνευτών ψηφιακής Ακτινογραφίας και ψηφιακής Μαστογραφίας (DR: Digital 

Radiography, FFDM: Full Field Digital Mammography). (Yaffe et al 2008, Doi 2006, Ross et al 

2006, Gupta et al 2006, Antonuk 2002, Antonuk et al 2000). Πρόκειται για συστήματα ανίχνευσης 

και χωρικής καταγραφής της ακτινοβολίας Χ, που ενσωματώνονται στα σύγχρονα μηχανήματα 

διαγνωστικής ακτινολογίας, περιλαμβανομένων και ορισμένων συστημάτων πολυτομικής 

υπολογιστικής τομογραφίας (MSCT) ακτίνων Χ, καθώς και συστημάτων απεικόνισης κατά την 

ακτινοθεραπεία (Portal Imaging) (Gupta et al 2006, Antonuk 2002, Antonuk et al 2000). Τα 

περισσότερα από τα συστήματα αυτά βασίζονται σε μια επίπεδη επίστρωση (οθόνη) φωσφόρου-

σπινθηριστή η οποία βρίσκεται σε σύζευξη με κάποια διάταξη ηλεκτρονικών οπτικών αισθητήρων 

(Van Eijk 2001, Blasse G and Grabmaier 1994, Nagarkar et al 2004, Yaffe et al 2008, Doi 2006, 

Ross et al 2006, Gupta et al 2006, Antonuk 2002, Antonuk et al 2000). Οι φώσφοροι (phosphors) 

ή σπινθηριστές (scintillators) είναι υλικά που εκπέμπουν φως όταν διεγείρονται από ιοντίζουσες 

ακτινοβολίες (Χ, γ κ.λ.π). Το εκπεμπόμενο φως καταγράφεται από τον οπτικό αισθητήρα. Οι 

βασικότεροι τύποι οπτικών αισθητήρων είναι: α) η ενεργός μήτρα φωτοδιόδων άμορφου πυριτίου 

(Active Matrix Flat Panel Detectors-AMFPD /a-Si:), β) οι διατάξεις σύζευξης φορτίου (CCD: 

charge coupled devices) και γ), οι διατάξεις ολοκληρωμένων κυκλωμάτων CMOS (complementary 

metal oxide semiconductors) (Yaffe et al 2008, Gupta et al 2006, Antonuk 2002, Antonuk et al 

2000, Van Eijk 2001, Gruner et al 2002, Magnan 2003, Weckler2001, Arvanitis et al 2009).        

Η ανάπτυξη νέων ηλεκτρονικών οπτικών αισθητήρων τύπου CMOS, για χρήση σε ανιχνευτές 

ψηφιακής απεικόνισης (κυρίως Ψηφιακής Ακτινογραφίας και Ακτινοσκόπησης). δίνει τη 

δυνατότητα ενσωμάτωσης σε ένα ολοκληρωμένο κύκλωμα (Chip) όλων των λειτουργιών που 

σχετίζονται με ανάγνωση σήματος, χρονισμό και σχηματισμό εικόνας. Χαρακτηρίζονται από 

αρχιτεκτονική υψηλής ολοκλήρωσης (VLSI electronics) παρέχοντας τη δυνατότητα σχεδίασης 

ολόκληρου συστήματος επάνω σε ένα chip (system on chip). Επιπλέον υπάρχει η δυνατότητα 

ανάπτυξής τους σε μεγάλες επιφάνειες και η εξ’ επαφής απεικόνιση του φωτός του φωσφόρου-

σπινθηριστή (Magnan 2003, Weckler2001, Arvanitis et al 2009). 

Τα φθορίζοντα υλικά χρησιμοποιούνται ως μετατροπείς της ακτινοβολίας-Χ σε ορατό φως σε 

ανιχνευτές ιατρικής απεικόνισης (Johns and Cunningham 1983, Knoll 1989, Yaffe 2000). Σε 
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εφαρμογές απεικόνισης ακτίνων-Χ, έχει χρησιμοποιηθεί μεγάλος αριθμός φθοριζόντων υλικών, 

σε μορφή οθονών κοκκώδους μορφής (Blasse and Grabmaier 1994). Τα απεικονιστικά 

χαρακτηριστικά και η απόδοση της ανίχνευσης των ακτίνων-Χ των φθοριζουσών οθονών 

εξαρτώνται άμεσα, τόσο από τις φυσικές ιδιότητες, όσο και από τις ιδιότητες δομής των υλικών. 

Οι προαναφερθείσες ιδιότητες, οι οποίες έχουν μελετηθεί με πειραματικές διατάξεις (Alig and 

Bloom 1977, Venema 1979, Dick and Motz 1981a, Dick and Motz 1981b, Derenzo et al 1990, 

Ginzburg and Dick 1993, Van Eijk 2001), αναλυτικά μοντέλα (Venema 1979, Chan and Doi 1983a, 

Nielsen and Carlson 1984, Nishikawa and Yaffe 1990, Kandarakis et al 1997, Michail et al 2007, 

Michail et al 2009) καθώς κι από μοντέλα με τεχνικές Monte Carlo (Raeside 1976, Rubinstein 

1981, Kalender 1981, Aerts et al 1982, Chan and Doi 1983b, Morin 1988, Andreo 1991), 

λαμβάνονται υπόψη στο σχεδιασμό και στην κατασκευή εμπορικών απεικονιστικών συστημάτων. 

Παρόλα αυτά η αναζήτηση για το ιδανικό φθορίζον υλικό, που θα συνδυάζει τα βέλτιστα 

απεικονιστικά χαρακτηριστικά, απόδοση φωταύγειας και προσιτό κόστος, εξακολουθεί να 

αποτελεί σημαντική παράμετρο στο σχεδιασμό σύγχρονων απεικονιστικών συστημάτων. 

Επιπλέον σε νέα ψηφιακά συστήματα απεικόνισης όπως η ψηφιακή τομοσύνθεση μαστού 

(Dobbins and Godfrey 2003) και η απεικόνιση διπλής ενέργειας (Alvarez et al 2004) απαιτείται η 

χρήση φωσφόρων: 

 Με μικρό χρόνο απόσβεσης, προκειμένου να μειωθεί ο χρόνος ακτινοβόλησης και οι πιθανές 

ψευδενδείξεις στην ανακατασκευασμένη εικόνα από πιθανή κίνηση του μαστού (Dobbins and 

Godfrey 2003, Alvarez et al 2004). 

 Με υψηλή ανιχνευτική αποδοτικότητα για τη μείωση της δόσης στις συγκεκριμένες απεικονιστικές 

μεθόδους (Dobbins and Godfrey 2003). 

Η εφαρμογή της νανοτεχνολογίας στο πεδίο των φωσφόρων-σπινθηριστών (νανοφώσφοροι / 

nanophosphors) έχει ιδιαίτερο ενδιαφέρον αφού σε πολλές σημερινές εφαρμογές οι φώσφοροι 

χρησιμοποιούνται με τη μορφή μικροσκοπικών κόκκων (μικρο-κόκκων) διάσπαρτων στο 

εσωτερικό μιας οθόνης (οθόνη κοκκώδους μορφής / granular screen) Blasse G. and Grabmaier 

1994, Yaffe et al 2008, Zych et al 2003, Trojan-Piegza et al 2004, Kandarakis and Cavouras 2001, 

Liaparinos et al 2006). Όπως έχει αποδειχθεί η ποιότητα της ιατρικής εικόνας βελτιώνεται όταν 

μειώνεται το μέγεθος των κόκκων. Επομένως η χρήση οθονών νανο-κόκκων αναμένεται να 

βελτιώσει αυτή την ποιότητα. Επίσης, η ανάπτυξη αυτών των υλικών συνδέεται και με τις 
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σύγχρονες τεχνικές σύντηξης (sintering) (Blasse G and Grabmaier 1994, Nagarkar et al 2004). 

Μέσω αυτών των τεχνικών παρασκευάζονται επιστρώσεις (οθόνες) υλικών με πολύ πυκνή χωρική 

διάταξη κόκκων (υψηλή πυκνότητα διάταξης – packing density) και ελαττωμένο πάχος. Το 

ελαττωμένο πάχος οθόνης βελτιώνει την ποιότητα εικόνας, ενώ η πυκνή διάταξη αυξάνει την 

απορρόφηση ακτινοβολίας Χ (Blasse G and Grabmaier, Kandarakis and Cavouras 2001, 

Liaparinos et al 2006). Συνεπώς αναμένεται σημαντική βελτίωση στη σχέση της ποιότητας εικόνας 

προς την επιβάρυνση του ασθενούς σε δόση ακτινοβολίας. Επομένως η διερεύνησή τέτοιων 

οθονών για χρήση στην Ιατρική Απεικόνιση ακτίνων Χ παρουσιάζει ιδιαίτερο ενδιαφέρον γιατί 

πιθανότατα θα οδηγεί σε απεικονιστικά συστήματα υψηλής απόδοσης και συγχρόνως σε ελάττωση 

της επιβάρυνσης του ασθενούς σε δόση ακτινοβολίας. Πρόσφατα μέσω μελετών προσομοίωσης 

γίνεται προσπάθεια να προβλεφθούν τα οπτικά χαρακτηριστικά των σπινθηριστών που σχετίζονται 

με το μέγεθος αλλά και με το σχήμα του κόκκου σπινθηριστή. Χαρακτηριστικά όπως η απόσβεση 

του παραγόμενου φωτός, η πιθανότητα απορρόφησης και η στερεά γωνία διάχυσης του 

παραγόμενου φωτός έχουν δείξει ότι επηρεάζουν σε μεγάλο βαθμό την απόδοση φωταύγειας αλλά 

και τα χαρακτηριστικά εικόνας στις εφαρμογές απεικόνισης με ακτίνες Χ.  

Στη παρούσα εργασία έγινε η μελέτη-αξιολόγηση διάφορων λεπτών οθονών νανοφωσφόρου 

Lu2O3:Eu με μέγεθος κόκκου από 50 nm έως 5 μm και σχήματος κόκκου σφαιροειδές και 

ραβδοειδές. Το Lu2O3:Eu έχει πολύ μεγάλο ατομικό αριθμό (Zeff=63.7) αλλά και πυκνότητα (ρ=9,4 

g/cm3) διασφαλίζοντας μεγάλη απορρόφηση ακτίνων Χ. Επιπλέων η μεγάλη οπτική του απολαβή 

(35000 photons/MeV) αλλά και ο χρόνος απόσβεσης που είναι της τάξης των λίγων ms, το 

καθιστούν υποσχόμενο υλικό για εφαρμογές στην ιατρική απεικόνιση. Τα φυσικά χαρακτηριστικά 

των οθονών Lu2O3:Eu σε συνθήκες ακτινοβόλησης με ακτίνες Χ, αξιολογήθηκαν μέσω των 

μεγεθών της Απόλυτης Αποδοτικότητας (Absolute Efficiency), της Οπτικής Ενίσχυση (Optical 

Gain) της Απόδοσης Φωταύγειας (Luminescence efficiency), και της συμβατότητάς τους (οπτική 

και μηχανική) με αισθητήρες CMOS για χρήση σε συστήματα Ιατρικής Απεικόνισης. Μεγάλες 

τιμές των χαρακτηριστικών αυτών συμβάλουν στη μειωμένη δόση που λαμβάνει ο εξεταζόμενος, 

η οποία είναι κρίσιμος παράγοντας για την κατασκευή νέων διατάξεων ιατρικής απεικόνισης. H 

συμβατότητα με τους αισθητήρες CMOS αξιολογήθηκε διερευνώντας μεγέθη όπως τη συνάρτηση 

μεταφοράς διαμόρφωσης (MTF), το κανονικοποιημένο φάσμα ισχύος θορύβου (NNPS), την 

κβαντική ανιχνευτική αποδοτικότητα (DQE). Επιπλέων, έγινε συγκριτική μελέτη των 
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χαρακτηριστικών αυτών για διαφορετικό μέγεθος κόκκου αλλά και σχήματος. Ο σπινθηριστής με 

τις καλύτερες απεικονιστικές ιδιότητες συγκρίθηκε με τον σπινθηριστή Gd2O3S:Eu με μέγεθος 

κόκκων της τάξης των 8 μm ο οποίος έχει προταθεί για χρήση σε διάφορες ιατρικές εφαρμογές. 

Το Gd2O2S:Eu εκπέμπει στη κόκκινη περιοχή του ορατού φωτός και μπορεί να συνδυαστεί κυρίως 

με ψηφιακούς ανιχνευτές όπως CCDs και CMOS. Όλες οι μετρήσεις πραγματοποιήθηκαν 

σύμφωνα με τις οδηγίες της διεθνούς ηλεκτροτεχνικής επιτροπής (International Electrotechnical 

Commission) η οποία έχει τυποποιήσει την μέθοδο αξιολόγησης ιατρικού εξοπλισμού.  

Τα αποτελέσματα θα κριθούν με βάση τα ευρύτερα κριτήρια που ισχύουν στην Ιατρική 

Απεικόνιση: 

1. Βελτιστοποίηση της ποιότητας εικόνας 

2. Ελαχιστοποίηση της επιβάρυνσης των ασθενών σε ακτινοβολία 

Τελικός στόχος της διατριβής θα είναι η σχεδίαση αντίστοιχου πειραματικού απεικονιστικού 

συστήματος.  
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ΠΡΩΤΟΤΥΠΙΑ ΔΙΑΤΡΙΒΗΣ 

Τα ιατρικά απεικονιστικά συστήματα οφείλουν να πληρούν συγκεκριμένα κριτήρια απόδοσης 

προκειμένου να παρέχουν διαγνωστική εικόνα με αποδεκτά χαρακτηριστικά ποιότητας εικόνας 

διατηρώντας παράλληλα αποδεκτά επίπεδα δόσης στον εξεταζόμενο. Το ανιχνευτικό σύστημα 

ενός ιατρικού μηχανήματος παίζει σημαντικό ρόλο στην επίτευξη υψηλής απόδοσης. Τα ιατρικά 

συστήματα μέχρι τώρα χρησιμοποιούν συμβατικά φθορίζοντα υλικά για την παροχή της ιατρικής 

εικόνας. Ωστόσο τον τελευταίο καιρό με τη βοήθεια της νανοτεχνολογίας έχουν αναπτυχθεί υλικά 

τα οποία παρουσιάζουν υψηλή απόδοση και λόγω αυτής τους της ιδιότητας παρουσιάζουν μεγάλο 

ενδιαφέρον και σε ιατρικές εφαρμογές. 

Η πρωτοτυπία του θέματος συνδέεται με: (α) τη χρήση υλικών νανοτεχνολογίας στους ανιχνευτές 

ακτινοβολίας των ιατρικών απεικονιστικών συστημάτων και (β) τον έλεγχο της συμβατότητας 

αυτών των υλικών με οπτικούς αισθητήρες τεχνολογίας CMOS, που είναι χαμηλού κόστους και 

παρέχουν τη δυνατότητα λειτουργιών ολόκληρου συστήματος σε ένα ολοκληρωμένο (system-on-

chip).  
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ABSTRACT 

Indirect digital X-ray detectors, such as Complementary Metal Oxide Semiconductors (CMOS) 

and Charged Coupled Devices (CCDs), coupled with scintillating screens are used for many 

applications in medical imaging, airport security, industrial quality control and high energy 

physics. The scintillating screens needs to fulfill characteristics, such as high density and high 

atomic number, to ensure efficient stopping power of ionizing radiation, but also high luminescence 

efficiency and low afterglow to ensure good energy resolution. The most traditionally used 

commercial scintillating materials are thallium doped cesium iodide (CsI:Tl), due to its high spatial 

resolution properties arising from columnar structure and terbium-doped gadolinium oxysulphide 

(Gd2O2S:Tb) due to its high X-ray absorption and light conversion efficiency. Furthermore many 

scintillators have been investigated for X-ray imaging applications, such as Gd2O2S:Eu, 

Gd2O2S:Pr,Ce,F, Lu2O3:Eu, Gd2O2S:Pr employed in granular phosphors screens, and LuPO4:Eu 

semitransparent thin films.  

Apart from the intrinsic properties of scintillating materials, the structural properties such as grain 

size and shape seems to influence the imaging quality in terms of light diffusion. Nanomaterials 

have gain ground as radiation detectors with potential to reduce dose received by the operators or 

patients (in case of medical imaging) due to the increased luminescence efficiency and 

confinement. On the other hand, the diffusion and propagation properties of light passing through 

nanoparticulated phosphors layers are still under investigation with ongoing theoretical and 

experimental research, aiming to analyze deeper the physical and structural properties of those 

materials.  

The aim of the current work is to provide a comparative investigation of the imaging performance 

of Lu2O3:Eu phosphors screens, prepared with different grain shape and size, and manufactured by 

the sedimentation method. Particularly, three screens were prepared with spherical grains, and sizes 

50 nm, 200 nm and 5 μm. Furthermore, two screens with rod-like shape and sizes 500 nm and 8 

μm were prepared. The screens were coupled to a RadEye HR CMOS optical sensor and the 

imaging quality was investigated through the Modulation Transfer Function (MTF), the 

Normalized Noise Power Spectrum (NNPS) and the Detective Quantum Efficiency (DQE). In 

addition the light emission efficiency was investigated in terms of Absolute Efficiency. The screen 

with the best light efficiency and imaging characteristics was compared with the characteristics of 
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a Gd2O3S:Eu phosphor screen with 8 μm grain size . The experimental method was based on the 

guidelines published by the International Electrotechnical Commission (IEC) 62220-1-2:2005, 

which standardized the methodology for measuring DQE in digital detectors. Although this 

protocol has been replaced from IEC 62220-1-1:2015 (Michail et al 2016) the first one was 

preferred for comparison purposes with previous results. 

Focusing on the spherical grains a different behavior of the AE curves at low X-ray energies from 

50 to 70 kVp is observed. In particular, for the spherical grain screens prepared with 50 nm and 

200 nm the AE decreases as the energy increases from 50 to 70 kVp, in contrast to the screen 

prepared with 5 μm grains. This behavior may indicate different visible light optical properties due 

to the dependence of light extinction on grain size and emitted light wavelength as was previously 

shown using Monte Carlo simulations(Liaparinos 2013). The rod-like grain screens follows also a 

different trend at low energies compared with 50 nm and 200 nm spherical grains screens. In this 

case the higher scattering and attenuation of light photons may be affected by the rod-like shape of 

those grains. The rod-like shape seems to be of high importance not only in light scattering but also 

in scintillating light emission distribution, since it is not clear if the light is emitted from all grain 

surface, or they act as fibers that force the light to escape from their ends through mulitple 

reflections. However, in addition to the optical properties, the AE values are also a matter of 

synthesis procedure, affecting the defects population and distribution. The increasing part of all 

curves, from 70 to 90 kVp, is attributed to the K-absorption edge of the Lu2O3:Eu scintillator. The 

mass absorption coefficient is rapidly increased from 0.97 cm2/g at 63 keV to 1.52 cm2/g at 63.3 

keV. Afterwards, for X-ray tube voltage higher than 90 kVp, the mass absorption coefficient is 

decreased as the X-ray tube energy increases. . The influence of the grains shape on image quality 

is more crucial than the grain size. Specifically, the rod-like grains show very poor imaging 

resolution and their noise level appeared very high, at low frequencies, influenced by the non-

uniformities of the screen. Here it must be noticed that the screens preparation plays an important 

role, since the non-uniformities and the clusters created at the surface of the screens are highly 

influenced by the method of sedimentation and the influence of buoyancy at the macroscopic 

velocity of rod-like grains. The spherical grain screens appeared with very good resolution 

properties for all frequencies range. The influence of grains size between 50 nm and 200 nm is 

negligible on the MTF values. Only the NNPS values appeared to be different at low frequencies 
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due to structural in-uniformities. The 5 μm spherical grains screen appears with slightly lower MTF 

values for all frequency range. Furthermore the NNPS values at low frequencies are higher 

compared with the 50 nm and 200 nm spherical grain screens.  

It was found that Lu2O3:Eu nanophosphor has higher AE and XLE by a factor of 1.32 and 1.37 on 

average, respectively, in the whole radiographic energy range in comparison with the Gd2O2S:Eu 

screen. DQG was also found higher in the energy range from 50 kVp to 100 kVp and comparable 

thereafter. For the low frequencies (0–2 cy/mm) the NNPS values of the CMOS/Gd2O2S:Eu system 

were found to be 90% higher in comparison with the CMOS/Lu2O3:Eu nanophosphor system, while 

in the medium to high frequency range (2–13 cy/mm) were found to be 40% higher. The MTF 

values of the nanophosphor Lu2O3:Eu/CMOS combination are higher in all the spatial frequency 

range, in comparison with the MTF values of the Gd2O2S:Eu/CMOS system. Furthermore the DQE 

seems to retain high values in the whole frequency range under consideration for the 

CMOS/Lu2O3:Eu system in contrast to the CMOS/Gd2O2S:Eu system. These results indicate that 

Lu2O3:Eu nanophosphor could be considered for further research in order to be used in medical 

imaging applications. 
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INTRODUCTION 

Scintillator materials are employed as radiation to light converters in detectors of medical imaging 

systems (Johns and Cunningham 1983, Knoll 1989, Yaffe 2000). In X-ray projection imaging, a 

large number of such materials have been employed in the form of granular screens (Blasse and 

Grabmaier 1994). The X-ray detection and imaging performance of phosphor screens are affected 

by intrinsic physical properties, related to X-ray and light photon transport through the material. 

These properties have been previously investigated by experimental (Seferis et al 2013, Michail et 

al 2010 Valais et al 2007, Motz 1981a, Dick and Motz 1981b, Derenzo et al 1990, Ginzburg and 

Dick 1993, Van Eijk 2001), theoretical (Venema 1979, Chan and Doi 1983a, Kalyvas et al 2012, 

Nishikawa and Yaffe 1990, Kandarakis et al 1997, Michail et al 2007, Michail et al 2009) and 

Monte Carlo methods (Raeside 1976, Rubinstein 1981, Kalender 1981, Aerts et al 1982, Chan and 

Doi 1983b, Morin 1988, Andreo 1991 Liaparinos et al 2009, Liaprinos 2012) and have been taken 

into account in the design of commercial imaging systems (Yaffe and Rowlands 1997, Gruner et 

al 2002). However the quest for the ideal scintillator compromising optimum imaging performance 

with high efficiency and low cost is still in the front for various research groups and the results are 

published in numerous works. 

Digital imaging modalities, such as digital breast tomosynthesis (DBT) (Dobbins and Godfrey 

2003), dual energy (DE) imaging (Alvarez et al 2004) scanning slot digital mammography 

detectors (Mainprize et al 2002), energy selective techniques (Patatoukas et al 2006, Alvarez 2010) 

and digital fluoroscopy systems (Antonuk 2009), require fast data acquisition, in order to reduce 

the examination time and possible movement artefacts (breast movement in DBT) (Dobbins and 

Godfrey 2003,Alvarez et al 2004), efficient scintillators to reduce patient dose, which is a drawback 

in DBT and DE imaging (Dobbins and Godfrey 2003, Alvarez et al 2004). Light emission, shifted 

towards wavelengths more suitable to the sensitivity of existing sensors, i.e. to ameliorate spectral 

compatibilities with crystalline Silicon (Si) optical detectors such as CCDs and the recently 

introduced CMOS sensors incorporated in digital imaging systems (Rowlands and Yorkston 2000, 

Rodnyi et al 2001, Nikl 2006). Digital imaging systems with smaller sizes for the detector elements 

(pixels or dels) to improve image resolution and the visibility of microcalcifications, without noise 

increase and DQE degradation. 
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In the last decade indirect digital X-ray detectors, such as charged couple devices (CCD), 

complementary metal-oxide semiconductors (CMOS) and amorphous silicon flat panels (a-Si:H) 

in combination with various scintillating screens, have been used for medical imaging applications. 

Traditionally, the most common scintillating materials are thallium doped cesium iodide (CsI:Tl) 

and terbium-doped gadolinium oxysulphide (Gd2O2S:Tb) due to their high X-ray absorption and 

light conversion efficiency (Arnold 1979, Michail et al 2011). Recently, new scintillators have 

been developed offering a number of potential advantages for medical imaging applications. 

However, nanophosphor materials are attracting a growing interest due to their properties. They 

usually differ from common-phosphor materials with respect to their higher surface to volume ratio 

and to the nanocrystalline system, because it is possible to acquire more reliable information on 

the spatially confined host–guest interactions, localized photo and physicochemical reactions in the 

molecular level (Dhanaraj et al 2001). Also the coexistence of the high quenching concentration 

and the high luminescent efficiency makes nanophosphors worth studying in both fundamental 

research and practical applications (Xu et al 2005). Apart from intrinsic properties of scintillating 

materials, the structural properties such as grain size and shape also influence the imaging quality 

due to light scattering and diffusion. Nanomaterials have gained ground as radiation detectors with 

potential to reduce dose received by the operators or patients (in case of medical imaging) due to 

the increased luminescence efficiency and confinement (West and Halas 2003, Dhanaraj et al. 

2001). On the other hand, the diffusion and propagation properties of light passing through 

nanoparticulated phosphors layers are still under investigation with ongoing theoretical and 

experimental research devoted to analysis of the physical and structural properties of those 

materials (Poludniowski and Evans 2013, Cuplov et al. 2014, Star-Lack et al. 2014, Liaparinos 

2012, Liaparinos 2016, Liaparinos et al. 2016).  

Europium-activated lutetium oxide (Lu2O3:Eu) is a relatively new phosphor material which is quite 

promising due to the high effective atomic number (Zeff=63), the high density (9.4 g/cm3), which 

imparts Lu2O3:Eu with high stopping power for ionizing radiation (Zych et al 2002, Nagarkar et al 

2004, Xu et al 2005), and due to the light output which is comparable to CsI:Tl (Liaparinos. and 

Kandarakis 2009). Furthermore the peak light emission at 610 nm (red emission) lies close to the 

maximum spectral sensitivity of electronic optical sensors such as CMOS, CCDs and amorphous 

silicon (a-Si) sensors (Liaparinos. and Kandarakis 2009). Also the high physical and chemical 
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stability and the high luminescent efficiency make Lu2O3:Eu very suitable for medical applications 

(Xu et al 2005). Lu2O3:Eu has been investigated in the form of scintillation screens coupled to 

CCD (Nagarkar et al 2004), CMOS electronic optical sensors (Lee et al 2013), and microcolumnar 

scintillator thin film for hard X-ray microtomography (Marton et al 2013). Lu2O3:Eu 

nanocrystalline material is one of the most studied new nanomaterials in terms of the spectroscopic 

and structural properties (Valais et al 2017, Trojan-Piegza et al 2004, Gruzintsev et al 2011, Qi et 

al 2007, Zych et al 2003, Zych et al 2004, Trojan-Piegza et al 2004b, Cho et al 2010, Congas et al 

2005). Also the light emission efficiency has been evaluated under radiographic conditions in the 

form of compact powder pills with very promising results (Kalyvas et al 2012). However, no 

systematic work relevant to X-ray medical imaging has been published up to now.  

Τhis work provides a comparative investigation of luminescence efficiency and imaging 

performance of Lu2O3:Eu phosphors screens, prepared with different grain shape and size, and 

manufactured by the sedimentation method. Particularly, three screens were prepared with 

spherical grains, and sizes 50 nm, 200 nm and 5 μm. Furthermore, two screens with rod-like grains 

and with sizes of 500 nm and 8 μm in length were tested. The luminescence efficiency was 

investigated through Absolute Efficiency (AE), for X-ray tube voltages from 50 to 120 kVp and 

tube current product fixed at 63 mAs. In addition the screens were coupled to a CMOS optical 

sensor RadEye HR and the imaging quality was investigated through the Modulation Transfer 

Function (MTF), the Normalized Noise Power Spectrum (NNPS) and the Detective Quantum 

Efficiency (DQE) under 70 kVp X-ray excitation and 63 mAs tube current product. Finally, the 

optimal Lu2O3:Eu nanophosphor screen was compared with the luminescence efficiency and 

imaging performance results of a screen manufactured with a commercial Gd2O3S:Eu powder 

phosphor with grain size 8 μm. The experimental method was based on the guidelines published 

by the International Electrotechnical Commission (IEC) 62220-1-2:2005 (International 

Electrotechnical Commission 2005), which has standardized the methodology for measuring DQE 

in digital detectors. Although this protocol has been replaced from IEC 62220-1-1:2015 (Michail 

et al. 2016, Koukou et al. 2016) the first one was preferred for comparison purposes with previous 

results. 
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THESIS ORIGINALITY 

The purpose of the present thesis is the investigation of optical and imaging characteristics of 

nanophosphors coupled to a CMOS sensor based digital detector for use in medical imaging 

applications. Particularly, Lu2O3:Eu phosphor with grain sizes vary from 50 nm to 5 μm, and 

different shapes (spherical and rod-like) was examined in the form of thin phosphor screens in 

order to investigate their potential use in digital medical imaging systems. The results were 

compared with corresponding results on Gd2O3S:Eu phosphor screens. The latter were selected 

since they emit light at the same region of electromagnetic spectrum (red region) and their imaging 

properties have been previously found comparable with Gd2O3S:Tb phosphor, which is one of the 

most common scintillators employed in medical radiographic imaging. .  

The originality of the thesis consists in  

 The investigation of physical and imaging properties of a nanophosphor material (Lu2O3:Eu), 

prepared with simple chemical methods, as potential x-ray to light converter for digital imaging 

detectors. 

 The determination of the optimum shape and size of nano-grains the new nanophosphor in order 

to be employed in thin nanophosphor screens of high imaging quality and high light emission 

efficiency detectors, under radiography energy range.  

 The use of those screens coupled with a high resolution CMOS detector, with “system on chip” 

properties, to simulate a complete imaging device for digital imaging applications, under 

experimental conditions. 
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A. THEORY 

A.1. RADIOGRAPHY 

X-ray imaging depends on the partial translucence of biological tissue with respect to X-ray 

photons. If a beam of X-rays is directed at the human body, a fraction of the photons will pass 

through without interaction. The bulk of the incident photons, on the other hand, will interact with 

the tissue. As the beam is moved across the body, the relative proportions of transmission, 

absorption and scatter change, as the beam encounters more or less bone, blood and soft tissue. 

Ideally the contrast in an X-ray image would be produced just by the variation in the number of 

photons that survive the direct journey to the detector without interaction. These are the primary 

photons. They have travelled in a straight line from the X-ray tube focus and will give rise to sharp-

edged shadows. However each point in the image may well receive some additional photons that 

have been scattered by body tissue. These are the secondary photons. They reach the detector from 

a wide range of positions in the body and they smear out the sharp shadows formed by the primary 

component.  

Medical imaging uses X-rays with energies in the range 20–150 keV. These are very much higher 

than most atomic binding energies and thus the inelastic interaction processes of Compton 

scattering and the photoelectric effect launch charged electrons and ions, with relatively large initial 

kinetic energies, into the surrounding tissue to produce the patient dose. The radiation dose of both 

the patient and attendant staff must be kept to an absolute minimum and this has a significant 

impact upon both the design of equipment and the procedures used in X-ray radiography. An ideal 

imaging scheme would employ photons that are only elastically scattered by biological tissue and 

never absorbed, but wholly absorbed and never scattered by the chosen photon detector. This ideal 

is of course impossible. Elastic scattering and absorption mechanisms are significant to differing 

degrees at all photon energies for any given atom. In general, a standard X-ray radiograph provides 

extremely good contrast between bone and all soft tissue but very little contrast between the 

different types of soft tissue. In addition, the standard radiograph is a 2D projection of a 3D patient. 

This means that shadows formed at different depths within the patient are all superimposed in the 

final image. Together, these two problems impose severe limitations on the amount of diagnostic 
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information that can be obtained. Throughout its hundred-year history radiographic techniques 

have been invented by scientists and clinicians to improve the diagnostic yield.  

A.2 RADIATION INTERACTION 

Radiation refers to energy in the form of waves or particles. Radiation can consist of either charged 

or uncharged particles and photons. Charged radiation, such as beta particles, positrons, protons, 

alpha particles and fission fragments, are also known as ionizing radiation because they transfer 

energy to orbital electrons during interaction with matter. Another uncharged radiation can exist as 

an electromagnetic wave, such as x-rays, gamma rays. Radiation types like these can be produced 

through many processes such as: 

•Relaxation of an excited atom to its ground state either by ionization or by emission of an orbital 

electron. 

•Spontaneous decay of heavy nucleus to produce alpha particles or fission fragments, or neutrons. 

•Relaxation of an excited nucleus to a lower energy state to emit gamma rays.  

In addition, gamma rays can also be emitted from the annihilation of electrons with positrons. 

Gamma rays are the most energetic form of electromagnetic radiation. Alpha particles typically 

have energy from ~3 to 7 MeV. Slow neutrons have energies ~0.025 eV while fast neutrons have 

10 keV to 15 MeV. For radiation to be detected, it must first undergo some interaction with the 

medium of detection. The interaction mechanisms of gamma and x-rays are known as the 

Photoelectric effect, Compton scattering and Pair production.  

 

A.2.1. PHOTOELECTRIC EFFECT 

Photoelectric absorption happens when all of the energy of an incident photon is absorbed by one 

of the orbital electrons of the atoms in the detector material which produce a photoelectron. This 

photoelectron has a kinetic energy equal to incident photon energy minus the atomic binding energy 

of the electron. The most probable origin of ejected photoelectron is the most tightly bound K shell 

of the atom. The photoelectron then loses its kinetic energy by Coulomb interactions with the 
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semiconductor lattice thereby creating many electron-hole pairs. The number of electron-hole pairs 

created is a simple function of the energy of the incident photon.  

 

 e bE hv e     (1) 

(1) 

 

where Ee- is the energy of photoelectron, hv is the incident photon energy and Eb is the binding 

energy of the electron in the original shell. Figure 1 shows the process that describes the 

photoelectric effect of photon interaction with matter.  

Some of the x-ray photons may be generated and reabsorbed through the same photoelectric effect 

by less tightly-bound electrons. Photoelectric absorption is the predominant mode of interaction 

for gamma and x-rays. The photoelectric process is enhanced for materials with high atomic 

number Z. The probability, τ, of photoelectric absorption per atom over all ranges of energy (Eγ) 

and atomic number (Z) is roughly approximated as  
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where the exponent n varies between 4 and 5 over the energy region of interest. Equation 1.2 shows 

the dependence of the probability of photoelectric absorption on the atomic number of the 

absorbing material.  
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Figure 1: Schematic of photoelectric absorption 

 

A.2.2. COMPTON SCATTERING 

Compton scattering is the predominant interaction mechanism for electromagnetic photons with 

energies over 100 keV. When an incoming photon collides with an orbital electron, the direction 

and energy of the incident photon is altered. The incident photon transfers some of its energy to 

the orbital electron. This electron loses its energy through creation of electron-hole pairs. Energy 

transfers are determined from the conservation of energy and momentum during the interaction. 

The kinematics of the energy transfer is shown in Figure 2 and described by the following equations  
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Where moc
2 is the rest-mass energy of the electron (0.511 MeV), hv and hv’ is the energy of incident 

and recoil photon respectively. The incoming photon is deflected by an angle θ with respect to its 

original direction. A fraction of the photon energy is transferred to the electron. Since all scattering 

angles are possible with varying probabilities, this energy can vary from zero to a large fraction of 

the photon energy.   

 

 

Figure 2: Schematic of the mechanism of Compton scattering 

 

A.2.3. PAIR PRODUCTION 

An incident photon with energy above 1.022 MeV may create an electron-positron pair. Any excess 

energy can go into kinetic energy of the electron and positron. As the positron has a very short 

lifetime in the material it will annihilate with an electron in the material to produce two annihilation 

photons of energy 0.511 MeV. The annihilation photons then interact with atoms of the material to 

create electron-hole pairs. These two photons then lose energy by Compton scattering or the 

Photoelectric effect. Figure 3 shows the schematic process of pair production.  
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Figure 3: Schematic of the mechanism of pair production 

 

A.3. X-RAY DETECTION 

The two basic techniques used for X ray detection are direct and indirect detection. In direct X-ray 

detection, the detector converts the absorbed X-ray directly into a charge signal. For energies below 

100 keV, this is possible if the detection medium has good absorption efficiency, and it is enhanced 

if the atomic number (Z) of the material used is high. For this range of energy, the dominant 

interaction is the photoelectric effect. Absorption efficiency for film and silicon is poor for energies 

above 20 keV, therefore a converting medium (typically scintillator) is used between the 

contrasting detail and the detector (indirect detection). This extra step deteriorates the spatial 

resolution of the system. The effects of scattering, however, can be minimized by the use of a 

collimator or a scanning system. The basic operation modes for X-ray detection are: integration 

mode, counting mode and Compton scattering. In integration mode, the total charge released by 

the incident radiation is accumulated during the exposure time. In counting mode, each photon is 

counted independent of energy. In Compton scattering, the position of the emitted photon is defined 

by back-projection reconstruction. In order to do that, it uses two detecting planes. The first one 

(closer to the source) is designed so that Compton scattering is the dominant interaction process, 
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while the second one is designed to completely absorb the photons. From the two position 

measurements and the angle of scatter, it is possible to back-project to localize the photon direction 

within a cone determined by the measurements. 

 

A.3.1. COMPLEMENTARY METAL-OXIDE SEMICONDUCTORS DETECTORS 

(CMOS)  

Recently CMOS detectors have gain ground for use in medical imaging applications. This includes 

CMOS detectors for digital radiography (Graeve and Weckler 2001), thin tissue autoradiography 

(Cabello et al 2007), mammography (Zhang et al 2005, Arvanitis et al 2007), radiotherapy 

(Osmond et al 2008) and X-ray phase contrast imaging (Olivo et al 2007, Elbakri et al 2009). In a 

CMOS detector every pixel has his own charge to voltage convertor and the sensor often include 

amplifier and noise correction. With each pixel doing its own conversion, uniformity is lower, but 

it is also massively parallel, allowing high total bandwidth for high speed. The main disadvantage 

of CMOS detectors is that they have higher electronic noise when compared to CCDs (Zhang et al 

2005), and traditionally CCDs have been considered to be the superior class of photonic sensors. 

Renewed interest in CMOS was based on expectations of lowered power consumption, camera-on-

a-chip integration, and lowered fabrication costs from the reuse of mainstream logic and memory 

device fabrication.  

Research have shown that the CMOS detectors could be competitive with detectors in medical 

imaging applications. Baysal and Toker (2005) reported on the development of a CMOS 

mammography cassette for specimen and biopsy imaging with MTF, DQE and ACR phantom 

scores comparable to industry standards. In addition Seferis et al (2013) present very promising 

results of a high resolution CMOS detector coupled with a red emitting phosphor. 

 

A.4. DIGITAL RADIOGRAPHY AND X-RAY DOSE 

Digital radiography has been the subject of many studies evaluating the radiation doses received 

by patients as compared to doses received in F/S radiographic examinations. The consensus of the 

findings is that the dose received by the patient in CR is similar to that of F/S radiographic 
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examinations. In mammography especially the imaging capabilities and system setups of DR are 

generally equivalent with the corresponding CR. In paediatric radiographic examinations, doses 

received by the child were lower in F/S than in CR imaging examinations according to (Nickoloff 

et al 2002).  

The wide latitude of CR compared to F/S has not provided the expected dose reductions for CR. It 

has been suggested that quantum noise from low exposures used in CR systems limits its dose 

reduction capabilities. However, dose advantages are gained in direct DR imaging examinations 

over those of CR and F/S. The reduced dose of direct DR is attributable to the lower noise levels 

of direct DR over CR and the wider latitude of direct DR compared to F/S (Chotas et al 1993, 

Dobbins et al 2000, Marshall et al 1994).  

 

A.5. IMAGE QUALITY 

A.5.1. PIXEL SIZE MATRIX AND DETECTOR SIZE 

Digital images consist of an array of picture elements, often referred to as pixels. The two 

dimensional collection of pixels in the image is called the matrix, which is usually expressed as 

length (in pixels) by width (in pixels). Maximum achievable spatial resolution (Nyquist frequency, 

given in cycles per millimeter) is defined by pixel size and spacing. The smaller the pixel size (or 

the larger the matrix) is, the higher the maximum achievable spatial resolution. The overall detector 

size determines if the detector is suitable for all clinical applications. Larger detector areas are 

needed for chest imaging than for imaging of the extremities. In cassette-based systems, different 

sizes are available (Michail 2010).  

 

A.5.2. DYNAMIC RANGE  

Dynamic range is a measure of the signal response of a detector that is exposed to X-rays (Spahn 

2005). In conventional screen-film combinations, the dynamic range gradation curve is S shaped 

within a narrow exposure range for optimal film blackening; thus, the film has a low tolerance for 

an exposure that is higher or lower than required, resulting in failed exposures or insufficient image 

quality. For digital detectors, dynamic range is the range of X-ray exposure over which a 
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meaningful image can be obtained. Digital detectors have a wider and linear dynamic range, which, 

in clinical practice, virtually eliminates the risk of a failed exposure. Another positive effect of a 

wide dynamic range is that differences between specific tissue absorptions (e.g., bone vs. soft 

tissue) can be displayed in one image without the need for additional images. On the other hand, 

because detector function improves as radiation exposure increases, special care has to be taken 

not to overexpose the patient by applying more radiation than is needed for a diagnostically 

sufficient image (Spahn 2005).  

 

A.5.3. SPATIAL RESOLUTION 

In general, spatial resolution (the size of the smallest clearly visible object) in any X-ray system 

depends in a complicated way on a number of factors. It depends on the tube focus, degree of 

scatter, attenuation coefficient and the noise from whatever source. Photographic film, used on its 

own, does not decrease the resolution, since the size and packing of the light sensitive AgBr grains 

is so fine that other factors dominate. This, however, is not the case when intensifier screens are 

used or electronic detectors replace film methods. 

The intensifier screen increases the sensitivity by factors of 100–1000 and hence dramatically 

reduces the radiation dose to the patient. This comes at the cost of a decrease in spatial resolution, 

as a result of the spread of light photons within the screen before they activate the film. Electronic 

detectors used in digital radiography or CT are composed of many discrete elements, each with a 

finite size. Each element averages together all photon events recorded, over its finite field of view, 

to produce a single number for that area. Its spatial resolution is then limited, approximately, to the 

physical size of the detector element. Clearly the microscopic particles of AgBr in a photographic 

film are very much smaller than even the most modern electronic detector. 

 

A.5.4. MODULATION TRANSFER FUNCTION (MTF)  

Modulation transfer function (MTF) is the capacity of the detector to transfer the modulation of the 

input signal at a given spatial frequency to its output (Hendee 1970). At radiography, objects having 

different sizes and opacity are displayed with different gray-scale values in an image. MTF has to 



37 
 

do with the display of contrast and object size. More specifically, MTF is responsible for converting 

contrast values of different-sized objects (object contrast) into contrast intensity levels in the image 

(image contrast). For general imaging, the relevant details are in a range between 0 and 2 

cycles/mm, which demands high MTF values. MTF is a useful measure of true or effective 

resolution, since it accounts for the amount of blur and contrast over a range of spatial frequencies 

(Michail 2010).  

 

A.5.5. NOISE 

Noise is the random variation of intensity over an image. The amount of noise will affect the 

visibility of the image; if the noise is large compared to the real signal the image will be impossible 

to interpret even if the resolution is high, so it’s often desirable to reduce it as much as possible. 

Read-out noise 

Read-out noise arises due to fluctuations in the output signal. These fluctuations are caused by 

thermal effects in the read-out electronics and may be reduced by reducing the read-out speed of 

data from the sensor. 

Dark noise 

Even when unexposed, the CMOS will always have a small current caused by thermally excited 

electrons. This dark current will build up a dark signal over time, and the random fluctuations in 

this signal are called dark noise. 

The dark signal can be corrected for by making a dark image correction  but the dark noise cannot. 

However, since the noise is caused by thermally excited electrons it can be reduced by cooling the 

detector. 

Static noise 

Static noise or fixed pattern noise is caused by defects in the detector’s hardware and leads to non-

uniformities in the acquired image. Typical defects can be damage on the scintillator or the FOP, 

or a variation of gain between different pixels in the CCD. This noise is static and can be completely 

removed by making a flat-field correction (described in the section below). 
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Photon noise 

Photon noise arises due to the quantized nature of light and can be seen as the variation in the 

number of photons arriving to the detector. This can be described by Poission statistics, so the noise 

will be given by square root of the mean number of photons, 

 

 ph N    (4) 

 

Although this noise will increase with exposure time, the relative noise will decrease. Considering 

only the photon noise, the relative noise becomes 

 

 ,
1

ph rel
N

N N
     (5) 

 

 

Table 1: Some common types of noise, their origin and methods to reduce them. 

Type of 

noise 

Origin Correctable/ 

Reducable 

Method 

Read-out 

noise 

Fluctuations in read-out 

signal 

No / Yes Reduce read-out 

speed 

Dark noise Thermal effects in the 

CCD 

No / Yes Cool the CCD 

Static noise Imperfections in the 

hardware 

Yes / No Flat-field 

correction 

Photon 

noise 

Quantization of light No / Yes† Increase 

exposure time 
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A.5.6. NOISE POWER SPECTRUM (NPS)  

The noise power spectrum (NPS) is a spectral decomposition of the variance. As such, the NPS of 

a digital radiographic image provides an estimate of the spatial frequency dependence of the pixel-

to-pixel fluctuations present in the image (Williams et al 1999). Such fluctuations are due to the 

shot (quantum) noise in the X-ray quanta incident on the detector, and any noise introduced by the 

series of conversions and transmissions of quanta in the cascaded stages between detector input 

and output. Examples of the latter are the signal and dark current shot noise, the reset noise, the 

amplifier noise, the white noise of source follower, the quantization noise, the fixed pattern noise 

due to pixel-to-pixel variation in sensitivity or photoresponse nonuniformity, the dark current fixed 

pattern noise and the offset differences between pixel and column parallel signal readout. The fixed 

pattern noise is the result of non-uniformities in the process causing small variations in device 

physical dimensions, and differences in pixel and column voltage thresholds (Williams et al 1999, 

Arvanitis et al 2007). The NPS is a much more complete description of image noise than is 

quantification of integrated (total) noise via simple measurement of the rms pixel fluctuations, 

because it gives information on the distribution in frequency space of the noise power. An 

understanding of the frequency content of image noise can provide insight regarding its clinical 

impact. For example, in mammography, excess high-frequency noise may render the detection of 

microcalcifications impossible. If desired, the total variance can be obtained by integrating the NPS 

over spatial frequency (Williams et al 1999).  

 

A.5.7. DETECTIVE QUANTUM EFFICIENCY (DQE)  

Detective quantum efficiency (DQE) is one of the fundamental physical variables related to image 

quality in radiography and refers to the efficiency of a detector in converting incident X-ray energy 

into an image signal. DQE is calculated by comparing the signal-to-noise ratio at the detector output 

with that at the detector input as a function of spatial frequency (Dainty and Shaw 1974). DQE is 

dependent on radiation exposure, spatial frequency, MTF, NPS and detector material. High DQE 

values indicate that less radiation is needed to achieve identical image quality; increasing the DQE 

and leaving radiation exposure constant will improve image quality. The ideal detector would have 

a DQE of 1, meaning that all the radiation energy is absorbed and converted into image information. 
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During the past few years, various methods of measuring DQE have been established, making the 

comparison of DQE values difficult if not impossible. In 2003, the IEC62220-1 (Marshall 2006) 

standard was introduced to standardize DQE measurements and make them comparable (Medical 

Electrical Equipment 2003, 2005, Saunders et al 2005).  
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B. MATERIALS AND METHODS 

B.1. PHOSPHOR SCREENS PREPARATION 

The Gd2O2S:Eu phosphor, used in the experiments, was purchased in powder form (Phosphors 

Technology Ltd, England, code UKL63/N-R1) with mean grain size of approximately 8 μm and 

volume density of 7.3 gr/cm3. Lu2O3:Eu powders were synthesized by the following methods: a) 

the rod-like grains powders were synthesized by the hydrothermal method using ammonia for PH 

stabilization, b) the 200 nm grains by co-precipitation method using urea, c) the 5 μm grains powder 

was prepared by means of a Li2SO4 + SiO2 flux method using a mixture of commercially offered 

Lu2O3 and Eu2O3, and d)for the 50 nm grains powder was used the combustion method using 

glycine as the organic fuel. Afterwards, a suspension of the powder phosphor is prepared and 

allowed to sediment onto a substrate. For the preparation of the suspension, deionized water was 

used in which the above phosphor is practically insoluble. Sodium silicate water solution (Na2SiO3) 

or so called “waterglass” was used as binding material, which creates conditions of satisfactory 

adhesion of phosphor layer. In addition the Na2SiO3 solution fills the voids between the grains. 

Subsequently, due to higher refractive index, as compared to that of air, forces the emitted photons 

to refract within a lower angle when they go through from one material to another (refractive index 

of Lu2O3=1.935, refractive index of Na2SiO3 = 1.53) (Michail et al. 2009). The sedimentation was 

achieved by using a mixture consisting of 1000 ml of de-ionized water, 20 ml of Na2SiO3, and the 

appropriate amount of phosphor powder in a glass tube of 110 cm height (Figure 6). The substrate 

was placed at the bottom of the tube (Giakoumakis et al. 1990, Kandarakis et al. 1997) and secured 

using a silicone optical compound (Visilox V-788) as an adhesive media between substrate and 

holder. This compound can be easily removed afterwards by using an alcohol based solution 

without leaving any light absorbing stains. The sedimentation is followed by the removal of fluid, 

slowly drying the screen without any movement for 24 hours, at room temperature. Afterwards the 

screen was placed in an oven for 2 hours at a temperature of 150 °C, and then was slowly cooled 

at environment temperature. Five thin screens were prepared with thicknesses (coating density) 

33.1 mg/cm2 (200 nm spherical grains), 33.3 mg/cm2 (50 nm spherical grains), 35.2 mg/cm2 (5 μm 

spherical grains), 31.7 mg/cm2 (500 nm rod-like grains) and 33.2 mg/cm2 (8μm rod-like grains) on 

Borosilicate glass substrate 22x22 mm (Waldemar Knittel-GmbH) or round quartz substrate with 

diameter 30 mm (please see Table 2). 
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Figure 4: Sedimentation tubes 

 

Table 2: Grain size and coating density of the Lu2O3:Eu screens prepared be sedimentation 

method. 

Spherical grains Rod-like grains 

Size (nm) Coating density 

(mg/cm2) 

Size (nm) Coating density 

(mg/cm2) 

50 33.3 500 31.7 

200 33.1 5000-8000 33.2 

5000 35.2   

 

B.2. CMOS SENSOR 

For the detector under investigation, the Gd2O2S:Eu and Lu2O3:Eu phosphor screens, were 

manually coupled to an optical readout device including a CMOS Remote RadEye HR photodiode 
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pixel array (Remote RadEye Systems Rad-icon Imaging Corporation a division of Dalsa). The 

CMOS photodiode array consists of 1200×1600 pixels with 22.5 μm pixel spacing. The screens 

were overlaid onto the active area of the CMOS photodiode array, with the phosphor layer directly 

coupled to the photodiode array to prevent image degradation caused by the glass substrate. The 

photodiode array consists of an N-well diffusion on p-type epitaxial Silicon, and held by using a 

thin Polyurethane foam layer for compression between the screen and a 1 mm thick Graphite cover. 

A component view is shown in Figure 5.  

 

 

Figure 5: Gd2O2S:Eu screen coupled to RadEye HR CMOS sensor. 

 

B.3. X-RAY TUBE AND X-RAY BEAM QUALITY 

A Philips Optimum X-ray tube with a rotating Tungsten anode and 1.5 mm Aluminum (Al) inherent 

filtration was used. Experiments, of the luminescence efficiency and imaging quality of Lu2O3:Eu 

nanoparticulated screens and Gd2O3S:Eu screen, were carried out in radiography energy ranges. 

The beam quality was the RQA5 (70 kV) according to the IEC standards (Medical Electrical 

Equipment-Characteristics of Digital X-Ray Imaging Devices 2005). IEC standards X-ray spectra 

were achieved by adding 21 mm Al filtration. Half value layer was calculated and found 7.1 mm. 

The tube settings were: 20, 63 and 157.5 mAs at 70 kVp (RQA 5). The system reproducibility was 

verified by measuring X-ray spectra several times. Entrance surface air Kerma was calculated by 
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relation (6) using the Amptek XR-100T X-ray spectrometer measurements and was found 

11.2±0.020, 42±0.045 and 87.5±0.071 Gy . In Table I the parameters for the x-ray spectra used, 

as well as the measured HVL and q values are shown. The source-to-detector distances (SDD) 

between the X-ray focal spot and the surface of the detector was set to 185 (Medical Electrical 

Equipment-Characteristics of Digital X-Ray Imaging Devices 2005). The added filtration was 

placed as close as possible to the source. 

Figures 6 shows measured spectra produced by the X-ray tubes (radiographic with W/Al target-

filter combination) used in the present study.  

 

 

Figure 6.: measured spectra produced by the X-ray tubes (radiographic with W/Al target-filter 

combination) 
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Table 3. Parameters of the RQA 5 beam quality. 

Radiation Beam 

Parameters 

Radiographic  

quality (RQA 5)  

Anode/filtration 

combination 

W/Al 

Tube voltage (kVp) 70 

Added filtration (mm Al) 21 

Measured half value layer-

HVL (mm Al) 

7.1 

q(
1 2photons Gy mm   

) 
21738±107 

 

B.4. X-RAY SPECTRA MEASURMENTS 

A portable Amptek XR-100T X-ray spectrometer, based on a cadmium telluride (CdTe) crystal 

solid-state detector was used for direct diagnostic X-Ray spectra measurements. After calibration 

(Michail et al 2011) the CdTe was placed at a focus to detector distance of 166 cm for the 

radiographic energies. X-ray spectra were corrected by the inverse square law at the CMOS 

detector plane for all beam qualities. In order to minimize pile-up distortions, dedicated collimation 

systems (1 mm thick collimators with 400 m  diameters, for the radiographic X-ray spectra) were 

used. In addition the measured X-ray spectra were corrected for the efficiency of the CdTe detector. 

The Air Kerma value K  at the surface of the detector was calculated according to (Abbene et al 

2007): 

 

 
0 6

0
min

0.00869 (1.83 10 ( ) ( ( ) / ) )
E

en airK E  


       (6) 

 

Where 0  is the measured X-ray spectrum value (photons/mm2) at energy E. ( ( ) / ) )en airE   is 

the X-ray mass energy absorption coefficient of air at energy E obtained from the literature 
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(Greening 1985). The exposure rate at the entrance surface of the CMOS photodiode array detector 

was measured for a range of tube current-time products (mAs). The measured X-ray spectra were 

corrected for the efficiency of the CdTe detector. 

 

B.5. SPECTRAL COMPATIBILITY 

The spectral matching factor expresses the capability of a Si detector to detect the emitted light 

photons of a phosphor, determined by:  

 

 ( ) ( ) / ( )P D PS S d S dS          (7) 

 

where ( )PS   is the emitted light spectrum of the phosphor and ( )DS   is the spectral sensitivity of 

the optical detector coupled to the phosphor (Michail et al 2010). The ( )PS  of the powder phosphor 

screens was measured under X-ray excitation by an optical spectrometer (Ocean Optics Inc., 

HR2000). 

 

B.6. LIGHT EMISSION EFFICIENCY MEASUREMENTS 

B.6.1. ABSOLUTE EFFICIENCY (AE) 

The Absolute Efficiency was determined by measuring the light energy flux emitted by the 

irradiated screen and dividing by the incident exposure rate measured at the screen position. The 

experimental setup for light energy flux measurements comprised a light integration sphere (Oriel 

70451) coupled to a photomultiplier (EMI 9798 B) with an extended sensitivity S-20 photocathode, 

and was enclosed within a bronze light tight chamber. The screen is placed in the input port of the 

integration sphere. The photomultiplier current was amplified and fed to a vibrating reed (Cary 

401) electrometer operated in current mode. An analogue to digital converter was employed to 
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digitize electrometer’s output, which was then stored in a computer. AE was computed from 

electrometer’s output current and dosimeter data by: 

 
1/ elec

p s g

i
AE X

Sn a c





 
      

 
  (8) 

 

where ielec is the electrometer’s output current in pA, S is the area of the irradiated screen and np is 

the photocathode’s peak photosensitivity expressed in mA/W. as is the spectral compatibility factor 

expressing the compatibility of the scintillator’s emission spectrum to the spectral sensitivity of the 

photocathode (extended S20). cg is the geometric light collection efficiency of the experimental 

setup, expressing the fraction of screen’s emitted light. AE was finally expressed in units of 

2 1/W m mR s    , where 2W m    corresponds to the light energy flux (  ) and 1mR s  to the 

exposure rate (X). For simplicity, the notation efficiency unit (EU) was used (1 EU =

2 1/W m mR s    ) (Michail et al 2009). The distance between the surface of the screen and the 

focal point of the X-ray tube was 72.5 cm. The Absolute Efficiency was measured for energy range 

from 50 to 133 kVp and the tube current product at 63 mAs (Valais et al 2007, Valais et al 2008a, 

Valais et al 2005, Valais et al 2008b, Seferis et al 2013, Seferis et al 2017) 
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Figure 7. Schematic of the Absolute Efficiency equipment 

 

B.6.2. DETECTOR QUANTUM GAIN (DQG) 

The Detector Quantum Gain was determined as the ratio: 

 

 /DQG       (9) 

 

where  , is the emitted light photon fluence, which was calculated by 
1/ hc 

 , where the 

numerator is the light energy fluence and the denominator is the mean energy E  of the emitted 

light photons,   being the mean light wavelength determined from emission spectra 

measurements.   denotes the incident X-ray photon fluence measured by the portable Amptek 

XR-100T, X-ray spectrometer. 
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B.6.3. X-RAY LUMINESCENCE EFFICIENCY (XLE) 

The X-ray Luminescence Efficiency defined as the ratio of the emitted light energy fluence   

over the incident X-ray energy fluence  : 

 

 /XLE       (10) 

 

For the determination of XLE, the X-ray energy fluence,  , was determined by multiplying the 

X-ray photon fluence with ,the corresponding mean X-ray photon energy (Michail et al 2009). 

 

B.7. IMAGE QUALITY 

B.7.1. MODULATION TRANSFER FUNCTION (MTF)  

The MTF was measured using the slanted-edge technique, following the procedures described in 

IEC standard (Marshall 2006a, Dobbins 2000, Illers et al 2005). A PTW Freiburg tungsten edge 

test device was used to obtain the slanted edge images in both radiographic and mammographic 

energies. The edge test device consists of a 1 mm thick W edge plate (100×75 mm2) fixed on a 3 

mm thick lead plate. Images of the edge, placed at a slight angle, were obtained under the 

radiographic and mammographic imaging conditions. Three exposure levels have to be chosen for 

the measurements. From these levels, the medium one should be the ’normal’ level routinely 

employed in the clinical practice (Medical Electrical EquipmentCharacteristics of Digital X-Ray 

Imaging Devices 2005). The edge spread function (ESF) was calculated by the extraction of an 

1×1 cm2 ROI with the edge roughly at the center. The angle of the edge was then determined using 

a simple linear least squares fit and the 2D image data were re-projected around the angled edge 

(Marshall 2006a) to form an ESF with a bin spacing of 0.1 pixels. The ESF was smoothed with a 

median filter of five bins to reduce high frequency noise. The median filter is much less sensitive 
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to extreme values (outliers) than averaging filters. Therefore it is more efficient to remove these 

outliers without reducing the sharpness of the image. Then the ESF was differentiated to obtain the 

line spread function (LSF) (Greening 1985, Boone 2001). Finally, the normalized LSF was Fourier 

transformed to give the pre-sampling MTF.   

 

 

Figure 8: PTW Freiburg tungsten edge test device. 

 

B.7.2. NORMALIZED NOISE POWER SPECTRUM (NNPS)  

The NPS was calculated according to IEC 62220-1-2. (Medical Electrical Equipment 

Characteristics of Digital X-Ray Imaging Devices 2005) For each ROI, the PV were converted into 

air kerma units with equation (4). The slowly varying spatial background effects including the heel 

effect were corrected by fitting and subtracting a two-dimensional second-order polynomial to the 

original acquired image data. The area of analysis was subsequently divided into sub-images of 

1024×1024 pixels. Half overlapping ROIs with a size of 128×128 pixels were then taken from the 

sub-images (Medical Electrical Equipment-Characteristics of Digital X-Ray Imaging Devices 

2005). A total of 128 ROIs were taken from each flood image. For all the ROIs taken from each 
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image 2D fast Fourier transform (FFT) of each ROI was calculated and added to the NPS ensemble. 

NNPS was obtained by dividing NPS by the square of the corresponding MPV and afterwards the 

ensemble average was obtained.   

 

B.7.3. DETECTIVE QUANTUM EFFICIENCY (DQE) 

The DQE of the system was calculated by the following equation:  

 

 
2( )

( )
( )

MTF u
DQE u

K q NNPS u  
  (11) 

 

Where q is the number of photons per unit Kerma (μGy ) per mm2, determined by dividing the 

number of photons per mm2 (measured with the portable X-ray spectrometer) with the 

corresponding air Kerma value (μGy ) (Abbene et al 2007).  

The value of 21738 photons/μGy/mm2 , for the RQA 5, was calculated from our direct X-ray spectra 

measurements, instead of using tabulated data.  
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C. RESULTS AND DISCUSSION 

C.1. Lu2O3:Eu LUMINESCENCE EFFICIENCY AND X-RAY IMAGE QUALITY 

Figure 9 shows the screens surfaces prepared by the sedimentation method for all powders 

mentioned in table 2 Figures 9a, b and c shows the spherical Lu2O3:Eu particles. The screens have 

a grain size of about 50 nm, 200 nm, and 5 μm respectively. The grain size distribution for screens 

a and b is very narrow while in the screen c there is a noticeable fluctuation of grains sizes between 

1 to 5 μm. This fluctuation influence the uniformity of screen microscopically, although 

macroscopically all three screens have a smooth surface.  

Figure 9d and e shows the screens prepared by rod-like grains. The grains length is 5 to 8 μm and 

500 nm, respectively. The grains for the screen 9d seems to be agglomerated creating clusters of 

individuals, thicker, rod-like grains (please see the inset of figure 9d). On the other hand, the rod-

like grains of screen 9e are non-agglomerated with narrow size distribution. The uniformity of 

those screens, microscopically and macroscopically seems to be poor. Helzel and Tzavaras 2015 

and Li 2013 have developed a kinetic model for the sedimentation of rod–like particles mentioning 

that the buoyancy force creates a macroscopic velocity gradient that causes the microscopic 

particles to align, which reinforces the formation of clusters. Figure 10 shows pictures of the surface 

of those screens confirming the clusters created on the surface. For the grains with size of 1-8 μm 

the clusters are more obvious, compared with those of size about 500 nm, probably due to bigger 

grains. This behavior certainly affects the image quality in order of resolution and noise transferred 

from the screen to the image and will be discussed below.  
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Figure 9. Scanning electron microscope images of Lu2O3:Eu powders used for screens 

preparation. A) 200 nm spherical grains, b) 50 nm spherical grains, c) 5 μm spherical grains, d) 

10 μm rod-like grains, e) 500 nm rod-like grains. 

 

 

Figure 10. Pictures of the surfaces of rod-like grains screens. a) 8 μm rod-like grains, b) 500 nm 

spherical grains. 
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Figure 11 shows the normalized radioluminescence of Lu2O3:Eu under 70 kVp X-rays energy, and 

the spectral sensitivity of the CMOS sensor under investigation. The narrow emission at 610 nm 

results from the radiative relaxation of the 5D0 level to 7F1 of Eu3+ ions (Zych 2002). The spectral 

compatibility between the optical spectra emitted by Lu2O3:Eu screens and the sensitivity of the 

CMOS optical sensor were calculated for the wavelengths ranging from 450 nm up to 700 nm and 

was found 0.99. This shows that this phosphor has excellent compatibility with the CMOS RadEye 

HR electronic optical sensor, thus almost all emitted photons were involved in the formation of the 

resulting image.  

 

 

Figure 11. Radioluminescence spectrum of Lu2O3:Eu and spectral sensitivity of CMOS RadEye 

HR optical sensor. 

 

Figure 12 shows the variation of AE for all Lu2O3:Eu nanophosphor screens, prepared by 

sedimentation, with X-ray tube voltage, in the range from 50 to 120 kVp. AE was found to decrease 

for X-ray tube voltage higher than 90 kVp. This behavior of the AE is affected by the X-ray energy, 

since the absorption properties of X-rays, are generally reduced as a function of energy for the 

exposure conditions under consideration. Therefore the quantum detection efficiency (i.e. the 

fraction of absorbed X-ray photons) of the material for equal screen thickness is reduced per X-ray 
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energy value. The increasing part of the graph, from 70 to 90 kVp, is attributed to the K-absorption 

edge of the Lu2O3:Eu scintillator (at 63.3 keV) (Garcıa-Murillo et al. 2002). Focusing at the 

spherical grains is obvious the different behavior of AE curves at low X-ray energies from 50 to 

70 kVp. For the screens prepared with 50 nm and 200 nm spherical grains the absolute efficiency 

decrease as the energy increased from 50 to 70 kVp in contrast with the screen prepared with 5 μm 

grains. This behavior may indicate different visible light optical properties. Monte Carlo studies 

have shown the dependence of light extinction on grain size and emitted light wavelength 

(Liaparinos 2012). Specifically, the light extinction coefficient, expressing the light extinction prior 

the interaction with grains, is higher for particles size of approximately equal with the wavelength 

of emitted light, while for smaller grains this coefficient is considerable reduced. Thus in the case 

of the light photons produced on the surface of the screen travel further within the phosphor layer 

before their first interaction with grains. Although the absorption probability considered higher, 

the number of interactions with the grains is considered small because they took place closer to the 

exit of phosphor layer, thus near the detector. The rod-like grains screens follows also a different 

trend at low energies compared with 50 nm and 200 nm spherical grains screens. In this situation 

the different optical properties seems to be responsible, such as with the 5μm spherical grains 

screen, with higher scattering and attenuation of light photons. In addition the rod-like shape seems 

to be of high importance not only in light scattering but also in scintillating light emission 

distribution, since it is not clear if the light is emitted from all grain surface, or the rod-like grains 

act as fibers in which through multiple scattering leads the light to escape from the edges. In any 

case the number of photons produced, after the interaction with X-ray photons, are different for 

every side of each grain, if we consider the non-spherical shape and its more than one sides with 

different surfaces. For this reason, is difficult to be predicted or one to make assumptions about the 

optical properties of rod-like grain screens. These properties could be also responsible and for low 

AE values compared with the spherical grains screens. However, in addition to the optical 

properties is also a subject of synthesis procedure affects the defects population and distribution.  
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Figure 12. Absolute efficiency of Lu2O3:Eu scintillating screens. 

 

Figure 13 shows the MTF curves of all screens under the same exposure conditions. The higher 

MTF values are attributed to spherical grains screens. Comparing the MTF values of 50 nm and 

200 nm spherical grains screens, it is obvious that the MTF values are comparable only at high 

frequencies from 7 to 12 cy/mm the MTF of the 50 nm spherical grains screen appeared slightly 

higher. The 5 μm spherical grain screen appeared with slightly lower MTF values in comparison 

with the 50 nm and 200 nm spherical grains screens. To explain those differences the size 

dependence optical properties should be taken into account. Monte Carlo simulations of Mie 

scattering theory have been shown the dependence of light absorption probability (Liaparinos 

2012). For nano-sized grains the absorption probability is considered to be higher since the number 

of interactions of light is higher due to higher number of grains. For this reason those screens give 

rise to higher scattering of the emitted radiation compared to the screen made up of 5 μm grains. 

Thus, the lateral emitted photons become attenuated by scattering before they reach the screen edge 

and finally the detector. This may provide an advantage of nanograins where light diffusion is 

limited to lower solid angles within this layer and implies a more sharp angular distribution of light 

spread toward layer output. The MTF values for the rods-like grains screens are very low compared 
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with the spherical grains screens. As mentioned above the optical properties as well as the spatial 

arrangement of the emitted light photons may affect the imaging resolution inversely. Another 

important reason which is certainly influencing the MTF values for those screens are the clusters 

created due to the sedimentation procedure. The phosphor grains do not precipitates uniform on 

the substrate surface, creating structural abnormalities with consequence the degradation of image 

resolution due to high structural noise.  

 

 

Figure 13. MTF of Lu2O3:Eu scintillating screens coupled to the CMOS RadEye HR optical 

sensor. 

 

Figure 14 shows the normalized noise power spectra (NNPS), obtained from uniformly exposed 

images under the same exposure level, for all screens. The NNPS presents significantly higher 

values at low frequencies (0 to 4 cy/mm) for the rods-like grains screens, pointing on their higher 

non uniformities compared to the spherical grains screens. From medium up to high frequencies (5 

to 10 cy/mm), this noise is less evident since the Poisson distributed stochastic noise contributions 

(X-rays quantum noise, visible photons quantum noise) are prevailed. Comparing the NNPS values 

of the spherical grain screens it is also obvious the higher structural noise of the 200 nm and 5 μm 
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grain screens. This is expected considering the grain size and the packing properties in each case. 

The smaller the grain the smaller the voids between the grains, and consequently the smaller the 

non-uniformities of the screen.  
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Figure 14. NNPS of Lu2O3:Eu scintillating screens coupled to the CMOS RadEye HR optical 

sensor. 

 

Figure 15 shows DQE curves for all screens which is the combined effect of resolution (MTF) and 

noise properties (NNPS). The higher DQE values observed for the spherical grain screens due to 

the better resolution and noise properties. Specifically the low structural noise of 50 nm spherical 

grains screen contributes to the higher DQE values up to medium frequencies (0 to 5 cy/mm), 

comparing with the 200 nm and 5 μm spherical grain screens. For frequencies 5 to 8 cy/mm the 

DQE values are comparable, while for higher frequencies the 50 nm spherical grains screen is again 

dominating due to the higher MTF values at those frequencies. The rods-like grain screens 

appeared with very low DQE values mostly due to the very low MTF values clearly affected by 

the non-uniformities and the optical properties.  
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Figure 15. DQE of Lu2O3:Eu scintillating screens coupled to CMOS Radeye HR optical sensor. 

 

C.2. Lu2O3:Eu NANOPHOSPHOR COMPARED WITH Gd2O3:Eu CONVETIONAL 

PHOSPHOR 

Fig. 16 shows the variation of AE of the 33.3 mg/cm2 Lu2O3:Eu nanophosphor screen with X-ray 

tube voltage in the range from 50 to 133 kVp. AE was found to decrease as the X-ray tube voltage 

was increased. This behaviour of the AE is affected by the X-ray energy, since the absorption 

properties of X-rays, are generally reduced as a function of energy for the exposure conditions 

under consideration. Therefore the quantum detection efficiency of the material (i.e. the fraction of 

absorbed X-ray photons) for the same material thickness is reduced per X-ray energy value. The 

increasing part of the graph, from 70 to 90 kVp, may be attributed to the K- absorption edge of the 

Lu2O3:Eu scintillator (at 63.3 keV) (Garcia-Murillo et al 2002). 

The AE of Gd2O2S:Eu phosphor screen of 33.1 mg/cm2 is also shown in figure 16 for comparison 

purposes (Michail et al 2010). The 33.3 mg/cm2 Lu2O3:Eu nanophosphor showed higher AE by a 

factor of 1.32 in the whole radiographic energy range, compared with the 33.1 mg/cm2 Gd2O2S:Eu 
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phosphor screen. The higher values of AE for Lu2O3:Eu can be principally attributed to the higher 

X-ray absorption of Lu2O3:Eu, which in turn is due to the higher effective atomic number (Lu-

Zeff=71, Gd-Zeff=64) of this material. Although the intrinsic efficiency-ηC (expressing the fraction 

of absorbed X-ray energy converted into light within the mass of the phosphor) of Lu2O3:Eu is 

lower than this of Gd2O2S:Eu, the increased values of Lu2O3:Eu in X-ray absorption overbalances 

the effect of the lower intrinsic conversion efficiency (ηc of Lu2O3:Eu=0.08 and ηc of 

Gd2O2S:Eu=0.12) (Michail et al 2011, Kalyvas et al 2012). 
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Figure 16: Comparison of the Absolute Efficiency between the Lu2O3:Eu nanophosphor and 

Gd2O2S:Eu phosphor screens. 

 

Figure 17 and 18 show DQG and XLE data of the Lu2O3:Eu nanophosphor screen in the 

radiographic energy range. Both DQG and XLE were found to decrease with increasing X-ray tube 

voltage. As referred above this is mainly attributed to the X-ray absorption properties and the 

optical conversion properties. 

In figure 17 and 18 DQG and XLE of Gd2O2S:Eu scintillating screen are also shown for comparison 

purposes (Michail et al 2010). The 33.3 mg/cm2 Lu2O3:Eu nanophosphor showed higher DQG for 

the energy range from 50 kVp to 110 kVp and comparable thereafter, while XLE was higher in the 
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whole radiographic energy range by a factor of 1.37 on average. Even though DQG curves of both 

screens have insignificant differences in the energy range from 110 to 133 kVp, XLE values of the 

Lu2O3:Eu nanophosphor screen are higher than those of Gd2O2S:Eu phosphor screen. This could 

be explained by taking into consideration that the wavelength of the Lu2O3:Eu photons are lower 

(610 nm instead of 625 nm for Gd2O2S:Eu) and thus they correspond to slightly higher energy with 

respect to the Gd2O2S:Eu photons, i.e. a given amount of emitted light fluence is distributed into a 

smaller number of photons and hence DQG (number of quanta) may be shown relatively decreased 

with respect to the expected values.  
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Figure 17: Comparison of the DQG between the Lu2O3:Eu nanophosphor and Gd2O2S:Eu 

phosphor screen. 
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Figure 18: Comparison of the XLE between the Lu2O3:Eu nanophosphor and Gd2O2S:Eu 

phosphor screen. 

Figure 19 shows the normalized emitted light spectra of Lu2O3:Eu nanophosphor and Gd2O2S:Eu 

phosphor and spectral sensitivity of the CMOS sensor under investigation. The spectral 

compatibilities between the optical spectra emitted by Lu2O3:Eu nanophosphor and Gd2O2S:Eu 

phosphor screens and the sensitivity of the CMOS optical sensor were calculated for the 

wavelengths range from 450 nm up to 700 nm by evaluating the spectral matching factor (relation 

(4)). In particular, it was found that this factor is approximately the same for the CMOS/Lu2O3:Eu 

nanophosphor system (αS=0.99) and for the CMOS/Gd2O2S:Eu phosphor system (αS =1). This 

shows that both phosphors have excellent compatibility with the CMOS RadEye HR electronic 

optical sensor, so all emitted photons involved in formation of the resulting image.  
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Figure 19: Normalized emittedlightspectraofLu2O3:Eu andGd2O2S:Eu scintillators under UV 

excitation at 312 nm and spectral sensitivity of the CMOS sensor under investigation.. 

In figure 20 the MTF of Lu2O3:Eu nanophosphor coupled to the CMOS system under three 

exposure levels, is shown. The standard deviation of all MTF curves is below 2%. The 10% MTF 

is corresponds to 10.1, 10.9, and 12.4 cy/mm for 14, 42, and 63 Gy  respectively. In this figure 

the MTF curve of the 33.3 mg/cm2 Gd2O2S:Eu conventional screen coupled to CMOS sensor is 

also shown. The MTF values of the nanophosphor Lu2O3:Eu/CMOS combination are higher in all 

the spatial frequency range, in comparison with the MTF values of the previously measure 

Gd2O2S:Eu/CMOS system. These differences may be attributed to the high surface to volume ratio 

of Lu2O3:Eu nanophosphor screen. The smaller the size of the phosphor grains, the higher the 

number of grains corresponds to a phosphor screen. Thus, the increased number of grains enhances 

the light scattering events. In that case, laterally directed light photons, which follow large distances 

to escape the screen, undergo a larger number of interactions. Therefore, the probability of lateral 

photon extinction increases. Thus, the total amount of light propagates to the screen output 

following a spatial distribution of higher forward directivity, resulting in higher MTF values 

(Liaprinos and Kandarakis 2009, Liaparinos et al 2006). 
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Figure 20: Comparison of the MTFs of 33.3mg/cm2 nanophosphor Lu2O3:Eu/CMOS system 

and33.3mg/cm2 Gd2O2S:Eu/CMOS system. 

 

Figure 21 illustrates the normalized noise power spectrum of the nanophosphor Lu2O3:Eu/CMOS 

system under three exposure levels. As can be depicted the curves have insignificant differences. 

For comparison purposes the NNPS of the 33.3 mg/cm2 Gd2O2S:Eu screen, coupled to the CMOS 

sensor is also shown. For the low frequencies (0 to 2 cy/mm) the NNPS values of the 

CMOS/Gd2O2S:Eu system were found 90% higher in comparison with CMOS/Lu2O3:Eu 

nanophosphor system, while from medium to high frequency range (2 to 13 cy/mm) were found 

40% higher. This behavior can be explained considering that the bigger the size of the phosphor 

grains the less uniformly they will be deposited, resulting in an increase of the structure noise of 

the image (Kalyvas et al 2002). The differences of the NNPS values at low frequencies indicates 

the overbalance of the Lu2O3:Eu nanophosphor against Gd2O2S:Eu phosphor in terms of structure 

noise, which is the dominant noise at low frequencies. Another factor that should be considered is 

the DQG values. Lu2O3:Eu nanophosphor screen emits more visible photons than Gd2O2S:Eu 
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conventional screen resulting in a noise decrease due to the increased number of optical photons 

incident on the CMOS active surface.  
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Figure 21: Comparison of the NNPS of 33.2mg/cm2 nanophosphor Lu2O3:Eu/CMOS system and 

33.3mg/cm2 Gd2O2S:Eu/CMOS system. 

 

Figure 22 show DQE curves of the CMOS/Lu2O3:Eu nanophosphor measured under RQA5 beam 

quality. DQE curves decreases as the ESAK increases due to the influence of the NNPS and MTF. 

The relative error of the DQE curves is 9% which is within the relative error limits suggested by 

IEC(Medical Electrical Equipment-Characteristics of Digital X-Ray Imaging Devices, 2005) DQE 

curves of CMOS/Gd2O2S:Eu system is also shown in fig. 8 for comparison purposes. DQE curves 

show an increase in the spatial frequency from 0 to 2 cy/mm. This is due to the fact that NNPS falls 

off rapidly in these spatial frequency ranges. Thereafter the reduction rate of the NNPS falls off in 

contrast with the corresponding of the MTF curves, contributing to a decrease in the DQE. The 

CMOS/Lu2O3:Eu system has higher DQE values than CMOS/Gd2O2S:Eu system due to lower 

NNPS values and higher MTF values. Furthermore the DQE seems to keep high values in the 
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whole frequency range under consideration for the CMOS/Lu2O3:Eu system in contrast to the 

CMOS/Gd2O2S:Eu system. 
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Figure 22: Comparison of the DQEs of the 33.2mg/cm2 nanophosphor Lu2O3:Eu/CMOS system 

and the 33.3mg/cm2 Gd2O2S:Eu/CMOS system. 
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D. CONCLUSIONS 

In this paper the luminescence and the imaging quality parameters of Lu2O3:Eu phosphors screens 

were investigated. Screens with grains of different size and shape were prepared by the method of 

sedimentation. It was found that the influence of the grains shape on image quality is more crucial 

than the grain size. Specifically, the rod-like grains shows a very poor imaging resolution and their 

noise level appeared very high, at low frequencies, influenced by the non-uniformities of the 

screen. Here have to be noticed that the screens preparation plays an important role since the non-

uniformities and the clusters created at the surface of the screens are highly influenced by the 

method of sedimentation and the influence of buoyancy at the macroscopic velocity of rod-like 

grains. The spherical grain screens appeared with very good resolution properties for all 

frequencies range. The influence of grains size between 50 nm and 200 nm is negligible on the 

MTF values. Only the NNPS values appeared to be different at low frequencies due to structural 

in-uniformities. The 5 μm spherical grains screen appears with slightly lower MTF values for all 

frequency range. Furthermore the NNPS values at low frequencies are higher compared with the 

50 nm and 200 nm spherical grain screens.  

Comparing the imaging performance and the luminescence efficiency of a 33.3 mg/cm2 Lu2O3:Eu 

scintillating screen with a Gd2O2S:Eu conventional phosphor screen, coupled to a high resolution 

RadEye HR CMOS photodetector, under radiographic imaging conditions, was found that 

Lu2O3:Eu nanophosphor has higher AE and XLE by a factor of 1.32 and 1.37 on average, 

respectively, in the whole radiographic energy range in comparison with the Gd2O2S:Eu screen. 

DQG was also found higher in the energy range from 50 kVp to 100 kVp and comparable 

thereafter. For the low frequencies (0 to 2 cy/mm) the NNPS values of the CMOS/Gd2O2S:Eu 

system were found 90% higher in comparison with the CMOS/Lu2O3:Eu nanophosphor system, 

while in the medium to high frequency range (2 to 13 cy/mm) were found 40% higher. The MTF 

values of the nanophosphor Lu2O3:Eu/CMOS combination are higher in all the spatial frequency 

range, in comparison with the MTF values of the Gd2O2S:Eu/CMOS system. Furthermore the DQE 

seems to retain high values in the whole frequency range under consideration for the 

CMOS/Lu2O3:Eu system in contrast to the CMOS/Gd2O2S:Eu system. These results indicates that 

Lu2O3:Eu nanophosphor could be considered for further research in order to be used in medical 

imaging applications. 
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E. LIMITATIONS - FUTURE WORK 

The aim of the future work is to synthesize nanophosphor materials of different shapes and sizes 

than those examined in this thesis, and study their optical and imaging characteristics under 

mammographic X-rays energy range. In addition the optical and imaging characteristics of 

ceramics materials will be examined. The high packing density of ceramics materials make them a 

very efficient absorber of ionizing radiation with subsequent high scintillating light emission. The 

ceramics have a packing density relevant to this of mono-crystals scintillators but their synthesis 

process is cheaper and faster. In addition because of the nano-size of those materials may is possible 

the manufacture of transparent ceramics. The advantage of transparent materials is the low self-

absorption of scintillating light.  
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APPENDIX: ABBREVIATIONS 

AE Absolute Luminescence Efficiency 

as Spectral matching factor 

a-Si:H Amorphous Silicon 

CCD Charge-coupled device 

CMOS Complementary metal Oxide semiconductor 

CsI:Tl Thallium-doped Cesium Iodide 

DBT Digital breast tomosynthesis 

DQE Detective Quantum Efficiency 

DQG Detector Quantum Gain 

E.U. Efficiency units 

ESAK Entrance surface air-Kerma 

FFT Fast Fourier Transform 

FT Fourier Transform 

Gd2O2S:Tb Gadolinium Oxysulphide 

GTF Gain Transfer Function 

HVL Half-value layer 

IC Information capacity 

IEC International Electrotechnical Commission 

LSF Line Spread Function 

Lu2Ο3:Eu Lutetium Oxide 

Mo Molybdenum 
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MPV Mean pixel value 

MTF Modulation transfer function 

nI Informational efficiency 

NNPS Normalized noise power spectra 

NPS Noise power spectrum 

NTF Noise transfer function 

PPS Passive-pixel sensors 

QDE Quantum Detection Efficiency 

Rh Rhodium 

SDD source to detector distance 

SEM Scanning electron microscope 

Si Crystalline Silicon 

SNR Signal to noise ratio 

SWRF Square wave response function 

TFT Thin film field-effect transistors 

W Tungsten 

X X-ray exposure 

XLE X ray Luminescence Efficiency 

ΦΛ Emitted light photon fluence 

Ψ0 (E) Incident X-ray energy fluence spectral distribution 

ΨΛ Emitted light energy fluence 
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